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Zusammenfassung v

Zusammenfassung

Biomolekulare Wechselwirkungen, zum Beispiel zwischen DNA und Proteinen, sind sehr vielf�altig.
Ihre Charakterisierung erfordert hochgradig parallele und universal einsetzbare Untersuchungs-
methoden. Kraftmessungen an einzelnen Molek�ulen k�onnen die Wechselwirkungen unterschiedlicher
molekularer Komplexe auch in dichten Medien quanti�zieren ohne die molekulare Bindung durch
eine Farbsto�markierung zu bein
ussen. In den meisten F�allen haben diese Methoden allerdings
einen sehr geringen Durchsatz. Die Technik des Molecular Force Assay (MFA) umgeht diesen
Nachteil, indem zwei molekulare Bindungen miteinander verglichen werden. So k�onnen tausende
molekulare Wechselwirkungen parallel untersucht werden, ohne dass die Messung den Einzel-
molek�ul-Charakter verliert. Ziel dieser Arbeit war eine Weiterentwicklung des MFA, um dessen
Anwendbarkeit auf aktuelle biologische Fragestellungen zu erweitern.

Als erstes wird ein Aptamer-Sensor f�ur die Charakterisierung kleiner Molek�ule beschrieben.
Aptamere sind Oligonukleotide, die spezi�sch einen bestimmten Liganden binden. Eine Ap-
tamersequenz als Teil einer der beiden molekularen Komplexe f�uhrt zu dessen Stabilisierung durch
die Bindung mit dem Liganden, so dass das bindende Molek�ul auch in komplexen Fl�ussigkeiten
analysiert werden kann. Dieser kraftbasierte Nachweis der Aptamer-Ligand Wechselwirkung
erm�oglicht auch eine Charakterisierung von kleinen oder nur schwach bindenden Molek�ulen, da
auf zus�atzliche Techniken zur Signalverst�arkung oder Waschprozeduren verzichtet werden kann.
Die Dissoziationskonstante kann dank des Parallelformats in einer einzigen Messung bestimmt
werden. Ein kraftbasierter Aptamer-Sensor ist somit ein vielversprechendes Instrument f�ur eine
schnelle Charakterisierung kleiner Molek�ule in dichten Medien.

Des Weiteren wird gezeigt, dass sich der MFA zur Suche RNA-bindender Molek�ule eignet, die
gleichzeitig das Protein Dicer inhibieren. Dicer spielt bei der RNA Interferenz, ein Mechanismus
der Genregulation mit Hilfe kurzer St�ucke nichtkodierender RNA, eine entscheidende Rolle, in-
dem er lange, doppelstr�angige RNA in kurze Segmente von 19-22 Basenpaaren schneidet. Diesen
Vorgang gezielt zu verhindern ist ein vielversprechender Ansatz bei der Entwicklung neuer medi-
zinischer Therapien. Der MFA kann sowohl verl�asslich die Dicer-Aktivit�at messen als auch die
Dissoziationskonstante des RNA-Liganden bestimmen. Werden die molekularen Komplexe des
MFA mit dem RNA-bindenden Molek�ul und Dicer inkubiert, kann eine gezielte Hemmung von
Dicer beobachtet werden, die mit der Konzentration des Liganden korreliert. Dies zeigt, dass der
MFA eine e�ektive Methode zur Suche von RNA-bindenden Molek�ulen ist, die gleichzeitig das
Protein Dicer an der Produktion kleiner RNA Segmente f�ur die RNA Interferenz hindern.

Als drittes wird die Eignung des MFA zur Quanti�zierung von Protein-DNA Wechselwirkung-
en untersucht. Um den komplexen Vorgang der Transkription zu verstehen, ist es unabdingbar,
die Wechselwirkungen der beteiligten Proteine mit der DNA im Nukleus genau zu bestimmen.
Durch die gro�e Zahl von Wechselwirkungen sind Methoden mit hohem Durchsatz unerl�asslich.
In einer Weiterentwicklung des MFA kann die Bindungsst�arke eines Zink�nger-Proteins mit drei
verschiedenen DNA-Motiven durch den Vergleich mit zwei unterschiedlichen Referenzen in einer
einzigen Messung quanti�ziert werden. Dieses Experiment zeigt eindrucksvoll das Potential des
MFA, zum Verst�andnis des komplexen Mechanismus der Transkription beizutragen.

