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SAMENVATTING

Moleculair and celbiologisch onderzoek zijn niet meer denkbaar zonder
fluoroforen voor het kleuren van nucleinezuren. Recent werd een breed
spectrum aan fluoroforen ontwikkeld, die fluoresceren bij nucleinezuur
binding. Deze unieke eigenschappen worden in biologisch onderzoek
aangewend voor het kleuren van nucleinezuren na in vitro scheiding in
gelen, in enkel molecuul experimenten, of in de (levende) cel door middel

van fluorescentie beeldvorming.

Om een optimale beeldvorming te garanderen, is het van groot belang
om de parameters van de binding te kennen. In deze thesis rapporteer ik
drie onderzoeksprojecten waarin de moleculaire bindingsmechanismen
tussen verschillende kleurstoffen en DNA worden onderzocht, en hoe de
binding de fotofysica and fotochemie van de kleurstoffen beinvloedt.

In het eerste deel beschrijf ik in detail het commercieel beschikbare
fluorofoor SYBR Gold. Ik introduceer de chemische structuurformule van
SYBR Gold en bepalen de structurele aspecten van de bindingsplaats in
DNA. Door combinatie van enkel molecuul methodes en bulk fluorescentie
metingen, kwantificeer ik de thermodynamische parameters van het
systeem, en toon ik aan dat binding door intercalatie aan de basis ligt

van de de enorme stijging in de kwantumefficientie van fluorescentie.

Het tweede project focust op de interacties tussen het rutheniumcomplex
Ru(TAP)%"' [TAP = 1,3,5,8-tetraazafenantreen] en DNA. Met verschil-
lende enkel-molecuul technieken toon ik aan dat Ru(TAP)?{" kan binden
aan DNA met een sterke bindingsmodus via intercalatie, en een zwakke
bindingsmodus die vermoedelijk gebeurd op basis van waterstofbrug
vorming. Door combinatie van beide interacties kan Ru(TAP)?))+ twee
DNA segmenten met elkaar op niet-covalente manier verbinden. Door
middel van bulk fotofysische en fotochemische experimenten demonstreer
ik hoe multivalente binding de fotochemie van covalente adductvorming

kan versnellen.
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In het derde deel van deze thesis onderzoek ik DNA-ligand binding in
een topologisch gesloten systeem. Experimenteel onderzoek is gebaseerd
op de intercalatoren ethidium bromide, SYBR Gold, Sytox orange, en
trimethylpsoraleen. Ik introduceer een theoretisch model dat de ex-
perimentele data accuraat beschrijft, en dat toelaat om verschillende
densiteiten van DNA supercoiling kwantitatief te bestuderen, zowel in

vitro als in vivo.
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ABSTRACT

Fluorophores for staining nucleic acids have become an essential part of
molecular and cell biology research. Recently, a wide range of DNA- and
RNA-binding fluorophores has been developed for staining nucleic acids
after in vitro separation in gels, in single molecule experiments, and in
(living) cells for fluorescence imaging. For optimal staining, it is crucial
to know the binding parameters. Here, I present three research projects
investigating the molecular binding mechanisms between different dyes
and DNA, how binding affects the photophysics and photochemistry of
the dyes, and in turn the structural and mechanical properties of DNA.

In the first part, I review the fluorescent dye SYBR Gold. I present its
chemical structure and determine structural aspects of DNA binding.
Using a combination of single molecule methods and bulk fluorescence
measurements, I quantify the binding of SYBR Gold to DNA and show
that SYBR Gold binds in an intercalative binding mode, which leads to

a tremendous increase in fluorescence quantum efficiency.

The second part focuses on the interactions between the ruthenium
complex Ru(TAP)%"' [TAP = 1,3,5,8-tetraazaphenanthrene] and DNA.
Using several single-molecule techniques, I show that Ru(TAP)§+ can
bind to DNA with a strong binding mode via intercalation, and a weak
binding mode that presumably occurs based on hydrogen bond formation.
By combining both interactions, Ru(TAP‘)?))+ can bind two DNA segments
together in a non-covalent manner. Through bulk photophysical and
photochemical experiments, I demonstrate how multivalent binding can

accelerate the photochemistry of covalent adduct formation.

In the third part of this thesis, I investigate DNA-ligand binding in a
topologically closed system. The experimental investigation is based on
the intercalators ethidium bromide, SYBR Gold, SYTOX Orange and
trimethylpsoralene. In addition, I introduce a theoretical model that
accurately describes the experimental data and allows the quantitative

study of different DN A supercoiling densities both in vitro and in vivo.
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PREFACE

1.1 DNA - THE MOLECULE OF LIFE

Throughout the kingdoms of life the genetic code, which contains all
the information necessary for metabolism, development, growth and
reproduction, is stored in the form of deoxyribonucleic acid (DNA) [1].
This makes DNA the central biomolecule of life.

1.1.1  Early history of DNA

The history of DNA research can be traced back to the 1800s when
scientists first identified the chemical components of nucleic acids. In
that time, the first important scientific discoveries about cells and hered-
ity took place. Although farmers had previously explored concepts of
genetics - without knowing it - through selective breeding of plants and
animals, they had done so neither systematically nor in writing [2]. In
the early 1800s, the French zoologist Jean-Baptiste de Lamarck methodi-
cally explored heredity and found that life evolves and adapts based on
environmental conditions [2, 3]. However, it was not until the mid-1800s
that the English botanist Charles Darwin understood the significance
of these discoveries and took up Lamarck’s ideas. Darwin published his
groundbreaking discoveries in 1859 in his book On the Origin of Species
[2, 4, 5], that he himself begins extremely modestly:

When on board H.M.S. Beagle, as naturalist, I was much
struck with certain facts in the distribution of the inhabitants
of South America, and in the geological relations of the
present to the past inhabitants of that continent. These facts
seemed to me to throw some light on the origin of species
(that mystery of mysteries, as it has been called by one of

our greatest philosophers. On my return home, it occurred
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to me, in 1837, that something might perhaps be made out
on this question by patiently accumulating and reflecting on
all sorts of facts which could possibly have any bearing on
it. After five years’ work I allowed myself to speculate on the

subject, and drew up some short notes [4].

Around the same time, the Augustinian monk Gregor Mendel discovered
in his research on pea plants that some traits are inherited in definite and
predictable patterns. In addition, he could show that certain traits are
dominant whereas others are recessive. Here, dominant refers to the visible
trait, and recessive refers to the one, which is not visible morphologically
since a dominant trait effectively overrules a recessive trait. His findings
contributed significantly to the understanding of inheritance patterns and
lay the groundwork for understanding how our traits can be influenced

by genes passed down from previous generations [2].

Together, these discoveries have had an immense impact on our current
views of heredity, evolution, life, and ultimately DNA. And moreover,
they have paved the way for further discoveries in the field of DNA. One
of the most important early figures in the study of DNA was Friedrich
Miescher, a Swiss doctor and biochemist. In 1869, Miescher conducted
experiments on the chemical composition of leukocytes in the laboratory
of Felix Hoppe-Seyler at the University of Tiibingen. In the process,
Miescher noticed a precipitate of an unknown substance that would later
turn out to be DNA. Since he had isolated it from the cell nuclei, he
gave the substance the name nuclein, a name that still survives in the
present-day name deoxyribonucleic acid. In later work, Miescher could
show that nuclein is a characteristic component of all cell nuclei [6-8].
Subsequently, the German physiologist Albrecht Kossel, another scientist
in Hoppe-Seyler’s laboratory, studied the new substance nuclein more
closely and was able to identify in 1891 that it consisted of four bases
and sugar molecules [9, 10]. A further important step was taken by
the German botanist Eduard Zacharias, who showed that nuclein is an
integral part of chromosomes. With this discovery, he could show that
the histological concept of chromatin and the chemical substance nuclein
are intertwined. However, the scientific majority opinion remained until

far into the 20th century that not the nuclein, but the more complex
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proteins (consisting of 20 different amino acids) must be the carriers of

the genetic information [7, 8].

1.1.2  Genes, chromosomes, and transposons

In the early 20th century, the term gene was coined for the first time by
the Danish botanist Wilhelm Johannsen to describe an unknown cellular
factor, which (partially) determines the characteristics of an organism.
Johannsen also introduced the terminology still in use today of genotype
for traits originating from genes and phenotype for visible traits [11,
12]. Shortly thereafter, the American biologist Thomas Hunt Morgan
discovered that genes are discrete units that make up chromosomes
and explained the role that the chromosome plays in heredity. For this
enormous progress in the field, he received the Nobel Prize in Physiology
or Medicine in 1933 [13-15]. A few years later, in the end of the first
half of the 20th century, the American geneticist Barbara McClintock
used maize plants to investigate the structure of chromosomes and how
genes can migrate to different locations in the genome. She discovered
spontaneously occurring breaks of chromosome 9 at a specific location
(dissociator) in the maize plant and that the dissociator can change
its position on the chromosome. This was the first time someone had
discovered a transposon - or a jumping gene as McClintock called it - one
of the most important causes of spontaneous mutations. Transposons can
cause unstable mutations by jumping to sites on the chromosome that
contain, for example, a gene for the production of a pigment, rendering
the affected pigment gene non-functional. The result is speckled maize
kernels. "For her discovery of mobile genetic elements" she received the
Nobel Prize in Physiology or Medicine in 1983 [16—-19].

1.1.3  The discovery of the DNA double-helixz and the beginning of

molecular biology

In 1944, in the famous so-called Avery-MacLeod-McCarty experiment,
the American geneticists Oswald Avery, Colin MacLeod, and Maclyn
McCarty were able to show that DNA is the substance that causes
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bacterial transformation [20]. Shortly thereafter, in 1952, the American
chemist Alfred Hershey and the American geneticist Martha Chase
could show in experiments with viruses that the genetic information is
stored in the DNA [21]. The experiment known as the Hershey-Chase
experiment provided independent confirmation of the result already
obtained in 1944 in the Avery-MacLeod-McCarty experiment. Together
these discoveries definitively disproved the assumption that proteins
carry the genetic information, and proved that DNA is indeed the carrier

of genetic information [7].

One year later, in 1953, a major breakthrough in DNA research took
place with the discovery of the DNA double-helix. Based on the x-ray
diffraction data of the British chemists Rosalind Franklin and Raymond
Gosling [22, 23], the American biologist James Watson and the English
physicist (and later also molecular biologist) Francis Crick published
the complementary double-helical three-dimensional (3D) structure for
nucleic acids in 1953 [24, 25]. They could show that for DNA, form is
function: the molecule can make exact copies of itself as well as carry
genetic instructions. This laid the foundation for molecular genetics
and dominates contemporary thinking about these molecules, as Francis
Crick writes in his book "From Gene to Protein: Information Transfer in
Normal and Abnormal Cells" in 1979:

The double helix is indeed a remarkable molecule. Modern
man is perhaps 50,000 years old, civilization has existed for
scarcely 10,000 years and the United States for only just over
200 years; but DNA and RNA have been around for at least
several billion years. All that time the double helix has been
there, and active, and yet we are the first creatures on Earth

to become aware of its existence [26].

The discovery of the double-helical structure of DNA revolutionized the
field of molecular biology and opened up new areas of research, like DNA
analysis and sequencing. Gaining insight into biological processes at the
molecular level has opened new doors in all life sciences, changing, for
example, how we research and understand diseases, and ultimately how

we explore treatments and cures for them.
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In the following years, researchers developed new ways to study the
behavior of DNA, including how it is replicated, how it encodes genetic
information, and how it interacts with proteins. One important discovery
of this time was the role of DNA in controlling gene expression. It was
found that specific sequences of DNA could code for different proteins,
and that these proteins could control specific cellular processes. The
essential idea is that DNA contains all necessary genetic information,
which can then be translated to make the proteins needed by the cell.
This is a two-step process: In the first step, the information in the DNA is
transferred to an ribonucleic acid (RNA) molecule, also called messenger
RNA (mRNA), by a process called transcription. During transcription,
the DNA of a gene serves as a template for complementary base pairing,
and the enzyme RNA polymerase II catalyzes the formation of a pre-
mRNA molecule, which is then processed into a mature mRNA. The
resulting mRNA is a single-stranded copy of the gene that is subsequently
translated into a protein. Because of its significance, this process is also
called the central dogma of molecular biology. For this breakthrough
discovery, the American biochemists Robert W. Holley, Har Gobind
Khorana, and Marshall W. Nirenberg jointly received the Nobel Prize in
Physiology or Medicine in 1968 "for their interpretation of the genetic
code and its function in protein synthesis" [27-30]. The role of nucleic

acids in the central dogma will be discussed in more detail in Section 2.1.

1.1.4 The DNA sequencing revolution: a selection of highlights

A wide range of sciences, including archaeology, anthropology, genetics,
biotechnology, molecular biology and forensics, rely on determining the
order of nucleic acid residues in biological samples, also called DNA
sequencing. Since the 1970s, a quiet but remarkable revolution has been
underway in many disciplines, and DNA sequencing techniques are fos-
tering new discoveries that are rewriting the conceptual underpinnings
of many fields [31-33]. DNA sequencing was pioneered by the British
biochemist Frederick Sanger who first described in 1975 "a rapid method
for determining sequences in DNA by primed synthesis with DNA poly-
merase" [34]. This sequencing technique is based on a DNA polymerase

(an enzyme that catalyzes the synthesis of DNA from nucleotides, the
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basic building blocks of DNA) and radiolabelled (labelled by replacing
specific atoms by their radioactive isotopes in order to track them) nu-
cleotides. Using this method, Sanger was the first to sequence an entire
DNA-based genome, the 5,386 nucleotides of the single-stranded bacterio-
phage ®X174. However, the technique was still very labour-intensive and
time-consuming. In 1977, just two years later, Sanger and his colleagues
introduced a more sophisticated "dideoxy chain termination method"
for sequencing DNA molecules, also known as the "Sanger method". In
this method, four different dideoxynucleotide triphosphates are used in
combination with a polymerase as 3’-end chain terminators to produce
different DNA fragments. These DNA fragments could subsequently be
fractionated by electrophoresis (to differentiate different fragment sizes)
and visualised by autoradiography (a photographic method used to detect
radioactive materials). This was a major breakthrough because it made
it possible to sequence long stretches of DNA quickly and accurately [35].
"For his contributions concerning the determination of base sequences in
nucleic acids", Sanger received the Nobel Prize! in Chemistry only three
years later, in 1980 [37].

In 1990, another important development in the field of DNA sequencing
took place with the start of the so-called '"Human Genome Project’ [38].
This extensive international and collaborative project aimed to map
the entire human genome, i.e., the complete set of DNA instructions
for building and maintaining a human being. While the human genome
project did not produce a perfectly complete genome sequence, it ac-
counted for 92% of the human genome and less than 400 gaps when
terminated in 2003. In 2022, the Telomere-to-Telomere (T2T) Consor-
tium announced that it had closed the remaining gaps and produced the
first truly complete human genome sequence. The human genome project
is seen as a major scientific success, as it provided fundamental informa-
tion about the human blueprint that has since accelerated the study of
human biology and improved medical practice [39]. As part of the Human
Genome Project, Sanger sequencing (in a mass-produced form) was used

to sequence relatively small fragments of human DNA, which were then

Frederick Sanger is one of the few people to have won two Nobel Prizes. Prior to his
Nobel Prize for DNA sequencing in 1980, he had already received the Nobel Prize
in Chemistry in 1958 "for his work on the structure of proteins, especially that of
insulin" [36].
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used to assemble larger fragments of DNA and, ultimately, whole chromo-
somes. However, a number of improvements in the processes and reagents
used in the sequencing reaction have made sequencing faster and more
accurate than it was in the 1970s. An important aspect has also been
the development of a technique called polymerase chain reaction (PCR).
This biochemical method allows the rapid and inexpensive amplification
of DNA in wvitro. It was developed in 1983 by the American biochemist
Kary Mullis and is now a ubiquitous biomolecular technique. PCR is
based on thermal cycling and a DNA polymerase that can synthesise a
new DNA strand complementary to the template strand. This makes
it possible to amplify a single copy (or a few) of a DNA fragment over

several orders of magnitude [40-42].

Over the years, innovations in sequencing protocols, molecular biology,
and automation (these new techniques were then called "second- and
third-generation" sequencing methods) have increased the technological
capabilities of sequencing while reducing its cost, allowing DNA hun-
dreds of base pairs in length to be read in massively parallel fashion.
These increases in throughput and dramatic reductions in cost are make
sequencing today a ubiquitous tool in DNA research and opens the door
to personalised genome-based medicine [33]. At the same time, devel-
opments in DNA sequencing also raise new and very important issues
such as bioethics, public health, and safety. In particular, the question of
DNA detection is one that is closely related to the issue of DNA sequenc-
ing. While much of the early work (e.g., the Hershey-Chase experiment
(Section 1.1.3), which showed that DNA is the genetic material, and also
Sanger sequencing) used radioactivity (especially the radioactive isotope
Phosphorus-32 (32P)), more recently there has been a shift towards de-
tection by fluorophores, and especially towards intercalating dyes (Figure
1). Fluorescent labelling has several advantages over radiolabelling, such
as reducing the safety hazards associated with radioactivity (and the
consequent problems of waste handling and disposal) and providing a
labelled molecule that does not decay, while still ensuring the sensitivity
required for many procedures. Additionally, fluorescent dyes can be de-
tected in real time with high resolution and even several different dyes

can be monitored in one experiment [43, 44].

For the
development
of PCR, Kary
Mullis
received the
Nobel Prize in
Chemistry in
1993.
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Figure 1: Relevance of DNA radiolabelling versus DNA intercalation for visual-
ization illustrated by a Web of Science (WoS) serach for publications
and citations including A) "DNA" and "Radiolabelling" and B) "DNA"
and "Intercalation". Courtesy: Web of Science.

As technology continues to improve, more exciting developments in
the field of DNA research are still to come. Thanks to advances in
genome sequencing technology, it is now possible to compare DNA from
people alive today with DNA from ancient skeletons, giving us a unique
snapshot of life many thousands of years ago. Furthermore, entirely new
sequences of DNA can be created, which opens the field to developing
customized biological systems that can perform specific tasks, such as

energy production or environmental cleanup.
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1.2 SCIENTIFIC SCOPE OF THIS THESIS

In this thesis, I will study the visualization, quantification, and ma-
nipulation of DNA with small-molecule intercalators. I will shed light
on the interaction between small DNA-binding molecules, in particular,
fluorescent dyes for staining DNA. To understand the interplay between
DNA and small DNA-binding molecules at the molecular level, precise
and accurate measurements are required. In this work, I establish new
experimental methods and theoretical concepts that significantly improve
state-of-the-art approaches for in-depth studies of small molecule-DNA

interactions for applications in research and DNA analysis methods.

This thesis is structured in the following way: In Chapter 2, I will give
an overview over the structural, chemical, and mechanical properties of
the DNA molecule, global conformations of DNA including DNA mod-
els and DNA topology, as well as the theoretical basics of DNA-ligand
interactions. In Chapter 3, I will present DNA analysis methods and
experimental techniques using intercalating dyes in greater detail - for
single-molecule measurements as well as for ensemble measurements. In
Chapter 4, I will introduce a series of experiments that quantify the char-
acteristics of the widely used yet poorly characterized fluorescent DNA
stain SYBR Gold. Using single-molecule force-extension and rotation
experiments, I show how SYBR Gold changes the mechanical properties
of DNA. Complementary to this, I apply spectroscopic methods to char-
acterize SYBR Gold DNA interaction and to give guidelines for optimal
use of this frequently employed fluorescent dye. The work presented
in Chapter 5 introduces another type of small DNA-binding molecules,
ruthenium complexes. By applying different single-molecule approaches,
I will demonstrate DNA binding mode heterogeneity and evaluate how
multivalent binding governs the photochemistry of ruthenium complexes.
In the third and last result chapter, Chapter 6, I will study the interplay
of DNA topology on the binding of intercalating molecules to DNA.
The focus lies here on the well-known DNA stains ethidium bromide,
SYBR Gold, trimethylpsoralen, and SYTOX Orange, which are known
to intercalate between adjacent DNA base pairs. Lastly, in Chapter 7,
I will summarize the findings of this thesis and give a short outlook to

future perspectives and ideas for follow-up projects to my work.






BACKGROUND

2.1 PROPERTIES OF DNA

The discovery of the double-helical structure of DNA in 1953 was a major
breakthrough for molecular biology and other related fields. Nevertheless,
in the middle of the 20th century there were still scientists who doubted
that the DNA was really the genetic material because its chemistry

seemed just too simple. DNA is merely two long polymer chains consisting
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Figure 2: The chemical structure of nucleotides and DNA. The DNA double-
helix is built up from two antiparallel polynucleotide chains, inter-
twined with each other like a spiral staircase. One nucleotide consists
of a sugar group, a phosphate group, and one of the for nitrogenous
bases, also called nucleobases. The sugar and phosphate groups (in
alternating order) form the DNA backbone. The nucleobases are
located on the inside of the helix and pair via so-called Watson-Crick
base pairing: A (adenine) pairs only with T (thymine), and G (gua-
nine) pairs only with C (cytosine). The nucleotides then join together
to form the DNA double helix, with hydrogen bonds between two
complementary bases. Taken from Ref. [46]. Courtesy: National Hu-
man Genome Research Institute.
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of only four types of chemically similar nucleotide subunits, which are
linked covalently into a polynucleotide chain (Figure 2). The two chains,
also called DNA strands, are held together by hydrogen bonds between
the base segments of the nucleotides. Each nucleotide consists of a pentose,
a sugar with five carbon atoms, to which one or more phosphate groups

and a nitrogenous base (nucleobase) are connected.

In the case of DNA, the nucleotide sugar is a deoxyribose, which is
attached to a single phosphate group (therefore also the name deoxyri-
bonucleic acid). There are four possible nucleotide bases (Figure 2A),
adenine (A), thymine (T), cytosine (C), and guanine (G). The nucleotides
are covalently linked by their sugars and phosphates to form the so-called
DNA backbone consisting of alternating sugar and phosphate groups
(Figure 2C).

The way that the nucleotide subunits are strung together gives a DNA
strand a chemical polarity. The phosphate group of one nucleotide binds
to the deoxyribose ring of the adjacent via an asymmetric phosphodiester
bond, which gives the chain directionality. The terminal of one DNA
strand ends with a hydroxyl group at the 3’ carbon (3’ end), whereas the
other ends with a phosphate group at the 5’ carbon (5’ end). For example,
enzymes are sensitive to this directionality, their default direction is in
most cases from the 5-end to the 3’-end [47].

DNA can occur in single-stranded form (single-stranded DNA (ssDNA)),
i.e.only one DNA strand, or in double-stranded form (double-stranded
DNA (dsDNA)), so two complementary DNA strands. Complementarity
of the bases is a unique property of dsDNA, which is also known as
Watson-Crick base pairing. One of the four possible nucleic bases binds
exclusively to one of the other three: A only to T and C only to G. So,
two ssDNA molecules with an inversely complementary sequence can
join together such that the antiparallel strands together form a double
helix (dsDNA). The bases hereby form stable hydrogen bonds with their
respective partners, two between A and T and three between G and
C. This structural complementarity gives DNA determination because
it allows to form an exact copy of one nucleotide sequence. The cell
makes use of this for example during replication, but also biomolecular

techniques like PCR or DNA origami rely on this complementarity of
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DNA bases. Other nucleic acids exhibit similar but slightly different forms
of base pairing. In addition, there are also other forms of base pairing
such as Hoogsteen base pairing, for example, which is also physiological
and can lead to locally and globally different DNA structures [48, 49].

The chemical and structural properties of the two DNA strands lead to the
three-dimensional structure of the DN A double helix. Both polynucleotide
chains are held together by hydrogen bonds between the bases of the
different strands. Therefore, all the bases are on the inside of the double
helix whereas the sugar-phosphate backbones are on the outside (Figure
2B). There is always a larger two-ring base, called a purine, paired with a
one-ring base, a pyrimidine (Figure 2A). This base pairing allows the base
pairs to be packed in the most energetically favourable arrangement inside
the double helix. Thus, each base pair has a similar width such that the
sugar-phosphate backbones are equally spaced along the DNA molecule.
To optimise the efficiency of base pair packing, the two backbones twist
around each other to form a double helix, completing one full turn every
10.5 to 10.75 base pairs [47]. In addition, the aromatic rings of the
nucleotides align, meaning that they are arranged almost perpendicular
to the helical axis. Thus, 7 orbitals of the aromatic ring of one base
overlap with the 7 orbitals of the aromatic ring of the next base. This
so-called stacking is the main contribution to the stability of the DNA

double helix- even more than base pairing [50].

The form that the DNA double helix takes under physiological conditions,
in aqueous, neutral to basic solutions is referred to as the B-form of
dsDNA or in short B-DNA. It is a right-handed helix with a helix period
of ~ 10.5 - 10.75 base pairs per turn (which corresponds to ~ 3.5 nm).
Its outer diameter is about 2 nm and the vertical distance between two
adjacent base pairs is 0.34 nm [51-53]. B-DNA has one larger groove
(called major groove) and a smaller one (called the minor groove) (Figure
2). The two different sized grooves form due to the angle, at which the
nucleotides of the base pairs connect in the plane perpendicular to the
helix axis. There are other forms of dsDNA but these are almost solely
adopted under extreme conditions of salt or pH and/or under very high

forces and/or torques [54].
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The four-letter genetic code of DNA is divided into sections (genes)
that give it biological significance as a carrier of information about the
sequence of cellular amino acids in proteins. However, in order to carry
out this function as an information carrier, DNA must be able to do
more than just replicate itself. It must also be able to express this infor-
mation by allowing the information to guide the synthesis of proteins
in the cell. Proteins are essential for the proper functioning of the cell,
performing important tasks such as cellular regulation, signal recep-
tion and transduction, cell shape and structure, internal organization,

product manufacturing, waste disposal, and routine maintenance. This
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Figure 3: Structural differences between the nucleic acids DNA and RNA. DNA
is double-stranded, whereas RNA is single-stranded. The nucleobase
thymine (T) in DNA is replaced with uracil (U) in RNA. It should
be noted that the single-stranded helix is shown as an illustration
here; in solution, single-stranded RNA will typically adopt complex
secondary structures. Figure taken from Ref. [55]. Courtesy: National
Human Genome Research Institute.
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2.1 PROPERTIES OF DNA

expression occurs through a mechanism common to all living organisms
and leads primarily to the production of two other important classes
of biological polymers: RNA and proteins. During this process, first a
template polymerisation called transcription takes place. In this step,
segments of the DNA sequence are used as templates for the synthesis
of shorter molecules of the closely related polymer RNA. Later, in the
more elaborate process of translation, several of these RNA molecules
lead the synthesis of polymers of a completely different chemical class -

proteins.

RNA is the second major class of nucleic acids after DNA (Figure 3). In
contrast to DNA, the basic structure of RNA consists of ribose instead
of deoxyribose. In addition, RNA has the base uracil (U) instead of the
base thyme (T), but the two bases differ only minimally and both pair
with adenine (A). A third, essential difference between DNA and RNA
is the structural form: DNA can occur in single- and double-stranded
form, whereas RNA is in general single-stranded. Nevertheless, it should
be noted at this point that RNA can have local double-stranded regions
via base pairing interaction types other than Watson-Crick base pairing,
such as wobble pairs. These secondary structures of RNA based on self-
folding occur commonly and are extremely important for its functionality.
In the course of transcription, the RNA monomers are strung together
and selected for polymerisation on a DNA template strand, similar to
how DNA monomers are selected during replication. The result is a
polymer molecule with a nucleotide sequence that accurately reproduces
part of the cellular genetic information, even though it is written in a
slightly different alphabet - it consists of RNA monomers instead of DNA
monomers. The information contained in this so-called messenger RNA
(mRNA) is then used to synthesise proteins through a process called
translation. So, the genome contains all information required for the
production of cell proteins, yet it does not control protein synthesis itself,
but uses RNA as an intermediate. Thus, in order to produce a specific
protein, the nucleotide sequence of the corresponding segment within the
cellular DNA is first copied into RNA. This in turn is used as a template

for protein synthesis.
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Francis Crick, one of the discoverers of the double helix form of DNA,
referred to the relationship between an DNA sequence and a protein
sequence as the "two great polymer languages" of cells. The finding
that the DNA sequence of the cell directly determines the amino acid
sequence of the proteins of the same cell was an tremendous success
and important step in the development of the field of molecular biology
[56]. This relationship forms the basis of the so-called central dogma
of molecular biology (already briefly mentioned in Section 1.1.3), first
formulated by Crick in 1958:

The Central Dogma. This states that once "information" has
passed into protein it cannot get out again. In more detail,
the transfer of information from nucleic acid to nucleic acid,
or from nucleic acid to protein may be possible, but transfer
from protein to protein, or from protein to nucleic acid is
impossible. Information means here the precise determination
of sequence, either of bases in the nucleic acid or of amino
acid residues in the protein [57].

So, the physiological flow of genetic information in cells hence runs from
DNA to RNA to protein. Despite the universality of the central dogma
of molecular biology, there are significant differences among organisms
in the way information flows from DNA to protein. Moreover, in the
meantime it has been found out that RNA possesses many roles beyond
the central dogma, for example it can also store genetic information
(e.g., in RNA viruses), exhibit enzymatic properties (called ribozymes,
the most prominent example being the ribosome, the macromolecular
cellular complex where proteins are produced, and whose central catalytic
region is made out of ribosomal RNA), and silence specific genes (RNA

interference) [47].

2.1.1 Physical and chemical properties of DNA

The four-letter alphabet in which DNA is written represents a crucial
aspect of DNA for the storage of genetic information. Nevertheless, its
physical properties are also of great importance: for example, the genome

must be physically stored and accessible for genomic processes.
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2.1.1.1 Mechanical properties of DNA

The biological functions of DNA depend on the elastic properties of
the molecule. These special attributes include high thermal stability,
high negative charge density, and strong resistance to bending as well
as twisting and they can be altered by local and global interactions.
Nonetheless, it was not until the end of the 20th century that more
attention was paid to these properties of DNA. During the early 1990s,
new techniques were developed that facilitated the first quantitative
studies of individual DNA molecules to gain insight into their mechanical

properties [58-62].

In 1992, Steven Smith performed measurements on a single DNA molecule
in the laboratory of the Peruvian-American biophysicist Carlos Busta-
mante at the University of Oregon to investigate the relationship between

stretching forces and lengthening of dsDNA (Figure 4A). To perform
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Figure 4: A) Force-extension curves of dsDNA in 5 mM NasHPOy, in the
presence of various concentrations of the DNA stain ethidium bromide
(increasing concentration from 0.03 pg / mL to 2 pg / mL from left
to right). The intrinsic elastic properties of DNA are not changed
by the dye-DNA interaction, the molecules are simply lengthened,
apparent by the shift in the asymptotic value of the contour length
of the DNA. Figure taken from Ref. [58]. B) Relative DNA extension
versus degree of supercoiling a at various forces: F' = 8 pN, 1.3 pN,
and 0.3 pN. C) Same as in panel B for F = 0.8 PN, 0.6 pN, 0.3 pN,
and 0.1 pN. At low forces, the curves are symmetric, indicating that
there is no difference between over- or underwinding of the DNA. In
contrast, at higher forces, a transition to an extended state takes
place - first at negative degree of supercoiling (> 0.45 pN), then at
positive degree of supercoiling (> 3 pN). Figure taken from Ref. [61].

these experiments, the Bustamante lab chemically attached single lambda
phage DNA molecules (\-DNA) by one end to a glass surface and by the
other end to a paramagnetic bead. This setup then allows to exert forces

and torques on the DNA molecule [58]. Two years later, Bustamante
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demonstrated that the experimental data are in line with theoretical
predictions that were made in the context of the elastic rod model, in-
dicating that DNA can be approximated as a monodisperse polymer
[59].

Another two years later, in 1996, Smith et al. carried out further single-
molecule experiments designed to investigate the elastic response of
single dsDNA and ssDNA molecules to exerted forces of tens of pN,
so much higher than in the previous experiments. As a result, they
discovered the overstretching transition in DNA at high forces. This
phenomenon describes a transition between completely stretched DNA
to an overstretched DNA conformation upon a further increase in applied
force. Interestingly, in this overstretched DNA conformation, the average
distance between adjacent base pairs was about 1.6 times greater than
in standard B-DNA [60].

Also in 1996, Terence Strick from the group of the French biophysicist
Vincent Croquette at the ENS in Paris conducted the first experiments
to investigate the elastic behaviour of single under- and overwound DNA
molecules (Figure 4B,C). With these studies, they were able to decipher
the molecular mechanisms behind the elastic response of a single DNA
molecule over a broad range of experimental conditions. For example, it
was possible to measure one of the essential parameters for the bending
stiffness of DNA, namely the persistence length. This parameter is defined
as the length over which the directional correlation of the segments in the
polymer chain has decreased to 1/e (~ 37%). Using the single-molecule
measurements of the 1990s, this length could be determined to be almost

exactly 50 nm (in a 15 pM NaCl solution, i. e.at low salt concentration).

2.1.1.2  Optical properties of DNA

Over the years, spectrophotometric measurements have been developed
to determine the purity and quantity of nucleic acid samples. The four
nucleobases (A, T, C and G) exhibit absorption maxima at a wavelength
of A = 260 nm. The total absorbance of a DNA molecule can then be
calculated as the sum of the absorbances of the individual nucleotides,
plus the contribution of the interactions of the nucleotides.
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To distinguish unbound nucleotides from ssDNA or dsDNA by spec-
trophotometry, the effect of hypochromism can be exploited: The ab-
sorbance of dsDNA decreases by up to 25% compared to the absorbance
of ssDNA and by up to 40% compared to the absorbance of the single
nucleotides. Thus, a single DNA strand absorbs less than the sum of
its nucleotides and one dsDNA strand absorbs less than the two ssDNA

strands.

The optical properties of DNA can be exploited to quantify DNA amounts
and determine their purity, which is an important pre-analytical step
for further investigations. The two most commonly used methods are
UV-Vis and fluorescence spectroscopy. In UV-vis spectrophotometry, the
absorbance of the sample is measured. The advantages of this technique
are that it is quick and easy to perform. Fluorescence techniques for
the quantification of DNA, on the other hand, offer the advantage of
higher accuracy and greater sensitivity at low concentrations. However,
since DNA molecules emit almost no absorbed radiation, these tech-
niques require further steps like additional treatment of the samples with
fluorescent stains [63-65].

2.1.1.3 Polyelectrolyte properties of DNA

Each nucleotide of a DNA molecule carries a net negative charge as a
result of the presence of the negatively charged phosphate group. Due
to this high linear charge density, the DNA molecule acts as a strong
polyelectrolyte (charged polymer). This leads to a loosely associated
cloud of positively charged ions from the solution surrounding the nucleic
acid polyelectrolyte, which is referred to as an ion atmosphere. Because of
electrostatic interactions between the negatively charged DNA molecule
and the ion atmosphere around it, a number of important properties of
DNA are highly dependent on the salt concentration of the surrounding
medium. Thus, ions play an important role, for example, in the structure,
folding, and functioning of the DNA as well as in the interactions of DNA
with RNA or proteins. Unfortunately, the complex mobile, fluctuating
and transient nature of the ion atmosphere makes it very difficult to

visualise and to experimentally decompose. Therefore, theoretical models
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are often relied upon to describe the ionic atmosphere of nucleic acids
[66].

The polyelectrolyte properties of DNA have important consequences for
the behavior of DNA in biological systems. For example, the charge den-
sity of DNA can affect its interactions with proteins and other molecules
in the cell, as well as its ability to condense and form higher-order
structures such as chromosomes. Also, the polyelectrolyte properties can
be exploited in laboratory methods, the key application being gel elec-
trophoresis, a technique used to separate and analyze polyectrolytes like
DNA (fragments) or proteins based on their size and charge. Overall, the
polyelectrolyte behavior of DNA is a fundamental aspect of its biological
function and has important implications for a wide range of applications

in biotechnology and medicine.

The American physicist Gerald Manning was a pioneer in studying the
polyelectrolyte properties of DNA in the 1970s. He developed theoretical
models to describe the interaction of DNA with counterions (ions with an
opposite charge to DNA, so positively charged), and demonstrated that
the behavior of DNA in solution could be strongly affected by changes in
the ionic strength of the solution. His so-called counterion condensation
theory describes the behavior of charged macromolecules, such as DNA,
in a solution in which ions are present. According to this theory, the
counterions are attracted to the surface of the DNA backbone, where they
form a condensed layer, shielding the charges on the DNA from other ions
in the solution. This shielding effect reduces the electrostatic repulsion of
the DNA strands and allows the DNA to stay close together, leading to
more bent conformations. The degree of counterion condensation depends
on the concentration and charge density of the macromolecule and the

ions in solution [66-70].

Already in the beginning of the 20th century, the French physicist Louis
Gouy (1910) and the British physicist David Chapman (1913) laid the
theoretical basis for our current understanding of polyelectrolyte behavior.
By equating the chemical potential and the force acting on small adjacent
volumes in an ionic solution between two plates at a different voltage, they
developed the Poisson-Boltzmann equation, which allows to calculate the

electrostatic potential around charged macromolecules in solution [71,



=
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72]. The Poisson-Boltzmann theory is named after the French physicist
and mathematician Siméon Poisson and the Austrian physicist Ludwig
Boltzmann. It describes the interaction of mobile ions with fixed charges
in solution [66, 73].

The solvent surrounding the charged molecule is treated as a continuous
medium with a dielectric constant €(7). In this scenario, mobile ions
of charge z; interact with a fixed charge density pf * adding up to a
mean potential of all ions, which is determined by their Boltzmann
factor. The index i enumerates all ion types with their respective charge
present in the solution. Using a mean-field approximation, the resulting
differential equation for the electrostatic potential ®(7), also called

Poisson-Boltzmann equation, can then be written as:

-

V(e(P)Ve(r) = _4”PfiI(F 477207, z;€e - exp <_Z/:;q;( ))
(1)

with e the elementary charge, kp the Boltzmann constant, and 7" the
absolute temperature. The term A(7) describes the accessibility, so essen-
tially the areas in space accessible (A=1) or inaccessible (A = 0; i. e.inside
the polyelectrolyte) to ions. The term c¢§° is the bulk concentration
of the ion species 1, i.e., the concentration far away from the charged

macromolecule [66, 73].

