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Preface

Dear readers,

There are a lot of people that I'd very much like to thank. First, the members
of my committee. I thank you very much for the effort and time you have invested
and it is an honor that you were willing to take part. Then, my supervisors,
Nynke Dekker and Cees Dekker. Nynke, I'll start with you. It’s been a great
learning experience to be your (first!) PhD student. I remember the first time
we met, a few months before I started in Delft. There you were, sitting in a
chair, with your legs curled up in some weird topological shape indicative of the
research we would do together. To me, it seemed like a particularly painful pose,
but since you were smiling, I figured your legs would be, yes, freely jointed. I
experienced what it meant to ”go into physics”. In the process, you have always
had the patience to allow me to learn, both by actually teaching me hands-on to
work with the tweezers and more indirectly, by being a most generous provider
of "learning experiences”, such as talks and conferences abroad. This has been
very stimulating and great fun and I thank you for that. I wish you all the best
with the new research endeavors you will undertake, gradually transitioning from
single-molecule to single-complex studies, perhaps even to the single-cell level.

Cees, you epitomize the quality to form a judgement in the first few minutes,
or maybe even the first few seconds. Throughout the years, my perception of
your personality has evolved. It started from the obvious: a highly charismatic
and dynamic person that quickly and intuitively forms his opinion and is often
right, and sometimes wrong. In the initial phases of the work, it has been a
continuing effort to involve and interest you. I have happily made this effort,
leading to very interesting, constructive and pleasant discussions that I and the
work have benefited greatly from. Your writing, both scientific and non-scientific
is exceptionally sharp and I've learnt much in this aspect as well. You are not the
kind of professor that is never around - on the contrary, getting a hold of you for a
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discussion is usually a matter of minutes, and sometimes a few hours, rather than
days. That is wonderful and I thank you for that. As time went by, I got to know
and appreciate your thoughtful (even spiritual) sides, through your involvement
in discussions about the relation between science and religion, the fundamental
value of human life and the limits there ought to be set for the technology we
humans create. I do not always share your views of religion, though they are not
strange for me and I respect them. It has been a real privilege to get to know
you and work with you.

Much of what I have learnt during the PhD comes from interactions with my
fellow lab mates. Throwing ideas at each other, often vague, not always well
thought through, not always to the point, we shape each others thinking. At
MB, the group of people is amazing. I thank all of you! I think that we, the PhD
students, are very close and I literally want to thank all of you. In particular
Koen whose relentless quest for control experiments is amazing and inspiring.
Diego, it was nice to get to know you, together with Susan. Ale, I like you a lot,
you're lucky to have such cool and warm parents at the same time. Take care,
my dear. Uli (uhh, Herr Prof. Dr. Keyser, PhD), thanks for being so critical,
grumpy and fun! You're great and I wish you all the best. Irene and Benny -
take care and thank you. Dr. Seideltje, your giggle still resonates in my head - all
the best. Bernhard, take care - you have such broad knowledge, thanks for your
expert help on power spectrum renormalizations. Aurélien “Watson” Crut, it was
a nice experience to work with you directly. I've learnt a lot from you. Suzanne,
you are so good at what you’re doing, thank you very much for synthesizing
molecules and all the expert advice in the biolab. I wish you all the best! Sjoerd-
Jan, with your new name you will undoubtedly fully integrate into Dutch society;
besides a great Chinese, you might even become a great Dutchman. Don’t sleep
in the lab too much though. Serge, I think you’re a very talented group leader,
doing wonderful experiments. All the best in the future, together with Marcel
and Claudia. Freek, our one and only heavy metal scientist, good luck with the
hydrogenase. Douwe, all the best with your PhD in Germany. Jaan, I'm very
curious what will happen with your evolution experiments. Take care. Ya-Hui,
it’s great you came to MB, I wish you and your family well. Martin, take care
- all the best, I'm very curious what you will end up doing in the future - I'm
sure you'll be good at it. It’s been great to get to know you! Fabian, thanks for
coming to MB and thanks for all your good work with the triple helix. I wish you
all the best in your PhD! Elisa, you were my first MSc student - I've learnt a lot
from you. You produced a lot of high quality data and I thank you for that! You
can be very proud of your achievements. Arnold, was nice to get to know you and
good luck with your career. Michiel, good luck with your challenging experiments




and all the best with your future. Igor, I really hope you’ll get the RNA to work
the way you want soon - you deserve it. All the best, wherever you may go in the
future. Elsemarieke, thanks for being there, it was very helpful and all the best!
Christine, your sharp voice has often made me aware of the equality of men and
women. Thank you a lot for all your useful help in the clean room and for your
good company. Thijn, thanks for being so honest and outspoken - I'm sure you’ll
continue to care for all your small, sweet and innocent little animals as much as
you can. Marcel, I hope you'll get to the single-ion limit soon. That would be so
nice! Liset, our financial expert, and expert on what project code I should use.
Thank you so much and all the best in the future. Jaap, the evaporator is very
happy that you're here and so are we! All the best. Marijn, you just embarked
on your PhD route. Enjoy it, you have great experiments ahead of you. Frank,
thanks for being such an easy subject of a movie. We didn’t have to exaggerate
a lot. Ralph, you are doing a great PhD. I'll remember “our” smokes together.
Good luck with the future, wherever it may take you. Iddo, my ears still hurt
from the “klinkers” you scored against me at the table soccer table. They were
physically and psychologically very painful. Jelle, the speed and accuracy with
which you can machine just about anything is amazing! Yuval, thanks for your
advice on wave propagation and in general for being a nice partner for discussions.
All the best with your new group at Bar-Ilan; we’ll meet soon.

I’d also like to thank the collaborators I have been very fortunate to work
with. Stewart, the collaboration on the vaccinia topo started with you. Your
mechanistic insight into topo is phenomenal, including your knowledge and de-
scription (!) of the topo literature. Too bad you couldn’t participate in the
committee. Mary-Ann, combining single-molecule and in vivo work is very chal-
lenging, both technically and culturally. Most of the time, we spent discussing
what it is exactly that you have done and exactly what it is that we have done.
It required a lot of patience as well as self-reflectance on our diverse backgrounds.
We have done so in a very constructive manner and I appreciate your part in this
greatly. I've learnt a great deal from you and I'm convinced that it was worth the
effort. We have shown our communities the power of combining two worlds that
are only seemingly different. Good luck to you, and to Komar “cold-room” Palle
with all your endeavors and your career! Vincent, I thank you for all of your good
advice, both technically and conceptually. You have taught me a lot. David, you
are one of the most inspiring persons I've met in my life: you have an admirable
combination of scientific depth and breadth. You have helped me conceptually
and practically in the topo experiments, and introduced me to systems biology.
It has been a great privilege to get to know you and I'm looking much forward
to more encounters in the future.
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Before entering the clean room, I knew basically nothing about clean room
work. I thank the clean-room staff for teaching me to work in this very special
environment. Marc, thanks for being there to help with the semi-dead chlorine
etcher - without you it would never have become in a usable state. Marco, the
evaporator thanks you for always answering the phone when it calls for your
help. I thank you too for all the support and training you gave me. Anja,
thanks for helping me out with the e-beam pattern generator. Your knowledge
and experience writing with the smallest beams was very helpful. Also thanks
for teaching me the tricks of NEB resist. Roel, thanks for admitting you stole
my ZEP resist. Also thanks for your numerous and helpful advice in surface
chemistry and for cleaning of FuSi.

I've been fortunate to have been surrounded by many good friends and family.
Let me just say here that you have shown me how much it is worth to have you
around me. You have supported me a great deal, especially in the past year that
was not at all easy for me. My next stop is the Weizmann Institute in Israel and
I'm confident that keeping in touch will be easy. My new home will be always
open to you. I'm looking forward to keep on sharing all aspects of our lives
together in the future.

Daniel Koster
Delft, June 2007




Contents

1 Introduction

1.1 The single-molecule paradigm . . . . ... .. ... ... ... ..
1.2 Proteins and their structure . . . . . . . ... ... 9
1.3 Enzyme catalysis . . . . . . .. ... L 12
1.4 The structure of double-stranded DNA . . . . . . ... ... ... 13
1.5 Cellular processes induce DNA supercoiling . . . . . ... ... .. 15
1.6 Topoisomerases remove DNA supercoiling . . . . .. .. ... .. 17
1.7 Topoisomerase IB . . . . . . . . ... L 19
1.8 Overview of this dissertation . . . . . . . ... ... ... ..... 21
References . . . . . . . . . . .. 23
2 Magnetic tweezers 27
2.1 Measuring forces in real space . . . . . . .. .. ... .. ... 28
2.2 Measuring forces in Fourier space . . . . . . .. .. .. ... ... 29
2.3 Temporal and spatial resolution . . . . . ... ... .. ... ... 34
References . . . . . . . . . .. 36

3 Fast dynamics of supercoiled DNA revealed by single-molecule

experiments 37
3.1 Introduction . . . . . . . .. ... 38
3.2 Results. . . . . . . 40
3.3 Discussion . . . . . . ... 47
3.4 Materials and Methods . . . . . .. .. .. ... ... ....... 52
3.5 Acknowledgements . . . .. .. ... 53
3.6 Supplementary Information . . .. ... ... ... ... ..... 54

References . . . . . . . 56



viii

Contents

4 Friction and torque govern the relaxation of DN A supercoils by

eukaryotic topoisomerase 1B 59
4.1 Introduction . . . . . . . .. .. 60
4.2 Topoisomerase IB uncoils DNA in a step-wise fashion . . . . . . . 60
4.3 Topoisomerase hinders the uncoiling . . . . . . ... ... .. ... 63
4.4 Torque drive DNA rotation over a rugged energy landscape . . . . 65
4.5 Acknowledgements . . . . . . ... ... ... L. 67
4.6 Materials and methods . . . . . . . . ... 67

References . . . . . . . . . . . 69

5 Multiple events on single molecules: unbiased estimation in

single-molecule biophysics 71
5.1 Introduction . . . . . . . . . ... 72
5.2 Topoisomerase 1B steps are subjected to a global constraint . . . . 73
5.3 Maximum likelihood and domain constraints . . . . . . . . .. .. 75
5.4 Numerical simulation and the consequences of ignoring global con-
straints . . . . . . L L 78
5.5 Application of the method . . . . . . ... ... ... ... ... . 82
5.6 Processivity measurements on limited substrate . . . . . . .. .. 83
5.7 Transitions in FRET efficiency . . . . . .. .. ... ... ... .. 83
5.8 Concluding remarks . . . . . . . .. .. Lo 85
5.9 Acknowledgements . . . ... ... 85
5.10 Supplemental Materials . . . . . . . ... ... .. ... .. .... 85
References . . . . . . . . . . ... 92

6 Antitumor drugs impede DNA uncoiling by Topoisomerase I 95

6.1
6.2
6.3
6.4
6.5
6.6

6.7
6.8

Introduction . . . . . . ... 96
Drug binding hinders DNA uncoiling . . . . . ... ... ... .. 97
Drug binding traps ToplB on the DNA . . . . ... ... ... .. 100
Implications for in wvivo transcription and replication . . . . . .. 104
Camptothecin resistant Top1B fails to accumulate positive supercoils109
Methods . . . . . . . . . . .. 112
6.6.1 DNA constructs . . . . . . . ... 112
6.6.2 Enzyme and buffers . . . . ... ..o 112
6.6.3 Strains and plasmids . . . . . . ... ... L. 112
6.6.4 Invivo assays and 2-D gel electrophoresis . . . . . . .. .. 112
Acknowledgements . . . . .. ... 113
Supplementary Materials . . . . . . ... ... L. 114

References . . . . . . . . . 128




Contents ix

7 Atomic force microscopy shows that vaccinia topoisomerase IB

generates filaments on DNA 131
7.1 Introduction . . . . . . .. ... 132
7.2 Materials and methods . . . . . . . ... ... ... ..., 133
7.3 Results . . . . . . 137
7.4 Discussion . . . . . . ... 143
7.5 Acknowledgements . . . ... ... 147

References . . . . . . . . . 147

8 Coated nanofabricated structures for the single-molecule study

of DNA polymerizing enzymes 151
8.1 Single-molecule fluorescence at high concentrations. Why? . . . . 152
8.2  Setup of the experiment . . . . .. ... ... 153
8.3 Finite-element simulations of zero-mode waveguides . . . . . . . . 155
8.4 Nanofabrication of zero-mode waveguides . . . . . . . . . .. ... 159
8.5 Characterization of waveguides . . . . . .. ... ... ... ... 159
8.6 PEG coating of glass surfaces . . . . . .. .. ... ... .. ... 160
8.7 Biotinylated PEG specifically binds streptavidin on a surface . . . 162
8.8 DNA polymerase activity on PEG surface . . . . ... ... ... 163
8.9 Acknowledgements . . . . ... ... Lo 164
References . . . . . . . . . ... 166
Summary 167
Samenvatting 171
Curriculum Vitae 175

List of Publications 177




Contents




Chapter 1

Introduction

This chapter starts by introducing the rationale for performing biophysics experi-
ments at the level of single biomolecules. We then describe the biological context
in which the experimental work described in this dissertation is performed. We
introduce proteins and highlight the vast diversity in their structure and the myr-
iad of functions that they have in the cell. We then explain how enzymes can
accelerate chemical reactions, making complex and intrinsically slow chemical
reactions possible at biologically relevant timescales. Subsequently, we focus on
the topological dilemmas that the double-stranded and helical structure of DNA
raises during ubiquitous cellular processes such as DNA replication and transcrip-
tion. Finally, we describe the enzyme toolkit that the cell has at its disposal to
solve topological dilemmas, which includes enzymes called topoisomerases and
specifically focus on one member of the topoisomerase family, topoisomerase 1B,
and discuss which relevant topics we choose to investigate.
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When studying biology, we are amazed at the level of complexity we observe
in cells and at the ordered sub-structure within them, and we are fascinated by
the exotic biomolecular machines that perform the work required for cell survival
and proliferation. By studying biomolecules we learn to appreciate the complexity
in cells as well as the unifying principles that govern their behavior. We learn
about ourselves, about our present, past and future. We learn about our present
by observing the structure of those biomolecules and the mechanism by which
they operate in our bodies today. We learn about our past by comparing these
structures and mechanism between different organisms and find common features
that shed light on our evolution. By understanding how we function today, we can
shape our tomorrow so as to live healthier lives by preventing or curing disease.

This dissertation contains experimental studies of biomolecules at the level of
the individual molecule and lies in the field of single-molecule biophysics. The
field has evolved significantly in the past 20 years up to the point these studies now
have sufficient resolution to address detailed and quantitative questions on the
mechanism of operation of single biomolecules. The experiments have been made
possible because of the development of new experimental strategies or tools such
as the mechanical manipulation of single DNA molecules or the development of
sensitive CCD cameras capable of detecting fluorescence light emitted from single
labeled molecules.

1.1 The single-molecule paradigm

It has become possible to measure on and manipulate single isolated biomolecules
and follow their behavior in time, either in isolation, or in interaction with other
biomolecules [1]. As the experimental techniques used are highly sensitive, one
can gain much insight into these biomolecules. For example, magnetic tweezers
were used to progressively extend a linear dsDNA molecule while simultaneously
measuring the force it takes to do so [2, 3]. The precision of the measurement was
so high that one was able to rigorously test existing models that describe force-
extension behavior of polymers. With a well-established theoretical description
of polymer stretching in hand, one was able to accurately quantify and interpret
the effects that proteins or enzymes have on polymers such as DNA.

In general, the controlled application and monitoring of force applied to
biomolecules is biologically relevant as these molecules are subjected to and them-
selves apply forces in their natural environment. The force range that one can
expect biomolecules to exert can be roughly estimated from the energy that is
available to them due to thermal agitation. Per degree of freedom, each molecule
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has (1/2)kgT ~2pN-nm of thermal energy at its disposal. They typically dis-
place themselves or deform partner molecules at length scale comparable to their
own length scales, i.e. of order 1 nm. The forces required will thus be of order
pN. Indeed, RNA polymerase induces pN forces as it moves over the DNA [4],
kinesin exerts pN forces as it steps over microtubules [5] and microtubules exert
pN forces to segregate chromosomes lined up in the equatorial plane during mi-
tosis [6]. If these biomolecule were not able to generate pN forces, but rather,
say, only fN forces, they would not be able to perform their tasks, as they would
not be able to withstand the forces of Brownian motion. They are not able to
exert forces that are much higher (say nN) because these forces typically break
the covalent bonds that the molecules are made of. Thus, pN seems a reasonable
force range for biomolecules to exert. It would therefore be of particular use that
an experimental apparatus used to study these biomolecules is capable to exert
forces on these biomolecules that are in the pN range.

Aside from the ability to exert biologically relevant forces to biomolecules
and monitor their response, there is a more fundamental motivation for studying
biomolecules in their single-molecule limit, which is that molecules in principle
behave stochastically [7]. When observing an ensemble of molecules, one thus
necessarily observes their ensemble-averaged properties. Although virtually ev-
erything we know about biology, medicine, physics, chemistry, indeed, all we
know about our world was inferred from techniques that are not single-molecule
techniques, there are significant advantages to removing the masking effect of
ensemble averaging. Observing single molecules is a natural way to do so, as
synchronizing a population consisting of many billions of molecules is practically
impossible.

Finally, it is important to realize that when molecules interact with one an-
other in a living cell, they do so at the level of individual molecules. Thus,
studying single molecules constitutes a biologically relevant regime. It may rep-
resent a "bottom-up” approach of biology with the hope that by understanding
the interactions between biomolecules in their single molecule limit, one will be
able to extrapolate the understanding to the cell in its entirety.

1.2 Proteins and their structure

A protein is a long polymer that consists of amino acids. A single amino acid
contains an amino group and a carboxyl group linked together by a carbon atom.
Also linked to the carbon atom is a side-group, that contains one of 20 possible
chemical residues. Fig. 1.1a shows three such amino acids (designated aa;, aas
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Figure 1.1: Protein structure. (a) Primary structure of a protein, consisting of amino
acids linked together by peptide bonds. Proteins are typically made up of a polypeptide
polymer with a length of between 50 and 2000 amino acids. (b) The backbone of
proteins can form internal hydrogen bonds (dashed lines) yielding a stable structure
called the secondary structure. (c) Proteins fold into a distinct 3D structure, called
tertiary structure. One way to display the 3D structure of proteins is by showing the
surface of proteins that is accessible for solvent molecules, as is shown here. Image
adapted from [8].

and aaz) connected by two peptide bonds. The sequence of these residues is called
the protein’s primary structure. Fig. 1.1b shows a protein’s secondary structure,
a stabile structure that forms due to hydrogen bonding between the many amide
groups and carboxylic groups of the protein backbone. Proteins finally have a
distinct three-dimensional structure that plays a crucial role in their function and
is shown in Fig. 1.1c.

Proteins are typically large macromolecules with an extremely large diversity
in shapes that carry out a wide array of functions in a cell. Fig.1.2 displays
a number of proteins to scale. The top panel of Fig. 1.2 shows proteins or
enzymes traversing a membrane. For example, shown in the top panel in 77 is
the ATP synthase enzyme, capable of synthesizing adenine triphosphate (ATP),
the energy currency of the cell. A gradient of protons that is built up across the
membrane drives the flow of protons through the ATP synthase enzyme. This
flow is then used to rotate part of the complex, allowing for the synthesis of ATP.
Other proteins, such as cytochrome ¢ oxidase also traverse the membrane and
are instrumental in building up the proton gradient. In the middle panel of Fig.
1.2, a double-stranded DNA molecule is displayed with proteins and enzymes
bound to it. For example, RNA polymerase is capable of using the information
stored in the DNA to synthesize a messenger RNA molecule (mRNA) that is used
for the synthesis of proteins. Other proteins mechanically deform DNA, such as
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Figure 1.2: An exhibition of proteins and enzymes drawn to scale. The text describes
examples of the myriad of functions that proteins perform in the cell, such as the
synthesis of ATP (ATP synthase), the packaging of DNA into the cell nucleus (nucle-
osomes), regulation of transcription (lac repressor) or the generation of a mRNA copy
based on a DNA template that is used for the synthesis of proteins. Figure adapted
from RSCB protein data bank.

the lac repressor protein, that grabs on to the DNA at a specific sequence and
introduces a loop in the DNA. As such, they prevent the binding and action of
RNA polymerase at that specific DNA locus and are involved in the regulation
of gene expression. Nucleosomes are proteins that wrap DNA around them and
thus help in achieving the feat of packaging the meter-long DNA present in each
cell into the small cell volume, which for many cells is on the order of a ym?. On
the bottom panel of Fig. 1.2, Myosin is shown, which is a molecular motor that
allows the cell to move.
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1.3 Enzyme catalysis

Enzymes greatly accelerate (often million-fold) chemical reactions and thereby
facilitate the complex chemistry in the cell. They do so in a highly specific man-
ner: each enzyme is optimized to accelerate a specific chemical reaction and con-
sequently there are many such enzymes present in a cell. The three-dimensional
structure of enzymes is key to their ability to catalyze chemical reactions, i.e. to
accelerate reaction rates. One description of the mechanism by which enzymes
achieve this feat is in terms of an ”induced fit” mechanism. Imagine an enzyme
E whose substrate S is converted enzymatically to a product P. For the conver-
sion to take place, S must pass a state, called the transition state, that is the
most energetically unfavorable state, as depicted in Fig. 1.3(a) and denoted S*.
Enzymes increase the reaction rate by lowering the energetic activation barrier
of the chemical reaction, which is equal to the free energy difference between S
and its transition state and is denoted AG*. In the first step of enzyme catalysis,
S is held in the binding pocket of the enzyme, which decreases the entropy and
thus increases slightly the free energy of interaction, as shown by the shoulder
(designated with a star) in the interaction energy graph in Fig. 1.3(a), middle
sketch. Most of the energetically favorable interactions between S and E do not
form when E interacts directly with S, but rather when E deforms slightly and
S deforms as well. To use the analogy of a key that fits to a lock, one would
say that the key only fits into the lock when both the key and the lock slightly
change shape. The many weak interactions between the transition state and the
enzyme cavity result in a decrease in the system’s total free energy, as shown
schematically in the large dip in the middle energy plot in Fig. 1.3. The sum
of all the energetic terms sketched in Fig. 1.3(a) is sketched in Fig. 1.3(b) and
exhibits the decreased barrier height. With the barrier height decreased due to
the enzyme, a thermal fluctuation will drive the chemical change from S* to P
within a biologically reasonable timeframe. As P does not fit to the enzyme cav-
ity perfectly either, P unbinds, triggering a shape change of E back to its original
shape. As enzymes return to their original shape and all the energy borrowed
from the local enzyme-substrate interactions must be returned, enzymes are true
catalysts that can be re-used over and over again. Therefore, enzymes cannot
change the overall AG of the reaction and thus do not change the direction of
the reaction.
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Figure 1.3: Schematic representation of the energy landscape of a chemical reaction.
The text describes how enzymes lower the activation energy AG* and increase the rate
of the chemical reaction. Diagram adapted from [9].

1.4 The structure of double-stranded DN A

The structure of double-stranded DNA is one of the best-known structures in
biology. As shown in Fig. 1.4a, each strand consists of a backbone, which is a
polymer with a deoxyribose molecule linked to a phosphor group as a monomer.
Connected to the deoxyribose molecule of each monomer is a base molecule that
can have one of four distinct chemical identities: an adenine (A), thymine (7T),
cytosine (C) and guanine (G). An A can pair stably with a T through two hy-
drogen bonds, whereas a G can pair with a C through three hydrogen bonds.
Moving along the contour of the DNA, one encounters thus a sequence of bases
that carries information. As each monomer of the DNA can be linked to one of
four bases, a sequence of N bases can express 4V unique combinations of bases.
The backbone is not symmetrical and is linked to different carbon atoms of the
deoxyribose, specifically the 3’ and the 5" carbon atoms. The terminology used
to define the two ends of a linear DNA molecule is based on this numbering of
the carbon atoms: there is a 5’-end and a 3’-end to the DNA, see Fig. 1.4a.
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Major
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Figure 1.4: The structure of double-stranded DNA: (a) DNA consists of two polymers
(strands) that are linked together by hydrogen bonds between bases. A can pair with
T, while C can pair with G. (b) They are wrapped around each other to form a double
helix. Image from [8].

This terminology is also used to describe enzyme motion along the contour of the
DNA: an arbitrary enzyme is said to move in the 5’—3’ direction, or vice versa.
The chemical structures of the four bases enable the formation of hydrogen bonds
with each other, which, together with ”stacking” interactions between the bases,
is the basis for the staircase structure of DNA, shown in Fig. 1.4b. The double
helical structure was elucidated using X-ray crystallography experiments and first
reported by James Watson and Francis Crick in 1953 [10]. However, much of the
crystallography data originated with Rosalind Franklin. Due to the base pair-
ing, the information stored in the DNA polymer is redundant: one strand carries
the complementary piece of information of the other strand. This redundancy
is exploited e.g. upon duplication of DNA prior to cell division or as a backup
mechanism in case of DNA damage. Having DNA molecules in double-stranded
form is thus of crucial importance for the viability of the cell. However, the he-
lical structure, which is apparently the most stable structure in which to realize
double strandedness also poses topological challenges to the cell, as we will now
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Negative
supercoils

Positive
supercoils

Figure 1.5: DNA replication introduces DNA supercoiling. In DNA replication, the
helical DNA is locally unwound by DNA polymerases (enzymes not shown), which cre-
ates a region of negative supercoils. As DNA is often topologically constrained, mean-
ing that the DNA’s linking number (Lk) is fixed (as is naturally the case for circular
DNA, shown here), negative supercoiling will be compensated by positive (overwound)
supercoils.

discuss.

1.5 Cellular processes induce DNA supercoiling

Unlike a single DNA strand that contains many chemical single bonds whose
rotation is not associated with significant increase in internal energy - they are
"freely” rotatable - a double-stranded DNA molecule accumulates torque when
twisted. Twisting of DNA is a result of several processes in the cell, such as DNA
replication and DNA transcription. In DNA replication, an enzyme called DNA
polymerase (DNAP) sequentially reads off the information stored in the DNA
bases while polymerizing a complementary DNA copy at both strands. In this
process, DNAP tracks the helix and thus rotates relative to the DNA. The size
of this DNAP complex prohibits its rotation, and thus the double-stranded DNA
will accumulate torque and will start to rotate about its axis. Many organisms,
including humans, have their DNA in linear form. In wvivo, however, there are
several factors that resist rotation of the molecule over its entire contour length.
First, the rotational drag of a very long and curved DNA molecule is quite large,
as will be the topic of experimental and quantitative discussion in chapter 3.
Second, many protein complexes are bound to DNA that will increase resistance
to rotation. Third, the DNA is anchored at several points to the nuclear matrix, a
fiber structure in the nucleus of a cell. As a result of these three factors, the torque
generated by the advancing replication machinery is not fully dissipated through
rotation of the entire DNA, but continuously accumulates ahead of the machinery
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Figure 1.6: In transcription, RNA polymerase synthesizes a mRNA molecule from
template DNA. As it does do, it tracks the DNA helix. However, rotational drag of
the RNA polymerase complex prevents its rotation around the DNA and therefore, the
DNA itself will twist. Positive supercoils (overwinding of the DNA) will accumulate
ahead of the moving RNA polymerase. Topoisomerase IB is an enzyme that can remove
supercoils and plays an important role in facilitating transcription. Figure adapted from
RSCB protein data bank.

as replication progresses. This torque leads to the generation of positive supercoils
(overwinding of the DNA double helix) ahead of DNAP, while the newly formed
daughter DNA strands are negatively supercoils (underwound), as shown in Fig.
1.5.

In transcription, an enzyme called ribonucleic acid (RNA) polymerase
(RNAP) synthesizes an RNA copy of the template DNA while tracking the DNA
duplex. In the local vicinity of the RNAP, the DNA is denatured (breaking of
the hydrogen bonds connecting the bases). This structure is called the ”tran-
scription bubble”. As in the case of DNAP, RNAP and the nascent RNA (which
itself may contain proteins bound to it) constitute a hydrodynamic drag that is
sufficiently large to prevent their rotation around the DNA. Thus, ahead of the
transcription bubble, the DNA gets positively supercoiled as transcription pro-
gresses, while compensatory negative supercoils (underwinding of the DNA) are
left in its wake. This topological structure is called the ”twin supercoiled” domain
and consists of positive and negative supercoils [11]. Fig. 1.6 shows a piece of
DNA ahead of an advancing RNAP in which positive supercoils accumulate. As
transcription proceeds, more and more positive supercoils accumulate ahead of
the moving RNAP. DNA replication and transcription are hampered by the over-
winding of the DNA that these processes generate and it is therefore of crucial
importance for a cell to dissipate this overwinding. In principle, this can occur
via at least two mechanisms: by annihilation of positive and negative supercoils
during transcription of a circular DNA molecule or by enzymatic regulation by
topoisomerases that can change the linking number of DNA and remove DNA
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supercoiling. The first mechanism, which is crucially dependent upon the dynam-
ics of supercoil propagation in DNA molecules is the subject of single-molecule
experimental work described in chapter 3. The second mechanism is the subject
of experimental investigation in chapters 4 and 6.

Throughout this dissertation, we frequently describe the topology of DNA
quantitatively and thus we shall introduce the nomenclature for DNA topol-
ogy here. The nomenclature of the DNA holds for topologically constrained
molecules, i.e. DNA molecules that can not freely rotate about their axis and
whose ends are constrained from rotating, either because the ends are physically
tethered to fixed surface, as is the case in the experiments described below, or
because the ends are linked to one another, in the case of a covalently closed
circular molecule. The topology of DNA can be described by three quantities:
the linking number (Lk), the twist (Tw) and the writhe (Wr). The Tw of
DNA is defined by the total number of times DNA of a given contour length
twists around its contour axis. The Wr is defined by the total number of times
the contour axis of the DNA crosses over itself. The Lk of DNA is the global
topological quantity of DNA and is defined by

Lk =Tw+Wr (1.1)

In topologically constrained molecules, where Lk is fixed, Tw and Wr can be
interconverted. Note that canonical DNA (B-form DNA) has a natural twist of 1
turn per 10.4 base pairs and thus, in the absence of Wr, torsionally relaxed DNA of
23 kilobases (kb) has a natural Lk, called Lk, that is equal to 23,000/10.5=2190

turns.

1.6 Topoisomerases remove DNA supercoiling

Ever since the native structure of DNA was shown to be double-stranded, the
potentially adverse topological implications occurring during transcription and
replication have been recognized. Therefore, enzymes capable of regulating su-
percoils, i.e. enzymes that can alter the linking number of DNA in vivo were
anticipated even before they were discovered by James C. Wang in 1971. Topoi-
somerases were later shown to be ubiquitous enzymes, conserved throughout all
kingdoms of life [11-16]. Interestingly, not all topoisomerases have similar struc-
tures and functions in the cell. They can be divided into two main categories:
those that change Lk by cutting one of the two DNA strands in the duplex (Type I
and I1II topoisomerases etc.), and those that cut both strands of the duplex (Type
IT and IV topoisomerases). All topoisomerases, however, cleave their DNA sub-
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strate by forming a transient phosphodiester bond between a tyrosine residue
(side group) in their active site and the broken DNA end. Type I topoisomerases
are also divided into type IA (attaching to the 5-end of the DNA) or type IB
(attaching to the 3’-end of the DNA). It is important to note at this point that
the chemistry involved in this enzymatic reaction precludes detachment of the
enzyme from the DNA when the DNA is nicked. In other words, preventing the
rejoining step of the two loose ends of the DNA (religation) effectively covalently
traps the topoisomerase on the DNA. This covalent trapping by definition persists
over the same timescale as the prevention of religation.

We now discuss the most prominent cellular roles of topoisomerases in Sac-
charomyces cerevisiae as this yeast is the system in which our in vivo experi-
ments have been carried out [12-16]. In yeast, three types of topoisomerases are
expressed: a topoisomerase I (Type IB), a topoisomerase II (Type IIA) and a
topoisomerase III (Type TA). The role of topoisomerase I is to remove the ex-
cess positive supercoiling that is generated ahead of the transcription bubble and
ahead of the replication fork. As such, topoisomerase I acts as a "swivel” to
effectively facilitate these processes. Although its predominant role in vivo is to
remove positive supercoils, mechanistically topoisomerase I is able to relax both
positive and negative supercoils, and in vitro it readily does both. Topoisomerase
IT acts prior to cell division and its presence is absolutely required for proper chro-
mosome segregation during mitosis and thus for cell proliferation. Its function
is to untangle the newly synthesized duplex daughter DNA molecules that are
intertwined. As topoisomerase II can in principle remove positive as well as neg-
ative supercoils, it is reasonable to expect that topoisomerase II will support fork
progression together with topoisomerase I. The extent to which topoisomerase 11
is involved in this particular activity is unclear, although there are indications
that its role is fairly minor relative to that of topoisomerase I. Nonetheless, while
in higher eukaryotes, such as humans, the presence of functional topoisomerase I
is indispensable for cell growth, in yeast this is not the case. Its activity can be
compensated by that of topoisomerase II.