Zusammenfassend pr�asentiert diese Arbeit drei Anwendungen des MFA, die zur L�osung sehr
unterschiedlicher biologischer Fragestellungen beitragen k�onnen.
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Summary

Biomolecular interactions like protein-DNA binding are very diverse. Their analysis requires
highly parallel assays that are easily adaptable for the characterization of various molecular
complexes. Single-molecule force measurements can quantify the interaction of di�erent molecules
even in complex ambients without disturbing the molecular bond by labeling, but are in most cases
low throughput. The technique of the Molecular Force Assay (MFA) overcomes this drawback by
comparing two molecular bonds with each other. It allows the analysis of thousands of molecular
interactions in parallel without losing the single-molecule character. The objective of this thesis
was to adapt the technique of the MFA for new applications that have the potential to contribute
signi�cantly to the solution of current biological problems.

First, a force-based aptamer sensor for the characterization of small molecules is described.
Aptamers are oligonucleotides that are selected for their ability to bind a certain ligand with high
speci�city. Implementing an aptamer into one of the bonds of the MFA enables the detection
of its ligand even in complex 
uids by a strengthening of this bond upon ligand binding. The
force-based detection of the interaction between aptamer and ligand enables the characterization
of low a�nity binders or small molecules without relying on signal ampli�cation or stringent
washing requirements. The parallel format allows the determination of the dissociation constant
in a single measurement. Thus, a force-based aptamer sensor is a promising analytical tool for a
fast characterization of analytes in complex 
uids.

Second, the application of the MFA as a screening tool for RNA binders that selectively
inhibit the protein Dicer is demonstrated. Dicer is a fundamental part of the RNA interference
mechanism that regulates gene expression with small non-coding RNA sequences. Dicer matures
the small RNAs by cutting the precursor molecules into pieces of 19-22 base pairs. The selective
inhibition of Dicer by a ligand that binds speci�cally to a certain precursor molecule has a
great potential for future medical therapeutics. The MFA can reliably detect Dicer activity and
characterize possible RNA binders by determining the dissociation constant. If both the ligand
and Dicer are added to a MFA sample, Dicer is clearly inhibited upon ligand binding in relation
to the ligand concentration. Hence, the technique of the MFA is a valuable tool to screen for
RNA binders that selectively hinder Dicer from maturing the precursor molecule upon ligand
binding.

Third, the MFA is applied to quantify DNA-protein interactions by measuring their binding
strength. In order to understand transcription, identifying how strong a protein binds to the
genomic DNA is essential. Due to the huge number of DNA-protein interactions that participate
in transcriptional regulation, high throughput methods for the analysis of these interactions are
highly desirable. As a proof-of-principle, the MFA quanti�es the interactions of a zinc �nger
protein with three DNA motifs by comparing them to various reference bonds within a single
measurement. Further miniaturization can easily extend the setup’s capacity in terms of mul-
tiplexing. This illustrates the potential of the MFA to quantify protein-DNA interactions in a
highly parallel format in order to contribute to the understanding of transcriptional regulation.

Conclusively, this thesis demonstrates the various applications of the Molecular Force Assay

in biological sciences by means of three distinct examples that cover a wide area of biological

problems.
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Chapter 1

Introduction

Biological processes are very complex due to the multitude of involved molecules and

molecular interactions. Examples are cell division, photosynthesis or the interplay of cells

in multicellular organisms. Signals from the environment are absorbed and converted

into actions like movement in a certain direction or the synthesis of certain proteins to

metabolise a new nutrient. Understanding these processes and, one step further, in
uencing

them is the aim of biological sciences. A combination of techniques and perspectives,

biological, chemical, but also physical or computational, o�er the greatest chance to achieve

this aim. This has already been proven in the past with the human genome project as

the most prominent example. Between 1990 and 2003, several institutes and reasearch

groups from multiple countries and with di�erent scienti�c background combined their

e�orts and techniques to decipher the human DNA code. In April 2003, a consortium

presented 99 % of the sequence of the 20600 human genes. Additionally, the human

genome project deciphered the genomes of several model organisms and, importantly, led

to the development of new and the improvement of existing sequencing techniques (for

more information see [1]). Some of these methods and developments are based on physical

principles, for instance gel electrophoresis or 
uorescence-based sequencing techniques. The

application of physical knowledge in biology has a far-reaching tradition of several decades.

A prominent example is the discovery of the helical structure of double-stranded DNA

molecules by x-ray di�raction [2][3][4]. Today, structural analysis of biological molecules

like proteins by x-ray di�raction or nuclear magnetic resonance is a standard method and

has helped to elucidate the binding properties of many molecular complexes.