If one assumes that the ionic strength of the solution is sufficiently
low such that the ions behave as if they were completely dissociated
from each other, the Poisson-Boltzmann equation (Equation 1) can be
simplified resulting in the Debye-Hiickel approximation [74]. This theory
was developed in 1923 by the Dutch physicist and theoretical chemist
Peter Debye1 together with his habilitand and assistant, the German
physicist and chemist Erich Hiickel. It makes use of the concept of
screening of the electrostatic interactions between two charges in the
presence of all other ions in the solution. Thus, all ions can be treated

as a continuum [76].

Peter Debye received his doctorate from the LMU Munich, where he worked from
1906 to 1910. In 1912, he became a professor at the University of Utrecht. In 1936,
he received the Nobel Prize in Chemistry "for his contributions to the study of
molecular structure" [75].
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As a simplification of the Poisson-Boltzmann equation for dilute elec-
trolyte solutions, the Debye-Hiickel approximation Debye and Hiickel is

mostly based on simpler expressions for the following two quantities:

1 2
[

2Ny
"IN T e ksT (3)

where I is the ionic strength, ¢; the concentration of different ion species

and

in solution, € = €ge, the permittivity of the solvent, and N4 the Avogadro
constant. With this, they could derive the activity coefficient f of the

ionic species i:

- e K

In(f;) = — :
n(fi) 8-m-e-kpT 1+ kr;

(4)

with r; the radius of the ionic species i. The characteristic length scale for
which the electrostatic interactions are screened is called Debye length

Ap and is defined as:

-1 e-kpT
=T e )

The Debye length is a key parameter in describing the behavior of
polyelectrolytes. It is defined as the distance over which the concentration
of counterions decreases to 1/e of its bulk value. The Debye length is
an important factor in determining the strength of the electrostatic
interactions between charged macromolecules in solution. Depending
on the ionic conditions, it varies from about ~ 0.3 nm in strong ionic

solutions (e.g., ~ 1 M NaCl) to ~ 1 pm in distilled water.
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2.2 GLOBAL DNA CONFORMATION

In recent years, a variety of different and complementary approaches has
been developed to model DNA conformations on a global as well as on a
local scale. Concurrently, new kinetic approaches and other equilibrium
studies have refined the modelling of DNA. Together, they provide new
physical and biological insights into fundamental functional processes of
DNA [77].

2.2.1 DNA models

DNA is not only the storage medium of genetic information, but can
also be considered a bio-polymer. As such, it serves as a model system
for an ideal macromolecular coil due to its monodispersity as well as its
large variability in molecular length. Under physiological ionic conditions
and temperatures, the DNA axis takes many different conformations
in solution, which is a characteristic feature of polymer chains. The
conformational properties of DNA can be described by using different
models.

2.2.1.1 The freely-jointed chain model

By definition, polymers consist of repeating subunits (monomers) that
are linked together to form a polymer chain. Such a polymer chain is
called ideal if there is no correlation between the polymer monomers,
which are separated by large distances along the chain. This also excludes
interactions caused by conformations in space, so that the polymer can

cross itself in an ideal chain, i.e.there is also no self-avoidance.

The simplest model for an ideal polymer chain is the freely-jointed
chain (FJC) model. A polymer in this model is defined as a chain of n
rigid and inextensible segments of length b, the so-called Kuhn length
(named after the Swiss chemist and physicist Hans Kuhn), where the
orientations of the individual segments are completely uncorrelated to
each other. The segments are connected by perfectly flexible hinges or
joints, they do not interact and can even pass through each other (no
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Figure 5: Freely-jointed chain model. Vector representation of a random walk
of nine steps (b1 to bg). The trajectory vectors are depicted as solid

line arrows; the total displacement, S , is represented by a dashed line
arrow.

self-avoidance). The total DNA length, also referred to as the DNA
contour length Le, is then given by Lo = n - b [54].

Mathematically, a polymer in the FJC-model can be described by a
random walk?, in other words a walker that takes each step in a random
direction (all directions have equal probability), independent of its pre-
vious step, and where each step is of the same length b [78]. The total
displacement of the walker after n steps, S , can be calculated by taking

the sum of all (vectorial) steps b; (Figure 5):

n
§=>"b (6)
i=1
Since at any point in time a step forward is just as likely as a step
backwards, the expected average end position must be back at the
starting position. So, the average value of S over all possible walks with

n steps, (S), is zero. Interestingly, however, the average distance of the

walker from the starting point after n steps (regardless of the direction)

The analogy between a random walk and a filamentary polymer was first described
in 1934 by the Swiss chemist Werner Kuhn in reference [78] (in German). Werner
Kuhn was also the doctoral supervisor of Hans Kuhn (not related though), after
whom the Kuhn length is named.
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is not equal to zero. This value can be described as the root mean square
end-to-end distance Sg = 1/ (52):

= Vnb? = V/nb

Another possibility to describe the spatial extent of a polymer chain is
the term of radius of gyration Ry. In general, the radius of gyration is
defined as the distance from the centre of mass of a body where the entire
mass could be concentrated without changing the rotational moment of
inertia about an axis through the centre of mass. The radius of gyration

and the root mean square end-to-end distance are related via:

2 1 - o S N
Rg:mZ(bi—bj) :7%217 5 (8)
i

2.2.1.2 The worm-like chain model

Taken together, the FJC model provides a simple and, to a first ap-
proximation, reasonably precise description for biomolecules like DNA.
It retains important polymer properties and allows the calculation and
interpretation of several critical parameters. Nevertheless, the description
of an ideal polymer based on random motion on a regular lattice does not
directly relate to the fundamental laws of statistical physics, especially
not as a continuous description [79].

To overcome these limitations, a continuous and semi-flexible DN A model
must be applied. This model is known as the worm-like chain (WLC)
model, or - in the discrete form - as the Kratky-Porod model named
after the Austrian physicists Otto Kratky and Giinther Porod [80]. The
polymer has a resistance to bending, which can be described by a bending

energy F, which penalizes deformations:

N N
E = —xy Zf(s) Hs+1) = —ry Zcos(G(s)) 9)
s=2 s=2
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with #{s) the tangent vector in s with unit length to describe the local
bending at position s in the polymer, and k; the bending modulus. As
the energy only couples neighboring vectors, the partition function Z
can be factorized into a product of single junction contributions Z = Z{V
with

Z) = /W sin(6) exp (lw()s(e)> do = % (10)
0

Ky,
kT FoT

From this result, the correlation function of the orientation (cos(6)) can

then be determined as

_ 0ln(Zy) 1 K
(cos(0(s))) = a( k’;b;) = Tanh( k';bT) _ kaT (11)

By expanding this equation to the lowest non-vanishing order, it follows
that

(cos(0(s))) ~1— % (12)

Next, by decomposing the tangent vector F(s) in its parallel and orthog-

onal components, it can be shown that
f(s+1) = i(s) cos(8(s)) + 1(s)"" sin(6(s)) (13)
From this, it follows that

(t(s) - t(s+1)) = ({cos(0)))’ (14)

Combining Equations 12 and 14 then yields

(t(s) - (s +1)) ~ exp (ZkHT> = exp <1Lb> (15)
P

Kb

with Lp = ]g;% the persistence length of DNA | which is a measure for its

bending stiffness. It is defined as the distance over which the directional

correlation of the segments in the DNA chain is lost.

The WLC model exhibits also a continuous form. In this model (Figure
6), the polymer’s trajectory varies continuously and smoothly through

space (as opposed to the jagged contours of the more flexible FJC) [54,
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Figure 6: Continous WLC model: the polymer chain is represented as a con-
tinuous flexible isotropic rod. The tangent vector ¢(s) gives the local
bending at a position s of the polymer.

64]. The continuous position in the polymer can be expressed by the
coordinate along the polymer s. To describe the local bending at position
s in the polymer, t_'(s) is again defined as the tangent vector in s with
unit length. The end-to-end vector S for a polymer of length Lo is then
given by

Lc
S = /0 t(s)ds (16)

The mean square end-to-end distance (S2) can then be calculated as

L¢ Lo
(5% =(5-8) = </0 t(s)ds -/0 t(s")ds' ) =
Lc Lc . . Lo Lc , 7‘357_” B
:/0 ds/o ds (t(s) - t(s")) = /0 ds/o ds'e =
—z.LP.LC.(1_§g(1_e‘f§>> (17)

For the case of a very long chain, Lo — oo and (S2) ~ 2L¢ Lp. Since
for the FJC model <5.2> =n-b2, it follows that bgypn = 2 Lp. So for
the semi-flexible chain model, the Kuhn length is defined as twice the
persistence length Lp [81-83].
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2.2.1.3 Force-extension behavior of linear polymers

As an extension to describing the behavior of DNA, linear polymer models
can also be applied to describe the response of DNA to an external
stretching force [84]. As described in the previous Section 2.2.1.1, the
polymer in the FJC-model is described by a chain of n non-extensible
and rigid segments of length b held together by flexible hinges. The
segments do not interact with each other and can even cross each other.
The behaviour of the polymer in the absence of a force (F = 0) can then
be described by random walk and the mean extension (z) = 0. Applying
an external force stretches the polymer to an extension z > 0. In x- and
y-direction there is still random alignment of the segments possible as

the force is only exerted in z-direction, consequently (z) = (y) = 0.

The extension of the polymer chain in z-direction is only possible with
the energy associated with this force, as the polymer otherwise resists the
stretching, as it is entropically less favourable to bring the polymer into a
stretched state (fewer possible configurations). In a spherical coordinate
system, the energy attributable to the external force is the sum of all
segments from the projection of the segment length on the z-axis times
the external force:

E=Y"E;=-F-b) cos(6) (18)
=1 1=1

with 6 being the angle with the z-axis. In order to calculate the average
expansion in z, (z), the probability of a given configuration in the system
must first be determined. This can be represented by means of its

normalised Boltzmann factor:

o eXp(—Ej/kBT) _ -1 _ )
P = Zj eap (=, /kpT) =7 " exp(—E;/kpT) (19)

with the Boltzmann factor of state j, exp(—E;/kgT), and the partition
function, Z = Zj exp(—E;/kgT) . Here, the sum runs over all possible
states of the system j (for a system with continuous values, the sum can

be replaced by an integral).
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The canonical average of z, (z), is then calculated by averaging its value

in states j weighted by the probability of the state j.

(z) = szPj =z ! sz exp (—E;/kpT) (20)

J J

As already employed for Equation 18, the extension along the z-axis is
given as a function of the angle 6, namely as the sum of all segments
from the projection of the segment length on the z-axis:

2(0) =) " b-cos(0;) (21)
=1

For a system that takes on continuous values, the sum can be replaced
by an integral

27 s
<z>:Z_1/ d¢1/ dsin(61) df; ...
0 0

27 T N
/0 d¢N/0 dsin(fy) dfn (;bcos(ei)> exp (EISZ;)))

(22)

With ¢ and 0 the polar and azimuthal angle of the spherical coordinate
system. By introducing the expression for the energy of the system from

Equation 18, this can be rewritten as:

27 T
<z>:Z_1/ d¢1/ dsin(6,) df; ...
0 0

o " al . cos(6;
/O dd)N/odsin(HN) oy <; bcos(ei)> exp <FbZk:BT(9))

(23)

The last expression can be rewritten as a derivative of the logarithm of

the partition function. With this, Equation 23 simplifies to

(z) = kBTa% In(Z) (24)
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with the partition function

2 ™ 27 T
F-b) . 0;
Z=/d¢1 /dsin(&l)dﬁl..,/dng /dsin(GN)dGN exp <W>
0 0 0 0 kpT

(25)

Since the partition function Z is a product of N identical and independent

factors, it follows that

N

am T F b cos(0)
Z = (/O dqb/o dsin(60)df exp <W)) (26)

and with this
N
_ 9 o i F - b cos(9)
(2) = kBTﬁ In ((/0 dqﬁ/0 dsin(6)df exp (kBT

By applying basic logarithm rules, this can be rewritten as

— 9 o o F-b cos(0)
(2) = N - kBTa—F In (/0 dqb/o dsin(0)dd exp (M))
(28)

Using the variable substitutions z = cos(f) and dxr = sin(6)d6, the

integral can be simplified as

2 +1
(z) = N-k:BTaiF In (/0 d¢_/_1 dr exp (Fk;Tx)> (29)

and then, in the next step, be resolved as:

B P kT Fb Fb
(z) = N-kBTa—F In (27T 73 (exp (kBT) — exp (_W)))

(30)

By performing the force derivative, this expression can be written as:

B L b (oo () few (—ipr)
(=) —N‘kBT‘F<F2+F-kBT (exp (#57) —exp (—757))
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Using the trigonometric identity

exp(x) + exp(—x)
exp(z) — exp(—x)

coth(z) =

Equation 31 simplifies to

(2) = N - kT (;‘ + kBLT coth <ZB;>) (33)

which can be rewritten as

F-b kT
=N-b th| — | — — 34
=0 (com () - 2T &N
Thus, Equation 34 indicates that the polymer can be significantly length-
ened by exerting relatively low forces. However, if the extension ap-

proaches the contour length of the chain, higher and higher forces are

required to extend the polymer further (Figure 7).

This theoretical approach can be used to interpret experimental DNA
force-extension data and to quantitatively compare between single-
molecule experiments and different polymer theories. The first force-
extension measurements on dsDNA | performed by Bustamante et al. in
the early 1990s [59] - introduced already in Section 2.1.1.1 - showed that
even the simple F'JC polymer model fits the data qualitatively, yet the fit
shows systematic deviations, especially at intermediate forces. The more
sophisticated WLC model achieves a better approximation to real nucleic
acid molecules (Figure 7) [64, 85, 86]. Comparing these single-molecule
force-extension experiments to theoretical models provides the opportu-
nity to fit the persistence length of DNA. Using the WLC model, the
persistence length of dsDNA could be accurately determined for different

environmental conditions (sequence, salt, temperature, etc.) [54, 59].

2.2.1.4 Ezcluded volume effects

One aspect that has not been considered in this section so far is the
so-called excluded volume effect. Until this point, interactions between
monomers with each other and with the surrounding solvent have been

neglected. But while the trajectory of a random walk can occupy the same
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Figure 7: DNA force-extension measurements. A) dsDNA elongation as a func-
tion of stretching force for low forces (up to 10 pN): comparison
between experiment and theoretical model. The experimental data
are taken from Smith et al., Ref. [58]. The FJC model (turquoise
dashed line) gives the right trend, but only the WLC model (solid
violet line) describes the behavior of the dsDNA well. B) dsDNA
elongation as a function of stretching force for high forces (up to 100
pN): stretch data for a typical A-DNA molecule are depicted as a
solid black line (relaxation data are depicted as a dotted gray line).
Close to approaching its contour length, the dsDNA molecule under-
goes a force-induced melting transition to ssDNA. The WLC model
(solid violet line) describes the dsDNA well, whereas the F.JC model
describes the ssDNA (turquoise dashed line) only approximately.

coordinates several times, two segments of a polymer cannot coincide in

space.

In 1934, Werner Kuhn first described this concept and shortly afterwards
the American chemist Paul Flory applied the excluded volume effect to
polymer theory. The strength of this effect evidently depends on the
length of the polymer chain and on the 'quality’ of the solvent: if the
chain is in a good solvent, the monomers will favor being in contact with
the solvent than with other monomers of the chain. As a result of this,
the inside of the chain moves outwards to surround the monomers with
solvent. Consequently, the presence of the solvent increases the volume
occupied by the polymer and the entropy of the system is reduced
because more positions become inaccessible to the monomers since they
are either already occupied by another monomer or by the solvent [54, 81].
Through the combination of these two contributions to the free energy
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of the polymer, Flory showed that the polymer has an intermediate size

configuration and the radius of gyration then becomes
3
Ry x N5 (35)

with the Flory exponent v = % in 3D space. So the extent of the excluded
volume effect depends on the polymer length, and especially for long

polymer chains the effect is not negligible.

2.2.2 DNA topology

In 1963, a decade after the discovery of the DNA double helix, American
biochemists Roger Weil and Jerome Vinograd discovered that poly-
omavirus DNA exists in a closed circular form and that this form is
typical for bacterial DNA and cytoplasmal DNA of eukaryotic cells of
animals. By finding that the DNA axis can be coiled, they unraveled
a fundamental tertiary structural feature of DNA. The resulting coiled
DNA coil structure is called supercoiled DNA. There is positively or
negatively supercoiled DNA, which refers to a DNA molecule whose
double helix has undergone an additional twist in the same direction as
the original helix or in the opposite direction. For a DNA molecule, in
order to be supercoilable, it needs to be closed circular. Per definition,
closed-circular DNA is a circular molecule of dsDNA without a nick in
either of the two strands. The supercoiled DNA molecule minimizes its
elastic energy by forming superhelical structures also called DNA plec-
tonemes, loops of helices twisted together. Importantly, the mechanical
resistance to torsional deformations (twisting) requires the continuity of
both DNA strands (Figure 8).

The peculiarity of closed circular molecules is that their topological
state cannot be changed by a conformational rearrangement that does
not involve a break in at least one DNA strand; they can only be
deformed geometrically by, for example, bending or stretching. The
topology of polymers generally refers to the interlinking or entanglement
properties, which are invariant under uniform geometric deformations.
This topological constraint is the basis for the unique intriguing properties

of circular DNA molecules. Breaking (or cutting) one of the strands
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Figure 8: DNA topology. A) In a closed-circular DNA molecule each single
strand of the dsDNA double helix is covalently closed, forming a cir-
cular double-stranded molecule. B) Two closed circles linked together
once. Thus, Lk = 1.

transforms the supercoiled DNA into an open circular DNA molecule,
while a closely spaced break in both strands results in a linear DNA
molecule [64, 86-89].

Topological ideas were first applied to the study of closed-circular DNA
properties by the American mathematician F. Brock Fuller in 1971,
when he adapted the results of band theory to the analysis of DNA
properties [90]. Very descriptively, he compared the DNA supercoiling
to the twisting of a rubber tube representing the DNA double helix: If
the ends are twisted relative to each other and then closed to a circle
(with a connecting piece) to remove external constraints, the result is
a coiled axis of the rubber tube (Figure 8B). DNA supercoiling can be
achieved in a similar way by introducing changes in helical twist when

the DNA is topologically constrained [90].

The conserved quantity following from this topological constraint is
called the linking number, Lk, a topological invariant that describes the
entanglement or linking of that describes the linking of two (or more)
closed curves in 3D space. The concept of the Lk can also be applied to
DNA, however importantly, this property only exists in closed-circular
DNA as it only makes sense in this context [91]. Quantitatively, the
standard linking number of a molecule Lkg can be calculated as the
number of base pairs in the molecule N divided by the number of base

pairs per helix turn ~:

N
Lkg = — 36
0= (36)
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It should be noted that Lkg is not a topological invariant, since it can
be changed, for example, by the addition of salt. Introducing supercoils
into a DNA molecule then increases or decreases the number of enclosed
helical turns and consequently changes the value of the global linking

number Lk, so
Lk = Lko + ALk (37)

So, Lk can vary from the expected helical turns based on normal dsDNA

turns (i.e., over- and undercoiling). Since DNA is right-handed, an

0=-0.07

Figure 9: Results of computer simulations of supercoiled DNA molecules for
different values of superhelical density o. Data from Klenin et al.
(Ref. [92]). Figure taken from Ref. [64].

overcoiling corresponds to a right-hand twist, while an undercoiling corre-
sponds to a left-hand twist [93]. Thus, ALk is a measure for supercoiling.
Often, Lk is normalized by Lk to a supercoiling density o to obtain a
contour length independent variable:

ALKk

"= Tho (38)

Examples for DNA molecules generated via Monte Carlo simulations at

different o are shown in Figure 9.

Lk can be decomposed into a local and a non-local crossing contributions,
the local being DNA twist, T'w, and non-local, or global, the DNA writhe,
Wr. Tw is a measure of the coiling of the two DNA strands around
each other (or more precisely, around the DNA double helix axis). Wr
describes the coiling of the helix axis in space [64, 86, 94]. All three

characteristics are interrelated by the so-called White’s theorem named
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after the American physicist James White who first formulated this
equation in 1969 [95]:

Lk=Tw+Wr (39)

It should be noted that Lk is a topological property, while Wr and Tw

are geometric and change their value when the molecule is distorted.
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2.3 DNA-LIGAND INTERACTIONS

DNA interactions with ligands such as RNA or proteins are the basis
for a variety of indispensable cellular processes and are essential for the
proper functioning of DNA storage, replication, transcription, and repair,
as well as the regulation of gene expression. Ligands can interact with
DNA either specifically or non-specifically. In non-specific interactions,
the order of the nucleotides has no role in the binding interactions. An
example of such interactions are ion-DNA interactions. In contrast, DNA-
binding proteins often slide along the DNA to locate a specific binding
sequence. A subgroup of proteins are able to interact with dsDNA as
well as ssDNA, like DNA polymerases, which bind both forms of DNA
with high affinity at different binding sites on the replication fork [85, 96].
Small molecules that bind to DNA can interfere with these intracellular
processes in an invasive yet reversible manner and therefore form the basis
for a wide range of applications such as drug development for complex
diseases including genetic diseases, autoimmune diseases and cancer
[97-101]. One such approach is chemical genomics, which uses small
molecules to probe gene function and identify potential drug targets. The
characterization of the protein tubulin as a "colchicine-binding protein"
was an early example of the powerful capabilities of chemical genetics;
impressively, this discovery occurred more than ten years before the

sequencing of the tubulin gene [101, 102].

2.3.1 Quantitative description of ligand-DNA binding

Fine-tuning such interactions requires a detailed understanding of the
binding mechanisms. Characterization of the dynamic and equilibrium
aspects of DNA-ligand complex formation may allow optimization of
DNA binding for specific functions [103].

In the simplest model describing ligand binding with DNA, the bound
ligands do not interact with each other. The equation for the binding of

a ligand L to a polynucleotide site S can then be written as follows:

L+S=1LS (40)
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Figure 10: DNA binding models for non-specific binding of ligands. The polynu-
cleotide units are shown in gray, the ligands in blue. A) Simple model
with one ligand L occupying one polynucleotide site S. Every unoc-
cupied site is available for ligand binding. B) Sophisticated model
with one ligand L occupying more than one polynucleotide site S.
Therefore, some units are unoccupied but nevertheless unavailable
for binding, for example the two unoccupied units on the left side
of the diagram between two bound ligands.

where LS corresponds to a ligand bound to the binding site. As indicated
by the double-arrow, this equation describes the equilibrium of the ligand-
binding site system. The change in the concentration of bound ligands,
[LS], can be described as the loss in product concentration [LS] and
the gain in the reagent concentrations [L] and [S]. At equilibrium, the
equilibrium association constant of the reaction K is then defined as [42,
45, 54]:

K =20 (41)

This simple model can be extended to account for the fact that the site
occupied by one ligand becomes inaccessible to other ligand molecules
(Figure 10A) or that one ligand occupies even more than a single binding
site and that the bound ligands can interact with each other (Figure
10B). It is assumed that all binding sites are equal and that each bound
ligand occupies n consecutive base pairs or nucleotides [54]. The latter
scenario is for example needed to describe the binding of a ligand to DNA
and it is more complicated because the number of accessible binding
sites depends not only on the number of ligands bound but also on
their specific positions [54]. This model was fist described by Zasedatelev
et al. in 1971 [104] and three years later in a more elaborate way by

McGhee and von Hippel and is therefore also known as McGhee-von
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Hippel model [105]. For their analysis they introduced the fraction of
occupied nucleotide units v, which can be written as
[LS]
_ 42
v=1g (42)
with C'g being the total concentration of the nucleotide units.

For the case of non-interacting ligands occupying n polynucleotide units
McGhee and von Hippel obtained the following fraction of occupied

nucleotide units:

1
v=[L] K(1—nv) <1"”)V) (43)

1-(n-1

When taking into account the interaction between the bound ligands
(cooperativity), the equation describing the binding becomes much more
complex. To this end, the binding constant for a ligand molecule that
forms a contact with one already bound molecule is defined as Kw with
w being the cooperativity parameter. With this, the fraction of occupied

nucleotide units can then be written as:

z/:[L]-K(l—ny)(

2(w—-1)(1—nv) 2(1 —nv)

(44)

with

R=+/(1—(n+1)v)2+ dwv(l —nv) (45)

The model can be further extended by, for example, considering a de-
pendence of binding affinity or the DNA sequence [54, 105], but these

extensions are not discussed further here.

2.3.2  Small-molecule DNA interaction

Small molecules can bind to DNA in different ways. The ligands can, for
example, bind covalently to DNA, interact due to their electrical charge
or their ability to establish non-electrostatic interactions with the DNA
backbone or bases. Non-covalent DNA binding modes include binding in

(2w+1)(1—nu)+I/—R)”*1(1—(n+1)u+R)2
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the major or minor grooves of DNA and intercalation, which describes
the insertion of ligands between the base pairs of DNA (Figure 11).
Intercalators bind DNA by inserting their flat aromatic rings between
adjacent DNA base pairs, simultaneously lengthening and unwinding the
DNA helix [85, 99, 103, 106-113]. Intercalators and intercalative binding
will be topic of all three result chapters, Chapter 4, 5, and 6.

A D

Figure 11: Examples for ligand-DNA binding. A) nuclear magnetic resonance
(NMR) solution structure of the Anthracycline Respinomycin D in-
tercalation complex with a dsDNA molecule (AGACGTCT)2 (NDB
ID: 1N37). B) Structure of [Ru(phen)2(10-NO2-DPPZ)]2+ bound
to the DNA sequence D(TCGGCGCCGA) (NDB ID: 6RSO), partly
intercalated. C) Polyamide-DNA complex (minor groove binding)
NMR structure (NDB ID: 6GZ7). D) Intercalation and major groove
recognition in the crystal structure of RHME2TRIEN]PHI bound
to 5-G(5IU)TGCAAC-3’ (NDB ID: UD0005). Courtesy: Nucleic
Acid Data Base [114, 115].

A specific type of small molecules, which is widely used in (bio-)chemistry
and molecular biology are fluorescent markers, which can bind nucleic
acids. These compounds are often used to probe DNA structure in
drug-DNA and protein—-DNA interactions. One example is ethidium, a
DNA intercalator with applications for example in gel electrophoresis
(as already briefly mentioned in Section 2.1.1.2) [116, 117]. In aqueous
solution, ethidium is balanced by a Br™~ counterion, therefore it is also

referred to as ethidium bromide.

But small molecules that can interoperate with nucleic acids are also of
high relevance for biology, medicine, and related fields. One application
being small molecules interacting with RNA (SMIRNAs). Targeting small
molecules with RNA represents a new approach in drug engineering. The

broad range of folded RNA structures provides an immense reservoir of
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targets to which small molecules can bind, thus opening up the possibility
of influencing human biology, for example by recognizing disease-relevant
RNA structures [118, 119].

One example for a well-studied small DN A-binding molecule with medical
application is daunorubicin (daunomycin), a glycoside belonging to the
group of anthracyclines with antibiotic and cytostatic activity. It is used
as a cytostatic agent in combination chemotherapy of acute leukemias
[120-122]. Daunorubicin interacts with DNA in form of intercalatoin.
This blocks transcription of DNA to synthesize RNA or replication of
DNA during cell division, also mediated by inhibition of the protein
topoisomerase 11, which relaxes DNA. Similarly, targeting DNA repair
with specifically designed and synthetically produced small-molecule
inhibitors is an emerging strategy for cancer therapy. In this approach,
small molecule inhibitors are used to block DNA repair in cancer cells with
high efficiency, resulting in cell death, and therefore represents a promising
new cancer therapy [123]. Hence, small nucleic acid binding molecules
are of great importance for a broad spectrum of applications ranging
from molecular biology to pharmaceutical and medical applications in
cancer therapy and beyond.

Another application of small-molecule DNA binding is real-time quantita-
tive PCR (qPCR), a technique combining standard PCR with real-time
fluorescence read out so that the products generated during each cycle
of the PCR process can detected and quantified. Over the past years,
qPCR has become the state-of-the-art technology for rapid, inexpensive,
and reliable quantification of nucleic acids [124, 125]. Two general meth-
ods are available for amplification detection by fluorescence signal. The
first approach uses a so-called "TaqMan’ probe, which is a fluorogenic,
non-extendable probe with a fluorescent reporter dye at the 5’-end and
a quencher dye at the 3’-end, which can anneal to a specific target se-
quence in the DNA. Cleavage of the probe by the polymerase (usually
Taq polymerase, therefore also the name "TagMan’) during the PCR
results in a change in fluorescence intensity [124]. Alternatively, DNA
intercalating dyes can be used to detect amplification via a fluorescence
signal. These dyes exhibit increased fluorescence intensity when interca-

lated into DNA. As the fluorescence signal is dependent on the amount
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of DNA present in the reaction, the recorded fluorescence allows direct
detection and quantification of the success of the PCR [124, 126]. With
this, real-time qPCR technology has revolutionised the field of molecular
diagnostics, allowing a shift towards high-throughput and automated

molecular procedures.
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Fluorescence approaches have become a very powerful and widely used
approach to visualize and quantify biological structures, and to under-
stand biological processes at the cellular level. Yet, in many research
areas, especially in biology, medicine and related fields, it is of great
importance to visualize and study objects in the nanometer range. How-
ever, this is limited by the diffraction limit of light in microscopy. For
example, in a sample containing fluorophoric molecules at the nanometer
scale, it can be difficult to distinguish two fluorophores that are very
close to each other. The minimum distance between two fluorophores so
that they can still be detected as two light sources is determined by the
Abbé limit, a lower limit on the resolvable distance d formulated by the
German physicist Ernst Abbé in 1873:

. A
" 2n-sin(a)

d (46)
Thus, this distance d is not infinitely small, but is limited by the wave-
length of the observing light A, the refractive index n, and the aperture
angle of the objective a.. Since microscopes have technical limits and the
refractive index for gases is typically close to 1, d can be estimated to
be at least A\/2. The spectral range visible to the human eye is about
400 - 800 nm, so for classical optical microscopy d is larger than 200
nm. Nevertheless, in order to study biomolecules at the nanoscale, a
number of biophysical and biochemical techniques exists that can be
used to circumvent the Abbé boundary. In the following, I will discuss
some of these techniques. For biophysical research, micromanipulation of
single cells and molecules is becoming increasingly important, as overall
biochemical analyses can provide very reliable qualitative and also quanti-
tative descriptions, but can only inadequately describe phenomena at the

molecular level. Only single-molecule measurements can fully explore the
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kinetics, mechanics and variation of structure, function and interactions

to provide a complete physiological picture [127].

A potential strategy for single-molecule measurements is to use electric
and magnetic fields to manipulate particles. The beginnings of the first
attempts to study individual biological systems date back more than
70 years. Already in 1950, Francis Crick, who should only three years
later discover the double-helical structure of DNA (see beginning of
this thesis, Section 1.1.3) together with the American biologist Arthur
Hughes, investigated the viscoelastic properties of the cytoplasm of a cell
using magnetic micromanipulation. They were able to pull, push, and
rotate magnetic particles into the cytoplasm of cells using magnetic forces
[127, 128]. 20 years later, in 1970, the American physicist Arthur Ashkin?
achieved a major breakthrough in the field by developing his so-called
"levitation traps" by using the intense electromagnetic fields of highly
focused lasers to precisely position latex particles [129, 130]. Today, this
technique is known as optical tweezers. A major advantage of these optical
trapping techniques (which have been extensively refined over the years) is
that they do not require contact and can thus measure or manipulate the
behaviour of a single-molecule under stretching or torsional forces without
interference of surface effects. As further advantages, practical aspects
such as lower cost (compared to other force spectroscopy measurement
devices), ease of implementation, and biocompatibility can be mentioned,
which make optical tweezers an elementary method for manipulating and

measuring individual biological molecules and their interactions [127].

In contrast, one of the major disadvantages of these trapping techniques
is that the object to be observed must have an electric contrast to the
surrounding medium in order to experience a force in an optical field.
Since the molecule of interest often lacks favourable intrinsic properties,
it is necessary to attach a particle or label to the molecule to improve
contrast in order to image it or to exert a force or torque on it. Another
challenge of conducting single-molecule measurements on biological struc-
tures using optical tweezers is that for many biological processes not
only nm-scale spatial but also ms-scale temporal resolution is needed.

To accomplish this, the technical parts of the measurement instruments

Arthur Ashkin was awarded the Nobel prize in Physics 2018 "for the optical tweezers
and their application to biological systems" [129].
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have been extensively developed over the years [131-133]. Today, optical
tweezers reach ms.scale temporal resolution. Also, they can exert forces
in the range of 0.1 to 200 pN, which makes them a well-suited approach
for single-molecule biophysics [127].
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3.1 SINGLE-MOLECULE MAGNETIC TWEEZERS

An alternative single-molecule trapping method is magnetic tweezers
(MT). Here biomolecules or even cells can be manipulated by mag-
netic forces acting on superparamagnetic particles instead of optical

manipulation. MTs offer several advantages over other force spectroscopy
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Figure 12: Schematic representation of a single-molecule MT setup [134-137].
The measurement chamber (the so-called flow cell) is assembled
from two glass slides (light blue on the right) separated by a layer
of parafilm (light gray). The flow cell, which is connected to a
pump for fluid exchange, is then fixed in place using a flow cell
holder (light brown color) and mounted on a stage, which allows
direct contact with the objective (with an oil film in between). The
objective is placed on a piezoelectric stage to enable control over
the focal plane. A light-emitting diode (LED) is used to illuminate
the sample. The outgoing light beam is deflected by a mirror into
a charge-coupled device (CCD) camera connected to a computer
to track the positions of the beads. The magnet holder including a
pair of permanent magnets is located on top of the flow cell. The
z-position and rotation about the vertical axis of the magnet holder
are controlled by motors.

techniques such as optical tweezers and are therefore particularly well
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suited for certain measurements. For example, they do not suffer from
the problems of sample heating and photodamage that are a critical
point in optical tweezers. In addition, they have the advantage of being
easier to multiplex, e.g., forces can be applied to several molecules si-
multaneously. Furthermore, magnetic manipulation is highly selective for
the magnetic beads used as probes and is generally insensitive to sample
and microscope chamber preparation. And additionally, extremely low
forces (< 0.1 pN) can be achieved with MTs, and forces can also be kept
very constant over long periods of time [138]. The beginnings of this tech-
nique, developed by the laboratories of Bustamante and Croquette, have
already been described in the previous chapter in Section 2.1.1 [58-61,
127]. Since then, MTs have become a high-performance tool for precise,
high-resolution measurements under the influence of external forces and
torques. As such, they enable real-time observation of biological processes
at the molecular level. With this, quantitative determination of mechani-
cal parameters, conformational transitions, dynamics and interactions of
nucleic acids is made possible [134-136, 139, 140].

In MT experiments, the molecule of interest (for example a DNA molecule)
is tethered between a surface and a superparamagnetic bead. This setup
facilitates to apply precisely calibrated forces between < 0.05 pN and ~
100 pN via an external magnetic field. The bead position can be tracked
accurately by a CCD camera with a detection frequency of about 50
- 1000 Hz (and even faster [141]) with a resolution along the z-axis of
< 1 nm [131-133, 140]. After the beginnings in the 1990s (described in
Section 2.1.1.1) [61], the various elements of the MT setup have evolved
considerably [131-133, 142]. However, the underlying measurement con-
cept has remained the same: As a prerequisite, the molecule of interest
(for simplicity, we consider here a dsDNA molecule, but it is also possible
to attach ssDNA, RNA proteins, etc.) is tethered between the glass
surface of the flow cell and a paramagnetic bead. In order to achieve this,
the DNA molecule is designed to have several nucleotides tagged with
digoxigenin (DIG) at one end. To bind the the DNA to the surface of
the flow cell, the latter is coated with an anti-DIG antibody. A similar
mechanism is used on the other side of the DNA, only with biotin labels
on the DNA and streptavidin coating on the surface of the magnetic

beads. With a pair of small permanent magnets mounted above the flow
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cell, magnetic fields and thus magnetic forces can be exerted on the
paramagnetic beads, which in turn allows micro-manipulation of the
molecule of interest. By moving the magnet pair closer to the flow cell,
the magnetic force on the beads increases and the tethered molecule
experiences a stretching force. Furthermore, by rotating the magnet pair,
it is also possible to exert torques and thus twist the DNA molecule,
since both ends of the DNA molecule are held in torsion [131, 140].

An inverted microscope and monochromatic illumination are used to
track the diffraction pattern of each individual bead using video mi-
croscopy. This allows to precisely determine the x, y, and z positions
of the micrometer-sized magnetic beads in real time [61, 131, 135, 136,
139]. At a constant applied force, the magnetic bead fluctuates around
its equilibrium position due to Brownian motion. The fluctuations are
governed by the applied force and the flexibility of the tethered DNA.
This relationship can be used to calculate the stretching force acting on
the molecule, if the location of the bead and its fluctuations transverse
to the stretching direction are know, since these fluctuations (5z2) are
related to the stiffness kz by the equipartition theorem:

F_, _ ksl
I T (622)

(47)

with kg the Boltzmann constant, 7" the temperature, and [ the extension
of the DNA molecule determined by the position of the magnetic bead
[139]. This approach has its drawbacks, for example due to the finite
acquisition frequency of the CCD camera, artifacts in variance mea-
surements due to camera blurring and the introduction of aliasing. To
overcome these limitations, te Velthuis et al. have proposed an approach
to deconvolve camera effects to allow reliable force calibration of MT
experiments. To determine the underlying correct variance from the mea-
sured (incorrect) variance, the measured power spectrum is iteratively
corrected and the integral of the spectrum fitted until the fitting error
reaches the desired value [139, 143].
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3.2 ENSEMBLE MEASUREMENTS

In contrast to single-molecule experiments, in measurements made on
large ensembles or a bulk collection of molecules the individual behavior of
molecules cannot be distinguished. But, to get the average characteristics
of the system, the laws of thermodynamics can be applied. While there
is the drawback that ensemble measurements do not provide information
about the system at the single-molecule level, on the other hand, this type
of measurement also has advantages over single-molecule measurements,
such as the ability to measure far more than millions of molecules

simultaneously and the ability to simply average out outliers.