The mechanism by which supercoils are removed has been elucidated over the
years by a combination of X-ray crystallography [17—20], molecular dynamics sim-
ulations [21], supercoil relaxation assays using gel electrophoresis e.g. [12, 13, 22—
28] and, more recently, by single-molecule experiments [29-31]. We refrain here
from providing an in-depth description of the rather sophisticated mechanisms of
action of Type IA and Type II topoisomerases but refer instead to [13]. Briefly,
Type TA topoisomerases link to the 5-end of DNA strand covalently, but bridge
the gap in the single DNA strand by holding on non-covalently to the 3’-end as
well. Following cleavage, a gap in the enzyme is created by a conformational
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change in the enzyme. Through this gap, the intact strand is passed, after which
the cleaved DNA strand is religated. Interestingly, this process does not require
ATP or any other external energy factor, though does require Mg?t. Type II
topoisomerases do require ATP for continued relaxation of supercoils or decate-
nation. In a first ATP-independent step, they bind to a crossing of two DNA
duplexes, and cleave both strands of one DNA duplex. Then, a conformational
change of the enzyme pulls the two broken ends of this strand, called the gated
segment (G-segment), apart after which the intact duplex, called the transfer seg-
ment, or T-segment, is passed through the G-segment with a rate that is greatly
accelerated by ATP hydrolysis. After the transfer of the T-segment, the DNA is
religated and the enzyme is reset for another round of catalysis.

1.7 Topoisomerase 1B

The structure of the 91-kDa human topoisomerase 1B consists the domains: an
N-terminal domain (214 amino acids), that contains sequences that direct the
enzyme to the cell nucleus [13], an adjacent core-domain (421 amino acids) that
contains the amino acids that are directly involved in catalysis, except for the
tyrosine residue that is involved in the chemical reaction with the DNA backbone,
a linker domain (77 amino acids) that is not required for catalytic activity and
a C-terminal domain (53 amino acids) that contains the active-site tyrosine723.
The co-crystal structure of human topoisomerase I with a DNA duplex shows that
the topoisomerase has a footprint on the DNA of approximately 14 base pairs
and tightly encompasses the DNA| as shown in Fig. 1.7[17]. Many structural fea-
tures of human topoisomerase IB and the vaccinia poxvirus topoisomerase IB are
highly similar to another family of enzymes, called site-specific tyrosine recom-
binases [32]. The functional core of both families is not only virtually identical,
both families also operate with a topoisomerase IB-like reaction mechanism to
cleave and religate DNA: tyrosine recombinases, like topoisomerases transiently
expunge a free 5’-OH group while transiently establishing a phosphotyrosine link-
age to the DNA. Recombinases join different DNA duplexes covalently by ligating
the 5-OH end of one DNA duplex to the 3’-end of another DNA duplex, while
topoisomerases perform the same chemistry on the same DNA duplex. Indeed,
most recombinases are able to perform topoisomerase activity in vitro, while vac-
cinia topoisomerase IB has been shown to efficiently catalyze Holliday-junction
resolution. As such, topoisomerase IB is an example of an enzyme that displays
catalytic promiscuity. Enzyme promiscuity is considered to be an important
mechanism in the evolution of novel functionality in enzymes [33]. It is an in-
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Figure 1.7: The crystal structure of human topoisomerase IB in complex with a 22-
bp double-stranded DNA molecule. The topoisomerase shown here is the 70-kD amino
terminally truncated form [17].

teresting speculation that a common enzyme ancestor of topoisomerase 1B and
site-specific tyrosine recombinase was capable of basal nicking-religation activity.
From that ancestor, both the site-specific tyrosine recombinases and Type IB
topoisomerases have evolved to fine-tune and narrow down their catalytic reper-
toire to efficiently catalyze recombination and topoisomerisation respectively [32].

The availability of the crystal structure of human topoisomerase IB has cer-
tainly contributed to an understanding of parts of the mechanism in atomic detail
and thus led to a significant increase in understanding of the type IB topoiso-
merases in general. However, already before its appearance, the mechanism was
studied and understood on a more coarse-grained level. Oligonucleotide cleavage
and religation assays using vaccinia topoisomerases were used in these studies
because of this enzyme’s relatively large preference (compared to human topoi-
somerase) for site-specific cleavage of the DNA [24-27, 34, 35]. The site-specific
cleavage facilitated the effective design of so-called suicide DNA constructs that
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enabled detailed kinetic studies of either cleavage or religation reactions in isola-
tion. Using the thus-obtained rate constants for cleavage and religation, plasmid
relaxation assays were analyzed and a mechanism of action for supercoil relax-
ation was proposed. Stivers et al. [24] proposed a free rotation mechanism in
which the DNA is allowed to swivel about its intact strand as long as topoiso-
merase is covalently linked to the DNA, thus removing supercoils. Under plasmid
relaxation conditions, an average of 5 supercoils were found to be released prior
to religation. However, what remains in the dark is the functioning of the swivel,
i.e. an answer to the following questions: 1. How much does the presence of
the protein surface allow for DNA rotation inside the enzyme cavity? This is
an interesting question, as the tight wrap of topoisomerase that was shown by
crystallography experiments was thought to hinder the rotation of DNA [17], es-
pecially given that the cross-sectional diameter of DNA increases roughly to 4
nm, instead of its canonical 2 nm, when the 5-end is misaligned with the 3’-end
by 180 degrees [17, 18, 21, 22, 31, 36]. 2. What is the influence of torque on the
religation and thus on the number of supercoils removed per cleavage-religation
cycle? 3. On a more conceptual level, can one effectively incorporate the notion
of friction between an enzyme and its substrate in the description of enzymatic
activity? 4. How is the swivel affected by chemotherapeutic drugs that are known
to act on human topoisomerase IB specifically and what are the consequences for
our understanding of the mechanism of action of these drugs?

1.8 Overview of this dissertation

This dissertation has a large component of experimental study at the level of
individual DNA molecules, but also contains the expansion of mathematical tools
to analyze single-molecule experiments.

Chapter 2 provides a more technical description of the capabilities and lim-
itations of magnetic tweezers. We give an overview of the different strategies in
which one can calculate the force that the magnets exert on the magnetic bead.
We also focus on the relation between temporal and spatial resolution.

Chapter 3 describes the physics of stretching a single linear DNA molecule
due to an instantaneous increase in the stretching force, for both relaxed DNA
molecules and supercoiled DNA molecules. These experiments are carried out
in the absence of proteins and yield an upper limit for the timescales at which
DNA can be uncoiled and stretched in the magnetic tweezers experiments. These
experiments also answer the question whether the hydrodynamic drag of rotating
and translating DNA molecules through water needs to be taken into account
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in the context of these experiments. We find that equilibrium dynamics can
predict all salient features we experimentally observe and thus can be used as a
quantitative baseline for the study of more complex DNA dynamics that include
proteins.

Chapter 4 describes the mechanism of DNA supercoil relaxation by vaccinia
and human topoisomerase IB. Here we observe that the uncoiling of DNA is hin-
dered due to the presence of the topoisomerase. Our data on various kinds of
topoisomerases, combined with previous information from crystallography exper-
iments, suggest that the tight clamp that the topoisomerase forms around the
DNA during uncoiling hinders the uncoiling. We also observe that not all super-
coils are removed in a single cleavage-religation cycle and find that the number
of supercoils removed each enzymatic event is distributed exponentially, indica-
tive of a stochastic process. We study the torque dependence of the number of
supercoils that is removed by the enzyme and can rationalize our findings using
a model that includes the hindrance in the rotation.

Chapter 5 shows how constraints in a single-molecule experiments, e.g. in
the topoisomerase-mediated uncoiling of supercoils, can introduce large biases in
the estimation of parameters used for modeling the system. We reasoned that as
single-molecule measurements are often distributed quite broadly, the constraints
on the measurements are broadly distributed as well. Therefore, we developed
a maximum likelihood method that incorporates a bias for each single measure-
ment separately. We show that with such ”"dynamic” treatment of constraints,
the parameters of the measured distributions can be corrected perfectly, even
when the bias initially exceeded 100%. Furthermore, we show examples of com-
mon experiments in single-molecule biophysics that may be hampered by such
constraints and are thus likely to benefit from our analysis method.

Chapter 6 describes how the swivel mechanism by which human topoiso-
merase IB removes supercoils is affected by the camptothecin class of chemother-
apeutic drugs that is in current clinical use against a variety of cancers. Sur-
prisingly, we find that the drug significantly impedes the rotation of DNA | with
a more pronounced effect for the removal of positive supercoils than for nega-
tive supercoils. Using the slow uncoiling as a signature of a single drug molecule
bound to the topoisomerase-DNA complex, we measure the timescales over which
the drug remains bound to be approximately 2 minutes. During this time, we
observed no religation of the DNA, while in the absence of drug, we observed
religation after typically 0.3 seconds. Therefore, we conclude that the drug pre-
vents religation and thus covalently traps topoisomerase on the DNA, where it
may stall the advancing replication fork, eventually killing the cell. To investigate
the implication of the observed slowdown in uncoiling of positive supercoils for
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a living cell, we moved to in wvivo studies in yeast. There, we asked if positive
supercoils indeed accumulate during replication and transcription. The results
of these in wvivo experiments showed that they indeed do. However, cells ex-
pressing a drug resistant topoisomerase exhibit no such accumulation of positive
supercoils. With this unique combination of complementary single-molecule and
in vivo experiments we highlight the role of positive supercoil accumulation in
drug poisoning, shedding new light on the mechanism of action of the drug.

Chapter 7 describes experiments performed using atomic force microscopy
(AFM) on the binding of vaccinia virus topoisomerase IB on DNA molecules. The
focus of this work was to visualize the formation of filaments of topoisomerase
IB. By quantitative analysis, we show that the filament formation proceeds in a
highly cooperative fashion.

Chapter 8 presents ongoing work towards the single-molecule investigation
of the kinetics of telomerase using a combination of single-molecule fluorescence
and nanofabricated structures. This work, while clearly separate from the force
spectroscopy experiments on topoisomerase, is included in this dissertation be-
cause it is an interesting experiment from both a biological and a technological
point of view that I have spent a significant amount of time on.
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Chapter 2

Magnetic tweezers

This chapter provides a technical description of the magnetic tweezers, a descrip-
tion of their temporal and spatial resolution, and technical limitations of the
technique. A number of authors have in the past already provided technical de-
scriptions of this apparatus, and we have therefore chosen to discuss only those
subjects that are either, to our knowledge, not reported in the literature, or are
specific to our particular experiment.
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Figure 2.1: Schematic drawing of the magnetic tweezers setup. A pair of magnets
exert a force on a magnetic bead, which is attached to one end of a single DNA molecule.
The other end is attached to a glass surface. Increasing the distance between the
magnets and the bead decreases the magnetic stretching force that is exerted on the
DNA, and vice versa. Rotating the magnets and thus rotating the bead twists the
DNA. Using magnetic tweezers, one can thus precisely control the topological state of
a single DNA molecule.

2.1 Measuring forces in real space

The core of the magnetic tweezers is a single linear DNA molecule that is coated
with multiple digoxigenin molecules at one end and with multiple biotin molecules
at the other end. The digoxigenin-coated end connects in a non-covalent fashion
with an anti-digoxygenin coated glass surface, while a streptavidin-coated spher-
ical pm-size magnetic bead connects to the other end of the DNA molecule. By
placing a pair of magnets (in our setup permanent magnets) above the flow cell
in which the DNA molecule is immersed, we exert a magnetic force F' upward.
F will of course depend on the distance between the magnets and the magnetic
bead. The setup is schematically drawn in Fig. 2.1. The forces that one applies
also depend of the quantity of magnetic particles that the magnetic bead contains,
which scales with the diameter of the bead. For a combination of a Dynal bead
of 1 pm in diameter, which is the bead size mostly used in our experiments, and
neodymium magnets (a combination of neodymium, iron and boron), we exert a
maximum force of order 5 pN. In theory there is no minimum force one can exert
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magnetically, as the magnets can be arbitrarily far removed from the bead. In
practice, however, forces of order 10 fN are considered to be the lowest workable
forces. We observe the bead with an ordinary light microscope and can determine
its 3-dimensional position in time (at 120 Hz for a single bead) to about 5 nm
accuracy in the z-direction and about 5 nm in the (z-y)-plane.

We will now consider the fluctuations of the bead under a force F', as we will
measure the magnitude of the force exerted by the magnets using these fluctua-
tions. The bead-DNA system can be thought of as an inverted pendulum, where
the deviations dx from the bead’s equilibrium position are driven by thermal
agitation. When the bead deviates from its equilibrium position, the DNA with
end-to-end distance [ then generates a force F'06 to return it to its center position,
where 6 is the angular deviation of the DNA molecule measured at the anchor-
ing point of the DNA at the glass. For small angular displacements (sinf = 0),
the restoring force equals ?5:6.These dynamics are described by a spring with a
spring constant k, = ? As this spring is powered by thermal agitation that has
%k g1 available for each degree of freedom, we can thus write

1 1

where kg is the Boltzmann constant and T the temperature in K. Thus, we obtain

kgTl

= 2.2
< 0x? > (2:2)

This equation demonstrates that we only need to measure the variance of the
bead excursions in time in one dimension in the (x, y)-plane, while simultaneously
measuring [ to obtain a measurement of the force F, provided that one measures
longer than the characteristic frequency of the system. Such a measurement is
shown in Fig.2.2, for two different forces: low force (green) and higher force (red).
Qualitatively, one notices that as the stretching force increases, the variance of
the excursions is reduced, as expected from equation 2.2.

2.2 Measuring forces in Fourier space

In practice, however, we do not measure the force using a measurement in real
space. Instead, we analyze the fluctuations in Fourier space for a number of
reasons. First, it provides a measure of the characteristic frequency of the sys-
tem, called the cut-off frequency (f.), which enables us to quantitatively assess
whether we are in fact probing the expected Gaussian distribution of bead ex-
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Figure 2.2: Measuring the stretching force using the bead’s fluctuations in real-space.
(a) Excursions of the bead center in the (z,y)-plane for low force (red) and higher force
(green). (b) Bead excursion in a single dimension in time (low force measurement is
shown), with a histogram on the right, including a Gaussian fit to the histogram. (c)
Computed variance of the bead excursions (not obtained from a fit to the Gaussian) for
a variety of magnet positions (red solid circles) as well as the calculated corresponding
forces (blue solid squares).

cursions instead of a skewed distribution as a result of a measurement duration
that is shorter than the correlation time of the motion. Second, we can filter low
frequency drift in the bead positions, although we find that a differential mea-
surement of two beads, one with a DNA tether and one fixed on the microscope
slide is effective at removing the effects of drift from the measurement, both in
the z and (z, y)-plane. Third, the camera has a finite time over which the optical
image is integrated. This will lead to an overestimation of the measured force,
as we show below. This effect can be countered in the Fourier domain. Finally,
to obtain the correct functional form of the spectrum of bead fluctuations, we
need to perform an anti-aliasing operation to correct for spectral folding of the
camera.

The analysis in frequency space is shown in Fig. 2.3. Fig. 2.3c shows that the
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Figure 2.3: Measuring the spectrum of the bead’s fluctuations. (a) Spectra of the one-
dimesional fluctuations for the same two forces as shown in Fig. 2.2a. The spectrum
is flat until the cut-off frequency f. (see main text), after which it decays off with
1/f2. Note that f. increases with stretching force. (b) The integral of the spectra
shown in (a); the variance of the bead excursions can be obtained by integrating the
spectra. Note that the variance increases with decreasing stretching force. (c) shows
a comparison between the force measurement in real-space (red solid triangles) and
fourier-space (blue solid circles). Note that in the low force regime (lower than 1 pN),
the two methods yield similar results. Only at higher forces, where the fluctuations of
the bead are faster, one does run into the problem of underestimating the variance of
the bead fluctuations, leading to an overestimation in the force, according to equation
2.2. This filtering effect due to the integration time of the camera can be corrected for
in fourier-space only. (d) shows the cut-off frequency, f., as a function of stretching
force F'. It also shows 1/ f., the time one has to minimally average the signal to sample
the entire excursion distribution and obtain a statistically unbiased estimate for its
center.
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measurement in real-space (solid red triangles) yields values for the force that are
indistinguishable from the measurements in Fourier space for forces lower than
approximately 1 pN for a bead with a diameter of 1 um (the error on the force
measurement is app. 5%). However, for higher forces, the discrepancy between
the two measurements becomes apparent: the real-space measurement yields force
values that are higher than the measurement in Fourier space (solid blue circles).
This discrepancy is caused by the integration time of the camera that cannot be
effectively countered by in real space analysis compared to Fourier space analysis.
As the bead fluctuations are recorded by the camera, their extreme positions are
not well captured due to the averaging. Consequently, the calculation of the
bead’s variance in real space is underestimated, and thus its force overestimated,
according to equation 2.2.

To understand the expected functional form for the spectrum of bead fluctu-
ations, we consider the equation of motion of the bead-DNA system.

d*x(t)
dt?

B dx(t)
= —6mnR—= = kya(t) + fr(t), (2.3)

m

where m is the mass of the bead, x(t) is bead position in time, 1 the viscosity
of water (1073 Nsm™2), R the radius of the bead, k, the effective trap stiffness
of the bead-DNA pendulum in the transverse direction and f; a Langevin force
caused by water molecules transferring their momentum to the bead. The actual
force in time is a quantity that stochastically fluctuates with a characteristic time
scale of T.ouision, set by the frequency at which the water molecules collide with
the bead. Since water molecules have equal probability to collide with the bead
from all directions, it has the following property:

< fr(t) >=0, (2.4)

where the brackets denote the time average. If we assume 7.ision t0 be very
short, we can approximate the correlation function as a delta-function:

< fu(t) - fo(t) >= dkpTTo(t — t'), (2.5)

where I' is a numerical factor equal to 67nR and §(t — t') is a delta function.
The power spectral density of the Langevin force is related to the autocorrelation
function and is given by [1, 2]:

|Fp(w)|* = 4kpTT, (2.6)
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in units of [N?:(Hz)™!]. The square-root of Eq. 2.6:

FL(w) =\ 4kBTF, (27)

in units of [N-(Hz)~'/?] gives the root-mean-square of the Langevin force per unit
of vV Hz. To calculate the force that the bead experiences due to the bombardment
of the water molecules, in a given time slice A f, one thus multiplies this quantity

with \/Af, i.e.

VAT
/ Fy(w)dw = \/4kgTTAY, (2.8)
0

For example, in the bandwidth of 1Hz, the root-mean-square Langevin force
on a bead with R=0.5um, n=10"3 N-s-(m)~2 and at room temperature equals
approximately 12 fN. We apply a Fourier transform to the equation of motion
(equation 2.3) and obtain:

Fr(w)
—mw? + 6minRw + k,’

X(w) = (2.9)

where ¢ = /—1. We have used the following definition of the Fourier transform:

Alw) = /_ (et (2.10)

o0

and

a(t) = - /OOA(w)ei“’tdw (2.11)

:% N

The square of the amplitude is given by

Frw)> 1 2mkgTnR 1

X% (w) = | = 2.12
W == 13 (2)2 21+ (22 (2.12)
where w, = Gf;R. Equation 2.12 is a Lorentzian, which is thus the functional

form to expect from the spectral measurement, as we set out to show above. One
obtains w. = 27 f, by fitting the power spectrum of the measured time series by
this equation with a single parameter and can computer the k, directly. However,
one is required to assume a bead radius R that needs to be plugged in. One can
alternatively fit the power spectrum with two fitting parameters w,. and R -. The
measurement of R is a nice and healthy sanity check as it better be close to the
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radius of the beads that were bought. Instead of fitting the spectrum, one can
integrate the power spectrum over all frequencies, which yields the total variance
for all frequencies. This can be then used to calculate k, and thus F'.

2.3 Temporal and spatial resolution

We now discuss the accuracy with which one can measure the position of the
bead in the z-direction. As enzymes indirectly induce changes in the height of the
bead, the spatial resolution in the z-direction is directly related to the resolution
with which one probes the enzymatic activity. Assuming that one measures long
enough (i.e. longer than the cutoff frequency in the z-direction 1/feuoff.) to
probe the full excursion probability distribution of the bead motion, one can in
principle obtain an unbiased and infinitely small spatial resolution by measuring
an infinite number of time points. For a measurement of N data points, the
accuracy with which one measures the x,y or z-position is given by the standard
error of the mean (SEM):
o

SEM = 7 (2.13)

where o is an estimate of the standard deviation of the fluctuations in z and
which is obtained using ¢ = k;%T In other words, measuring faster will only
lead to an increase in spatial resolution when the sampling takes place longer
than Thpin > = 1/ feutofr,. and thus fouorr. sets the temporal resolution to a large
degree. The value for weyroff. can be obtained in a similar manner as for the

x and y dlrectlons but substltutmg k. for k. yielding f. = where k, is

127 VT nR’
given by 2 ﬁ as opposed to £ 7 for the x and y directions. We have calculated
this fraction using the relation between the stretching force F' and the resulting
end-to-end extension [ of the double-stranded DNA that is widely applied in the

field and is called the Worm-like chain. It is given by [3]:

keT 1 1 !
poltl il Z 2.14
LTIt 1—1/10 +Z“ (2.14)

1=2

where  ap=-0.5164228, a3=-2.737418,  a,=+16.07497, a5=-38.87607,
ag=-+39.49944, a;=-14.17718, £ is the persistence length of DNA, for which we
have taken the generally accepted value of 50 nm [4] and [ is the contour length
of the DNA, which for our experiments typically is 7 pm.

Fig 2.4a plots both feuorr. (in Hz) and its inverse Ty, . (in s.) as a function
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Figure 2.4: Temporal and spatial resolution of the magnetic tweezers. (a) The tem-
poral resolution is set by the characteristic frequency of the bead excursions in the
z-direction, feutoff,. in Hz. Its inverse, the minimum time required to sample the ex-
cursions, Tinip, - is plotted as well. (b) The standard deviation of the bead excursions in
the z-direction, o decreases with increasing force as the stiffness of the DNA increases.
(c) The spatial resolution of the magnetic tweezers in the z-direction, the standard error
of the mean (SEM) decreases with increasing integration time and stretching force.

of the stretching force F'. Fig. 2.4 thus exhibits the temporal resolution of the
magnetic tweezers, i.e. the minimum time one should probe the excursions of the
bead in the z direction. Sampling less than that time will yield a skewed average.

Given that one probes long enough, the SEM will decrease with increasing
force and averaging times. This is reasonable as an increased force will decrease
the o of the fluctuations, thus decreasing the numerator in Eq. 2.13. Increasing
the averaging time will increase the number of data points N, increasing the
denominator. Fig. 2.4b plots o of the bead excursions along the z axis as a
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function of force. To obtain the SEM of the excursions as a function of averaging

time Taveragea one substitutes N = .fsampling 'Taverage n Eq 2137 yleldlng SEM =
kpT 1
k2 \/fsampling'Tauerage
60 Hz as this is the acquisition frequency of the camera used. The SEM as a
function of stretching force is plotted in Fig. 2.4c for a number of averaging

times.

. Here, fsampling 1s the sampling frequency and we choose

A drawback of the magnetic tweezers is that the trap is very weak and the
values for f,. are very low and thus the technique suffers from a temporal (and
practically thus a spatial resolution) that is low in comparison to techniques with
higher trap stiffnesses, such as AFMs or optical tweezers. However, an advantage
is the macroscopic dimensions (order mm) over which the gradient of the magnetic
field changes significantly (recall from Fig. 2.3c that, as a rule of thumb, the force
change by a factor of two for each translation of the magnets by 0.5 mm). As such,
with respect to the "length scale of the experiment”, i.e. the changes in height
that the bead undergoes in a typical experiment (usually maximally the contour
length of ADNA (16 um), the force does not change appreciably. Measurements
at constant force are thus readily achieved, in contrast to more complicated force
feedback loops in an optical tweezer. Recently, the group of Steven Block at
Stanford has implemented a force-clamp optical tweezer without feedback, but
the workable length scale of the force clamp is extremely small (order 10 nm) in
comparison to a magnetic trap (many pm). Then again, that particular group is
primarily interested in displacements that are significantly smaller than a single
nanometer.
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Chapter 3

Fast dynamics of supercoiled DNA
revealed by single-molecule experiments

The dynamics of supercoiled DNA play an important role in various cellular
processes such as transcription and replication that involve DNA supercoiling.
We present experiments that enhance our understanding of these dynamics by
measuring the intrinsic response of single DNA molecules to sudden changes in
tension or torsion. The observed dynamics can be accurately described by qua-
sistatic models, independent of the degree of supercoiling initially present in the
molecules. In particular, the dynamics are not affected by the continuous removal
of the plectonemes. These results set an upper bound on the hydrodynamic drag
opposing plectoneme removal, and thus provide a quantitative baseline for the

dynamics of bare DNA.

This chapter is under review at Proceedings for the National Academy of Sciences of the
United States of America: Aurélien Crut, Daniel A. Koster, Chris H. Wiggins and Nynke H.
Dekker.
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3.1 Introduction

The degree of DNA supercoiling affects a number of important cellular processes
such as gene expression [1], initiation of DNA replication [2], binding kinetics
of sequence-specific proteins to their targets [3], and site-specific recombination
[4, 5]. A strict regulation of DNA supercoiling is therefore essential for cell
survival. This regulation results from a complex interplay between the occurrence
of processes which generate local supercoiling of DNA, such as replication and
transcription, and the action of topoisomerases, which are able to modify the
global linking number (Lk) of DNA molecules via a mechanism of transient DNA
strand breakage and religation (for reviews, see [6, 7]).

DNA supercoiling dynamics, i.e. the rate at which supercoils are created,
propagated and removed on a DNA molecule, represent an important aspect
of the regulation process. This can be clearly illustrated by the example of
transcription-induced supercoiling. As initially proposed by Liu and Wang [8]
and confirmed by later experiments in vitro [9] and in vivo [10, 11], the inability
of a transcription complex of increasing molecular weight to rotate around heli-
cal DNA results in the supercoiling of DNA in its immediate vicinity: positively
supercoiled domains are generated ahead of the transcription complex while neg-
atively supercoiled domains are generated behind it. In the simple case of a single
transcription complex bound to a circular DNA molecule, these supercoiled do-
mains of opposite sign can be relaxed in one of two ways, either by the action of
topoisomerases or by their mutual annihilation following their propagation along
the connecting DNA segment. These two processes can have very different conse-
quences for DNA topology: the action of topoisomerases induces a modification
of Lk unless these enzymes relax positive and negative supercoils in a perfectly
balanced way, while the merging of oppositely supercoiled domains does not in-
fluence the global Lk. Thus, the relative kinetics of these two processes appears
as a major determinant of the degree of supercoiling of DNA in steady state.
Within this context, DNA internal dynamics play an important role because
they determine the rate at which oppositely supercoiled domains propagate and
merge.

Interestingly, various in vitro experimental studies [9, 12, 13] have shown that
the topological changes induced by transcription (in the presence of a controlled
topoisomerase-mediated supercoil removal rates) are significantly larger than ini-
tially predicted by Liu and Wang [8], which suggests that the propagation of
supercoiled domains occurs more slowly than initially expected. Indeed, Liu and
Wang described the axial rotation of DNA according to a simple model in which
DNA behaves as a perfectly straight ”speedometer cable” of 1 nm radius. To
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explain the observed experimental results, Nelson proposed that the presence of
natural bends along DNA, not included in the ”speedometer cable” model, may
dramatically enhance the hydrodynamic drag encountered by DNA during its
rotational motion [14]. However, this hypothesis was challenged by recent in vivo
studies, in which Stupina and Wang monitored the supercoiling generated on
DNA rings containing a single tetA transcript in cells expressing gyrase but lack-
ing DNA topoisomerase IA. In these experiments, no excess of negative supercoil-
ing was observed, a conclusion that remained valid even in the presence of stable
bends inserted into the DNA rings [15]. This particular work therefore appears to
demonstrate that, in vivo, the merging of oppositely supercoiled domains occurs
more rapidly than the relaxation of supercoils by topoisomerases. Nonetheless,
drawing quantitative conclusions about DNA internal dynamics from these ex-
periments as well as from those cited before remains challenging, as bulk experi-
ments, whether performed in vivo or in wvitro, do not monitor dynamics directly
and involve the simultaneous and interdependent action of many actors (at the
very least DNA, RNA polymerases and topoisomerases).

In this paper, we describe single-molecule experiments on both torsionally
relaxed and torsionally constrained molecules that provide a quantitative basis
for understanding DNA dynamics. The first set of experiments provides a base-
line by addressing the stretching dynamics of torsionally relaxed DNA molecules
following the sudden application of an external force. These experiments are fa-
cilitated by the combination of two widely used techniques, magnetic and optical
tweezers. A significant advantage of this combined experimental configuration is
the possibility to control the rate of DNA stretching, as the external force used to
stretch DNA can be modified by more than an order of magnitude. Our results
are compared to previous studies that addressed the relaxation dynamics of teth-
ered DNA molecules [16-19]. In addition, we present analytical results which,
with only minimal approximations, accurately describe the quasistatic DNA dy-
namics observed. Using this basis, we next present results on the stretching of
supercoiled DNA molecules which represent, to our knowledge, the first quantita-
tive measurement of the dynamics of such molecules. We investigate the sudden
application of an external force to a torsionally constrained molecule which in-
duces a conversion of its writhe (Wr) into twist (Tw) with increasing tension
[20] while maintaining a constant Lk. The analysis of these experiments shows
that the frictional drag induced by this large conformational change of the DNA
molecule is not large enough to alter the quasistatic character of the dynamics,
and thus sets an upper bound on the drag opposing plectoneme removal. Fi-
nally, we present complementary experiments on supercoiled DNA molecules in
which plectonemes are dissipated not by their conversion to Tw, but by the cre-
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ation of a site-specific nick in the DNA molecule. These experiments likewise
demonstrate that the process of plectoneme removal is fast compared to DNA
stretching. We conclude by discussing the biological implications of the relative
timescales determined.

3.2 Results

Pulling of torsionally relaxed DINA. Our integrated magneto-optical tweez-
ers (described in the Materials and Methods) allow us to apply a nearly instan-
taneous force switch to a DNA molecule tethered to a magnetic bead. To do so,
the extension of a DNA molecule, initially imposed by the external force created
on the bead by a pair of permanent magnets, is reduced by optically trapping the
bead and moving the trap position towards the surface. This leads to the initial,
weakly stretched configuration illustrated in fig. 8.3a (left). Subsequently shut-
ting off the laser trap leads to motion of the magnetic bead back to its equilibrium
position under the magnetic force F,,, (fig. 8.3a, right). In this way, we can
perform experiments in which DNA is stretched under the nearly instantaneous
application of external forces up to 5 pN (fig. 8.3b). As expected, at low forces
(Finag=0.90 pN, red points in fig. 8.3b), both the rate of DNA stretching and
the end-to-end distance of the DNA in steady-state are lower than at high forces
(Finag=4.56 pN, black points in fig. 8.3b). Successive runs performed at a given
magnetic force are highly reproducible (fig. 6.7 of Supplementary Materials) and
can therefore be averaged to reduce the effect of thermal fluctuations. The re-
sulting traces are then analyzed using the following equation of motion obtained
by balancing the forces involved (diagrammed in fig. 8.3a):

dz

Fmag = deg(Z) + FDNA(Z) = (bead(z)% + FDNA(Z), (31)

where z is the distance between the surface and the nearest edge of the bead
(equivalent to the DNA end-to-end distance), F,,, represents the external force
exerted by the magnets on the bead, Fy.,, represents the hydrodynamic drag
that opposes the motion of the bead, and Fpya represents the force exerted
by the DNA molecule on the bead. The inertia of the bead can be neglected
because it contributes to a force that is several orders of magnitude smaller than
the other forces involved [19]. Variations of the external force experienced by
the magnetic beads during their motion can also be neglected, as this external
force only varies appreciably on a ~1 mm length scale while the extent of bead
motion is limited to only a few microns (maximally equal to the contour length
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Figure 3.1: Stretching experiments with torsionally relaxed DNA molecules. (a)
Principle of the experiments: an optical trap is used to reduce the end-to-end extension
of a DNA molecule attached to a magnetic bead and held under a constant external
force Finqg (left). After release of the optical trap, the end-to-end extension of the
DNA molecule increases as a function of time, until it reaches its steady-state value
under Fy,,y. The three forces considered in the analysis are illustrated (right). b)
Experimental traces obtained at Fp,qy =0.90 pN (base-up triangles), Fy,q,=1.48 pN
(base-down solid triangles), Fi,q,=2.70 pN (open circles) and F,q,=4.56 pN (solid
squares). Data points were averaged over eight successive runs. The solid lines are
obtained by solving numerically the equation of motion assuming a quasistatic behavior.
Inset: black squares: experimental force-extension curve, solid red line: fit with the
interpolation formula from to the Worm-Like Chain model [21].
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L of the DNA molecules used). We note that use of Eq. 7.1 assumes a purely
vertical motion of the bead, which is well verified experimentally, as illustrated
in fig. 3.8 of the Supplementary Materials. The presence of the glass surface
to which DNA molecules are anchored is known to lead to an enhancement of
the hydrodynamic drag experienced by the bead compared to its value in bulk
solution. This correction is taken into account according to the derivation by
Bevan and Prieve for a motion perpendicular to the surface [22]:
Ry Ry

Cbead(z) = 67T77Rb(1 + ? + m), (32)

where 7 is the viscosity of the solution, R, the radius of the bead.

With the inclusion of surface corrections, all experimental traces are described
accurately using a quasistatic model. This conclusion was reached by fitting the
experimentally determined force-extension curve of the molecule under study
(fig. 8.3b inset, black points) according to the interpolation formula derived by
Bouchiat et al. for the Worm-Like Chain elasticity [21] with DNA contour length
L and persistence length [, as parameters (fig. 8.3b inset, solid red line), replacing
Fpna(z) in Eq. 7.1 by this optimal fit, and solving this equation numerically.
The solutions to this equation (indicated by the solid traces at different magnetic
forces shown in fig. 8.3b) illustrate the excellent description of the experimental
traces provided by the quasistatic model. The absence of memory effects is also
supported by the fact that traces starting at different initial positions overlap
well (fig. 6.10 of Supplementary Materials).

