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Summary

DNA beyond its sequence

DNA, without a doubt, plays a central role in life, it contains the genetic code that

forges the appearance of life. Each form of life contains DNA with an identical chem-

ical structure, only the imprinted genetic information differs from organism to or-

ganism. This information is encoded in the sequence of the nucleotides. These nu-

cleotides can be seen as the building blocks of DNA. There are just four different ones,

for each known organism. The alphabet of life contains four letters, (the short form A,

T, G, C is used for the nucleotides of DNA). These nucleotides form two strands, like

beads on the string. These two strands now form a complex structure, an intertwined

spiral, the well-known DNA double helix.

DNA plays the central role in this thesis. What might be surprising at the first glance,

the genetic code is not in the focus here. I worked with several different DNA

molecules, but never mention their genes. Is that not weird? Nowadays, the two

words DNA and genes seem to be inseparable. What genes are on DNA molecules

we investigated, however seems completely ignored. Inevitably, the question arises:

"Why, when conducting research on DNA, should you study something different than

the genetic information stored on this molecule? The genetic code represents the

book of life, ... doesn’t it?"

To answer this question, we have to look at what is known about the genetic infor-

mation on DNA. The question how to read the book of life fascinated people since its

discovery. Ten years after the human genome was completed, we learned that read-

ing the DNA sequence, which is nothing else than the sequence of nucleotides is not

the final answer. The code of life reads different than a book. DNA carries genes,

stretches of sequence information that are translated into proteins. These proteins

are tiny molecules, each specialized for a well-defined purpose. Cells build proteins

to digest nutritions. Other proteins build up receptors in the cell wall to sense the

environmental conditions, while proteins of a different class constantly scan the DNA

for errors and repair them. And this is only a small set of tasks that proteins contin-

uously perform in each cell. Proteins are the major component of life. Not regarding

water, about half of the cellular weight is proteins. And DNA, with its genetic infor-

mation, controls what proteins are produced. If a gene represents a word, what is

the structure of the genetic information? For us humans, DNA looks like a dictionary

of about 20.000 words, each equipped with a footnote, explaining when to use this

word. Furthermore, there is a complex network of cross-references between all the
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different footnotes. It becomes more and more clear that these ’footnotes’ play a cen-

tral role in life. This logic wiring, switching genes on, off, or control their dosage and

hence controlling gene expression, has a tremendous effect on the shape of life.

In contrast to the genetic information, the control of gene expression cannot be re-

duced to a simple scheme of a nucleotide sequence. The mechanical properties and

the stability of DNA have a direct influence on gene expression: Proteins that read

the genetic code, called RNA polymerases, locally open the double-helical structure.

One of the most important sequence motifs for the start of the gene expression pro-

cess is the so called TATA box, a region of very low structural stability, facilitating the

local unzipping of DNA by RNA polymerase. Also the gene dosage can be directly

controlled by the mechanics of DNA. A protein that acts as an off-switch for certain

digestive enzymes of the bacteria E. Coli forms a loop in DNA, by grabbing two DNA

segments with its two arms. This loop, formed by the so called Lac repressor protein,

is not rock solid. The smaller the loop, the more difficult it is for the Lac repressor

protein to maintain this loop, which consequently reduces the efficiency of the off-

switch. The size of the DNA loop thus directly determines how much protein is made

in the cell.

Mechanical properties of DNA, e.g. how difficult it is to open the double helix to

access the code, or how long you can switch off a gene by forming a tight DNA loop

have a direct impact on how the genetic code is put in action.

Now, ten years after we deciphered the genetic code, the next challenge down the

road is to develop a comprehensive picture of gene expression. Developing a solid

picture on the mechanical properties of DNA is an integral part in this enterprise.

In this summary I will recapitulate the state of knowledge on the physical properties

of DNA, introduce some of the open questions, and what this work contributed to fill

in some gaps of knowledge.

Some specs on DNA molecules

DNA is a molecule that looks like a rope with a minute thickness. In numbers, DNA

has a diameter of 0, 000 000 002 meters, which is about 20.000 to 40.000 times thin-

ner than a human hair, while the DNA of the longest human chromosome has a length

of about 10 cm. The complex structure of DNA, the double helix, is of fundamental

importance for DNA. Proteins, the working horses of a cell, evolved such that they

have a perfect fit around the DNA double helix. And many of the fundamental tasks

that are carried out by a fleet of proteins involve a physical manipulation:

Just prior to a cell division event, the DNA is copied. For this process, molecular
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motors, called helicases unzip the two strands that form the double helix, and an-

other class fabricates the complementary strand. More physical manipulation hap-

pens when the DNA code is read. Specialized molecular motors, RNA polymerases,

locally break open the DNA structure to access the imprinted code.

