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Abstract

Cooperative molecular binding and recognition is essential for the function of the bi-ological organism. Within a molecular environment consisting of many competitors,complex molecules or molecular scaffolds need to find their matching binding partnerwith ultrahigh specificity. The cooperative interaction between several molecular play-ers often generates biological functions that can no longer be observed if the moleculesare separated from each other. The present thesis focuses on the cooperative molecularbinding of DNA and proteins. It is shown that when several, single-stranded DNAmolecules with slight sequence variations are competing for binding to one comple-mentary strand, the error of recognition is reduced by multiple orders of magnitude inthermodynamic equilibrium. This effect is seemingly dramatic when noting the similarbinding affinities of the strands without competition. Furthermore, it is investigatedhow DNA methylation, one of the most important epigenetic factors, modifies the speci-ficity of DNA hybridization and influences the stability of the double helicoidal DNAmolecule. Ultimately, methylated DNA is used as a template for an in vitro study ofthe transcriptional regulation of epigenetic switches. The cooperative interaction be-tween proteins and DNA within a complex molecular environment are mandatory forthe efficient switching of genes.
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Kurzzusammenfassung

Das kooperative Binden und Erkennen von Biomolekülen ist ein wesentlicher Bestand-teil für die Funktionalität des biologischen Organismus. Innerhalb einer molekularenUmgebung von vielen Konkurrenten müssen komplexe Moleküle ihren passenden Bin-dungspartner mit sehr hoher Spezifizität finden. Die kooperative Wechselwirkung zwi-schen mehreren molekularen Akteuren erzeugt oft biologische Funktionen, die nichtmehr erkennbar sind, sobald die Moleküle voneinander getrennt werden. Die vorlie-gende Arbeit konzentriert sich auf das kooperative, molekulare Binden von DNA undProteinen. Es wird gezeigt, dass wenn mehrere, einzelsträngige DNA Moleküle ge-ringfügig unterschiedlicher Sequenz um das Binden an eine komplementäre Spezieskonkurrieren, der Fehler der molekularen Erkennung um mehrere Größenordnungen re-duziert wird. Dieser Effekt ist offensichtlich sehr drastisch, wenn man die ähnlichenBindungsaffinitäten der DNA Stränge ohne Konkurrenz berücksichtigt. Des Weiterenwird untersucht, wie DNA Methylierung, einer der wichtigsten epigenetischen Fakto-ren, die Spezifizität der DNA Hybridisierung beeinflusst und sich auf die Stabilität derDNA Doppelhelix auswirkt. Letztendlich wird die methylierte DNA als Template für eine
in vitro Untersuchung der transkriptionellen Regulierung von epigentischen Schalternverwendet. Es wird gezeigt, dass die kooperative Wechselwirkung zwischen Proteinenund DNA, innerhalb einer komplexen molekularen Umgebung, für das effektive Schaltenvon Genen zwingend erforderlich ist.
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1. Introduction

The functionality of all biological systems depends on the specific interaction of complexbiomolecules or molecular scaffolds. Within a mixture of many similar competitors ofcomparable binding affinity, a particular target molecule has to find its matching com-plement with ultrahigh accuracy. The specific binding of transcription factors to DNA,the first steps in virus-cell recognition, or the charging of tRNAs with amino acids areonly a few examples for such molecular recognition systems. Although the interac-tions of one single recognition pair are relatively simple, the multiplicity of cooperatingmolecules often generates the biological function of the total system in the first place.The properties of a system studied in vivo are often no longer observable in vitro, whenthe relevant molecular players are decoupled from the complex molecular environment;protein complexes often gain properties that neither of the subunits possess without theothers.This work deals with the cooperative molecular recognition of DNA. DNA is a doublehelicoidal bio-polymer, whose base sequence contains the genetic information that isessential for protein manufacturing, biological function, and phenotype of the organism.In this sense, DNA is often called the “blueprint of life”. Formation of a DNA doublestrand is a highly cooperative, poorly understood recognition process that is based onthe complementarity of the matching base pairs adenine-thymine (AT) and cytosine-guanine (CG). Besides the hybridization of these complementary bases, there is alsothe possibility of erroneous base pair formation, as for instance AA or CT mismatches.These so called single nucleotide polymorphisms (SNPs) are the main cause for canceror autoimmune diseases, since they can lead to erroneous protein synthesis. In orderto react to environmental factors, nature has established the possibility to modify geneexpression and phenotypes by mechanisms other than changes in the underlying DNAsequence. One of the most important of these so called epigenetic factors is DNAmethylation, a chemical, switch-like modification of the DNA strand. The influenceof DNA methylation on the cooperative recognition within a complex molecular envi-ronment is roughly understood. Ultimately, the double helicoidal DNA strand is the
1



Introduction

template for protein expression, one of the most complex and powerful molecular recog-nition systems. A diversity of molecular players are involved in this highly cooperativemechanism and need to bind specifically to the DNA molecule as a function of genesequence, methylation state, and other signals.In the context of this work, the cooperative molecular recognition of DNA is studied byusing three different examples:
1. Competitive DNA hybridization deals with the molecular competition betweentwo single-stranded DNA species A and B (targets) with slight sequence vari-ations, for duplex formation with one complementary species (probe) in thermo-dynamic equilibrium. It is generally believed that the accuracy of this molecularrecognition solely depends on the difference between the individual binding freeenergies of the competitors A and B, as long as thermodynamic equilibrium con-ditions apply. The present work shows that the molecular competition can reducethe recognition error by multiple orders of magnitude. It is demonstrated thatthermal fluctuations lead to an antagonistic and cooperative interaction betweenthe competing target species that causes a modification of the binding free energylandscape in favor of one particular DNA strand. This is without any energeticcost, except the introduction of the competitor. For the study of DNA hybridiza-tion, fluorescently labeled oligonucleotides are used, which are allowed to bindto complementary DNA. The hybridization is detected via total internal reflec-tion fluorescence (TIRF) or Förster resonance energy transfer (FRET). Base pairfluctuations of formed duplexes are analyzed with fluorescence correlation spec-troscopy (FCS). Compared to other methods, like for instance mass adsorptionor plasmon resonance, the optical setups are relatively simple and also providea better signal to noise ratio. DNA hybridization also plays an essential rolefor biotechnological methods, like for instance in situ hybridization, polymerasechain reactions (PCR), and the DNA microarray technology, a poorly understoodbut frequently used method for the massively parallel analysis of gene expres-sion. In this sense, the results of this work also contribute for optimizing andunderstanding these biotechnological methods.
2. The second part of this work deals with the question how DNA methylationaffects the stability of double-stranded DNA and how it improves the recognitionspecificity of hybridization. Here, the study also includes investigations about themolecular competition between methylated and non-methylated DNA. It is shownthat methylation of solely one or two bases within a short DNA strand leads to an