Although a numerical quasistatic solution to Eq. 7.1 is sufficient for this
analysis, we can also describe the DNA dynamics analytically using only min-
imal approximations. Indeed, the Worm-Like Chain elasticity of DNA can be
approximated by its high-force limit Fpya(z) = kgT/(4l,(1 — 2(t)/L)?) with an
error smaller than 10% for relative extensions exceeding 0.3, and in this approx-
imation a simple analytical solution for Eq. 7.1 can be derived if surface effects
are neglected (approximating (peqq(2) = 67N Ry):

tF hag _z

2(2/L) — 1
CbeadL B L

Ve

where € = kT (Fu4lp), and C' is a constant of integration. However, neglecting

%\ﬁtanh_l( +0), (3.3)

surface effects is unreasonable in the context of our experiments, as attested by
the comparison of this analytical solution (red line in fig. 8.4) with the experi-
mental data points (blue triangles in fig. 8.4). Nonetheless, as described in the
Supplementary Materials, an expanded analytical solution can also be obtained
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Figure 3.2: Comparison of experimental data with numerical and analytical models.
The experimental data presented here (blue triangles) were collected at Fiqq=1.48
pN. The traces issued from three models are represented: (i) analytical solution in
the high-force approximation Fpya(z) = kgT/(4l,(1 — 2(t)/L)?), without inclusion of
surface effects (solid red line); (i7) analytical solution in the high-force approximation,
with inclusion of surface effects (dashed green line); (7i7) complete quasistatic solution
of Eq. 7.1 obtained numerically, including the complete interpolation formula from the
Worm-Like Chain model [21] and surface effects (solid black line in the background).
Clearly, (i) does not provide a satisfying description of the dynamics, but (i) and (7i7)
are nearly indistinguishable and in excellent agreement with the experimental data.

in the high-force limit when the surface effects are modeled according to Eq. 7.2.
Moreover, this analytical solution (red dashed line on fig. 8.4) coincides almost
perfectly with the numerical solution including the complete Worm-Like Chain
elasticity (black line in fig. 8.4).

textitbfPulling of supercoiled DNA. As we have shown, the stretching dynam-
ics of torsionally relaxed DNA can be quantitatively understood using a simple
equilibrium description, providing a convenient starting point from which to test
the more complicated behaviour of supercoiled DNA. These experiments are con-
ducted in a manner similar to those involving torsionally relaxed DNA, except
that the Lk of the molecule under study is modified by a rotation of the magnets
prior to stretching. The starting configuration of these experiments is thus a
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Figure 3.3: Stretching experiments with supercoiled DNA molecules. (a) These ex-
periments are similar to those involving torsionally relaxed DNA (fig. 8.3), except that
plectonemes have been created in the initial configuration by a preliminary rotation
of the magnets (left). The stretching phase involves the conversion of plectonemic
structures into twist (right). (b) Experimental traces (data points averaged over eight
successive runs) obtained at at Fy,qq =2.20 pN (base-up open triangles), Fy,qy =2.72
pN (base-down solid triangles), Fnqg =3.36 pN (open circles) and F;,q,g=4.14 pN (solid
squares).The linking number of the molecule had been modified by +100 turns prior
to these pulling experiments. The solid lines are obtained by solving numerically the
equation of motion assuming a quasistatic behavior. Inset: black squares: experimental
equilibrium force-extension curve with ALk =+100; solid red line: biexponential fit.

weakly stretched DNA molecule containing plectonemic structures, as illustrated
in fig. 8.5a (left). As the magnets are held fixed following the initial application of
supercoils into the DNA| the Lk of the DNA molecules is fixed during the stretch-
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ing phase (fig. 8.6, "force switch” arrow). However, since the partition between
twist (Tw) and writhe (Wr) depends on the tension along the DNA molecule
20, 23], the final steady-state conformation of the DNA molecule is expected to
include a reduced number of plectonemes compared to its initial configuration.
The dynamics of this Wr to Tw conversion necessarily involves the rotation of
the plectonemes about their axis (fig. 8.5a, right). The experimental traces as
a function of increasing magnetic force are shown in fig. 8.5b (F,,,,=2.20 pN,
red points; F,q,=2.72 pN, blue points; F},,,=3.36 pN, green points; F,,,,=4.14
pN, black points). As in the case of relaxed DNA, the DNA stretching rate is
observed to increase with increasing applied magnetic force. We find that the
dynamics of covalently-closed, supercoiled DNA under an applied magnetic force
are also well-described by a quasistatic model. Numerical modeling in the ab-
sence of DNA internal dynamics proceeded as in the case of relaxed DNA, with
one exception. While in the case of relaxed DNA, an interpolation formula for
the molecules elasticity exists, there is no complete description of a molecules
elasticity as a function of force at non-zero torque. We therefore opted to de-
scribe the experimentally-determined equilibrium force-extension behavior (fig.
8.5b inset, black points) phenomenologically, by fitting it to a double exponential
relation (fig. 8.5b inset, solid red curve). The resulting best fit to the data was
then substituted into Fpya(z) in Eq. 7.1. The solid curves shown in fig. 8.5b
represent the dynamical behavior predicted according to this model, which, as
in the case of torsionally relaxed DNA, indicates that the experimental data are
well described by a quasistatic model.

Relaxation of supercoiled DNA. In addition to probing the dynamics of
plectonemic supercoil removal by stretching, we also study its dynamics follow-
ing the abrupt release of the torsional constraint. In this case, supercoiled DNA
molecules are initially tethered as before and held under a constant magnetic
force (fig. 8.7a, left). In the presence of the nicking enzyme N.BbvCIA, whose
target site occurs only once in the 20-kb DNA molecules used in our experiments,
cleavage of a single DNA strand by the nicking enzyme removes the torsional con-
straint imposed by the magnets. This allows the molecule to release its torsional
stress by a relative rotation of the two DNA strands, changing Lk in the process
and resulting in a reduction in the number of plectonemic supercoils (fig. 8.7a,
right). The resulting upward motion (fig. 8.7b) shows how the resulting dynam-
ics vary as a function of force (compare traces with Lk=100 turns at F,,,=1.4
pN, green points, and with Lk=100 turns at F,,,,=2.5 pN, black points) and
as a function of initial number of supercoils (compare traces with F,,,,=1.4 pN
and Lk=100 turns, green points and with F,,,,=1.4 pN and Lk=200 turns, red
points). Interestingly, for all the conditions tested, a successful description of the
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Figure 3.4: Scenarios of experiments involving supercoiled DNA. The experimentally
measured DNA extension at equilibrium for different values of its linking number (0
turn represents a torsionally relaxed molecule) is illustrated for F,,, = 1.7 pN (solid
squares), and Fj,q,,=0.35 pN (solid circles). The blue squares indicate initial and final
configurations in the two types of experimental situations described in this paper. Force
switch experiments take place at constant linking number but involve an increase of
the tension along DNA (green dotted line). On the contrary, in relaxation experiments
the initial and final tensions are equal, but the initial torsional constraint is totally
relaxed in the final state. This transition can a priori occur in two different ways
(brown dashed lines): in the first scenario (1), plectoneme relaxation is much faster
than DNA stretching, so that most of the motion involves torsionally relaxed DNA. In
the second scenario (2), DNA stretching is faster than plectoneme relaxation so that
plectonemes are progressively removed during the experiment.
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Figure 3.5: Relaxation of supercoils by a nicking enzyme. (a) Principle of the exper-
iments: the linking number of a DNA molecule is initially modified in order to create
plectonemes. Experiments take place in the presence of nicking enzymes N.BbvCIA
(left). DNA extension shows a sudden increase after a nick is induced by one of these
enzymes (right). (b) Individual experimental traces obtained with Fj,,q; = 2.5 pN and
ALk = +100 turns (solid squares), Finqg =1.4 pN and ALk = +100 turns (open circles)
and Fq = 1.4 pN and ALk =4200 turns (solid triangles). Time ¢=0 corresponds to
the action of the nicking enzyme. The solid lines are obtained by solving the equation
of motion for torsionally relaxed DNA molecule, assuming quasistatic dynamics.

DNA extension trajectories in time is obtained by only taking into account the
quasistatic stretching of torsionally relaxed DNA (fig. 8.7, solid lines). As de-
scribed in the next section, these results indicate that plectoneme removal must
occur on a timescale that is significantly faster than the upward movement of the
bead due to the stretching, placing an upper bound on its rate.

3.3 Discussion

A large part of the results described here was obtained by the use of an appara-
tus that combines optical and magnetic tweezers. While the building of a similar
experimental configuration has been reported in previous studies [24, 25], our
work constitutes its first application to the study of a biologically relevant prob-
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lem. This setup unites two features that are essential for studying the intrinsic
dynamics of supercoiled DNA: first, the ability to twist DNA, provided by the
magnetic tweezers, and second, the possibility to apply a sudden force switch.
Whereas classical magnetic tweezers do not meet this second requirement, be-
cause changes in the magnetic force are typically obtained only through the slow
translation of the permanent magnets, laser traps can be switched on and off
within a few milliseconds using a commercial shutter. An additional advantage
of these experiments is that two parameters are directly available to control the
dynamics, the initial extension of DNA and the force used for DNA stretching.
In comparison, relaxation experiments have only one readily accessible parameter
that influences the dynamics, namely the initial extension of DNA.

The dynamics of torsionally relaxed DNA have previously been studied in
two ways. In a first approach, the relaxation of hydrodynamically stretched,
fluorescently labeled DNA molecules was monitored by fluorescence microscopy
[26]. In a second approach, a DNA molecule attached to a bead was initially
stretched by optically trapping the bead, and relaxed to an unstretched config-
uration following trap release [16-19]. The physics probed in the two situations
is very different: whereas in the first case the relaxation dynamics of a DNA
molecule is strongly out of equilibrium and governed by tension propagation
along the molecule [27, 28], in the second configuration the presence of a bead
and its associated hydrodynamic friction considerably slows down the motion,
and quasistatic dynamics are thus expected to describe the motion of the DNA-
bead complex [19]. Nonetheless, whether this is actually the case has been a
long-standing debate. Early results were only adequately described by the qua-
sistatic model upon assuming a three-fold higher value of the DNA persistence
length than that commonly accepted [18]. Later, Bohbot-Raviv et al. developed
a model including non-equilibrium effects to explain an apparent discrepancy of
their data with the quasistatic model [16]. However, it was subsequently es-
tablished that the apparent discrepancy was not attributable to non-equilibrium
effects, but rather by a failure to correctly take into account the effect of the
surface on the effective hydrodynamic drag of the bead [17, 19]. In the present
work, we observed an excellent agreement between the experimental traces and
the predictions of the quasistatic model. This agreement was observed over a
large range of stretching velocities (up to about 100 um/s), due to our ability to
tune the magnetic force that drives DNA stretching (cf Eq. 7.1 and traces from
fig. 8.3), whereas classical relaxation experiments, in which dynamics reduces to
zetabead(z)dz/dt = Fpna(z), lack an equivalent parameter to easily influence
the motion velocity.

The dynamical behavior of supercoiled DNA differs fundamentally from that
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of torsionally relaxed DNA, as the elongation of a supercoiled DNA molecule
requires the removal of its plectonemic structures, both when the motion is driven
by a force switch (fig. reffigure3) and by the action of a nicking enzyme (fig.
8.7). Thus, it was not a priori clear which of the two processes - DNA stretching
(governed, as demonstrated in the previous section by the magnetic force, by
the hydrodynamic drag on the bead and the DNA elasticity) and plectoneme
removal - would dominate the elongation kinetics. Our experiments provide an
unambiguous answer to this question, as under the experimental conditions tested
we never observed any influence of plectoneme removal on the elongation kinetics.

In experiments in which a sudden increase of the force exerted on a supercoiled
DNA molecule is imposed, plectoneme removal is induced by DNA stretching.
This causes a progressive increase of the tension along DNA and mediates the
conversion of its writhe into twist. The good fit of the experimental data to
a quasistatic model implies that the internal dynamics of DNA, which includes
plectoneme removal, is so rapid that the DNA molecule is effectively always in
an equilibrium configuration. The nature of the motion induced by the action
of a nicking enzyme on supercoiled DNA is different, as in this configuration
plectoneme removal can in principle occur independently of DNA stretching. T'wo
principal scenarios are a priori plausible in these experiments (fig. 8.6). The
first one (fig. 8.6, path (1)) assumes that plectoneme removal is much faster
than DNA stretching; in this case the greater part of the observed motion takes
place at ALk ~ 0. In the second scenario (fig. 8.6, path (2)), plectoneme
removal is rate-limiting; in this case, the tension along DNA remains always
close to F,qg, so that the rate of the DNA extension is expected to be slow (cf
Eq. 7.1). Since our experiments are accurately described with the model used
to describe the dynamics of torsionally relaxed DNA (fig. 8.7), the first scenario,
in which the rate of plectoneme removal exceeds the rate of DNA stretching,
applies. Therefore, the dynamics are governed by the rate of DNA stretching
rather than the rate of plectoneme removal in both the force switch and nicking
enzyme experiments, even though the manner in which plectonemes are removed
differs in the two cases.

To quantitatively understand the observed separation of time scales between
plectoneme removal and DNA stretching in both experiments on supercoiled
DNA, it is useful to estimate the drag torque that a plectonemic region can
exert during its shortening. As the starting point of this analysis, we calculate
this torque in a simple model under the assumptions that the supercoiled DNA
molecule contains a single branch of plectonemes (simulations clearly exclude the
other extreme, in which the DNA contains as many branches as individual plec-
tonemes) and that the shortening of this region involves its global rotation. The
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rotation around a given axis of a rigid but not necessarily straight DNA fragment
of diameter d and length L, at an angular velocity w encounters a hydrody-
namic drag ft4rqy Which depends crucially on the fragment distribution relative
to the rotation axis and contributes to the following torque (14):

2
Tdrag = ,udragWLplect <7y >, (34)

where flgrqg = 47 /(0.8+1n(X/d)). In this equation, 7, is the distance of a DNA
point to the rotation axis, brackets represent the average along the whole DNA
fragment, and X is a cutoff length representing the distance over which a DNA
fragment is straight. Nelson proposed to equate X with the structural persistence
length of DNA, equal to 130 nm [14]. Nonetheless the weak dependence of figyqq
on X implies that its precise numerical value does not play an important role.
Using the simple model detailed in [29] to describe a DNA molecule under tension
I and torsion, one can obtain an analytical expression for the the plectonemic
radius Rpect = \/kpTl,/2F. One can then replace < r? > in the expression of
Tirag DY Rpject/2-

Force switch experiments are then reanalyzed by including the additional
force term 7Drag/Ryeet contributed by the rotating plectonemes in Eq. 7.1. As
before, the resulting equation of motion is solved numerically, again assuming
that the configuration of DNA at a given extension is the same as at equilibrium.
This analysis indicates that the rotational drag opposing plectoneme rotation is
not expected to significantly affect the dynamics within the context of the model
described above, since the predicted extension versus time (fig. 8.8, red trace)
almost precisely overlaps with predictions in which this drag torque is ignored
(fig. 8.8, black trace). Nonetheless, it can be concluded that the rotational
drag opposing plectoneme rotation would have a discernable effect if it were ten
times or more larger (fig. 8.8, green trace, 10-fold larger drag; blue trace, 50-
fold larger drag; these traces do not refer to a specific model for plectoneme
relaxation, but are drawn as references to estimate the minimal detectable drag
in our experiments).

The relaxation experiments are analysed using the same framework in a more
straightforward manner. A direct estimation of the time scale of plectoneme
removal is obtained by equating the torque driving plectoneme relaxation, equal
to \/2kpTl,Fe, in the initial configuration [29] with the drag torque Tdrag
opposing it. One gets w = 4\/§(kBTlp)_1/2F3~/azg (fdragLpiect).  Using typical
experimental parameters (Fj,,,=1.5 pN, Lye=5 pm at t=0) yields an initial
value of the initial angular velocity w ~6.104 rad/s. This rate is expected to be
enhanced as the size of the plectonemic region decreases. In this model, the total
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Figure 3.6: Predicted stretching behavior of supercoiled DNA following a sudden
force switch, as a function of the magnitude of the hydrodynamic drag induced by
plectonemes. In this example, F},,4=2.5 pN and ALk=+100 turns. The hydrodynamic
drag opposing plectoneme removal corresponding to the simple model described in the
text has been added in the equation of motion 7.1. Numerically solving this equation
(red line) shows that this leads only to a nearly indistinguishable modification of the
quasistatic dynamics (black line). However, traces generated by arbitrarily considering
10-fold (green line) and 50-fold (blue line) larger hydrodynamic drags are significantly
different.

removal of 200 plectonemic units is accomplished within 7" ~10 ms, similar to the
acquisition time in our experiments and much shorter than the total duration of
DNA stretching under these conditions (typically 0.1 s, cf fig. 8.7). Similarly to
force switch experiments, our data are therefore consistent with the simple model
described by Eq. 7.4, but disagree with a rotational drag larger by ten times or
more than the prediction of this simple model. These experiments therefore
exclude models for plectoneme relaxation that would generate a global friction
larger by a factor of ten or more than the simple model above, caused for instance
by large intrinsic bends in the plectonemic region.

Thomen et al. have addressed the rotational drag of a double-stranded DNA
molecule during its unzipping [30], and showed that the induced drag of such
a relatively simple structure deviated from the nave ”speedometer model” of
Levinthal and Crane [31] by only a factor of ten. Our experiments complement
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this work by addressing the rotational drag of plectonemic structures in a num-
ber of different cases, and place an upper bound on its value. Together, these
experiments provide the main features of the dynamics of an individual DNA
molecule under torsion and exclude a large contribution of DNA intrinsic bends
to these dynamics. An interesting perspective of our work is offered by its poten-
tial extension to situations in which DNA interacts with proteins. For instance,
stretching and nicking experiments may be performed in the presence of tran-
scription complexes, nucleosomes or more generally DNA-binding proteins. This
might considerably slow down the dynamics, as suggested by Leng and McMacken
from bulk in vitro experiments [32]. It is likely that these experiments will have
to be analyzed using the theoretical framework of Nelson’s work [14], contrary
to the ones presented here. Such experiments have the potential to provide a
quantitative description of many aspects of supercoiled DNA dynamics that are
difficult to extract from bulk experiments.

3.4 Materials and Methods

Experimental setup. All experiments were performed with 20.7 kb long DNA
molecules containing a unique site for the nicking enzyme N.BbvCIA. The two
ends of the molecules were ligated to 0.6 kb long biotin and digoxigenin PCR
fragments, respectively. The DNA molecules were incubated with streptavidin-
functionalized Micromer magnetic beads (3 pum diameter, Micromod) selected
for their low magnetic content which permitted good optical trapping, and in-
troduced in a custom-made flow cell. The lower slide of the flow cell was coated
with polystyrene (1% w/v in toluene), anti-digoxygenin (50 pg/ml in PBS) and
finally polyglutamic acid (50 mg/ml in PBS); the latter step aimed at reducing
non-specific interactions.

The detailed experimental configuration of the magnetic tweezers has been
described previously [20]. Briefly, a pair of magnets was used to apply forces
and rotations to a magnetic bead bound to a tethered DNA molecule to control
the tension and the linking number the DNA molecules. The beads 3D position
was determined with 10 nm accuracy from the video images with an acquisition
frequency of 120 Hz. The force corresponding to a given position of the magnets
was measured from the lateral fluctuations of the bead. The standard magnetic
tweezers setup was expanded to include an optical trap. An infrared laser beam
(1064 nm, 500 mW, Crystalaser) was attenuated to 50-100 mW and expanded
through a 10X beam expander (CVI) to fill the back aperture of the objective
(N.A. 1.4, 100X, Olympus). This generated a strongly focused spot in the flow
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cell, which was vertically translated using the piezoelectric objective positioner
(Physik Instrumente) and switched on and off using a shutter (Melles Griot)
inserted along the optical path.

Force switch experiments. These experiments were carried out in 10 mM
Phosphate Buffer pH 7.4, 10 mM Sodium Azide, 0.1% Tween 20 and 200 pg/ml
BSA. The magnets were first translated and rotated until the desired values for
the magnetic force and the DNA linking number were reached. Then the bead
under study was optically trapped and brought closer to the surface by vertical
translation of the optical trap. The trap was suddenly switched off by triggering
the closure of the shutter located in the optical path. Afterwards, the bead
moved up until it reached again its equilibrium position under the magnetic force
(fig. 8.3 and 8.5). In these experiments, the position of the optical trap was
carefully adjusted to minimize the lateral motion of the bead, as the analysis was
facilitated by the assumption that the bead primarily executed vertical motion
away from the surface (fig. 6.10 of Supplementary Materials). Fight successive
traces were taken and averaged for each experimental condition tested.

Experiments with the Nicking enzyme N.BbvCIA. These experiments
were performed in a buffer containing 10 mM Tris-HCI pH 8.0, 50 mM NaCl, 10
mM MgCly, 1 mM DTT, 0.1% Tween 20, 200 pg/ml BSA, 0.5 units/ulL of the
nicking enzyme N.BbvCIA and 0.04 units/ul. of T4 DNA Ligase (both enzymes
from New England Biolabs). The simultaneous presence of nicking enzyme and
ligase allowed us to acquire multiple traces with the same molecule, using the
following procedure: first, the magnets were rotated to induce supercoils in the
DNA. Second, after a time interval, single-strand cleavage by the nicking enzyme
caused the DNA to relax to a torsionally unconstrained state. After a subsequent
time interval necessary for ligase to repair the created nick, magnet rotation was
used to induce supercoils again. Successive experiments were very reproducible
in these conditions.
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Figure 3.7: High reproducibility of force switch experiments. Eight successive runs
obtained with torsionally relaxed DNA, each represented with a different color, are
illustrated for Fy,qq= 0.5 pN (a) and 2.7 pN (b). All experiments were carried out
with an acquisition frequency of 120 Hz. The excellent overlap between successive runs
illustrates the high reproducibility of these experiments.
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Figure 3.8: Experiment to verify the assumption that the bead moves primarily
vertically. Throughout the analysis of experimental data, it is assumed that the bead
moves vertically (z-direction). The data presented here as an example are typical force
switch experiments with torsionally relaxed DNA performed with F,qq= 0.5 pN (a)
and 2.7 pN (b). No averaging has been performed. Vertical (solid triagles) and lateral
(circles) and (squares) motions of the bead before and after the release of the laser trap
(at t=0 on the plots) are represented. In view of the small amplitude of the lateral
motion, the assumption of a purely vertical motion made throughout the analysis is
fully justified.
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Figure 3.9: Effect of the initial conditions. The traces represented here were obtained
with torsionally relaxed DNA with F,,,,= 0.4 pN (a) and 3.8 pN (b). Data points were
averaged over eight successive runs. The conditions of these experiments differ only by
the initial position of the optical trap. The time origin was shifted to synchronize these
traces. The excellent overlap favors the quasistatic model as an accurate description
of the dynamics.

Analytical solution for the quasistatic dynamics of torsionally relaxed
DNA. In the main text of the paper, we have derived a simple analytical solu-
tion for the quasistatic dynamics of torsionally relaxed DNA under the high-force
approximation in the case where surface effects on bead dynamics were not con-
sidered. However, we have also shown that this expression does not describe our
experimental data accurately (fig. 8.4, solid red line). A more complicated, but
still analytic expression for ¢(z) results if we take into account the surface-induced
enhancement of the hydrodynamic friction felt by the bead described by Eq. 7.2:

tFirag . In(4(1 — u)? — €)(2Rje + 21 L* Rye — 21L*Rye? /4 + 12LR%e)
671 R, L L(4R2 — 9L2¢ + 24LRy, + 36L%)(4 — ¢)
tanh™1(2(u — 1)e~Y2) (72032 — 36 L3¢3/% + 132 L2 Rye'/?
a L(4AR2 — 9L2% + 24LR, + 36L2)(4 — ¢)
33L2Rye*? + 60LR2eY/? —3LR2e3/2 + 9/2L%5/2 + 8R}el /2
- L(4R2 — 9L2%¢ + 24LRy, + 36L2)(4 — ¢)
In(By +3Lu)(2/3R) + 6L°Ry + 4LR}) | Ryln(u)
L(ARZ —9L% + 24LR, + 3612 L4 —¢)

+C,

where u = 2(t)/L, e = kT /Fq4l, and C is a constant of integration. As shown
in fig. 8.4 of the main text, this expression (dashed green line) describes our
experimental data (blue triangles) accurately.
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Chapter 4

Friction and torque govern the relaxation
of DNA supercoils by eukaryotic
topoisomerase |B

Topoisomerases relieve the torsional strain in DNA that is built up during repli-
cation and transcription. They are vital for cell proliferation [1-3] and are a
target for poisoning by anti-cancer drugs [4, 5]. Type IB topoisomerases (TopIB)
form a protein clamp around the DNA duplex [6-8] and create a transient nick
that permits removal of supercoils. Using real-time single-molecule observation,
we show that ToplB releases supercoils by a swivel mechanism that involves fric-
tion between the rotating DNA and the enzyme cavity, i.e., the DNA does not
freely rotate. Unlike a nicking enzyme, TopIB does not release all the supercoils
at once, but it typically does so in multiple steps. The number of supercoils
removed per step follows an exponential distribution. The enzyme is found to be
torque-sensitive, since the mean number of supercoils per step increases with the
torque stored in the DNA. We propose a model for topoisomerization in which
the torque drives the DNA rotation over a rugged periodic energy landscape in
which the topoisomerase has a small but quantifiable probability to religate the
DNA once per turn.

This chapter was published by Daniel A. Koster, Vincent Croquette, Cees Dekker, Stewart
Shuman and Nynke H. Dekker in Nature, Mar 31 2005;434:671-4.
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4.1 Introduction

Type IB topoisomerases (TopIB) alter DNA topology by cleaving and rejoining
one strand of the DNA duplex [1] and are able to remove both positive and nega-
tive supercoils. In vivo, ToplB removes positive supercoils generated in advance
of the replication fork [9]. Cleavage occurs via a transesterification reaction in
which the scissile phosphodiester is attacked by a tyrosine of the enzyme, result-
ing in the formation of a DNA-(3’-phosphotyrosyl)-enzyme intermediate and the
expulsion of a 5-OH DNA strand. In the rejoining step, the DNA 5-OH group
attacks the covalent intermediate resulting in expulsion of the active site tyrosine
and restoration of the DNA phosphodiester backbone. Based on structural [10]
and kinetic [11] data, a mechanism has been proposed for TopIB, whereby su-
percoils are relaxed by swiveling of the DNA about the phosphodiester opposite
the nick (Fig. 4.la~c). Furthermore, the clamp-like structure of human TopIB
around the DNA duplex suggested that the DNA would not be allowed to swivel
unhindered and a controlled rotation model was proposed [10, 11]. The swivel
mechanism of TopIB action is in stark contrast to the protein-assisted strand-
passage mechanism of type IA and type II topoisomerases, whereby there is an
obligate step size of 1 and 2 supercoils removed per cleavage-religation cycle,
respectively [12-18].

4.2 'Topoisomerase IB uncoils DNA in a step-

wise fashion

Our experimental strategy entails anchoring a single continuous linear dsDNA
molecule between a glass surface and a paramagnetic bead. We use a pair of
magnets to apply a stretching force F' and a degree of supercoiling ¢ by translating
a pair of magnets in the vertical direction or rotating them about their axis,
respectively [19]. The height of the bead from the surface is equal to the extension
of the DNA molecule. Fig. 4.1d plots the DNA extension as a function of
force and torque. In a typical measurement, the DNA molecule is prepared
in a positively supercoiled state (o >0), which corresponds to a short extension.
When Vaccinia ToplB, a prototypical eukaryotic type IB topoisomerase, is added,
we observe discrete step-wise increases in the extension (Fig. 4.2a). Each step
signifies the removal of DNA supercoils during a single cleavage-religation cycle
by a single TopIB enzyme. Using the rotation curve (Fig. 4.1d), we convert
the changes in DNA extension to a number of rotations removed from the DNA,
which equals the change in the linking number ALk. The distribution of ALk,
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Figure 4.1: Single-molecule assay for measuring DNA supercoil removal by topoi-
somerase. (a) Type 1B topoisomerase is bound non-covalently to a supercoiled DNA
molecule. (b) Topoisomerase establishes a covalent bond to the DNA, creating a nick
that allows for rotation of the DNA about the remaining intact strand (green arrow).
Consequently, supercoils are removed. (c) The DNA has been religated by the topoiso-
merase, terminating the release of supercoils. The height of the bead above the surface
has increased, proportional to the number of supercoils removed (ALk). (d) The be-
havior of dsDNA under torsion is dependent on the stretching force (data shown for
half bacteriophage A DNA). Increasing o at 1 pN (red curve), the extension initially re-
mains constant and the torque builds up linearly with o (Twist regime). After a critical
buckling torque I'., the torque saturates and the DNA forms plectonemic supercoils. It
then contracts linearly with o (Writhe regime) with a slope of 37nm/turn (1 pN) and
65nm/turn (0.2 pN, blue curve). At low stretching force (0.2 pN) the DNA extension
is decreased irrespective of the rotation direction as the molecule is supercoiled. At
a higher force (1 pN), this occurs only for positive rotations (¢;0), while at negative
rotations, the DNA denatures. Solid colored lines in rotation curves are splines through
experimental data points, black lines are fits to a linear function.

P(ALEK), has a mean far greater than unity (Fig. 4.2b) and is well fitted by an
exponential:

P(ALk) ~ exp(—ALk/ < ALk >) (4.1)

(red line in Fig. 4.2b). At higher stretching forces, the functional forms of the
distributions are unchanged, but the corresponding values for < ALk > increase
significantly (Fig. 4.2¢, solid circles).

The functional forms of the distributions are also found to be insensitive to the
sign of the supercoiling (data not shown). Within the experimentally accessible
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Figure 4.2: Real-time enzymatic activity and step-size distribution for TopIB acting
on a single DNA molecule. (a) Each time TopIB removes supercoils from the DNA, a
step is observed in the DNA extension. (b) P(ALk) for TopIB (main panel) and for
nicking enzyme (inset), in units of ALk. Vertical dashed red lines show the number
of plectonemic supercoils initially incorporated into the DNA. The solid red line is a
fit of Eq. 4.1 to the data. Error bars denote the square root of the number of events.
(¢) < ALk > as a function of applied force and torque. The solid line is the fit of Eq.
4.2 to the data. The inset shows the force-dependence of p (see text). Solid and open
circles represent data taken at positive and negative supercoils, respectively.
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regime at negative supercoiling (see Fig. ?7d), the values for < ALk > for
negative supercoils (Fig. 4.2c, open circles) are similar to those measured for
positive supercoils. In contrast to Vaccinia ToplB, a control measurement of
P(ALE) for a nicking enzyme shows a peak that coincides with the number
of supercoils initially applied to the DNA molecule (Fig. 4.2b, inset). Unlike
Vaccinia ToplB, the nicking enzyme does not possess the ability to religate DNA
and therefore all supercoils are released at once.

The exponential functional form of P(ALk) for Vaccinia ToplB can be under-
stood by considering the DNA as it rotates during supercoil release. After nicking
of the DNA by transesterification of Vaccinia TopIB to the DNA 3’-phosphate
end, the DNA rotates inside the enzyme cavity and its 5-OH end passes the
tyrosine-3’-DNA adduct once every turn. At each pass, there is a finite prob-
ability p for Vaccinia TopIB to religate the DNA and a probability ¢ = 1 — p
that the enzyme does not religate the DNA. In correspondence with this pic-
ture, the probability distribution for observing steps of size ALk is given by the
discrete probability function of the geometric distribution [20] (ALk =1,2,...):
P(ALk) = pgat*=1 = p(1 — p)A*=1 where < ALk >= 1/p. The continuum
limit of this distribution is equation 4.1. We find that by increasing the stretch-
ing force from 0.2 pN to 3 pN, the probability to religate per turn decreases from
3% to 0.7% (Fig. 4.2c, inset). Because a strand-passage mechanism implies that
< ALk > is independent of the stretching force [15], we conclude that our data
are inconsistent with such a model. Our results are however fully consistent with
a swivel mechanism.

4.3 Topoisomerase hinders the uncoiling

We are able to resolve in real time the velocity of DNA extension during super-
coil removal. We measure this both for Vaccinia TopIB and for endonucleolytic
cleavage of one strand by nicking enzymes (Fig. 4.3). The velocity value is a
measure of the rate at which the DNA swivels in the topoisomerase cavity as the
supercoils are released. The data of Fig. 4.3b clearly show that Vaccinia ToplIB
(red diamonds) slows down the DNA rotation rate compared to the unhindered
rate observed for the nicking enzymes (blue triangles).

Control experiments with two different Vaccinia TopIB mutants and with
human ToplB provide further evidence that the decreased rotation rate in the
ToplB reaction is caused by friction between the topoisomerase and the rotating
DNA. First, we excluded the possibility that multiple topoisomerases bound to
the DNA at sites other than the cleavage site were interacting with each other
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Figure 4.3: Measurement of velocity of DNA extension during supercoil release. (a)
A step in DNA extension as a consequence of supercoil removal is characterized by a
linear increase in DNA extension (red points) and is fitted with a linear function to
obtain the rate (solid red line). (b) Velocity of DNA extension distributions taken at
0.2 pN for human TopIB (dark red triangles, < v > = 4.1+0.2 pm/s), wild-type TopIB
(red diamonds, < v > = 6.7+0.2 um/s), the TopIB Y70A mutant (beige circles, < v >
= 8.940.6 pum/s), nicking enzyme (blue triangles, < v > = 10.54+0.2 pum/s) and for a
mix of TopIB mutant Y274F and nicking enzyme (green squares, < v > = 10.5£0.2
pum/s). Solid lines are Gaussian fits to the data. Means are numerical averages with
corresponding standard errors of the means.