Well-known examples of ensemble measurements are UV-Vis spectroscopy
or fluorescence spectroscopy. These techniques allow measuring DNA-
specific absorption of light or dye-specific light absorption and emission.
Another commonly used technique that uses the fluorescence signal from
dyes bound to DNA as an indication of DNA is gel electrophoresis (which
will be discussed in the next paragraph). These are just a few selected
examples; overall, the toolboxes of biochemistry and biospectroscopy

offer a wide variety of experimental techniques.

3.2.1 Electrophoresis

A simple technique to study DNA is gel electrophoresis (Figure 13).
Introduced in the 1970s, it has revolutionized the field of molecular
biology and is nowadays routinely used to visualize, separate, and purify

nucleic acids and proteins [64, 144].

In brief, gel electrophoresis works by applying an electric field to a gel
matrix containing DNA samples, causing the negatively charged DNA
molecules to migrate toward the positive electrode. The rate and direction
of migration depend on the size and charge of the DNA fragments, thus
allowing to separate and identify different components of a mixture. For
(long) DNA molecules, the gel matrix used to contain the samples and

provide size barriers is usually agarose2 [47], a linear polysaccharide

For the separation of proteins, short DNA duplexes and ssDNA fragments, poly-
acrylamide is commonly used as medium instead.
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Figure 13: Gel electrophoresis. A) Schematic of an agarose gel electrophoresis
chamber. The DNA samples are introduced into wells in the agarose
gel placed in an electrophoresis chamber filled with buffer. When
applying an electric field, the negatively charged DNA molecules
move through the gel from the cathode to the anode with different
velocities depending on their size. B) Visualization result of an
agarose gel with different DNA species and amounts. As a size
reference, a commercial DNA sample with known bands in the gel,
a so-called ladder (L), is loaded on the two outer lanes of the gel.
Panel B is taken from Ref. [138].

that has the ability to cross-link. Therefore, the porosity of the resulting
gel can be controlled by the concentration of agarose. The sorting of
molecules is based on a combination of molecular characteristics such as
size, hydrodynamic radius, net charge, and surface charge density. Most
commonly though, DNA is separated by length. The electrophoretic
mobility p is related to the length of the DNA fragment [ by

poc it (48)

Also DNA molecules belonging to different topological classes move in
a gel at different speeds, albeit for a different reason than linear DNA.
Here, the mobility is governed by the Lk value, or more precisely by the
absolute value of the writhe of the molecule. Because of the different 3D
forms, supercoiled DNA moves faster through the agarose gel than linear
DNA, which itself is faster than open circular DNA [64, 145].

To separate the samples, the agarose gel is placed in an electrophoresis

chamber filled with an aqueous buffer solution, the samples are loaded
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into pre-shaped wells in the gel, and an electric field is applied. The
negatively charged DNA molecules migrate through the gel towards the
anode - at different velocities depending on their length and topological

form.

To visualize the DNA, the samples are mixed with a buffer containing a
fluorescent dye prior to loading them in the gel wells ("pre-staining’) or
alternatively, the entire gel is stained in a solution containing a fluorescent
dye after running the gel (’post-staining’). The latter is commonly used
when working with different DNA topologies since DNA-binding dyes
can have an effect on the DNA twist. Thereafter, the gel is imaged using

a visualization system specialized for gels [54].

3.2.2 UV/Vis Spectroscopy

Another bulk measurement to analyze samples containing nucleic acids
is UV /Vis spectroscopy. In this spectroscopy method, a sample is il-
luminated with electromagnetic rays of different wavelengths in the
ultraviolet (UV) and visible (Vis) regions. Depending on the substance,
the light in the UV or visible range is partially absorbed by the sample.
The remaining light, i.e., transmitted light, is detected by a suitable
detector as a function of wavelength. The detector then generates the
unique UV /Vis spectrum of the sample (also called absorption spectrum).
UV /Vis spectroscopy can be used to determine the molar concentration
of nucleic acids in solution (see Chapter 2 for more information on the
optical properties of DNA). DNA bases absorb UV radiation around
260 nm [64, 146]. Therefore, the concentration of DNA in solution can
be derived by measuring the absorbance A at 260 nm of a sample by

applying Lambert-Beer’s law:

Azlog(ITO):e‘kc (49)

with Iy the intensity of incident light, I the intensity of transmitted light,
€ the wavelength-dependent molar extinction coefficient of the molecule
of interest, [ the length of the light path through the sample, and ¢ the
molar concentration. The molar extinction coefficient € at 260 nm for long

sequences of dsDNA with an AT/GC ratio of ~ 50% is approximately 50
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(ng/mL)~! em™!. For shorter DNA or AT/GC ratios # 50%, € needs
to be calculated explicitly, because the absorbance of the four different

nucleobases varies [147, 148].



INVESTIGATION OF DNA-DYE INTERACTIONS
IN MOLECULAR DETAIL EXEMPLIFIED BY THE
INTERCALATOR SYBR GOLD

4.1 DNA VISUALIZATION AND FLUORESCENT DNA STAINS

Advances in technology have led to numerous applications of DNA anal-
ysis in fields such as medicine, forensics, and genetics. Nucleic acid stains
are one example of the growing number of applications of DNA analysis.
These fluorescent dyes bind to nucleic acids such as DNA or RNA with
dramatically increasing fluorescence signal intensity upon binding and
thus enable detection and quantification of nucleic acids, oligo-nucleotides,
PCR products, and related molecules. They find wide application in flu-
orescence microscopy, flow cytometry, and other analytical techniques to

visualize and quantify nucleic acids in cells and tissues.

Recently, various nucleic acid-binding dyes have been developed for
sensitive detection of dsDNA, ssDNA, and oligonucleotides in gels and
solution. These dyes are used to directly visualize DNA in gels, tissues, or
cells, making them useful for diagnostic and research purposes. There are
several types of nucleic acid stains that are commonly used in research
and diagnostic applications. One of the most popular DNA stains is
DAPI (4’,6-diamidino-2-phenylindole), which binds strongly to the minor
groove of double-stranded DNA [149-151]. DAPI emits blue fluorescence
upon binding to DNA and is often used to visualize nuclear DNA in fixed
cells and tissues. Another commonly used nucleic acid stain is ethidium
bromide. This stain intercalates between the base pairs of DNA and
fluoresces orange-red upon binding. Ethidium bromide is used extensively
to detect DNA in agarose gel electrophoresis, where it is used to visualize
and quantify the size and concentration of DNA fragments. However, it

is a potent mutagen and is not used in living cells.
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4.2 CYANINE DYES

For ultra sensitive nucleic acid detection in a wide range of applications,
various cyanine dyes have been developed as fluorescent stains, labels, or
probes for sensitive detection of dsDNA, ssDNA, and oligo nucleotides in
gels and in solution. Cyanine dyes allow rapid and reliable quantitative
fluorescent staining due to their ability to form fluorescent complexes
with nucleic acids [152]. Common examples for cyanine dyes are Cy3,
Cy5, TO, TO-PRO-1, TOTO, YOYO, FUN-1, Thiazole Orange, SYTOX
Orange, SYTOX Green I, SYBR Green II, Pico Green, SYBR Green,
and SYBR Gold (a few examples are shown in Figure 14). These stains
have different affinities for RNA and DNA and vary in their excitation
and emission spectra, allowing them to be used in a broad spectrum of

applications. Upon binding to nucleic acids, cyanine dyes show astonish-

Dye R1 R2
TO CHs H
TO-PRO-1 (CH2)3N+(CH3)3 H
FUN-1 Phenyl Cl
~
SYBR Green Phenyl - NS
y N N\
Pico Green Phenyl ~ ----- N /\/\N/

Figure 14: Chemical structures of five different monomeric cyanine dyes based
on the same core structure and only varying side chains R1 and R2.
Data taken from Ref. [153].
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ing strong enhancements of fluorescence emission. This behavior makes
them an excellent choice for detecting nucleic acids by luminescence
imaging or even inside cells by fluorescence microscopy. The highest fluo-
rescence response (> 1000-fold enhancement upon intercalation between
nucleobases) was observed for the fluorescent stain SYBR Gold upon
binding to dsDNA, making it an outstanding tool for gel electrophoresis
or for example qPCR real-time measurements to detect even very small
(changes of) amounts of DNA [152, 154].

The first cyanine compound was already synthesized in 1856. Since then, a
large number of different cyanine dyes has been developed and nowadays,
they are widely applied in biotechnology [152, 155]. Classical cyanine dyes
are cationic molecules consisting of two terminal nitrogen-containing
heterocyclic subunits linked by a polymethine bridge containing an
odd number of carbons (Figure 15). Thereby, one nitrogen subunit
is a quaternary ammonium group that serves as an electron acceptor
(antiauxochrome), and the nitrogen subunit on the other side is a tertiary
amino group that acts as an electron donor (auxochrome). This allows
resonance delocalization of a positive charge between the two nitrogens.
Both groups have a relatively strong bathochromic effect, meaning that
the degree of electron delocalization is high. This is the reason why
cyanine dyes absorb light already in the visible range even with relatively

small 7-electron systems.

Antiauxochrome Auxochrome
\ /

Polymethine bridge

Figure 15: General structure of cyanine dyes consisting of a conjugated system
(polymethine bridge) between two nitrogen-containing heterocyclic
subunits that serve as electron donor (auxochrome) and electron
acceptor (antiauxochrome).

Even though the name ’cyanine’ originally goes back to the ancient

greek word kvarvog, which describes a greenish-blue shade, the cyanine
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family of dyes covers the electromagnetic spectrum from the ultra-violet
(< 380 nm) to the a near-infrared region (> 700 nm). The position of
the absorption maximum depends mostly on the number of methine
groups in the polyene chain. For example, monomethine (n = 1) and
trimethine (n = 3) cyanines generally exhibit their absorption maxima in
the visible region. Adding additional vinylene moieties (CH = CH) to the
polymethine bridge leads to a bathochromic shift (red shift) of about 100
nm each [156]. Cyanine dyes exhibit narrow absorption bands and high
extinction coefficients, up to 20 0000 M~ lem™t They are only weakly
fluorescent in solution but their fluorescence efficiency greatly increases
when binding to nucleic acids or proteins because the fluorophore becomes

more rigid [155].

The work presented in the following, features an in depth study of the
fluorescent dye SYBR Gold, which also belongs to the synthetic cyanine
dyes. I will present its chemical structure, which was determined using
NMR and mass spectrometry. In addition, I will investigate the binding
to DNA and demonstrate that SYBR Gold binds DNA in an intercalative
way meaning that it is inserted in between two adjacent base pairs. This
binding mode is known to lengthen and unwind the DNA, which I will
also show for SYBR Gold. Furthermore, I will show similarities and
differences to the closely related synthetic cyanine dye SYBR Green 1.
Additionally, I will analyze the photophysical properties of SYBR Gold:
its fluorescence enhancement by DNA intercalation scales linearly at
low dye concentrations whereas dynamic self-quenching limits the linear
fluorescence response at high SYBR Gold concentrations. Fluorescence
lifetime measurements show that dynamic quenching at high SYBR
Gold concentrations decreases the fluorescent signal. By combining the
collected information about the fluorescent DNA stain SYBR Gold, I
will give recommendations for optimal application for quantitative DNA

analysis using SYBR Gold staining.
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4.3 SYBR GOLD-DNA INTERACTION

4.3.1 Abstract

SYBR Gold is a commonly used and particularly bright fluorescent DNA stain,
however, its chemical structure is unknown and its binding mode to DNA
remains controversial. Here, we solve the structure of SYBR Gold by NMR
and mass spectrometry to be 2-(4-[diethyl(methyl)ammonio]methylphenyl)-6-
methoxy-1-methyl-4-[(2Z)-3-methyl-1,3-benzoxazol-2-ylidene]methylquinolin-1-
ium and determine its extinction coefficient. We quantitate SYBR Gold binding
to DNA using two complementary approaches. First, we use single-molecule
MT to determine the effects of SYBR Gold binding on DNA length and twist.
The MT assay reveals systematic lengthening and unwinding of DNA by 19.1°
=+ 0.7° per molecule upon binding, consistent with intercalation, similar to the
related dye SYBR Green I. We complement the MT data with a spectroscopic
characterization of SYBR Gold fluorescence. The data are well described by a
global binding model for dye concentrations < 2.5 pM, with parameters that
quantitatively agree with the MT results. The fluorescence increases linearly
with the number of intercalated SYBR Gold molecules up to dye concentra-
tions of ~ 2.5 pM, where quenching and inner filter effects become relevant.
In summary, we provide a mechanistic understanding of DNA-SYBR Gold
interactions and present practical guidelines for optimal DNA detection and
quantitative DNA sensing applications using SYBR Gold.

4.3.2 Introduction

The interaction of DNA with ligands is fundamental for many cellular processes
as well as biotechnological applications. In particular, fluorescent dyes are
routinely used to label DNA for visualization and quantification in a wide
variety of assays ranging from imaging of cells to analysis and quantification
of gel bands or PCR products. SYBR Gold is a popular stain with very high
sensitivity owing to the > 1000-fold increase in fluorescence quantum yield on
binding to DNA [158, 159]. Despite its widespread use, its structure is unknown
and there is disagreement whether SYBR Gold binds in an intercalative [159,
160] or in a minor-groove binding mode [161-163].

In general, the binding mode of DNA dyes impacts how binding depends on
environmental conditions, DNA chain topology, or sequence context. Conversely,
small-molecule binding to DNA can alter its structure and mechanical properties.
Specifically, intercalation lengthens and unwinds the DNA helix [117, 164], and
the changes upon intercalation into DNA have been investigated at the single-
molecule level using optical tweezers [160, 165—-177], atomic force microscope
(AFM) force spectroscopy [110, 111], and MT [116, 178-180]. In contrast, minor
groove binding has only much smaller effects, if any, on DNA length and
winding angle[116].
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Detection of DNA e. g.after separation by gel electrophoresis requires labeling
and staining for visualization and quantitation. The extent of DNA binding
depends both on DNA and dye concentration, as with any equilibrium binding
reaction. We need to quantitatively understand the binding properties of SYBR
Gold to DNA in order to determine conditions for high signal-to-noise detection
and to obtain a linear relationship between the amount of DNA and fluorescence
intensity, which is desirable for quantitation.

We first solved the molecular structure of SYBR Gold by NMR and mass
spectrometry, which allows us to determine the charge, molecular weight, and
molecular extinction coefficient. To determine the binding mode of SYBR Gold
to DNA and to investigate the fluorescence response under varying DNA and
SYBR Gold concentrations, we combined single-molecule micromanipulation
experiments with a range of fluorescence measurements. We present a binding
model that describes both the single-molecule manipulation and bulk fluo-
rescence data quantitatively. Binding parameters, i.e., the binding constant
(dissociation constant) K4 and the binding site size n, were determined indepen-
dently from both single-molecule manipulation and fluorescence experiments
and were found to quantitatively agree. The close agreement between binding
parameters determined from micro-manipulation and fluorescence strongly sug-
gests that intercalation is the sole binding mode of SYBR Gold that enhances
fluorescence upon DNA binding. In addition, we performed single-molecule
binding measurements for the closely related compound SYBR Green I, which
we find to intercalate with binding parameters very similar to SYBR Gold.

For SYBR Gold, we observe a reduction of fluorescence intensity at SYBR Gold
concentrations > 2.5 pM (for typical experimental path lengths ~ 5 - 10 mm)
and distinguish quenching mechanisms by fluorescence lifetime measurements.
Based on our experimental results, we present practical guidelines for optimal
DNA detection and quantitative DNA sensing applications using SYBR Gold.

4.3.3 Results

To investigate the binding mode of SYBR Gold to DNA and to quantitatively
monitor the resulting changes in DNA properties and fluorescence increase upon
SYBR Gold binding, we use different, complementary techniques. First, we
determined the molecular structure of SYBR Gold and its extinction coefficient
to calibrate the concentration of the stock solution. Then, in a first series of
experiments, we use M'T micromanipulation to monitor binding and examine the
effects of SYBR Gold and of the related dye SYBR Green I on the structural
and mechanical properties of DNA under controlled stretching forces and
degrees of supercoiling. In a second set of experiments, we monitor SYBR Gold
fluorescence in the presence of various concentrations of dye and DNA via
fluorescence spectroscopy.
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Figure 16: SYBR Gold structure and *H NMR spectra. (A) The structure of
SYBR Gold as determined by NMR studies and mass spectrometry.
For clarity, the side chains are shown in color and named R1, R2,
R3. (B) The structure of SYBR Green I from [153]. The protonation
state of the side chain R1 is for aqueous solution near neutral pH.
(C) 'H NMR spectra of SYBR, Gold and SYBR, Green I recorded in
DMSO-d6.

4.3.3.1 SYBR Gold structure determination

Using NMR analysis and mass spectrometry, we determined the molecular
structure of SYBR Gold to be 2-(4-[diethyl(methyl)ammonio]methylphenyl)-6-
methoxy-1-methyl-4-[(2Z)-3-methyl-1,3-benzoxazol-2-ylidene]methylquinolin-1-
ium (Figure 16A). The structure assignment used one-dimensional (1D) 'H
and 13C spectra (Figure 16C and Figure 24) as well as several sets of two-
dimensional (2D) correlation spectra (See "Structure determination" in Ma-
terials and Methods (Section 4.3.9) and Supplementary Table 2). The main
population in the mass spectrum is at m/z = 247.6, in excellent agreement with
the prediction from the structure of m/z = 247.5 and charge +2, corresponding
to a molecular mass of SYBR Gold of 495.2 Da (Figure 26). Minor popula-
tions are found at m/z = 408.2 and around 480 and very likely correspond
to fragments of the molecule with z = 41 after dissociation of one or several
methyl groups at the side chain amine. The SYBR Gold core structure consists
of benzoxazole and quinoline heterocycles connected by a monomethine group.
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It is identical to the core of SYBR Green II and similar to the core structures
of SYBR Green I, Pico Green, and SYBR Safe, which feature a benzothiazole
instead of the benzoxazole [153] (Figure 16B). In addition to O vs. S in the
core, the main differences between the SYBR family dyes are in the side chain
substitutions of the quinolone moiety (labeled R1-R3 in Figure 16A,B). SYBR
Gold has a charge of +2 in aqueous solution around neutral pH as well as in
DMSO, in contrast to SYBR Green I, which is divalent in aqueous solution,
but monovalent in DMSO.

4.3.3.2 SYBR Gold and SYBR Green I lengthen the DNA contour

To determine the binding mode and influence on DNA structure of SYBR Gold
and SYBR Green I we performed MT experiments at varying concentrations
using a custom-built multiplexed MT setup (Figure 17A and Materials and
Methods (Section 4.3.9)). To assess to what extent SYBR Gold or SYBR Green
I binding lengthens the DNA contour, we first performed DNA stretching
experiments in the presence of increasing concentrations of dye on torsion-
ally relaxed (nicked) DNA. We focused on the force regime below 5 pN for
our force—extension measurements: in this regime the DNA extension is well
described by the WLC model of entropic stretching elasticity [59] and we
can neglect enthalpic contributions to stretching and the force-dependence of
intercalative binding [160, 171, 181]. In the absence of dye the response of
DNA to force shows the characteristic response of entropic stretching elasticity
(Figure 17B, dark blue circles). A fit to the WLC model [182] (Figure 17B, dark
blue line) yields a contour length Lo = (2.5 + 0.1) pm (mean and standard
deviation from ten independent measurements), in close agreement with the
expected crystallographic length of 2.6 pm expected for a 7.9 kbp DNA.

We then examined the force-extension response of torsionally unconstrained
DNA at increasing concentrations of SYBR Gold (Figure 17B, curves from blue
to red) and SYBR Green I (Figure 27A, curves from blue to red). Fitting the
WLC model to the force-extension data demonstrates that the contour length
of the molecule systematically increases with increasing dye concentration:
compared to the contour length of bare DNA, the contour length of DNA in
the presence of ~ 10 pM SYBR Gold or SYBR Green I is increased by a factor
of 1.7. A contour length increase upon binding by ~ 1.7-fold is in line with
previous force spectroscopy measurements on SYBR Gold [160] and indicative
of an intercalative binding mode [116, 165, 171].

An increase of the contour length by ~ 1.7 fold is very unlikely to result from
minor or major groove binding and is similar to the length increase in the
DNA overstretching transition at much higher forces, which both have been
suggested to be limited by the dihedral sugar angle in the DNA backbone
[175]. The increase in the contour length follows a binding curve behavior
and saturates at concentrations > 2.5 ntM (Figure 17C and Figure 27C). To
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Figure 17: Effects of SYBR Gold on the force-extension behavior of DNA. (A)
Schematic of MT. DNA molecules are tethered between a surface
and magnetic beads in a flow cell. Permanent magnets above the
flow cell enable the application of stretching forces and torques,
respectively. Upon intercalation, the DNA molecules lengthen and
change their equilibrium twist. (B) Force-extension curves for 7.9
kbp DNA in the presence of increasing concentrations of SYBR Gold
(increasing concentrations from blue to red indicated in the Figure
legend). Symbols are raw data, lines are fits of the WLC model. A
systematic increase the DNA extension with increasing SYBR Gold
concentration is apparent. (C) DNA contour length determined from
fits of the WLC model as a function of SYBR Gold concentration.
The black line is a fit to the McGhee—von Hippel model (reduced
X2 = 0.18; see main text for details), with a dissociation constant
K4 = (2.73 £ 0.26) x 107"M and a binding site size n = 1.67 +
0.04. (D) DNA bending persistence length from WLC fits measured
as a function of the dye concentration, normalized to the bending
persistence length measured for bare DNA, indicating that the
persistence length increases with increasing amount of SYBR Gold.
Data points and error bars in panels C and D are the mean and
standard deviation from at least ten independent measurements. In
panel B one typical experiment is shown for clarity.

quantitatively determine binding parameters from the mechanical response of
DNA, we employ the McGhee-von Hippel model (Equation 52 in Materials and
Methods (Section 4.3.9)) [105]. The fractional number of bound dye molecules
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is computed from the fitted contour length Lo (c) at a given concentration ¢
by Equation 53. We use a value for the length increase per dye molecule bound
of Az = 0.34 nm, typical for intercalation [106, 116, 160, 171].

Fitting the McGhee-von Hippel model to the contour length data determined
from our force-extension measurements, we find the dissociation constant Ky
= (2.73 £ 0.26) x 10~"M and a binding site size n = 1.67 & 0.04 for SYBR,
Gold and very similar values of Kg = (3.33 £ 0.7) x 10~"M and n = 1.77 &
0.06 for SYBR Green 1. Errors are obtained from a “bootstrapping” procedure
[183] by generating 1000 synthetic data sets from the experimental data and
computing the standard deviation over repeated McGhee-von Hippel fits. The
value of the binding site size n can be interpreted as SYBR Gold or SYBR
Green I intercalation at saturation occurring slightly more than at every other
base pair [184], similar to other monointercalators with similar structures [116,
160, 171, 185].

In addition to an increase in DNA contour length upon SYBR Gold binding, the
effective bending rigidity is also changing (Figure 2D). We found Lp = (38 & 4)
nm in the absence of dye. This value is in agreement though slightly lower than
reported data for DNA persistence length in PBS [116]. With increasing SYBR
Gold concentration, the persistence length initially stays constant or decreases
very slightly up to a concentration of ~ 0.16 pM and then significantly increases
at higher dye concentrations (Figure 2D). In comparison to the persistence
length of bare DNA, the persistence length of DNA in the presence of ~ 10
uM SYBR Gold increases by a factor of 1.55.

In contrast, for SYBR Green I we observe no systematic change in Lp (Figure
27D). Previous studies of intercalators have reported both decreases in effective
bending stiffness, e. g.for ethidium bromide, PicoGreen, or a Ru(II) metallo-
intercalator [116, 185, 186], but also constant or increasing stiffness, e. g.for
the bis-intercalators YOYO and TOTO [179, 187, 188]. We speculate that
the observed increase of Lp upon SYBR Gold binding might be due to steric
interactions of the bulky phenyl group in the side chain at position R1, which
is missing in the otherwise similar dyes PicoGreen and SYBR Green 1.

4.3.3.3 SYBR Gold and SYBR Green I untwist DNA

Force-extension measurements of torsionally unconstrained DNA in the presence
of different concentrations strongly suggest that SYBR Gold and SYBR Green
I both bind DNA in an intercalative binding mode. To further investigate their
binding to DNA, we probe the effects of varying concentrations of dye on DNA
twist using rotationally constrained DNA molecules [116]. We control the DNA
linking number Lk by rotation of the magnets and monitor DNA extension as
a function of applied magnet turns at a low constant force F = 0.5 pN (Figure
18A).
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Figure 18: Effects of SYBR Gold on DNA twist. (A) Rotation-extension curves
for 7.9 kbp DNA at F = 0.5 pN in the presence of increasing concen-
trations of SYBR Gold. The SYBR Gold concentrations are (from
blue to red) 0, 12.4, 24.8, 49.6, 124, 248, 392, 1240, 2480, 12,400 nM.
With increasing concentrations of SYBR Gold the rotation curves
shift to negative turns; the DNA length at the center of the curves
increases; and the rotation-extension curves broaden. (B) Quantifica-
tion of the shift in the center position of the rotation-extension curves
as a function of the SYBR Gold concentration. The center positions
were determined from fitting slopes in the positive and negative plec-
tonemic regime and by computing the intersection of the two slopes.
The black line is a fit of the McGhee—von Hippel model (reduced
X2 = 2.9; see main text for details), with the dissociation constant
K4 and binding site size n set to the values determined from the
force extension data (Figure 17) and the unwinding angle per SYBR
Gold intercalation determined from the fit to be A9 = (19.1 £0.7)°.
Data points and error bars in panel B are the mean and standard
deviation from at least 14 independent measurements. In panel A
one typical experiment is shown for clarity.

In the absence of dye, we observe the characteristic response of bare DNA
(Figure 18A, dark blue data): Initially the change in turns (ALk) leads to elastic
twist deformations of DNA that minimally affect the tether extension. Subse-
quently, the DNA buckles to form plectonemic supercoils. In the plectonemic
regime, a further increase of ALk results in a linear reduction of its end-to-end

65



66

SYBR GOLD AS AN EXAMPLE FOR DNA-DYE INTERACTIONS

extension. For measurements at low forces (here F = 0.5 pN), the response of
the DNA is symmetric about Lkg (i. e.zero applied turns, corresponding to a
torsionally relaxed molecule): if we introduce positive or negative turns the
DNA forms positive or negative plectonemic supercoils, respectively. Through-
out, we use the number of applied turns where the DNA tether is torsionally
relaxed in the absence of added SYBR Gold, i.e.Lk = Lk, as a reference.

The point corresponding to Lk = Lko was determined as the midpoint of the
symmetric rotation curve (Figure 28A). Addition of increasing concentration
of SYBR Gold or SYBR Green I leads to dramatic changes in the shape and
position of the extension vs. applied turns curves (Figure 18A and Figure
27B, increasing dye concentration from blue to red). There are four effects
that become increasingly pronounced with increasing dye concentration: i) an
overall increase of the DNA tether length, ii) a shift of the centers of the curves
towards negative turns, iii) a broadening of the curves, i.e.an extension of
the pre-buckling regime, and iv) a negative slope of extension vs. turns in the
pre-buckling regime. In the following, we will discuss each of these observations:

(i) The increase in the extension with increasing SYBR Gold or SYBR Green
I concentration is readily understood from the force-extension measurements
discussed in the previous section. The center of the rotation-extension curves
corresponds to torsionally relaxed DNA for which a systematic length increase
with increasing SYBR Gold concentration by up to ~ 1.7-fold at saturating
dye concentrations was observed in the force-extension measurements (Figure
17C).

(ii) The shift in center position of the rotation-extension curves with increasing
dye concentration compared to bare DNA is indicative of DNA unwinding upon
binding, which is again consistent with intercalation. We can understand the
shift following the addition of SYBR Gold or SYBR Green I by considering that
our DNA molecules are torsionally constrained (Lk is a topological constant).
If dye binding causes a change in the DNA Tw, compensatory changes in
Wr must occur, which, in turn, result in a reduction of the DNA end-to-
end extension due to the formation of plectonemes. We quantified the shift
in the extension curves by linearly fitting the extension vs. applied turns
response in the plectonemic regime for both positive and negative plectonemes
and determine the center of the curve as the intersection of the two slopes.
Plotting the shift in the rotation curve centers as a function of the SYBR Gold
concentration (Figure 18B), we again obtain a binding curve behavior. We fit
the center shifts by ATw([dye]) = v - Npp - A0, where we use 7 as computed
from the force extension measurements (Figure 17C). The change in DNA
twist per binding event Af is treated as a fitting parameter. The resulting fit
(Figure 18B, solid line, and Figure 27E) gives A = (19.1 +0.7)° for SYBR
Gold and Af = (19.3 £1.3)° for SYBR Green I. The errors were computed
as the standard deviation over fits to 1000 synthetic bootstrap data sets. The
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fitted values for Af are comparable to values found for other intercalators using
magnetic tweezers manipulation, for example (27.3 £ 1)° for ethidium bromide
[116, 189] or (21 £ 14)° for Pico Green [185] (Supplementary Table 6). The very
similar values for AG measured for SYBR Gold and SYBR Green I suggest that
the side chains R1-R3 (Figure 16A,B), where SYBR Gold and SYBR Green I
differ, do not significantly contribute to the intercalation geometry. In contrast,
the phenanthridine moiety of ethidium appears to lead to greater unwinding
of the DNA helix compared SYBR Gold or SYBR Green 1. The slopes in the
plectonemic regime at F = 0.5 pN are the same, within experimental error,
for positive and negative supercoils and also do not change, within error, with
increasing concentrations of SYBR Gold or SYBR Green I (Figure 28B and
27F).

(iii) and (iv) Broadening of the rotation curves and a slope in the pre-buckling
regime for SYBR Gold and SYBR Green I (Figure 18A, Figure 28C for SYBR
Gold, and Figure 27B, Figure 27G for SYBR Green I) are similar to what has
been observed for other intercalators, notably ethidium bromide [116, 189],
PicoGreen [185], and the bis-intercalator YOYO-1 [180]. The two effects can
be understood from the properties of the DNA tethers and how they are
changed upon SYBR Gold intercalation. Fundamentally, a molecule buckles if
the energy required to form a plectoneme becomes less than the twist energy
stored in the chain induced by adding turns to the molecule. For naked DNA
in the pre-buckling regime, the torque builds up as T = (kgT - %) <27 - ALk,
where kp is the Boltzmann constant, 7" the absolute temperature, and C the
torsional persistence length. Buckling occurs once the built-up torque reaches
the critical torque for buckling I'pqcx, which increases with increasing bending
persistence length, approximately [190, 191] as Tpyer ~ (kT - LPF)%. Part
of the broadening of the rotation curves can, therefore, likely be explained by
changes in the mechanical properties of DNA in the presence of SYBR Gold.
The observed increase in bending persistence length (Figure 2D) will tend
to increase the number of turns required for buckling (yet only by 1.61/2 ~
1.25-fold); similarly, a decrease in the torsional persistence length, as has been
observed for ethidium bromide upon intercalation [192], would increase the
number of turns required for buckling and broaden the curves [116].

However, in addition to changing mechanical properties in the presence of
intercalation, torque-dependent intercalation will also contribute to the broad-
ening of the rotation curves. The extension is maximal not at the center of the
rotation-extension curve, as is the case for bare DNA, but at negative turns
just before buckling, due to the overall slope in the pre-buckling regime. The
dependence of tether extension on the number of applied turns at a given force
and SYBR Gold or SYBR Green I concentration suggests that the application
of a negative torque increases binding, whereas the application of a positive
torque hinders it, which is to be expected from Le Chatelier’s principle as
intercalation unwinds the DNA helix.
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We note that the slopes of the plateaus in the pre-buckling regime corresponded
roughly to the slope of the curve connecting the center position of the rotation-
extension curves, similar to what has been observed for ethidium bromide
[189]. The center positions of the rotation-extension curves are given by the
coupling between DNA elongation and untwisting upon intercalation. The
observation that the slope in the pre-buckling plateaus matches the slope of
the line connecting the rotation curve centers suggests that upon twisting dye-
bound DNA, the applied turns are predominantly absorbed by torque-induced
intercalation, again suggesting an important role of torque-dependent binding,
due to the unwinding of the helix upon intercalation. In conclusion, the results
of our DNA micromanipulation experiments reveal that SYBR Gold and SYBR
Green I binding to DNA systematically lengthens, by up to ~ 1.7-fold, and
unwinds DNA, by (19.1 £ 0.7)° and (19.3 & 1.3)°, respectively, per binding
event, strongly suggesting intercalative binding for both dyes.

4.3.3.4 SYBR Gold fluorescence enhancement by DNA intercalation

To relate the SYBR Gold binding behavior revealed by the MT measurements
to SYBR Gold fluorescence, we first determined absorption, excitation, and
emission spectra (Figure 25A,B) of the dye in the presence of DNA. The
absorption spectra show a systematic increase of absorbance with SYBR Gold
concentration, at fixed DNA concentration, with a peak around 490 nm (Figure
25A) and a second absorption band below 300 nm, consistent with previous
measurements [158, 159]. The position of the main visible absorbance peak
shifts to shorter wavelength with increasing SYBR Gold concentrations at
constant DNA concentration (Figure 19A). The position of the peak is well
described by a model (Figure 19A, solid line) that assumes fixed absorbance
peak wavelengths A, az, free and Az bound for free and bound SYBR Gold,
respectively, and a linear superposition of the form

Cfree Chound

. Amaz,f’rce + . Amaz,bound (50)

Ctotal Ctotal

Amaz (Ctotal s CDNA) =

The free and bound SYBR Gold concentrations are computed from the finite
concentration McGhee-von Hippel model (Equation 57), using the K4 and n
values determined from the MT force-extension measurements (Figure 17). The
absorbance peak wavelengths are determined from a fit as Az, free = 486
nm and Apaz,bound = 494 nm, very close to the previously reported values of
487 nm and 495 nm or 496 nm for free and bound SYBR Gold, respectively
[158, 159] and in excellent agreement with the position of the maximum of 486
nm determined in the absence of DNA (Figure 23). The absorbance increases
linearly with increasing SYBR Gold concentration (Figure 25C), which suggests
that absorption does not depend on the dye being intercalated or in free solution
(since the DNA concentration is fixed for the data set in Figure 25C). The
slope of the linear dependence agrees well with the value for e486nm used in
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Figure 19: Shifts in SYBR Gold absorbance and emission spectra. (A) Position
of the absorbance maxima of the SYBR Gold absorbance spectra

(Figure 25A) as a function of the SYBR Gold concentration (circles).

The peak of the spectrum at the highest concentration is noisy, as
the dynamic range of the instrument is approached, thus the point
from this spectrum is included but greyed out. The solid line is
a fit to the finite concentration McGhee-von Hippel model with
the wavelengths for maximum absorbance of free A\p,qz, free and
intercalated Aoz bound SYBR Gold as the only fitting parameter
(see main text and Equation 50). From the fit we find Aoz, free
= 486 nm and Apaz intercalated = 494 nm. (B) Position of the
emission maxima at constant SYBR Gold concentration (2.5 pM)
and varying DNA concentrations. The data are well described by
the model in Equation 50, with binding parameters K, and n fixed
to the values determined from the MT measurements (analogous
to panel A). From the fit we find for Apaqg,free = 550 nm and
Amaz,bound = 543 nm for emission.

the concentration determination using a different instrument (Figure 25C and
Methods (Section 4.3.9)), which represents a consistency check.

The excitation and emission spectra exhibit single peaks in the range probed
(Figure 25B). While the position of the excitation peak at 496 nm does not
shift significantly upon binding (Figure 25D), we observe a systematic shift
for the emission peak (Figure 19B). The emission data are well described by
the model that was fit to the absorbance data (Equation 50), using again

69



70

SYBR GOLD AS AN EXAMPLE FOR DNA-DYE INTERACTIONS

the finite concentration McGhee-von Hippel model with K; and n fixed to
the values determined from the MT measurements and fitting Ap,az, free and
Amaz,bound for emission. We find Az, free = 550 nm and Apqz, free = 543 nm
for emission, similar to, but slightly higher than the values reported previously
[158, 159]. The difference is likely within experimental error and we note that
the magnitude of the shift is very similar to what was previously reported. The
fact that the shifts in the absorbance and emission spectra follow the same
binding curve as determine from mechanical manipulation in the MT strongly
suggests that intercalation is the relevant binding mode for fluorescence, which
is fully consistent with the molecular mechanism proposed for the fluorescence
enhancement of unsymmetric cyanine dyes by impeding twisting about the
monomethine bridge [193].

SYBR Gold is structurally related to SYBR Green I (Figure 16B) and thus
to the family of unsymmetric cyanine dyes based on the thiazole orange (TO)
chromophore. TO is composed of a benzothiazole and quinoline heterocycle
coupled via a monomethine bridge (Figure 16A). Compared to TO, SYBR
Gold has additional residues at position R1 and R3 and a benzoxazole moiety
instead of a benzothiazole (Figure 16A) [193]. The atom replacement in the
core and varying substituents on the quinoline heterocycles impact the observed
spectroscopic features and thus account for differences observed in comparison
to other members of the family. It is, however, evident that the fluorogenic
character of the dyes by nucleic acid intercalation is based on a similar pho-
tophysical mechanism [193-195]. This mechanism is well described for TO
(and its derivatives) where the fluorescence quantum yield is controlled by the
competition of two pathways for excited state deactiviation: (i) non-radiative
internal conversion via cis / trans isomerization around the central double bond
and (ii) the radiative fluorescence transition. In aqueous solution, TO and all
related derivatives are virtually non-fluorescent [195] since photoisomerization
(i) is fully dominating the excited state deactivation. In more viscous solu-
tion, e. g., in glycerol, or upon interaction with nucleobases, photoisomerization,
which requires a torsional motion around the monomethine bridge, becomes less
efficient, giving rise to stronger fluorescence and longer excited state lifetimes.