Another physical application that has made a great contribution to our understanding

of biological processes is the development of the atomic force microscope (AFM) by Gerd
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Binnig et al. in 1986 [5]. This technique enables the measurement of very small forces

(piconewton) between a surface and a cantilever tip and was developed to image surfaces

by scanning the very sharp tip over the sample while the interaction force between surface

and tip is measured via cantilever de
ection. If the interaction force is held constant, it can

be used to create a topographical image. For biological systems, the stability and inter-

action forces between single molecules are of utmost importance. Those quantities can be

determined by attaching the molecule or molecular complex under investigation between

surface and tip. Removing the tip from the surface, the molecule is loaded with a force that

is measured by monitoring the cantilever de
ection. Additionally, the distance between

surface and tip is determined. The resulting force-extension-curve is analyzed for informa-

tion like the elasticity of a molecule, the unfolding of single molecular domains or the most

probable rupture force. The ability to characterize a single molecule or bond renders this

application of the AFM especially powerful as it o�ers the possibility to detect rare events,

transient phenomena, conformational changes and molecular heterogeneity, aspects that

are not accessible in bulk measurements. Examples for the successful investigation of bio-

logical structures and processes by AFM are the analysis of DNA melting [6][7][8], ligand

and receptor pairs [9][10][11], protein unfolding[12] or cell adhesion[13][14]. Furthermore,

the AFM can also be applied to position single DNA molecules or proteins with nanometer

precision [15][16][17]. Despite the unprecedented insights into biological systems and the

great potential, AFM su�ers from some severe drawbacks. One is the limited force resolu-

tion (around 10pN) that is determined by the size of the cantilever [18]. This problem can

be partly circumvented by measuring forces with optical or magnetic tweezers. But these

two techniques come with other limitations. Optical tweezers operate in a very small force

range of 0:1pN � 100pN and the optical trapping itself might heat or photodamage the

sample. Magnetic tweezers can apply forces over a broad range but those forces are only

constant in a very small area due to the steep gradient of the magnetic �eld. In addition,

a force control similar to AFM requires sophisticated technical components [19]. But the

most severe limitation for all force spectroscopy techniques is the great e�ort necessary to

measure and analyze unbinding forces that makes them unsuited for large-scale investiga-

tions. In contrast, biological processes might follow common principles but the individual

interplay of molecules di�ers greatly in the details. Examples are protein-protein interac-

tion or DNA-protein binding. Furthermore, force-based techniques o�er unique advantages

like probing the molecule or molecular interaction itself without labeling or being sensi-

tive to complex backgrounds. In addition, quanti�cation of the binding strength between
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molecular complexes cannot be accessed by other methods. Hence, force-based techniques

that are compatible with high-throughput systems are highly desirable.

A possible realization for a parallel, force-based technique is the Molecular Force Assay

(MFA). In the MFA, the macroscopic force transducer, the cantilever or bead, is replaced

by a molecular bond, in most cases a well-characterized DNA duplex which acts as refer-

ence bond. This reference bond is connected in series with the sample bond, the molecular

complex in question. If a force is applied to this whole construct of sample and reference

bond, the weaker one will rupture with a higher probability and a 
uorophore attached

to the linker polymer between the two bonds will indicate the intact molecular complex.

Thus, the MFA does not record forces or extensions, but compares the two molecular bonds

with each other. As the binding strength of the two complexes are of the same order of

magnitude, very small di�erences in molecular stability can be resolved. A skillful choice

of sample and reference complex enables a good characterization of the sample bond. The

molecular construct of sample and reference bond is connected to two surfaces that are

separated in order to apply a force to the bonds. Since every sample bond is only compared

to its own reference without being disturbed by other molecules attached nearby to the

surfaces, thousands of molecular constructs can be tested within several square microme-

ters. Hence, the statistics of a single measurement already allow to draw valid conclusions.

Depending on the technical implementation, several sample bonds can be tested against

multiple references so that a single experiment enables the characterization of the molecule

under investigation. So far, the MFA was applied to detect single nucleotide polymorphism

[20], study di�erences in antibody/antigen interactions [21], investigate the chiral binding

selectivity of small peptides [22][23] and analyse the interaction of the proteins EcoR1 and

p53 with di�erent DNA sequences [24][25].

The objective of this thesis was to adapt the MFA for further applications in biological

science that have the potential to contribute signi�cantly to the solution of current bio-

logical problems. This was achieved for very di�erent biological problems. Publication P1

demonstrates the characterization of an analyte in a complex background by the implemen-

tation of a split aptamer into the sample bond. An aptamer is an arti�cial oligonucleotide

that is selected from a random pool for its speci�city to its ligand. Here, an adenosine-

selective aptamer was integrated into the sample bond. Its ligand was reliably detected by

the stabilization of the sample bond upon ligand binding. Furthermore, the measurement

is not a�ected by complex ambients and does not require stringent washing steps that

often makes it di�cult to detect transient interactions and low a�nity binders. Varying
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the ligand concentration allowed the determination of the dissociation constant in a single

MFA measurement. Techniques that can capture analytes in complex 
uids and quantify

their concentration are highly desirable for diagnostic purposes. P1 describes a proof-of-

principle for the detection and characterization of a small molecule by an aptamer in a

force-based assay. The parallel design allowes to extend the assay easily for the analysis of

multiple small molecules by the integration of additional aptamers.