[21] in a manner that caused a decreased rotation rate. This was accomplished
by a mixing experiment in which the nicking enzyme was reacted with the DNA
in the presence of the Vaccinia TopIB active site mutant Y274F (green squares),
which binds DNA noncovalently but is incapable of transesterification [22]. The
rotation rate observed in the mixed reaction was indistinguishable from the rate
observed with the nicking enzyme only. Second, we measured the effect of the
Vaccinia Y70A mutation on the DNA rotation rate. Tyr70 is located on the
concave surface of the N-terminal domain of Vaccinia TopIB that clamps over
the DNA duplex in the major groove on the helical face opposite the scissile
phosphodiester [23]. Due to the loss of this amino acid side chain lining the
protein-DNA interface, we observe an increase in the DNA rotation rate (beige
circles) compared to wild-type Vaccinia TopIB. Extending these measurements
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to human TopIB (dark red triangles), we found that the DNA rotation rate
is lower than for wild-type Vaccinia TopIB. Human TopIB encircles the DNA
duplex fully [7], while Vaccinia TopIB has the form of a C-shaped clamp [6, 8].
Accordingly, human TopIB presumably offers less freedom for the DNA to rotate
than Vaccinia TopIB. These data provide what is, to our knowledge, the first
direct measurement of friction [24, 25] in the ToplIB relaxation mechanism.

4.4 Torque drive DNA rotation over a rugged
energy landscape

We propose a model that describes the effect of friction and torque on the enzy-
matic activity. Our model has three ingredients. First, the rotation of the DNA
inside the enzyme clamp is not free, but hindered by friction, as indicated by our
velocity measurements. This is modeled by a random walk over a rugged free
energy landscape (Fig. 4.4) with the rotation angle 6 between the 5-OH end of
the noncovalently held strand and the tyrosine-3’-DNA adduct as the reaction
coordinate. The DNA rotation is not smoothly continuous, but the free energy
profile and accordingly the rotation rate varies during a single rotation. This
variability in rotation speed could stem from the notion that the cross-sectional
size of the DNA at the nick changes dramatically, from 2 nm at # = 0 to about
4 nm at 6=180°. We make no assumptions about the exact shape of the en-
ergy landscape. The rate k across each of the barriers with height AG in this
landscape follows an Arrhenius relation k& ~ exp(—AG/kgT), where kg is the
Boltzmann constant and 7" the temperature in Kelvin. Second, the mechanically
applied constant torque I, drives the uncoiling. It is modeled by tilting the entire
energy landscape by —I'.6. This decreases AG by an amount I'.06, where 40 is
the angle from the well to the transition state. The rate in the presence of a
torque I'. thus becomes: k' ~ exp(—AG'/kgT) = exp(—(AG — I'.00)/kgT).
The force dependence of I'. is given by [26], where £ is the bending persis-
tence length of a dsDNA molecule [27] ({=534+2 nm). Third, within each 27
rotation of the DNA inside the topoisomerase cavity, there is only one position
with a significant probability to religate the DNA. This is reasonable because
the rotating 5-OH end needs to be in close proximity (on the order of a few
Angstroms) to the DNA-3’-phosphotyrosine adduct before a religation can oc-
cur. At this position in the energy landscape, there is a possibility to establish a
covalent bond, with rate k.. The religation probability per turn p is thus given
by p = Thes - kr = k. /K, where T,.s = 1/k" is defined as the residence time in the
well at the religation location. As a function of torque, and thus force, we deduce
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Figure 4.4: Schematic description of the model. The free energy associated with
the angle of rotation between the 5’-OH end of the noncovalently held strand and the
tyrosine-3’-DNA adduct in the absence (red curve) and presence (green curve) of torque
in the DNA. The effect of the torque is to tilt the landscape, decreasing the barrier
height AG to AG’ . This increases the escape rate k to k' from the well in which the
rate of religation is maximal. This effectively decreases the probability per turn to
religate (see text).

that p(F') ~ exp(—T.00/kpT) = exp(—00+/2§F/kgT) or,
< ALK(F) >=< ALk >p_q e*V2F/ksT (4.2)

Equation 4.2 provides a good fit of the data for < ALk > wvs. force (red line
in Fig. 4.2c). We conclude that our model provides a good description of the
single-molecule data at positive supercoils. We obtain an estimate for 66 of
0.23£0.02 radians (13°) and an estimate for A Lkpr_, of 19.3£2.3 supercoils/cycle.
These numerical values could be specific to the removal of positive (rather than
negative) supercoils. Bulk measurements performed by Stivers et al.11 on plas-
mids containing 1542 supercoils yielded an average number of supercoils removed
per cleavage-religation cycle of 5+1.5. This value was indirectly obtained using
ensemble-averaged rate constants, whereas our experiment measures it directly.
In addition, the low initial number of supercoils applied in the plasmid (roughly
an order of magnitude lower than in our measurements) may have restricted the
observation of large numbers of supercoils removed per cleavage-religation cycle.
This could have biased the average number of supercoils released in bulk towards
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lower values.

An alternative model could consider the stretching force F' applied to the DNA
rather than the torque as the parameter governing the religation probability. In
such a model, the enzyme would have to perform work over a distance dx against
F to religate the DNA. Fitting such a force-dependent model to our data yields
a very large value of 20 Afor the force-sensitive step dz. However, earlier work
28] showed that although Vaccinia TopIB can religate 5'-OH DNA across a 1-
nucleotide gap, i.e. a distance roughly 3Alarger than a nick, the religation rate
for this reaction is already decreased by a factor of 200 in comparison to the
religation rate across a nick. It thus seems unrealistic that one would observe
any religation events with a separation of 20 A. Accordingly, we do not favor such
a force-dependent mechanism.
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4.6 Materials and methods

Enzymes and buffers

Wild-type and mutant vaccinia ToplIB proteins were purified as described
previously [29]. Nicking enzymes N.BbvCIA, N.BbvCIB and N.BstNBI were
purchased from New England Biolabs. Human TopIB (100 kDa fragment) was
purchased from Topogen. The step size distributions were measured in buffer
containing 10 mM Tris-HCI1, pH 8.0, 50 mM NaCl, 10mM MgCl,, 1 mM DTT,
0.1% Tween-20, 200 ug/ml BSA. TopIB concentrations varied between 0.5 and
20 nM. The rotation rate measurements were performed in identical buffer except
that 2 mM MgCly; was used. The three nicking enzymes gave identical results,
both in the step size and the rotation rate measurements.

DNA constructs Step-size measurements were performed with bacteriophage
A DNA molecules (48kb or 16um contour length) that were coated at one extrem-
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ity with multiple biotin groups and at the other with multiple digoxigenin groups.
The rotation rate and the ALk distribution measurements at 0.2 pN were per-
formed on half bacteriophage A DNA molecules. In all molecules, the consensus
sequence for Vaccinia TopIB cleavage (5-CCCTT], where | denotes the cleav-
age site) appears frequently (63 times for the full-length AYDNA molecule). The
DNA molecules were incubated with Streptavidin-functionalized magnetic beads
(1 pm diameter, Dynal) and introduced to the flow cell.

Magnetic tweezers/flow cell The detailed experimental configuration of the
magnetic tweezers, three-dimensional bead tracking, and force measurements
have been described previously [19]. We measure F' with 5% accuracy by con-
tinuously determining the three-dimensional bead position with 10 nm accuracy
[19].

A custom-made flow cell was used, consisting of two rectangular glass micro-
scope cover slides separated by a single layer of parafilm. The lower slide was
coated with polystyrene and anti-digoxygenin. This surface was subsequently
passivated with BSA.

Data analysis For the step size measurements, data traces were low-pass fil-
tered at 2 Hz and averaged for > 2s, depending on force. Changes in DNA ex-
tension were analysed by making use of a sliding averaging window in which steps
were accepted that were larger than three standard deviations of the Brownian
noise of the bead [15]. The steps can be identified as arising from a single topoi-
somerase enzyme because the time it takes for the enzyme to remove supercoils is
much smaller than the time between successive relaxation events. The bead ve-
locity measurements were analysed from raw data obtained at 60 Hz. Treatment
of step size distributions. Values for < ALk > were obtained using a modified
maximum-likelihood method that takes into account the experimental bead noise
and the fact that one cannot observe steps of ALk > n, where n is the number of
supercoils in the DNA prior to cleavage. Therefore, the final step leading to the
complete removal of plectonemes from the DNA is discarded. To correct for the
ensuing overrepresentation of small steps, one takes into account that each mea-
sured step ALk; is not drawn from the entire A Lk distribution but rather from the
probability distribution P;(ALk) = (N; < ALk >)"texp(—ALk;/ < ALk >),
where N; is given by N; = exp(—ALkppise/ < ALk >) — exp(ALkeconstrainedi/ <
ALk >), ALkysse is the smallest observable step given the bead noise and
ALkKconstrained;; 1s the remaining number of supercoils in the DNA molecule prior
to the i-th step. The corresponding likelihood function L is thus given by:
L =TI, (N; < ALk >)"‘exp(—ALk;/ < ALk >). This modified maximum
likelihood method is especially useful at higher stretching forces, where failure to
apply the method underestimates < ALk > by approximately 25%.
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Chapter 5

Multiple events on single molecules:
unbiased estimation in single-molecule
biophysics

Most analyses of single-molecule experiments consist of binning experimental
outcomes into a histogram and finding the parameters that optimize the fit of
this histogram to a given data model. Here we show that such an approach
can introduce biases in the estimation of the parameters and that thus great
care must be taken in the estimation of model parameters from the experimental
data. The bias can be particularly large when the observations themselves are not
statistically independent and are subjected to global constraints, as, for example,
when the iterated steps of a motor protein acting on a single molecule must
not exceed the total molecule length. We have developed a maximum-likelihood
analysis, respecting the experimental constraints, which allows for a robust and
unbiased estimation of the parameters, even when the bias well exceeds 100%.
We demonstrate the potential of the method for a number of single-molecule
experiments, focusing on the removal of DNA supercoils by topoisomerase 1B,
and validate the method via numerical simulation of the experiment.

This chapter was published by Daniel A. Koster, Chris H. Wiggins and Nynke H. Dekker
in Proceedings for the National Academy of Sciences of the United States of America, Feb 7
2006;103(6):1750-5
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5.1 Introduction

Over the past few years, single-molecule techniques have started to deliver on their
promise as high-resolution tools for the study of biological systems. The activity
of single proteins such as kinesin, myosin, and topoisomerases [1-3|, amongst
others, has been monitored in real time. A hallmark of such single-molecule
experiments, in contrast to bulk experiments, is their unparalleled ability to yield
the functional form of the distribution of experimental outcomes, and not merely
their averages [4] or other statistics [5]. Estimating the parameter values that
characterize these distributions often yields the information required to construct
detailed mechanical models of the system under investigation.

To obtain these parameter values from an experiment, observables are typi-
cally binned into a histogram and the histogram is fitted to the predictions of a
model. An alternative method to obtain a distribution parameter is to use the
maximum likelihood method, in which one calculates the value of an unknown
parameter in a distribution which maximizes the likelihood of the experimentally
observed data [6, 7]. The maximum likelihood method has the advantage that one
does not discard information, or introduce one’s own biases, in the data through
binning. Moreover, the histogram-fitting approach, at least when squared loss is
used, ignores the fact that the errors induced in the construction of the histogram
are themselves a function of the model and of the number of counts represented
in each bin of the histogram. Another important advantage of using the maxi-
mum likelihood method, which we demonstrate below, is the possibility to build
a model that is more faithful to the experimental reality. Particularly in bio-
physical experiments where a multitude of factors, such as finite-size or other
experimental or biological constraints, unavoidably thwart the assumption that
each individual observation is independent and identically distributed (referred
to as the ’i.i.d.” assumption below), the maximum-likelihood approach facilitates
building a model which is both more experimentally sound and more statistically
robust.

Frequently, constraints emerge because of experimental limitations in detect-
ing all values of experimental outcomes in a distribution: one receives from the
measurement a limited range of values instead of the entire domain. In some
experiments, for example the DNA translocation by the enzyme FtsK described
in [8], the experimental outcomes are uncoupled from one another and are "i.i.d.’.
However, in the scenario that experimental outcomes are coupled to each other
by a global constraint, the range of values that can be detected varies with ev-
ery new measurement taken. As we demonstrate below, the presence of global
constraints is a factor that absolutely requires maximum likelihood analysis if
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the biological parameters of a system are to be measured accurately. In princi-
ple, the analysis of bulk experiments can be hampered as much as the analysis
of single-molecule experiments. However, in single-molecule measurements, one
can evaluate each experimental outcome with respect to the constraints. Armed
with this knowledge, one can apply the mathematical treatment outlined here
and counter the bias in the data accurately.

In this article, we illustrate the problem of global constraints by showing how
the measurement process in a single-molecule study of DNA supercoil relaxation
by the enzyme topoisomerase IB imposes global constraints on the probability
distribution from which the experimental outcomes are drawn. Subsequently, we
generalize the maximum likelihood method for parameter estimation, enabling
one to faithfully recover the unbiased estimate of the distribution parameter from
data subject to global constraints. We also derive an expression for the standard
deviation of the recovered parameter as a function of the available statistics.
Numerical methods confirm our ability to recover the unbiased distribution pa-
rameter within the error estimation derived. Finally, we show that the method
introduced here can play an important role in the extraction of biological param-
eters from several other single-molecule experiments.

5.2 Topoisomerase IB steps are subjected to a
global constraint

We first illustrate the concept of global constraints using data obtained from the
single-molecule analysis of topoisomerase IB [9]. Topoisomerase IB is an enzyme
that removes supercoils from a dsDNA molecule by transiently introducing a
nick [10, 11]. As long as the dsDNA molecule is nicked, torque present in the
molecule will swivel the DNA about its intact strand. After a random number
of supercoils are released, the enzyme religates the DNA, which terminates the
removal of supercoils [9].

We can follow the action of the topoisomerase in real time using magnetic
tweezers [12]. The experimental strategy is described elsewhere [1] and summa-
rized in Fig. 8.3. Each time the topoisomerase removes supercoils from the DNA
molecule, one observes a discrete step in the height of a ym-sized bead attached
to the molecule. The height of the bead is equal to the extension of the DNA
molecule and is directly related to its linking number (Lk) and to the number
of supercoils present in the DNA. A small extension of the DNA corresponds to
a large number of supercoils present, while a large extension corresponds to few
supercoils present in the DNA. Thus, each time the topoisomerase removes su-
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Figure 5.1: An example of a system that includes global constraints. (a) Topoiso-
merase IB removes DNA supercoils in steps. Each time the topoisomerase removes a
number of supercoils, the DNA extension rises in a step-wise fashion. The final step
which leads to the removal of the remaining supercoils in the DNA is artificially con-
strained and should be removed from the analysis. (b) the size of the steps (in units
of change in linking number ALEL) is distributed exponentially. In the text, this will
be referred to as the 'measured’ distribution. This 'measured’ distribution may differ
from an underlying 'true’ distribution due to the presence of global constraints.

percoils from the DNA, we observe a discrete step in the DNA extension, which
is proportional to ALk. If the probability of religation (per turn) is constant,
the distribution of (ALk) should be an exponential (Fig. 8.3b); the average of
ALk, which is denoted < ALk >, is the parametric description of topoisomerase
activity we wish to deduce from the experiment.

The setup of the experiment, in which the DNA molecule only contains a
limited number of supercoils, necessarily introduces global constraints on the dis-
tribution. Consequently, at some point the topoisomerase will inevitably remove
the last few supercoils that remain in the DNA (red arrow, Fig. 8.3a). This final
step towards the level of zero supercoils contains only limited information in com-
parison to previous steps. This is because the final step is artificially constrained
by the fact that no more supercoils remain in the DNA for the topoisomerase to
remove. Therefore, when drawing conclusions about the working of the enzyme,
one should discard this final step. For convenience, we will define sub-steps as
those steps that do not extend to the level of zero supercoils. Effectively, steps so
large that they become the final step are discarded, whereas steps so small that
they become sub-steps are not discarded. This leads to an overrepresentation
of small steps. When one simply analyzes the surviving sub-steps, one obtains
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a skewed distribution with an incorrect parameter, which can hamper a proper
interpretation of the system under investigation. In an actual experiment, one
cannot distinguish between the ”true” distribution and the distribution that is
skewed as a result of the measurement. After all, all one has is the measured
distribution (Fig. 8.3b), which is skewed. Fortunately, in a single-molecule mea-
surement this can be corrected for by the method we describe below.

5.3 Maximum likelihood and domain con-

straints

We briefly review the concept of parameter estimation using the maximum likeli-
hood method [7]. Let P(s|k) be a properly normalized probability density func-
tion (pdf) for step size s, with parameter k. The goal of the maximum likelihood
method is to obtain an estimate for the parameter of the pdf, which in this
general case is k. Since the experimental outcomes are assumed to be statisti-
cally independent, the combined probability to find, in n measurements, the data
sl,s2, s, is given by:

n

L(k) = [[ P(silk), (5.1)

i=1

where L is the likelihood function. To avoid working with very large or small
numbers that can cause computational inaccuracies, and to facilitate the analysis,
one often works with the logarithmic likelihood In L(k) = > 1", In P(s;|k). We
now introduce k,, the value of k that maximizes L, otherwise known as the
maximum likelihood value. It is the best estimate for £ and we wish to calculate
its value. We obtain k, by solving

0 = O In P(kls) (5.2)

(see supporting information). Assuming that the shape of In P(k|s near k, is a
Gaussian distribution (see supporting information), we can calculate the variance
o? of k., using

—0 2 =07 1In P(k|s) . (5.3)
k=k.

In many experimental scenarios, constraints apply to the measurable domain of
P. In other words, it may not be experimentally possible to sample all possible
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values of s. A proper analysis of the data taken in this experimental scenario
then requires P to be renormalized by a weighting function g(k):

Smazx
g(k) :/ dsP(slk), (5.4)
Smin

where $,,;, is the minimum value for s that can be detected, and s,,,, is the
maximum value for s that can be detected. In this simplest case, S, and S;az
are constant for each measurement ¢ of s. However, an alternative possibility is
for a global constraint to couple all observations (indexed by 7) of the variable s
to each other. In this second case, one requires a weighting function that varies
with each measurement ¢ of s:

gillk) = / T dsP(sl), (5.5)

Smin,i

where s, ; and $;,q, ; are again the minimum and maximum detectable values for
s, respectively, but their values are not fixed for all measurements of s. Instead,
Smin,: Tepresents the minimum detectable value for s that is valid only for the ¢-th
measurement of s. Similarly, S,,4,,; represents the maximum detectable value for
s that is valid only for the i-th measurement of s. Analogously to the ’i.i.d.” case,
one can calculate the likelihood function for all of the constrained data, maximize
this function and obtain k. The value for k, we obtain in this manner is then the
unbiased estimate of the parameter of the distribution.

To illustrate the method explicitly, we use an exponential function as a pdf,
the appropriate model for a topoisomerase that removes supercoils from DNA
with constant probability per turn of religation. The normalized pdf for 0 < s <
oo is then given by

P(slk) = ke™, (5.6)

where k = é Here and in the following, brackets indicate averages over the

experimental observations. The corresponding likelihood function is given by

n

L(s1, 82, ..., salk) = [ [ P(silk) = [ [ ke ™. (5.7)
=1

i=1

In the case of ’i.i.d.” observations, we obtain

g(k) = / dske™%s = g7Fsmin _ g=ksmas (5.8)

Smin
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However, in the case of global constraints, we obtain:
Smazx,i
gi(k) = / dske %8 = g7Fsmini _ kSmaa,i (5.9)
Smin,i
and the values for s are drawn from

ke—ksi

e_ksmin,i — e_k?sma;c,i

p(silk) = (5.10)

Having obtained a relation for P, we can calculate the corresponding likelihood.
The probability of the data in the presence of global constraints is

ke—k‘si
LZ(k) - H e_ksmin,i — e_ksmaw,i’ (511>
i=1
where N is the number of experimental outcomes of s. The logarithm of L is
given by
N N
InLi=Nlnk—k) si—» In(e " mini — ghmeni), (5.12)
i=1 i=1

The parameter measured in the topoisomerase IB experiment is the average
change in linking number < ALk >, which is equal to < s > in the termi-
nology used above. Since < ALk >= 1/k, we take the derivative of equation [12]
with respect to 1/k:

_ksmin,i _ksmaac,i

- Sma:c,ie

N N
Smin,i€
Ocarks = O = —kN+K Y 5=k Y = . (5.13)

e_ksminﬁi — e_ksmaac,i
=1 =1

We find the maximum in the likelihood by setting equation [13] equal to zero,

(5.14)

e_k*smin,i — 6_k*5maac,i

—kwSmin —kys )
Smin,i€ et — Smaz,i€ masst
0:1/1{3*—<S>+< ,

where k, is again the maximum likelihood value for k, the value that solves equa-
tion [14] (the summation signs in equation [13] have been replaced by brackets
in equation [14] to denote averages). Equation [14] can be evaluated numerically
to yield < ALk >,, the maximum likelihood value of < ALk >. We deduce that
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the variance of < ALk >, is given by

0_2 B k2N B ]{;_i Smin,i — smax,i2 (5 ].5)
<ALk> = Tx 4 sinhQ(%k*(SmmJ — Smaz,i)) |

(see also supporting information). Comparing [14] and [15] to the case in which
no constraints apply, or S,,.. = 00 and $,,;, = 0, we recover

< s >= % =< ALk > (5.16)

and
1 < ALk >
0’ = g s
TN TN

as expected. Equations [14] and [15] can be directly applied to the single-molecule
data of DNA supercoil relaxation by TopIB (Fig. 8.3b) in order to determine the

(5.17)

true parameter of the underlying true distribution and its associated standard
deviation as a function of the number of experimental outcomes N.

5.4 Numerical simulation and the consequences
of ignoring global constraints

We simulate the measurement process in a single molecule experiment to quantify
the biasing effect on a ”"true distribution” as a result of the global constraints and
the "sampling error” inherent in the finite number of observations performed. The
applicability of equations [14] and [15] to the determination of the value and the
standard deviation of the distribution parameter can therefore be assessed.

We start by generating an exponential distribution characterized by a param-
eter that we define as the "true parameter” and is denoted < ALk >;... We
arbitrarily set it to < ALk >.,.=60. < ALk >.,. represents the parameter of
the distribution that would be measured in the absence of constraints. We call
this unbiased distribution the ”true distribution”. Since it is unbiased, we can
think of this distribution as representing the physics governing the workings of
the enzyme. We then simulate the process of removing supercoils from a DNA

molecule that has a maximum of 130 supercoils present (the global constraint
ALK

max?

Fig. 8.4a, inset). We use these values for all simulations. The number
of supercoils that the topoisomerase removes each time from the DNA is ran-
domly drawn from our "true distribution”. As described above, all final steps
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are subsequently discarded, while the sub-steps that remain are displayed in a
histogram. This histogram reflects what we would measure experimentally and
we call it the "measured distribution”, characterized by a ”"measured parameter”,
which is biased and therefore denoted < ALk >p;4sca- The ”true distribution” is
shown in blue in Fig. 8.4a, while the "measured distribution” is shown in red.
As can been clearly seen from Fig. 8.4a, the two distributions are not identical.
The ”true distribution” obviously yields an average of 60 (in units of ALk). We
obtain < ALk >piuseq by fitting the "measured distribution” to an exponential
in the range between zero and ALK

mazx*

In fact, the functional form is altered
slightly due to the global constraints, as discussed formally in the supporting
information. Note that the value for < ALKk >puseq 18 thus biased due to a
combination of factors: (i) the presence of global constraints, (i) the number of
experimental outcomes N, and (ii7) the analysis via histogram-fitting rather than
maximum likelihood. For the particular values for < ALk >.,. and ALKS  we
used, < ALk >piaseq Was 46, which is an underestimate of ~23% in comparison
to < ALk >;4.. Indeed, the measurement process has biased small steps over
large steps, skewing the "measured distribution” towards lower values. We now
focus more closely on the relationship between the magnitude of the constraint
and the resulting degree of bias. Fig. 8.4b plots < ALk >puseq as a function
of the severity of the global constraint ALKS . We plot < ALk >4.,.=60 as
a blue horizontal line in Fig 8.4b. The discrepancy between < ALk >;450q and
< ALk >y caused by the global contraints is thus reflected graphically as the
distance between the red curve and the blue line; in the absence of any biasing
effect, all values for < ALk >;45e¢ would fall on top of the blue line. We de-
scribe three salient features of Fig 8.4b. First, as the constraint becomes less
severe (ALK  increases), the magnitude of the bias decreases. Conversely, as

the constraint becomes more severe ( ALKC, . decreases), the magnitude of the
bias increases. Second, the discrepancy between < ALk >piuseq and < ALKk >0
is very large (>100%) for small values of ALK? .. For example, for ALK? =20,
< ALk > biased equals 27, which constitutes an underestimation of < ALk >,
by approximately 120%. Although this is an example which might not generally
be observed experimentally, we include it to emphasize that our method can re-
cover < ALk >.,. robustly even in the case of extreme bias, as we show below.
The third feature of Fig 8.4b highlights that in a regime where one naively would
expect virtually no biasing effect due to the constraints, the bias is significant
nevertheless. Indeed, for ALKD,,.=800, which is well over an order of magnitude
larger than < ALk >, one still observes that < ALk >, is underestimated
by approximately 7%. This surprising behavior stems from the fact that the

constraints on the distribution vary from step to step and are on average smaller
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Figure 5.2: Simulated step-size distributions for the enzymatic removal of supercoils
from the DNA molecule. (a) the number of supercoils that the enzyme removes each
time from the DNA molecule is randomly drawn from a generated exponential distribu-
tion, called the "true distribution” (blue dots). The ”true distribution” is characterized
by an average of 60 (units of ALk). After discarding the final steps leading to the level
of zero supercoils (ALY .., see text), one obtains a "measured distribution” (red dots)
whose parameter is underestimated (< ALk >=46). Inset: Numerical simulation of
the enzymatic removal of supercoils. The size of each step is drawn from the ”true dis-
tribution”. As in reality, the DNA molecule simulated contains only a limited number
of supercoils. The level at which no supercoils are present is depicted as a horizontal
red line and acts as a constraint for the removal of supercoils by the enzyme. Since
the final step towards the level of zero supercoils (red arrow) is artificially constrained,
this final step is removed from the data analysis (see text). (b) the degree to which the
"measured” parameter is underestimated is a function of the constraints (the initial
maximum number of supercoils in the DNA, denoted ALKS,,.). As the constraints be-
come more pronounced, the underestimation grows. In some cases, the underestimation
of ALk due to global constraints is severe (>100%). The "true” value for < ALk > is
depicted as a horizontal blue line, which the measured value for < ALk > (red dots)

approaches asymptotically (red line is a spline through the data points).

than ALKO

max*

We now describe how we can nonetheless obtain an accurate value
for < ALk >, even in cases where < ALk >, is severely underestimated.

By monitoring the DNA extension, either in a real experiment or in the sim-
ulation as discussed here, we know the number of supercoils that remain in the
DNA molecule before the topoisomerase removes a number of supercoils; that is
to say, we know the constraints that apply to the measurement of each sub-step.
The important point is that although the constraints vary for each step, they
are known, and we can therefore substitute their values for s,,,,; in equation
[10]. We also know the value of $,,,,;, which is the minimum detectable num-
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Figure 5.3: Recovery and error calculation of the true distribution parameter using
the maximum likelihood method (see text). (a) the distribution of the calculated
distribution parameter is generated by solving equation [14] for 10° times and binning
the outcome of the calculation into bins. The distribution is peaked at the value that
characterizes the unbiased step-size distribution (< ALk >y4.). Importantly, the
method thus successfully recovers the unbiased parameter in spite of the biasing effect
of global constraints. The standard deviation of the distribution, o, is numerically
calculated. (b) the theoretical standard deviation o, obtained by solving equation [15],
as a function of the number of sub-steps per exponential distribution. The theoretical
standard deviation is calculated for constrained (maximum initial ALk?, =130, red
points) and unconstrained (maximum initial ALES, . = oo, blue points) distributions.
The theoretical error in the case of the constrained distribution is compared with the
error as calculated from simulations as in Fig. 3a and is shown as black solid circles.
The theoretical error calculated using equation [15] predicts the measured error very
well.

ber of supercoils removed and which is determined by the noise in the height of
the bead. This is beyond the scope of this work, and for all practical purposes,
we give S, the fixed value of zero. We now solve equation [14] and call the
solution < ALk >qiculated- In this calculation, we have used N = 10° sub-steps
ALk. To get an idea of the reproducibility in < ALk > .qcuated, We repeat the
calculation = 10° times and build a histogram of the solutions (Fig. 8.5a).
Importantly, we calculate that the mean of the distribution of < ALk > ucutated
is 60, which is identical to the value we have chosen as < ALk >;.,., the "true
parameter” of the "true distribution”. Therefore, we conclude that the analysis
method accurately recovers the ”true parameter”, despite the biasing effect of
the measurement.

In an experiment, it is not only important to recover the true parameter
of the distribution but also to know its associated standard deviation as a
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function of the number of experimental outcomes N. We have therefore cal-
culated the standard deviation of the -distribution (Fig. 8.5a) according to

O simulation = \/ ﬁ Z?:ok ALk >cacutated,; — << ALk >cqicutatea>]?. This pro-
cedure is repeated for nine different values of N and their values are plotted as
solid black circles in Fig. 8.5b. They can be compared with the theoretically
predicted values for o, denoted as oypeory, calculated using equation [15]. Fig.
8.5b also plots oipeory as a function of N as red and blue dots. Red dots are cal-
culations of oype0ry With global constraints, whereas blue dots are calculations of
Otheory I the absence of constraints (ALKY . = o). As is evident from Fig. 8.5D,
the solid circles fall on top of the theoretical prediction oypeory given by equation
[15]. Thus, we have shown that equation [15] predicts the standard deviation
associated with < ALk >,... accurately. From this result, we can draw an im-
portant conclusion, namely that in any given situation with global constraints,
an experimenter can assess whether enough statistics have been obtained in order
to determine the unbiased value of the true distribution to the desired accuracy.

5.5 Application of the method

The method outlined above deals with global constraints in the domain of the
distribution of experimental outcomes. Therefore, the method should in principle
be used in all experiments that involve global constraints and whose experimen-
tal outcomes are not distributed like (a series of) d-functions. An example of
outcomes distributed like a d-function is the fixed step-size of 37 nm with which
a myosin protein walks over an actin filament [3]. While experimentally it seems
that one measures a Gaussian distribution of observables, the Gaussian shape in
fact arises from stochastic fluctuations around a fixed true value. The function
describing these processes is a d-function, peaked at the fixed true value of the ob-
servable. Mathematically, this implies that the weight-function (g;(k), equation
[9]) is always equal to one, and consequently the pdf is unaltered by constraints.
Therefore, the likelihood function and the observable that maximizes it remain
unaffected and one is not required to use this method.

We expect that the analysis method outlined in this manuscript could guide
the proper design and analysis of experiments including assays of the processiv-
ity of helicases, polymerases and other translocation enzymes, single-molecule
Forster resonance energy transfer (FRET) measurements and real-time single-
molecule tracking of DNA condensation. For clarity, we describe a few of these
experiments in more detail below.
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5.6 Processivity measurements on limited sub-

strate

Some substrates, such as ssRNA or dsRNA molecules, are practically hard to
prepare in lengths longer than a few kb if they are to be used in single-molecule
techniques [13]. If one wishes to measure the distribution of the processivity of
a biomolecule that tracks along the RNA, one may find that the processivity
exceeds the length of the RNA. In such a case, one is required to discard the final
processive action, because it is artificially constrained by the fact that there is no
more dsRNA substrate for the biomolecule to move on. The constraint is global,
since the length of the RNA molecule that is available for the biomolecule shrinks
as it proceeds. This dilemma is summarized in Fig. 8.6a. An example of an en-
zyme translocating on RNA is the RNA-dependent RNA polymerase P2 from
¢¢ bacteriophage [14]. This polymerase can perform an RNA synthesis reaction
using either dsRNA or ssRNA as a template. The processivity, which can only
roughly be estimated from experiments, is on the order of 10 kilobases or more
[15] and is comparable to the length of the RNA substrate. In single-molecule
processivity measurements for P2 polymerase and other enzymes, we expect that
our treatment would be instrumental in determining the mean processivity cor-
rectly.