The spectroscopic parameters we determined here for SYBR Gold are consistent
with those of TO-based cyanine dyes including TO, Pico Green, and SYBR
Green I [159]. In general DNA complexation of the dyes to nucleic results in:
(i) increased wavelength of the absorbance maximum, (ii) decreased wavelength
of the emission maximum and overall narrower absorbance/emission bands,
(iii) up to 1000-fold increase in fluorescence quantum yield and (iv) strongly
increased excited state lifetimes (see below).

A clear difference between SYBR Gold and the other dyes of the same family is
the much larger Stokes shift (~ 50 nm for SYBR Gold vs. ~ 20 nm for the other
dyes). The larger Stokes shift for SYBR Gold might in part be explained by the
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methoxy-substituent at position R3 (Figure 16A), by energetic stabilization
of the fluorescent excited state via resonance effects. Similar findings were
reported for (hemi)thioindigo photoswitches, where both the energetic position
of the excited state minimum and its lifetime scaled with chemical substitutions
at either sides of the chromophore [196-198]. Alternatively, the formation of
twisted-internal charge transfer states (TICT) [199, 200] might account for
variations of the Stokes shift, e. g., via varying R1 and R2 residues in SYBR
Gold and SYBR Green 1. Also the rotational freedom of the side chains R1-
R3 in SYBR Gold and SYBR Green I in the electronic ground-state might
have contributed towards spectral broadening of the free dye, which becomes
restricted upon DNA intercalation [159]. We hypothesize that the exchange
of the benzothiazole moiety in SYBR Green I to benzoxazole in SYBR Gold
has a relative minor impact on the fluorogenic character of the two dyes. This
idea is supported by spectroscopic studies of indigoid photoswitches, where an
exchange of nitrogen to sulfur in the hemiindigo-moeity preserved the overall
photophysical and photochemical character of the photoswitches [201, 202].

4.3.3.5 Fluorescence intensity scales linearly with SYBR Gold intercala-

tion at concentrations below 2500 nM

To further correlate our findings from DNA micromanipulation with SYBR
Gold fluorescence and to determine guidelines for optimal quantification of
DNA by SYBR Gold staining, we performed a series of experiments probing the
interaction of SYBR Gold with DNA by monitoring bulk fluorescence intensity
values. We measured fluorescence intensities as a function of DNA and SYBR
Gold concentration using three different techniques: a plate reader, a gPCR
cycler with fluorescence intensity readout, and gel electrophoresis (Methods
(Section 4.3.9), Figure 20A-C, and Figure 29).

The absorbance spectra showed that for concentrations < 2.5 ptM SYBR Gold,
the absorbance is < 0.1 (Figure 25), such that inner filter effects (i. e.absorption
of the excitation intensity and/or absorption of emitted photons before detec-
tion in the measurement cell) could be neglected [203] for our measurement
geometries. Fluorescence intensities recorded for a range of DNA and SYBR
Gold concentrations < 2.5 pM increase with increasing DNA concentration for
fixed dye concentration (data sets with different color codes in Figure 20D-F)
and conversely also increased with increasing dye for fixed DNA concentra-
tion. The results obtained from the plate reader, the qPCR cycler, and gel
electrophoresis are very similar (compare Figure 20D-F). The fluorescence data
from the three measurement modalities were well described by the finite concen-
tration McGhee-von Hippel model, Equation 59, with K4, n, and « as fitting
parameters. We find good agreement between the fitted binding parameters for
the three different fluorescence measurement modalities and also between the
values obtained from single-molecule M'T measurements of DNA mechanics and

71



SYBR GOLD AS AN EXAMPLE FOR DNA-DYE INTERACTIONS

A B
TEmission/
detection
Id=2.6mm
TExcitalion
Emission /
. detection
2,480nM @ 2,480nM P 2t 1
4 ol 1 2t =
> g 2 |1,240nm
= 5
s 81t
£ £
Oﬁ;/@/‘w"@_m
0 04 08 12
[DNA] (uM bp) [DNA] (uM-bp) [DNA] (uM-bp)

Figure 20: Fluorescence as a function of DNA and SYBR Gold concentrations
below 2.5 pM dye. (A) Schematic of the 96-well plate reader setup:
the SYBR Gold-DNA solution is inserted into the wells of the
plate. The sample is excited from the bottom and the fluorescence
intensity is measured from the top. The pathlength of the setup is
d = (2.6 £ 0.05) mm. (B) Schematic of the qPCR cycler setup: the
SYBR Gold-DNA solution is inserted into PCR tubes that are then
placed in the thermal cycler. The sample is excited from the top
and the fluorescence intensity is measured from the bottom. The
pathlength of the setup is d = (5.0 £ 0.05) mm. (C) Schematic of
the gel electrophoresis setup; the gel is stained with SYBR Gold
after running. (D) Fluorescence intensities recorded using a plate
reader and torsionally unstrained DNA (pBR322). The circles and
error bars are the mean and standard deviation from at least two
independent measurements. The solid line is the best fit of the finite
concentration McGhee-von Hippel model (see Materials and Methods
(Section 4.3.9.9) and Table 1). The SYBR Gold concentrations are
(from blue to orange) 124, 620, 827, 1240, 2480 nM. (E) Fluorescence
intensities recorded using a qPCR cycler. Same conditions and same
fitting as for the plate reader data shown in (D). (F) Fluorescence
intensities recorded using gel electrophoresis. Same fitting as for the
plate reader data shown in (D). The SYBR Gold concentrations
indicated in the legend text are of the staining solution. The actual
concentrations in the gel are lower, by approximately 10-fold, as
determined from fitting a global dilution factor (see Materials and
Methods, Section 4.3.9.7).

from the fluorescence intensities (Table 1). The close agreement between the
binding parameters from mechanical manipulation and from fluorescence again
strongly suggests that intercalation is the only binding mode of SYBR Gold to
DNA that contributes to the fluorescence signal. In addition, the data suggest
that the fluorescence intensity is linear in the number of intercalated SYBR
Gold molecules, over a broad range of DNA dye molecules per DNA base pair,
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Dissociation Binding Fluorescence
const. Ky (uM)  site size n int. scale «
Magnetic tweezers 0.273 £ 0.026 1.67 + 0.04 N.A.
force-extension data
Plate reader fluorescence  0.139 1.46 4.28 x 1010
qPCR cycler fluorescence  0.155 1.45 2.21 x 1010
Gel electrophoresis 0.191 1.57 7.59 x 10°

Table 1: McGhee-von Hippel model binding parameters determined from dif-
ferent data sets

which in turn rules out significant effects on fluorescence from proximity of
SYBR Gold molecules in the helix, e. g.through static quenching effects.

4.3.3.6  Dynamic self-quenching limits the linear fluorescence response
at high SYBR Gold concentrations

From bulk fluorescence intensity measurements at SYBR Gold concentrations >
2.5 pM, fluorescence increases with increasing SYBR Gold concentration were
lower than expected (Figure 30). In a first step we used the available absorbance
data (Figure 25) to correct for the inner filter effect using the formula [203]

(AextAem)
2

Icor'r = Iobs -10 (51)

where Icorr and I,ps are the corrected and observed fluorescence intensity and
Aecz and Aep, the path-length (indicated in Figure 20) corrected absorbance
values. Correcting for the inner filter effect increases the fluorescence values
significantly in this concentration regime (Figure 30, red circles). Nonetheless,
even the corrected fluorescence values are still below the intensities observed
at lower dye concentration and much below the values predicted by the finite
concentration McGhee-von Hippel model using the parameters determined from
the fits to the lower concentration data (Figure 30, solid lines). This suggests
that some form of self-quenching occurs. The observed quenching above 2.5 pM
SYBR Gold is unlikely due to dye-dye interactions intercalated in the DNA helix,
which have been described previously for other dyes [204], as the quenching is
similar for different DNA concentration, which correspond to different loading
densities in the DNA helix at a given dye concentration. In particular, we do
not observe significant quenching at SYBR Gold concentrations < 2.5 pM even
under conditions with a very high packing density of dye in the DNA helix
(Figure 20D,E).
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Figure 21: Fluorescence lifetime measurements. (A) Fluorescence lifetime mea-
surements for 0.0325 (blue), 0.5 (grey) and 30 (red) pM - base pair
DNA at a SYBR Gold concentration of 2.5 nM. The data are fit by
a single exponential decay. (B) Fluorescence lifetime measurements
for 0.2 pM (blue), 10.4 pM (gray) and 124 pM (red) SYBR Gold in
the presence of a constant DNA concentration of 2 pM - bp DNA.
At high dye concentrations, the data show a clearly bi-exponential
decay, therefore, we fit the data by a two-exponential model (Mate-
rials and Methods, Section 4.3.9.8. (C) Fluorescence lifetimes as a
function of DNA concentration determined from single-exponential
fits as in (A). (D) Amplitude weighted fluorescence lifetime as a
function of SYBR Gold concentration from measurements at 2 nM
- bp DNA determined from two exponential fits (Materials and
Methods, Section 4.3.9.8).

4.3.3.7 Fluorescence lifetime measurements reveal dynamic quenching
at high SYBR Gold concentrations

To better understand the mechanism of self-quenching, we determined fluores-
cence lifetimes of SYBR Gold by time-correlated single photon counting. In a
first set of experiments we varied the DNA concentration at a constant SYBR
Gold concentration of 2.5 utM. In the absence of DNA, SYBR Gold shows a
time-correlated single photon counting histogram that cannot be distinguished
from the instrumental response function of our system. DNA binding results
in a single exponential fluorescence decay (Figure 21A,C) with a lifetime in
range of ~ 6.5 ns. This lifetime value is similar, but slightly larger than the
values reported previously [159]. The difference might be due to variations in
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data analysis (tail fitting vs. reconvolution fitting) and experimental conditions
(DNA sample and buffer).

At constant SYBR Gold concentration of 2.5 pM, lifetimes vary from ~ 6.9
ns at high loading ratios > 1:2 to ~ 6.1 ns at lower loading density of dye
in the DNA helix (< 1:10). This is consistent with the absence of dynamic
quenching between SYBR Gold molecules along the DNA helix, since this
would likely lead to a reduction in the lifetime with increasing packing density
(i.e., lower DNA concentration), while we experimentally observe an increase
(Figure 21C). The slightly longer lifetime at high loading densities is consistent
with a stabilization of the excited state and with the observed red shift in the
emission (Figure 19B), possibly caused by the stiffening of the helix at high
packing densities (Figure 17D).

In a second set of measurements we varied the SYBR Gold concentration while
keeping the DNA concentration constant at 2 pM - bp (Figure 21B,D). For
SYBR Gold concentrations < 10 pM, fluorescence decays are well described by
single exponential fits, and the fitted lifetimes slightly increase up to ~ 6.9 ns
with increasing SYBR Gold concentration (Figure 21B). However, at SYBR
Gold concentrations > 10 pM, the lifetimes are no longer well-described by a
single exponential fit. Instead, we see an additional faster decaying component
appearing (Figure 21B). For consistency, we fitted the entire data set with a
two-component model, with two exponential decays (described in detail in the
Methods Section 4.3.9). For simplicity, we report an amplitude weighted overall
decay constant in Figure 21D and the individual decay times and amplitudes
in Figure 31.

The observation of a reduction in lifetime, together with a reduction in fluores-
cence intensity (Figure 30), for SYBR Gold concentrations > 2.5 nM at constant
DNA concentration suggests a dynamic self-quenching mechanism. Since the
data disfavor a self-quenching by intercalated dyes in the DNA helix, a more
likely scenario is a dynamic quenching mechanism involving non-intercalated
SYBR Gold. A quenching mechanism from free SYBR Gold in solution would
imply for our data at the highest SYBR Gold concentration with a quenching
decay time constant of ~ 1 ns (Figure 31) and a free dye concentrations of ~
100 pM an apparent bimolecular quenching constant of (~ 1 ns - 100 pM~! ~
10"3M~1s~1, which is roughly three orders of magnitude larger than diffusion
controlled on-rates [203]. The most likely explanation of dynamic quenching
of the intercalated SYBR Gold is that quenching occurs from SYBR Gold
molecules kept in close proximity to the DNA helix, possibly due to electrostatic
interactions, favoured by the fact that SYBR Gold carries two positive charges
(Figure 16A) and DNA is highly negatively charged [66]. Charge interactions or,
possibly, a combination of charge interactions and other association modes of
SYBR Gold with the DNA helix will increase the local effective concentration
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of SYBR Gold around DNA and could, therefore, facilitate dynamic quenching
[203].

4.3.3.8  Recommendations for quantitation of DNA using SYBR Gold

staining

Our single-molecule MT and fluorescence spectroscopy assays provide a com-
prehensive view of DNA-SYBR Gold interactions. This knowledge enables us
to provide practical guidelines for optimal DNA detection and quantitative
DNA sensing applications using SYBR Gold. For quantitative assays, it is
desirable to have a linear relationship between fluorescence intensity and DNA
concentration. The optimal SYBR Gold concentration to ensure a linear rela-
tion between DNA concentration (up to DNA concentrations of ~ 2 pM - bp
or ~ 1.3 ng/pL) and fluorescence intensity as well as an optimal sensitivity
for DNA detection is at 2.5 pM (& 1:5000 dilution of the stock solution).
This value for the optimal SYBR Gold concentration is 2x larger than the
manufacturer’s recommendation of 1:10000-fold dilution. Reliable detection
is possible with lower dye concentrations, however, with a reduced range for
a linear fluorescence-DNA concentration response (Figure 22A). So if linear-
ity and high signal are important, using high dye concentrations is desirable.
However, at very high dye concentration (SYBR Gold concentrations > 2.5
M) quenching and inner filter effects become relevant for typical measurement
setups and need to be corrected for to get accurate and quantitative results
(Figure 22A,B). For many measurements, it is likely beneficial to avoid inner
filter and quenching effects by keeping the SYBR Gold concentration < 2.5 pM.
In addition, we note that that the fluorescence intensity depends, in general,
on both the dye and DNA concentration. Reporting concentrations as "dye
per base pair" —as is frequently done for DNA stains— is problematic, since
a large range of intensities correspond to the same dye per base pair ratio
(Figure 22C,D) and since the connection between dye to base pair ratio and
fluorescence intensity is many-to-one. Therefore, we advise to report both DNA
and dye concentrations explicitly.

4.3.4 Conclusions

We have solved the structure of SYBR Gold by NMR spectroscopy and mass
spectrometry and employed single-molecule MT that provide rotational control
in addition to control of the stretching forces to probe the binding properties
of SYBR Gold to DNA. The single-molecule MT assay reveals systematic
lengthening (up to 1.7 times the DNA contour length in the absence of dye)
and unwinding of DNA ((19.1 £ 0.7)° per SYBR Gold bound) upon SYBR
Gold binding. The mechanical signature strongly suggests intercalation, with
an unwinding angle at the low end of the range of previously investigated
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Figure 22: Recommendations for DNA quantitation by SYBR Gold fluorescence.

(A) Phase diagram depicting different regimes of DNA detection by
SYBR Gold fluorescence, as a function of SYBR Gold and DNA
concentrations. (B) Fluorescence intensity recorded using a qPCR
cycler at constant DNA concentration (A-DNA, 2.7 uM - bp) at
varying SYBR Gold concentrations. The data points are the mean
values of two independent experiments including their standard
deviations or stem from just one experiment. (C) Fluorescence
intensity recorded using a plate reader as a function of the dye per
base ratio. The circles and error bars are the mean and standard
deviation from at least two independent measurements. The SYBR
Gold concentrations are (from blue to orange) 0.124, 0.62, 0.83, 1.24,
2.48 nM. These are the same data as in Figure 21D plotted as a
function of dyes per base pair. (D) Fluorescence intensity recorded
using a plate reader as a function of the dye per base ratio. The circles
and error bars are the mean and standard deviation from at least
two independent measurements. The DNA base pair concentrations
are (from dark to light brown) 0.07, 0.13, 0.26, 0.66, 1.3, 2, 2.7 pM.

intercalators. Fitting the McGhee-von Hippel model to the MT data, we find a
binding constant K4 = (2.73 & 0.26) x 10~"M and binding site size of n =
1.67 &+ 0.04. These findings are in good agreement with the parameters from

fluorescence intensity experiments for dye concentrations of up to ~ 2.5 pM

suggesting that the intercalative binding mode is responsible for the observed

fluorescence.

"
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Additionally, we find that for SYBR Gold concentrations > 2.5 pM, fluorescence
quenching and inner filter effects become relevant. While we see no evidence
for quenching between dyes intercalated in the helix, our data provide clear
evidence for dynamic quenching from dyes in a loosely bound (likely at least
partially driven by electrostatics) ,cloud“ around the DNA. Overall, we found
that while SYBR Gold is advantageous due to its high quantum yield and
brightness, it has a relatively narrow range of concentrations that strike a
balance between avoiding inner filter effects and quenching, while staining DNA
with a linear fluorescence to DNA concentration relationship. In summary,
our work shows how using complementary techniques can provide a highly
quantitative and comprehensive view of DNA-small molecule interactions and
we anticipate our approach to be broadly applicable to other DNA binding
agents.
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4.3.9 Materials and Methods

4.3.9.1 Chemicals and Concentration Determination

SYBR Gold and SYBR Green I were purchased as "0.5 mL 10,000x concentrate
in DMSO" from Invitrogen. For SYBR Green I, we determined the absorbance
at 495 nm of the stock solution to be 585 £ 35 (the error is from the uncertainty
of the fit to data from a serial dilution) and used the published [205] molecular
extinction coefficient €495nm = 58000 M~ cm~! to determine the stock
concentration to be (10.1 + 0.6) mM. For SYBR Gold, no molecular extinction
coefficient had been reported and the concentration of the stock solution is
not specified by the vendor. We therefore determined the concentration and
molecular extinction coefficient by lyophilizing the stock solution (2d at 0.04
mbar) and weighing the dried sample. We determined the mass of the lyophilized
stock to be (3.5 + 0.4) mg (with a 10% uncertainty from sample handling).

The mass of the SYBR Gold cation was determined to be 495.2 Da by mass
spectrometry, see the next section. Assuming further 2 chloride ions as the
relevant anions [153, 201], we find a concentration of the stock solution of 12.4 +
1.2 mM. From a serial dilution, we determined the absorbance of the lyophilized
stock at 486 nm to be 703 £ 10 (Figure 23), which gives a molar extinction
coefficient for SYBR Gold of €486nm = 57000 M~! cm~1. We found that the
concentrations determined from absorbance measurements vary significantly
(by ~ 50% greater than our measurement uncertainty) for different SYBR Gold
stocks supplied by the same vendor (Figure 23 and Supplementary Table 2).
We, therefore, determined the concentrations for each stock solution used in
the experiments separately from absorbance measurements (Figure 23).

4.3.9.2  Structure Determination

We revealed the molecular structure of SYBR Gold using a combination of NMR
and mass spectrometry. All NMR spectra were acquired at 298 K on different
NMR, spectrometers (Bruker Avance ITI, with 500 / 600 / 800 / 950 MHz 'H
frequency, mostly equipped with helium-cooled cryoprobes; Bruker Daltonik,
Germany). Besides 1D 'H and '3C spectra (Figure 16 and Figure 24), sets of 2D
spectra were acquired to enable the assignment and structure elucidation (2D
DQF-COSY, 2D TOCSY, 2D long-range COSY, 2D NOESY, 'H,'3C-DEPT,
TH,13C-HSQC, 'H,'3C-HMBC, 'H,'*N-HSQC, 'H,'®* N~-HMBC); sample im-
purities were identified from DOSY experiments. Starting from the characteristic
signal of the cyanine bridge (position 2a’; singlet at ca. 6.2 ppm 'H / 7.4 ppm
13C shift), the whole benzo-X-azole / quinoline scaffold could be assigned from
DQF-COSY and 'H,'3C -HMBC correlations.

A comparison of the shifts of positions 2a’, 3a’, 7a’, 3a’~-CHs and °N3’ (Sup-
plementary Table 3 - 5) with the values for SYBR Safe, Thiazole Orange
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[206] and SYBR Green I (X = S) on one hand, and SYBR Green II and the
simulated data for SYBR Gold (X = O) on the other hand [207] unambiguously
showed that SYBR Gold must have a benzo-oxazole moiety in its scaffold
(which is also in agreement with the MS data). Position and identity of the
0O-CHg substituent at position 6 of the quinoline moiety were derived from the
DQF-COSY and 'H,'3C-HMBC correlations in this part and the characteristic
1H and 3C shifts of the methyl signals. The structure of the "tail" sidechain
(R1) was established from 'H,'3C-HMBC correlations between the quinolone
moiety and the signals of the 1,4 disubstituted phenyl ring in the tail. The
quaternary nitrogen could be identified by 'H,’>N-HMBC correlations between
15N¢ and the 'H signals of the surrounding positions €, # and N(-CHs. After
establishing the structure of SYBR Gold, additional long range-COSY and
NOESY correlations were studied to see if they would confirm the structure.
All correlations found in the experimental NMR spectra were in full agreement
with the proposed structure of SYBR Gold. An assignment of the observed
NMR peaks is presented in Supplementary Table 3 - 5.

Fluorophore standards were run on an ultra-high-performance liquid chromato-
graphic (UHPLC) system coupled to a Bruker timsTOF MS (Bruker Daltonik,
Bremen, Germany). Five microliter were injected and separated using a C8
reversed phase column (Ultra C8, 3 pm, 2.1 X 100 nm, Restek GmbH, Bad
Homburg, Germany) with 300 pL flow per minute at 60 °C. Solvents were
water (A) and a mixture (70/30 v/v) of acetonitrile and isopropanol (B), both
containing 1% ammonium acetate and 0.1% acetic acid. The gradient started
with 1 min at 55% B followed by a ramp to 99% B within 14 min. This was
kept constant for 7 min and returned to 55% B with additional 4 min of
re-equilibration.

Mass spectra were acquired by otofControl 4.0 in negative MSMS mode from
100-1300 m/z mass range. The most important parameters are set as followed:
capillary voltage 4000 V, nebulizer pressure 1.8 bar, nitrogen dry gas 8 L/min
at 200 °C, collision energy 70 eV, Collision RD 800 Vpp (volt peak to peak).
The evaluation was performed by Data Analysis 4.5 provided by Bruker (Bruker
Daltonik, Germany).

4.3.9.3 DNA constructs

For M'T measurements, we use a 7.9 kbp DNA construct, prepared as described
previously [116]. The construct is generated by ligating handles (~ 600 base
pair) with either multiple biotin or multiple digoxigenin moieties fragments to
an unmodified central DNA segment 7.9 kbp in length. Fluorescence intensity
measurements of SYBR Gold are recorded in the presence of linear pBR322
plasmid DNA (NEB), which is produced by restriction of supercoiled circular
pBR322 using restriction enzyme EcoRV (NEB) according to the protocol
provided by the manufacturer. Completion of the linearization reaction was
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validated by agarose gel electrophoresis. Absorption, excitation and emission
spectra of SYBR Gold are recorded in the presence of lambda phage DNA
(NEB) due to large cuvette volumes needed, which was dialyzed against 1x
phosphate buffered saline (PBS, consisting of 10 mM phosphate buffer, pH 7.4,
with 137 mM NaCl and 2.7 mM KCI; Sigma-Aldrich, USA) prior to use.

4.3.9.4 Magnetic tweezers setup

Experiments on DNA are performed on a home-built MT setup described
previously [135]. Two magnets (5 x 5 x 5 mm?3; W-05-N50-G, Supermagnete)
are placed in a vertical configuration [135, 208] on a motorized arm with
a translational motor (M-126.PD2 motor with C-863.11-Mercury controller,
Physik Instrumente) as well as a rotational motor (C-150.PD motor with C-
863.11-Mercury controller, Physik Instrumente) to control the magnets’ rotation
and z-position. The flow cell outlet is connected to a pump (ISM832C, Ismatec)
for fluid handling. The setup is controlled using a Lab-VIEW software (National
Instruments) described by Cnossen et al. [132].

Flow cells are built from two coverslips (24 x 60 mm, Carl Roth, Germany). The

bottom coverslip was first functionalized using (3-Glycidoxypropyl)trimethoxysilane

(aber GmbH, Germany) and consecutively incubated with 50 pL of a 5000x
diluted stock solution of polystyrene beads (Polysciences, USA) in ethanol
(Carl Roth, Germany) to serve as reference beads for drift correction. The top
coverslip has two openings with a radius of 1 mm for liquid exchange in the
flow channel. The bottom and the top coverslip are glued together by a single
layer of melted Parafilm (Carl Roth, Germany), precut to form a ~ 50 pL
channel connecting the inlet and the outlet opening of the flow cell. After the
flow cell assembly, one flow cell volume of 100 pg/mL anti-digoxigenin (Roche,
Switzerland) in 1x PBS is introduced, and incubated overnight (at least 12h).
Subsequently, the flow cell is rinsed with 1 mL of 1x PBS and then passivated
using a commercial passivation mix (BlockAid Blocking Solution, Thermo-
scientific) for 1 h to minimize non-specific interactions. Unbound material is
removed from the flow cell by flushing with 1 mL of 1x PBS.

As magnetic beads we use 1 pm diameter MyOne beads (Life Technologies,
USA). The DNA construct is attached to the streptavidin coated beads by
incubating 0.5 pL of picomolar DNA stock solution and 2 nL beads in 250 pL
PBS for 5 min. Then, the bead-coupled DNA constructs are introduced into the
flow cell to bind to the flow cell surface via multiple digoxigenin:anti-digoxigenin
bonds.

4.3.9.5 Magnetic tweezers measurements

Prior to the experiments, DNA tethered beads are screened for the presence of
multiple DNA tethers and torsional constraint by measuring their response to
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force and torque. To find out whether a magnetic bead is bound by more than
one DNA tether to the surface, we introduce negative turns under high tension
(F = 5 pN). In the case of a single double-stranded DNA tether, high tension
prevents the formation of plectonemes at negative linking differences due to
DNA melting and consequently, no change in height is observed. In contrast,
if a bead is attached via two or more double-stranded DNA molecules, the
molecules form braids when the bead is rotated causing a decrease in tether
extension. Beads bound by multiple tethers are discarded from further analysis.
To evaluate the presence of single strand breaks, positive linking differences are
introduced at low force (F = 0.4 pN). Overwinding of torsionally constrained
DNA leads to the formation of plectonemes, which decrease the tether extension,
whereas in nicked DNA tethers, no linking difference can be induced, and the
extension remains constant on magnet rotation.

For force-extension analysis, we exclusively examine torsionally unconstrained
(nicked) DNA tethers. At first, we calibrate the magnet distance-to-force re-
lation for each bead by recording the transverse fluctuations of the beads at
different magnet separations for times approximately 100-fold larger than the
characteristic time of the system at the corresponding force, and analyze the
power spectral density of the transverse fluctuations to quantify the force at
each magnet position [139, 143]. The force-extension relation was then fitted us-
ing the WLC model [182] to extract the contour length and bending persistence
length of the DNA.

To determine the force-extension behavior in the presence of different concentra-
tions of dye, we introduce 200 uL (~ 5 cell volumes) of the lowest dye dilution
and measure the tether extension at 25 magnet positions corresponding to forces
in the range 0.04 pN to 5 pN. The measurements are repeated for different dye
concentrations in increasing order. After each concentration change, we wait
for several minutes to allow for equilibration. We use the previously calibrated
force for each bead to construct force-extension curves that are fit using the
WLC model to provide the contour length and persistence length as a function
of concentration.

Rotation curve measurements on torsionally constrained DNA tethers start by
introducing 200 pL of 1x PBS in the flow cell using the peristaltic pump, at a
flow rate of ~ 300 pL/min. While flushing, the magnets are positioned close to
the flow cell to establish a force of 6.5 pN. The pulling force helps to prevent
the magnetic beads from getting stuck on the surface, and, importantly, the
field constrains the free rotation of the bead [209] during flushing, which is a
requirement for determining the absolute shifts in DNA twist upon binding.
During the actual measurement, the force is kept constant at 0.5 pN. While
monitoring the DNA extension, we turn the magnet from negative to positive
turns or from positive to negative turns. Then, we introduce 200 pL (~ 5
cell volumes) of the lowest dye concentration, wait for several minutes to
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allow for equilibration, and record another rotation curve measurement at F
= 0.5 pN. The experimental procedure is repeated for all dye concentrations
in increasing order. Processing of the MT data was carried out using custom-
written MATLAB routines.

4.3.9.6 Absorption, excitation, and emission spectra

Emission spectra on excitation at 495 nm were recorded in PBS in the wave-
length range 505 nm - 700 nm and excitation spectra for emission at 537
nm were recorded in the wavelength range 400 nm - 550 nm, employing a
commercial spectrofluorometer and a 1 cm path-length cuvette (Fluoromax
Plus; Horiba). While keeping the SYBR Gold concentration constant at 2.5
M, the DNA concentration in the cuvette was stepwise decreased by replacing
a fraction of the DNA solution with the same volume of a buffered solution
containing 2.5 tM SYBR Gold. In addition, reference measurements at the same
SYBR Gold concentration in the absence of DNA and with only PBS buffer
were carried out. Absorbance was recorded using an EvolutionTM 201/220
UV-Vis-spectrophotometer in a 1 cm path-length cuvette (ThermoFisher Sci-
entific).

4.3.9.7 Fluorescence intensity measurements

Linearized pBR322 plasmid DNA at varying concentrations was pipetted (25
pL) into a well of the well plate reader (Tecan Infinite M1000 PRO; Well
plate: corning black polystyrene 384 well microplate with a flat bottom, Sigma-
Aldrich, catalogue number: CLS3821). The fluorescence was read out from
the bottom of the wells, with the excitation and emission bandwidth set to 5
nm, the gain to 100, the flash frequency to 400 Hz, and the integration time
to 20 ps. We choose the excitation and emission wavelengths to be 495 nm
and 537 nm (excitation and emission maxima for SYBR Gold, as provided
by Invitrogen). For control measurements, lambda phage DNA (NEB) at a
constant concentration of 3.5 ng/pL and varying SYBR Gold concentration
were used and performed otherwise identically.

For the qPCR cycler (CFX96 Touch Real-Time PCR Detection System, Bio
Rad) fluorescence read-out experiments, again linearized pBR322 DNA was
used and dilution series were filled into low-profile PCR tubes (Bio Rad, product
ID: TLS-0851), which were closed with flat, optical, ultra-clear caps (Bio Rad,
product ID: TCS-0803). We used the channel with absorption and emission
wavelengths of 494 nm and 518 nm, respectively, which are the closest match
to those of SYBR Gold (495 nm and 537 nm, respectively) and read out the
fluorescence intensities at 24 °C from the top.

For the gel electrophoresis we added Gel Loading Dye Purple (6x) (NEB) to
pBR322 DNA. We used 1%-agarose (Carl Roth) gels and TAE buffer (40 mM
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Tris, 20 mM acetic acid, and 1 mM EDTA, pH 8.6). The gels were run for 120
min at 75 V. Afterwards the gel was removed from the gel box and placed for 20
min in 100 mL of 1.24, 3.1, or 6.2 pM SYBR Gold in TAE buffer, respectively,
for staining. Subsequently, the gel was de-stained in TAE buffer for 15 min at
room temperature. The gels were then visualized using a Gel Doc XR+ System
(Biorad).

4.3.9.8 Fluorescence lifetime measurements

Fluorescence lifetime measurements were carried out on a homebuilt apparatus
for time-correlated single-photon counting (TCSPC). Pulsed excitation was at
485 nm (PicoQuant LDH-D—-C-485, controller: PicoQuant PDL 828 “Sepia 117,
20 or 13.33 MHz laser repetition rate) to excite the sample cuvette. A lambda-
half waveplate (Laser Components ACWP-450-650-10-2-R30 AR/AR, 017)
and a linear polarizer (Edmund Optics POLARIZER 25.4 mm DIA UNMTD)
were used to rotate and adjust the excitation polarization to vertically polarized
light. Light emitted by the sample after excitation was filtered for polarization
with a second linear polarizer (Edmund Optics ULTRA BB WIREGRID POL
25RND MTD) under magic angle condition (54.7°) with respect to the vertical
axis. The emission polarizer was mounted inside a 3D custom-printed chassis
housing with automated rotation mount (Thorlabs CRM1/M, Reichelt GRABIT
SERVO), which was controlled by a processing unit (Arduino Mega 2560) for
automated rotation of the emission polarizer. A lens (Thorlabs AC254-110-A)
was used for higher collection efficiencies in combination with filters (AHF
488 long pass filter BLP01-488-R-25 and notch filter ZET488NF) for removal
of scattered laser light before the avalanche photodiode used for detection
(Excelitas SPCM-AQRH-34). Data were recorded by a TCSPC unit (PicoQuant
HydraHarp 400, 16 ps TCSPC time resolution) with a commercial control and
evaluation software provided by the supplier (PicoQuant SymPho Time 64).
Further details are as described [210].

We diluted lambda phage DNA (NEB), dialyzed overnight against PBS, and
SYBR Gold to the specified dye concentrations (0.062 to 124 pM) and analyzed
the sample in a 10 x 2 mm? cuvette (Perkin Elmer UV /VIS Spectroscopy Cell
B0631122) for 5 min for each condition. The excitation laser power was 1.5 or
15 pW in order to operate in an optimal range with the photon detection rates
between 20 and 80 kHz. Additionally, we measured the instrument response
function (IRF) by replacement of the cuvette with a silver mirror to direct
the laser beam directly onto the APD chip, which gave the best IRF quality
(scattering based approaches with e.g., Ludox suspension resulted in lower
quality IRF).

For the fluorescence lifetime evaluation, we used the n-exponential reconvolution
fit that is implemented in the measurement software SymPho Time 64. The
optimization uses a maximum likelihood estimator, where the fluorescence
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signal I(t) is described as the convolution of the IRF IRF(t — to55) with a
triple exponential decay [203]:

__t -t ot
I(t) = IRF(t_toff)(Amme Tmm +Alonge Tlong +Ash07‘te Tshort )+bk}g
(52)

In this formula, the first exponential component A,,m e_ﬁ accounts for a
small mismatch between measured IRF (with a mirror) and the “real” IRF in
the cuvette measurements. This mismatch was compensated by including a
fast decay component in the fitting procedure, with a fixed decay time 7pmm =
50 ps, which is 1-2 orders of magnitude faster than the lifetime components of
the fluorophore. The fluorophore lifetime was described with two exponential
decays with lifetimes 75y and 7T5port, accounting for a fast component, which
becomes relevant at high dye concentrations, in addition to the dominant
slow lifetime. The reported lifetimes in the main text are amplitude-weighted
long Tlong tAshort Tshort

averages Tjec = A of the two lifetime components

Tiong and Tsport. The errors for 74.. are derived from the fit uncertainty of

all parameter based on standard error propagation rules for non-independent
combined quantities.

4.3.9.9 Binding models: McGhee-von Hippel model and DNA concentra-

tion effects

In order to describe the binding of SYBR Gold and SYBR Green I to double-
stranded DNA in our single-molecule tweezers assays, where the DNA con-
centration is very low and, therefore, the free and total ligand concentrations
approximately equal, we used the McGhee-von Hippel model of ligand-substrate
binding [105] for the fractional number of molecules bound per base pair, 7:

_ Cfree . (1_71'7)"

K (onyiy)nd (53)

0l
where cfree (R Ciotqr under these conditions) is the free ligand concentration,
K, is the binding (dissociation) constant (in M) and n is the binding site
size (in base pair). v was determined from the DNA contour length change
with increasing ligand concentration determined in stretching experiments on
rotationally unconstrained DNA as

_ Le (CfTee) — Lc(0)

54
Az - Nyp (54)

where Lo (Cfree) is the DNA contour length at a certain ligand concentration,
Az is the increase in DNA contour length per ligand bound, and Ny, is the
number of base pairs of the DNA (N, = 7922 for our DNA constructs). We
used a fixed value for the DNA contour length increase per dye binding event
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Az = 0.34 nm, as was suggested previously for intercalators [106, 116, 160,
171].

From bulk experiments using a plate reader, qPCR cycler, or a gel imager we
determined the fluorescence intensity I as a function of DNA concentration
cpnNa and dye concentrations ciptq;. For bulk measurements, the assumption
that cfree /= Ctotar Often does not hold, as the free ligand concentration is on
the order of the bound ligand concentration and both the finite dye and DNA
concentrations need to be taken into account. Therefore, we rewrote Equation
53 in terms of ¢tptqr, Which is experimentally known, by expressing the total
ligand concentration as the sum of free ligand concentration and bound ligand

concentration:
Ctotal = Cfree + Chound (55)
We define
_ Chound (56)
CDNA

with ¢pnya being the total DNA concentration which is also experimentally
known. Subsequently, we combined Equations 55 and 56 and inserted them
into Equation 53 to obtain:

(1 _ . Cbound )n

Chound __ Ctotal — Cbound CDNA

CDNA - Kd : (1 —n- Chound + Cbound )nfl (57)
CDNA CDNA

We call Equation 57 the McGhee-von Hippel model for finite DNA concen-
trations. To fit our fluorescence intensity data with the McGhee-von Hippel
model for finite DNA concentrations, we assume that the fluorescence intensity
is proportional to the concentration of bound SYBR Gold molecules

1
I'=—"-chound (58)

e
where « is a proportionality constant that we treated as a fitting param-
eter. For SYBR Gold the fluorescence intensity increases by more than a
factor of 1000 upon binding to dsDNA [158, 159] and experimentally we found
that measurements in absence of DNA give much lower fluorescence intensity
than measurements even at low DNA concentrations (Figure 25, therefore,
we neglected fluorescence contributions from the free dye. We substituted the
concentration of bound dye molecules cppyng in Equation 57 by « - I to obtain

the final Equation that can be fit to the fluorescence intensity data:

a-I :ctomlfoz-l. (l_n'C;L;A)n (59)

CDNA Kq (1—n- -2l 4 ol yn-1
CDNA CDNA

In Equation 59, the total ligand concentration csotq; as well as the total DNA
concentration cpny 4 are experimentally known, the fluorescence intensity I is
measured, and the dissociation constant K g, the binding site size n, and the
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proportionality factor « are fitting parameters. For the gel imaging data, we
need to take into account that the concentration in the staining solution is not
equal to the final concentration in the gel, due to dilution by the gel volume,

incomplete penetration of the dye into the gel, and the final de-staining step.