Thus, the DNA molecule has to meet both criteria, a rigid three-dimensional struc-

ture, which can however be opened and closed without major effort. How can we

now learn something about DNA? How can we study the rigidity of DNA’s double-

helical structure, and also learn something about the point when DNA abandons its

double-helical structure? If DNA would be in the size range of, let’s say a rope, you

would just pull on it, feel if it is soft and compliant, or more rigid and inelastic. And

you might look at how the structure of the rope changes when you pull hard. This

approach, manipulate and apply mechanical load, feel the response and look what

happens, pretty much describes the experimental work done in this thesis.

Manipulation of DNA on the nano-scale

DNA is small; its diameter is on the nanometer scale, which sounds already very

small. A nanometer is about thousand times smaller than small dust particles. Fur-

thermore, DNA is not infinitely stable. If, for any weird reason, we would like to make

a rope strong enough to hold, let’s say a flea (weight of around 0.1 gram), we would

need a rope made out of 15 million DNA molecules.

The technique used in this thesis, sensitive enough to isolate and manipulate individ-

ual DNA molecules (and not 15 million of them) is called optical tweezers. On the

cover of this thesis, such an optical tweezers can be seen. This technique uses the tiny

momentum of light to grab and displace tiny objects. DNA, however, would be too

small for optical tweezers. Therefore objects which are about a thousand times larger

than DNA are glued to both DNA ends. One of these two beads can also be seen on the

cover. This bead is located in a beautifully visualized optical tweezers. Chapter 2 of

this thesis is devoted to providing a technical overview on so-called ’single-molecule’

techniques, such as optical tweezers. Furthermore it describes how this technique

can be combined with fluorescence microscopy. This microscopy method uses fluores-

cence as a special ’trick’ to visualize objects that are so small that they do not interact

with light strong enough to give sufficient contrast to ’see’ them in a conventional

way.
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DNA at its limits

The central subject of this thesis was to elucidate what happens to DNA when it is

under mechanical load. When looking at the cover and DNA with his helical structure

again, it is not hard to imagine that DNA will change the twist of the double helix,

when it feels tension. This has so far been observed in a qualitative way. Nobody

has however studied the quantitative impact of this behavior on the elastic nature of

DNA. In chapter 4, we developed a mathematical model that allowed us to study how

much DNA unwinds, just by feeling the DNA tension and measuring the length of the

molecule.

In chapter 3, we visualize what happens to DNA when the mechanical tension is in-

creased further. At the tiny tension of 65 pico Newtons (The mass of a flea produces

roughly 15 million times more force), the double helical structure of DNA breaks

apart. By making fluorescence photos on DNA molecules at this tension, we found

that something interesting happens: DNA does not snap into two pieces in one break-

ing event. Our photos revealed that DNA frays out; both strands that form the double

helix separate in a reversible way.

In chapter 4, we also study the effect of the DNA sequence on this strand separation

and show that fingerprints of the DNA nucleotide sequence can be found in the force-

signals during this process.

In chapter 5, we investigate what happens if DNA is stapled together, such that both

strands cannot physically separate. By making fluorescence pictures of such DNA

molecules, we see that, instead of a fraying process form the end, small regions in

the middle of the DNA molecule occur, where the double helical structure vanishes.

Such regions are well known to occur when the temperature of DNA is increased, and

DNA ’boils’. These regions, called melting bubbles in analogy to boiling water, are not

static, they move along the DNA, form and collapse again. This can be actually felt.

In chapter 6 we record the vibrations of DNA under these extreme conditions, and

thus study the dynamics of the DNA melting bubbles.

In chapter 7, we give a practical description about how tension can be used to convert

the DNA double helix into single stranded DNA. DNA does not exist in this exotic form

in a cell for too long. Sometimes however, for example during the copying process

of DNA, this molecule is separated into both strands. We show that this separation

process can also be done mechanically, by applying a substantial force, which can be

used to study cellular editing of DNA.

Taken together, this thesis tried to provide a more complete picture of how DNA reacts

to mechanical stress, a process that revealed a surprising level of complexity.
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