2



increased affinity of at least one order of magnitude for binding of this strand toits complement. The hybridization of methylated DNA is also detected via TIRF.
3. The last study deals with the epigenetic regulation of gene expression. Twotranscriptional regulation systems are investigated: the procaryotic epigeneticswitch based on the methylation depended DNA binding proteins Lrp and PapI,as well as the eucaryotic methylation binding domain (MBD) of the human re-pressor MeCP2. The experimental study shows that the cooperative interactionof the molecular players within a complex molecular environment are mandatoryfor the specific switching of genes. Furthermore, an artificial epigenetic two stateswitch based on both, procaryotic and eucaryotic DNA methylation, is designedand tested. The epigenetic regulation of gene expression is investigated in ahomemade E. coli based in vitro cell free expression system. The system containsall the relevant energy sources and molecular machinery for expressing a genefrom a DNA template. The study involves cloning of different regulatory DNAoperons into circular plasmids, using methods of molecular biology. The methyla-tion dependent DNA binding proteins, directly expressed in the cell free system,can bind to these operons and consequently activate or hinder the measurableexpression of a reporter protein. Compared to in vivo methods, the cell free ex-pression system enables the study of the transcriptional regulation within a totallyendogenous E. coli system, including all the relevant molecular players, but underhighly controlled experimental conditions. In this sense, a secondary objective ofthe experimental study is the characterization of the cell free expression systemas a tool for designing synthetic gene circuits.

The present thesis is divided in seven chapters. Chapter 2 gives an overview aboutthe fundamentals of competitive DNA hybridization, transcriptional regulation of geneexpression, and epigenetics. It further informs about the state of the art of the currentresearch by appreciating the relevant literature. Chapter 3 introduces all the experi-mental materials and methods, which are used in the context of this work. The chapters4, 5, and 6 represent the main part of this thesis. All experimental and numericalfindings concerning the competitive DNA hybridization, the influence of DNA methy-lation on the DNA duplex stability, and the in vitro study of epigenetic switches arepresented and discussed in detail. The final chapter 7 briefly summarizes the mostimportant results of the present work and further gives an outlook on future studies.

3





2. Fundamentals

2.1. Structure of the deoxyribonucleic acid

The deoxyribonucleic acid (DNA) carries the genetic information that is essential for thefunction of almost all biological organisms [1]. In all higher eucaryotic cells, the DNA islocated in the nucleus and packed into chromosomes. Each chromosome consists of onedouble helicoidal DNA molecule. Fig. 2.1 shows a schematic of the structure of DNA.Like all nucleic acids, DNA consists of individual components, the so called nucleotides.These nucleotides consist of the sugar deoxyribose, phosphate, and a heterocyclic nu-cleobase. There are four kinds of bases: adenine (A), thymine (T), guanine (G), andcytosine (C). The sequence of several nucleotides in a raw constitutes a single-strandedDNA polymer. Here, all deoxyribose and phosphate molecules form the so called DNAbackbone. The five carbon atoms of the deoxyribose are usually consecutively num-bered. The 3’ atom carries a hydroxyl group that links the deoxyribose to the 5’ atomof the phosphate of the adjacent nucleotide via a phosphodiester bond. Thus, a DNAsingle strand possesses an orientation, the 5’ end and the 3’ end, depending on eitherthe deoxyribose or the phosphate is the terminal molecule. If two DNA single strandsare brought together they can hybridize to one helicoidal double strand. This requiresthe specific formation of complementary Watson-Crick base pairs (AT and GC) via hy-drogen bonds. This base pairing is often called “Lock and Key” binding and thereforedefines the sequence specificity of DNA hybridization. A GC base pair is more stablethan an AT base pair due to the increased number of hydrogen bonds. Besides thehydrogen bonds, the helicoidal DNA molecule is additionally stabilized by stacking in-teractions that actually generate the major part of the binding free energy but withoutany sequence specificity. This attractive interaction results from the overlap of the πelectron orbitals of the stacked nucleotides as well as the van der Waals linking ofadjacent bases. Duplex formation happens in an anti-parallel manner, what means thatthe 3’ end of one single strand is on the opposite side of the 5’ end of the second singlestrand. The pitch of the right handed DNA double helix in the B conformation is 3.4 nm
5
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Figure 2.1.: Schematic illustration of single-stranded (A) and double-stranded (B)DNA, as well as the chemical structure of Watson-Crick base pairing (C). The deoxyri-bose and phosphate molecules constitute the DNA backbone. A single strand possessesan orientation, the 5’ end and the 3’ end, depending on which molecule, deoxyribose orphosphate, is the terminal one. Formation of a double strand requires the formation ofWatson-Crick base pairs AT or CG. The pitch of the right handed DNA double helix inthe B conformation is 3.4 nm (about 10 bases) and the diameter is 2 nm.
and the diameter is 2 nm. The process of DNA hybridization highly depends on the ionconcentration of the solvent. The DNA backbones of two single-stranded molecules arenegatively charged and this leads to a repulsive electrostatic interaction when thesemolecules come into close distance. The positively charged ions of the solvent act ascounterions and screen the repulsive force of the DNA backbones. Compared to a singlestrand, a double helicoidal molecule possesses less entropy due to the reduced numberof degrees of freedom. The persistence length of a single strand is about 1 nm that isapproximately the distance between two adjacent bases. Compared to this, the persis-tence length of a double strand is about one to two orders of magnitude higher [2]. Aformed double strand can be separated again into two single strands. This reversiblereaction is called DNA denaturation [3].
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2.2 Theoretical assessment of DNA hybridization