We, therefore, rescale the SYBR Gold concentrations for all gel data with a
single global dilution factor, which we determine to be &~ 0.1.
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4.3.10 Supplementary Tables and Figures

Stock  LOT number Extrapolated absorbance at 495 nm
measured via UV-Vis

1 2068280 496 £+ 5

2 2098432 431 + 6

3 2174893 640 £ 8

4 2174893 703 £ 10

Table 2: Absorbance values for different SYBR, Gold stocks.
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SYBR  Thiazole SYBR SYBR SYBR SYBR SYBR
Safe* Orange*  Green- Green- Gold Gold Gold
1 11 (DMSO)  (CD30D) (simul.)
Quinoline
1- 4.57
CH2(H)a
55.40
1-CH2p5 1.89
22.10
1-CH3y  0.96
10.60
N1 153.0 160.3 149.0 122.0
N1-CH3 4.17 3.94 4.02 3.95
42.30 40.40 39.00 37.30
2 8.64 8.61
144.40 145.00 158.50 158.10 152.00 151.70 152.00
3 7.39 7.36 7.04 8.00 7.85 8.04 7.98
107.70 107.70 102.80 106.20 112.00 112.10 119.20
4 148.50 148.50 149.10 148.40 148.50 149.20 130.80
4a
124.20 123.90 122.00 121.70 124.90 125.00 126.00
5 8.81 8.80 8.61 8.76 8.02 7.94 7.54
125.70 125.40 125.50 126.10 106.80 105.30 106.40
6 7.76 7.78 7.58 7.65
126.70 126.80 126.10 126.40 158.30 158.50 156.50
6-OCHS3 4.08 4.12 4.00
56.80 55.30  55.50
7 7.99 8.02 7.67 7.74 7.75 7.72 6.93
133.20 133.10 133.00 133.60 123.60 123.60 123.80
8 8.17 8.05 7.13 6.83 8.19 8.14 7.34
118.10 118.20 119.00 118.70 121.40 120.00 128.70
8a 137.00 137.90 140.70 141.20 134.80 134.70 143.50

Table 3: NMR shifts assignment Table for SYBR dyes: quinoline. Boxed areas
mark chemical shifts with large differences between benzo-thiazoles and
benzooxazoles, with good agreement between measured and simulated
data for SYBR Gold (for '°N3 no simulation is available; for position
2a’ the simulation fails completely for both the 'H and 3C shifts).
The naming of the atoms can be taken from Figure 24. *taken from
Ref. [206].
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SYBR  Thiazole SYBR SYBR SYBR SYBR SYBR
Safe* Orange* Green- Green- Gold Gold Gold
1 11 (DMSO)  (CD30OD) (simul.)
Benzo- X=S X=8 X=S X=0 X=0 X=0 X=0
X-
azole
2’ 160.00 159.70 158.90 162.10 161.80 161.90 161.40
2a’ 6.94 6.93 6.78 6.33 6.21 6.17 8.06
88.00  87.80 87.20 73.90 74.10 73.10 113.70
N3’ 140.0 1279 126.5 112.7
3-CH3  4.03 4.01 3.95 3.93 3.91 3.90 3.93
33.70  33.70 33.90 31.10 31.10 29.40 37.80
3a’ 140.40 140.40 141.20 131.80 131.90 131.40 132.60
4 7.80 .77 7.70 7.69 7.63 7.53 7.82
112.90 112.80 112.90 111.30 111.10 109.80 110.90
5’ 7.63 7.61 7.59 7.52 7.47 7.48 7.13
128.10 128.00 128.70 126.50 126.40 125.90 126.10
6’ 7.43 7.41 7.39 7.44 7.33 7.35 7.10
124.40 124.30 124.60 124.90 124.50 124.00 122.50
7 8.06 8.04 7.97 7.80 7.65 7.59 6.89
122.80 122.80 123.20 111.40 111.20 110.30 110.40
7a’ 123.80 123.70 123.80 146.50 146.40 146.50 147.60

Table 4: NMR shifts assignment Table for SYBR dyes: benzo-X-azole. Boxed ar-
eas mark chemical shifts with large differences between benzo-thiazoles
and benzooxazoles, with good agreement between measured and sim-
ulated data for SYBR Gold (for N3 no simulation is available; for
position 2a’ the simulation fails completely for both the 'H and 3C
shifts). The naming of the atoms can be taken from Figure 24. *taken
from Ref. [206].



4.3 SYBR GOLD-DNA INTERACTION

SYBR Thiazole SYBR SYBR SYBR SYBR SYBR
Safe* Orange*  Green-I Green- Gold Gold Gold
II (DMSO)  (CD30D) (simul.)
Tail
(R1)
«
N:84.2 137.10 137.50 136.70
B/8 3.26/3.16 3.49 7.88 7.89 7.89
50.4/54.8 31.8 130.10 129.80 128.50
v/ 1.49/1.23 2.71 7.84 7.91 7.36
24.7/20.3 56.8 134.10 133.60 127.80
0/0 2.19/0.73
56.3/11.5 N:26.2 130.50 129.85 130.50
Né- 2.20
CH3
45.3
€ 4.64 4.72 4.39
N:23.7 63.50 63.80 65.30
Ne- 2.12
CH3
45.2
N¢ 61.4 87.5
N¢- 2.97 3.10 2.86
CH3
46.70  46.10  48.20
n 3.33/3.438.49/3.58.15
55.80  55.90 54.30
0 1.38 1.53 1.34
8.90 6.90 8.40

Table 5: NMR shifts assignment Table for SYBR dyes: tail (R1). Boxed areas
mark chemical shifts with large differences between benzo-thiazoles and
benzooxazoles, with good agreement between measured and simulated
data for SYBR Gold (for 1°N3 no simulation is available; for position

2a’ the simulation fails completely for both the 'H and 3C shifts).

The naming of the atoms can be taken from Figure 24. *taken from

Ref. [206].
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Dissociation const. Binding site = Unwinding

Ky (nM) size n (bp)  angle 6 (°)
SYBR Gold* 0.216 + 0.021 1.67 +£0.04 19.1 £ 0.7
SYBR Green I*  0.203 £ 0.037 1.77 £ 0.06  19.3 + 1.3
Pico Green™ 0.943 + 0.050 2324021 21+ 14

Table 6: McGhee-von Hippel model binding parameters for different SYBR

dyes determined by single-molecule magnetic tweezers experiments. *
this work, T Ref. [185].
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Figure 23: Absorbance of different SYBR Gold stocks. A-C) Absorbance spectra
for varying SYBR Gold dilutions (from blue to orange: PBS, 1:12000,
1:6000, 1:1200, 1:600) for three different SYBR Gold stocks pur-
chased from Invritrogen (LOT numbers 2098432, 2174893, 2174893).
Spectra shown are recorded in the absence of DNA. The maximum
absorbance is at a wavelength of 486 nm. D-F) Value of the ab-
sorbance maxima of the SYBR Gold absorbance spectra as a function
of the SYBR Gold concentration. The circles are the experimental
data, the solid line is a linear fit; extrapolation of the linear fit yields
the value for the undiluted SYBR Gold which is found to be 413 +
6, 640 + 8, 703 £ 10 (Table 2).
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Figure 24: SYBR Gold NMR spectra. A) 1D 3C NMR, spectrum of SYBR
Gold in DMSO-d6, AV III 500 MHz (cryo). The peak highlighted
with a star is a contamination. B) 1D 'H spectra of SYBR Gold,
SYBR Green I, and SYBR Green II in DMSO-d6 (298 K, MHz;

SYBR Gold and SYBR Green II 1 scan, SYBR Green I 16 scans).

Impurities identified by DOSY experiments are marked with an
asterix *. C) The core structure of the SYBR family of dyes and the

side chain R2 for SYBR Gold, SYBR Green I, and SYBR Green II.
For clarity, we labelled all atoms and the side chains R1, R2, R3.

The same nomenclature is used in the NMR shifts assignment Table
for SYBR dyes (Table 3 - 5).
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Figure 25: SYBR Gold absorbance, excitation, and emission spectra. A) Ab-

sorbance spectra for varying SYBR Gold concentrations (from blue
to red: 0.16, 0.33, 0.82, 1.6, 3.3, 8.2, 16, 49, 98 pM) in the presence of
2 uM - bp DNA (Lambda-DNA (NEB)). The peak of the spectrum
at the highest concentration is noisy, as the dynamic range of the
instrument is approached. Points from this spectrum are included
below in panel C (as well as Figure 19A in the main text) but greyed
out. B) SYBR Gold excitation and emission spectra at constant
SYBR Gold concentration (2.5 pM) and varying DNA concentration
(from blue to red: 0.9, 1.3, 1.6, 1.9, 2.2, 2.8, 3.1, 4.7, 6.3, 9.4, 12.5,
15.6, 18.8, 21.9, 25.0, 28.1, 31.3 utM - bp, dotted line: SYBR Gold
only, dashed line: PBS only. The inset shows PBS only and SYBR
Gold only spectra on a different scale for clarity. C) Value of the
absorbance maxima of the SYBR Gold absorbance spectra as a
function of the SYBR Gold concentration. The circles are the exper-
imental data, the solid line is a linear fit (R = 0.9997); extrapolation
of the linear fit yields the value for the undiluted SYBR Gold which
is found to be 435 £ 6 and implies a concentration of the undiluted
SYBR Gold of (9.8 £ 0.1) mM. This is significantly different from
the stock concentration we determined for other SYBR Gold stocks
(Figure 23)D) Position of the excitation maxima at constant SYBR
Gold concentration (2 pM) and varying DNA concentrations. No
significant shift is observed for the excitation maxima. The line is
simply the mean of the data points at all concentrations, which is
495.7 nm £ 1.25 nm (mean + std).
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Figure 26: Mass spectrometry analysis of SYBR Gold. The main population is
at m/z = 247.6. Minor populations are found at m/z of 408.2 and
around 480. The inset has a zoom into the region around m/z =
480.
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Figure 27: (Caption next page.)
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Figure 27: (Previous page.) Effects of SYBR Green I on DNA force-extension
behaviour, twist and torque. A) Force-extension curves for 7.9-kb
DNA in the presence of increasing concentrations of SYBR Green
(increasing concentrations from blue to red indicated in the Figure
legend). Symbols are raw data, lines are fits of the WLC model. A
systematic increase the DNA extension with increasing SYBR Gold
concentration is apparent. B) Rotation-extension curves for 7.9 kb
DNA at F = 0.5 pN in the presence of increasing concentrations of
SYBR Green. The SYBR Green concentrations are (from blue to
red) 0, 5, 10, 20, 50, 100, 200, 500, 1000, 5000 1000, 50000 nM. With
increasing concentrations of SYBR Gold the rotation curves shift to
negative turns; the DNA length at the center of the curves increases;
and the rotation-extension curves broaden. C) DNA contour length
determined from fits of the WLC model as a function of SYBR
Green concentration. The black line is a fit to the McGhee—von
Hippel model (reduced x? = 0.75), with a dissociation constant K4
= 0.20 £ 0.04 pM and a binding site size n = 1.77 £ 0.06. We show
the corresponding data for SYBR Gold in grey as a comparison
(Figure 17C). D) DNA bending persistence length from WLC fits
measured as a function of the dye concentration, indicating that the
persistence length stays constant with increasing dye concentration.
‘We show the corresponding data for SYBR Gold in grey as a com-
parison (Figure 17D). E) Quantification of the shift in the center
position of the rotation-extension curves as a function of the SYBR
Green concentration. The center positions were determined from
fitting slopes in the positive and negative plectonemic regime and
by computing the intersection of the two slopes. The black line is a
fit of the McGhee-von Hippel model (reduced x? = 5.5), with the
dissociation constant K; and binding site size n set to the values
determined from the force extension data (Panel A) and the unwind-
ing angle per SYBR Gold intercalation determined from the fit to
be Af = 19.3° + 1.3. We show the corresponding data for SYBR
Gold in grey as a comparison (Figure 18B). F) Extension vs. turn
slopes in the plectonemic regime (determined as indicated by the red
lines in Figure 28A) as a function of SYBR Green concentration for
positive (circles) and negative (squares) plectonemic supercoils. We
show the corresponding data for SYBR Gold in grey as a comparison
(Figure 28B). G) Width of the pre-buckling regime (in turns) vs.
SYBR Green concentration. In grey we show the corresponding data
for SYBR Gold in grey as a comparison (Figure 28C). In panel A
and B one typical experiment is shown for clarity. Data points and
error bars for SYBR Green in the panels C to G are the mean and
standard deviation from at least 24 independent measurements.
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Figure 28: SYBR Gold rotation curve analysis. A) Example of a rotation-

extension curve and analysis of center positions and slopes. Data are
for 7.9 kb DNA at F = 0.5 pN in the presence of 496 nM SYBR Gold
(circles). The center positions are determined from fitting slopes
in the positive and negative plectonemic regime (red lines) and
by computing the intersection of the two slopes (indicated by the
green line). B) Extension vs. turn slopes in the plectonemic regime
(determined as indicated by the red lines in panel A) as a function
of SYBR Gold concentration for positive (red circles) and negative
(blue squares) plectonemic supercoils. C) Width of the pre-buckling
regime (in turns) vs. SYBR Gold concentration. Data points and
error bars in panel B and C are the mean and standard deviation
from at least 14 independent measurements. In panel A one typical
experiment is shown for clarity.
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. [DNA]

Figure 29: Gel electrophoresis of PBR322 plasmid DNA and visualization by
SYBR Gold fluorescence. Lanes from left to right: supercoiled DNA]|
open circular DNA, linear DNA, empty lane, and equimolar mix-
tures of supercoiled, open-circular, and linear DNA with decreasing
amounts of DNA: 30 ng, 21.4 ng, 13.6 ng, 6.5 ng, 2.3 ng, 1.0 ng,
0.5 ng. The gel was stained after electrophoretic separation with 3.1
pM SYBR Gold in TAE buffer (see Materials and Methods, Section
4.3.9.7).
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Figure 30: SYBR Gold fluorescence at high dye concentrations. A) Fluorescence

intensity recorded using a plate reader for torsionally unstrained
DNA (pBR322). The orange circles and line are for [SYBR Gold]
= 2.5 ntM and identical to the data shown in Figure 19C, included
as a reference. Red squares are raw data for [SYBR Gold] = 124
nM. Red circles are the same data corrected for the inner filter
effect using Equation 51 and the path-lengths indicated in Figure 20.
Dashed and dot-dashed lines are included as guides to the eye. The
solid red line is the prediction for [SYBR Gold] = 124 pM using the
finite concentration McGhee-von Hippel model and the parameters
from Figure 19C. B) Fluorescence intensities recorded using a qPCR
cycler. Same symbols, conditions, and fitting procedure as for the
plate reader data shown in panel A.
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Figure 31: Fluorescence lifetime measurements. A) Fluorescent lifetimes as a

function of SYBR Gold concentration at a constant concentration of
2 pM - bp DNA determined from bi-exponential fits. These are the
same data as shown in Figure 21B and D. The fit gives a shorter
lifetime (green, ~ 2-4 ns) that decreases strongly with increasing
SYBR Gold concentration and a longer lifetime (gray, ~ 6-7 ns)
that slightly increases with increasing SYBR Gold concentration.
B) Amplitudes of the two fluorescence lifetimes vs. SYBR Gold
concentration; longer lifetime in green, shorter lifetime in grey. C)
Ratio of the two amplitudes of the fluorescence lifetimes vs. SYBR
Gold concentration. Up to concentrations of ~ 10 tM SYBR Gold,
the long lifetime dominates the fit, with the short lifetime contribut-
ing < 25% of the total amplitude. At higher concentration, both
amplitudes decrease as the total intensity strongly decreases, but
the shorter lifetime — which we attribute to dynamic quenching from
SYBR Gold molecules close to the DNA — becomes more important
and roughly equal in magnitude to the long component.
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EFFECTS OF DNA BINDING ON THE
PHOTOCHEMISTRY OF RUTHENIUM-TRIS-TAP

Over the last years, ruthenium complexes have become promising anticancer
drug candidates with selective antimetastatic properties and low systemic
toxicity. Ruthenium compounds appear to penetrate tumor cells as well as
bind effectively to DNA. Therefore, it is extremely important, especially for
medicinal chemistry applications, to investigate the DNA binding modes of
different Ru(II) and Ru(III) complexes in order to specify and optimize possible
applications as anticancer agents [211, 212].

5.1 RU(I1)-POLYPYRIDYL COMPLEXES

Polypyridine complexes are coordination complexes that contain polypyridine
ligands (Figure 32). Pyridine also known as azine or azabenzole, is a heteroaro-
matic, i.e.a heterocyclic compound with aromatic properties (Figure 32a).
Polypyridines are multidentate ligands (that means they can donate (multiple)

A

Pyridine Tris(bipyridine)ruthenium(ll)

Figure 32: a) Chemical structure of a pyridine, a six membered heterocycle
with an electronegative heteroatom (nitrogen), which makes it 7-
deficient. b) Chemical structure of an exemplary polypyridine com-
plex: Tris(bipyridine)ruthenium(II).
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electron pairs to a metal atom), which impart characteristic properties to the
metal complexes they form. Some of these complexes have the property to
strongly absorb light via a process called metal-ligand charge transfer (MLCT),
which will be discussed in greater detail in the following section (Section 5.2).
The properties of these complexes are tunable by making changes in substituents,
for example, electron donation, electron withdrawal, and m-conjugating groups
on the polypyridine moiety. Also the MLCT absorption band can be shifted,
and the emission wavelength and duration can be changed [213].

Polypyridyl complexes can interact with DNA in different ways. Since, in
contrast to the negatively charged phosphate backbone of the DNA double helix,
polypyridyl complexes are positively charged, they interact electrostatically.
In addition, the complex may adsorb selectively within the grooves of dsDNA,
depending on its size, shape, hydrophobicity and hydrophilicity etc. Moreover,
for complexes that also contain a planar ligand with an extended aromaticity,
this aromatic ring can also be partially trapped between two base pairs, while
the other two ligands are directed to the outside of the double helix. In this
constellation, the complex is called "partially intercalated" [214].

Complexes with the metal Ruthenium in the center and with polypyridine
ligands are among the most popular metal complexes due to their luminescence
and photocatalytic properties, offering a wide range of applications in the
fields of photophysics and photochemistry, e. g., in lighting, sensing, solar cells,
and photoredox catalysis. As a result of the great interest generated by these
complexes, Ruthenium polypyridyl complexes have also formed the basis for
the development of concepts and methods in inorganic photochemistry. Since
they are involved in various photochemical processes, this has also led to the
development of experimental techniques and conceptual models that have
applications in a variety of areas of inorganic photochemistry [215, 216].

5.2 METAL-TO-LIGAND CHARGE TRANSFER (MLCT)

Ruthenium(II) polypyridyl complexes can form excited charge transfer states
on visible light absorption. This charge transfer makes these complexes use-
ful for numerous applications. Charge transfer (CT) complexes are electron
donor-acceptor complexes that change to a charge-separated state upon light
absorption. Through radiative and non-radiative transitions, the CT complex
subsequently returns to the ground state. CT complexes are often complexes
with a metallic center. If the charge transfer is from metal (e. g.Ru) to ligand
(e. g.pyridine), the transition is called metal to ligand charge transfer (MLCT;
Figure 33). The metal acts as electron donor and the ligand as electron acceptor.
The transition occurs from occupied d orbitals of the metal to empty 7* orbitals
(antibonding 7-orbitals) of the ligand [217, 218].
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Figure 33: Schematic depiction of metal-to-ligand charge transfer (MLCT) in
a db5 octahedral complex.

In the following work, I will demonstrate DNA binding mode heterogeneity of
Ru(TAF’)?r (TAP= 1,4,5,8-tetraazaphenanthrene) and evaluate how multiva-
lent binding governs the complex’s photochemistry. Single-molecule MT and
AFM measurements indicate that Ru(TAP)?r binds to DNA in an intercala-
tive binding mode that occasionally forms kinks, suggesting helical extension
and unwinding. Furthermore, there is clear evidence of binding-induced loop
formation in our measurements. These results imply multivalent binding to
DNA, suggesting that Ru(TAP)%* can interact through (at least) two interfaces
simultaneously. In contrast, Ru(phen)?:r (phen = 1,10-phenanthroline) does not
form DNA synapses to the extent observed for Ru(TAP)%*, despite the higher
affinity for intercalation. This infers that loop formation is mediated in part by
the N1 and N8 atoms of TAP, possibly via hydrogen bonds. With spectrometric
measurements it is demonstrated that the luminescence quenching follows the
same concentration dependence as the lengthening observed in MT. This im-
plies that intercalative DNA binding governs quenching of the SMLCT state. In
addition, the spectroscopic data show that photoadduct formation is faster for
long DNA than for short DNA, in contrast to what was found for luminescence
quenching. The lower yield and better defined photoadducts might be due to
the geometric constraints imposed by binding to long DNA. This work will help
to get a better understanding of how ground-state DNA-binding affects the
photochemistry of Ru(TAP)?’, which may potentially contribute to innovative
medicines, particularly in the area of phototherapeutic applications in cancer
treatment as several ruthenium-based compounds have been shown to possess
interesting biological properties that point in this direction [214, 219-221].
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5.3 RUTHENIUM-DNA INTERACTION

5.3.1 Abstract

Ru(IT)-complexes with polyazaaromatic ligands can undergo direct electron
transfer with guanine nucleobases on blue light excitation that results in
DNA lesions with phototherapeutic potential. Here we use single-molecule
approaches to demonstrate DNA binding mode heterogeneity and evaluate
how multivalent binding governs the photochemistry of [Ru(TAP)3]?* (TAP =
1,4,5,8-tetraazaphenanthrene).

5.3.2 Introduction

Ru(II)-polypyridyl complexes carry three bidentate ligands that can be designed
to tune the DNA-binding and electronic properties of the complex [221, 222].
Complexes bearing DNA-intercalating moieties can exhibit light-switching
properties in the presence of DNA [223, 224] and targeted ligand design has
enabled selective detection of mismatches and abasic sites in DNA duplexes
(225, 226]. Further, m-deficient ligands such as polyazaaromatic TAP (1,4,5,8-
tetraazapenanthrene) convey highly oxidizing properties to the complex in the
triplet metal-to-ligand charge transfer (3MLCT) excited state: on excitation,
the homoleptic complex Ru(TAP)?' (Figure 34) can extract an electron from
guanine nucleobases [214]. The oxidized guanine either undergoes a back-
electron transfer with the reduced complex or results in DNA-lesions. While
the formation of single-strand DNA breaks is easily detected via topological
conversions of supercoiled DNA targets, recombination of the oxidized guanine
with the reduced complex to form covalent photoadducts [227] is the dominant
pathway. Recent work has demonstrated targeted photo-induced DNA damage
by Ru-TAP complexes in live cells [228], suggesting that this class of compounds
could be used in phototherapeutic applications. To design Ru-TAP complexes
for therapeutic applications, it is essential to understand how ground-state
DNA-binding affects the photochemistry of Ru(TAP)gJr with DNA. However,
the binding mode of Ru(TAP)?r and the related Ru(phen)?r (phen = 1,10-
phenanthroline; Figure 34) to DNA is controversial, with evidence for (hydrogen
bond-mediated [229]) groove-binding as well as binding through intercalation
[230] or semi-intercalation, i.e.partial insertion between adjacent base pairs
[231-234]. Here, we use single-molecule approaches to unravel the binding
modes of racemic Ru(TAP)§+ and show how they affect the photochemistry
with DNA.

5.3.3 Results

Previously, single-molecule manipulation assays have revealed the binding
modes of small molecules interacting with DNA [116, 168, 171, 176, 179]. Here
we use MT to quantify the ground-state binding of racemic Ru(TAP)g+ and

109



110

RUTHENIUM-TRIS-TAP IN INTERACTION WITH DNA

N _‘2+

[/

N/,,". ’ \\\\\N =~ |
Ru

N/ \N =

Figure 34: Chemical structures of Ru(TAP)?;r (left) and Ru(phen)?;r (right).

Ru(phen)?r to DNA in 10 mM phosphate buffer (Figure 35A). In MT, DNA
molecules (7.95 kbp; crystallographic length 2.7 pm) were attached at one end
to the bottom surface of a flow cell and at the other end to a paramagnetic
bead. Using permanent magnets, we can controllably exert stretching forces
and torques [61] on the DNA molecules. First, we performed force-extension
measurements on nicked DNA tethers to evaluate the changes in DNA extension
and elasticity on titration with racemic Ru(TAP)2" (Figure 35B). By fitting
the WLC model [182], we determined the DNA contour length Lc and bending
persistence length Lp. In the absence of Ru(TAP)?r we find Lo = 2.68 £+ 0.03
mm and Lp = 45 4 3 nm, in excellent agreement with the crystallographic length
of B-form DNA and with previous measurements of Lp, respectively [135]. On
addition of low to intermediate concentrations ([Ru(TAP)%*] <10 pM), L¢
increases gradually, while Lp decreases (Figure 35C,D). The increase of L¢ is
consistent with intercalative binding, and can be used to calculate the fractional
occupancy 7 of intercalated Ru(TAP)3" via v = (Lo (C) — Le(0))/(AL- N)
with Leo(0) the contour length in the absence of Ru(TAP)%*, Al the contour
length increment per intercalation event, and n the number of base pairs
(7.95 kbp) [171]. Assuming Al = 0.34 nm, we fit the Ru(TAP)?’ data to the
McGhee-von Hippel model [105]:

[Ru(TAP)ng] . (1—mny)"
Kq (I=ny+y)n~!

v(c) =

(60)

and obtain the dissociation constant Ky = 19.7 & 4 pM and binding site size n
= 2.7 £ 0.4 (Figure 35C). While lengthening of the DNA contour is consistent
with an intercalative binding mode, linear dichroism experiments [232] and
crystallographic data [235] have suggested semi-intercalation, i. e.partial inser-
tion of a TAP ligand between subsequent base pairs. Co-crystal structures of
DNA and TAP-containing (but heteroleptic) Ru(II)-complexes further feature
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a sharp kink (with bend angle # = 51°) in the DNA at the semi-intercalation
binding pocket of the complex [234]. We tested whether the dependency of the
effective bending persistence length Lp or; on [Ru(TAP)?r] can be described
by the model of Popov et al. [236] that features a line density x of rigid bends
with bend angle 6:

Lpo
14+ k-Lpo(l—cos(d))

Lpesr= (61)
Fixing K4 = 19.7 pM and n = 2.7 (determined from the contour length increase),
we obtain a kink angle § = 11° (Figure 35D), far below the value suggested
by crystallography [234]. Conversely, fixing = 51°, we obtain a best fit with
a kink frequency that is ~ 10-fold smaller than the fractional occupancy of
intercalated Ru(TAP)?r 7. Thus, our data are inconsistent with the view that
TAP predominantly interacts with DNA via semi-intercalation that results in
severe DNA kinking.

We note that at [Ru(TAP)?,)ﬂ > 10 pM the WLC model does not provide
a good fit to the force-extension data and that the DNA length decreases
with increasing concentration, suggesting effects of Ru(TAP)g+ binding beyond
intercalation. In contrast, the force-extension behaviour of DNA interacting
with racemic Ru(phen)g+ is accurately described by the WLC model over the
entire concentration range tested (0 - 100 pM) and we find K4 = 4.9 + 1 pM, n
= 4.0 £ 0.2 fitting the McGhee-von Hippel equation (Equation 60 and Figure
35C). Similar to Ru(TAP)g"', Ru(phen)?’—binding decreases the DNA bending
persistence length Lp . ¢, and fitting the Popov model [236] yields a kink
density k = 0.12 x v (for 6 = 51°) (Figure 35D).

To obtain additional insights in the binding of Ru(TAP)?r with DNA, we use
the capability of MT to control the DNA linking number Lk in torsionally
constrained DNA by rotating the external magnets. At low force (F = 0.3 pN)
magnet rotation leads to a symmetrical response of the molecular extension for
both under- and over-winding of bare DNA, due to the formation of plectonemic
supercoils [61] (Figure 35E). Titration with Ru(TAF’)gJr induces a shift of the
midpoints of the rotation curves to more negative linking differences ALk, in

line with DNA unwinding upon Ru(TAP)gJr intercalation [116] (Figure 35E).

Using K4 and n from the force-extension data (Figure 35B,C), we determined
the unwinding angle ¢ = 16 + 4° per intercalation event from the dependence
of ALk on c(Ru(TAP)3") (Figure 35F). Notably, at [Ru(TAP)3*] > 10 pM the
extension of the rotation curves rapidly decreases with increasing concentration,
in contrast to the behaviour for classical intercalation, but in agreement with
the observations from force-extension experiments. Notably, at these higher
concentrations, the rotation curves become more erratic and feature sudden

extension jumps.

In contrast, rotation curves with increasing concentrations of Ru(phen)?r follow
the behaviour of a classical intercalator (Figure 38). Analysis of the shift in ALk
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yields an unwinding angle ¢ = 26.3 + 2° for Ru(phen)?r (Figure 35E,F), in
reasonable agreement with the results of a topoisomerase assay [237]. Together,
our data indicate that Ru(phen)?r is a stronger intercalator than Ru(TAP)%*,
in agreement with a previous report [238]. We note that for Ru(phen)?r only
at high [Ru(phen)§+] = 100 pM, and in few cases (~ 10% of all beads), the
maximal extension in rotation curves is reduced with respect to the expected
values, in contrast to the anomalous behaviour observed for Ru(TAP)gJ‘.

To dynamically probe the anomalous behaviour at [RU(TAP)?’} > 10 pM we
subjected nicked DNA tethers to rotation in the MT (Figure 39A). At low con-
centrations (< 10 pM), tether extension remains unaffected on magnet rotation,
as expected for a torsionally unconstrained DNA. However, at [Ru(TAP)3]
> 10 pM, the DNA extension occasionally decreases on magnet rotation until
sudden extension jumps restore the original z-position. We interpret this result
as the consequence of topological shielding of the nicking site via transient
DNA looping by binding to multiple sites that bridge the nick. To further
test the hypothesis of DNA looping by Ru(TAF’)?r we performed force-jump
experiments wherein the DNA is first kept at a low force (0.1 pN) and then
suddenly subjected to a high force (6 pN). In the presence of [Ru(TAP)gﬂ >
10 pM, our data demonstrate step-wise extension increments on application
of high force, in line with forced dissociation of Ru(TAP)?*—mediated loops
(Figure 39B). Consistent with our observations of classical intercalation (Figure
35), no signatures for Ru(phen)g"'—mediated loop formation were observed from
force-jump experiments or rotation of nicked DNA.

To directly visualize the bending or kinking behaviour at short length scales,
we performed AFM imaging. Linear DNA fragments (486 bp) were incubated
with Ru(TAP)?r under dimmed light conditions and subsequently deposited
onto poly-L-lysine coated mica (Methods, section 5.3.7). We analysed the
AFM images by tracing the DNA contour [83] with a step length | = 5 nm.
Under the conditions used, we find that at the molecular length scale DNA
adopts conformations corresponding to kinetic trapping on surface adsorption,
as observed previously [235]. Yet, at short length scales (I = 5 nm) the bend
angle distribution implies local chain equilibration that enables quantitative
evaluation of DNA bending or kinking (if any) on incubation with Ru(TAP)?*.
The bend angle distributions of DN A molecules incubated with varying amounts
of Ru(TAP)§+ are, to first approximation, well described by a single folded
Gaussian (Figure 36B) with a variance (2) that relates to the DNA persistence
length as (§2) = 1/Lp. Based on this analysis, we only find a weak dependence
of Lp on [Ru(TAP)%*]. On average Lp = 58 + 3 nm in agreement with previous
AFM analyses of DNA bending behaviour [83]. However, the fit residuals feature
a peak at angles of 40-50°, in a concentration-dependent fashion. The integrated
peak accounts only for ~ 1.5% of the total angle distribution at the highest
concentrations tested in good agreement with our MT analysis that suggests
infrequent kinks induced by Ru(TAP)ng.
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Figure 35: Magnetic tweezers probe DNA structural changes on binding
Ru(TAP)2" and Ru(phen)2*. A) Schematic representation of DNA
in MT. B) Force-extension analysis of DNA in the absence (red) and
presence (brown gradient) of increasing concentrations (1-10 pM)
of Ru(TAP)%*. Inset: anomalous force-extension behaviour at high
(50 and 100 pM) ligand concentration. Solid lines are WLC fits to
the data. C) Fractional occupancy v as function of c(Ru(TAP)ng)
(blue) and c(Ru(phen)%*) (green) and fits to the McGhee-von Hippel
model with (Kg =19.7 &£ 4 pM, n = 2.7 + 0.4) and (Kg =49 + 1
pM, n = 4.0 £+ 0.2) for Ru(TAP)?’ and Ru(phen)§+ respectively. D)
Effective bending persistence length as a function of c(Ru(TAP)%"’)
(blue) and c(Ru(phen)%*) (green) and fit to the Popov model. E)
Rotation curves of DNA in the absence (red) and presence (brown

gradient) of increasing concentrations (1-100 pM) of Ru(TAP)?;r.

F) Shift of the centre position of rotation curves as a function of
c(Ru(TAP)g"') (blue) and c(Ru(phen)%'*’) (green) . Solid lines are fits
to the McGhee-von Hippel model taking (Kg4,n) from the lengthening
data. The fitted unwinding angles are ¢ = 16 + 4° for Ru(TAP)?;r
and ¢ = 26 + 2° for Ru(phen)?r.

Taken together, our MT and AFM data suggest that Ru(TAP)?r binds to
DNA in an intercalative binding mode that occasionally forms kinks and that
infers helix lengthening and unwinding. In addition, we observe clear evidence
for binding-induced loop formation that implies multivalent binding to DNA,
which in turn suggests that Ru(TAP)?)+ can interact via (at least) two interfaces
simultaneously. Interestingly, Ru(phen)?r does not form DNA synapses to the
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Figure 36: AFM demonstrates Ru(TAP)g'*'—mediated DNA kinking with low
yield. A) AFM topographs of 486 base pair linear DNA molecules
incubated with increasing concentrations of Ru(TAP)ng. B) Bend
angle distributions (Kernel density estimate with band width 4°) of
DNA generated by automated tracing of the chain contours with
a step length [ = 5 nm. For each condition &~ 10000 angles are
recorded. Solid lines are fits to a folded Gaussian. Colour code is
the same as in Figure 35C. Residuals of the folded Gaussian fits in
(B) depicting a concentration-dependent increase of bend angles in
the range of 30 deg < 6 < 70 deg (grey area).

extent, observed for Ru(TAP)ng, despite the higher affinity for intercalation,
suggesting that loop formation is mediated in part by the N1 and N8 atoms of
TAP, potentially via hydrogen bonding [229].

To address how multivalent binding by Ru(TAP)?r might impact excited state
processes, we carried out spectroscopic measurements with either short (32
base pair; 50% GC; expected to behave as a rigid rod) or long (48501 base pair;
49% GC; that will adopt a random coil conformation, which increases the local
concentration of DNA segments) DNA to modulate the contact probability
that would lead to Ru(TAP)§+—mediated synapse formation. First we tested
whether DNA length affects luminescence by recording spectra upon titrating
Ru(TAP)?’ (5 pM) with the different DNA substrates. Luminescence quenching
was evaluated for both DNA substrates in the same concentration range ([base
pair] = 0 — 250 uM) and found to be approximately independent of DNA length
(Figure 37A,B). The quenching as a function of [base pair| is well-described by
the McGhee-von Hippel binding model with (K4,n) from the force-extension
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Figure 37: DNA length-dependence of excited state processes in Ru(TAP)L?;r.
A) Photoluminescence (Aegcitation = 436 nm) of Ru(TAP)g+ )
pM) on titration with DNA. Left: Titration with 32 base pair DNA
([bp] = 0 — 250 pM; brown gradient). Right: Titration with 48501
base pair DNA ([bp] = 0 — 250 pM; violet gradient). B) Normal-
ized luminescence intensity (Aemission = 590 nm) as a function of
base pair — to — Ru?* concentration ratio. Solid lines are fits to
the McGhee-von Hippel equation (equation 60), using K4 and n
obtained from MT data and a variable plateau value that accounts
for unproductive binding. C) Absorbance spectra of Ru(TAP)?r (5
pM) in the presence of DNA ([bp] = 100 uM) after irradiation at
465 nm for different irradiation times. Top: absorbance spectra on
irradiation in the presence of 32 base pair DNA. Bottom: spectra
obtained on irradiation in the presence of 48501 base pair DNA. D)
Difference absorption spectra for different irradiation times with
respect to absorbance prior to irradiation (t = tg). E) Difference
absorption at 350 nm as a function of irradiation time in mixtures
containing 5 tM Ru(TAP)3" and either 32 base pair or 48501 base
pair DNA ([bp] = 100 puM). Solid lines are fits to first-order kinetics,
with reaction lifetimes 7 = 33 + 7 min and 7 = 7 4+ 2 min for pho-
toadduct formation on 32 base pair and 48.5 kbp DNA, respectively.

data and including an offset that takes into account non-productive binding
at AT-sequences. The luminescence quenching follows the same concentration
dependence as the lengthening observed in MT, which strongly suggests that
intercalative binding governs quenching of the SMLCT state.
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To probe the effect of local DNA concentration on photoadduct formation,
we recorded the changes in absorption at the MLCT bands on irradiation of
Ru(TAP)gJr (5 pM) at 465 nm, in the presence of either 32 base pair or 48.5
kbp-long DNA ([base pair] = 100 pM; Figure 37C,D). Formation of covalent
adducts leads to the appearance of an absorption peak at ~ 350 nm whereas
non-covalent adducts resulting from ligand-exchange with a nucleobase increase
the absorption at &~ 500 nm [239]. We find that photoadduct formation is faster
for the long than for the short DNA (with first order reaction times of 7 =
7 £ 2 min and 7 = 33 £ 7 min, respectively; Figure 37E), but achieves a
lower final yield. In addition, the peak at 350 nm is much narrower for the
long DNA construct as compared the short variant (Figure 37D), implying
a smaller range of photoadduct species. The spectroscopic data suggest that
photoadduct formation, in contrast to luminescence quenching, is faster on long
than on short DNA. The lower yield and better-defined photoadducts suggest
that binding to long DNA imposes geometrical constraints that prevent the
formation of a broad range of products.