The RNA interference mechanism is the motivation for publication P2. Small RNA

duplexes are matured by the protein Dicer that cuts double-stranded RNA into pieces of

19-22 base pairs independently of their sequence. One of the matured RNA strands is

integrated in a protein complex known as RNA-induced-silencing-complex that binds to

messengerRNA at least partly complementary to the small RNA strand and, in most cases,

hinders protein translation [26]. Several classes of small RNAs exist that di�er in their

origin and function, for instance short-interfering RNA (siRNA) or microRNA (miRNA).

Number and kind of the naturally occuring miRNAs in a cell depend on the stage of

the cell cycle and health status. The quantity of some miRNAs is greatly increased in

connection with severe illnesses like cancer [27]. Hence, the selective inhibition of single

microRNA precursors might be a �rst step in the development of a new generation of

medical therapeutics. Here, the application of the MFA comprised a screening assay for

RNA ligands that selectively inhibit Dicer from cleaving and, thus, maturing the small RNA

precursor. The activity of the protein Dicer can easily be detected in a force-based assay as

it greatly destabilizes the sample bond by cutting o� about 20 basepairs in comparison to a

DNA reference that Dicer cannot process. As a proof-of-principle, a RNA aptamer for the

aminoglycoside paromomycin was integrated into the RNA duplex and a selective inhibition

of Dicer processing upon ligand binding was detected by means of the MFA. Additionally,

the dissociation constant of paromomycin to its aptamer was measured. Hence, the MFA

can be applied to screen for and analyze miRNA ligands that selectively hinder Dicer from

cleaving. The parallel format of the MFA o�ers the possibility to screen for several ligands

or multiple miRNAs within a single experiment.

A great part of gene expression is regulated at the transcription stage by protein-DNA

interaction. These transcription factors bind to some DNA sequences with high a�nity,

to others with only low a�nity or not at all. Recent studies demonstrate that not only

strong interactions control transcription but that weak protein-DNA binding contributes

signi�cantly to transcriptional regulation [28][29]. In order to understand and in
uence the

regulation network that governs transcription, a quanti�cation of the interaction of the ma-
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jority of transcription factors with genomic DNA is of utmost importance. But not only the

gigantic number of interactions is a challenge. Low a�nity binders might easily be missed,

especially by methods that rely on stringent washing procedures. Furthermore, a�nity or

thermodynamic constants might not be the best quantities to characterize protein-DNA

interaction in a nuclear environment, where a transcription factor will probably always be

bound to some DNA sequence due to the high concentration of DNA inside the nucleus.

Speci�city that comprises the discrimination between high and low or no binding sequences

is better suited to characterize the binding properties of a protein. Binding strength is a

quantity analogous to the speci�city and is accessible in force measurements. Manuscript

M1 describes an adaptation of the MFA which enables the quanti�cation of the binding

properties of a six zinc �nger construct against three sample sequences, a high a�nity, a

low a�nity and a no binding DNA sequence in comparison to two reference DNA duplexes

in a single measurement. Weak interactions can also be detected without problems since

the force measurement is performed under equilibrium conditions. Furthermore, the par-

allel format of the MFA allows its extension to the testing of additional DNA sequences

or proteins within a single experiment. Thus, with further miniaturization and paralleliza-

tion, the MFA has a great potential to contribute to the understanding of transcriptional

regulation.

Conclusively, this thesis demonstrates three new applications for the technique of the

Molecular Force Assay in biological science in order to contribute to the understanding

of biological processes like gene expression. For this purpose, chapter 2 introduces the

relevant biological molecules and processes, while chapter 3 describes the Molecular Force

Assay in greater detail. Chapter 4 summarizes the results of the publications P1 and P2

as well as of manuscript M1. A short outlook describes additional possibilities for the

application of the MFA in biological science.
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Chapter 2

Biological Background

Gene expression can be summarized in the phrase "from DNA to RNA to protein". After

a very short introduction into the mechanism of gene expression, this chapter describes

the molecules of interest for this thesis, especially the oligonulceotides DNA, RNA and

aptamers, and the cellular processes that gave the motivation for the experiments of this

thesis.

2.1 Very short introduction into gene expression

The genetic information is stored in the DNA sequence of a cell. In order to use this

information, the cell has to translate the genetic code into functional units, the proteins.