2.2. Theoretical assessment of DNA hybridization

2.2.1. The Langmuir model

The hybridization of two single-stranded DNA oligonucleotides to one double-strandedmolecule is a highly cooperative process [4]. The rate of duplex formation is independentof the length of the single-stranded DNA molecule, which makes the formation of aprimary double-stranded region in-between completely single-stranded regions to thelimiting process. Subsequent to this initial nucleation, the closure of the followingbase pairs happens in a highly cooperative manner through molecular zipping [5]. Fromthis it follows that DNA hybridization is typically described with a two-state modelthat assumes the direct and reversible transition between double strands D and singlestrands T and P . Assuming an ensemble of solved DNA molecules, the hybridizationreaction can be described with the equation
[T ] + [P ] k+−⇀↽−

k−
[D] (2.1)

where [T ] and [P ] are the concentrations of single-stranded oligonucleotides T and
P , respectively, and [D] is the concentration of formed duplexes D. The unit of therespective DNA concentration is 1 mol/l = 1 M. k+ is the rate of association (unit1/(M · s)) and k− (unit 1/s) is the rate of dissociation. Fig. 2.2 shows a schematic ofthe hybridization reaction with all the relevant molecular players. The donations Tand P for the single-stranded species stem from the nomenclature Target and Probedefined for hybridization experiments performed on a DNA microarray [5]. In this case,the hybridization takes place on a biochip, since the probes are immobilized to a surfacethat is in contact with a solution of concentrated target molecules. Probe immobilizationdoes not invalidate the assumptions of the two-state model. Both, bulk hybridizationand surface based hybridization are described by Eq. (2.1), if the mass transport oftarget molecules in bulk to the complementary probes on the surface can be neglectedand the rate constants k+ and k− are not significantly modified. In this case, thenumber of formed duplexes on the surface can be expressed in units equivalent tothe duplex concentration in bulk. However, in thermodynamic equilibrium, the masstransport does not play a role anyway, since it solely affects the kinetics of the systembut not the stationary state. Since most of the experiments in the context of this workare performed under thermodynamic equilibrium conditions, the contribution of masstransport is neglected in the following. Furthermore, it is assumed that all binding
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Figure 2.2.: Schematic of the hybridization reaction in the two-state model. Single-stranded oligomers target T and probe P with complementary bases can form a double-stranded duplex D with the association rate k+. An existing duplex can resolve againinto target and probe with the dissociation rate k−. The nomenclatures “target” and“probe” are used for hybridization experiments performed on a DNA microarray. Here,the probe is immobilized to a surface that is in contact with a solution of concentratedtarget molecules.
sites are energetically equal and that there is no interaction between adjacent probemolecules. From this it follows that the hybridization kinetics can be described withthe differential equation

˙[D](t) = k+[T ](t)[P ](t)− k−[D](t) (2.2)
In the case of an excess concentration of target molecules over probe molecules ([T ]�[P ]), the target concentration can be assumed to remain constant in time

[T ](t) ≈ [T ]0 (2.3)
Here, [T ]0 is the concentration value of targets at time t = 0. However, the concentrationof probe molecules [P ](t) available for hybridization decreases as a function of time withthe number of already formed duplexes [D]
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[P ](t) = [P ]0 − [D](t) (2.4)
where [P ]0 is the concentration value of probes at time t = 0. Thus, the solution of Eq.(2.2) is [D](t) = k+[P ]0[T ]0

k+[T ]0 + k−
·
(1− e−(k+[T ]0+k−)t) = [D]eq (1− e−γt) (2.5)

where
γ = k+[T ]0 + k− (2.6)

and [D]eq = [P ]0k+[T ]0
γ = [P ]0 k+[T ]0

k+[T ]0 + k−
= [P ]0(1 + 1

K [T ]0
)−1 (2.7)

K is the equilibrium binding constant of the target molecules (unit 1/M):
K = [D]eq[T ]eq[P ]eq = k+

k−
(2.8)

where [D]eq, [T ]eq, and [P ]eq are the concentrations of duplexes, targets and probes inthermodynamic equilibrium, respectively. Dividing Eq. (2.7) by [P ]0 reveals the fractionΘ of occupied probe molecules:
Θ(t) = [D](t)[P ]0 = Θeq

(1− e−γt) (2.9)
where

γ = k+[T ]0 + k− (2.10)
and Θeq = k+[T ]0

γ = k+[T ]0
k+[T ]0 + k−

= (1 + 1
K [T ]0

)−1 (2.11)
Eq. (2.11) is defined as the Langmuir isotherm. Fig. 2.3 A shows the curve progression[D](t) as a function of time following Eq. (2.5) for different target concentration [T ]0 andfor typical values for the association k+ and dissociation rate k−. Fig. 2.3 B shows theLangmuir isotherm following Eq. (2.11) as a function of the target concentration [T ]0for different values of the binding constant K .
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Figure 2.3.: Comparison between the Langmuir model (solid lines) and the extendedLangmuir model (dashed lines). For all graphs, the initial concentration of free probemolecules [P ]0 is 1 nM. (A), kinetics of the hybridization reaction as described by Eqs.(2.5) and (2.14) for different target concentrations [T ]0 (values in nM) and typical valuesof the association rate (k+ = 105 M−1 s−1) and the dissociation rate (k− = 10−4 s−1).
(B), curve progression of the equilibrium duplex concentration [D]eq as a function of thetarget concentration [T ]0 as described by Eqs. (2.11) and (2.16), for different bindingconstants K (values in M−1).