5.3.4 Conclusions

In conclusion, our work reconciles previous -apparently contradicting- reports on
the DNA-binding modes of Ru(TAP)2". Racemic Ru(TAP)2" and Ru(phen)2™
can interact with DNA via (semi-)intercalation that occasionally occurs in a
kinked state, consistent with a combination of the differential effects observed
for enantiopure complexes [230-234]. Ru(TAP)?r additionally can mediate
DNA looping, presumably via combined (semi-)intercalation and hydrogen-
bonding [229]. This multivalent binding might explain the differential yield
of photoadduct formation on short versus long DNA. The dependence of
photoadduct formation on local DNA concentration is important towards
applications of Ru-TAP complexes in vivo.
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5.3.7 Materials and Methods

5.3.7.1 DNA substrates

For the M'T measurements a 7.9-kbp DNA construct, prepared as described
previously [116], was used. In brief, PCR-generated DNA fragments (~ 600
bp) labeled with multiple biotin or digoxigenin groups were ligated to the
DNA, to bind magnetic beads and the flow cell surface, respectively. Linear
DNA fragments (486 base pair) used for AFM imaging were obtained by PCR
amplification of a synthetic DNA fragment (gBlock fragment; Integrated DNA
Technologies). PCR, products were purified from primers, proteins and salts
using a PCR Cleanup kit (QIAquick PCR Purification Kit — Qiagen) and
resuspended in 10 mM phosphate buffer. To test the effect of DNA length
on the spectroscopic properties of Ru(TAP)%*, we used phage lambda DNA
(NEB; N3011L) that was dialyzed overnight against 10 mM phosphate buffer
to remove the EDTA used for storage. In addition we tested a 32 base pair
double stranded fragment that was obtained by annealing the complementary
oligodeoxynucleotides 5> ACG TCA GTC AGC ATC AGA GTT TTC CCG
TGA AG 3’ and 5’ CTT CAC GGG AAA ACT CTG ATG CTG ACT GAC
GT 3.

5.3.7.2  Ruthenium complexes

Racemic Ru(TAP)3Cly was synthesized following published methods [240].
The powder was dissolved in 10 mM phosphate buffer and the concentration
was measured using the extinction coefficient €437nm = 13000 M~lcm™1).
Racemic Ru(Phen)3Cls was obtained commercially (Sigma-Aldrich; 904767).
The powder was dissolved in 10 mM phosphate buffer and the concentration
was assessed spectroscopically using the extinction at 445 nm (€445nm = 19000
M~lem—1).

5.3.7.3 Buffers

All experiments were performed in 10 mM phosphate buffer, pH = 7.0.

5.3.7.4 Atomic force microscopy imaging

Samples were prepared by incubating 486 base pair linear DNA (1 ng/nL)
and Ru(TAP)g’Jr at different concentrations in phosphate buffer (pH = 7.0),
for 10 min. After incubation, 20 pL of the sample was drop-casted on poly-
L-lysine (0.01 % w/v) coated muscovite mica (West Chester, USA). After 30
s, the substrates were gently rinsed using 20 mL of milliQ water and dried
using a gentle stream of filtered N2 gas. AFM imaging was performed on a
commercial Multimode AFM, equipped with a Nanoscope III controller and a
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type E scanner. Images were recorded in amplitude modulation mode under
ambient conditions and using silicon cantilevers (Nanoworld; type SSS-NCH;
resonance frequency ~ 300 kHz; typical end-radius 2 nm). Scans of 1 pm? were
recorded at 4 Hz line frequency, with optimized feedback parameters and at 512
x 512 pixels. For image processing, Scanning Probe Image Processor (SPIP
v6.4; Image Metrology) was employed. Image processing involved background
correction using global fitting with a third-order polynomial, and line-by-line
correction through the histogram alignment routine. Data analysis involved
tracing of the DNA contours with a step-length 1 = 5 nm using the algorithm
by Wiggins et al. [83]

5.3.7.5 Magnetic tweezers

We used a custom-built MT setup, described previously [134, 241], with a
pair of 5 x 5 x 5 mm?3 permanent magnets (W-05-N50-G, Supermagnete,
Switzerland) oriented in vertical configuration [208] and with a gap size of 1
mm. A DC-Motor (M-126.PD2, PI, Germany) controlled the distance between
the flow cell and magnets, and another DC-Motor (C-150.PD, PI, Germany)
was used to rotate the magnets. A 40x oil immersion objective (UPLFLN 40x,
Olympus, Japan) was used to image the beads onto a CMOS sensor camera
(12M Falcon2, Teledyne Dalsa, Canada) with a field of view of 400 x 300 pm?.
Images were recorded at 58 Hz and transferred to a frame grabber (PCle 1433,
NI, USA). A custom-written tracking software analyzed the images to yield the
(x,y,z) coordinates of all beads in real time [132]. A LED (69647, Lumitronix
LED Technik GmbH, Germany) was used to illuminate the sample. For tracking
the z-position of the beads, look-up tables (LUT) were generated to relate the
defocused pattern of the bead to its height [242]. The LUT was generated by
moving the objective using a piezo stage (Pifoc P-726.1CD, PI, Germany).

Flow cells were built from two glass coverslips (24 x 60 mm, Carl Roth,
Germany). To attach the DNA to the flow cell, the bottom coverslip was first
modified with (3-Glycidoxypropyl)trimethoxysilane (abcr GmbH, Germany).
Afterwards, 75 pL of a 5000x diluted stock solution of polystyrene beads
(Polysciences, USA) in ethanol (Carl Roth, Germany) was dropcasted on the
silanized slides, dried in a closed container, and baked at 80 °C for 1 min,
to serve as reference beads. A laser cutter was used to produce openings
with a radius of 1 mm in the top coverslip, to enable liquid exchange. The
two coverslips were glued together by a single layer of melted Parafilm (Carl
Roth, Germany), comprising a ~ 50 pL channel connecting the inlet and outlet
opening of the flow cell. Following flow cell assembly, 100 pg/ml anti-digoxigenin
(Roche, Switzerland) in 1x PBS was introduced and incubated for 2 h. To
reduce non-specific interactions, the flow cell was flushed with 800 pL of 25
mg/ml bovine serum albumin (Carl Roth, Germany), incubated for 1 h and
rinsed with 1 ml of 1x PBS.
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For all measurements, we used 1.0 pm diameter MyOne magnetic beads (Life
Technologies, USA). The DNA construct was attached to streptavidin coated
beads by incubating 0.5 pL of picomolar DNA stock solution and 2 pL, MyOne
beads in 250 pL 1x PBS (Sigma-Aldrich, USA) for 5 min. Subsequently, the
bead-coupled DNA solution was introduced in the flow cell for 5 min to allow
formation of digoxigenin-anti-digoxigenin bonds. Subsequently, the flow cell
was rinsed with 2 ml of 1x PBS to flush out unbound beads. Next, the magnet
was mounted, which constrains the rotation and applies an upward force on
the beads.

After installing the magnets, selected beads were tested for the presence of
multiple tethers, and torsional constraint, by measuring their response to forces
and torques. The presence of multiple tethers was assessed by rotating the
magnet to introduce negative supercoiling under high tension (F > 5 pN.) In the
case of a single DNA tether, high tension impedes the formation of plectonemes
at negative linking differences. As a result, no height change is observed. In
contrast, in case of multiple tethers are attached to a bead, introduction of
negative supercoiling results in braiding, decreasing the z-extension of the bead.
Beads bound by multiple tethers are discarded from further analysis. To assess
whether DNA tethers were torsionally constrained, positive linking differences
are introduced at low force (0.4 pN). In torsionally constrained DNA tethers,
this results in plectoneme formation, thereby decreasing the z-extension. In
nicked DNA tethers, no linking difference can be introduced and the z-extension
remains constant on rotation of the magnet.

Following bead selection and testing, the buffer in the flow cell was exchanged
for a 10 mM phosphate buffer (pH = 7.0) using a peristaltic pump (flow
rate ~ 150 pL - min—!). For force-extension analysis, we exclusively focus on
torsionally unconstrained (nicked) tethers and calibrate the magnet distance-
to-force relation for each bead by recording the transverse fluctuations of the
beads at different magnet separations for times approximately 10-fold larger
than the characteristic time of the system at the corresponding force, and
analyze the power spectral density of the fluctuations to quantify the force at
each magnet position [139, 143].

The force (F) -extension (z) relation was subsequently fitted using an approx-
imation of the WLC model [182] to extract the contour length and bending
persistence length of the DNA. Next, we record the force-extension behavior
after flushing approximately 5 cell volumes of 10 mM PB buffer supplemented
with 1-100 pM of either Ru(TAP)?r or Ru(Phen)ng. In the presence of Ru-
complex, we record magnet distance vs. tether extension (z) curves, and use
the previously calibrated force for each bead to construct force vs. extension
curves, which are fitted using the WLC model to give the contour length and
persistence length as a function of complex concentration. For the construction
of rotation curves, we focused on torsionally constrained DNA tethers and
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used the external magnets to introduce supercoiling at a tension F = 0.3 pN.
Both clockwise and counterclockwise rotation of the magnets (with respect to
the relaxed state) results in a symmetrical decrease of the extension due to
plectonemic supercoil formation.

We use the intersection of the extrapolated linear regimes of the rotation curves
[116, 137] to define the midpoint of the rotation and to quantify the rotation
offset as a function of added Ru(II)-complex with respect to midpoint of rotation
curves obtained in the absence of added complex. Data analysis of M'T data was
performed using MATLAB (Mathworks). All quoted error bars are standard
deviations obtained from multiple observations. Fitting uncertainties are 95%
confidence intervals.

5.3.7.6 DNA-induced luminescence quenching

To study Ru(TAP)§+ luminescence quenching by addition of DNA, we mixed
either phage lambda DNA (NEB; dialyzed overnight against PB buffer) or a 32
base pair double stranded fragment (obtained by annealing the complementary
oligodeoxynucleotides 5° ACG TCA GTC AGC ATC AGA GTT TTC CCG
TGA AG 3’ and 5’ CTT CAC GGG AAA ACT CTG ATG CTG ACT GAC GT
3’) and Ru(TAP)?r at final concentrations cpya = 165 ng/mL and cg, = 5
M. Emission spectra on excitation at 436 nm were recorded in the wavelength
range 500-800 nm, employing a commercial spectrofluorometer (Fluoromax
Plus; Horiba). The DNA concentration in the cuvette was stepwise decreased
by replacing a fraction of the DNA solution with the same volume of a solution
containing 5 ptM Ru(TAP)g+ in 10 mM phosphate buffer. The spectra were
background corrected and further analyzed using MATLAB (Mathworks).

5.3.7.7 DNA photoreaction

To study photoadduct formation of Ru(TAP)?r with DNA, we employed
solutions containing 65 ng of DNA (either dialyzed phage lambda, or the
annealed 32 base pair oligo; see above) and 5 mM Ru(TAP)§+ in 10 mM
phosphate buffer (pH = 7.0) in a final volume of 1 mL. The reactions were
carried out in a quartz cuvette under irradiation of 465 nm light (Lumitronix)
while being continuously stirred. After defined irradiation times, the absorbance
of the solution was recorded in the range of 280 — 600 nm using an Evolution” ™

201/220 UV-Vis-Spektrophotometer (ThermoFisher Scientific).
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5.3.8 Supplementary Figures
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Figure 38: DNA unwinding by Ru(Phen)gf Rotation curves of DNA in the
absence (red) and presence (brown gradient; see Figure 34 in section
5.3.3) of increasing concentrations (1-100 ntM) of Ru(TAP)%*.
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Figure 39: Evidence for Ru(TAP)ng-mediated DNA looping. A. Rotation of a

nicked DNA tether in the presence of 50 pM Ru(TAF’)gJr at F =
0.3 pN depicting extension decrease due to supercoiling, followed by
a sudden extension jump to the relaxed state. Insets are schematic
drawings (not to scale) demonstrating how multivalent binding by
a single Ru(TAP)g+ complex could shield the nick (orange arrow),
thereby enabling introducing plectonemic supercoils that reduce the
bead height. Dissociation (or partial dissociation) of the complex
releases the topological constraint and removes the plectonemic
supercoils by swivelling of the DNA at the nicking site, thereby
restoring the extended state of the DNA. B. Force-jump experiment
wherein DNA in the presence of 50 pM Ru(TAP)g"' is first subjected
to low tension (F = 0.1 pN) followed by a sudden increment in force
(F = 6 pN). Note the discrete extension increments at high force.



TOPOLOGY-DEPENDENT DNA BINDING

As discussed and demonstrated in the previous two chapters for various exam-
ples, fluorescent dyes are used in a wide range of biochemical and biotechnolog-
ical procedures to stain and visualize DNA. Although the binding mechanisms
for some dyes are known, the effects of DNA binding are often not well under-
stood. As introduced in Section 2.3, the non-covalent interactions between DNA
and ligands are complex and depend on the nature of the ligand. One feature
of small DNA-binding ligands is that they have different modes of binding to
DNA. These different modes of binding can be distinguished experimentally
by the fact that they have different effects on DNA structure and mechanics,
such as changes in molecular elongation or linking number, as shown for SYBR
Gold in Chapter 4 and Ru(TAP)gJr in Chapter 5. These changes in extension
and linking number per binding protein can be characterized if the relationship
between force, torque, extension, and linking number can be determined at a
range of dye concentrations [110, 116, 243, 244].

6.1 DNA BINDING MODES

Small molecules can interact with dsDNA noncovalently by means of three main
interaction types: major groove binding, minor groove binding, and intercalation
(Figure 40) [110, 244-246]. As the names already suggest, major groove binding
small molecules (Figure 40A) bind to the major groove of DNA and minor
groove binding small molecules (Figure 40B) bind to its minor groove. The
third binding mode is intercalation where the small molecule lodges between
two adjacent base pairs of the dsDNA.

In DNA intercalation complexes, there are several factors that determine the
binding of a small molecule between DNA base pairs. The electrostatic potential
in the intercalation plane can be calculated using an accurate multipolar
distributed electrostatic ab initio model for a range of intercalation sites. For
chromophores with predominantly positive electrostatic potentials, there is a
significant electrostatic contribution to the binding energy, which, however,
varies greatly depending on the sequence and to some extent on the twist
angle. Electrostatic forces play an important role in positioning and stabilizing
intercalative binding in sterically constrained positions. Sequence selectivity
of intercalator binding to DNA and the resulting twist angle are determined
by a complex mix of factors, with electrostatics being only one component.
Nevertheless, most intercalators do not exhibit strong sequence selectivity
[247-249].
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MajGB MinGB Int

Figure 40: Different interaction modes of small molecules binding to DNA: A)
major groove binding (MajGB), B) minor groove binding (MinGB),
C) intercalation (Int). Structures are extracted from MD simulations.
Figure taken from Ref. [245].

Another major question of intercalative binding is how the chemical nature of
the small DN A-binding molecule affects the binding energy for its intercalation
between two base pairs and what forces act between the small molecule and the
bases. The stability of the stacked DNA base pairs originates in the electron
correlation. Therefore, the electrostatic interactions between a given intercalator
and the base pairs depend on how the charge distribution of the intercalator
compares to the potential generated by the base pairs as well as the actual
binding energy [248]. In addition, most intercalators have non-intercalating
side-chains that can even bind to DNA grooves, and also steric effects can
directly influence intercalation, and thus affect electrostatic energy.

6.2 LE CHATELIER’S PRINCIPLE

As discussed in detail for the intercalator SYBR Gold in Chapter 4, intercalative
binding to DNA affects the DNA structure, i.e., it lengthens and unwinds the
DNA helix [116, 157]. However, these ligand-induced conformational changes
also affect ligand binding, so that there is generally an interaction between
strain-dependent binding and binding-induced conformational changes.

In 1884, the French chemist Henri Louis Le Chatelier formulated general
statements on the laws of chemical equilibrium [250], which should later be
known as ’Le Chaterlier’s principle’:

Any system in stable chemical equilibrium that is subject to an
external cause that tends to vary either its temperature or its
condensation (pressure, concentration, number of molecules per
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unit volume), in total or only in some of its parts, can experience
only those internal modifications that would bring about a change
in temperature or condensation of opposite sign to the one that
would result from the external cause if only those modifications
were produced [250].

In other words, when a chemical system in equilibrium is subjected to a
constraint (change in temperature etc.), it responds in such a way that the
effect of the constraint is minimal. The newly established equilibrium then
counteracts the applied change.

The concept of Le Chatelier’s principle can be transferred to the binding of small
molecules to DNA. Having a defined DNA topology, e. g.in closed-circular DNA,
imposes a global constraint on the interplay between strain-dependent binding
and binding-induced conformational changes. This suggests a torque-dependent
binding constant

-0
K = Ko -exp (—h) (62)
B

with Ko the torque-independent binding constant, 7 the torque, 6 the unwinding
angle per dye, and kpT the thermal energy. Indeed, in single-molecule studies
with the intercalating dye ethidium bromide, torque-dependent binding of dyes
to DNA has been observed. Overwinding or positive torque hinders binding
while underwinding or negative torque promotes binding [116].

In the following publication, I will investigate the binding of DNA ligands
under a global topological constraint both experimentally and theoretically.
In the experiments, I will focus on the routinely used intercalators ethidium
bromide, SYBR Gold, SYTOX Orange, and trimethylpsoralin. I will investigate
intercalative binding to DNA by these fluorescent dyes that enable direct
visualization and quantification of DNA binding via fluorescence detection and
imaging. In addition, I will present a theoretical model for DNA ligand binding
in a topologically closed system that accurately describes the experimental data
and allows the quantitative study of different densities of DNA supercoiling
both in vitro and in vivo. The model provides the opportunity to elucidate
the complex interaction between topology and affinity of the ligand. Here 1
will show that binding depends on the initial topology and affinity of the
intercalator. Interestingly, global topological constraint can increase or decrease
binding, depending on concentration and binding regime. In particular, binding

of DNA intercalators above their K4 value is almost independent of topology.

With this knowledge, recommendations can be made for the optimal use of
intercalative dyes to visualize DNA under a global topological constraint. Taken
together, a thorough understanding of DNA-ligand interactions is possible
through the combination of theoretical modelling and several complementary
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experimental techniques. The approach presented in the following should also
be applicable to other DNA binders and provide reliable and unbiased detection
and quantification of the different topological states of DNA. In addition, the
results provide a basis for the quantitative study of complex in vivo processes.
DNA topology plays a critical role for DNA interactions, which has important
implications for the regulation of genomic information and needs to be taken
into account in biochemical and biophysical assays.
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6.3.1 Abstract

DNA stores our genetic information and is ubiquitous in biological and biotech-
nological applications, where it interacts with binding partners ranging from
small molecules to large macromolecular complexes. Binding is modulated by
mechanical strains in the molecule and, in turn, can change the local DNA
structure. Frequently, DNA occurs in closed topological forms where topology
and supercoiling add a global constraint to the interplay of binding-induced
deformations and strain-modulated binding. Here, we present a quantitative
model of how the global constraints introduced by DNA topology modulate
binding and create a complex interplay between topology and affinity. We focus
on fluorescent intercalators, which unwind DNA and enable direct quantifica-
tion via fluorescence detection. Using bulk measurements, we show that DNA
supercoiling can increase or decrease intercalation relative to an open topology
depending on ligand concentration and the initial topology. Our model quan-
titatively accounts for observations obtained using psoralen for UV-induced
DNA crosslinking, which is frequently used to quantify supercoiling in vivo.
Finally, we observe topology-dependent binding in a single-molecule assay,
which provides direct access to binding kinetics and DNA supercoil dynamics.
Our results have broad implications for the detection and quantification of
DNA and for the modulation of DNA binding in cellular contexts.

6.3.2 Introduction

DNA is the carrier of genetic information in all cellular life. In vivo, dsDNA is
often present in circular and, therefore, topological closed form. In particular,
bacterial chromosomes and plasmids are circular DNA molecules, whose topol-
ogy is tightly regulated in vivo [251-254]. In eukaryotes, DNA topology and
supercoiling similarly play important roles in the context of a chromatinized
genome, e. g., in the compaction and regulation of genetic information [255-259].

Both in its biological role and in many biotechnological applications, DNA
interacts with a broad range of ligands, i.e., binding partners that range from
small molecules to large proteins complexes. In particular, the detection and
quantification of DNA often rely on staining with fluorescent small molecules
that frequently bind in an intercalative binding mode [106, 117, 157, 164, 260,
261]. Ligand binding to DNA can, in general, locally alter the DNA structure
and introduce strains away from the equilibrium B-form DNA conformation
[262-266]. In turn, stretching forces and torsional strains have been shown
to systematically affect binding equilibria [116, 171, 178, 267, 268]. Having a
defined DNA topology, €. g., in a plasmid or other topological domains, imposes
a global constraint on the interplay between strain-dependent binding and
binding-induced conformational changes. However, it is not well understood
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how this interplay affects binding in a typical experimental setting and how to
quantitatively model binding equilibria under a global topological constraint.

Here we investigate DN A-ligand binding under a global topological constraint.
We first develop a model of ligand binding to topologically closed DNA, which
takes into account the conformational changes induced by the ligand, the
influence of strains on binding equilibria, a physical model of plasmid mechanics,
and the global constraint introduced by having a defined linking number due
to the defined topology. We then experimentally probe interactions between
small molecule intercalators and DNA of different, defined topologies. We focus
on commonly used intercalators that are well-characterized by previous studies:
Ethidium bromide (EtBr), SYBR Gold, and SYTOX Orange (Figure 47). EtBr
is a very widely used stain for DNA visualization in gels and other applications
[116, 164, 168, 171, 178, 189, 192, 269, 270]. SYBR Gold is a more recently
developed DNA stain, which has very high quantum efficiency and brightness
[157-160]. SYTOX Orange is frequently used to stain and supercoil DNA in
single-molecule experiments [160, 181, 271-273]. Finally, we extend our analysis
to the intercalator 4,5’,8-trimethylpsoralen (TMP; also known as trioxsalen)
that is used as a photo-crosslinking agent, both for phototherapy [274] and to
detect supercoiling and chromatin structure in vivo [275-279].

We first perform experiments in bulk using topologically constrained plasmid
DNA, i.e., circular DNA with both strands fully intact (referred to as the
supercoiled species, "sc"; Figure 41A) and, for comparison, topologically open
DNA that has been either nicked (open circular DNA, "oc"; Figure 41B) or
linearized (linear DNA, "lin"; Figure 41C). Additionally, we use fluorescence
detection to quantify the amount of binding, and demonstrate that intercalative
binding to DNA is topology dependent, in quantitative agreement with our
model. We then apply our model to a single-molecule DNA assay [271, 273],
where DNA is supercoiled in situ by intercalation. We monitor the fluorescence
change upon nicking of the DNA molecule, which induces an abrupt transition
from a closed to an open topology, and we find excellent agreement with our
model. The single-molecule assay enables us to observe the re-adjustment of
the binding equilibrium upon change in topology in real time, which enables
us to probe the dynamics of the process.

Our findings have direct practical applications since gel-based assays for the
discrimination and detection of topoisomers are widely used to study the
properties of circular DNA and of various enzymes that alter DNA topology,
including topoisomerases, gyrase, reverse gyrase, and recombinases[280-282].
An unbiased quantification of the different topoisomers using fluorescence
staining, which is increasingly used to replace radiolabelling due to the hazards
associated with handling, storing, and disposing of radioactive materials, must
take into account the observed topology dependencies. Using our findings, we
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provide practical guidelines for unbiased detection of different topoisomers and
discuss consequences of topology-dependent binding more broadly.

6.3.3 Results

6.3.3.1 Model for ligand binding under topological constraint

Here we develop a model for ligand binding to plasmid (or otherwise topolog-
ically closed) DNA, where the topology imposes a global constraint (Figure
41D-F). Binding to plasmid DNA is different from a standard bimolecular
binding equilibrium for several reasons that we take into account in our model.
First, the linear structure of DNA imposes local constraints for ligand binding,
if bound ligands occupy a binding size of n bases (Figure 41D). Binding of
ligands with binding site size n can be modeled using the McGhee-von Hippel
model [105, 116] in cases where the DNA concentration is much lower than
the ligand concentration, such that the free and total ligand concentrations
are approximately equal. For bulk measurements, however, the concentration
of DNA bases can be similar to or even larger than the ligand concentration
and needs to be considered. Therefore, we use an extension of the McGhee-von
Hippel model that explicitly takes into account both the ligand (cgptq;) and
DNA (cpna) concentration that was derived in Ref. [157]. The fractional
binding + is given by

(1 —n- Chound \n

_ Cbound __ Ctotal — Cbound Ctotal
- - ’ Cbound | Chound \mn—1 (63)
CDNA Kq (1 —n. Jhound 4 Zbound)

Here cpound is the bound ligand concentration, cfre. is the free ligand con-
centration, Ciotal = Cfree + Chound the total ligand concentration, Ky is the
dissociation constant (in M), and n is the binding site size (in base pairs).
Typical values of the binding site size for intercalators are n & 2, corresponding
to binding every other base pair.

Intercalation affects the local geometry of the DNA helix, by locally unwinding
and lengthening the helix [116, 164, 171, 261, 284, 285] (Figure 41E). Here
we assume that each intercalation event locally lengthens the DNA by Az and
unwinds it by Af. Typical values for intercalators are in the range Az ~ 0.34
nm and Af = 15° - 30°. The fact that intercalation lengthens and unwinds the
DNA helix suggests, by Le Chatelier’s principle, that applying a stretching force
or unwinding torque, respectively will increase intercalative binding. Conversely,
overwinding the helix will hinder intercalation. We assume an Arrhenius-like
exponential dependence of the binding constant [160, 171, 192, 286] on applied

F.A9>-exp(—F.Az) (64)
kT kT

force F' and torque I':

Kq(F,T) = Kg,-exp (
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Figure 41: Overview of different topological conformations of plasmid DNA and

outline of the binding model under global constraint. A) Schematic
and an AFM height image of linear DNA. B) Schematic and an
AFM height image of open circular DNA i.e., of plasmid DNA that
is nicked at a single site. C) Schematic and an AFM height image of
a negatively supercoiled DNA plasmid. AFM images in panels A-C
are of pPBR322 plasmid DNA (4,361 bp; see Methods Section 6.3.8.1).
D) Schematic of the McGhee-von Hippel binding model for ligand
binding to DNA, whereby the binding site size modulates the binding
equilibrium. E) Illustration of how intercalation into DNA lengthens
and underwinds the B-form helix. Left: B-form DNA, rendered from
PDB entry 4C64 [283]. Right: DNA in the presence of an intercalator,
here daunomycin rendered from PDB entry 1D11 [252]. F) Schematic
of how the global constraint due to topology leads to increased
binding as long as the DNA is negatively supercoiled (left), but will
decrease binding when the DNA is positively supercoiled (right),
compared to the torsionally relaxed form (center). Intercalation,
in turn, locally underwinds the DNA and, therefore, leads to an
increase in Wr with increasing intercalation.
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Here K, is the dissociation constant for the relaxed molecule, i.e., in the
absence of forces or torques, kg Boltzmann’s constant and T the absolute
temperature. For plasmids in free solution, the force is zero (or at least small,
specifically F' < % ~ 10 pN) and the second exponential factor in Equation
64 can be neglected. Values for n, K4, Az, and Af for selected dyes are
summarized in Table 7.

Quantity  EtBr [116]  SYBR Gold SYTOX Or TMP [287, 288]*

[157] ange [160]*
Binding 1.9 1.6 3.0 2
site size n

Dissociation 7.7-10"SM 0.2-107°M 04-107°M 1074 M
const. Kg

Elongation  0.34 nm 0.34 nm 0.30 nm 0.34 nm
per dye Az

Untwisting ~ 27° 19.1° 19.1° 28°

per dye A6

Table 7: Parameters of selected intercalators used in this work. ©We used the
values from Ref. [160] in 100 mM NaCl, close to the ionic strength
used in this work. The value for Af is an estimate based on data for
SYBR Gold. *Ref. [287] only determined the dissociation constant
approximately. The binding site size and elongation per dye for TMP
were assumed to assume the average values for intercalators indicated
in the table.

For linear DNA or open circular DN A molecules, there is no torsional constraint,
and the torque will be zero in equilibrium; consequently, binding will simply be
determined by Equation 63. In contrast, for topologically closed plasmids, the
topology imposes a global constraint. For a closed plasmid, the linking number
Lk is a topological invariant and partitions into twist Tw and writhe Wr by
White’s theorem [95]:

Lk =Tw+ Wr (65)

Tw is a measure for the local winding of the helix and directly related to the
torsional strain in the molecule. Conversely, Wr corresponding the crossings of
the double helical axis and in a plasmid is related to the number of plectonemic
supercoils. We express the linking number balance relative to the torsionally
relaxed dsDNA, for which we define ALk = 0, and where ATw = Tw " Twg =
0, where T'wg is the natural twist of DNA, equal to the number of base pairs
divided by the helical turn (= 10.5 bp per turn for bare DNA), and AWr = Wr,
i. e.the torsionally relaxed conformation has Wr = 0.

Intercalation changes the intrinsic twist of the helix and, therefore, shifts
the linking number difference at which the molecule is torsionally relaxed by
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Npound - A0/360° where Npoyuna is the number of dye molecules bound. For a
given plasmid, the linking number difference relative to the torsionally relaxed
state is, therefore, given by

ALk = ALko + Npound - A0/360° (66)

where ALk is the linking number difference of the plasmid in the absence of
intercalation. In general, excess linking number will partition into twist and
writhe (Equation 65). For plasmids, it has been shown that the partitioning
is independent of the magnitude [94] and sign [235] of the linking difference
and is approximately 20% T'w and 80% Wr. We assume that this partitioning
between twist and writhe also holds in the presence of intercalators, such that

ATw =0.2- ALk (67)

where ALk is given by Equation 66. In order to compute the torsional strain
for a given initial linking difference ALkp and given number of intercalated
molecules Npoynd, we convert the excess twist (Equation 67) to torque by
taking into account the torsional stiffness of DNA:

Lo - ATw

where C' is the torsional stiffness of DNA in nm and Lo the contour length,
which in turn depends on the number of molecules bound as Lo = Lo o +
Npound - Az, where L¢ o is the contour length in the absence of intercalation,
=~ 0.34 nm per bp. The torsional stiffness of DNA has been measured using
single-molecule methods [116, 135, 289], is independent of ionic strength [136],
and reported values are in the range of C' &~ 100 nm [116, 290, 291]. However,
it is not well known whether or how C' is altered by intercalation. Previous
measurements using DNA in free solution using EtBr [270, 292, 293] have found
lower values of the torsional stiffness in the range C' ~ 50 nm, which we take
as a starting point for the EtBr data.

To determine the number of intercalated molecules per plasmid as a function
of total ligand concentration ctotq; and DNA concentration cpny 4 (typically
expressed as the base pair concentration), we numerically solve the coupled
Equations 63 to 68 using an iterative approach (Materials and Methods Section
6.3.8.8). The main output of the model is Nppyng- Assuming a linear relationship
between the number of intercalated molecules and the fluorescence intensity,
which we have previously found to hold for a large range of dye concentrations
[157], the observed fluorescence intensity I is given by

I'=a-cpna - Nyound (69)

where « is a proportionality factor that depends on the quantum efficiency of
the dye and the details of the experiments but is constant for a given intercalator
and instrumental set up.
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6.3.3.2 DNA topology modulates intercalation

Our model for intercalation into topologically closed DNA predicts that binding
can be increased or decreased by the global constraint, relatively to a torsion-
ally relaxed (or linearized) plasmid. Starting with a negatively supercoiled
plasmid, which is the form typically found in vivo, intercalation at low ligand
concentration is increased relatively to a topologically open DNA, due to the
negative torsional strain in the molecule (Figure 41F). As more and more
molecules intercalate, the negative linking difference is compensated until the
plasmid becomes torsionally relaxed, at which point binding to the topologically
closed and open forms is the same. Finally, as the intercalator concentration
is increased further, the closed plasmid becomes overwound, and the positive
torsional strain hinders further intercalation. Therefore, at high intercalator
concentration, our model predicts binding of fewer molecules to the closed
compared to the open plasmid (Figure 41F).

To experimentally test the prediction of our model, we used plasmid DNA in
both topologically constrained, negatively supercoiled form and in open circular
and linear topologies (Figure 41A-C; Materials and Methods Section 6.3.8). We
prepared mixtures with equal amounts of the three different DNA topologies to
facilitate direct comparison on a gel. We then separated the mixtures on a gel
(Figure 42A), imaged the gel, and quantified the band intensities to monitor
the amount of intercalation (Figure 49). While the open circle and linear
topologies exhibit similar intensities, the topologically constrained species in
comparison appears less bright on the gel for high EtBr concentrations (Figure
50A). In contrast, for the lowest EtBr concentration, the supercoiled species
exhibits a higher intensity than the other two species (Figure 50B). We use our
model to quantitatively account for the topology dependent intensities (Figure
42B,C). We find that for the experimental parameters used here, the number
of intercalated molecules per plasmid is approximately independent of DNA
concentration (Figure 42B). Consequently, the fluorescent intensity increases
with DNA concentration (Figure 42C).

At the lowest EtBr concentration (Figure 42C, black lines and symbols), more
molecules bind to the supercoiled species (Figure 42C, lines and symbols with
red highlighting) as compared to open circular and linear, while at the highest
concentration (Figure 42C, light brown lines and symbols) intercalation is
reduced for supercoiled compared to the other species. At the intermediate
EtBr concentration (Figure 42C, brown lines and symbols) the topologically
open and closed species bind EtBr similarly. The differences in binding between
the different topologies are a consequence of the negative torsional strain at
the lowest EtBr concentration and the positive strain for the highest concen-
tration (Figure 42D). Averaging over the different DNA concentrations, we can
quantitatively compare the relative enhancement or reduction of interaction
for the topologically closed species compared to the open circular and linear
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Figure 42: DNA topology dependent intercalation of ethidium bromide. A)
Agarose gel stained with EtBr at a final concentration of 0.5 pM.
Different DNA topologies are separated on the gel. L: DNA size
ladders (1 kb gene ruler, Thermo Scientific, 5 pL). Lanes 2-4 are
the stock solutions of negatively supercoiled DNA, linear DNA, and
open circular DNA| respectively. Lanes 5-11 are equimolar mixtures
of the three topologies, at different total DNA concentrations. B)
Predicted number of intercalated molecules Ny, pnq as function of
DNA concentration for pPBR322 DNA (4361 bp). Different colors
correspond to different EtBr concentrations: from dark to light 0.05,
0.5, and 5 pM. Thin lines are for topologically open DNA (linear and
open circular); thick lines with red highlights are for topologically
closed DNA (supercoiled, here with supercoiling density o = -5%,
corresponding to ALko = -20 turns). The number of molecules bound
is approximately independent of DNA concentration under the con-
ditions investigated, but clearly dependents on EtBr concentration
and DNA topology. C) Experimentally determined fluorescence in-
tensity for supercoiled DNA (circles with red highlight) and linear
DNA (squares) as a function EtBr and DNA concentration. Symbols
are the mean and std from at least two gels. Lines are predictions of
our binding model (same color code as in panel B), with the scale
factor a as the only fitting parameter (Equation 69). D) Predicted
torque in the plasmid from our model, same color code as in panel
B. E) Relative fluorescence intensity of a topologically closed DNA
relative to the topologically open constructs. Data points are ob-
tained by averaging the different DNA concentration at the same
EtBr condition. Triangles are experimental data from at least two
independent gels. Magenta symbols are the prediction of our model.
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species (Figure 42E) and find excellent agreement between our model and the
experimental data.

6.3.3.3 Topology dependent binding depends on initial topology and in-
tercalator affinity

Having demonstrated that DNA topology can significantly alter DNA binding,
we next use our quantitative model to explore how topology modulates interca-
lation. Starting with a negatively supercoiled plasmid (ALko < 0) intercalation
is increased at low intercalator concentrations and suppressed at high concen-
trations compared to an open topology (Figure 42E). A clear prediction of
our model is that if the DNA is initially torsionally relaxed (or even positively
supercoiled), intercalation should always be reduced for the closed topology
compared to an open topology. We test this prediction experimentally by again
preparing and separating DNA plasmids with different topologies, but now
using a sample where the plasmid has been relaxed by topoisomerase treatment
(Methods), such as that ALko ~ 0 (Figure 43A). As predicted, we find that
EtBr intercalation is reduced for the closed topology (Figure 43C and 51),
in excellent agreement with our model. More broadly, the relative effect of
DNA topology depends both in the initial linking number ALky and on the
intercalator concentration (Figure 43E).