In a process called transcription an RNA copy of a DNA sequence is produced. This

RNA can be translated in an amino acid polypeptide that folds into a three-dimensional

structure and forms the functional protein. This 
ow of information from DNA to RNA

to protein is called gene expression and is valid for all living cells. Proteins are the main

constituents of a cell and are engaged in nearly every task that is performed in and by

the cell, from structure, signaling or transport to metabolism. Di�erent tasks in a cell’s

life or changing environmental conditions require di�erent proteins so that the regulation

of gene expression is of utmost importance for the cell. Especially in multicellular or-

ganisms, di�erentiation between various cell types like muscle or nerve cells arises by the

expression of di�erent RNA molecules and proteins. Gene expression can be in
uenced at

every stage from transcriptional initiation to post-translational modi�cations. Compared

to prokaryotes that lack cellular compartments, eukaryotes o�er additional possibilites for

gene regulation due to their intracellular structure of nucleus and cytoplasma. Di�erences
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in chromatin structures caused by histone modi�cations change the accessibility of certain

DNA sequences. After transcription, modulation of capping, splicing and polyadenylation

of the messengerRNA as well as the nuclear export rate or sequestration of the RNA tran-

script alter the rate of gene expression. Thus, gene expression is an extremely complex

mechanism that requires a multitude of molecular interactions.

2.2 Oligonucleotides

The oligonucleotides DNA (deoxyribonucleic acid) and RNA (ribonucleic acid) are also

known as the molecules of life and are crucial for the transmission, expression and con-

servation of genetic information. DNA as the carrier of the genetic information has to be

very robust against external in
uences. RNA is the bridge between the genome and the

functional protein. The information stored in the DNA is transcribed into messengerRNA

(mRNA), which in turn is translated into a protein. Additionally, non-coding RNA plays

a vital role in the processes that regulate transcription and translation.

2.2.1 DNA

A DNA molecule is a polymer chain consisting of nucleotides. A nucleotide is composed of

the pentose sugar 2-deoxy-D-ribose, a phosphate residue and one of four di�erent nitrogen

heterocyclic bases. Cytosine and thymine are monocyclic pyrimidine derivatives, while

adenine and guanine are bicyclic purines (see Figure 2.1 A). Nucleotides are covalently

linked together by phosphodiester bonds between the phosphate group attached to the 5’

hydroxyl group of the pentose sugar molecule and the 3’ hydroxyl group of the next pentose.

Hence, a DNA polymer has a 5’ end and a 3’ end (see [30] for additional information).

Typically, two antiparallel DNA strands compose a double helix as was shown in 1953

by J. Watson and F. Crick [4]. The negatively charged sugarphosphate groups constitute

the backbone of the helix, while the opposing nucleobases form pairs in the core of the

helix (see Figure 2.1 B). In the most stable con�guration adenine binds thymine via two

hydrogen bonds and guanine pairs with cytosine via three hydrogen bonds. This is known

as Watson-Crick base pairing.

Three variants of the double helix are possible, A-form, B-form or Z-form that di�er

in chirality, tilt and depth of major and minor groove [30]. Under physiological salt condi-

tions, the B-form dominates and is displayed in Figure 2.1 B. These three structures occur

in many variations, for example the rise per base pair depends on the sequence. The irreg-
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Figure 2.1: Double-stranded DNA. (A) The nucleotides are joined via phosphodiester
bonds. Two strands are connected antiparallely by hydrogen bonds between the Watson-
Crick base pairs and form a double helix. (B) Depending on the environmental conditions,
the DNA duplex can adopt di�erent helical variants. The B-form dominates under physi-
ological conditions (adapted from [31]).
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ularities in the double helical structure are assumed to play an important role in protein

recognition and binding or in other interactions involved in the process of transcription

and replication [30]. Non-Watson-Crick base pairing and base mismatches also alter the

double-strand structure and are especially relevant for synthesized oligonucleotides and

aptamers described in detail in Chapter 2.2.4.

The speci�c sequence of the four nucleobases codes the genetic information. This system

is very simple but also very versatile since a DNA molecule of n nucleotides can consist of 4n

di�erent sequences. Additionally, the double-stranded nature and the backbone structure

account for the robustness of a DNA molecule. These properties, speci�city, simplicity and

robustness, render the DNA so special and are the reason for its usage in nanotechnological

applications. Its ability to build programmable sequence-speci�c duplexes by self-assembly

enables the construction of two and three-dimensional structures, DNA origami, [32][33]

and molecular nanodevices [34][35]. Furthermore, DNA duplexes can be applied as force

sensors in force-based techniques like the Molecular Force Assay (see Chapter 3).