2.2.2. The extended Langmuir model

If the concentrations [T ]0 and [P ]0 in a hybridization experiment are comparable, thetarget concentration can no longer be considered to remain constant in time. Rather,in analogy to Eq. (2.4), the initial target concentration [T ]0 has to be corrected by theconcentration of targets that have already hybridized to a probe molecule [6]
[T ](t) = [T ]0 − [D](t) (2.12)

With this, the differential equation (2.2) is modified as follows:
˙[D](t) = k+ ([T ]0 − [D](t)) ([P ]0 − [D](t))− k−[D](t) (2.13)

with the analytical solution
[D](t) = a2 · 1− ceak+t1 + ceak+t + b2 (2.14)

10
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where
a =√b2 − 4[P ]0[T ]0, b = [P ]0 + [T ]0 + K−1, and c = a+ b

a− b (2.15)
The equilibrium state is described by

[D]eq = 12 (b− a)
= 12

{[T ]0 + [P ]0 + K−1 −√([T ]0 + [P ]0 + K−1)2 − 4[T ]0[P ]0} (2.16)
Eq. (2.16) is defined as the extended Langmuir isotherm. The curve progression [D](t) asa function of time (Eq. (2.14)) as well as the extended Langmuir isotherm as a functionof the target concentration [T ]0 (Eq. (2.16)) are also shown in Fig. 2.3 in order todirectly compare them with the not-extended model. Fig. 2.3 shows that the differencebetween the two models can be neglected for [T ]0 � [P ]0. In this case, the assumptionof a constant target concentration [T ]0 is valid (see Eq. (2.3)). However, in the case ofcomparable target and probe concentrations ([T ]0 ≈ [P ]0) the extended model should beused. This particularly applies for high values of the binding constant K .
2.2.3. Competitive hybridization

In the following, the extended Langmuir model introduced in the previous section isexpanded to the case of a molecular competition between two target species T A and T Bwith different binding affinities for one probe species P [7, 8]. This situation constitutesthe simplest case of a multiplex hybridization [9]. Assuming a two-state description forthis competitive situation, the reaction equations are
[T A] + [P ] kA+−⇀↽−

kA−
[DA] (2.17)

and [T B] + [P ] kB+−⇀↽−
kB−

[DB] (2.18)
where [T A] and [T B] are the concentrations of the competing target species A andB, [DA] and [DB] are the concentrations of duplexes consisting of probe and targetmolecule A or B, and kA+, kA−, kB+ and kB− are the respective association and dissociationrate constants. The target species A and B are both complementary to the probemolecule, however species B contains non-matching base pairs that decrease the binding
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Figure 2.4.: Schematic of the competitive hybridization reaction in the two-state model.A probe molecule P can either be occupied by target T A or TB resulting in formation ofduplex DA or DB . This happens with the association rate kA+ and kB+ , respectively. Anexisting duplex denatures into target and probe with the dissociation rate kA− and kB− ,respectively.
affinity KB compared to the value of K A. There is no interaction between the competingtarget molecules except for the steric hindrance. This means for instance that a probemolecule that is occupied by A cannot be occupied by B. Furthermore, there is nointeraction between neighboring binding sites, if the probe molecules are immobilizedto a surface. Fig. 2.4 shows a schematic of the competitive hybridization reactioninvolving all molecular players. In the following, the molecular competition betweentarget species A and B is defined as the competitive system “A vs. B”, where A is the“High Affinity Target” (HAT) and B the “Low Affinity Target” (LAT). In analogy to Eq.(2.13), the kinetics of the duplex concentrations, [DA] and [DB], can be expressed withthe following differential equations

˙[DA](t) = kA+ ([T A]0 − [DA](t)) ([P ]0 − [DA](t)− [DB](t))− kA−[DA](t) (2.19)
and

˙[DB](t) = kB+ ([T B]0 − [DB](t)) ([P ]0 − [DA](t)− [DB](t))− kB− [DB](t) (2.20)
12



2.2 Theoretical assessment of DNA hybridization

The numerical solution of this coupled system of differential equations is presented inFig. 2.5. Here, a situation is considered that is typical for the experiments performed inthe context of this work. The target concentration [T B]0 can exceed the target concen-tration [T A]0 by several orders of magnitude, in order to investigate the influence of thisexcess concentration on the equilibrium duplex concentration [DA]eq. Fig. 2.5 illustratesthe effect caused by the competitive situation. Due to the excess concentration of [T B]0over [T A]0, the initial slope of [DB](t) is increased compared to the respective one of[DA](t). With the initiating increase of [DA](t), target molecules of species A occupythe probes, which can no longer be occupied by molecules of species B. Consequently,[DB](t) decreases. For ˙[DA](t =∞) = ˙[DB](t =∞) = 0 and K = k+/k− one reveals theequilibrium duplex concentrations
[DA]eq = [P ]0K A[T A]eq

K A[T A]eq + KB[T B]eq + 1 (2.21)
and [DB]eq = [P ]0KB[T B]eq

K A[T A]eq + KB[T B]eq + 1 (2.22)
[T A]eq and [T B]eq are the target concentrations of species A and B in thermodynamicequilibrium. Please note that for very low concentrations [T B]eq ≈ 0, Eq. (2.21) isidentical to Eq. (2.7). The expressions (2.21) and (2.22) are the extended Langmuirisotherms in competition. Dividing Eq. (2.21) by Eq. (2.22) gives the ratio of duplexconcentrations of the competing species A and B in thermodynamic equilibrium:

[DA]eq[DB]eq = [T A]eq[T B]eq K A

KB (2.23)
This means that in the two-state model, the competitive situation is fully described bythe individual binding affinities of the competing target species and their respectiveconcentrations. As shown in Fig. 2.5, [DA]eq decreases with increasing concentrations[T B]eq like expected from Eq. (2.19). One has to mention that even for low targetconcentrations [T A]0 + [T B]0 ≤ [P ]0, [DB](t) decreases with initiating hybridization oftarget molecules of species A. This becomes clear by considering for instance the curvefor [DA](t) and [DB](t) in Fig. 2.5 for a concentration of [T B]0 = 10 nM. Thus, thisreduction of [DB](t) is not due to the limited number of free probe molecules, but dueto the molecular competition itself.
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Figure 2.5.: Numerical solution of the coupled differential equations (2.19) and (2.20)for [P ]0 = 4 nM, kA+ = kB+ = 105 M−1s−1, kA− = 10−4 s−1, and kB− = 10−3 s−1. For allcalculations, the concentration [T A]0 of target species A is 2 nM, while [TB ]0 is variedfrom 0 nM to 1000 nM. The respective values of [TB ]0 are given in the graph. Thegraphs show the duplex concentration [DA] (A), [DB ] (B) and the sum [DA] + [DB ] (C) asa function of time.
2.2.4. Correlation between binding constant and free energy

As mentioned above, in the two-state model, the equilibrium binding constant K ofa particular target molecule is defined as the ratio of reaction products and eductsfollowing
K = [D]eq[T ]eq[P ]eq (2.24)

The binding constant is proportional to the Boltzmann factor
K ∝ e∆G/RT (2.25)

where ∆G is the thermodynamic potential of the Gibbs free energy, R = 1.987 cal ·mol−1K−1 is the molar gas constant, and T is temperature. ∆G can be expressed bythe changes of enthalpy ∆H and entropy ∆S upon the denaturation of a DNA doublestrand: ∆G = ∆H − T∆S (2.26)
14
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Combining the Eqs. (2.25) and (2.26) gives
ln(K ) = ∆H

R · 1
T −

∆S
R (2.27)

In the two state model, plotting the logarithm of the binding constant K as a functionof the inverse temperature 1/T (Arrhenius plot) reveals a linear dependence. Here,intercept and slope reveal the change in enthalpy ∆H and entropy ∆S, respectively.This enables conclusions on the duplex stability of the double-stranded DNA moleculeat a specified temperature and also the comparison of entropic degrees of freedom ofdifferent duplexes. For the case of the competitive hybridization between target speciesA and B (see section 2.2.3), the combined Eqs. (2.23) and (2.25) link the ratio ofduplex concentration to the difference in binding free energy ∆∆G = ∆GA − ∆GB ofthe competing target species A and B:
[DA]eq[DB]eq = [T A]eq[T B]eq K A

KB = [T A]eq[T B]eq · e∆∆G/RT (2.28)
This shows that, besides the concentrations of competing target molecules, solely thedifference in the binding free energy ∆∆G defines the competitive situation.
2.2.5. The melting temperature of double-stranded DNA

After transposing Eq. (2.11), one can express the binding affinity K as a function of thefraction Θeq of occupied probes in thermodynamic equilibrium
K = Θeq(1−Θeq)[T ]0 (2.29)

The experimental value of the melting temperature Tm is defined as the temperaturewhere the fraction of occupied probes equals 50%
Tm = T

(Θeq = 0.5) (2.30)
Thus, and by considering Eq. (2.29), one reveals the binding constant K at the meltingtemperature Tm:

K (Tm) = 1[T ]0 (2.31)
Adapting Eq. (2.31) into Eq. (2.27) for T = Tm then reveals
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Tm = ∆H∆S − R ln([T ]0) (2.32)
Like explained in section 2.2.1, the previous derivation of the melting temperature Tm isonly valid in the case of an excess concentration of targets over probes (not extendedLangmuir model, [T ]0 � [P ]0). In the case of target concentrations that are compara-ble with the probe concentration, [T ]0 in Eq. (2.32) has to be replaced by the factor[S]1− [S]2/2, where [S]1 and [S]2 are the concentrations of the higher and lower concen-trated single strand 1 or 2, respectively [10]. Eq. (2.32) enables the calculation of themelting temperature Tm of a specified target, concentrated at [T ]0. The thermodynamicparameters ∆H and ∆S can be calculated with the usually employed nearest neighbormodel of DNA hybridization [5, 11].

2.3. The central dogma of molecular biology

The central dogma of molecular biology deals with the detailed residue-by-residuetransfer of sequential information [12]. During the transcription, the genetic information,which is encoded by the sequence of the double-stranded DNA molecule, is gene-wise transcribed into messenger ribonucleic acid (mRNA). During the translation theinformation carried by the mRNA is then translated by ribosomes into a polypeptidechain that folds into a protein. These molecular processes are usually summarizedunder the term gene- or protein expression. The dogma is visualized in Fig. 2.6. In thefollowing, the central contents of gene expression are explained in detail, without theclaim to be exhaustive. The main focus lies on the protein expression in bacteria, sincethis is the relevant organism for the context of this work.
2.3.1. Genomic DNA

A gene is a molecular unit of heredity of a living organism and constitutes the blue printfor the expression of specified proteins and functional RNA chains [1]. Thus, genes holdthe information to build and maintain a biological cell and also to pass this informationto offspring. DNA that contains the genetic information is named genomic DNA. Thefunction of other parts of the genome, which is often named “junk DNA”, is not wellunderstood [5]. In procaryotic organisms, as for instance bacteria, the genome is mainly
16
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Figure 2.6.: Central dogma of molecular biology [12]. Only the naturally relevant path-ways of biological information are shown. The genetic information hold by the DNA istranscribed to mRNA via the transcription process. mRNA is translated into a polypep-tide chain via the translation process. The peptide folds into a functional protein. TheDNA template is replicated during cell division.
organized in circular DNA plasmids. In eucaryotic organisms, the genome is packedinto chromosomes that contain the DNA in a highly compact but well ordered form.
2.3.2. Transcription