Our model predicts that topology dependent binding is most pronounced at
ligand concentration below the Ky (Figure 43E, the Ky value is indicated
as a vertical line). At concentrations greater than the Ky, binding saturates
and the modulation by the torsional strain the in the topologically closed
plasmid is predicted to only lead to small or negligible changes in binding
compared to the torsionally relaxed forms. To test this prediction, we carried
out measurements using the intercalator SYBR Gold [157-159], which has a
much lower Ky (i. e.higher affinity) compared to EtBr (Table 7 and Figure
43B,D,F). Performing measurements with initially negatively supercoiled or
relaxed plasmids at different SYBR Gold concentrations around and above its
K4, we find that indeed the topologically closed and open constructs bind similar
amounts of SYBR Gold, in quantitative agreement with our model (Figure
43F). To show the broad range of applications, we used three different assays to
obtain fluorescence intensity data for SYBR Gold, namely gel electrophoresis,
a well plate reader, and a qPCR cycler (see Methods for details).

Importantly, the almost topology-independent binding of DNA intercalators
above their Ky is advantageous for assays that aim to quantitatively compare
different DNA topologies, e.g., to monitor the products of integration or
topoisomerization reactions [280, 294-296]. In particular, for SYBR Gold DNA
staining is essentially unbiased by topology for dye concentrations in the range
of 1 - 2 pM, which is the concentration range that we previously identified as
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Figure 43:

Molecular structure of the intercalator ethidium bromide; taken
from Ref. [116]. B) Molecular structure of the intercalator SYBR
Gold; taken from Ref. [157]. C) Agarose gel with linear ("lin") and
topologically closed but initially torsionally relaxed DNA ("rel"),
stained with EtBr at a final concentration of 0.5 pM. The linear
DNA travels as a single band, while the relaxed DNA exhibits
a topoisomer distribution. Lanes 5-11 are equimolar mixtures of
the linear DNA and relaxed DNA. D) Agarose gel with equimolar
mixtures of open circular DNA | linear DNA, and supercoiled DNA,
stained with SYBR Gold at a final concentration of 0.6 pM. E)
Relative binding to topologically closed DNA with different levels of
initial supercoiling compared to topologically open constructs as a
function of EtBr concentration. Colored lines are the predictions of
our model. The vertical grey line indicates the Ky of EtBr. Symbols
are the data from Figure 42E; further analysis is shown in Figure 51.
F) Same as in panel E for SYBR Gold. The data shown are from
three different experimental modalities: fluorescent readout using a
96-well platereader, a qPCR cycler, and gel electrophoresis. Due to
the much lower K; for SYBR Gold compared to EtBr, the binding
is almost independent of topology for the SYBR Gold conditions
investigated.
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optimal for achieving a linear relationship between the fluorescence signal and
the amount of DNA present [157].

6.3.3.4 Psoralen-based DNA crosslinking to quantify DNA supercoiling

Intercalators of the psoralen family can crosslink DNA upon irradiation with
UV light (Figure 44A). They have been widely used in phototherapy [274]
and to detect chromatin structure and the degree of DNA supercoiling in vivo
[275-279]. Often it is assumed that the amount of DNA crosslinking varies
linearly with the supercoiling density o [217, 275]. Our model for intercalation
under the global constraint induced by topology accurately captures the relative
binding of the psoralen compound TMP to supercoiled DNA vs. nicked DNA,
determined from a radioactivity assay using 3H-labeled TMP [279] (Figure
44B). Similarly, our model correctly predicts the degree of crosslinking induced
by TMP for different supercoiling densities [275](Figure 44C and Figure 52A).

Importantly, the crosslinking conditions are chosen such that at most one
crosslinking event per plasmid is induced, which means that only a small fraction
of the intercalated TMP molecules reacts. For example, under the conditions
of the data in Figure 44C, there are > 10 TMP molecules bound (Figure 52B),
but < 1 on average react. However, the fact that the crosslinking signal is well
approximated by our binding model using a proportionality constant analogous

to Equation 69, suggests that crosslinking is directly proportional to binding.

While TMP binding is at least approximately linear with supercoiling density in
the range investigated in Figure 44B and C, we note that a linear relationship
is only an approximation to the intrinsic exponential dependence on torque and
its validity is limited to relatively small supercoiling densities (Figure 44D).

6.3.3.5 Single-molecule assay monitors topology dependent binding in

real time

To explore consequences of topology dependent binding at the single-molecule
level, we investigated ligand binding to DNA under a topological constraint
via single-molecule fluorescence imaging. In our assay, we attached DNA via
multiple biotin-streptavidin bonds at each end to a surface (Figure 45A),
ensuring that the molecule is topologically constrained. Adding the intercalator
SYTOX Orange enables us both to induce supercoiling in the DNA and to
visualize the molecules using fluorescence imaging [271, 273]. To systematically
study the effect of topology, we performed two different types of experiments
(Materials and Methods Section 6.3.8). In the first case, we prepared negatively
supercoiled DNA by first staining with the intercalative dye SYTOX Orange
at a high concentration (250 nM), then attaching the DNA to the surface to
topologically constrain it, and subsequently imaging at a lower concentration
(50 nM). Following the reduction of SYTOX Orange concentration, plectonemic
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Figure 44: Topology-dependent DNA crosslinking by trimethylpsoralen. A)

4,5’,8-trimethylpsoralen (TMP) intercalates into DNA and causes
DNA crosslinking upon UV irradiation. DNA supercoiling-dependent
crosslinking is widely used to probe DNA supercoiling and chro-
matin conformations in vivo. B) Binding of TMP to supercoiled
DNA plasmids with different initial supercoiling densities relative to
open circular DNA. Experimental binding data are from Ref. [279]
and were determined using the radioactivity of 3H-labeled TMP. C)
Binding of TMP to supercoiled DNA plasmids. Experimental data
are from Ref. [275] and were obtained by quantifying the amount
of DNA crosslinking after irradiation. Experimental data are nor-
malized to the data point at zero supercoiling density. The model
in panels B and C uses the parameters in Table 7 and quantified
binding to supercoiled relative to topologically open DNA. D) De-
pendence of the torque-dependent association constant (the inverse
of the dissociation constant) on supercoiling density using Equations
64 - 68 (red solid line). The black dashed line shows the lineariza-
tion of Equation 64, i.e., the approximation exp(—z) &~ 1 — z with
c=T-A0/kpT
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supercoils are clearly visible as bright spots that diffuse along the length of the
DNA molecules (Figure 45B,C and Supplementary Movie S1).

During continuous observation and laser exposure, DNA molecule will nick,
likely due to radicals generated by photochemical processes [297, 298], which is
usually an undesirable feature. However, here we use nicking upon illumination
to our advantage since it enables us to observe both the supercoiled (closed)
and later the nicked (open) topology of the same DNA molecule. Upon nicking,
the fluorescence intensity suddenly decreases significantly (Figure 45D) and
the bright spots indicative of plectonemic supercoils disappear (Figure 45B,C
and Supplementary Movie S1). This is in line with our previous observations:
The negative supercoiling helps intercalation, consequently, once the molecule
nicks, less SYTOX Orange binds and the fluorescence intensity decreases.

For the second type of experiment, we prepared positively supercoiled DNA
by attaching the DNA to the surface in the presence of a low SYTOX Orange
concentration (25 nM; Figure 45E). We then increased the dye concentration
(to 250 nM), but since positive supercoiling hinders intercalative binding to
the DNA, the fluorescence intensity stays relatively low. Again, plectonemic
supercoils appear as bright spots that diffusive along the DNA molecule (Figure
45F,G and Supplementary Movie S2). After the positively supercoiled molecule

is nicked, we observe that the fluorescence intensity increases (Figure 45H).

Importantly, our assay enables us to quantify the change in fluorescence intensity
upon changes in topology by integrating the intensity over the entire molecule,
before and after nicking (Figure 45D and H). We find a decrease in fluorescence
intensity upon nicking for initially negatively supercoiled DNA of 1.35 + 0.18
(mean =+ std; ratio supercoiled/nicked) and an increase in fluorescence intensity
upon nicking for initially positively supercoiled DNA of 0.75 + 0.09 (mean +
std; ratio supercoiled/nicked) (Figure 45I).

To quantitatively model the changes in fluorescence upon nicking observed in
situ, we used our model with the parameters reported by Biebricher et al. [160]
for the binding site size n, elongation per dye Az, and binding constant K taken
in 100 mM NaCl, which approximately corresponds to the ionic strength in our
experiments (40 mM Tris-HCI, 2.5 mM MgCls, 656 mM KCl). The unwinding
angle per intercalation event Af is not known for SYTOX Orange; we assume
AQ = 19.1°, which is the value for SYBR Gold [157] since the dyes are relatively
similar dyes and also generally values in the range of about 20° are typical
(116, 157, 186].

Importantly, the model is applied here in two stages: We first compute the
supercoiling density, relatively to relaxed, bare DNA and in the absence of
intercalator, induced by attaching the DNA in the presence of 25 and 250 nM
SYTOX Orange, which are o = 2.7% and o = 9.7%, respectively. We then
compute binding to DNA and re-adjustment of the supercoiling level at the new
SYTOX Orange concentrations used for imaging (250 and 50 nM, for which we
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Figure 45: Single-molecule fluorescence assay to quantify topology dependent

binding. A)-D): Negatively supercoiled DNA. A) Schematic represen-
tation of the experimental set up of the single-molecule fluorescence
experiments. The SYTOX Orange-stained DNA is tethered at both
its ends via multiple biotin-streptavidin bonds to the surface. Top:
negatively supercoiled DNA; bottom: nicked DNA. B) Fluorescence
image snapshots at 40.6 s when the DNA is still negatively super-
coiled and at 76 s after the DNA was nicked. C) Kymograph of
SYTOX Orange-stained DNA. When the DNA is nicked, the inten-
sity decreases abruptly. D) Integrated fluorescence intensity of the
kymograph shown in panel C. The dotted orange line is a fit of a
two-state hidden Markov model to the data [299]. E)-H): Positively
supercoiled DNA. E) Schematic representation of the experimental
lineup as in panel A only now the DNA is positively supercoiled
before the nicking. F) Fluorescence image snapshots at 19 s when
the DNA is still positively supercoiled and at 82 s after the DNA
was nicked. G) Kymograph of SYTOX Orange-stained DNA. When
the DNA is nicked, the intensity increases abruptly. H) Fluorescence
intensity of the kymograph shown in panel G. The dotted orange line
is a fit (same as panel D) to the data. I) Intensity ratios before and
after nicking for originally negatively supercoiled DNA (blue) and
for for originally positively supercoiled DNA (turquoise). Averaging
gives 1.35 + 0.18 (N= 51, mean = std; ratio sc/nicked) for originally
negatively supercoiled DNA and 0.75 £+ 0.09 (N= 51, mean =+ std;
ratio supercoiled/nicked) for originally positively supercoiled DNA.
J) Comparison of the experimental intensity ratio to the value from
theoretical modelling for for originally negatively supercoiled DNA.
N= 51, K) Comparison of the experimental intensity ratio to the
value from theoretical modelling for for originally positively super-
coiled DNA. N= 51.
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find 0 = 4+5.2% and 0 = -3.9%), using the levels of supercoiling obtained in the
first step as an input. For comparison, we compute binding to topologically open
DNA, which enables us to calculate the changes in fluorescence upon nicking
(Figure 45J,K). Here, we observe an excellent agreement between the predictions
of our computed model and the experimentally observed changes in fluorescence
intensity upon torsional relaxation in our single molecule experiments (Figure
45J,K).

6.3.3.6 High-speed fluorescence tracking reveals binding dynamics

To quantitatively study the dynamics of intercalation into DNA under topo-
logical constraint, we performed single-molecule fluorescence imaging at a 20
ms frame rate (Figure 46), ten times faster than the data shown in Figure 45.
By fitting a simple kinetic model to the fluorescence intensity traces (Figure
46A,B and E,F) at the transition between supercoiled and nicked DNA, we are
able to determine the on- and off-rate of SYTOX Orange. Our kinetic model

for the total fluorescence intensity of the initially supercoiled molecules, reads
as follows:

I(t) = Linitiar | t<to
&
= Linitial + (Ifinal — linitiat) - (1 —exp(=k - (t —t0))) | t>to (70)

Where the initial intensity I;pn;¢iq1, the final intensity I¢;nq1, the rate k, and
the time at which the intensity begins to change to are fitting parameters.

For the DNA molecules that are negatively supercoiled prior to nicking, we
find a reduction in fluorescence intensity with overall rate k = (2.16 £ 0.38)
s~! (mean 4 sem from 32 traces; Figure 46D), which is close to the off-rate
extrapolated to zero force reported by Biebricher et al. of (3.2 & 0.8) s~ using
a single-molecule stretching assay [160]. Conversely, starting with positively
supercoiled DNA prior to nicking, we find an increase in intensity with an
overall rate k = (1.92 £ 0.26) s~ (mean 4 sem from 22 traces; Figure 46H).

Assuming that this increase is due to binding with a simple bimolecular as-
sociation rate, we find an on-rate of (7.68 & 1.3) - 106 M—1s~1 (since the
SYTOX Orange concentration is constant at 250 nM in this case), again in
excellent agreement to the on-rate reported by Biebricher et al. of (7.9 +
2.6) - 106 M~'s~1. The very good agreement of our fitted overall rates with
previously published on- and off-rates for SYTOX Orange suggests that binding
and dissociation of the dyes and not the relaxation of torsional strain is rate
limiting for the observed changes in fluorescence intensity. This is consistent
with estimates from simulations that suggest that relaxation of torsional strain
in DNA occurs on ~ ps time scales for ~ kbp DNA segments [300].
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Figure 46: Probing the interplay of dye and supercoil dynamics. A)-D): Nega-

tively supercoiled DNA. A) Kymograph of SYTOX Orange-stained
DNA. When the DNA is nicked, the intensity decreases abruptly. B)
Integrated fluorescence intensity of the kymograph shown in panel
A. The dotted orange line is a fit of the model shown in Equation
70 to the data. C) Fluorescence image snapshots at 7.2 s when the
DNA is still negatively supercoiled, at 8.2 s when the nick occurs,
and at 9.2 s after the DNA was nicked. Time points are indicated
by matching numbers in panel B. D) Experimentally determined
rates k for fluorescence decrease from the fits of Equation 70 to
time traces from N = 32 independent measurements. The mean +
sem are (2.16 £ 0.38) 1/s. E)-H): Positively supercoiled DNA. E)
Kymograph of SYTOX Orange-stained DNA. When the DNA is
nicked, the intensity increases abruptly. F) Integrated fluorescence
intensity of the kymograph shown in panel E. The dotted orange line
is a fit of Equation 70 to the data. G) Fluorescence image snapshots
at 6.7 s when the DNA is still positively supercoiled, at 7.7 s when
the nick occurs, and at 8.7 s after the DNA was nicked. Time points
are indicated by matching numbers in panel F. H) Experimentally
determined rates k for the increase in fluorescence after nicking from

N = 22 independent measurements. The mean + sem are (1.92 +
0.26) 1/s.
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The disappearance of the fluorescent spots (Figure 46C and G) allows us
to estimate the dynamics of the writhe relaxation upon nicking, i.e., the
time scale over which the plectonemic supercoils are resolved. We observe
the disappearance of fluorescent spots over at least 3 - 4 frames (Figure 53),
suggesting that writhe relaxation occurs over > 80 ms in our assay. The
observed time scale for plectoneme disappearance is very similar to the lifetime
of plectonemes before "hopping" events that have previously been detected
by fluorescence imaging [242], suggesting that writhe relaxation occurs via
"hopping" relaxation to a nick. Conversely, our measurements suggest that
writhe relaxation does not occur predominantly by diffusion of plectonemes
along the DNA to the nicking site, which would take on the order of 7 ~ L2/D
> 3 s, where L is the length over which diffusion occurs (L > 1 pm) and D
the diffusion coefficient, which is < 0.3 pm2/s [242].

6.3.4 Discussion

We have developed a quantitative model to describe DNA binding under
topological constraints. Intriguingly, a global topological constraint can increase
or decrease binding, depending on the concentration and binding regimes. This
is an important difference to applied stretching forces, which similarly can
modulate binding in an Arrhenius-like exponential dependence [171, 267], but
will bias binding in only one direction.

Using our model, we are able to elucidate the complex interplay between
topology and ligand affinity. Using the well-characterized and widely used
intercalators, SYBR Gold and ethidium bromide, we could show that topology-
dependent binding depends on initial topology and intercalator affinity. In
particular, we demonstrated that binding of DNA intercalators above their Ky
is almost topology independent. With this, we can provide recommendations
for optimal use of intercalative dyes to visualize DNA under a topological
constraint: To avoid biases due to torque-dependent binding, a dye with a low
K4 should be used, ideally at concentrations well above the K. Specifically,
SYBR Gold at a concentration of 1-2 nM satisfies this criterion. Importantly,
SYBR Gold at 1-2 pM concentration is also the optimal concentration range
to obtain a high signal as well as a linear relation between DNA amount and
fluorescence intensity [157]. In general, the choice of intercalator type and
concentration range is crucial for reliably topology-unbiased DNA staining and
quantification.

Moreover, our model can quantitatively account for observations made with
the widely-used intercalator psoralen for UV-induced DNA crosslinking. Im-
portantly, in applications where intercalation is used to detect supercoiling,
a dye with a high Ky (i.e.low affinity) and large unwinding angle is desir-
able. Finally, we extend our model to quantitatively account for observations
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in single-molecule fluorescence measurements. This allows us to draw direct
conclusions about the binding and dynamics of the DNA supercoiling.

Taken together, our work shows how combining theoretical modeling and mul-
tiple complementary experimental techniques can provide a highly quantitative
and comprehensive view of DNA-ligand interactions under a global topological
constraint. We anticipate our approach to be broadly applicable to other DNA
binding agents and allow for reliable and unbiased detection and quantification
of different topological states of DNA. In addition, the interplay of DNA bind-
ing and topology has important implications for the processing and regulation
of genetic information in vivo. In the cell, DNA forms topological domains and
e. g.advancing polymerases introduce torsional strains of different handedness
[251, 252, 301-304]. Together, these factors are expected to modulate binding
to DNA, e. g.by nucleosomes and transcription factors, also in a cellular con-
text. Our results provide a baseline to quantitatively investigate these complex
processes in the future.
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6.3.8 Materials and Methods

6.3.8.1 Plasmid DNA preparation

We used the plasmid pBR322 (NEB) as the DNA substrate for bulk measure-
ments of intercalation. We prepared different topological states of the DNA by
cutting (i. e.introducing a double-strand break) or nicking (i.e.a DNA single-
strand break) the original supercoiled DNA to obtain linear DNA and open
circular DNA| respectively. Reactions were performed in NEBuffer 3.1 (NEB)
using the enzymes EcoRV (NEB; incubation temperature 37 °C) to prepare
linear DNA and Nt.BspQI (NEB; incubation temperature 50 °C) to create open
circular DNA. The reactions were stopped after one hour by heat inactivation
at 80 °C for 20 minutes. The products were purified with a PCR clean-up
kit (Qiagen). The concentrations were determined using a nanodrop UV /Vis
photospectrometer (ThermoFisher Scientific). To every 100 pL reaction volume,
we added 20 pL Gel Loading Dye Purple (6x) (NEB, catalogue number B7024S)
prior to running the gel. For the plate reader and qPCR cycler experiments,
no gel loading dye was added.

6.3.8.2 DNA dilution series

For the DNA dilution series, the different topologies were combined to an
equimolar mixture and diluted with TAE buffer (40 mM Tris, 20 mM acetic
acid, and 1 mM EDTA, pH 8.6) and gel loading dye in form of a serial dilution
to obtain 7 different DNA concentrations (Table 8). For the experiments
using relaxed DNA, the plasmid pBR322 was relaxed using Wheat Germ
Topoisomerase I (Inspiralis). For a total volume of 100 pL, 16.2 pL assay buffer
(50 mM Tris HCIL, 1 mM EDTA, 1 mM DTT, 20% (v/v) glycerol, 50 mM NaCl,
pH 7.9), 82.12 nL. RNase-free water, 2.16 pL topoisomerase I, 0.52 pL. pBR322
(¢ = 1000 ng/pL) were combined in a reaction tube and incubated for 1 h at 37
°C. For the DNA dilution series, only the linear and the relaxed topologies were
combined to an equimolar mixture and diluted with Tris-acetate-EDTA (TAE)
buffer and gel loading dye in form of a serial dilution to obtain 7 different DNA
concentrations (Table 8).

6.3.8.3 AFM imaging of DNA plasmids

AFM imaging of plasmid DNA was performed as described previously [305—
307]. In brief, for the AFM imaging, we deposited 20 pL of DNA at different
topological states in TE buffer at a final concentration of 1 ng/pL on freshly
cleaved poly-L-lysine (Sigma Aldrich, diluted to 0.01% in milliQ water; PLL)-
coated muscovite mica. The sample was incubated 30 s before washing with 20
mL MilliQ water and drying with a gentle stream of filtered argon gas. After
drying, the AFM images were recorded in tapping mode at room temperature
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using a Nanowizard Ultraspeed 2 (JPK, Berlin, Germany) AFM with silicon tips
(FASTSCAN-A, drive frequency 1400 kHz, tip radius 5 nm, Bruker, Billerica,
Massachusetts, USA). Images were scanned over different fields of view with a
scanning speed of 5 Hz. The free amplitude was set to 10 nm. The amplitude
setpoint was set to 80% of the free amplitude and adjusted to maintain a good
image resolution. AFM image post-processing was performed in the software
SPIP (v.6.4, Image Metrology, Hgrsholm, Denmark) to flatten and line-wise
correct the images (Figure 48).

6.3.8.4 Gel electrophoresis

For gel electrophoresis we used 1%-broad-range-agarose (Carl Roth) gels and
TAE buffer. We used the 1 kb gene ruler (Thermo Scientific; 5 pL) as a size
standard. The gels were run for 120 min at 75 V at 4 °C. Subsequently, the
gel were removed from the gel box and placed for 20 minutes in 100 mL of
0.5 pM (1:100000 dilution of the stock), 5 pM (1:10000 dilution of the stock),
or 50 pLM (1:1000 dilution of the stock) EtBr in TAE buffer, respectively,
for staining. Subsequently, the gel was de-stained in TAE buffer for 15 min.
The gels were visualized using a Gel Doc XR+ system (Biorad). Since the
dye concentration used in staining is reduced by the agarose gel matrix and
the de-staining step, we used a staining correction factor of 0.1 as determined
previously [157], which we use to correct all gel data.

6.3.8.5 (el electrophoresis image analysis

We saved the images from the Gel Doc system in scn format to allow for
quantitative fluorescence intensity analysis. The software SPIP (v.6.4, Image
Metrology, Hgrsholm, Denmark) was used to remove spikes from the image
(without changing the intensity of the bands) and to generate average intensity
profiles along each lane of the gel. In a next step, we used Origin (OriginLab,
Northampton, Massachusetts, USA) to flatten the background of the profiles
and to convert the peaks into fractions of supercoiled, open-circular, linear,
and/or relaxed DNA respectively, by calculating the area under the lane profiles
(Figure 49).

6.3.8.6 Bulk fluorescence experiments

For the SYBR Gold bulk fluorescence measurements, we used a well plate reader
(Tecan Infinite M1000 PRO; well plates: corning black polystyrene 384 well
microplate with a flat bottom, Sigma-Aldrich, catalogue number: CLS3821) and
a qPCR cycler (CFX96 Touch Real-Time PCR Detection System, BioRad). In
the well-plate reader, the DNA mix including various SYBR Gold concentrations
was filled in the wells and the fluorescence was read out from the bottom of
the wells. The excitation and emission bandwidths were set to 5 nm, the gain
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to 100, the flash frequency to 400 Hz, and the integration time to 20 s. We
chose the excitation and emission wavelengths - according to the excitation
and emission maxima for SYBR Gold provided by Invitrogen - to be 495 nm
and 537 nm.

In the fluorescence bulk experiments using a qPCR cycler, the DNA was filled
into low-profile PCR tubes (Bio Rad, Nucleic Acids Research, 2021 5, product
ID: TLS-0851), closed with flat, optical, ultra-clear caps (Bio Rad, product ID:
TCS-0803) since the fluorescence was read out from the top of the tubes (at 24
°C). As read-out channels, channels with absorption and emission wavelengths
of 494 and 518 nm, respectively, were chosen because these were the closest
match to those of SYBR Gold.

6.3.8.7 Single-molecule fluorescence experiments

supercoiled DNA were prepared and imaged at the single-molecule level es-
sentially as described previously [271, 273]. Experiments were performed in
custom-made flow cells built by connecting a surface-passivated glass slide and
a glass coverslip using double-sided tape [271]. The surface of the glass slides
was prepared as previously described [308] with slight modifications. In brief,
after extensive cleaning, the surface was silanized using APTES (10% v/v)
and acetic acid (5% v/v) methanol solution. The surface was passivated with
NHS-ester PEG (5,000 Da) and biotinylated NHS-ester PEG (5,000 Da) in
relation 40:1. The biotinylated NHS-ester PEG allowed us to tether the DNA
molecules to the surface via biotin-streptavidin interactions (Figure 45A).

The DNA used for intercalation with SYTOX Orange was prepared as described
in Ref. [309] with the exception of introducing multiple-biotin handles at the
DNA ends to allow the torsional constrain on the DNA rotation. To introduce
multiple biotins on the DNA handles we performed a PCR on pBluescript
SK+ (Stratagene) with GoTaq G2 DNA polymerase (Promega, M7845), in the
presence of biotin-16-dUTP (Jena Bioscience, NU-803-BIO16-L) and dTTP
(Thermo Fisher Scientific, 10520651) in molar ratio of 1:4, respectively. The
PCR was done using primers: accgagatagggttgagtg and cagggtcggaacaggagagc,
resulting in a 1,238 bp DNA fragment that contained multiple biotins randomly
incorporated due to the presence of biotin-16-dUTP modified nucleotides. The
PCR products were cleaned up using a standard purification kit (Promega,
A9282) and we digested both the biotin handle and large 42 kb DNA plasmid
with Spel-HF (New England Biolabs, R3133L) for 2 h at 37 °C. The reaction
was stopped by subsequent heat-inactivation for 20 min at 80 °C. This resulted
in linear 42 kbp DNA and ~ 600-bp biotin handles. The digested products were
mixed, using a 10:1 molar excess of the biotin handle to linear plasmid. We
then added T4 DNA ligase (New England Biolabs, M0202L) in the presence of
1 mM ATP overnight at 16 °C and subsequently heat-inactivated for 20 min
at 65 °C. The resulting coilable 42 kbp DNA construct was cleaned up by size
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exclusion chromatography on an AKTA pure system, with a homemade gel
filtration column containing approximately 46 mL of Sephacryl S-1000 SF gel
filtration media (Cytiva), run with TE + 150 mM NaCl buffer. The sample
was run at 0.2 mL min—?!, and we collected 0.5 mL fractions.

For immobilization of this 42 kbp biotinylated-DNA, we introduced 100 pL of
~ 0.5 pM DNA molecules at a flow rate of 4.2 nL/min in imaging buffer with no
oxygen scavenging system components (40 mM Tris-HCI, 2 mM Trolox, 2.5 mM
MgC12, 65 mM KCl). The buffer during the DNA immobilization step contained
either a low SYTOX Orange concentration (25 nM; to allow introducing positive
supercoiling in a later step, see below), or high concentration of SYTOX Orange
(250 nM; to allow introducing negative supercoiling in a later step, see below)
during initial immobilization.

Immediately after the introduction of DNA molecules into the flow cell, we
further flowed 100 pL of the same buffer without the DNA at the same flow rate
to ensure stretching and tethering of the other end of the DNA to the surface
(which introduces the topological constraint) as well as to remove unbound DNA
molecules. To introduce plectonemic supercoils into the bound DNA molecules
that are torsionally constrained, we change the SYTOX Orange concentration
by introducing imaging buffer with the same salt concentration but with varying
SYTOX Orange concentration and an oxygen scavenging system for imaging (40
mM Tris-HCI, 2 mM Trolox, 2.5 mM MgCls, 65 mM KCI, 2.5 mM protocatechuic
acid (PCA), 50 nM protocatechuate-3,4-dioxygenase (PCD)) [310]. For positive
supercoiling we increased the concentration from 25 nM during immobilization
to 250 nM SYTOX Orange, while for the negative supercoiling we reduced the
concentration from the initial binding at 250 nM to a final concentration of 50
nM for imaging. In both cases we checked for a visible presence of supercoiling
on the DNA by moving foci appearing along the DNA molecules (Figure
45, Supplementary Movies S1 and S2). Thus, supercoiling was introduced by
differential SYTOX Orange concentrations between the DNA-binding step
(where torsional constraint is ensured via multiple biotin molecules) and the
imaging step where SYTOX Orange concentration is increased or reduced in
order to generate positive or negative supercoils, respectively.

For fluorescence imaging, we used a home-built objective-TIRF microscope.
We employed continuous excitation with a 561 nm (15-20 mW) laser in Highly
Inclined and Laminated Optical sheet (HiLo) microscopy mode, to image
SYTOX Orange-stained DNA as well as to introduce DNA nicking. All images
were acquired with an PrimeBSI sCMOS camera at an exposure time of 20-200
ms, depending on the experiment, with a 60x oil immersion, 1.49 NA CFI
APO TIRF (Nikon). For DNA visualization, and kymograph generation, we
used a custom written python software published in Ref. [311].
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6.3.8.8 Numerical implementation of the binding model under topological

constraint

To model the effects of the global constraint imposed by DNA topology on
binding, we developed a model that takes into account changes in linking number
due to intercalation and, conversely, torque-dependent binding (see the Section
6.3.3.1 "Model for ligand binding under topological constraint" in Results). The
model comprises coupled Equations 63 to 68 that are solved iteratively using
a custom routine written in Matlab (Mathworks). Input parameters are the
temperature 7" and for the DNA the number of base pairs Vy,, the torsional
stiffness C, the initial linking difference ALko, and the DNA concentration
cDNA. Nyp, ALkg, and cDNA are typically known from how the DNA was
prepared and we used a value C' = 100 nm, unless otherwise noted [116, 290,
291]. For the single-molecule assay, the DNA concentration is poorly defined,
but low, much lower than the intercalator concentration used. In this case, we
used concentrations in the range of 1 - 100 pM - bp, which are much lower
than the intercalator concentration used, but high enough to ensure numerical
stability of the calculation. We found that the calculated results are insensitive
to the concentration used in this regime. Input parameters for the intercalator
are the binding site size n, the dissociation constant K, the length increase
per intercalator bound Az, the change in DNA helical twist per intercalator
bound A#, and the intercalator concentration cgotq;. Values for n, K4, Az, and
AB used in this work are provided in Table 7. The outputs of the model are the
number of intercalator molecules bound per DNA molecule, the torque in the
DNA, and the total fluorescence intensity expected, which contains an overall
scaling factor a defined in Equation 69. Our numerical implementation uses the
numerical solutions to the McGhee-von Hippel described previously [157, 312]

and a successive over-relaxation type approach [313] to speed up convergence.
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6.3.9 Supplementary Tables and Figures
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Equimolar TAE Gel DNA

DNA mix  buffer loading dye concentration
20 pL / / 0.9231 M - bp
15 nL 5 nL 1 uL 0.6585 uM - bp
10 puL 10uL 2L 0.4185 1M - bp
5 nL 15 L 3 uL 0.2000 pM - bp
2 nlL 20 pL. 4 pL 0.0708 uM - bp
1L 25 uL 5L 0.0298 1M - bp
0.5 nL 25uL. 5 uL 0.0151 pM - bp

Table 8: DNA dilution series for gel electrophoresis assays.
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Figure 47: Molecular structure of the three intercalators (A) SYBR Gold, (B)
Ethidium, (C) SYTOX Green. The SYBR Gold structure was taken
from Ref. [157], the Ethidium structure from Ref. [116]. Since the
structure of SYTOX Orange, the dye used for the single-molecule
fluorescence assay in this work, is unknown, we show the structure
of SYTOX Green (taken from Ref. [314]) here.
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Figure 48: DNA topology analysis and quality control via AFM imaging. A)
AFM height image of supercoiled pBR322 DNA at a concentration
of 1 ng/pL deposited on PLL mica after drying in air. The different
topologies are indicated with different colors, open circular DNA in
blue, linear DNA in red, and supercoiled DNA in yellow. Z-ranges
are indicated in nm by the scale bar on the right. B) Topology
analysis from AFM experiments of pBR322 DNA that was also
used as supercoiled DNA for gel experiments. From a total of 676

molecules, 95% are supercoiled, 3% open circular, and 2% linear.

Error bars are from counting statistics.
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Figure 49: Analysis of gel electrophoresis data. A) Agarose gel stained with

SYBR Gold at a final concentration of 0.315 pM. Different DNA
topologies are separated on the gel. L: DNA size ladders (1 kb gene
ruler, Thermo Scientific, 5 pL). Lanes 2 - 4 are the stock solutions of
the supercoiled, linear, and open circular DNA, respectively. Lanes 6
- 12 are equimolar mixtures of the three topologies, at different total
DNA concentrations. For quantitative analysis, individual lanes are
selected (as highlighted in red) to create intensity profiles. B) Line
profile of the area highlighted in red in panel A. Using the software
Origin, a baseline is set and the peaks corresponding to the three
topologies ("oc", "lin", "sc") are detected automatically. C) Same
data as in panel B, only baseline corrected. The area under the peaks
(which corresponds to the fluorescence intensity of the individual
topologies) is calculated and used to determine the intensity ratios
of the three topological states. Inset: integrated and normalized
intensities of the individual peaks shown in panel C.
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Figure 50: Agarose gel stained with EtBr at a final concentration of 5 pM

(A) and 0.05 pM (B), respectively. Different DNA topologies are
separated on the gel. Lanes 1-7 are equimolar mixtures of the three
topologies, at different total DNA concentrations.
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Figure 51: Topology dependent binding of EtBr. A) Experimentally determined

fluorescence intensity for topologically closed DNA (circles with
red highlight) and linear DNA (squares) as a function of DNA
concentration. Lines are predictions of our binding model (same
color code as in Figure 42), with the scale factor « as the only fitting
parameter (Equation 69). The EtBr concentration is 0.5 pM. B)
Relative fluorescence intensity of a topologically closed DNA with
ALky = 0 relative to the topologically open DNA. The experimental
data are the mean and std over different DNA concentration. C)
Predicted number of intercalated molecules Npoyung as function of
DNA concentration for pBR322 DNA (4361 bp) with ALky = 0.
Same color code as Figure 42. The number of molecules bound
depends only weakly on DNA concentration under the conditions
investigated but is clearly reduced for the closed DNA topology
compared to linear DNA. D) Predicted torque in the plasmid from
our model, same color code as in panel A,C.
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Figure 52: Model prediction for TMP binding to plasmid DNA. A) Number of

DNA crosslinks as a function of TMP concentration for DNA plas-
mids with different initial supercoiling density (from blue to green,
top to bottom: o = -0.06, 0, +0.04). Circles are the experimental
data from Ref. [275]. Solid lines are the prediction of our model
using the parameters in Table 7. B) Number of dyes bound as a
function of TMP concentration. Same colour code as in panel A.
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Frame 1 Frame 2 Frame 3 Frame 4

Figure 53: Subsequent fluorescence image snapshots at the transition between
negatively supercoiled and nicked DNA. We observe that the fluo-
rescent spots disappear over 4 frames (20 ms frame rate), suggesting
that writhe relaxation occurs within approximately 80 ms.



CONCLUSIONS AND OUTLOOK TO FUTURE WORK

In summary, this work shows how the use of complementary techniques can
provide a highly quantitative and comprehensive picture of the interactions
between DNA and small molecules. In the first result chapter, I presented a
detailed study of the widely used fluorescent dye SYBR Gold. I analyzed its
molecular structure, its binding mode to DNA, and its photophysical properties.
Using the obtained knowledge about SYBR Gold, I could provide guidelines
for optimal use of the fluorescent dye. I anticipate this approach to be broadly
applicable to other DNA binding agents. For example, the fluorescent dye
SYTOX Orange from the same family of dyes is widely used in various optical
microscopy and spectroscopy methods. Nevertheless, its molecular structure
and DNA binding mode are still to some extend a topic of discussion. To
decipher its molecular structure, an approach similar to that used for SYBR
Gold - a combination of NMR spectroscopy and mass spectrometry - may
be well suited. In addition, single-molecule M'T would allow to study the the
binding properties of SYTOX Orange to DNA. The mechanical signature of
SYTOX Orange binding to DNA could then be used to extract the unwinding
angle of DNA per dye molecule. Another interesting point is fluorescence
quenching and internal filter effects which I have shown to be relevant for SYBR
Gold and studied using fluorescence lifetime measurements and spectroscopy.
Combining these information, it would be possible to give recommendations
for optimal use of SYTOX Orange and improve measurements using this dye.
In addition, the detailed study of the intercalator SYBR Gold opens the route
for various applications. Since we now know the molecular structure, DNA
binding mode, and photophysical properties of this widely used DNA stain,
it will be the ideal candidate for real-time single-molecule observation of dye-
DNA interaction using for example a combined TIRF (total internal reflections
fluorescence) microscopy-MT setup. This approach would allow to investigate
the molecular mechanisms of intercalation and enable a real-time readout to
study the dynamics of DNA intercalation and binding induced fluorescence
enhancement in molecular detail.

In the second result chapter, I investigated the binding mode of Ru(TAP)ng.
The presented work makes it possible to reconcile earlier, seemingly contradic-
tory reports on the DNA binding modes of Ru(TAP)%Jr. Using single-molecule
MT and AFM, I could show that racemic Ru(TAP)?’ and Ru(phcn)?’ can
interact with DNA via (semi-)intercalation that occasionally occurs in a kinked
state. These results are consistent with previous results from other ruthenium
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complexes [230-234]. In addition, Ru(TAP)gJr can mediate DNA loop formation,
presumably via a combination of (semi-)intercalation and hydrogen bonding
[229]. This multivalent bonding could be an explanation for the differential
yield of photoadduct formation on short and long DNA. Recent work has
demonstrated targeted photo-induced DNA damage by Ru—-TAP complexes in
vivo [228]. This suggests that Ru-TAP complexes could be used in photothera-
peutic applications. Especially for the application of this type of complexes in
living cells, the correlation between local DNA concentration and photoadduct
formation plays an important role. Therefore, this approach makes a significant
contribution to the investigation of these complexes in clinical application.
Together with Willem Vanderlinden and Melanie Burkhard from my group, I
also started a project to study the binding of ruthenium dyes to nucleosomes.
Our results indicate that nucleosomes are stabilized or destabilized depending
on the ruthenium concentration. These results could help to better understand
supercoiling in chromatin in vivo and address the question of how much su-
percoiling is stored in nucleosomes and how much is stored in the linker parts
between them.