2.2.2 DNA as a force sensor

Several factors in
uence the thermal stability of a DNA duplex. Watson-Crick base pairing

and stacking interactions [36] between the nucleobases stabilize the DNA structure. Hence,

sequences with a majority of CG pairs melt at higher temperatures compared to strands

with a majority of AT pairs. Mismatches and bulges disrupt the double-stranded structure

and weaken the complex. The negatively charged phosphate backbones reject each other

depending on the salt concentration of the bu�er system and can have a destabilizing e�ect.

Furthermore, two entropic e�ects weaken the DNA duplex. First, double-stranded DNA

has a persistence length of 50nm at a [Na+] concentration of around 0:1M [37] and is,

thus, rather rigid. Single-stranded DNA is considerably more 
exible and environmental

conditions in
uence its mechanical properties signi�cantly stronger. As a consequence, the

persistence length of single-stranded DNA varies from of 0:75nm at high salt concentra-

tions to 10nm at low ionic strength [35]. Second, the entropy of the solvent also has a

destabilizing e�ect since the hydration shell of a DNA duplex is greater than of two single

strands. Both e�ects counteract the formation of a DNA duplex and reduce its stability.

Summarizing, all these e�ects in
uence the thermal stability of a DNA duplex and have

to be taken into account when analyzing the behavior of DNA under force.

There are two geometries to melt a DNA duplex under force. In shear geometry, the

force is applied parallely to the long axis of the DNA helix and all base pairs are stretched
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Figure 2.2: Two geometries to melt a DNA helix. (A) In shear geometry the force ~F is
applied in the direction of the longitudinal axis of the duplex and the entire helix is loaded.
(B) In zipper geometry, the base pairs are melted separately from one end to the other.

simultaneously, as displayed in Figure 2.2 A. Thus, an elongation of the DNA duplex leads

to higher rupture forces. Additionally, the rupture force depends on the force loading

rate [38]. For this work, DNA sequences between 20 and 40 base pairs were used that

melt between 35pN and 50pN [38]. It is important to notice that the force is applied to

either the two 5’ ends or the 3’ ends since the stretching mode of the helix and, thus, the

unbinding pathway di�ers according to the direction the force is applied as was shown by

[39]. In zipper geometry, the DNA is melted from one end and one base pair at a time is

ruptured (see Figure 2.2 B) in a quasi-equilibrium process. The forces needed to separate

the individual base pairs could be determined to 10pN for A-T and 20pN for C-G and

are independent of the force loading rate [7][40]. Consequently, the forces to melt double-

stranded DNA depend on the unbinding geometry. This principle is used in a technique

known as Single Molecule Cut & Paste (SMC&P) that applies a hierarchical rupture force

system in order to position individual molecules with nanometer precision [15][16]. Both

unbinding modes can be utilized in the Molecular Force Assay. They are chosen according

to the properties of the system to be investigated.
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thymidine uridine

DNA RNA

Figure 2.3: Structural di�erences between DNA and RNA molecules. DNA is composed
of 2-deoxy D-ribose, while RNA is built of D-ribose molecules. The base thymine in DNA
is replaced by uracil in RNA (adapted from [42]).

2.2.3 RNA

On the molecular level, ribonucleic acid (RNA) di�ers from DNA in two aspects. Instead

of 2-deoxy-D-ribose RNA is composed of the pentose sugar D-ribose and the base thymine

in DNA is replaced by uracil in RNA, which, like thymine, forms Watson-Crick base pairs

with adenine. Figure 2.3 displays the nucleotides of RNA and DNA in a direct comparison.

These structural di�erences cause RNA to be more susceptible to hydrolysis but are also

responsible for a greater diversity in RNA secondary structure, since the extra hydroxyl

group can be an additional binding site for forming branched polynucleotides. While for

DNA Watson-Crick base pairing and the double-stranded helix inside the cell dominates,

base pairing in RNA structures is very diverse. A good overview of these structures is

given by Leontis et al. [41]. RNA molecules in the cell are mostly single-stranded, but can

be found to form double helices, for which the A-form predominates [30]. Additionally,

other structures like bulges, hairpins, loops or pseudoknots appear and are determined by

the function of the particular RNA molecule. These conformations can be as diverse as

the di�erent tasks RNA can perform.