The first step of gene expression is the transcription in which a gene on the DNA iscopied into mRNA by the enzyme RNA polymerase. Fig. 2.7 schematically illustratesthe transcription. The process begins with the specific binding of the RNA polymeraseto the promoter region of the DNA. The promoter is located a few base pairs upstream(reading direction 5’ → 3’) from the transcription start site, and can be a few 100base pairs long. In bacteria the promoter contains two short sequence elements ap-proximately 10 and 35 base pairs upstream from the gene. The -10 element has theconsensus sequence ATAAT and the -35 element has the consensus sequence TTGACA.Both elements are important recognition sites for the specific binding of so called sigmafactors (σ ). The σ factor is a subunit of the RNA polymerase that is essential for the
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Figure 2.7.: Schematic illustration of the transcription. (A), initiation. The RNA poly-merase with its σ subunit specifically binds to the promoter region, located upstreamof the gene that is to transcribe. The promoter consists of the -35 and -10 consen-sus sequences for binding of the transcription factor. (B), elongation. After binding ofthe RNA polymerase, the sigma factor is released and the enzyme elongates the DNAstrand. It uses base pair complementarity in order to transcribe the genetic informationhold by the DNA into mRNA.
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transcription initiation. The housekeeping σ factor of the bacteria E. coli is σ 70, indi-cating a protein of a molecular weight of 70 kD. The promoter region is also essentialfor gene regulation on the transcriptional level. Other proteins can also specificallybind to the promoter and thus either enable transcription initiation or prevent it. Suchproteins are therefore often named activator or repressor, respectively. Gene regulationon the transcriptional level is explained in more detail in section 2.4. After transcriptioninitiation, the σ factor is released and the RNA polymerase traverses the DNA strand.During this elongation step, the enzyme uses base pair complementarity with the DNAtemplate to transcribe the genetic information hold by the DNA into mRNA. The struc-ture of RNA is similar to that of DNA, however there are differences in chemical stabilityand biological function. The main difference is the substitution of the DNA-typical basethymine by the RNA-typical base uracil (U). Furthermore, the nucleotides are composedof the sugar ribose instead of deoxyribose (one less oxygen atom). Thus, except of thementioned differences, transcription produces an exact RNA copy of the coding DNAtemplate. After the gene is completely transcribed, the transcription is terminated eitherby the formation of a GC rich hairpin loop in the synthesized mRNA strand (intrinsictermination) or by destabilizing the interaction between DNA template and mRNA dueto binding of the so called ρ proteins (rho-termination).
2.3.3. Translation

Translation is the process of protein manufacturing that takes place in cellular ribosomes[1]. Fig. 2.8 schematically illustrates the translation. After transcription, the geneticinformation hold by the mRNA is transcribed into a polypeptide chain. A triplet ofthree adjacent mRNA bases, the so called codon, codes for one of the 20 naturallyrelevant amino acids. Thus, the chain is basically synthesized as several amino acids ina row, which are incorporated into the peptide chain by transfer ribonucleic acid (tRNA).Unlike the mRNA, the tRNA is not a template of genetic information, but folds itself intoa complex “nanomachine” which is charged with a specified amino acid. The anticodon,an exposed base triplet of the tRNA, can specifically bind to a complementary codonsequence on the mRNA [5]. Upon binding, the tRNA incorporates its charged amino acidinto the peptide chain. Afterwards, the discharged tRNA is released by the ribosomewhich moves to the next codon. In procaryotic organisms the translation is initiated bya special codon, the so called start codon AUG. The end of the translation is reached,when one of the three stop codons UAG, UAA, or AGA appears on the mRNA. Thesecodons are recognition sites not for tRNA but for release factor proteins that prompt
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Figure 2.8.: Schematic illustration of the translation. The genetic information holdby the mRNA is translated into a polypeptide chain consisting of amino acids. Theincorporation of the amino acid is performed by tRNA. Packets of three mRNA bases(codons) code for one amino acid. After the formation of the peptide chain, it folds intoa functional protein. The schematic of the ribosome is adapted from www.wikipedia.org.
the disassembly of the entire ribosome-mRNA complex. The already read out mRNA isdegraded by nucleases.
2.4. Epigenetic regulation of gene expression

The terminus epigenetics is nowadays commonly used to summarize the study of changesin gene expression and phenotypes caused by mechanisms other than changes in theunderlying DNA sequence. However, a commonly accepted and broad definition of theterm is not yet available. Epigenetics involve modifications of the genome of a bio-
20
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logical organism caused by external factors as for instance environmental chemicals,development, drugs, aging, and diet, however without the occurrence of mutations ofthe genetic code of the organism. Epigenetic factors are in general hereditary andcan cause diseases as for instance cancer, diabetes, autoimmune diseases and men-tal disorders. Besides histone modification, which is not considered in the contextof this work, one of the most important epigenetic factors is DNA methylation. DNAmethylation is a biochemical reaction performed by the enzyme methyltransferase (DNAMTase) that adds a methyl group (CH3) to the nucleotides cytosine or adenine. Thisis illustrated in Fig. 2.9. In mammalians, DNA methylation typically occurs at socalled CpG sites, a cytosine-phosphate-guanine site that is the recognition sequencefor CpG methyltransferases. The enzyme symmetrically methylates the top and bottomstrand within the recognition site. Methylation of either the top or the bottom strandis called hemi-methylation. Between 60% and 90% of all CpG sites are methylated inmammals [13]. CpG methylation alters the affinity of several regulatory proteins forbinding to operator DNA. Thus, it plays a central role for the regulation of gene ex-pression on the transcriptional level with an inverse correlation between methylatedCpG sites and transcriptional activity. Besides methylcytosine, the nitrogen base 5-hydroxymethylcytosine (hmC) was found to be abundant in human and mouse brain [14].hmC emerges from the enzyme driven oxidation of methylcytosine [15]. It can be found inevery mammalian cell, however with strongly different levels depending on the cell type.The exact function of hmC is still not fully elucidated, but there are hints that it mayregulate gene expression on the transcriptional level. In bacteria, cytosine or adeninemethylation acts as a primitive immune system. The genome is usually fully methylatedat specific sites and can thus be distinguished from foreign DNA, which is attacked bymethylation sensitive restriction enzymes. In E. coli, methylation of the DNA sequencemotif 5’-GATC-3’ by the enzyme deoxyadenosine methylase (Dam) plays an importantrole in the timing of initiation of DNA replication, as well as in coordinating cellularevents, DNA mismatch repair, and gene regulation [16]. Dam is an enzyme of 32 kDthat adds a methyl group to the sixth nitrogen atom of the nucleotide adenine, withinits recognition sequence (see Fig. 2.9). In the following, two transcriptional regulationsystems based on Dam and CpG methylation are explained in detail. Both systems arestudied in the context of this work.
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Figure 2.9.: Recognition sequences for CpG and Dam methyltransferases and chemi-cal structure of methylcytosine, hydroxymethylcytosine, and N6-methyladenosin. Theorange pin indicates the methyl group in the schematic drawings.
2.4.1. Pyelonephritis-associated pili expression regulation in E. coli