5.7 Transitions in FRET efficiency

FRET efficiency is dependent on the distance between a donor dye and acceptor
dye and ranges between zero (no FRET) and one (maximum FRET) [4, 16] (in
practice, the range in which meaningful FRET measurements can be performed
is even smaller due to lack of sensitivity close to both the no-FRET and the
maximum-FRET regimes). Changes in FRET efficiency can in theory be used
to quantify conformational changes in biomolecules (e.g. in the folding of RNA
molecules or in proteins). Future experiments measuring distributions of changes
in FRET efficiency could be biased due to the global constraint imposed by the
limited meaningful range in FRET efficiency. For example, one could measure
a series of conformational changes in an RNA molecule in which each confor-
mational change is associated with a transition in FRET efficiency between a
donor and acceptor dye attached to two parts of the RNA molecule (e.g. [17-
19]), as schematically depicted in Fig. 8.6b. In such an experiment, one would
be required to discard those transitions that extend to or exceed the limits of
the FRET efficiency range. To correct for the ensuing bias towards small FRET
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Figure 5.4: Sketch of experiments in which global constraints can bias parameter
estimation. (a) processivity of a biomolecule (beige circle) along a short biopolymer
such as a ssSRNA or dsRNA molecule. When the biomolecule starts its procession,
it has the total length of the RNA molecule (the global constraint) at its disposal
(Smaz,0 = L). It then moves a distance z and stops. From there, it can start moving
again, but the biomolecule can now only travel a length s,,4,1 = L — 2*, before falling
off the RNA. The constraint on the distance the biomolecule can travel along the RNA
is different for the first and for the second step. (b) conformational changes in e.g. an
RNA molecule studied using FRET. The FRET efficiency is defined between 0 and 1,
which is the global constraint for the experiment. F.g., at state 1, the FRET efficiency
E = 0. From this state, the FRET efficiency can only change by 1 at maximum
(Smaz,0 = 1). However, from an arbitrary intermediate state 2 (at £ = E*), it can
increase its E only by ;421 = AE =1 — E*. The constraint on the change in FRET
efficiency is thus different for the first and for the second state, as described in the main
text.
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transitions and thus for a correct analysis of the distribution, one needs to apply
the method described here.

5.8 Concluding remarks

Experimental outcomes that are non-globally constrained in that they can be
assumed to be 'i.i.d.” can be relatively easily analyzed in their measured range.
However, when such analysis is performed on outcomes that are coupled by global
constraints, severe bias in the parameter estimation can occur. We have therefore
generalized the maximum likelihood method for parameter estimation to include
distributions that have global constraints. Using this method, we robustly re-
cover the unbiased distribution parameter from biased data, independent of the
severity of the bias. In addition, we have adapted the relation describing errors
in the estimation for distribution parameters for the case of global constraints.
This allows an experimenter to assess whether enough data points have been
accumulated to predict the true parameter to the desired accuracy. Finally, we
show that global constraints can occur in a variety of experiments, all of which
would benefit from using this method.
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5.10 Supplemental Materials

Proof of 0y In P(k|{l}) = Ok In P({l}|k)
By Bayes’ rule,

P(k{l}) = P({L3[R)P(k)/P({}). (5.18)

However, we have no prior belief about P(k) so we assume that this is constant,
and P({l}) does dot depend on k.

Error in 1/k
The calculation of the error bar for 1/k is closely related to the error bar in k,
as presented in the text. Defining § = 1/k (referred to as < ALk > in the text),




Chapter 5: Multiple events on single molecules: unbiased estimation

86 in single-molecule biophysics
we have
d dk d 5 d
— =2 g2 1
dg  do dk dk (5.19)

Retaining primes for differentiating with respect to k, then, we find
Ouf =~k GRf = KR LY = KA B2 (5.20)

If we wish to evaluate the second derivative at a value k, (or, equivalently, 6,)
when f/ =0, we have:

05 flo. = ki f"|k. (5.21)

from which it follows that o(k) and o (), the error bars in k and in 0 = 1/k, are
related by k?:

c(0) 2 =0;InP|, =k In P, = kioc(k)™? o) =o(k)/k* (5.22)
In the case A — oo, we have

o(0) = o(k)/k? = k./VN/k* =0,/VN. (5.23)

Gaussian approximation to the error
If we approximate P(k[{(}) as a Gaussian, we have:

L(k—k.)?/0?

PIE) =
In P(E[{0}) — —%(k; C k)20 — %ln(27r02)
R P|{0}) = —1/02 (5.24)

Calculation of the Fuctional Form of the Globally Constrained Dis-
tribution
The measured distribution in Fig. 2a can be analytically calculated, and has
a simple form in the statistical steady state (i.e. the limit of many simulation
rounds, after which the initial condition s = 0 has effectively been forgotten).
We demonstrate this here.

Consider moving from displacement z to displacement y constrained such that

x,y < z, where z is the contraint (denoted ALKS in the text). Displacements

max
are incremented in steps s drawn from the true distribution f(s) = e=* (to
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simplify the calculation, we will measure distances in this section in units such
that 1/k = 1). We then observe a distribution of steps ¢ which obeys the following
rules:

If the addition of the step size s to the initial position  does not exceed the
constraint z, or

THs<ze<=s<z-—uz, (5.25)

then we register a step size t = s. The new position y then is given by y = z + s.

If the addition of the step size s to the initial position x exceeds the constraint
Z, or

T8>z 5>2—uz, (5.26)

then we do not register a step size t. The new position y is set to 0.

These relationships will be expressed in terms of conditional distributions in
the analysis below:

s<z—x=plylr,s) = oy—(v+39)),p(t|z,s) =06t —s)
s>z—x=pylr,s) = §y),p(tlr,s) =0(t). (5.27)

Definitions
The conditional independence conditions give

P=ply,t,z,s) = py|z, s)p(tlz, s)p(z)p(s) (5.28)
from which we define
f(s) = /dy dt dxzP
() = /dy dt dsP
P (y) E(/ﬁdx%P

/@M%R (5.29)

(=)

—~
~

S—
Il

where n is the number of steps observed. We are interested in calculating the
function ¢(¢) in the limit n — oo. To do this we will first find p>(z) and then
evaluate

a(t) = / dz ds p(t]z, )p= () f(s). (5.30)
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Transition element p(y|z)
The conditional distribution p(y|z) is the propagator of the distribution of pos-
sible lengths from one "roll” to the next. We can calculate this as

plylz) = / ds pylz, 5) () (5.31)
_ / " ds plyle, $)£(s) + / " ds plyle, 5)£(s)

—x

= /Oz_x ds 0(y — (z+5))f(s) + d(y) /OO ds f(s)

= (s — x) — (y — 2))O((y — 7) — 0)) + By
= e VTO(z—y)O(y —x) + d(y)e
= e ¥y — ) + d(y)e " (5.32)

(since z > y) from which

Py = / deplyle)p () = e / ’ dop (@)e" +o(y)e / Cdep (@), (5.33)

The integration over a delta function in Eq. 5.32, and the resulting heaviside
function, is a special case of the more general caveat

b
/ dsf(s)o(s—so)=9{ f (so),a<syg<b
‘ 0 , otherwise

= f(50)O(s9 — a)O(b — s0). (5.34)

Ansatz
Consider the ansatz

n n —U = n uj
pt(u) = 7r(() '5(u) + e Zc§ )F. (5.35)

7@ =1
A = 0V (5.36)

and the initial distribution is within this functional form. We need only show that
all later distributions have this functional form to have solved for the distribution
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of lengths for all times.

y z
Py = e / dxe*p™ (z) + 6(y)e~ / dz ep™ ()
0 0

oo (1)
c; "
ep™(z) = > Loal +x6(x)
—0 J-
j
(n+1) — Y Gj :L,j-l-l LeUgt 4§
—z - Cj j+1 —z,_n
(6 Z mz +e 7T0> . (537)
7=0
So clearly the functional form is preserved compared to the ansatz (Eq.5.35).
4t =
o=

ot = e (7?8 + Z %zk> . (5.38)
k=1

Statistical steady state

At steady state, we must have 7)™ = 70 = m, c;-”rl = ¢} = ¢;. Consequently,
gttt = 1= =m
n+1 n —
= c
_ k—1 _
7T6L+1 = e~ 78 + E Wzk = Cyp=2¢€ Z(Co + Coez — Co) (539)
k=1

the last of which yields 1 = 1. Normalization sets cq:

1= /dxco (0(x)+1)=co=1/(1+2)

() = d(x) + 1‘

5.40
1+ 2 ( )

Calculation of ¢(t)
We can now finally calculate the distribution of observed steps ¢(t). Note first the
simplifications (recalling the procedure for definite integration over delta func-
tions from Eqn. 77):

/Oz—m dsf(s)p(tle,s) = ft)O((z—x)—1)O(t —0)
= f(t)@((z — t) — [L’)
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| dstomtes) = a0 [ dso
= S(t)e =) (5.41)
from which
o) = [ dods plee. () )
= [Can@ ([ assemte s+ [ s
_ /0 i (5({”); 1) (F(H)O (= — 1) — 2) + d(t)e=+)
_ f(t)i/oz_tdx (6(2) +1) + 6(t)e- 1+z/0de e (14 5(x))
_ f(t)% ol ! (- 1+1)
%e‘t +0(t)5 Jlr . (5.42)

which is properly normalized, since

/dt(1+z—t)6_t+1 = (I+2)(1—€e7?)—(—ze " —e " +1)+1
0

(1+2)(—e*+1)+ze " +e~
1+ 2 (5.43)

Result: comparison of cumulative probability distributions

P(t >t >0)

P(t>0)

)

Jy-drq(t) <t
142\ (2 (t—2)e)
B ( ) 1+2

= 1—e"(1-(t/2)) (5.44)

Pt <t|t' >0)

In Fig 5.5, we plot the experimental result (from the simulations described in the
text) against the theoretical prediction, for z = 130, » = 60. Note that for ¢ < z,
P’ >t)~1—e, as expected.
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Figure 5.5: Comparison between the simulation result and the theoretical prediction.
Black solid circles represent simulation data points, as described in the text. Red line
represents the theoretical prediction, Eq. 5.44

Global constraints do not permit estimation of the distribution pa-
rameter by simply counting the fraction of discarded events
Consider the probability distribution for possible step sizes s:

p(s) = ke "¢ (5.45)

A step of size s is defined by a transition between two levels, from level x to level
y. From the probability distribution we can derive P.", the probability that the
1th step will be terminated by the global constraint:

P = / p(s)ds = e ¥, (5.46)
where z is the highest possible value for y, which is given by the constraint. The
likelihood A of the observed data D, summarized in terms of Ny /N, + N_ =
N, /N, the fraction of the reaction steps terminated by the global constraint, is
(using iy and i_ to index steps terminated or not, respectively, by the global
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constraint)

A= Py =TIE I
T4 i
InA = Z —k(z —a;, ) + Zln(l — e hlemm)
T4 i
= —Nyk(z— <2y >)+ N_ <In(l — e Fe772) > (5.47)

Eq. 5.47 makes it clear that we cannot estimate k by only keeping track of N,
and N_; rather, we must keep track of the initial location of all the steps that
did not terminate as well as of < x, >: the average location of the reactions that
did terminate.
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Chapter 6

Antitumor drugs impede DNA uncoiling
by Topoisomerase |

Increasing the ability of chemotherapeutic drugs to kill cancer cells is often ham-
pered by a limited understanding of their mechanism of action. Camptothecins,
such as topotecan, induce cell death by poisoning DNA topoisomerase I, an en-
zyme capable of removing DNA supercoils. Topotecan is thought to stabilize
a covalent topoisomerase-DNA complex, rendering it an obstacle to DNA repli-
cation forks. Here we employ single-molecule nanomanipulation to monitor the
dynamics of topoisomerase in the presence of topotecan. This allowed us to detect
the binding and unbinding of an individual topotecan molecule in real time and
quantify the drug-induced trapping of topoisomerase on DNA. Unexpectedly, our
findings also show that topotecan significantly hinders topoisomerase-mediated
DNA uncoiling, with a more pronounced effect on the removal of positive (over-
wound) versus negative supercoils. In vivo experiments in yeast verified the re-
sulting prediction that positive supercoils would accumulate during transcription
and replication as a consequence of camptothecin poisoning of topoisomerase I.
Positive supercoils, however, were not induced by drug treatment of cells express-
ing a catalytically active, camptothecin-resistant topoisomerase I mutant. This
unique combination of single-molecule and in vivo data suggests a novel cytotoxic
mechanism for camptothecins, in which the accumulation of positive supercoils
ahead of the replication machinery induces potentially lethal DNA lesions.

This chapter will be published in shortened format by Nature: Daniel A. Koster, Komaraiah
Palle, Elisa S. M. Bot, Mary-Ann Bjornsti and Nynke H. Dekker
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6.1 Introduction

The helical structure of double-stranded DNA allows for the faithful decipher-
ing and transmission of genetic information, where each DNA strand serves as
a template for the synthesis of a complementary polynucleotide chain [1]. The
intertwining of the DNA strands further ensures DNA integrity by physically
linking the individual chains in a structure stabilized by hydrogen bonding and
base stacking. However, these same features pose a number of topological prob-
lems during cell cycle progression and cell division. For example, the progressive
unwinding of the DNA template during DNA replication and the segregation of
multiply intertwined daughter DNA molecules require changes in the linkage of
DNA strands and helices. Similarly, RNA transcription can produce local un-
winding of the DNA helix behind the transcription complex and local overwind-
ing of the duplex ahead [2, 3]. DNA topoisomerases resolve these problems via a
mechanism of transient DNA strand breakage and religation [4-6]. However, the
stabilization of topoisomerase-DNA complexes, as a consequence of drug action,
may also induce potentially lethal DNA damage. Indeed, topoisomerases consti-
tute the cellular targets of anticancer and antibacterial drugs. The camptothecin
class of chemotherapeutics targets eukaryotic DNA topoisomerase IB (Top1B) [7—
10]. Several camptothecin analogues, including the pro-drug irinotecan and the
water-soluble derivative, topotecan, have significant activity against adult and
pediatric solid tumors and have FDA approval for the treatment of ovarian and
small cell lung cancer [11-13]. A detailed understanding of topoisomerase-drug in-
teractions is critical for optimal clinical development of these chemotherapeutics.
However, the dynamic interactions underlying this poisoning and their biological
ramifications remain largely unknown.

Mechanistically, ToplB removes DNA supercoils in the following manner:
Top1B clamps around the DNA [14, 15], after which the active-site tyrosine serves
as a nucleophile to cleave a single strand of the DNA duplex, thus forming a DNA-
(3’-phosphotyrosyl)-enzyme ’covalent complex’ while transiently creating a free
5-OH DNA end. Torsional energy present in the DNA can then drive uncoiling
about the intact DNA strand. The reverse ligation reaction, which necessarily
terminates uncoiling and is torque-dependent, occurs after a random number of
supercoils are removed and leads to restoration of the DNA backbone [16-19].
Topotecan intercalates into the nick that is generated by ToplB and prevents
religation [20-22]. This reversible binding of the drug stabilizes the covalent
complex, thereby trapping ToplB on the DNA [20-23]. During S-phase, these
reversible ternary topotecan-Top1B-DNA complexes are converted into cytotoxic
DNA lesions that result in cell death [24-26]. As processive DNA replication is
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required for topotecan-induced cell lethality [24, 26], it has been proposed that
these lesions occur as a result of the covalent complex colliding with an advancing
replication fork [27].

Here we describe single-molecule experiments (for a review, see Bustamante
et al. [28]) that test key predictions of the proposed mechanism of poison-
ing of Top1B. Simultaneously, they reveal novel dynamical interactions between
topotecan and Top1B. The consequences of these interactions are observed in the
context of a living cell, suggesting an alternative mechanism for cell death and
demonstrating the power of combining single-molecule and in vivo experiments.

6.2 Drug binding hinders DNA uncoiling

To examine the consequences of camptothecin binding on the functioning of the
Top1B swivel, we explored its dynamics in the presence of topotecan in the con-
text of a single molecule and in real time. Our experimental configuration, the
magnetic tweezers, is described elsewhere [29], and in short entails anchoring a
single double-stranded (ds)DNA molecule between a coated glass surface and a
coated paramagnetic bead [30]. An upward magnetic stretching force F' on the
DNA is generated by means of a pair of magnets positioned above the sample. By
changing the distance from the magnets to the sample, F' can be varied, and by
rotating the magnets about their axis, supercoils can be mechanically injected.
By continuously monitoring the height of the bead above the surface, i.e. the
DNA extension, the degree of supercoiling ¢ is determined in real time.

In a typical experiment the DNA molecule is mechanically coiled, introduc-
ing multiple plectonemes that reduce the DNA extension (Fig. 8.3a). We then
typically observe a plateau (e.g. from app. 25 to 100 s in Fig. 8.3a), which is
indicative of a DNA molecule in a supercoiled and unnicked state. In the presence
of human ToplB but in the absence of topotecan, the DNA is subsequently (at
100 s, shown in red) rapidly uncoiled by the enzyme. Removal of the plectonemes
can occur either in a single enzymatic event or in multiple steps (supplementary
materials I), as was previously reported for vaccinia virus ToplB [16]. Surpris-
ingly, however, upon addition of topotecan, a dramatically different signature
is observed (Fig. 8.3b). First, drug-mediated uncoiling occurs slowly (red data
points) compared to uncoiling in the absence of drug. Slow uncoiling is observed
immediately following mechanical coiling and proceeds in a fashion that appears
to be continuous and which we fit by a linear relation (blue line). Second, the
slow uncoiling continues for long periods of time. Third, during the slow uncoil-
ing, we observe no apparent plateaus, suggesting that no religation takes place
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(supplementary materials IT). The most likely scenario to explain our observa-
tions at the molecular level is provided by X-ray crystallography studies on the
covalent complex with a bound topotecan [20, 22]. The flat ring-like structure
of topotecan (magenta molecule in insert of Fig. 8.3b) was shown to intercalate
into a ToplB-generated nick, and is stabilized by both specific human ToplB-
topotecan contacts and base stacking interactions with adjacent bases (inset, Fig.
8.3b). In this configuration, topotecan locally deforms the DNA duplex and dis-
places the 5’-OH, decreasing the probability for religation. Indeed, this is further
consistent with the reversible stabilization of covalent ToplB-DNA complexes
induced by camptothecins in biochemical assays [23, 31]. It was also speculated
that as a result of topotecan’s contacts with ToplB and DNA, rotational mo-
tion ought to be significantly hindered [14, 22, 32], a speculation that is fully
compatible with our observations.

To quantify the reduction in uncoiling rate caused by the topotecan bind-
ing, we examine the complete distribution of DNA extension velocities during
enzymatic uncoiling (Fig. 8.3c). In the presence of 5 uM TPT, we identify
two populations: one topotecan-mediated and one non-topotecan-mediated. The
fraction of events that are topotecan-mediated increases with topotecan concen-
tration (data not shown), but even at the highest workable topotecan concen-
trations (approaching the limits of topotecan solubility), a significant fraction of
the events remains non-topotecan mediated. The non-topotecan-mediated pop-
ulation is unambiguously identified by experiments in the absence of topotecan,
shown in Fig. 8.3c (inset) and takes place on average at 4.1 um s~'. Topotecan-

1 corresponding to

mediated events, however, on average take place at 0.2 pm s~
a plectoneme relaxation rate of app. 3 Hz (supplementary materials I1T) which is
independent of topotecan concentration (suggesting its attribution to the binding
of an individual topotecan molecule, supplementary materials II). As we increase
the stretching force, thereby increasing the torque that drives the DNA uncoiling,
the angular velocity of uncoiling also increases, as expected (data not shown). We
conclude that topotecan-mediated uncoiling by Top1B takes place at roughly a
factor of 20 slower than uncoiling by Top1B alone. We note that the broadness in
the topotecan-mediated uncoiling velocities cannot be attributed to measurement
errors, but is a true reflection of the fact that uncoiling events that take place at
different times in the experiment are not identical. As ToplB is only mildly se-
quence specific and bulk studies have shown that camptothecin stabilizes distinct
complexes with different efficiencies [31, 33], we surmise that uncoiling events at
different sequences are characterized by different uncoiling velocities.

Several control experiments were performed to exclude the possibility that
topotecan binding to DNA or non-specific ToplB-topotecan interactions could
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Figure 6.1: Slow DNA uncoiling is only observed with a functional human Top1B. (a)
In the absence of topotecan, uncoiling (red dots, at 100 s) proceeds rapidly. (b) In the
presence of topotecan, slow and continuous uncoiling is observed, apparently without
religation. The uncoiling rate is constant, as expected for the constant torque regime in
which measurements were performed (supplementary materials IT). (¢) The distribution
of uncoiling velocities in the presence of 5 uM topotecan (n=275) shows contributions
from topotecan-mediated slow uncoiling and topotecan-independent uncoiling (inset
shown measurement in the absence of topotecan (n=64)). Topotecan-mediated uncoil-
ing proceeds roughly 20 times more slowly than topotecan-independent uncoiling. (d)
human Top1B in the presence of camptothecin yields slow uncoiling very similar to that
observed with its clinical analogue topotecan. (e) in the presence of topotecan, slow
continuous supercoil removal is not observed with the camptothecin-resistant vaccinia
ToplB, as expected. (f) neither positive supercoils nor plectonemes can be induced by
mechanical coiling of a singly nicked DNA molecule in the presence of topotecan only,
or (g) in the presence of topotecan and catalytically inactive human Topl1Y723F.

give rise to the slow uncoiling described above. First, we verified that the pres-
ence of topotecan alone does not alter the mechanical properties of DNA, i.e. the
force-extension and supercoiling behaviour (supplementary materials IV). Sec-
ond, we incubated human ToplB in the presence of camptothecin, the parent
compound of topotecan that induces a similar mechanism of ToplB poisoning
[34]. Fig. 8.3d shows a similar signature as that seen with topotecan, indicating
that the effects observed were not uniquely limited to the water-soluble topote-
can analog. Third, we studied uncoiling by vaccinia virus topoisomerase I, known
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to be resistant to camptothecins [35], in the presence of high concentrations of
topotecan. Here, we reproduced the characteristic step-wise uncoiling (Fig. 8.3e)
that was observed before in the absence of topotecan [16] and that does not fea-
ture continuous slow uncoiling at concentrations similar to and higher than those
used in the experiments with human Top1B. Fourth, we generated a single nick
in the DNA by incubating the DNA with the sequence-specific nicking enzyme
N.BbvCIA. By subsequently rotating our magnets, we attempted to introduce
plectonemes in the presence of topotecan alone (Fig 8.3f), and in the presence of
topotecan and the catalytically inactive human Top1Y723F (Fig 8.3g). In both
experiments, no plectonemes could be introduced, in contrast to the results ob-
tained in the presence of catalytically active human ToplB and topotecan (Fig
8.3b). These experiments show that a catalytically active human ToplB is re-
quired to yield slow uncoiling, consistent with the in vivo activity and co-crystal
structures of camptothecin analogues [20, 22, 36]. We thus conclude that slow

uncoiling represents a clear signature for a topotecan molecule bound to the
Top1B-DNA complex.

6.3 Drug binding traps ToplB on the DNA

A timescale highly relevant for any consideration of the ”collision” model is the
lifetime of the covalent complex with a bound topotecan. Indeed, the likelihood of
a replication fork colliding with the covalent complex is expected to increase with
this lifetime. Therefore, we ask over what timescale topotecan remains bound
and thus, over what timescale Top1B remains covalently linked to the DNA. Fig.
8.4a shows a time trace where the times at which the topotecan enters (tssq¢) and
exits (tenq) the covalent complex are indicated. The precise assignment of tgq,4
is observed by zooming in on the entry event (inset Fig. 8.4a), where a plateau
that is interrupted by a fast rise in DNA extension as a result of DNA cleavage by
Top1B is followed by the appearance of slow uncoiling at t g+, which we attribute
as above to a topotecan molecule entering a Top1B-generated nick. Figs. 8.4b-e
show a collection of traces meant to provide insight into how tstart and tend are
chosen. The majority of events observed (roughly 70%) are similar to the ones
shown in Fig. 8.4b and Fig 8.4c. In Fig. 8.4b, around 340 s, the magnets are
rotated for a substantial number of turns on two occasions (the interruption of
the DNA extension signal at 334 and 338 s signifies rotation), but no plectonemes
are introduced. This situation corresponds to a nicked DNA molecule as a result
of the formation of the covalent complex. At t .+, a topotecan molecule appears
present in the covalent complex, as slow uncoiling is observed. Fig 8.4c¢ shows the
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abrupt transition from slow supercoil removal to fast supercoil removal, prompt-
ing the designation of t.,4. The bound time At is defined as t.,q tsiar: and reflects
the time supercoils are enzymatically removed at a constant slow rate (shaded
box in Fig. 8.4a). Note that three recoiling events take place during At. Fig.
8.4f shows the distribution of At, which has a mean of about 121 £ 11 s (n=146)
that is globally unchanged both within the practical force range of the technique
(Fig. 8.4f, inset) and upon changing topotecan concentration by a factor of 10
(supplementary materials IT). The latter indicates that the lifetime is not likely
to be overestimated by topotecan unbinding/rebinding during the mechanical re-
coiling nor by the presence of occasional very short-lived plateaus (supplementary
materials II). Although the measurement of < At > was unaltered upon chang-
ing the Top1B concentration by a factor of 2, A t may nonetheless represent
a lower limit for the time topotecan remains bound, since tend can be caused
by topotecan exiting from the covalent complex, or, in principle, by the start of
topotecan-independent uncoiling by a second ToplB at another cleavage site on
the DNA. We conclude that in the presence of topotecan, Top1B remains trapped
on the DNA for at least 121 s.

The time that ToplB remains covalently trapped on the DNA in the presence
of topotecan ought to be compared with this time in the absence of the drug,
which is by definition the religation time. Fig. 8.4g depicts the strategy for
measuring this quantity (supplementary materials V). When ToplB nicks the
DNA (at tex) and the bead consequently travels upwards due to DNA uncoiling,
it reaches above a threshold (at t,oqe), beyond which we prompt the magnets
to spin continuously. In the absence of topotecan, DNA uncoils faster than the
magnets can recoil. Consequently, plectonemes are removed and the bead keeps
traveling upwards until Top1B religates the DNA and plectonemes can be once
again introduced (at treiigatea). A histogram of the religation time (treiigated -
tnick) is shown in Fig. 8.4h. It is characterized by a most probable time of
app. 0.3 s, with a tail extending beyond that, as shown in Fig 8.4h, inset. A
comparison of A t with the religation time indicates that At is larger by roughly
a factor of 100, providing the first quantitative support for a critical aspect of
the ”collision” model, namely the topotecan-induced increase in the lifetime of
the covalent complex.

Our single-molecule techniques also permitted us to focus on the enzymatic
uncoiling rate of positive vs. negative supercoils. Although in the absence of
topotecan, no difference was detected (data not shown), we observe a clear and
unexpected difference in the supercoil removal rate in the presence of topote-
can. Fig. 8.5a shows that the uncoiling of positive supercoils (pink regions) is
significantly slower than the uncoiling of negative rotations (blue region). This
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Figure 6.2: Slow supercoil removal constitutes a signature for a bound topotecan.
(a) the duration At for a bound topotecan (grey area) is defined as the period of time
during which slow and constant uncoiling is observed, i.e. between tgqr and tenq. (b) a
typical illustration (70% of events, n=660) of ts;+ and (c) tend events. (d) tsiart event,
in which nicking appears directly prior to the onset of slow uncoiling. (e), an event
suggestive of a topotecan molecule exiting at tend, after which religation has taken
place (plateau onset at 610 s). (f) histogram of At for F'=0.5pN, with mean time of
121£11 s (n=146), which is not significantly force dependent (inset). (g) strategy for
measuring Top1B religation time in the absence of topotecan, as described in the text
and in supplementary materials V. (h) distribution of Top1B religation times, with a
most probably religation time of 0.3 s (n=132) and a tail generating an average time
off 4 s., still well below the value for At (121 s, see Fig. 8.4f).

asymmetry in uncoiling rates is quantified in Fig. 8.5b as the differential in rates,
denoted Aw and defined as |w, | —|w?|, where |w| is the uncoiling rate of positive
supercoils and |w-| is the uncoiling rate of negative supercoils.

When |w| is larger than |w, |, Aw is negative and its mean value is found to be
-8+5 Hz (n=17). The relative difference, defined by Aw/|w,|, is -2.4£2.2. The
microscopic interactions responsible for the asymmetrical rate of DNA uncoiling
in the presence of topotecan are difficult to investigate and have not been foreseen
by crystallography experiments, as these experiments provide a relatively static
picture of a crystalline Top1B. However, the origins of the asymmetry may be
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Figure 6.3: Asymmetry in topotecan-mediated DNA supercoil removal rate.

4 T T T T

+ turns - turns + turns

300 turns
1 rﬁ\\_\_\_\_ﬁ
oturns

0
80 100 120 140 160

Time (s)

-10 0 10
Ao (Hz)

(a)

Traces indicating the removal rate of positive supercoils (pink areas) and the removal
rate of negative supercoils (blue areas). It is observed that the removal of positive super-
coils proceeds more slowly. The slow removal of positive supercoils is verified following
the removal of negative supercoils in order to ascertain that the topotecan molecule
remained bound in the interim. The green line represents the rotational position of
the magnets (in turns), specifying the absolute number of turns that are mechanically
injected into the DNA molecule. (b) a histogram of the difference in uncoiling velocity,
Aw, between positive and negative supercoils, measured in the presence of topotecan

(see main text).

described by molecular dynamics simulations that predict distinct mechanisms
for positive and negative supercoil relaxation in the absence of topotecan [37].
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6.4 Implications for in vivo transcription and
replication

In order to investigate the biological ramifications of the asymmetrical hindrance
of DNA uncoiling induced by topotecan, we asked if this bias was evident in drug
treated yeast cells. The single-molecule observation that positive supercoils are
removed more slowly than negative supercoils in the presence of topotecan led us
to posit that positive supercoils would accumulate during cellular processes that
induce DNA supercoiling, such as transcription and replication [2, 3].

Using the yeast Saccharomyces cerevisiae as a model system [2], it is possible
to selectively assess the activity of a unique topoisomerase and detect any asym-
metry in the topoisomerase-catalyzed relaxation of supercoils that accumulate
during transcription. We note that the process of transcription produces local
domains of DNA supercoiling, as the tracking of the transcription machinery
between the two strands of duplex DNA will induce the accumulation of posi-
tive supercoils ahead of the complex, while an equal number of compensatory
negative supercoils are left in its wake [2] (Fig 8.6a, center). Consequently, in
plasmid DNA the transcription of divergent genes will partition the DNA into
two domains containing an equal number of positive and negative supercoils, re-
spectively. In the appropriate genetic background, yeast cells will lack ToplB
and Top2 activity, due to deletion of the chromosomal TOP1 gene sequences
(toplA) and the expression of a thermosensitive Top2ts mutant enzyme, which
is inactive at high temperature (materials and methods). Under these condi-
tions, transcription will fail to alter the topology of the plasmid DNA, because
the compensatory positive and negative supercoils will annihilate each other as
the plasmid DNA is purified. However, if these cells express bacterial type IA
topoisomerase, which selectively relaxes negative supercoils, this enzymes asym-
metric relaxation of transcription-generated supercoils can be detected by the
accumulation of positively supercoiled DNA topoisomers [2].

Here, we adopt a similar experimental strategy by treating G1-phase arrested
topl A yeast cells (Fig. 8.6b) that express low levels of plasmid-encoded human
Top1B with (Fig. 8.6a, left) or without camptothecin (Fig. 8.6a, right). Also, the
cells either express the thermosensitive Top2ts mutant enzyme, or wild-type Top2.
Arresting the cells in G1-phase restricted the analysis to transcription-induced
alterations in DNA supercoiling, while shifting the cells to the non-permissive
temperature prior to drug treatment largely abolished any contribution of Top2.
To avoid complications of drug transporter efflux of topotecan from yeast cells
[7], camptothecin was used in these studies. Fig. 8.6¢ shows the distribution of
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Figure 6.4: Camptothecin poisoning of Top1B induces the accumulation of positively
supercoiled DNA in Gl-phase yeast cells. (a) during transcription, positive supercoils
are generated ahead of advancing transcription bubbles, while compensatory negative
supercoils are generated in their wake. Diverging transcription units bisect a plasmid
into twin domains of positive and negative supercoils. If, in the presence of drug (left-
hand side), positive supercoils are removed more slowly than negative supercoils, it
is expected that the plasmid should display an excess of positive supercoils. In the
absence of drug (righthand side), no such asymmetry between the removal rates of pos-
itive supercoils and negative supercoils is observed and, consequently, no net change in
linking number (Lk) is expected. (b) to eliminate the potential contribution of posi-
tive supercoils induced by replication forks, asynchronously growing haploid yeast cells
are arrested in Gl-phase of the cell cycle with the mating pheromone a-factor. (c)
2D agarose gel analysis of the Lk distribution of 2pum plasmid topoisomers isolated
from Gl-phase toplA,top2!® cells, expressing plasmid encoded human Top1B (Top1B)
or vector control, shifted to the nonpermissive temperature (36°C), and treated with
camptothecin (CPT) or no drug for 15 or 60 minutes. The activity of the thermosensi-
tive Top2 mutant enzyme is largely abolished at 36°C. A description of plasmid DNA
topoisomer resolution in 2D agarose gels is provided in supplementary material VI. To
determine the percentage of topoisomers exhibiting an increase in linking number (in-
dicated by purple numbers) a Phosphorlmager was used to quantify the signal intensity
of the portion of the arc to the right of the diagonal linear DNA (purple arc) relative
to the amount of label detected across the entire arc. (d) 2um topoisomer distribution
in Gl-phase toplA, wild-type TOP2 yeast cells expressing plasmid encoded ToplB or
vector control. As in (c), the accumulation of positive supercoils is only observed in
ToplB expressing cells treated with camptothecin.
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2pm plasmid DNA topoisomers isolated from G1-phase cells and resolved by 2D
gel electrophoresis (supplementary materials VI). In the absence of drug (upper
row in Fig. 8.6¢), one observes an expected bias in the plasmid topoisomer dis-
tribution towards negative supercoils. This deficit in linking number is due to
DNA wrapping around the histone core in nucleosomes. However, camptothecin
treatment of Top1B-expressing cells induces a remarkable skewing of the plasmid
topoisomer distribution, where one-third of the topoisomers exhibit an increased
linking number or positive supercoils (purple arcs), which persists throughout G1
phase. By contrast, no alteration in linking number was induced by camptothecin
treatment of cells that expressed only a vector control and were lacking Top1B;
the topoisomer distribution appears as in the case of no treatment. Yeast cells
expressing the catalytically inactive human ToplY723F mutant also exhibit no
change in plasmid DNA topology when treated with camptothecin (supplemen-
tary materials VII). Thus, the shift in plasmid DNA topology towards positive
supercoils requires the expression of a catalytically active ToplB enzyme in the
presence of camptothecin. In the absence of camptothecin, expression of ToplB
does not skew the topoisomer distribution, consistent with our single-molecule
experiments indicating no difference in the rate of enzyme-catalyzed uncoiling of
positive vs. negative supercoils. Recent biochemical studies suggest higher levels
of Top1B-DNA complexes are formed with positively vs. negatively supercoiled
DNA and that this bias is increased in the presence of camptothecin [38]. In
vivo, such preferential scission of positively supercoiled DNA by Top1B might be
expected to skew the distribution towards more negative supercoils, due to the
preferential relaxation of the local domain of positive supercoils diagrammed in
Fig. 8.6a. However, such effects were not observed in our genetic background.