In the third and final result chapter of this thesis, I studied small molecule
binding to DNA under a global topological constraint. To this end, I combined
a quantitative binding model and experimental data from different spectro-
scopic techniques. The model takes into account ligand-induced conformational
changes, the influence of strains on binding equilibria, and the global constraint
imposed by a defined linking number due to the defined topology. On the
experimental side, I performed experiments with DNA of different topological
states and investigated their interactions with the small molecule intercalators
ethidium bromide, SYBR Gold, SYTOX Orange, and trimethylpsoralen, which
are all commonly used in various assays. The data and the model consistently
show that intercalation into DNA is dependent on DNA topology. I anticipate
that these results have direct practical applications since gel-based assays
for discrimination and detection of topoisomers are widely used to study the
properties of circular DNA in interaction with various enzymes that alter DNA
topology, including topoisomerases, gyrase, reverse gyrase, and recombinases.
Fluorescence staining is increasingly being used as a replacement for radio-
labelling due to the hazards associated with the handling, storage and disposal
of radioactive material. Based on the findings of this work, it is possible to
provide practical guidelines for reliable and accurate detection of different
topoisomers. It is essential to consider observed topology dependencies as this is
the only way an unbiased quantification of different topoisomers by fluorescence
staining is possible. As an extension of this work, it would be intriguing to study
genomic DNA supercoiling. In the cell, supercoiling of DNA is an important
regulatory factor of various DNA metabolic processes, including replication
and transcription. psoralen-type compounds are routinely used to probe DNA
supercoiling in cells. Nevertheless, reliable genomic assays for supercoiling
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are still lacking but needed to understand the dynamic relationship between
transcription and replication. I anticipate, that supercoiling-sensitive DNA
intercalators, such as psoralen will be the key to reliable in vivo supercoiling
assays and unbiased quantification of different DNA topologies in vivo. How-
ever, other (newly designed) small molecules that are highly DNA torque and
topology dependent may also be applicable as quantitative and sensitive probes
for in wvitro and in vivo supercoiling assays.
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APPENDIX: PROTOCOLS

During my PhD thesis, I worked on various projects and applied a broad range
of biochemical and biophysical techniques. In this context I have developed,
refined, and/or optimized protocols for my laboratory work, experimental
preparation and conduction, as well as data analysis which I would like to share
in the following.

A.1 DNA PROTOCOLS

A.1.1 Basic PCR

To perform a PCR, the necessary components - the DNA template, the primers,
the DNA polymerase and the nucleotides - are combined in one tube:

e 10 pL. Phusion High-Fidelity PCR Master Mix (NEB, catalogue number:
MO0531S)

e 1 pnL DNA (c = 100 ng/pL)

e 1 pL forwards primer (¢ = 10 ng/pL)
e 1L reverse primer (¢ = 10 ng/pL)
o 7 uL milliQ water

The content of the tube is briefly mixed and then place it in a preheated
PCR machine. The PCR machine program is described in Table 9. The PCR’s
success can be checked via gel electrophoresis (explained in Section A.3.1).

Process Temperature Duration Repetition
Preheating 98°C oo (manual start) 1x
Initialisation 98°C 120 sec 1x
Denaturation 98°C 10 sec

Annealing 55°C 10 sec 35x
Extension 72°C 36 sec

Final extension 72°C 5 sec 1x

Final hold 8°C oo (manual stop)  1x

Table 9: Steps of the PCR process. The denaturation, annealing, and extension
steps are repeated 30x.
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megaprimer
PCR protocol
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Ref. [315].
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A.1.2  Megaprimer PCR

To construct a DNA for MT via megaprimer PCR a three-step protocol is
performed.

1. Generating a linear template

e Prepare 100-pL reaction mixture on ice
— 10 pL. NEBuffer 4 (NEB)
— 69 pL milliQ water
— 1 pLL BspH1
— 20 pL M13mp18 (¢ = 100 ng/pL)
o Split into 4 PCR tubes (& 25 pnL) and place in thermocycler
e Set the thermocycler as follow and start run:
— Endonuclease reaction: 37 °C for 60 minutes
— Enzyme deactivation: 65 °C for 20 min
— Infinite hold: 4 °C
o Check linearization via agarose gel electrophoresis

¢ Perform DNA clean-up

o Check concentration in nanodrop (should be 5-10 ng/pL)

2. Making biotin- and DBCO-labeled megaprimers

e Prepare a ~ 8 mM dNTP mix with the desired amount of biotin-16-dUTP
(B-dUTP) or DBCO-dUTP (D-dUTP)

o I typically used 100 mM dATP, dGTP, dCTP, and dTTP and 1 mM B-dUTP
and D-dUTP solutions (Table 10)

e Prepare the following mixture on ice (for a final reaction volume of 100 pL):
— 10 pL KOD polymerase buffer (NEB)

6 nL. MgSOy

60 pL milliQQ water

— 3 pL forward primer (¢ = 10 pM)

— 3 pL reverse primer (@10 nM)

— 10 pL ANTP mix with labeled dUTP (see Table 10 for details)

— 2 pL KOD polymerase (NEB)

6 pL linear M13mp18 (¢ = 6 ng/pL (final concentration should be 0.36
ng/pL))

o Split into 4 PCR tubes (& 25 pL) and place into thermocycler:
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— Preheat lid: 105 °C

— Initial denaturation: 95 °C for 2 min

— Amplification: 35 x (95 °C for 20 s; 60 °C for 10 s; 70 °C for 20 s)
— Final extension: 72 °C for 1 min

— Hold: 10 °C

Check linearization via agarose gel electrophoresis

Perform DNA clean-up (e. g., as described in Section A.1.5 or via a clean-up
kit (Qiagen))
Check concentration in nanodrop (should be 100-120 ng/pL)

. Making 6.6 kbp DNA using megaprimers

Prepare 100-pL reaction mixture for making 6.6 kbp DNA (I recommend
scaling this up 6 times to get a final reaction volume of 600 nL):

— 10 nLL KOD polymerase buffer

— 6 pL MgSO4

— 62 pL milliQ water (depends on megaprimer and M13mp18 concentration)
— 8 uLL ANTP mix

— 3 uL Biotin megaprimer (at 0.33 pM = 87 ng/nL, final conc: 0.01 pM)
3 nL. DBCO megaprimer (at 0.33 pM = 87 ng/nL, final conc: 0.01 pM)
2 pLL KOD polymerase

— 6 pL linear M13mp18 (at 6 ng/pL)

Split into 4 PCR tubes & 25 pL (or 6x4 PCR tubes) and place into thermo-
cycler:

— Preheat lid: 105 °C

— Initial denaturation: 95 °C for 2 min

— Amplification: 35 x (95 °C for 20 s; 60 °C for 10 s; 70 °C for 2min30 s)
— Final extension: 72 °C for 1 min

Hold: 10 °C

Check linearization via agarose gel electrophoresis

I didn’t clean the megaprimer DNA, but directly tried it in MT to avoid
loosing too much material
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Mixing ratio d(A/G/C)TP dTTP Labeled dUTP mQ water

50% B-dUTP 1 uL 0.5 pL 50 nL 0 uL
25% D-dUTP 1 pL 0.75 nL. 25 uL 23 uL
10% D-AUTP 1 L 09pL 10 pL 38

Table 10: Reagent volumes for making dNTP mix with desired amount of
labeled dUTPs.

A.1.3  Preparation of different DNA topologies

To prepare different topological states of DNA, the originally supercoiled DNA
is cut or nicked to get linear DNA or open circular DNA, respectively. The
three prepared DNA samples are: one that contains only supercoiled DNA, one
that contains only open circular DNA and one that contains only linear DNA.
For a reaction volume of 100 pL, the following ingredients are combined in one
tube (in this order):

e 10 pL NEBuffer 3.1 (NEB, catalogue number: B7203S))

e 89.5 pL milliQ water

e 0.4 nL of the appropriate enzyme
— EcoRV (NEB, catalogue number: R0195S) for linear DNA
— Nt.BspQI (NEB, catalogue number: R0644S) for open circular DNA
— Replaced by 0.4 pL. milliQ water for supercoiled DNA

e 0.5 pL. pPBR322 (NEB, catalogue number: N3033S, ¢ = 1000ng/nL)

After stirring the tubes briefly with a pipette tip, they are incubated for 1 h at
50 °C (open circular DNA) or at 37 °C (linear DNA), respectively. The tube
without added enzyme (supercoiled DNA) is placed on ice for one hour.

The DNA topologies are diluted in serial dilution each for three different SYBR
Gold dilutions: 1:100000 dilution of the stock (=260 nM, LC), 1:5000 dilution of
the stock (1.2 pM, MC), and 1:100 dilution of the stock (=260 pM, HC). The
amounts are listed in table 11.

A.1.4 DNA relaxation

To prepare relaxed DNA, the following ingredients are combined in one tube
(for a total reaction volume of 100 nL)

e 16.2 pL assay buffer
o 82.12 uL RNase-free water (NEB)
¢ 2.16 nLL Wheat Germ Topoisomerase I
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DNA amount 1x PBS SYBR Gold DNA conc.

20 uL No 1x PBS 5 puL 3.5 ng/uL
15 nL 5 pL 5 nuL 2.6 ng/uL
10 pL 10 nL 5 nL 1.7 ng/pL

5 nL 15 uL 5 uL 0.86 ng/uL
2 nL 18 uL 5 uL 0.34 ng/uL
1 uL 19 nL 5 nL 0.17 ng/uL
0.5 pL 19.5 uLL 5 uL 0.088 ng/uL

Table 11: SYBR Gold dilution series for gel electrophoresis and fluorescence
readout assays. Diluted in serial dilution in 1x PBS; We perform this
dilution series for the three different topologies (supercoiled DNA,
open circular DNA, and linear DNA) and for the three different SYBR
Gold concentrations (LC, MC, and HC).The introduced SYBR Gold
concentration is 5x concentrated in order to get the appropriate final
concentration.

¢ 0.52 pL pBR322 (c = 1000ng/pL)
After stirring the tube briefly with a pipette tip, incubate for 1h at 37 °C.
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A.1.5  DNA purification

The DNA is cleaned via Phenol:Chloroform precipitation. For this, first the
required chemicals need to be prepared:

Phenol:Chloroform:TA A (Isoamyl Alcohol)25:24:1 (saturated with 10 mM
Tris, pH8.0, lmM EDTA, Sigma Aldrich)

The Tris buffer and phenol:chloroform:IAA (PCI) are stored separately in
different dark color glass containers initially; mix them together to make
the pH value equal to 8.0

Once you mix Tris with PCI, the solution will be separated into 2 layers: the
upper layer is buffer layer, aqueous phases, and the lower layer is organic
layer (PCI)

Always remember to store the PCI in the locker for organic solvents

General remark: PCI is toxic and carcinogenic, make sure to be very careful,
don’t perform the precipitation alone and were a lab coat, safety goggles,
and an FFP2 face mask.

After preparing the chemicals, the DNA clean-up can be started:

Take 3 tubes (with lid) per DNA sample from storage next to cell culture

room

Take 250 nL of the organic layer of the PCI and mix with DNA sample
200-250 pL (add buffer or water to make the sample total volume equal to
200-250 pL)

Vortex for few seconds

Centrifuge at room temperature for 5 min at 13000 rpm under flow hood
(you should see the two layers separately, the upper layer is buffer layer, and
the organic phase is beneath the upper layer)

Pipette up the upper layer and transfer it to the new eppies (be careful not
to take any precipitated material from the interphase)

Add PCI again and repeat the previous four steps (remove 10 nL less material
each step)

Transfer the upper layer to new tubes.

Prepare ethanol solution (112 pL 7.5M NH4OAc; 888 pL 100% ethanol; 1
pL glycogen (20 ng/nL)) for precipitation

Mix and then store in -80°C freezer for at least one hour or over night
Centrifuge at 14000 rpm at 4°C for 15 minutes
A white pellet should form at the bottom of the tube

Remove the supernatant, but don’t touch the pellet. (you can leave a little
bit supernatant to avoid DNA loss)
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Wash pellet with 500 nL. 70% ethanol
Centrifuge at 14000 rpm at 4°C for 15 minutes

Remove supernatants and then centrifuge again at 14000 rpm, 4°C, 15
minutes

Remove all the residual liquid and then let the pellet dry for at least 10min
(you can leave the eppies open under the hood, if the color of the pellet

becomes transparent, the pellet is dry enough)

Solve the pellet in 15 pL Tris buffer
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A.2 MAGNETIC TWEEZERS PROTOCOLS

A.2.1 MT flow cell preparation

MT flow cells (about 6 in parallel) are prepared at least 1 day before starting
a new measurement series. They should not be stored longer than one month
though.

1. Preparation

o cover slides (24 x 60 mm, Carl Roth, Germany) with holes are pre-processed
using a laser cutter to introduce two openings with a radius of 1 mm each
which serve as liquid inlet and outlet openings by the "Werkstatt’ (top slides)

e Carefully place cover slides with holes in a Teflon cover slide holder and put
the holder in suited glas box

e Add a mix of 50% milliQ water and 50% isopropanol (Carl Roth, Germany)
so that the slides are fully covered

e Seal the box with parafilm
¢ Place the box in sonicator for 15 minutes

e Mix 1 pL polystyrene beads (Polysciences, USA) with 5 mL ultra clean
ethanol (Carl Roth, Germany; 99.8% pure)

o Vortex briefly
¢ Sonicate for 15 minutes

o Take Epoxy-silane top cover slides (pre-coated with (3-Glycidoxypropyl)
trimethoxysilane (abcr GmbH, Germany) by Tom; bottom slides) and place
each in a single 50 mL falcon tube using clean tweezers

e Re-fill the box with the remaining Epoxy-silane cover slides with argon
under the flowhood to avoid contamination, and close it with parafilm

2. Flow cell production

¢ Pre-heat the heating plate to a value between 80 and 90°C

e Take bottom cover slides out of their falcon tubes and place down flat on a
dust-free tissue

e Cover bottom cover slides with the prepared polystyrene bead solution
(about 100 nL)

¢ Put a lid on top and let them dry for about one hour at room temperature

o Take the box with the top slides from the sonicator and dry the cover slides
one by one using a gently stream of nitrogen gas (avoid using sharp tweezers)
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Cut parafilm according to the prepared template and stick it on top of the
top slides so that the inlets are left open

Put the dried bottom slide on top (so that the polystyrene bead coated side
faces down)

Place the two cover slides in between two cleaned glass slides

Heat for about 30 sec on the heating plate to seal the two slides together,
press gently with a pipette tip if needed

Remove the two outer glass slides and store the flow cells (one by one) in
labeled falcon tubes

. Flow cell measurement preparation

Clean the flow cell holder by sonication for 20 minutes and dry all parts
(don’t clean screws)

Introduce the flow cell into the cleaned and dry flow cell holder and carefully
but firmly tighten the screws

Spin down two tubes of 50 pL 100 pg/mL anti-digoxigenin (Roche, Switzer-
land) in 1x PBS for 5 min at 13000 rpm in table top centrifuge

Add both anti-digoxigenin tubes to the flow cell; insert a bit less than 100
pL from the upper part of the tube into one inlet (with the pipette tip
touching the ground of the inlet), then slowly insert a bit less than 100 pL
into the other inlet (with the pipette tip at the border of the inlet)

Close the inlet and the outlet of the flow cell with parafilm (to prevent the
formation of air bubbles in the flow cell due to evaporation)

Incubated overnight (at least 12 h)
At the MT setup, add a small droplet of immersion oil to the objective

Carefully place the flow cell holder on top of the objective and fixate it with
the appropriate screws

Remove the parafilm from the inlet and the outlet and connect the pumping
system (be careful to avoid air bubbles)

Rinse the flow cell by flushing 1 mL of 1x PBS through the system (set
speed to about 300 - 500 pnL/min)

Passivate using 1 mL of a commercial passivation mix (BlockAid Blocking

Solution, Thermoscientific) for at least 1 h in order to minimize non-specific
interactions

Rinse the flow cell as before with 1 mL of 1x PBS
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A.2.2 DNA constructs and magnetic beads

For the MT measurements, a 7.9-kbp DNA construct, prepared as described
previously [208, 316], was used. Briefly, PCR-generated DNA fragments (~
600 base pairs) were labeled with several digoxigenin and biotin groups and
subsequently ligated to a target DNA to bind the flow cell surface and magnetic
beads, respectively.

I used streptavidin coated MyOne magnetic beads (Life Technologies, USA)
with a diameter of 1.0 pm. To attach the DNA construct to the magnetic beads,
the following steps are necessary:

o Take magnetic beads from fridge (+4°C) and vortex the tube for about 60
sec
e Wash the magnetic beads by performing the following steps:

— Add 2 pLL MyOne beads to a low binding 1.5 mL tube and add 150 pL 1x
Phosphate-buffered saline (Sigma-Aldrich, USA; PBS)

— Vortex the tube for a few seconds
— Briefly spin down in table top centrifuge

— Place the tube in a magnetic holder provided for this purpose to move
the magnetic beads to the back side of the tube; wait for about 30 sec;
remove 145 pL of liquid from the tube and quickly add 145 pL fresh PBS

— Repeat the previous two steps twice

e Take the 7.9-kpb DNA from the fridge, gently tap the tube and then add
0.5 nLL DNA to the beads

o Drop the tube on the bench to mix (from now on, treat the tube carefully
to avoid breaking the DNA strands)

e Incubate for 5-10 minutes while gently tapping the tube from time to time

Subsequently, 50 nL of bead-coupled DNA constructs are introduced into the
MT flow cell and allowed to bind to the flow cell surface for 2-5 minutes. After
that, the flow cell is rinsed with at least 2 mL PBS to flush out unbound beads,
and the magnet is mounted to constrain the supercoiling density of the tethers
and to apply an upward force on the beads. Set the magnet height to 2 mm.

A.2.3 MT experimental preparation and quality tests

Before the measurement is started, the software is initiated and parameters
are set. In addition, the beads for the measurement are selected and tested.
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. Software initiation

Open the software parts one by one from left to right as placed on the
computer desktop (software tends to crash, so avoid rapid clicking etc.)

PI micromove (controls piezo): tick ’servo on’ for both (height and turning);
then press on left arrow: ’start up axes’ — ’pos limit’ — ’close’; ’start up
axes’ — ’advanced’ — ok’ — ’ok’ — ’close’; close program

PI nanocapture (connected to piezo): tick ’servo on’; close program

Bead tracker main program (labview): start by clicking on the arrow in

the left upper corner; three windows open: bead tracker main, experiment
program, motorULvi (here set focal depth piezo to 50)

. Magnet installation and offset determination

Select file path in the software (usually named by date)

Bring flow cell surface in focus by moving the stage up or down using the
big golden screw underneath the objective

Select the polystyrene beads in the field of view as reference beads

Save beadlist and note reference beads in lab book

Insert the magnet in its holder and tighten using the small golden screw in
front

Switch on the LED (set to about 60 mA)
Click 'magnet all up’ in the software

Determine the magnet offset:

— First, go down with magnet in steps of 3 mm, then 0.1 or 0.05 mm (as
soon as the surface gets closer)

— Near the surface of the flow cell: view the flow cell image in the software
to see if the magnet is touching the surface (when the magnet touches
the surface, the interference rings shift)

— Go 0.1 mm up from this point and note the value as magnet offset in the
lab book

Click 'magnet all up’ and remove the magnet again

. Bead selection and Z-Lookup-Table

Change piezo position such that moving/tumbling beads are in focus

Select all moving/tumbling beads and safe the beadlist (not too close to the
edges, otherwise program might crush)
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o Choose size of the region of interest (ROI) around the beads (about 90 to
110 pm)
o Generate Z-Lookup-Table (Z-LUT):

— Move magnet to 0.5 mm

Change piezo position to get moving/tumbling beads in focus

Set piezo about 5 steps higher than this

Click ’set current piezo as start z’
Click ’generate Z-LUT’

ok’ — ’ok’ — ok’

Save Z-LUT

o Move piezo to centre of Z-LUT (5 steps up)

e Don’t change this position during the measurement

3. Bead testing

1.

Length test

Set path and call experiment ’lengthl’

Move magnet to 0.5 mm (F = 5 pN)

Click on ’start experiment’

Change magnet position from 0.5 mm to 12 mm and then back to 0.5
mm

Click on ’abort experiment’

Examine traces to see whether the length of the DNA tethers is fine
(between 2 and 3 mm is acceptable)

. Rotation test

Set path and call experiment ’rot’

Move magnet to 0.5 mm (F = 5 pN)

Set magnet velocity to 5 turns per sec

Click on ’start experiment’

Rotate to -25, then back to 0

Change magnet position from 0.5 mm to 4 mm (F = 0.5 pN)
Rotate to +25, then back to 0

Click on ’abort experiment’

Change magnet position from 4 mm to 0.5 mm

Rotate back to 0

Look at traces to find ’good beads’: discard double-tethers (go up and
down at high force, negative coiling), discard nicked tethers (don’t go
down at low force, positive coiling)

Delete unwanted beads and perform a second length test, save the bead list and

do not change it from now on. Afterwards, the measurement can be started.
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A.2.4 MT rotation curves

For MT rotation curves with SYBR Gold, only supercoilable beads were selected.

After saving the beadlist, the experiment can be started.

Dilution (of the stock)

Concentration (in nM)

No SYBR Gold
1:1000000
1:500000
1:250000
1:100000
1:50000

1:25000

1:10000

1:5000

1:1000

—_
o

= N W ke Ot 3 00 ©

0

6

12
24
60
120
240
600
1200
6000

Table 12: SYBR Gold dilution series for MT experiments. Diluted in serial

dilution in 1x PBS.

e Set path and name experiment

¢ Start experiment by introducing 200 pL of 1x PBS in the flow cell (flow rate
~ 300 pL/min; magnet height 0.5 mm (5 pN))

¢ Record first rotation curves (script 1, see below)

¢ Introduce increasing concentrations of SYBR Gold (amount: 200 pL) to the

flow cell

e At each concentration, record a rotation curve at a constant force of 0.5 pN

(magnet height 4 mm)

¢ The SYBR Gold concentrations and dilutions are listed in Table 12

The labview code for rotation curves at different SYBR Gold is adapted to
the shift of the curves to more negative linking numbers. In the following, 2
exemplary scripts for the lowest and the highest SYBR Gold concentration are

shown:
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Rotation curve script 10:

move magrot 24 speed 3.00; idle 6; section;
move magrot 22 speed 3.00; idle 6; section;
move magrot 20 speed 3.00; idle 6; section;
move magrot 18 speed 3.00; idle 6; section;
move magrot 16 speed 3.00; idle 6; section;
move magrot 14 speed 3.00; idle 6; section;
move magrot 12 speed 3.00; idle 6; section;
move magrot 10 speed 3.00; idle 6; section;
move magrot 8 speed 3.00; idle 6; section;
move magrot 6 speed 3.00; idle 6; section;
move magrot 4 speed 3.00; idle 6; section;
move magrot 2 speed 3.00; idle 6; section;
move magrot 0 speed 3.00; idle 6; section;
move magrot -2 speed 3.00; idle 6; section;
move magrot -4 speed 3.00; idle 6; section;
move magrot -6 speed 3.00; idle 6; section;
move magrot -8 speed 3.00; idle 6; section;
move magrot -10 speed 3.00; idle 6; section;
move magrot -12 speed 3.00; idle 6; section;
move magrot -14 speed 3.00; idle 6; section;
move magrot -16 speed 3.00; idle 6; section;
move magrot -18 speed 3.00; idle 6; section;
move magrot -20 speed 3.00; idle 6; section;
move magrot -22 speed 3.00; idle 6; section;
move magrot -24 speed 3.00; idle 6; section;
stop;

Rotation curve script 1:

move magrot -180 speed 3.00; idle 6; section;
move magrot -185 speed 3.00; idle 6; section;
move magrot -190 speed 3.00; idle 6; section;
move magrot -195 speed 3.00; idle 6; section;
move magrot -200 speed 3.00; idle 6; section;
move magrot -205 speed 3.00; idle 6; section;
move magrot -210 speed 3.00; idle 6; section;
move magrot -215 speed 3.00; idle 6; section;
move magrot -220 speed 3.00; idle 6; section;
move magrot -225 speed 3.00; idle 6; section;
move magrot -230 speed 3.00; idle 6; section;
move magrot -235 speed 3.00; idle 6; section;
move magrot -240 speed 3.00; idle 6; section;
move magrot -245 speed 3.00; idle 6; section;
move magrot -250 speed 3.00; idle 6; section;
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move magrot -255 speed 3.00; idle 6; section;
move magrot -260 speed 3.00; idle 6; section;
move magrot -265 speed 3.00; idle 6; section;
move magrot -270 speed 3.00; idle 6; section;
move magrot -275 speed 3.00; idle 6; section;
move magrot -280 speed 3.00; idle 6; section;
move magrot -285 speed 3.00; idle 6; section;
move magrot -290 speed 3.00; idle 6; section;
move magrot -295 speed 3.00; idle 6; section;
move magrot -300 speed 3.00; idle 6; section;
move magrot -305 speed 3.00; idle 6; section;
move magrot -310 speed 3.00; idle 6; section;
move magrot -315 speed 3.00; idle 6; section;
move magrot -320 speed 3.00; idle 6; section;
move magrot -325 speed 3.00; idle 6; section;
move magrot -330 speed 3.00; idle 6; section;
move magrot -335 speed 3.00; idle 6; section;
move magrot -340 speed 3.00; idle 6; section;
move magrot -345 speed 3.00; idle 6; section;
move magrot -350 speed 3.00; idle 6; section;
move magrot -355 speed 3.00; idle 6; section;
move magrot -360 speed 3.00; idle 6; section;
stop;

A.2.5 MT force-extension curves

For MT force-extension curves with SYBR Gold, only nicked beads were
selected. After saving the beadlist, the experiment can be started.

e Introduce 200 pL of 1x PBS in the flow cell (flow rate ~ 300 pL/min)

« Move magnet to starting value in calibration script (0.1 mm)

o Set path and name experiment

o Paste script and start experiment

o Introduce 200 nL of the lowest SYBR Gold concentration

o Change name and run experiment as before

¢ Repeat for all SYBR Gold concentrations in increasing order (Table 12)

The labview code for force-extension curves is identical for the different SYBR
Gold concentrations:
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Force-extension curve script:

section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
section; move
stop;

magpos 0.100 speed 1.00;
magpos 0.200 speed 1.00;
magpos 0.300 speed 1.00;
magpos 0.400 speed 1.00;
magpos 0.500 speed 1.00;
magpos 0.600 speed 1.00;
magpos 0.700 speed 1.00;
magpos 0.800 speed 1.00;
magpos 0.900 speed 1.00;
magpos 1.000 speed 1.00;
magpos 1.250 speed 1.00;
magpos 1.500 speed 1.00;
magpos 1.750 speed 1.00;
magpos 2.000 speed 1.00;
magpos 2.250 speed 1.00;
magpos 2.500 speed 1.00;
magpos 2.750 speed 1.00;
magpos 3.000 speed 1.00;
magpos 3.250 speed 1.00;
magpos 3.500 speed 1.00;
magpos 3.750 speed 1.00;
magpos 4.000 speed 1.00;
magpos 4.500 speed 1.00;
magpos 5.000 speed 1.00;
magpos 5.500 speed 1.00;
magpos 6.000 speed 1.00;
magpos 7.000 speed 1.00;
magpos 2.000 speed 1.00;

wait

wait ;
wait ;
wait ;
wait ;
wait ;
wait ;
wait ;
wait ;
wait ;
wait ;
wait ;
wait ;
wait ;

wait
wait

wait ;
wait ;
wait ;
wait ;
wait ;
wait ;
wait ;
wait ;
wait ;
wait ;
wait ;
wait ;

; section;

section;
section;
section;
section;
section;
section;
section;
section;
section;
section;
section;
section;

section;

; section;

; section;

section;
section;
section;
section;
section;
section;
section;
section;
section;
section;
section;
section;

idle 60;
idle 60;
idle 60;
idle 60;
idle 60;
idle 60;
idle 60;
idle 60;
idle 60;
idle 120;
idle 120;
idle 120;
idle 120;
idle 120;
idle 120;
idle 300;
idle 300;
idle 300;
idle 300;
idle 300;
idle 300;
idle 600;
idle 600;
idle 600;
idle 600;
idle 600;
idle 600;
idle 5;

A.2.6 MT experiments with covalent DNA attachment

For MT experiments with covalent DNA attachment, instead of epoxy-silane
coated bottom cover slides, amino-silane coated bottom cover slides are used
for the flow cell. Other than that, the flow cell production and preparation is
identical as described in A.2.1. The DNA-bead tethers are prepared as follows:

¢ Make 100 mM solution of MS-PEG and azide-PEQ in PBS:

— 1 4 pL aliquot 3M MS-PEG in DMS (MS-PEG4, Thermo Fisher, blue

PCR tube) + 46 pL PBS

— 1 4 pL aliquot 2.5M azide-PEG in DMS (azide-PEG4-NSH ester, Jena

Biosciences, pink PCR tube) + 56 nL. PBS
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— Mix 50 pL diluted MS-PEG and 50 pL diluted azide-PEG in one tube
Quickly add MS-PEG-azide-PEQ mix to flow cell

Incubate for at least 1h at room temperature (close inlet and outlet with
parafilm)

Insert flow cell into the MT setup as described in Section A.2.1

Flush with 1 mL PBS

Dilute 0.4 nL. DNA in 150 nL. PBS

Close flow cell inlet with parafilm

Incubate for at least 1 h

Flush with 1 mL PBS to remove unbound tethers (lowest flush velocity)

Dilute casein to 1% in PBS: 18 pL casein (casein from cow’s milk 5% in
water, Sigma Aldrich, catalogue number C4765) + 72 uL PBS

Add 90 pL diluted casein to flow cell (for passivation)
Incubate for 1 h
Flush with 1 mL PBS

Prepare bead solution from 0.2 pL. M270 beads (Life Technologies, USA)
and 150 pL. PBS

Clean bead solution as described in Section A.2.2

Flush bead solution into flow cell and incubate for 20-60 sec (check with
pump from time to time to avoid that everything gets stuck)

Flush with 1 mL PBS to remove unbound beads

Finalize experimental preparation as described in Section A.2.3
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A.3 GEL ELECTROPHORESIS PROTOCOLS

A.3.1 Basic agarose gel electrophoresis

The supercoiled DNA, open circular DNA, and linear DNA samples were
prepared as described in Section A.1.3, with the only difference that for this
measurement, I added 20 pL Gel Loading Dye Purple (6x) (NEB, catalogue
number: B7024S, gel loading dye) to every 100 pL reaction volume. For the
dilution series I mixed an equimolar amount of each supercoiled DNA, open
circular DNA, and linear DNA in one tube (equimolar DNA mixture). The
dilution series is conducted from this equimolar mixture in form of a serial
dilution (Table 13).

DNA mix TAE Gel loading dye = DNA per band
20 pL No TAE 1x No gel loading dye 30 ng

15 pL 5 pL 1 uL 21.4 ng

10 nL 10 nL 2 nL 13.6 ng

5 pL 15 nL 3 uL 6.5 ng

2 pL 20 nL 4 pL 2.3 ng

1 pL 25 nLL 5 pL 1.0 ng

0.5 pLb 25 nLL 5 pL 0.5 ng

Table 13: SYBR Gold dilution series for gel electrophoresis assays. Diluted in
serial dilution in 1x PBS.

Next, a 1% agarose gel for electrophoresis is prepared:

e Weigh 0.5 g Broad Range Agarose (Carl Roth, item number: T846.3; agarose)
on a weighing paper

o Combine with 50 ml TAE 1x buffer (40 mM Tris, 20 mM Sodium acetate
and 1 mM EDTA; TAE) in an Erlenmeyer flask

e Heat the mix in a microwave until just before boiling and mix thoroughly
with a magnetic stirrer

e Prepare a gel electrophoresis mould; clean and level it

¢ Introduce the agarose-TAE mix into the mould

e Insert a cleaned comb in the appropriate position in the mould
o Let dry and solidify for at least 30 minutes

¢ Fill a gel electrophoresis chamber with TAE

¢ Introduce the solidified gel and make sure it’s completely covered with buffer
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Remove the comb

In the holes created by the teeth of the comb, carefully inject the entire
content of the prepared tubes (Table 13)

Run gel electrophoresis for 120 min at a constant voltage of 75 V

A.3.2 Post-staining with intercalating dyes

After the gel has run, the staining process is performed:

Clean two empty pipette tip box
Fill one box with 100 ml TAE 1x buffer (staining box)

Add appropriate amount of SYBR Gold to staining box
— 1:10000 dilution of the stock (20.6 pM, LC)

— 1:4000 dilution of the stock (1.5 pM, MC)

— 1:2000 dilution of the stock (=3 pM, HC)

Wrap the box in aluminium foil and set on a shaker

Incubate with gentle agitation for 20 min at room temperature

Fill second pipette tip box with 100 ml of TAE 1x buffer (de-staining box)
Transfer the gel carefully from the staining box to the de-staining box
Incubate with gentle agitation for 15 min at room temperature

Visualize the gel using a Gel Doc XR+ System and save the resulting image
in scn format

A.3.3  Gel electrophoresis image analysis

The gel electrophoresis images are analyzed using different computer software.

1. Quantitative gel analysis with SPIP (v.6.4, Image Metrology, Hgrsholm,
Denmark)

¢ Open file — inspection box (much background, become main, rot
right) — second inspection box (make sure to keep enough background
for a background correction later)

e Modify — quick launch — despiking

e Modify — plane correction — 2nd order poly global correction

o ’right click’” — properties (x- and y-range 10x) — double resolution
(4x)

e Analyse — average y
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Levelling — zero background offset

Determine height and FWHM for each peak (go to max — y-value (1
cursor) — half of this with both cursors — x-value)

Make table with these data

. Quantitative gel analysis in Origin

Open in EXCEL — klick all

Copy in Origin workbook

Select both columns — ’right klick’” — plot — symbols — scatter —
graph 1

Analysis — peaks and baseline — peak analyser — open dialogue —
baseline mode:user defined — enable autofind off, number of points
to find: 6 (or 8) — ’find’ — interpolation, line — subtract now

Copy and save integration result

Integrated curve data — select all columns — ’right click’ — plot
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A.4 SPECTROSCOPIC TECHNIQUE PROTOCOLS

A.4.1  Fluorescence spectroscopy using a plate reader

Similar to studying the behavior of different DNA topologies using gel elec-
trophoresis (A.3), I have also used fluorescence spectroscopy in this line of
research, specifically a 96-well plate reader. The different topological states of
DNA were prepared as described in Section A.1.3. The entire amount (25 pL) of
each tube is then transferred into a well of the well plate reader (Tecan Infinite
M1000 PRO, well plate: Corning black polystyrene 384 well microplate with a
flat bottom (Sigma-Aldrich, catalogue number: CLS3821)). The measurement
is designed and recorded using the i-control Microplate Reader Software by
Tecan:

o Switch plate reader off

e Turn the connected computer off and then on again

¢ Get a new plate (stored in one of the boxes on top of the nanodrop)
o Clean with water and nitrogen if needed

o After computer restart: click ’on’ on the plate reader, then start computer
program control

o Wait while the program does some checks itself
o Specify settings:
— Plate: Corning 384 Flat black
— Select the wells in which your samples are loaded
— Mode: fluorescence bottom reading
— Excitation and emission bandwidth: 5 nm
— Gain: 100
— Flash frequency: 400 Hz
— Integration time: 20 ps
— Excitation wavelength: 495 nm

— Emission wavelength: 537 nm

e Choose either fluorescence intensity scan, excitation scan (set emission
wavelength) or emission scan (set excitation wavelength)

o Insert plate
o Start scan
o The results are automatically saved in an EXCEL file

o Close software, switch off computer, switch off plate reader
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A.4.2  Fluorescence spectroscopy using a qPCR cycler

Similar to the fluorescence spectroscopy measurements using a plate reader,
fluorescence intensities can also be read out with a gPCR cycler (CFX96 Touch
Real-Time PCR Detection System, Bio Rad, courtesy of the lab of Dieter Braun
at LMU Miinchen). For the fluorescence readout experiments using a qPCR
cycler, the prepared DNA-SYBR Gold dilution series are filled into low-profile
PCR tubes (Bio Rad, product ID: TLS-0851). These tubes are closed with
flat, optical, ultra-clear caps (Bio Rad, product ID: TCS-0803) and placed into
the qPCR cycler. The heating pathway is designed using the CFX manager
software (Bio Rad), the samples are heated or cooled, respectively, to 24 °C,
and 25°C in 0.5 °C steps, in five adjacent cycles. The fluorescence intensity is
measured at each step, for the further analysis we use the data corresponding
to 24 °C in order to easily compare the values. We choose the channel designed
for the fluorescent dye Carboxyfluorescein (FAM) because its absorption and
emission wavelengths (494 nm and 518 nm, respectively) are close to those of
SYBR Gold (495 nm and 537 nm, respectively):

e File — new protocol

e Melting curve (as described above) — save in Lipfert Lab folder
o Express load

o Select FAM Chanel for SYBR Gold (closest to SYBR Gold)

¢ Run — save again

e Program then automatically runs for 28 minutes

e Export results in EXCEL: melt curve data (melt peak, RFU (relative
fluorescence intensity))
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