Uropathogenic E. coli (UPEC) bacterias are the main cause of urinary tract infection(UTI) in humans [18]. UTI is among the most common infection diseases in the developedworld, with approximately 150 million cases globally per year [19]. The UPEC bacteriasattach themselves to epithelial cells of their host bodies by expressing pyelonephritis-associated pili (Pap). Pili are thin, hair-like projections on the surface of the bacteriathat can bind to mannose residues on the host cell surface. The expression of Pap isepigenetically regulated depending on the environment of the bacteria. The relevantpromoter region is schematically illustrated in Fig. 2.10. The pap operon containssix binding sites for the leucine responsive protein (Lrp, genbank ID 949051, [20]).Lrp is a global regulatory protein of 18.8 kD that controls a large number of genesin E. coli. The sequences of the six Lrp binding sites are listed in Table 2.1. Theoperon 2, proximal to the transcription start of the pap gene, as well as the operon5 distal to the gene, are each overlapping with a GATC site that is the recognitionsequence for the DNA MTase Dam. In phase-OFF cells, Lrp binds cooperatively tobinding sites 1, 2, and 3 and thus inhibits the transcription of the pap gene by the RNApolymerase. Additionally, the binding of Lrp protects the GATCprox site located in the
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Table 2.1.: Sequences of the six Lrp binding sites of the pap promoter region accordingto [17]. Only the top strand sequences of the operons are shown.
Lrp binding site Sequence (5’ → 3’)1 TTA-GTG-TTT-TGT-TCT-AGT2 AAC-GAT-CTT-TTA-ACC-CAC3 TTA-GTT-TTT-TAT-GTT-GTA4 TAC-GGA-CTT-TCT-TTT-CGC5 GAC-GAT-CTT-TTA-TGC-TGT6 CAT-GAT-GTT-TTT-ATC-TGA

operon 2 from methylation by Dam, while GATCdist in the operon 5 is methylated. Aroughly understood mechanism that is called “mutual exclusion” prevents simultaneousoccupation of all six operons by Lrp [21]. Since methylation decreases the affinity of Lrpfor binding to DNA, Dam methylation of GATCdist locks the phase-OFF state. Besidesother molecular players and DNA replication [17], switching from phase OFF to ONrequires the presence of the local co-regulator protein PapI, coded upstream of the pappromoter region. PapI (genbank ID 1039535, [20]) is an unspecific DNA binding proteinof 8.7 kD that strongly interacts with Lrp-DNA complexes. It increases the affinity ofLrp for specific binding to operons 4, 5, and 6 [22]. In this case, the pap promoterremains accessible for the annealing of the RNA polymerase and thus the pap genecan be expressed. Additionally, the phase-ON state is stabilized by Dam methylationof GATCprox, which reduces affinity of the PapI mediated binding of Lrp to the proximaloperons. Fig. 2.10 also shows the crystal structure of the proteins Lrp and PapI.
2.4.2. The human repressor MeCP2 and its binding domain

Methyl-CpG-binding domain proteins constitute a family of DNA binding proteinsthat play an essential role in mammalian development. Human proteins MeCP2,MBD1, MBD2, and MBD4 share a structurally similar methylation binding domain(MBD) of about 90 amino acids in length that can specifically bind to methylatedCpG sites. In the context of this work, the methylation binding domain (aminoacid 78-162, 10 kD) of the transcriptional repressor MeCP2 (genbank ID 4204,[20]) is studied with respect to regulating epigenetic gene switches as a functionof the methylation state of the regulatory DNA. MeCP2 mediates gene silencingthrough binding to methylated DNA. The specificity of MeCP2 for methylated DNA
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Figure 2.10.: Simplified schematic illustration of the pap phase variation. (A), organi-zation of the pap operon regulating the expression of papBA. The six binding sites forLrp are shown in blue. The sites 1-3 constitute the proximal promoter region, while thesites 4-6 constitute the distal promoter region. Site 2 and site 5 contain the recognitionsequence GATC for the methyltransferase Dam. The gene coding for the local co-repres-
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sor PapI is located upstream of the regulatory DNA. (B), OFF state. Lrp binds cooper-atively to the proximal promoter sites and blocks the annealing of the RNA polymerase.papBA is not expressed. Lrp prevents site GATCprox located in site 2 from being methy-lated by Dam, while GATCdist located in site 5 is methylated (orange pin). (C), ONstate. A complex consisting of PapI and Lrp binds cooperatively to the distal promoterregion and prevents GATCdist from being methylated. The proximal promoter is free forthe annealing of the RNA polymerase as well as the methylation of GATCprox. (D), (E),crystal structure of Lrp (D) and its co-repressor PapI (E). Both structures are adaptedfrom the protein data base [23] (structure ID 2HTJ and 2L4A, respectively).
is due to contacts between a hydrophobic patch on the MBD that interacts directlywith the DNA methyl groups. hMeCP2 binds to methylated CpG sites in any sequencecontext and inhibits transcription [24]. MeCP2 possesses highest affinity for binding tothe promoter III of the mouse-brain-derived neurodrophic factor (BDNF) gene, whichcontains a central CpG pair and an AT run [25–27]. The crystal structure of the MBDof MeCP2 bound to its recognition sequence is shown in Fig. 2.11.