The same experiment was also carried out in isogenic yeast strains expressing
wild-type Top2 (Fig. 8.6d). Interestingly, a similar skewing of the topoisomer
distribution towards positive supercoils was also observed, albeit at a lower level.
Although Top2 is essential for cell viability [39], these observations indicate that
the positive supercoils induced by camptothecin poisoning of ToplB were not
effectively resolved by Top2. Combined with our single-molecule observations,
these in vivo findings support a model in which the positive supercoils that accu-
mulate ahead of the transcription bubble are removed less effectively by ToplB
in the presence of drug in comparison to the compensatory negative supercoils,
which leads to a persistent overwinding of DNA in the absence of DNA replication
in G1 phase.

Camptothecin toxicity is linked to on-going DNA replication in S-phase
[24, 26], thus it is of particular relevance for the anticancer activity of these
drugs to monitor positive supercoil accumulation during this phase of the cell
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cycle. The pattern of gene transcription differs as cells transit from Gl-phase
to S-phase [40], although both processes occur during S-phase transit. However,
unlike during transcription, twin supercoil domains are not generated during
replication. Rather, positive supercoils accumulate ahead of the replication fork
and/or precatenates are generated behind the fork. In a closed circular DNA
template such as the 2um plasmid, ToplB will act as a swivelase ahead of the
fork to remove positive supercoils (Fig. 8.7a), while Top2 acts to decatenate the
replicated DNA duplexes, allowing for the separation of the newly synthesized
daughter plasmids. To study the effect of camptothecin treatment on Top1B ac-
tivity during S-phase, cells arrested in G1-phase were allowed to synchronously
enter S-phase by removing a-factor from the culture medium, after which the ex-
periment was performed as described above. To ensure that we were assessing the
effects of camptothecin on living cells, we first verified that drug treatment was in-
sufficient to induce cell death, yet sufficed to induce DNA damage, which results
in a slow progression through S-phase due to activation of the S-phase check-
point [41]. Relative to untreated ToplB expressing cells, camptothecin-treated
cells exhibited a slight decrease in cell viability (supplementary materials VIII).
Yet, flow cytometry profiles indicate camptothecin-treated Top1B expressing cells
were retained in S-phase throughout the treatment time, which is evidence of S-
phase checkpoint activation [41], while untreated or toplA control cells rapidly
traversed S-phase and continued cycling asynchronously (supplementary materi-
als VIII). During the 60 minutes that the cells were exposed to campthothecin, a
number of the 2um plasmids are expected to have completed replication, as the
replication origin fires early in S-phase and the multicopy plasmid is a relatively
small DNA template.

An analysis of 2um DNA topoisomers purified from top2;, cells in S-phase
(Fig. 8.7b) yields similar results to that observed in the Gl-phase experiments:
the accumulation of positive supercoils occurs only in ToplB-expressing cells
and only in the presence of camptothecin. In this case, about half of the plas-
mid topoisomers exhibited an increase in linking number. This outcome was
somewhat diminished in wild-type TOP?2 yeast cells (Fig. 8.7c). Thus, as in
G1-phase, alterations in Top2 activity affect the extent of positive supercoil ac-
cumulation in S-phase, induced by camptothecin-bound Top1B. The strand pas-
sage events catalyzed by Top2 would serve to disentangle any catenated daughter
molecules induced by DNA replication [4-6, 42]; however, this activity is appar-
ently less efficient in relaxing the local domain of positive supercoils generated
by camptothecin-bound Top1B-DNA complexes in advance of the fork. We con-
clude that the camptothecin-induced accumulation of positive supercoils is not
confined to a single phase of the cell cycle and may derive from the tracking of
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Figure 6.5: Positive supercoils also accumulate in S-phase in camptothecin-treated
cells. (a) during processive replication, a replication fork (here moving leftwards) gen-
erates positive supercoils in advance of itself (DNA coiling is depicted as a black curved
arrow). These can be removed by ToplB activity (magenta curved arrow). The ve-
locity with which positive supercoils are removed by ToplB is reflected graphically by
the size of the magenta arrow: in the absence of camptothecin (upper panel) positive
supercoils are removed efficiently, while in the presence of the drug (lower panel), they
are removed more slowly. (b) analysis of the 2um DNA topoisomer distribution in
toplA, top2'® cells expressing plasmid-encoded human Top1B or vector control, shifted
to the nonpermissive temperature (36°C), and released into S-phase in the presence or
absence of camptothecin for 10 or 30 minutes. (c) topoisomer distribution of the 2 ym
plasmid in wild-type T'O P2 yeast cells released into S-phase. Here too, the accumula-
tion of positive supercoils is observed only when cells express ToplB and are treated
with camptothecin. Purple numbers indicate the percentage of topoisomers exhibiting
an increase in linking number.
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a variety of complexes along the DNA duplex, including the transcription and
replication machinery.

6.5 Camptothecin resistant ToplB fails to ac-

cumulate positive supercoils

Based on our data, we propose an alternative mechanism for the cytotoxic activ-
ity of camptothecins. As evidenced by our single-molecule data, we have made
the first direct observation of the time scale of topotecan binding to Top1B, and
we observe that the drug vastly increases the lifetime of the covalent complex. In
addition, however, we observe a second consequence of topotecan binding, namely
that drug binding hinders DNA uncoiling by Top1B such that the drug-stabilized
Top1B complex relaxes negative supercoils more readily than positive supercoils.
This was supported by our single-molecule experiments and also observed in
yeast experiments, which demonstrated the accumulation of positive supercoils
as a consequence of camptothecin poisoning of Top1B. Certainly, the increased
lifetime of the covalent complex in the presence of drug is quantitatively com-
patible with the ”collision” hypothesis which has traditionally been postulated
to explain the cytotoxic activity of camptothecins (Fig. 8.8a, right), However,
the increased lifetime of the covalent complex combined with the observation of
a reduced relaxation rate of positive supercoils, provides a compelling argument
for an intriguing alternate mechanism of drug-induced cell death that has not
previously been considered (Fig. 8.8a, left). Instead of the covalent complex
itself physically presenting an obstacle to the advancing fork, our single-molecule
and in vivo data suggest that the local domain of positive supercoils generated
ahead of the fork, which cannot be efficiently removed by the drug-bound Top1B
or by wild-type levels of Top2, may itself hamper fork progression. This stalling
of the replication machinery could result in fork collapse and the formation of
potentially lethal DNA lesions that eventually induce cell death.

Implicit in this model is that the ability of camptothecins to selectively hin-
der the uncoiling of positively supercoiled DNA by ToplB would coincide with
the cytoxicity of the drug. Therefore, it follows that if the accumulation of
positive supercoils is predictive of cellular response to this class of chemother-
apuetics, then cells expressing a catalytically active, yet camptothecin-resistant
ToplB mutant enzyme would fail to accumulate positively supercoiled plasmid
DNA in response to camptothecin. To test this critical aspect of the model, the
same TOP2 yeast strain used in Fig. 8.6d and 8.7c, was transformed with a
plasmid expressing wild-type human ToplB or a camptothecin-resistant human
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topoisomerase I mutant, Top1G365C. This mutant enzyme is catalytically active
in yeast and in vitro, yet the single amino acid substitution of Cys for Gly365
renders yeast cells expressing this enzyme resistant to camptothecin [43]. Gly365
lies within a loop of the Lipl domain of Topl. Crystallographic data suggest
that the structure of this loop accommodates the deformation of the DNA he-
lix upon camptothecin binding and dictates the orientation of residue Asp533,
which makes direct contact with the bound drug [20]. From these studies, it
follows that mutation of the flexible Gly at position 365 would also distort the
structure of Lipl to affect camptothecin binding of the Top1B-DNA complex.
As the in vivo activity of this camptothecin-resistant mutant has previously been
established in the same yeast genetic background used in these studies [43], we in-
vestigated whether the accumulation of positive supercoils was predictive of yeast
cellular response to camptothecin. Fig. 8.8b shows the topoisomer distribution
of 2 ym DNA in asynchronously growing yeast cells containing wild-type ToplB
(upper panel) and Top1G365C (lower panel). Interestingly, this mutant failed to
induce positive supercoil accumulation in the presence of camptothecin, in full
agreement with our proposed mechanism that positive supercoils are involved in
Top1B-mediated and camptothecin-induced cell death. Thus, a single point mu-
tation in an otherwise identical cellular background provided a stringent test of
the specificity of TopIB-camptothecin interactions in causing the accumulation of
positive supercoils observed in camptothecin-mediated cell death. Camptothecin
analogues have demonstrated remarkable activity in the treatment of pediatric
and adult cancer, yet the mechanism underlying their activity has been puzzel-
ing. It is known that topoisomerase I constitutes the cellular target of these
agents and that they induce lethal ToplB-mediated DNA damage [7-10]. How-
ever, the specific DNA lesions that cause cell death remain poorly understood. In
addition, the levels of ToplB protein or drug-stabilized Top1B-DNA complexes
are not predictive of tumor cell response [34]. Indeed, the clinical development
of camptothecins has been hampered by the lack of biomarkers with which to
predict drug efficacy. Our observations highlight, for the first time, the role
of positive supercoil accumulation in ToplB-mediated camptothecin poisoning.
Importantly, our findings thereby also provide a novel conceptual and experi-
mental framework with which to assess the efficacy of camptothecins and other
Topl1B-targeted agents in vivo. The unusual activity of camptothecins defined in
our studies may also be exploited in the development of novel therapeutics that
inhibit Top1B-catalyzed relaxation of negatively or positively supercoiled DNA.
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Figure 6.6: Camptothecin-induced toxicity results from ToplB-dependent accumu-
lation of positive supercoils. (a) Schematic representation of distinct mechanisms of
camptothecin-induced cell death in vivo. The replication fork (diagrammatically simpli-
fied to include only the replicative helicase and polymerase complex) generates positive
supercoils in the DNA, which are removed (magenta curved arrow) by Top1B (covalent
complex shown in blue). In the presence of camptothecin, fork stalling and fork collapse
have been predicted to result from the physical collision of the advancing replication
complex itself with the drug stabilized Top1B-DNA-covalent complex (lower right).
Our data suggest a second scenario, in which fork progression and integrity are indi-
rectly impaired by the unresolved positive supercoils (lower left). (b) analysis of the
2 um DNA topoisomer distribution in asynchronous cultures of toplA cells expressing
plasmid encoded wild-type ToplB or the catalytically active, camptothecin-resistant
Topl1G365C mutant enzyme and treated with the indicated concentration of camp-
tothecin for 15 minutes. The accumulation of positive supercoils is only observed in
drug-treated cells expressing the wild-type enzyme. Purple numbers indicate the per-
centage of topoisomers exhibiting an increase in linking number.
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6.6 Methods

6.6.1 DNA constructs

Single-molecule experiments were performed with bacteriophage A DNA (48 kilo-
bases (kb) or 16 pm in contour length) or half-length bacteriophage A DNA (24 kb
or 8 um in contour length). Measurements of the religation time were performed
on shorter DNA (8 kb or 2.7 yum contour length) to decrease the magnitude of the
Brownian fluctuations of the bead and to increase the time resolution. The flow
cell coating with anti-digoxigenin was performed as previously described [16, 42].

6.6.2 Enzyme and buffers

Full-length human ToplB and catalytically inactive ToplY723F, each contain-
ing an N-terminal Flag epitope, were partially purified from galactose-induced
cultures of EKY3 toplA yeast cells as described [36]. To obtain homogenous pro-
tein preparations, Top1B fractions, bound to an anti-Flag M2 affinity gel (Sigma
Chemical Co., St. Louis MO), and eluted with an excess of Flag peptide in TBS
[50 mM Tris, pH 7.4, 150 mM KCI] were applied to a phosphocellulose column
to remove the peptide. Homogeneous ToplB was eluted in TEEG buffer [50 mM
Tris (pH 7.4), 1 mM EDTA, 1 mM EGTA, 10% glycerol] plus 1.0 M KCI and pro-
tease inhibitors, diluted with 50% glycerol and stored at -20°C. ToplB activity
was assayed in plasmid DNA relaxation reactions and protein integrity assessed
in immunoblots as described [36].

6.6.3 Strains and plasmids

S. cerevisiae strains EKY2 (MATa, toplA), EKY3 (MAT?, topl|Delta) and
JCW28 (MATa, toplA, top2'¥) have been described [44]. For constitutive ex-
pression of ToplB or ToplG365C, the epitope tagged hTOP1 sequences were
excised from YCpGALI1-ehTOP1 [36] or YCpGAL1-top1G365C [43] and cloned
under the yeast TOP1 promoter in YCpScehTOP1.U or YCpScehtop1G365C.U.
The empty vector, YCpSc.U served as control.

6.6.4 Invivo assays and 2-D gel electrophoresis

Exponential cultures of MATa cells, transformed with YCpScehTOP1.U or vec-
tor control, were arrested in GG1-phase with a-factor, then either incubated with
additional a-factor and 30 pM camptothecin or 0.25% DMSO (v/v) (no drug), or
washed by filtration and released into S-phase with or without camptothecin. For
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top2t strains, a-factor arrested cells were then shifted to 36°C for two hours with
additional a-factor, then treated as above. Asynchronous cultures, incubated
with 0.5, 1 or 5 uM camptothecin for 15 minutes at 30°C, were also treated
as above. To assess the distribution of 2um plasmid DNA topoisomers, DNA
isolated from cultures fixed with toluene/ethanol, were resolved in 2D gels elec-
trophoresis and subjected to southern blotting as previously described [44, 45].
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6.8 Supplementary Materials

I

As has been shown for vaccinia virus Top1B [16], human Top1B does not always
relax all DNA plectonemes present in the DNA in a single enzymatic event (Fig.
8.3a of main article). S.M. Figure 6.7 contains a collection of traces that exhibit
this distributive behaviour of human ToplB.
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Figure 6.7: A collection of traces demonstrating that human ToplB can exhibit step-
wise supercoil relaxation. The duration of the plateaus separating cleavage-religation
cycles is dependent on the concentration of ToplB.

II
We show that the DNA extension velocity during topotecan-mediated Top1B
uncoiling is independent of the ratio between the ToplB concentration and the
topotecan concentration, as observed in S.M. Figure 6.8, where the ratio is varied
by a factor of 25. We note that the uncoiling velocities shown in S.M. Figure
6.8 are not measured in a topotecan concentration-saturated regime, as a further
slight decrease of the topotecan concentration leads to the disappearance of slow
uncoiling within reasonable experimental timescales. The uncoiling events that
are observed at such lower topotecan concentrations are fast and indistinguish-
able from ToplB-mediated uncoiling events in the absence of topotecan. These
arguments suggest that a single topotecan molecule is responsible for the slow
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uncoiling that is observed.
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Figure 6.8: The DNA extension velocity of topotecan-mediated uncoiling is indepen-
dent of the ratio of topotecan concentration, [TPT], to Top1B concentration, [Top1B].

Furthermore, we show that the time during which slow uncoiling is observed,
< t > (see the main text under the heading ”Drug binding traps ToplB on
the DNA”), is independent of the topotecan concentration. This is important
in light of a potential concern that < ¢ > might be an overestimate if multiple
topoisomerase enzymes, each associated with topotecan, induce successive slow
uncoiling events separated by intervals smaller than our time resolution. If this
were the case, however, one would expect < t > to depend on the topotecan
concentration, with low topotecan concentrations leading to shorter < ¢t > and
high topotecan concentrations leading to longer < t >. However, over the range
of topotecan concentrations tested (which range from a lower limit below which
no further slow relaxation events are observed to an upper limit approaching the
topotecan solubility), no observable change in < t > is observed in our data (S.M.
Figure 6.9). Thus, our measurement of < ¢ > is not likely to be overestimated.
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Figure 6.9: Upon varying the topotecan concentration by an order of magnitude, we
do not observe a change in < ¢ >. This leads us to conclude that the measurement of
< t > is not influenced by the topotecan concentration.

II1
We show that topotecan-mediated supercoil removal occurs at thermodynamic

equilibrium, allowing us to faithfully convert (linear) DNA extension velocities
to angular velocities of DNA rotation. S.M. Figure 6.10 shows the strategy for
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demonstrating this. First we measure the DNA extension as a function of magnet
rotation, where each measurement point constitutes an average over 5 seconds
and the waiting time between measurements is 10 s (S.M. Figure 6.10a). The
values for the DNA extension obtained in this manner can be assumed to equal
the equilibrium values. From these measurements, we extract the linear slope
by fitting to a linear relation (red line), corresponding to the gain (or loss) in
DNA extension upon removal (or addition) of plectonemes in the constant torque
(writhe) regime, e.g. 36 nm/turn at a stretching force of 0.9 pN. We then measure
the DNA extension as a function of time, while continuously rotating the magnets
at a preset and known angular velocity (S.M. Figure 6.10b). We again fit the
linear part of the increase in DNA extension with a linear relation and obtain
a number for the DNA extension velocity at this given magnet rotation rate.
We verify that the DNA molecule completes as many rotations as the magnets.
From these two measurements, we can calculate the inferred angular velocity of
the DNA. This procedure is repeated for various preset magnet rotation speeds
and the inferred DNA rotation rate is plotted against the preset magnet rotation
speed, as shown in S.M. Figure 6.10c. It is clearly seen that the two quantities
are in excellent agreement with each other and that a faithful measurement of
the DNA rotation rate can be made by measuring the DNA extension velocity,
at least up to 3 Hz.
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Figure 6.10: The strategy for proving that topotecan-mediated slow DNA uncoiling
proceeds at thermodynamic equilibrium. S.M. Figure 6.10a shows the equilibrium
measurement of the DNA extension vs. the number of magnet rotations. In the Writhe
regime, where all additional twisting of the DNA molecule leads to the formation of
plectonemic supercoils, we fit a linear relation (red line). S.M. Figure 6.10b shows the
DNA extension as a function of the time during which the DNA molecule is uncoiled
at a constant angular velocity. The resulting increase in DNA extension is also fitted
with a linear relation (red line). S.M. Figure 8.5c¢ shows the angular velocity of the
magnets (magnet rotation speed) vs. the angular velocity of the DNA rotation (inferred
DNA rotation rate), as calculated using the values obtained from the linear fits in S.M.
Figures 6.10a and b (see the Supplementary Materials 111 text for a detailed description
of the calculation). The regime of angular velocities probed here includes the angular
velocity of topotecan-mediated uncoiling of DNA, as described in the main text.
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v
We show that the global mechanical properties of bare DNA are unaltered upon
addition of 5 uM of topotecan in the same buffer used in the other experiments
(S.M. Figure 6.11). The slow enzymatic uncoiling observed in the presence of
topotecan can thus not be explained by a global stiffening or by a global change
in the torque response of DNA.
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Figure 6.11: Force-extension and supercoiling (inset) behaviour of bare double-
stranded DNA in the presence (red) and absence (green) of 5 uM of topotecan.

A%

The main text describes the strategy for measuring the religation time, i.e. the
time interval between cleavage of the DNA by Top1B and subsequent religation.
As described in supplementary materials I, not all injected plectonemes are always
removed in a single enzymatic event. Here we present a technical point concerning
the implications of the latter for the measurement of the religation time.

If, following a single enzymatic event, plectonemes remain in the DNA, the
religation time is measured as described in the main text and summarized in Fig
8.4g. In short, above a threshold in DNA extension (set above the experimental
noise of the bead), which is crossed soon after ToplB nicks the DNA (at t,;cx),
the magnets spin continuously (red blocks in S.M. Figures reffigurebsma-c). At
a certain point in time, the DNA is religated by Top1B and continuous rotation
of the magnets will then lead to mechanical addition of plectonemes and conse-
quently to a decrease in DNA extension. This point in time, designated ¢,cjigated,
is used to calculate the religation time according to t,ciigation = treligated — tnick,




Chapter 6: Antitumor drugs impede DNA uncoiling by
120 Topoisomerase 1

as described in the main text. However, a subtle complication occurs when all
plectonemes are removed from the DNA in a single enzymatic event. In this
case, the magnets continue to impose rotation on the bead after all plectonemes
have been removed, i.e. the DNA is rotated while at =0, and the DNA extension
initially remains constant, as shown in S.M. Figure Vb. At a later point in time
during the continuous coiling of the DNA, the Top1B religates the DNA, and plec-
tonemes can once again be introduced (treligated in S.M. Figure Vb). However,
monitoring of the supercoiling state in the magnetic tweezers is largely limited
to the observation of the plectonemic regime, which occurs beyond the buckling
instability [29]. The time ATy, it takes to reach this buckling instability from
0=0 therefore needs to be substracted from the religation time. Thus for events
in which all plectonemes are removed in a single enzymatic events, the correct
religation time i8 tretigation = tretigated — tnick — AT gelay- S-M. Figure 6.12c shows
the procedure for measuring ATyeq,. Starting at 0=0 (at 59 s) we continuously
rotate the magnets at the maximum angular velocity that the stepper motor,
which rotates the magnets, allows. For our experimental configuration, this is
30 Hz. We monitor the DNA extension and observe at what time plectonemes
appear. ATjyeqy, is calculated by substracting the time at 0=0 from the time at
which plectonemes form, as shown in S.M. Figure 6.12c. The correct value of
Lretigation 15 computed taking ATy, into account.
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Figure 6.12: Strategy for measuring the religation time of ToplB. (a) When plec-
tonemes remain in the DNA following a single enzymatic event, religation effectively
results in an immediate decrease of the DNA extension. The religation time, ¢,¢igation
is then readily obtained by calculating t,cjigation = tretigated — tnick, as described in the
main text. (b) However, when all plectonemes are removed from the DNA in a single
enzymatic event, a systematic correction of the religation time needs to be taken into
account. The correction is the time delay between the instant of religation and the in-
stant at which plectonemic supercoils form. (c) This time delay, ATjejqy, is measured
by continuously twisting a DNA molecule from 0=0 (at 59.0 s) to the onset of the
formation of plectonemes (the buckling instability, at 60.2 s) and is approximately 1.2
s. The correct calculation for the religation time incorporates the correction according

to treligation = treligated — tpick — Tdelay-

VI
In this part of the Supplementary Materials, we explain the principle of two-
dimensional gel electrophoresis.
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For a double-stranded plasmid DNA of a given size, the overall compaction
of the molecule will determine its electrophoretic mobility in an agarose gel [46].
The topological state of a plasmid is described by the linking number (Lk), which
is the sum of two geometrical properties, the twist (Tw) plus the writhe (Wr).
Tw describes the number of times one strand wraps around the other and Wr
describes the coiling of the helical axis of the DNA. Plasmid DNAs of identical
sequence, but with different Lk, can be resolved in agarose gels on the basis of
their Wr, where the Wr of a DNA topoisomer being considered is proportional to
Lk, the difference between the Lk of the plasmid topoisomer being considered and
what the Lk of the same plasmid would be if it were relaxed. Under physiological
conditions, the latter may be approximated by (size of plasmid in bp) / (10.5
bp per helical turn). The Lk of an intact circular plasmid is invariant and will
always be an integral value. However, the relative contribution of Tw and Wr
may vary.

As an example, let us consider a negatively supercoiled 2,100 bp plasmid DNA
with an Lk of 192. The same plasmid, when relaxed, would have an Lk of 200. We
also assume that the entire Lk deficit is partitioned into Wr, such that Lk = Tw +
Wr is described by 192 = 200 + (-8), as shown for form I in S.M. Figure 6.13a. If
this plasmid is incubated with increasing concentrations of the DNA intercalator
chloroquine (indicated by grey rectangles) and in the absence of a topoisomerase,
the decrease in Tw induced by chloroquine binding will induce a compensatory
increase in Wr, since Lk must remain constant. As depicted in S.M. Figure 6.13a,
the effect of increasing chloroquine binding (decreased Tw and increased Wr) will
affect the compaction of the molecule and hence its electrophoretical mobility. In
the absence of chloroquine, the DNA would be very compact (Wr = -8, S.M.
Figure 6.13a. I) and migrate rapidly; in a gel containing low concentrations of
chloroquine (such that Wr = -4, S.M. Figure 6.13a. II), it would migrate more
slowly, and at somewhat higher concentrations of chloroquine (such that Wr =
0, S.M. Figure 6.13a. III), it would migrate more slowly still. However, at even
higher concentrations of chloroquine, the DNA would acquire a positive Wr (Wr
= 44, S.M. Figure 6.13a. 1V), and would again migrate more rapidly, as if
positively supercoiled.

These same principles apply to the electrophoretic resolution of plasmid DNA
topoisomers in two dimensions. In the first dimension (indicated by the vertical
arrow in S.M. Figure 6.13b), the DNAs are resolved in the presence of low con-
centrations of chloroquine, such that a DNA topoisomer with a slight deficit in
Lk would acquire the lowest Wr and run at apex I (S.M. Figure 6.13b). DNAs
of lower or higher Lk would migrate with a mobility difference proportional to
absolute value of the linking number difference from the topoisomer at apex I.
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The gel is then rotated 90° and run in a second dimension (indicated by the hor-
izontal arrow in S.M. Figure 6.13b) in the presence of an increased concentration
of chloroquine. Here, a plasmid of even lower Lk will now acquire the lowest Wr
(apex II, S.M. Figure 6.13b). As in the first dimension, DNAs of lower or higher
Lk will now migrate with a mobility difference proportional to absolute value of
the linking number difference from the topoisomer at apex II. Once the gel has
been run in the two dimensions with the different chloroquine concentrations as
described, a topoisomer arc as diagrammed in S.M. Figure 6.13b results, where
a given topoisomer spot differs from the adjacent spot by a linking number dif-
ference of one. This analysis permits a clear discrimination between plasmids
with a linking number deficit, which are skewed towards the lefthand side of the
arc, and plasmids with a linking number excess, which are skewed towards the
righthand side of the arc. Plasmid DNA that is nicked is free to assume the most
relaxed conformation and will migrate at the apex in both dimensions, as shown.
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Figure 6.13: Topological isomers of DNA can be resolved using 2D agarose gel elec-
trophoresis.
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Figure 6.14: Camptothecin-induced accumulation of positive supercoils requires the
expression of catalytically active ToplB. Exponential cultures of toplA,top2ts cells,
transformed with plasmids expressing low levels of wild-type human ToplB or the
catalytically inactive human Topl1Y723F mutant, were shifted to 36° C for 1 hour to
inactivate Top2, then treated with camptothecin (CPT) for 30 minutes. The resulting
distribution of 2 pym plasmid DNA topoisomers was assessed in 2-D gels, as described
in the main text. These data demonstrate expression of a catalytically active ToplB is
necessary for camptothecin-induced accumulation of positive supercoils.

VIII
We show that camptothecin treatment of yeast cells, as they synchronously transit
S- phase of the cell cycle, induces ToplB-dependent DNA damage which has
modest effects on cell viability, yet nonetheless suffices to trigger the slow kinetics
of S-phase transit characteristic of S-phase checkpoint activation. Yeast toplA
cells, transformed with a plasmid that expresses low levels of human ToplB or
an empty vector control were arrested in G1l-phase with the mating phermone
-factor and then released into S- phase in the presence or absence of camptothecin
(CPT).

In panel (a), samples of cells, taken at the times indicated, were serially ten-
fold diluted and 5 1 aliquots were spotted onto agar plates. Following incubation
at 30°7C, cell viability was assessed by the formation of colonies. The viability of
untreated Top1B expressing cells (labelled Top1B), or untreated or camptothecin
vector control cells (labelled vector control and vector control + CPT, respec-
tively) was unchanged during the course of the experiment. ToplB expressing
cells treated with camptothecin (labelled ToplB + CPT) began to exhibit a slight
reduction in cell viability at 40 minutes following release into S-phase, with about
a 10-fold reduction in cell viability relative to 0 time evident at 60 minutes drug
treatment. As shown in panel (b), the cell cycle distribution of cells, treated as
in panel a, was also assessed. Cells taken at the indicated times were fixed with
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70% ethanol, stained with propidium iodide and assayed for DNA content by flow
cytometry [47]. The peak height reflects the number of cells in the sample, while
the distribution along the X axis is an indication of DNA content. Haploid yeast
cells in G1 phase of the cell cycle accumulate with a 1IN DNA content, while
cells in G2/M phases of the cell cycle have a 2N DNA content. As cells transit
S-phase, DNA content increases from 1N to 2N. In untreated ToplB expressing
cells and in the untreated or CPT treated vector controls, the cells exhibit a sim-
ilar pattern of S-phase progression, with the majority of cells in G2/M phase at
60 minutes as indicated by the presence of a 2N peak. In contrast, camptothecin
treatment of Top1B expressing cells (ToplB+CPT) exhibit a slow, synchronous
transit through S-phase which results from DNA damage-induced activation of
the S-phase checkpoint.
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Figure 6.15: Camptothecin treatment of yeast cells in S-phase induces a ToplB-

dependent decrease in cell viability (a) and a delay in cell cycle progression (b).
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Chapter 7

Atomic force microscopy shows that
vaccinia topoisomerase |B generates
filaments on DNA

Type IB DNA topoisomerases cleave and rejoin one strand of the DNA duplex,
allowing for the removal of supercoils generated during replication and transcrip-
tion. In addition, electron microscopy of cellular and viral TopIB-DNA com-
plexes has suggested that the enzyme promotes long-range DNA-DNA crossovers
and synapses. Here, we have used the atomic force microscope to visualize and
quantify the interaction between vaccinia topoisomerase IB (vTopIB) and DNA.
vTopIB was found to form filaments on nicked-circular DNA by intramolecular
synapsis of two segments of a single DNA molecule. Measuring the filament
length as a function of protein concentration showed that synapsis is a highly co-
operative process. At high protein:DNA ratios, synapses between distinct DNA
molecules were observed, which led to the formation of large vTopIB-induced
DNA clusters. These clusters were observed in the presence of Mg?+, Ca2+, or
Mn?+, suggesting that the formation of intermolecular vTopIB-mediated DNA
synapsis is favored by screening of the DNA charge.

This chapter was published by Fernando Moreno-Herrero, Laurent Holtzer, Daniel A.
Koster, Stewart Shuman, Cees Dekker and Nynke H. Dekker in Nucleic Acids Res. Oct 19
2005; 33(18):5945-53
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132 topoisomerase IB generates filaments on DNA

7.1 Introduction

Type IB DNA topoisomerases (ToplB) remove the torsional stress that accu-
mulates in double-stranded DNA molecules during replication and transcription.
ToplIB cleaves and rejoins one strand of the DNA duplex [1], allowing for the
removal of positive or negative supercoils from supercoiled DNA. The topoiso-
merase from vaccinia virus (vToplB) is the smallest topoisomerase known (314
amino acids), suggesting that vTopIB constitutes the minimal functional unit of
a type IB enzyme [2]. vTopIB binds non-specifically to duplex DNA [3], although
cleavage preferentially occurs at the target sequence 5-(T/C)CCTT|, where |
denotes the cleavage site [4, 5]. The sequence-specific cleavage of vTopIB has
allowed for accurate determinations of the rate constants for cleavage and re-
ligation, hence its use as a prototype. Sedimentation analysis, gel filtration,
N-terminal sequencing of the native protein, and conceptual translation of the
open reading frame of the vTopIB gene indicate that vTopIB is a monomeric
protein with a molecular mass of 36.7 kDa [6-8]. vTopIB consists of two domains
joined through a hinge and binds circumferentially to DNA [2, 9, 10]. DNase I
and exonuclease III footprinting give an upper bound to the number of base pairs
covered by vTopIB when bound to DNA (25 base pairs, ~8.5 nm) [4, 11].

The binding of eukaryotic Type IB topoisomerase to DNA duplexes has been
the subject of two previous studies that relied on visualization using electron
microscopy [12, 13|, both of which demonstrated binding of topoisomerases at
intramolecular DNA crossovers. vTopIB was found to form intramolecular loop
structures in which non-contiguous DNA segments were synapsed within filamen-
tous protein stems [12]. Shuman et al. suggested that these loops arise through
protein-protein mediated DNA synapsis [12]. The presence of filament-like struc-
tures at high topoisomerase:DNA ratios and individual intramolecular nodes at
low topoisomerase:DNA ratios led to the suggestion that binding of vTopIB might
be cooperative. However, the experimental strategy, which included glutaralde-
hyde fixation, prevented reliable quantification of the binding vTopIB to DNA.
Atomic force microscopy (AFM) [14] presents several advantages over electron
microscopy techniques, most notably that no fixation procedures are needed to
adsorb biological molecules on a surface. Furthermore, AFM allows rapid vi-
sualization of many individual molecules and the measurements of heights and
volumes. Indeed, AFM has proven to be a very suitable technique to characterize
and quantify protein-protein and DNA-protein interactions [15-18], and there-
fore we employed this technique to study the interaction between vToplB and
DNA . AFM revealed individual vTopIB binding events, intramolecular synap-
sis, and filament-like structures on individual DNA molecules at vTopIB:DNA
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ratios from 10:1 to 60:1. Our data is supported by a model in which DNA-bound
vTopIB protein forms a single intramolecular node in the DNA. From this sin-
gle intramolecular node a filament-like structure extends by the binding of new
vTopIB protomers. We have used the theory published by McGhee and von
Hippel to quantify the generation of filaments by vTopIB on DNA [19, 20]. By
measuring the length of the filaments and the fractional saturation of the DNA as
a function of the concentration of vTopIB, the cooperativity parameter w and the
association constant K™ to form a node were determined. At higher protein:DNA
ratios, intermolecular synapses of DNA molecules were observed in the presence
of divalent ions such as Mg?*, Ca?*, and Mn?".