2.2.4 Aptamers

Aptamers are single-stranded, arti�cial oligonucleotide sequences that recognize their par-

ticular ligand with high a�nity and speci�city. They were discovered in 1990 independently

by Andrew D. Ellington and Jack W. Szostak [44], as well as Craig Tuerk and Larry Gold
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Figure 2.4: The SELEX process. Starting point is a large random DNA or RNA library.
The single-stranded oligonucleotides are incubated with the target of choice. Strongly
bound complexes are separated and these oligonucleotides are ampli�ed. This enriched
pool of sequences can be modi�ed to enhance certain characteristics and is the starting
point for the next round. Several cycles produce a small number of oligonucleotides that
bind speci�cly and with great a�nity to the target under the conditions chosen for the
binding and partition step (adapted from [43]).
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[45]. Tuerk and Gold developed a new method named SELEX - systematic evolution of

ligands by exponential enrichment - to select RNA oligonucleotides from a large library

with the property to bind a certain ligand tightly and with high speci�city. Andrew D.

Ellington and Jack W. Szostak used a similar technique to �nd RNA molecules that bind

speci�cally to a variety of organic dyes and termed these oligonucleotides aptamers after

the Latin expression "aptus" meaning "�tting" [44]. Shortly after, single-stranded DNA

aptamers were discovered [46]. The SELEX technique is an iterative process to �nd ap-

tamers for all kinds of ligands under di�erent conditions (see Figure 2.4) . The selection

process starts with a large, random DNA library (about 1015 di�erent sequences) that can

either be directly used or transferred via in vitro transcription into an RNA library. The

oligonucleotides are incubated with the target molecule of choice and the ligand-aptamer

complexes are separated from unbound or weakly bound molecules. This step and the

methods used for it, e.g. immobilization of the target on a matrix or on magnetic beads or

ultra�ltration, is decisive for the binding characteristics of the aptamer to be selected. The

so-found oligonucleotides are eluted and ampli�ed and are the basis of a new, enriched pool

of DNA or RNA sequences that is used for the next cycle. After 6 to 20 rounds of SELEX,

the initially large oligonucleotide library is greatly reduced to relatively few sequences that

bind to the ligand with strong selectivity and a�nity under the conditions chosen for the

incubation and separation step. These sequences can now be further analyzed, for exam-

ple by sequencing or in binding studies [43]. Aptamers greatly resemble antibody-antigen

complexes in their binding properties, but di�er in their composition and, most impor-

tantly, in their fabrication. While antibodies are expressed in cells and di�er from species

to species, aptamers are produced completely in vitro. Nevertheless, oligonucleotides are

present in all cells so that aptamers are non-toxic and do not provoke immune reactions.

Furthermore, the in vitro fabrication enables the selection of aptamers against all kind of

natural or non-natural compounds including toxins. In this work, aptamers are used in

a force-based assay for the detection and characterization of analytes (see Chapter 4.1)

and as docking station for an RNA ligand that selectively inhibits the protein Dicer (see

Chapter 4.2).
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2.3 Transcriptional Regulation by Proteins in Eukary-

otes

Transcription describes the process, in which a DNA sequence is copied into an RNA

molecule by the enzyme RNA polymerase. In eukaryotes, three kinds of RNA polymerase

can be discerned that produce di�erent kinds of RNA, mostly messengerRNA, transfer-

RNA and ribosomalRNA. Transcription is the �rst step in gene expression and, thus, the

�rst possibility for the cell to regulate protein levels. It comprises the three steps initiation,

elongation and termination. Initation denotes the binding procedure of the protein RNA

polymerase to the promoter sequence next to the gene. Elongation is the process in which

the DNA sequence is read and the RNA copy is extended according to the bases of the DNA

code. Last, the RNA polymerase is stopped and leaves the DNA strand. Every step as well

as the rate of transcription is controlled by di�erent proteins. The very �rst possibility in

eukaryotes for gene regulation is to modify the accessibility of the DNA strand for tran-

scription initiation. The DNA is wrapped around histone proteins and forms nucleosomes.

The chain of DNA-nucleosomes constitutes the chromatin. Histone modi�cations in
u-

ence how the DNA is wrapped around the histone proteins and alters chromatin structure.

Thereby some parts of the DNA are exposed while others are concealed. DNA methyla-

tion converts cytosine to 5-methylcytosine that behaves like regular cytosine except that

highly methylated areas show reduced transcriptional activity. Histone modi�cations and

DNA methylation belong to the epigenetic regulational mechanisms and can be preserved

in cell division. Thus, daugther cells of a di�erentiated cell remain di�erentiated and do

not change back into stem cells (for details see [47]). In eukaryotes, RNA polymerase has

only very low a�nity for the promoter sequences, but needs general transcription factors

that bind to the DNA and the RNA polymerase. Additionally, several other proteins bind

to the DNA and build together with the RNA polymerase the transcription initiation com-

plex. These other proteins can bind in close proximity to the gene to be transcribed but

also to regions thousands of base pairs away from the gene. Looping of the DNA enables

proteins bound to a distant DNA sequence to interact with the protein complex at the

promoter region and to activate or to repress the initiation of transcription. This highly

elaborate network of protein-protein and protein-DNA interactions regulates in its entirety

if and when a gene is transcribed. Nevertheless, a single protein in this network can make

a di�erence and can stop or start transcription. In elongation, RNA polymerase unwinds

the DNA double helix at its active site and moves stepwise along the DNA molecule adding
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ribonucleotides to the RNA strand that are complementary to the DNA template strand.