7.2 Materials and methods

DNA constructs
In all experiments the pGEM-3Z plasmid (2743 bp) was used in nicked-circular or
in linear form. The nicked-circular DNA was generated by relaxing the plasmid
using the enzyme N.BstNB I (New England Biolabs). This enzyme nicks the
plasmid at five positions. To generate a linear fragment, the plasmid was digested
with BamHI (New England Biolabs). The nicked or linearized DNA molecules
were then purified using a DNA purification kit (MoBio Laboratories), checked
by gel electrophoresis, and inspected by AFM. This method resulted in nicked-
circular and linear DNA molecules with mean contour lengths of 919469 nm and
928452 nm, respectively. These values agree with the expected B-form contour
length of the plasmid. The cleavage consensus sequence of vaccinia topoisomerase
(5’-(C/T)CCTT]), occurred 16 times in the sequence of the DNA used.

Vaccinia topoisomerase 1B
vTopIB was purified as previously described [7]. vTopIB was aliquoted and stored
at -80°C in 10 mM Phosphate Buffer (PB) at pH 7.4. For each experiment a new
aliquot was thawed and diluted in PB to the desired concentration.

AFM sample preparation
DNA molecules can be adsorbed on a mica surface using divalent ions (such
as Mg®T, Mn?*, or Ca®"), or using polylysine (PL) [21, 22]. These two different
adsorption methods are known to yield significantly different appearances of bare
DNA on mica because in the first case DNA molecules equilibrate in a two-
dimensional configuration, while in the second case they are kinetically trapped
onto the mica surface [23]. Fig. 8.3 shows DNA molecules adsorbed using 13
mM MgCly (similar concentrations were used in experiments involving MnCl,
or CaCly, discussed below), and Fig. 8.3b shows DNA molecules adsorbed on
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Figure 7.1: Control experiments. DNA molecules are not observed to cluster in the
absence of vTopIB when adsorbed on a mica surface using MgCly (a) or polylysine-
coated mica (b). The appearance of the DNA molecules differs as a result of the
adsorption processes involved. (c), Histogram of the height of vTopIB molecules mea-
sured in buffer in the absence of DNA. The average height of vTopIB in solution is
3.6+1.8 nm, compatible with a monomeric state of the protein. An AFM image of
vTopIB in buffer is shown as an inset in (c). Bar size is 200 nm. (d), Summary of
cooperativity theory [19, 20]. Three different binding events can take place: isolated
binding with an association constant K (d, ¢), singly contiguous binding with an asso-
ciation constant Kw (d, i), and doubly contiguous binding with association constant
Kw? (d, 4ii). In our model an isolated binding event is attributed to the formation of
an intramolecular node.

0.01% polylysine-treated mica. In both cases, there was no vTopIB present in
the solution and the length of the DNA used was identical.

We observed individual DNA molecules homogeneously distributed over the
mica surface in both cases. The polylysine-coated mica substrates were exten-
sively rinsed with water and dried to remove any surface-mobile positive coun-
terions [24, 25]. A control experiment was done with vTopIB imaged in buffer
in the absence of DNA (Fig. 8.3c). The height distribution obtained from AFM
(#events=246) displayed a peak and was fitted to a Gaussian function, yielding
an average height of 3.6+0.9 nm, where we have quoted the standard deviation
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of the Gaussian function fit. From X-ray crystallography, the structure of the
vTopIB catalytic domain shows it to be an oblong shaped globular protein with
dimensions 5.6 x 2.8 x 2.6 nm [2]. Our AFM height measurements agreed reason-
ably well with these dimensions given that they reflected both the average height
of different orientations of the protein and the small deformation exerted by the
tip in buffer (estimated at 15%, given that average heights of dSDNA molecules
under the same conditions measured 1.740.3 nm, compared to a nominal value of
2 nm). Modeling of the crystal structure of vTopIB onto B-form DNA indicated
that vTopIB likely covers an 18-bp DNA segment [2]. This value, n=18 bp, will
be used in our modeling below.

vTopIB-DNA binding reactions included 0.22 nM DNA (circular or linear)
and 2.5 to 40 nM vTopIB in PB buffer, supplemented, when needed, with 13
mM MgCl, to promote adsorption of the DNA molecules onto the mica. After
mixing, the sample was incubated at 37C for 15 min and deposited on a flat
freshly-cleaved mica surface, rinsed with water, and dried under a gentle stream
of nitrogen.

AFM imaging
Samples were imaged in air (except Fig. 8.3c, which was taken in buffer solution)
with a commercial AFM from Nanotec Electronica operating in dynamic mode,
using soft cantilevers (0.39 N/m, Olympus OMCL-RC800PSA). Typical tapping
amplitudes were 15-17 nm peak-to-peak at the resonance frequency of the can-
tilevers, ~75 kHz. Image processing, including measurement of filament lengths,
was done using WSxM freeware (www.nanotec.es). Standard image processing
included plane subtraction and flattening.

Theoretical description of protein binding to DNA
We used the theory described by McGhee and Von Hippel [20] to quantify the
generation of filaments of vTopIB on DNA. We briefly summarize the theory’s
main elements here. The binding of a protein that covers n basepairs on a DNA
is characterized by an association constant K (Fig. 8.3d,i). The binding of
a protein on one side of a previously-bound protein (while on the other side
there is no bound protein) has an association constant Kw. This is denoted
singly-contiguous binding (Fig. 8.3d,ii). If a new protein binds between two
previously bound proteins one speaks of a doubly-contiguous binding event with
an association constant Kw? (Fig. 8.3d,iii). w is a measure for the degree of
cooperativity of the binding process: w = 1 is defined as non-cooperative binding
whereas w > 1 is defined as cooperative binding.

The parameters K and w that characterize binding can be experimentally
obtained from the AFM data by measuring the filament length distribution at a
given DNA saturation #, which is defined as the average fraction of DNA covered
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by the protein. The filament length c is defined as the number of proteins that are
bound next to each other without a gap between them. 6 can be experimentally
determined from the images by calculating the fraction of the total contour length
of all DNA molecules present in the sample that has proteins bound to it. At a
given 6, the distribution of filament lengths depends on the values of n,K, and w
[19]. The normalized probability P. of finding a filament of length c¢ is

P. = [P(bi[b,) ™1 — P(balb,)) (7.1)

where P(b1]b,) is the probability of finding a protein bound right next to another
one that is already bound to DNA [20]. b;|b,, denotes the protein b; binding to
the protein b,,:

a—(n—2w+1)r—R

P(by[bn) = 2v(w—1) ’

(7.2)

where

R=+[1—(n+1)v]?+4dwv(l —nv) (7.3)
and v = %. From experimental data, P. can be calculated and plotted as a
function of the filament length ¢. Using a maximum-likelihood data analysis (see
below), a value for w was obtained for different DNA saturations #. Once the
cooperativity parameter w is known, K can be deduced using Eq.7.4.

v Quw—-1)(1—-nv)+v—R

7 =K1 - 2w — 1)(1 — nv)

I-(n+1)vr+R
2(1 —nv)

" 7 (14)
where R and v are defined in Eq. 7.3, N is the total number of binding sites
(bases of DNA) and L is the free protein concentration defined as L = Ly — vN
with Lz being the total protein concentration [20]. A fit of Eq. 7.4 to the plot of
0 versus the total concentration of vTopIB (Lr) yields a value for the association
constant K.

Data analysis
The length of the vToplB filaments was measured by tracing the filaments with
a segmented line. Tracing resulted in a height profile along the contour of the
DNA molecule. The length of the filament was measured by attributing the
beginning and the end of the filament to the positions where the height of the
profile was reduced to half the maximum value. Next, the effect of tip convolution
was taken into account by subtracting from the measured filament length the
extra length induced by tip convolution, which was 13 nm. Tip convolution was
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estimated following ref. [26], taking into account the tip radius specified by the
manufacturer, 10 nm, and the DNA radius, 1 nm.

The maximum-likelihood (ML) method was used to estimate the cooperativity
parameter w. The ML-method is a powerful method to unambiguously estimate
a parameter from a series of measurements [27]. The ML-method computes the
distribution parameters that maximize the likelihood to observe a set of exper-
imental outcomes given a known probability function. The likelihood function
(LH) for the filament length distribution is defined as

S

LH = HPCZ. = [Pl 1 = P(bafbn)]), (7.5)

i=1

where S is the number of data points in the data set and ¢; is the length of the
ith filament. Eq. 7.5 can be rewritten as

InLH = SIn[l = P(bi[b,)] — SIn P(balba) + Y (c;In P(b[by)). (7.6)

i=1

We then maximize this equation with respect to w. Using the Maple software
package together with Eq. 7.2 and 7.3, an analytical solution for w can be ob-
tained:

_ Son Zf:l ci + 05 — 9”(2?:1 ¢;)? — 08 Zf:l ¢ —ndS Zf:l Ci + ”(Ef:l ¢i)?
N 052 '

w

(7.7)

Using Eq. 7.7, w can be calculated for different DNA saturations 6, which are
experimentally obtained from the images. The uncertainty in w corresponds to
the places where In LH is below its half maximum [28]. Because LH is not sym-
metric around the peak value, the corresponding uncertainty is also asymmetric.
However, due to the negligible difference between positive and negative errors
found, we simply quote their mean.

7.3 Results

vToplB generates filament-like structures at low vTopIB:DNA ratios
We characterized the binding of vaccinia topoisomerase IB to linear and cir-
cular DNA at vTopIB:DNA ratios from 10:1 to 60:1. These experiments are
summarized in Fig. 8.4a (linear DNA) and Fig.8.4b (circular DNA). We found
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(ii)

(iii) (iii)

Figure 7.2: vTopIB-DNA complexes at low vTopIB:DNA values. The concentration
of DNA is constant in all experiments and equal to 0.22 nM. (a), Gallery of AFM
images of vTopIB bound to linear DNA. Three different types of complexes were found.
a,i), individual vTopIB proteins bound to DNA ([vTopIB]=4nM); nodes (a,ii)), and
filament-like structures (a,iii)) ([vTopIB]=6.2 nM). (b), Gallery of AFM images of
vTopIB bound to nicked-circular DNA. Similar types of complexes were found. b,i),
individual vTopIB-DNA complexes ([vTopIB]=4 nM); nodes (b,ii)), and filament-like
structures (b,ii7)) ([vTopIB]=13.4nM). Bar size is 100 nm.

three different types of binding events: (i) isolated binding, (i) nodes, and (7i7)
filament-like structures. We confirmed that binding of individual vTopIB pro-
teins to DNA did not cause wrapping of the DNA around vTopIB as evinced
by the absence of shortening of the DNA contour length upon vTopIB binding.
The filament-like structures shown in Fig. 8.4a,(7i7) and Fig. 8.4b,(iii) are qual-
itatively different from each other. In the first case, the filament-like structures
involved a single DNA duplex while in the second case, with circular DNA, the
filament-like structures involved two segments of the circular DNA, hence two
DNA duplexes. This conclusion is further corroborated by measurements of the
contour length of the uncovered and the protein-covered parts of the DNA. For
instance, the full contour length of the DNA molecule in Fig. 8.4b, (i) is only
recovered if the length of the filament is counted twice, clearly showing that two
duplexes participate in that filament. A small fraction of filaments (less than
10%) involving a single DNA duplex were also found when using circular DNA
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(see arrow in Fig. 8.4). Although a tendency towards type (iii) events was ob-
served with increasing vTopIB:DNA ratio, type (ii) or (¢ii) events were also found
at low vTopIB:DNA ratios. This suggests cooperative behavior in the binding of
vTopIB to DNA [12], which we quantify below.

The heights of isolated DNA-bound proteins, node events, and filament-like
structures were measured in air. In every experiment, we measured the height
of the DNA (hDNA) as a reference height. This is especially relevant for AFM
measurements conducted in air, as height measurements are then sensitive to
experimental imaging conditions [29]. Values for hDNA measured in air ranged
from 0.6-0.9 nm. Isolated DNA-binding events yielded a value for the height of a
single DNA-bound protein of 2.140.5 times hDNA (#events=127); node events,
a value of 2.440.5 times hDNA (#events=20); and filament-like structures, a
value of 2.1£0.6 times hDNA (#events=66). The height of individual DNA-
free vTopIB molecules deposited on the mica surface was 1.4+0.3 times hDNA
(#events=63). The height distribution of isolated DNA-bound proteins consisted
of a single peak in all tested experimental conditions (data not shown), consistent
with the fact that vTopIB binds to DNA as a monomer [2].

Intermolecular synapsis of DINA molecules is found at high
vTopIB:DNA ratios
Focusing on the protein filament-like structures, we increased the concentration
of vTopIB per DNA molecule in order to see if longer protein filaments would
result. Instead, this resulted in large clusters containing many DNA molecules
(Fig. 8.5). Such intermolecular synapses were found on both linear and circular
DNA in the presence of divalent ions such as Mg*" Mn** and Ca?" (Fig. 8.5a).
Qualitatively, we did not note any cation-specific effect. Hence, we focused the re-
mainder of our study on the biologically more relevant Mg?*. We quantified this
phenomenon counting the number of DNA molecules involved in such clusters as
a function of vTopIB concentration. Fig. 8.5b plots the analysis of intermolecu-
lar synapsis using ~1300 molecules, all adsorbed in the presence of MgCl,. The
number of DNA molecules involved in a cluster increased monotonically with the
vTopIB:DNA ratio (Fig. 8.5b). This trend saturated at a protein:DNA ratio
of 125:1. We expect the number of DNA molecules involved in a cluster to be
underestimated at such high vTopIB:DNA ratios for two reasons. First, the iden-
tification of the individual DNA molecules becomes progressively more difficult.
Second, since the number of DNA molecules was constant in all experiments the
clusters were found increasingly far from each other. This results in uncertainties
in determining the average number of DNA molecules per cluster because very
large areas must be scanned with the AFM to yield enough statistics.

We also explored the effect of divalent ions in the generation of intermolecular
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Figure 7.3: Intermolecular synapsis of DNA at high vTopIB:DNA values. The con-
centration of DNA is constant in all experiments and equal to 0.22 nM. (a), AFM
images of linear and circular DNA molecules incubated with [vTopIB]=12.4 nM and
[vTopIB]=45 nM, respectively, showed clustering in the presence of Mg?* cations (top).
This effect was not cation-specific, as incubation of linear DNA and 12.4 nM [vTopIB]|
together with Ca?* or Mn?* likewise resulted in the formation of aggregates. Bar size
is 100 nm. (b), Intermolecular synapsis of DNA was quantified by counting the number
of DNA molecules involved in an cluster at different vTopIB:DNA ratios in the presence
of MgCl,. The fraction of DNA molecules in a cluster increased linearly with increasing
vToplIB concentration and saturated at very high vTopIB concentrations. This satu-
ration was due to an underestimation of the number of DNA molecules involved (see
text for details)
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a

Figure 7.4: Intermolecular synapsis of DNA is affected by the presence of MgCls.
(a), Linear DNA molecules were deposited on polylysine-coated mica and incubated
with vTopIB in the absence of MgCly again resulting in the observation of vToplB-
bound DNA (white arrows). Under these conditions, however, the DNA moleculesdid
not cluster. (b), Linear DNA molecules deposited on polylysine-coated mica showed
intermolecular synapses when incubated with vTopIB and MgCl,. Bar size is 200 nm.

synapses. Typically, vIopIB-DNA binding reactions included 13 mM MgCl, in
order to adhere the DNA to the mica (DNA does not adsorb on a bare mica
surface). To isolate the effect of divalent ions, we instead treated the mica sur-
face with polylysine, which is a polymer that positively charges the surface of the
mica. Again we observed binding of vTopIB to DNA (Fig. 8.6a, white arrows).
Surprisingly, in the absence of divalent ions DNA molecules were always isolated
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from each other, even at high vTopIB concentrations (vTopIB:DNA=123:1). To
conclude that the observation of isolated DNA molecules was not caused by the
chemistry of mica adsorption, we verified that adding 13 mM MgCl;, to the bind-
ing reaction and adsorbing the product on polylysine mica again resulted in the
observation of DNA clusters (Fig. 8.6b). Note that the difference in the physical
appearance of the molecules and clusters shown in Fig. 8.5 and in Fig. 8.6 is due
to the different adsorption processes on magnesium-coated and polylysine-coated
mica (see materials and methods).

vToplB generates filaments on DNA in a cooperative fashion
We used the AFM images obtained to quantify the binding of vTopIB to DNA.
The quantification of the binding of vTopIB to DNA that follows was done on cir-
cular DNA and restricted to low DNA saturation, 6j0.25. We used circular DNA
to favor protein-protein interactions and low # to avoid intermolecular synapsis
of DNA.

We now describe the extension of vTopIB filaments on DNA using the ter-
minology of Ref. [20], which is detailed in the materials and methods. The
formation of vTopIB filaments is likely to happen in the following steps (Fig.
8.7). First, a single intramolecular node is formed (Fig. 8.7a,i and Fig. 8.7bi).
This intramolecular node may be composed of either a single vToplB engaging
two DNA duplexes or a dimer of vTopIB in which each monomer is bound to a
single DNA duplex. We describe the association of a vTopIB monomer or dimer
to the two DNA duplexes with the association constant K*. Second, the filament
is extended by the addition of new vTopIB protomers (Fig. 8.7, panel ii). The
extension of the node by vIToplB has an association constant of K*w, where w is
the cooperativity parameter for extending the filament. Values of w larger than
one indicate a cooperative process. Finally, a filament of length ¢ is generated
(Fig. 8.7a,iit and Fig. 8.7b,iii). Fig.8.7 shows a general cartoon depicting the
formation and extension of a filament by either vToplB monomers or dimers.
The theory used here is applicable to both cases (see Discussion).

In order to determine the association constant K* and the cooperativity pa-
rameter w of filament extension by vToplB, we measured the length of filaments
for several hundreds of DNA molecules at different vTopIB:DNA ratios. An aver-
age filament length was calculated and the DNA saturation # was deduced. The
distribution of filament lengths P, is shown in Fig. 8.8a for three different DNA
saturations (#=0.07, #=0.18, and 6=0.23). For each data set, the cooperativity
parameter w was estimated using the ML method described in the Materials and
Methods. The results are summarized in Table 1. Subsequently, Eq. 7.1 was
plotted in Fig. 8.8a using the w obtained for each data set. The error-weighted
average cooperativity parameter was 7.741.1-103. This value shows the genera-
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Figure 7.5: Model describing the formation of filaments of vTopIB on DNA. The
constituents of the filaments may be vTopIB dimers (a) or monomers (b). The forma-
tion of filaments requires several steps. i), The formation of an intramolecular node
with an association constant K*. ii), The node is extended by binding of new vTopIB
protomers with an association constant of K*w. 4ii) A filament of length c is generated.

tion of filaments on DNA by vToplB is highly cooperative.

We also estimated the binding constant K* of the formation of a vToplB-
DNA node. Fig. 8.8b shows DNA saturations () as a function of total vTopIB
concentrations. This data was fitted to Eq. 7.4 using the least squares fitting
method, yielding K* = 4.0 & 0.6:10* M~! given w=7.7£1.1-10%. The product
K*w was found to equal 3.14£0.4-10% M~

7.4 Discussion
We quantified the generation of filaments of vTopIB on DNA using a theory of

DNA binding [19, 20]. vTopIB was found to form filaments on DNA in a highly
cooperative fashion. Our analysis gave a value of 7.741.1-102 for the cooperativ-
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Figure 7.6: Quantitative analysis of the binding of vTopIB to DNA. (a), Filament
length distribution for three different data sets. For each set w was estimated us-
ing the Maximum-Likelihood method resulting in w=>5.641.4-10% for DNA saturation
6=0.07 (red squares); w=9.141.7-10% for DNA saturation §=0.18 (green circles); and
w=8.841.8:10® for DNA saturation #=0.23 (blue triangles). The solid lines in a are
plots of Eq. 7.1 using the obtained w. (b), Fractional DNA saturation as a function of
total vTopIB concentration. The fit of Eq. 7.4 to these data using n=18, N=2743 and
w="7.741.1-10° yielded a value for K*=4.0+0.4-10* M—1.

ity parameter w, and 4.040.6-10* M~! for the association constant to generate
a single intramolecular node K*. Kowalczykowski etal. [19] defined sigmoidal
(cooperative) filament growth by the criterion w > 10n. Our measurement of w
exceeds this threshold 40-fold. Our values are similar to those obtained for differ-
ent cooperative binding proteins. For example, the gene 32 protein binds coop-
eratively to poly(rA) with parameters w=1.2-103, n=7.5 and K=9-10> M~ [30];
and The T4 UvsX protein forms filaments on ssDNA with parameters w=1.0-102,
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n=4.0 and K=4.3-10* M~! [31]. The values for K* and w quoted in this work
may have a slightly different interpretation compared to other reported values.
The reason for this is that in our work, the parameters K* and w relate to the
respective formation and extension of a node (consisting of two monomers of
vTopIB (Fig. 8.7a) or a single monomer (Fig. 8.7b)), whereas the parameters
obtained in the binding of gene 32 protein and the T4 UvsX-protein relate to
single monomers binding to their substrate.

We now discuss whether vTopIB monomers or dimers are the minimal con-
stituents of a single intramolecular synapsis. AFM-volume analysis has been
proven to be useful in distinguishing between proteins adsorbed as monomers or
as dimers [32]. However, the volume analysis becomes less straightforward when
proteins are small, as in the case of 36.7 kDa vToplIB, and becomes especially
non-transparent when they are bound to DNA, because the proteins are of com-
parable height to the bare DNA. We found that, within the error, the heights of
isolated-binding events and filament-like structures were identical and equal to
2.140.5 times hpya. In the case of vTopIB binding to DNA, it was therefore
impossible to unambiguously determine the number of vTopIB monomers that
make up the intramolecular node, and hence we cannot rule out the possibility
of a monomer of vTopIB being involved in the synapse of two DNA molecules.

The DNA aggregation found at high vTopIB:DNA ratios can be understood
as an extension of the cooperative binding behavior presented above. Essentially,
at similar protein:DNA ratios we found that intermolecular synapses are favored
on linear DNA molecules while intramolecular synapses are favored in circular
ones. This is unsurprising considering that the radius of gyration is larger for
linear DNA than for circular DNA. Topological constrains of circular DNA could
facilitate the propagation of a filament built up of vTopIB. Hence, interactions
between two duplexes of the same molecule are more likely to occur in circular
than in linear DNA. As expected, at very high protein-DNA ratios we also found
clusters of circular DNA.

Interestingly, we found a correlation between DNA aggregation and the pres-
ence of the divalent ions Mg?+, Ca®+, or Mn?+. The fact that the aggregation
was not an effect only caused by one specific ion supports the notion that DNA
aggregation is a more general effect. In general, divalent ions reduce the Debye
length, which is the characteristic length scale of the electrostatic interaction be-
tween two charged objects in an electrolyte solution [33]. Since vTopIB does not
bind divalent ions [34], their presence in the binding reaction has the effect of
reducing the electrostatic repulsion between two DNA molecules and, as a con-
sequence, in favoring interactions between two DNA-bound vToplIB molecules.
Divalent ions consequently favor the formation of intermolecular synapsis.
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Although our measurements provide clear evidence for cooperative extension
of vTopIB filaments on DNA duplexes, the question remains what mechanism
gives rise to the observed cooperativity. This question is especially intriguing
given the fact that vTopIB is most likely a monomer in solution [6], in accor-
dance with Fig. 8.3. The clustering reported here is strictly DNA mediated.
We speculate that a conformational change in the vTopIB due to DNA binding
may be responsible for the cooperativity observed here. Such conformational
changes of proteins upon DNA binding have been previously reported [35, 36].
Specifically, dimerization of the DNA binding domains of the retinoid X receptor
has been shown to be induced by DNA binding [37]. Similarly, a conformational
change in vTopIB upon DNA binding may trigger multimerization of vTopIB.
Such a conformational change in vToplB may seem reasonable given its clamp-
like structure and the presence of a hinge domain [2, 9].

Besides altering the number of supercoils in DNA molecules, Type IB topoi-
somerase have been shown to posses strand transferase activity that can result
in DNA recombination [38-42]. Furthermore, Type IB topoisomerase and site-
specific tyrosine recombinases have been shown to share structural features in
their catalytic domains and descend from a common ancestor [2]. The vToplIB-
mediated DNA synapsis shown and quantified here may be the first step in its
strand transferase activity and we speculate that it may have been inherited from
its ancestor. A filament structure built up of vTopIB dimers similar to those
reported here could help to keep the two DNA duplexes to be joined in close
proximity. In addition, our observation of vTopIB-mediated DNA condensation
is consistent with the suggestion that this topoisomerase assists packaging the
DNA into progeny virus particles [12], where it plays a role in the transcription
of viral early genes [43].

In summary, we have presented the first quantitative AFM study of vToplB
binding to DNA. AFM images showed individual vTopIB proteins binding to
DNA, single intramolecular synapsis and filament-like structures. vTopIB gen-
erated filament-like structures on individual DNA molecules at protein:DNA ra-
tios between 10:1 and 60:1. We calculated the association constant of creating
an intramolecular node by vTopIB and the cooperativity parameter from the
filament-lengths distribution at different DNA saturations. From these values we
conclude that the formation of filaments on DNA by vTopIB is a highly coop-
erative process. In addition, intermolecular synapses of DNA were observed at
high vTopIB:DNA ratios. Interestingly, this interaction was promoted by divalent
ions.
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Chapter 8

Coated nanofabricated structures for the
single-molecule study of DNA
polymerizing enzymes

This chapter describes the nanofabrication, coating and characterization of ” zero-
mode” waveguides (ZMW) for the single-molecule study of DNA polymerizing
enzymes, such as telomerase and DNA polymerase. These enzymes have in com-
mon that they incorporate deoxyribose nucleic acid (DNA) building blocks, nu-
cleotides, into a pre-existing DNA molecule. The aim is to monitor the incor-
poration of fluorescently-labeled nucleotides in real-time and thus gain insight
into the mechanisms and kinetics of these enzymes. The experimental strategy is
designed to satisfy two conflicting requirements of this experiment: 1. to monitor
the incorporation at the single-nucleotide level and 2. to perform the experiment
at relatively high and biologically relevant nucleotide concentrations.
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8.1 Single-molecule fluorescence at high con-
centrations. Why?

Setting up an experimental apparatus to monitor fluorescence molecules with
single-molecule sensitivity at high bulk concentration is technically challenging,
but can be justified by considering typical Kj;-values of enzymes, the Michaelis-
Menten constant. Enzymes display Michaelis-Menten kinetics and the relation
between the concentration of enzyme substrate, [S] in units of mole/l, turnover
velocity, v in units of mole/min, maximum turnover velocity, v,,q., in units of
mole/min and K, in units of mole/l is given by:

Umaz [S]

v = K + 51 (8.1)

The value of K); thus represents the substrate concentration at which the en-
zyme catalyzes the chemical reaction with v = %vmm. A survey of the K, values
of 30,000 enzymes shows that ~100 M is the expectation value, while the dis-
tribution decays off to 0 at the lower end of K, values between roughly 1 and
10 nM [1]. For effective catalysis and processivity, one is required to work at
a nucleotide concentration that is comparable to the Kj;-value. When setting
the goal to study these reactions at the single nucleotide level using fluorescence
techniques, upper limits are set for the observation volume, i.e., the volume from
which the fluorescent light, emitted by the nucleotides, is collected. A Kj,-value
of 100 M implies an observation volume of app. 1.6-:107%° liter, while a K-
value of 10 nM implies an observation volume of app. 1.6-10716 liter. Widely used
fluorescence techniques, such as confocal, or total internal reflection microscopy
are characterized by observation volumes that are too large for detecting single
molecules at Kj-concentrations [2]. For example, a focussed laser beam has
diffraction limited dimensions of appr. 500 nm in the (z,y)-plane, and 1 pm
in the z-direction [3], depending on the wavelength of the light, and thus has a
typical volume of ~1-107'? L. Total internal reflection [2] comes closer, but is
still diffraction limited in the (z,y)-plane, i.e. app. 500 nm and evanescent, i.e.
order 100 nm in the z-direction, constituting an effective volume of 10716 L, or
0.1 fL,, reasonable for the study of enzymes that have very low Kj;-values. Most
enzymes, including that of telomerase (K ;-value for a single nucleotide is order
1 puM [4]), can thus not be studied at the single-nucleotide level at nucleotide
concentrations equal to their K, value.

To further reduce the observation volume, we follow the lead of Levine et al.
[5], who have previously reported the concept of ”zero-mode” waveguides. They
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consist of nanofabricated holes in a 100 nm-thin metal layer, which is mounted
on a fused silica microscope coverslip, see Fig. 8.1. The reduction of excitation
volume is a result of two different processes. First, as the aperture of the ZMW
is significantly smaller than the wavelength of the light (see below), light will
not propagate through the ZMW. Instead, an evanescent field is generated whose
intensity decays off exponentially on a length scale that is set by the dimensions
of the guide, but is typically much less than the thickness of the metal (e.g. ~20
nm for a 25 nm radius ZMW, see below). Thus, in comparison to propagating
light, the observation volume is reduced in the z-direction by virtue of the length
scale over which the evanescent field decays off. Second, in the (x,y)-plane, the
dimensions are not set by the diffraction limited size of the laser spot, but rather
by the dimensions of the ZMW, that are smaller by roughly a factor of 10 in
each dimension. Typically, ZMWs thus define an effective observation volume of
tens of zI's (1 z1=10"2!, which facilitates the measurement of less than a single
fluorophore at a bulk concentration of order 10 uM, well in range of the bulk of
Kjs-values, including that of telomerase [4].

8.2 Setup of the experiment

We now describe the use of zero-mode waveguides to measure enzymatic activity
of DNA polymerizing enzymes, including telomerase [6-8]. The idea is to anchor
the substrate for the enzyme, a single stranded piece of DNA, at the bottom
of the ZMW. Freely diffusing telomerase can then bind to the free extremity of
the single strand. Using an RNA template it bears within itself (telomerase is a
ribonucleoprotein) [8], it extends the single DNA strand using nucleotides that
also freely diffuse in solution. Human telomerase will repeatedly synthesize a
tandem repeat of 6 nucleotides, whose sequence is determined by the RNA part
(human telomerase synthesizes the hexanucleotide sequence TTAGGG) [6]. As
such, for each hexanucleotide repeat, there will be an incorporation of a single
adenine nucleotide. Telomerase will be provided with this nucleotide in modified
form, i.e. labeled with the fluorescent molecule tetramethylrhodamine (TMR).
As described above, the dimensions of the excitation volume created inside the
ZMW are such that on average there will be less than a single fluorescent nu-
cleotide in the volume. A schematic picture of the ZMW with a tethered ssDNA
and telomerase is shown in Fig. 8.1. Furthermore, the diffusion time of a sin-
gle nucleotide is on the order of a us. This can be calculated using a rough
estimate for the size of TMR-dATP (radius R taken as 1 nm) diffusing over a
distance = of 50 nm. The diffusion constant D for such a molecule can thus
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Figure 8.1: The use of zero-mode waveguides (ZMW) to monitor the activity of
telomerase at the single-molecule level and in real time. ZMWs are small cavities in
an aluminum film, on top of a fused silica microscope coverslip. Because of the small
dimensions of the guide (see text), an evanscent field is generated inside the guide,
when a laser shines through the coverslip onto the guide. The evanescent field decays
exponentially with increasing height and is shown here as the gradient inside the guide.
Fluorescently labeled nucleotides, which will be incorporated into the DNA are only
excited in the very small excitation volume created by the waveguide. When telomerase
binds a fluorescent nucleotide for incorporation, the nucleotide will presumably reside
inside the excitation volume for a time period that is longer than the time that it
spends to diffuse through the volume. The fluorescence intensity as a function of
time is collected and is thus reflects the kinetics of incorporation of the nucleotides by
telomerase.

be approximated by D = kgT/6mnR ~ 2 - 107 m?/s. The diffusion time ¢ is
then t = 2%/2D =~ 5us, in agreement with fluorescence correlation spectroscopy
measurements [5]. We constantly collect the fluorescence originating from the
excitation volume either using an electronmultiplication CCD (EMCCD) or an
avalanche photodiode (APD). The first method has the advantage of capturing
multiple ZMWs in parallel, but has the disadvantage of being slow (roughly an
integration time of 2 ms is required to collect enough photon statistics to identify
a single fluorescent molecule, given experimentally realistic excitation intensities
and full frame, 512x512 capture without binning). The APD limits the detection
of fluorescence from a single ZMW, but has the advantage of being fast enough to
characterize the timescales associated with the diffusion of a single dye through
the ZMW. The experiment relies on a separation between the timescale for a freely
diffusion labeled nucleotide to traverse the ZMW and the timescale at which that
the telomerase incorporates the nucleotide. When the latter timescale is larger




8.3 Finite-element simulations of zero-mode waveguides 155

than the former (e.g. T7 DNA polymerase incorporates nucleotides at roughly 330
bp/s [9]), monitoring the fluorescence intensity in time will allow the monitoring
of the incorporation kinetics of telomerase in real-time. We are initially interested
to study the timescales at which telomerase moves from repeat to repeat, which
is why we have chosen to label adenine with TMR as it is only incorporated once
per hexanucleotide repeat. Furthermore, we have obtained adenines that have a
TMR connected to the y-phosphate, instead of the more common base attach-
ment (nucleotides kindly provided by Susan Hardin from Visigen Biotechnologies
Inc.). The advantage of this particular place of attachment in the context of our
experiment is that upon incorporation, the diphosphate is released into solution
together with the TMR, after which it rapidly diffuses out of the excitation vol-
ume. As such, the fluorescence intensity will not build up in time nor change
stochastically due to blinking and/or bleaching. We envision that a signal will
thus be generated that is far less prone to misinterpretation.