Elongation factors prevent the RNA polymerase from dissociation before the end of the

gene and assist in unwinding of the DNA. Beside producing the RNA molecule, RNA poly-

merase assembles proteins on its tail that can process the RNA into the functional mRNA.

Examples are capping, which means the modi�cation of the 5’ end of the RNA molecule

for the discriminaton of mRNA from other RNAs, and splicing that removes the introns,

non-coding sequences, from the pre-mRNA. Transcription termination is encoded in the

DNA so that the transcribed RNA can recruit proteins that end transcription and modify

the RNA 3’ end if necessary (for details see [48]). Summing up, every step in transcription

is regulated by proteins that can activate, accelerate or terminate transcription and thus

enable the cell to react very 
exibly and rapidly to its needs. In this work, a force-assay is

presented that characterizes protein-DNA speci�city via the binding strength (see Chap-

ter 4.3). This assay has the potential to contribute to the understanding of the complex

network of protein- DNA interactions that govern transcriptional regulation.

2.4 The role of the protein Dicer in the regulation of

gene expression

The enzyme Dicer is a multidomain RNAse III-related endonuclease of about 250kDA and

is responsible for cleaving double-stranded RNA into pieces of 19-22 base pairs. Dicer has

been found in the cytoplasm of all eukaryotes studied to date [49], sometimes in several

variants with di�erent tasks. The L-shape of the protein seems to be well-conserved for

all variants. Recognition of dsRNA by a PAZ-domain occurs in the head of Dicer, which

is separated from the two RNAse III-domains by a ruler domain (see Figure 2.5). The

base of the L is formed by a helicase, whose function is not totally understood [49]. Dicer

cleaves long and short (more than 30 nucleotides) dsRNA strands with equal e�ciency,

whereas duplexes of 21 nucleotides or less are not processed in vitro. A 3’ 2-nucleotide

long overhang increases Dicers e�ciency compared to blunt ends [50].

In the last decade, Dicer has increasingly been attracting attention due to its crucial

role in the RNA interference (RNAi) pathway. The term RNAi describes the process

how pieces of short RNA strands control gene activity in a homology-dependent manner.

Dicer cuts the long double-stranded RNA precursors into pieces of 19-22 base pairs. These

short RNA strands are unwound and a single strand is loaded into a protein complex gen-

erally termed RNA-induced silencing complex (RISC) which varies according to species
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Figure 2.5: Schematics of the protein Dicer. The L-shape of the protein seems to be well-
conserved for all variants. The PAZ-domain in the head part recognizes dsRNA. The two
RNAse III domains are separated from the PAZ head by a ruler domain and cut the two
RNA strands. A helicase, whose function is not totally understood, forms the base of the
L.

and function. The short RNA in the RISC complex binds via Watson-Crick base pairs

to the mRNA and inhibits translation. Various classes of small, regulatory RNA have

been identi�ed. Two main categories of single-stranded RNA involved in metazoan RNA

interference can be distinguished that di�er in their origin and function but share process-

ing by Dicer: short-interfering RNA (siRNA) and microRNA (miRNA) (see Figure 2.6).

siRNA precursors are long, fully complementary double-stranded RNA molecules that are

either introduced directly into the cytoplasm or taken up from the environment, but may

also originate from endogenous sources like transposons [52]. Hence, the main task of the

siRNA-processing machinery seems to be the defense of genome integrity in response to

foreign or invasive nucleic acids [53]. In most cases, siRNA binds to a fully complementary

target mRNA which is subsequently degraded. miRNAs are transcribed and pre-processed

in the nucleus into incomplete base-paired stem-loop structures, known as pre-microRNAs.

They are then transferred to the cytoplasm, where Dicer matures the pre-miRNA by cleav-

ing the stem loop structure. The mature miRNA strand binds to the mRNA and inhibits

translation in combination with the RISC [54], although gene upregulation by the RISC

complex has also been reported [55][56]. In contrast to siRNA, which usually requires total

complementarity to its target sequence, miRNAs and their target mRNA do not need to

base-pair perfectly. However, a seed region between residues 2 to 8 seems to dominate

the mRNA recognition process. Consequently, a certain miRNA can bind and regulate a

variety of mRNA sequences. Several miRNAs may also play a role in the regulation of a
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