A particularly pressing issue is whether telomerase is capable of incorporat-
ing these y-phosphate-labeled nucleotides, as the experiment crucially depends
on it. The activity of telomerase can be measured at the ensemble level using
the telomeric repeat amplification protocol (TRAP) assay, in which telomerase is
first allowed to extend the single-stranded part by synthesizing multiple hexanu-
cleotide repeats [10]. These repeats are subsequently amplified using traditional
polymerase chain reaction (PCR). The reaction products are run on a gel and
separated by length using gel electrophoresis and differ in length by six basepairs.
Fig. 8.2 shows such a gel with TRAP assay product, showing that the products
of a telomerase reaction containing unmodified nucleotides are indistinguishable
from products of a telomerase reaction in which ~y-phosphate-labeled adenines
were used. We thus conclude that telomerase is able to successfully incorporate
these modified nucleotides.

8.3 Finite-element simulations of zero-mode

waveguides

To investigate how light interacts with ZMWs, we solved Maxwell’s wave equa-
tions with the specific boundary conditions set by the geometry of the ZMW,
7.e. an Aluminum layer of thickness and refractive index d4; and n4; respectively
and with a square water-filled hole of width wzy;w. The solution of the Maxwell
equations yield e.g. the light intensity inside the ZMW (Fig. 8.3a). We also plot
how the intensity of the field decays along the center z-line of the ZMW, as is
shown in Fig. 8.3b. For the particular geometry of ZMW used here, we observe
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Figure 8.2: Human telomerase is capable of incorporating ~-phosphate-labeled
adenines. Lanes 1-4 represent positive controls, containing TRAP assay products from
a reaction with unmodified nucleotides at various concentrations. Lanes 5-8 contain
TRAP products of a reaction in which v-phosphate adenines are used. Lane 9 is the
negative control as no dATP is added to the reaction mix. TRAP assay and gel char-
acterization performed by Dr. Jue Lin in the Blackburn group at UCSF.

that the light intensity decays exponentially with a characteristic length scale of
~ 20 nm.

ZMW thus create a sufficiently small excitation volume to contain less than a
single fluorescent nucleotide at high (e.g. ~ 10 uM) concentration, Fig. 8.4a. The
signal that is collected during the experiment is ideally limited to the fluorescence
light that is generated inside the ZMW only (denoted ”signal” in Fig. 8.4b).
However, the bulk solution above the ZMW however contains a very large number
of fluororescent molecules, that potentially contaminates the signal the detector
collects (denotes ”Background noise” in Fig. 8.4c).

In this context it is of importance to quantitatively assess the residual light
intensity at the top of the ZMW, as this light is available to excite the bulk
solution above the ZMW. We define a transmission factor TF as

I(Z = dAl)

TF = ——=
I(z=0) "’

(8.2)
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Figure 8.3: Finite-element simulations of the light intensity inside a ZMW. (a) shows
the ZMW, consisting of a glass cloverslip (silica), on top of which is a 100 nm-thick
Aluminum layer, with a water-filled hole in it that is 50 nm in width. (b) The light in-
tensity I(z) as a function of the z-axis, where 0 represents the bottom of the ZMW. I(z)
decays off exponentially with z and has (for this particular geometry) a characteristic

length scale of ~20 nm.
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Figure 8.4: Various contributions to the observed fluorescence signal collected by the
detector. The system (a) can be divided up into two regimes: the region inside the ex-
citation volume, the fluorescence from which is called ”signal” (b) and the region above
the excitation volume, primarily the bulk solution, whose fluorescence contribution is
considered background noise (¢). In order to evaluate the contribution from the bulk
solution, we simulate the light intensity inside the ZMW, as described in the text.




Chapter 8: Coated nanofabricated structures for the single-molecule

158 study of DN A polymerizing enzymes
A e e |
S 0.1 =
Q 3 Rt /
T ] 4 @
"'E E-2 ;
& eal |
a 1 e —v— Depth 50nm
E E-41 —A— Depth 80nm
@ —u— Depth 100nm
§ E-51 —e— Depth 120nm -
= ] Depth 150 nm

50 70 90 110
Waveguide width (nm)

Figure 8.5: Transmission properties of ZMWs as a function of their width, plotted
for a variety of depths.

where I(z = dy;) is the light intensity at the top of the ZMW and I(z = 0)
is the intensity at the bottom. We can expect T'F to be a function of both
d4; and the width of the ZMW, as the latter sets the decay length of the light
intensity inside the ZMW and d4; defines at what point along the z-axis the light
intensity is probed. Fig. 8.5 shows how T'F' depends on both parameters. From
the onset, we made an effort to design and fabricate ZMWs with the smallest
possible width, as smaller guides obviously yield smaller excitation volumes. The
issue of transmission, however, only came to light in a quantitative fashion by
these simulations. Based on these simulations, we chose to increase the depth of
the guides from 100 nm to 120 nm, roughly further attenuating the transmission
by an order of magnitude. Further increasing the depth seems a natural and
obvious choice, but nanofabrication considerations, most notably the difficulties
stemming from the increased aspect ration of the guides, made us decide on 120
nm. Furthermore, it should be noted that these curves report on the efficiency
of transmitting excitation laser light through the guides, while contaminating
background fluorescent light originates from light emitted by molecules in the
solution above the guides. These molecules could be excited by the transmitted
light, but the emitted fluorescence would have to couple back into the guides
and undergo a similar attenuation due to the evanescent field. Although we
have not performed simulations on this reverse coupling, given the magnitude
of the transmission factor, we are confident that the relatively weak fluorescence
light from the bulk molecules would not overwhelm the intensity of even a single
molecule inside the guide.
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8.4 Nanofabrication of zero-mode waveguides

Zero-mode waveguides were fabricated in the clean room using e-beam lithogra-
phy and reactive ion (dry) etching as tools to respectively define and transfer the
pattern into the metal surface [5]. Starting from a cleaned fused silica coverslip,
a 120 nm layer of aluminum was thermally evaporated, after which a layer of
positive tone resist was spun on the sample. The e-beam was used to define an
array of dots of various sizes. The spacing between the dots was chosen as 5
pm, as is rationalized below. After development, a mixture of BCls, Cly and Ny
gasses was used to etch through the aluminum anisotropically. The resist was
removed by a combination of UV light treatment and subsequent organic solvent
after which the guides were ready for use. The etching process yielded waveguides
that could be used for testing. However, the time required to fully etch through
the aluminum was found to depend sensitively on the width of the guide: smaller
guides etch slower due to the lower number of ionized BCl3 molecules that hit
the bottom of the narrow pit in the aluminum where the reaction ought to take
place. Consequently, the relative etch rate of the pit in the lateral directions
increases with decreasing width, leading to guides that are somewhat larger than
defined by e-beam lithography. Also, the width of the guides varies, judging from
the fluorescence intensity of freely diffusing dyes, and AFM microscopy (data not
shown).

Because of these issues, we have embarked on an alternative route for the
fabrication of guides, that involves the e-beam definition of pillars made of neg-
ative tone resist directly on the glass surface. In a next step, a 120 nm thick
layer of metal film is evaporated, after which the resist pillars are developed.
The guides are then ready for use. The fabrication process is simpler in theory,
mainly because it contains fewer steps and does not contain etching. However,
the accurate fabrication of thin and high pillars on glass is non-trivial and re-
quires further development. Therefore, in this chapter, we will use waveguides
that were fabricated using the etch technique.

8.5 Characterization of waveguides

We will now describe the characterization of the ZMWs using atomic force spec-
troscopy (AFM) and optical microscopy, with the aim of verifying their correct
fabrication and expected optical properties. Fig. 8.6, upper row shows an optical
microscope image in transmission mode of an array of ZMWs for 500, 200 and 100
nm in width. We have chosen to create an array spacing of 5 pm with several con-
siderations in mind. First, the guides should not be spaced by a distance smaller
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than the Rayleigh criterion, i.e. ~ 230 nm. After all, when two guides are sep-
arated by a distance smaller than the Rayleigh criterion, one cannot distinguish
them from one another. Second, arrays of guides can exhibit enhanced trans-
mission with a power that is a function of the waveguide spacing [11]. Clearly,
enhanced transmission needs to be avoided, as the objective of using ZMWs is not
to have transmitting light. However, above roughly 1 um spacing, one does not
expect significant contributions of this effect. Third, the stage on top of which
the waveguide array is mounted on the microscope is driven by a stepper motor,
that needs to be able to position the objective carefully over a single waveguide,
in the case of collecting the fluorescence signal from a single guide. The guide
spacing thus ought to be compatible with the absolute accuracy of the stepper
motor, which is on the order of a few hundred nm after a travel distance of about
1 pm, given the software optimization routine currently used. Thus, these con-
siderations dictate a waveguide spacing of over 1 pum, and we chose 5 pum for
initial testing. From the top row of Fig. 8.6 it is apparent that the transmission
decreases with decreasing waveguide width, as expected. The 100 nm guides do
not show significant transmission, although these pictures do not quantitatively
answer the question whether the transmission is sufficiently low as to not generate
a significant background fluorescence signal during the experiment. Note that the
bright spots visible also in the smallest guides are due to defects and/or pinholes
in the metal that are primarily generated in the fabrication process. They are,
however, not dense enough to disturb the measurement and therefore, we have
not yet optimized the fabrication process to avoid the creation of these artifacts.
The middle row in Fig. 8.6 shows AFM images of the waveguides. Note that for
the widths shown here, the AFM tip readily probes the (flat) bottom fused silica
of the guides and thus, we can establish that the waveguides were successfully
etched through. The thickness of the metal layer was app. 120 nm, as expected
and the width of the small guides was slightly larger than planned, as is expected
from the particular process used to fabricate them, see above.

8.6 PEG coating of glass surfaces

To reduce the non-specific adsorption of fluorescent nucleotides and enzyme inside
the waveguides and on the large metal surface outside the waveguides, we chose
to coat these surfaces with polyethyleneglycol (PEG), a technique widely used
to achieve these goals [12]. Fig. 8.7, top row, shows optical microscopy images
of the fluorescence originating from fluorescently labeled dATP nucleotides, that
have the fluorescent group (tetramethyl rhodamine, TMR)) covalently attached to
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Figure 8.6: Transmission optical microscopy and AFM characterization of arrays of
zero-mode waveguides of various sizes. Upper row shows optical transmission images,
middle row shows AFM images and bottom row shows AFM line scans through the
waveguides, see text.

the 7-phosphate. One notices that the modified nucleotides (the experimentally
realistic concentration of 1 uM was chosen) readily adsorb on clean glass, even
after rinsing with water, as shown by the bright fluorescence signal observed (left
image). In contrast, a PEG coated glass surface shows much reduced adsorption
(middle image, top row). A zoom (right image, top row) shows the adsoption
of single labeled nucleotides on the surface, whose density is ~1 nucleotide per
pm?. Comparing this quantity with the area of a single waveguide (~ 0.01 um?)
demonstrates that PEG-coating of the surface reduces the non-specific adsorption
of fluorescent nucleotides to an acceptable level. The PEG surfaces are also
effective at repelling proteins [12], as demonstrated by AFM measurements shown
in Fig. 8.7, bottom row. The left image shows the non-specific adsorption of
human telomerase enzymes (white spots) on clean glass, while the right image
shows that no such non-specific adsorption occurs for PEG-coated glass. Note
that glass naturally contains holes, shown as black dots on the AFM images.

Aluminum, when exposed to air, has a "native” oxide (alumina), that enables
PEGylation in an identical manner compared to glass. Indeed, the results shown
above for glass were reproduced for an aluminum film [11].
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Figure 8.7: Optical microscopy and AFM images showing that PEG coating of glass
surface reduces the non-specific adsorption of fluorescently labeled nucleotides and
proteins to acceptable levels, see text.

8.7 Biotinylated PEG specifically binds strep-
tavidin on a surface

The next step is to show that biotinylated PEG surfaces are capable of specifically
binding streptavidin. Fig. 8.8 shows a series of AFM images of non-fluorescent
streptavidin proteins as function of the percentage of biotinylated PEG used
to coat the surface of glass. The left image (Fig. 8.8a) shows that no strep-
tavdin binds to non-biotinylated PEG, as expected. However, as the fraction of
biotinylated /non-biotinylated PEG increases (middle image (b) shows 5%, right
image (c) shows 33%), the observed density of streptavidins on the surface in-
creases. At 33% biotinylated PEG, we observe roughly 400 adsorbed streptavidins
per 200 nm?, i.e. 2 streptavidins/nm?, which is a number higher than 1 strepta-
vidin per waveguide area. These experiments demonstrate that we can tune the
surface density of specifically bound streptavidins in the range of 1 streptavidin
per waveguide area.




8.8 DNA polymerase activity on PEG surface 163

biotin

h streptavidin
;i 2N N 27 PEG
{ { | { aminosilane

l glass

DT 8, Ry
Yag abig o ‘1‘ 51 Y 2 AT

0% biotinylated PEG 5% biotinylated PEG

Figure 8.8: AFM images of streptavidin proteins specifically adsorbed on PEGylated
surfaces that contains various (0% (a), 5% (b) and 33% (c)) concentrations of biotiny-
lated PEG. Using varying concentrations of biotinylated PEG, we can thus tune the
surface density of specifically adsorbed streptavidin.

8.8 DNA polymerase activity on PEG surface

We now turn to monitoring enzymatic activity on PEG-coated surfaces. We
initially choose not to work with telomerase, but rather use DNA polymerase, as
the latter enzyme is readily commercially available in high concentrations. This
in contrast with telomerase, whose purification is a time-consuming endeavor that
ultimately does not nearly yield the same quantity of active enzyme. To test DNA
polymerase, we specifically anchored its DNA substrate, a primed DNA molecule
to a PEG-coated surface, as shown in Fig. 8.9(a). The template DNA is attached
by its single-stranded 5’-end to the surface through a biotin. A primed region at
the other end of the DNA is created by hybridizing a primer. DNA polymerase
will then start to synthesize the complementary strand, provided that all the
required nucleotides are present in solution. The template DNA strand contains
the following sequence: A(TCATCG)q9-5'-biotin and therefore a maximum of 10
fluorescent TMR~-dCTP molecules can be incorporated by DNA polymerase (Fig.
8.9b schematically shows the incorporation of only 5 TMR-dCTP nucleotides).
After the attachment of the DNA substrate (10 nM) to the biotinylated (5%)
PEG surface, Klenow fragment DNA polymerase was added. After 90 minutes
of incubation, the fluorescence signal was collected and is shown in Fig. 8.9c.
For comparison, the same reaction was performed using heat-inactivated Klenow
fragment, in which case it is expected that no TMR-dCTP will be incorporated
(schematically shown in Fig. 8.9d). The fluorescence signal collected after this
negative control experiment is shown in Fig. 8.9e. We conclude that Klenow
fragment was not only active on the prepared surfaces, but was also able to
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Figure 8.9: Activity of Klenow fragment DNA polymerase on a PEGylated surface.
(a) shows the design of the experiment, in which a biotinylated primer DNA substrate
is linked through streptavin to a biotinylated PEG-coated glass surface. The poly-
merase will incorporate the nucleotides present in solution, amoung which TMR-labeled
dCTP’s, of which the polymerase can maximally incorporate 10 given the sequence of
the template DNA strand, see text. Here only 5 are schematically drawn (b). After 90
minutes of incubation, the fluorescence from the sample is collected (c). As a negative
control, the reaction was repeated, except for that the enzyme was heat inactivated
(d). After the same amount of incubation time, the fluorescence was collected and is
shown in (e).

incorporate TMR-dCTP in this geometry.
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Summary

This dissertation describes experimental studies of the interaction between DNA
and enzymes called topoisomerases. These enzymes are capable of removing twist
from DNA, and in particular looped DNA structures called supercoils. These
structures are naturally introduced into cellular DNA as a result of DNA repli-
cation, DNA transcription and recombination. Topoisomerases are vital for cell
proliferation and are a target for poisoning by the camptothecin-class of anti-
cancer drugs. We use a variety of techniques, which have in common that they
yield dynamic information from a single molecule. Most prominently, we have
used magnetic tweezers, a technique that enables both stretching and twisting
of a single DNA molecule. As such, we can control and monitor the topological
state of the DNA molecule with high precision and study single topoisomerase
enzymes that alter this topological state.

We first test how a single DNA molecule intrinsically responds to sudden
increases in force, either in the absence of supercoils, or in their presence. To
achieve this, we have developed a combination of magnetic tweezers and optical
tweezers. We find that the observed dynamics can be accurately described by
quasistatic models, independent of the degree of supercoiling initially present in
the molecules. These quasistatic models include contributions from the entropy
of stretching DNA in thermodynamic equilibrium, as described by the Worm-
like chain model, and a Stokes drag force opposing the motion of the magnetic
bead. In particular, the dynamics are not affected by the continuous mechanical
removal of the plectonemes, indicating that hydrodynamic drag of the DNA itself
does not need to be taken into consideration in these experiments. Practically,
our results allow us to predict the DNA extension trajectory in time upon an
imposed change of the topology of the DNA. This constitutes a quantitative
baseline for the dynamics of topological changes induced by enzymes.

We then study supercoil removal by topoisomerases. Type 1B topoisomerases
(ToplB) form a protein clamp around the DNA duplex and create a transient



168 Summary

nick that permits removal of supercoils. We show that ToplB releases supercoils
by a swivel mechanism that involves friction between the rotating DNA and the
enzyme cavity, indicating that the DNA does not rotate freely. We compare the
uncoiling dynamics by Top1B with that of a nicking enzyme, which is incapable
of religating the nick it creates. One would thus expect that a nicking enzyme
removes all supercoils initially present in the DNA. This is indeed what we find
experimentally. In contrast to a nicking enzyme, ToplB does not release all the
supercoils at once, but it typically does so in multiple steps. We find that the
number of supercoils removed per step follows a single exponential distribution,
which is indicative of a stochastic process for religation. Furthermore, the en-
zyme is found to be torque-sensitive, since the mean number of supercoils per
step increases with the torque stored in the DNA. We propose a model for topoi-
somerization in which the torque that is present in the DNA drives the DNA
rotation over a rugged periodic energy landscape in which the topoisomerase has
a small but quantifiable probability to religate the DNA once per turn.

To facilitate the faithful analysis of the average number of supercoils that
ToplB removes from DNA, we have developed a mathematical methodology
based on maximum likelihood. The need for such a methodology arose because
of a global constraint that is set by the experimental strategy. The global con-
straint is that ToplB cannot remove more supercoils than the DNA contains.
Inevitably, Top1B will remove the last supercoils that the DNA contains, which
is a number that is artificially constrained and should be ignored. Effectively,
the removal of a sufficiently small number of supercoils that does not deplete all
supercoils is taken into account in the calculation of the average, whereas a large
number of supercoils removed is discarded from the calculation. This leads to an
overrepresentation of small numbers of supercoils removed and biases the average
towards lower values. The maximum-likelihood methodology allows for a robust
and unbiased estimation of the average, even when the bias well exceeds 100%.
We demonstrate the potential of the method for a number of single-molecule ex-
periments, focusing on the removal of DNA supercoils by ToplB, and validate
the method via numerical simulation of the experiment.

We then study the supercoil removal by ToplB in a more complex setting,
i.e. in the presence of chemotherapeutic drugs that specifically poison human
Topl1B. In general, increasing the ability of chemotherapeutic drugs to kill cancer
cells is often hampered by a limited understanding of their mechanism of action.
The subject of our study is the camptothecin class of drugs, of which topotecan
which is in clinical use against a variety of cancers, is a representative. Topote-
can is thought to stabilize a covalent topoisomerase-DNA complex, rendering it
an obstacle to DNA replication forks. Using magnetic tweezers, we monitor the




169

dynamics of topoisomerase in the presence of topotecan. This allowed us to de-
tect the binding and unbinding of an individual topotecan molecule in real time
and quantify the drug-induced trapping of topoisomerase on DNA. Unexpect-
edly, our findings also show that topotecan significantly hinders topoisomerase-
mediated DNA uncoiling, with a more pronounced effect on the removal of posi-
tive (overwound) versus negative supercoils. Testing the biological ramifications
of our single-molecule findings in yeast cells, we verified the resulting predic-
tion that positive supercoils would accumulate during transcription and replica-
tion as a consequence of camptothecin poisoning of ToplB. Positive supercoils,
however, were not induced by drug treatment of cells expressing a catalytically
active, camptothecin-resistant topoisomerase I mutant. This unique combina-
tion of single-molecule and in vivo data suggests a novel cytotoxic mechanism
for camptothecins, in which the accumulation of positive supercoils ahead of the
replication machinery induces potentially lethal DNA lesions.

We also describe measurements that visualized the binding of Top1B to DNA
using atomic force microscopy. To goal of this study was to inspect whether the
enzyme promotes long-range DNA-DNA crossovers and synapses. ToplB was
found to form filaments on nicked-circular DNA by intramolecular synapsis of
two segments of a single DNA molecule. Measuring the filament length as a
function of protein concentration showed that synapsis is a highly cooperative
process. At high protein:DNA ratios, synapses between distinct DNA molecules
were observed, which led to the formation of large vTopIB-induced DNA clusters.
These clusters were observed in the presence of Mg?+, Ca%+, or Mn?+, suggesting
that the formation of intermolecular vTopIB-mediated DNA synapsis is favored
by screening of the DNA charge.

We report on the characterization and coating of ”zero-mode” waveguides
for the single-molecule study of DNA polymerizing enzymes, such as telomerase
and DNA polymerase. These enzymes have in common that they incorporate
nucleotides into a pre-existing DNA molecule. The aim is to monitor the incor-
poration of fluorescently-labeled nucleotides in real-time and thus gain insight
into the mechanisms and kinetics of these enzymes. The experimental strat-
egy is designed to satisfy two conflicting requirements of this experiment: 1. to
monitor the incorporation at the single-nucleotide level and 2. to perform the
experiment at relatively high and biologically relevant nucleotide concentrations.
”Zero-mode” waveguides thus constitute an example on how nanotechnology can
be used in biophysical experiments.

In summary, we have performed biophysics experiments at the level of individ-
ual biomolecules. Using magnetic tweezers, we have provided new quantitative
insights on the topoisomerase 1B swivel dynamics during DNA supercoil removal,




170 Summary

both in the absence and presence of chemotherapeutic drugs. Furthermore, we
have performed experiments in yeast cells that verified the predictions generated
by our single-molecule measurements about the behavior of an entire cell.

Daniel Koster
June 2007




Samenvatting

Dit proefschrift beschrijft experimentele studies van de interactie tussen DNA en
topoisomerase enzymen. Deze enzymen zijn in staat om torsie uit DNA te ver-
wijderen en in het bijzonder de lussen in DNA die een gevolg zijn van deze torsie.
De lussen worden in cellulair DNA geintroduceerd als gevolg van DNA replica-
tie, transcriptie en recombinatie. Topoisomerases zijn in de meeste organismen
essentieel voor celdeling en kunnen vergiftigd worden door kankermedicijnen van
de camptothecin klasse. We gebruiken een verscheidenheid aan technieken, die
met elkaar gemeen hebben dat zij informatie verschaffen over de dynamiek van
een enkel molecuul. In het bijzonder hebben wij een magnetisch pincet gebruikt,
een techniek die ons in staat stelt om enkele DNA moleculen zowel uit te rekken
als te roteren. Zo kunnen we met een hoge mate van precisie de topologische
toestand van het DNA molecuul definiéren en observeren en zijn we ook in staat
om enkele enzymen te bestuderen die deze topologische toestand veranderen.

We beginnen door te toetsen hoe een enkel DNA molecuul intrinsiek reageert
op plotselinge toenames in trekkracht, in af- dan wel aanwezigheid van lussen.
Hiervoor hebben we een opstelling ontwikkeld waarin een magnetisch pincet en
een optisch pincet verenigd zijn. De dynamica die wij meten kan goed worden
beschreven door quasistatische modellen, onafhankelijk van het aantal lussen dat
initieel in het DNA molecuul aanwezig was. Deze quasistatische modellen be-
schrijven het uitrekken van het DNA molecuul in thermodynamisch evenwicht
en bevatten een entropische bijdrage beschreven door het wormachtige ketting
(“worm-like chain”) model, en een hydrodynamische (Stokes) bijdrage die de
beweging van het magnetische bolletje door een vloeistof tegenwerkt. In het
bijzonder wordt de dynamica niet beinvloed door de continue en mechanische
verwijdering van lussen, hetgeen erop wijst dat de hydrodynamische wrijving van
het DNA zelf geen noemenswaardige bijdrage levert. Praktisch gezien maken on-
ze resultaten het mogelijk om het tijdspad van de DNA extensie als gevolg van
een opgelegde verandering in de topologie van het DNA te voorspellen. Hiermee
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wordt een kwantitatieve fundering gelegd voor de beschrijving van de dynamica
van topologische veranderingen door de werking van enzymen.

Vervolgens bestuderen we de enzymatische verwijdering van lussen door to-
poisomerases. Type 1B topoisomerase (Top1B) vormt een eiwitklem om het DNA
heen en knipt tijdelijk één van de twee DNA strengen door, hetgeen het mogelijk
maakt om lussen uit het DNA te verwijderen. Nadat ToplB een aantal lussen
heeft verwijderd, repareert ToplB de breuk in het DNA weer, een proces dat
religatie heet. We laten zien dat ToplB lussen verwijdert via een tolmechanisme
waarin wrijving bestaat tussen het tollende DNA en de centrale holte in het en-
zym, hetgeen er op wijst dat het DNA niet vrij kan roteren. We vergelijken deze
dynamica van het DNA met die van een eenvoudig enkel-strengs knipenzym, dat
niet in staat is tot religatie. Het valt te verwachten dat een dergelijk enzym alle
aanwezige lussen uit het DNA verwijdert, hetgeen we experimenteel ook observe-
ren. In tegenstelling tot zo'n enkel-strengs knipenzym, verwijdert Top1B niet alle
lussen ineens, maar doet ToplB dat stapsgewijs. Onze metingen wijzen erop dat
het aantal lussen dat per stap ontwonden wordt een exponentiéle verdeling volgt.
Dit geeft aan dat de enzymatische reparatie van het DNA door ToplB een sto-
chastisch proces is. Verder meten we dat het enzym gevoelig is voor de torsie in
het DNA molecuul, aangezien het gemiddelde aantal lussen dat per enzymatische
stap verwijderd wordt toeneemt met de torsie in het DNA. Deze data zijn in een
model te vangen, waarin het DNA, als gevolg van de opgelegde torsie, over een
hobbelig en perodiek energielandschap roteert, waarbij het topoisomerase eens
per omwenteling een kleine, doch meetbare, kans heeft om het DNA te religeren.

Om een natuurgetrouwe analyse mogelijk te maken van het aantal lussen dat
Top1B uit het DNA verwijdert, hebben we een wiskundige methodiek ontwikkeld
die gebaseerd is op het principe van “maximum likelihood”. De noodzaak voor
zulk een methodiek kwam aan het licht door de aanwezigheid van randbeperkin-
gen die intrinsiek zijn aan onze experimentele strategie. In het geval van de studie
van ToplB is de intrinsieke randbeperking dat het enzym niet méér lussen uit het
DNA kan verwijderen dan er in het DNA zitten. ToplB zal noodzakelijkerwijs
eens de laatste lussen uit het DNA verwijderen, maar deze hoeveelheid lussen
is kunstmatig gelimiteerd en dient niet meegenomen te worden in de berekening
van het gemiddelde aantal verwijderde lussen. Kleine aantallen verwijderde lus-
sen die er niet toe leiden dat alle lussen uit het DNA verwijderd worden dus wel
meegenomen in de berekening van het gemiddelde, terwijl grote aantallen die er
wel toe leiden dat de laatste lussen uit het DNA verdwijnen niet meegenomen
worden. Dit leidt tot een overwaardering van kleine hoeveelheden verwijderde
lussen, hetgeen het gemiddelde naar beneden brengt. De “maximum likelihood”
methodiek stelt ons wel in staat om een robuuste berekening van het gemiddelde
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te maken, zelfs in het geval dat de vertekening groter is dan 100%. We toetsen
de methodiek door middel van numerieke simulaties van het experiment en laten
de kracht van deze methodiek zien aan de hand van een aantal experimenten aan
enkele moleculen.

Vervolgens beschrijven we de verwijdering van lussen door Top1B in een meer
complexe omgeving, namelijk in de aanwezigheid van kankermedicijnen die spe-
cifiek menselijk Top1B vergiftigen. Het beperkte mechanistische begrip van de
werking van kankermedicijnen limiteert hun effectiviteit. Het onderwerp van on-
ze studie is de camptothecin-klasse medicijnen, met topotecan als representatief
voorbeeld dat hedendaags gebruikt wordt voor de klinische behandeling van ver-
schillende tumoren. Topotecan zou het covalente complex van ToplB en DNA
stabiliseren, waardoor dit complex een obstakel voor DNA replicatievorken wordt.
Met behulp van ons magnetisch pincet bekijken we de dynamica van Top1B in de
aanwezigheid van topotecan. Hierdoor zijn wij in staat om “live” de binding en
ontbinding van een enkel topotecan molecuul waar te nemen en om de verlengde
levensduur van het ToplB aan het DNA te meten. Tegen de verwachtingen in
tonen onze resultaten ook aan dat de ontwinding van het DNA significant wordt
gehinderd door topotecan, terwijl dit effect op positieve (overwonden) lussen ge-
prononceerder blijkt dan op negatieve (onderwonden) lussen. Om de biologische
gevolgen van onze enkel-moleuul bevindingen in gistcellen te testen, hebben we
geverifiéerd dat positieve lussen zich ophopen tijdens transcriptie en replicatie als
een gevolg van behandeling met topotecan. Positive lussen hoopten zich echter
niet op na topotecan behandeling in cellen die een topotecan-resistente mutant
tot expressie brachten. Deze unieke combinatie van enkel-molecuul experimenten
en in vivo studies duiden op een nieuw mechanisme voor de werking van camp-
tothecin medicijnen, waarin positive lussen die zich voor de replicatiemachinerie
ophopen potentieel dodelijke DNA lesies induceren.

In een gerelateerde studie bekijken we ook direct de binding van ToplB op
DNA met behulp van de atomaire tastmicroscoop. Het doel hiervan was het in-
specteren of de enzymen lange-afstands DNA-DNA kruisingen kunnen induceren,
alsmede DNA synapsen. ToplB bleek filamenten te vormen op “nicked” circu-
lair DNA door intramoleculaire synapsis van twee onathankelijke segmenten van
een enkel molecuul. De formatie van DNA synapsen bleek een hoogst coopera-
tief proces, hetgeen bleek uit een meting van filamentlengte als functie van de
eiwitconcentratie. Bij grote eiwit-DNA verhoudingen werden ook DNA synapsen
tussen verschillende DNA moleculen waargenomen, die leidden tot de vorming
van grote kluwes DNA. De kluwes werden gezien in de aanwezigheid van Mg?*,
Ca?* en Mn?", hetgeen erop wijst dat de vorming van intermoleculaire DNA
synapsvorming bevorderd wordt door afscherming van de electrische lading van
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DNA.

Tenslotte rapporteren we ook de karakterisatie en coating van optische golf-
geleiders voor enkel-molecuul studies van enzymen zoals telomerase en DNA po-
lymerase. Deze enzymen hebben met elkaar gemeen dat ze nucleotiden inbouwen
in een reeds bestaand DNA molecuul. Het doel is om het inbouwen van fluo-
rescent gemarkeerde nucleotiden “live” te bekijken en zo inzicht te verschaffen
in hun mechanismes en kinetiek. Deze experimentele strategie is ontworpen om
te voldoen aan twee tegenstrijdige eisen van het experiment: ten eerste om het
inbouwen van nucleotiden te bekijken op het niveau van een enkel molecuul, en
ten tweede om het experiment uit te voeren bij een relatief hoge en biologisch
relevante nucleotide concentratie. Optische golfgeleiders zijn een voorbeeld van
hoe nanotechnologie gebruikt kan worden in biofysische experimenten.

Samengevat hebben we biofysica-experimenten uitgevoerd op het niveau van
individuele moleculen. Met een magnetisch pincet hebben we nieuwe kwantita-
tive inzichten verschaft over de tol-dynamica van topoisomerase 1B tijdens de
ontwinding van DNA lussen, zowel in af- als aanwezigheid van kankermedicijnen.
Daarbij hebben we door middel van metingen aan gistcellen laten zien dat de
inzichten die we hebben verkregen op het niveau van een enkel molecuul, voor-
spellingen kunnen genereren over het gedrag van een complete cel.

Daniel Koster
Juni 2007
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