5'--T-C-T-G-G-A-A-CCH3-G-G-A-A-T-T-C-T-T-C--3'

Figure 2.11.: Crystal structure and recognition sequence of the methylation bindingdomain (MBD) of the human repressor MeCP2 (protein data base, structure ID 3C2I,[23]). The methylcytosine is indicated in red. Only the top strand sequences of theoperon is shown. The important motifs and secondary structures are labeled: β-strands(β), α-helix (α), and loops (L)). The picture is adapted from [28].
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3. Materials and Methods

3.1. DNA hybridization

3.1.1. Oligonucleotides and buffer solutions

All oligonucleotides used in this work are obtained commercially, (Metabion, Germanyand Exiqon, Denmark) HPLC purified. The concentrations of oligonucleotides are ana-lyzed by UV absorption at 260 nm. No stable secondary structures are found with thedinamelt web server for nucleic acid melting predictions [29]. DNA oligonucleotides canbe ordered with modifications. The probe molecules are modified with a C6 amino linkerat the 5’ end in order to bind them covalently to the dendrimer coated surfaces (seesections 3.1.3 and 3.1.4). In the case of hybridization experiments in bulk, the probeslack the C6 amino linker and are instead labeled with the fluorescent dye cyanine 3(Cy-3) or cyanine 5 (Cy-5) at the 3’ end. The optical properties of these dyes arediscussed in section 3.1.2. The target molecules are modified with the fluorescent dyesCy-3 or Cy-5 either externally at the 5’ end (for surface based measurements as well asexperiments in bulk; see sections 3.1.5 and 3.1.6, respectively) or internally within theDNA sequence (for fluorescence correlation spectroscopy, see section 3.1.7). In order tostudy the influence of methylation on the DNA hybridization (chapter 5) methylcytosine(CCH3) or hydroxymethylcytosine (COCH3) can also be included into the DNA sequence.In order to additionally stabilize the oligonucleotide, DNA bases can be replaced bylocked nucleic acids (LNA, Exiqon, Denmark). Exiqon does not provide cyanine modifi-cations and uses its own fluorescent dyes called “563” and “667” (see appendix sectionA.8 for a comparison between the dyes provided by Exiqon and the cyanine dyes interms of stabilizing double-stranded DNA). Appendix Table A.1 gives an overview of allthe oligonucleotides used in this work for the study of the DNA hybridization. Someof these molecules were already investigated in [30]. For all hybridization experiments,the standard reaction buffer is 3xSSC (0.57 M monovalent ions), if not stated otherwise.
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The buffer is prepared with deionized water and pH is adjusted to 7.5. After delivery,lyophilized DNA single strands are solved in deionized water at a concentration of100 µM, aliquoted by 5 µl, and stored at −22 ◦C. In order to prepare a 250 nM targetstock solution, one aliquot is thawed and appropriately diluted in 3xSSC buffer. Thestock can be stored for a time period of at least four weeks at 4 ◦C.
3.1.2. Properties of the fluorescent dyes Cy-3 and Cy-5

The DNA molecules are modified with the often employed fluorescent dyes cyanine 3(Cy-3) and cyanine 5 (Cy-5). Fig. 3.1 shows the excitation and emission spectra of thedyes. Cy-3 has an absorption maximum at 550 nm and an emission peak at 570 nm.Cy-5 has an absorption peak at 649 nm and an emission maximum at 670 nm. As shownin earlier measurements, the fluorescence efficiency of both dyes is a linear functionof temperature [5]. Thus, in experiments with varying temperature, it is necessary toeliminate the contribution of the temperature dependent efficiency of the dye (see section3.1.5). Because of the overlap between the emission spectra of Cy-3 and the excitationspectra of Cy-5 (striped area in Fig. 3.1), both dyes can be used in measurementsbased on Förster resonance energy transfer (FRET, see section 3.1.6 and 3.1.7) asdonor and acceptor. FRET relies on the radiationless energy transfer from an excitedCy-3 molecule to a Cy-5 molecule in close proximity of both fluorescent dyes, whichcan be detected by the fluorescence emission of Cy-5. Here, the FRET efficiency E isa function of the distance r between donor and acceptor following
E(r) = 11 + ( r

R0
)6 (3.1)

where R0 is the Förster radius. For details about the principles of fluorescence spec-troscopy based on FRET see [31] and [32].
3.1.3. Dendrimer coating of glass surfaces

The procedure of coating glass surfaces with phosphorous dendrimers is adapted from[33] with remote differences [5, 30]. Standard microscopy cover slips with a diameterof 20 mm and a thickness of 0.17 mm are used as substrates for probe DNA immobi-lization, because they are more robust than rectangular ones and can also be mounted
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Figure 3.1.: Absorption (dashed line) and emission spectra (solid line) of the fluorescentdyes cyanine 3 (Cy-3, green) and cyanine 5 (Cy-5, red). Due to the overlap betweenthe emission spectra of Cy-3 and the excitation spectra of Cy-5 (striped area), both dyesconstitute a donor-acceptor pair and can be used in measurements based on Försterresonance energy transfer (FRET).
into the measurement chamber (Fig. 3.4) very easily. The coverslips are cleaned for30 minutes in a ultrasonic bath consisting of a detergent solution (5% Deconex), rinsedwith deionized water and dried under a stream of nitrogen. In order to remove organicdecontaminants and also activate the surface for the subsequent silanization step, cov-erslips are treated for 30 minutes in a plasma cleaner (air plasma). After that, theslides are silanized with a 10% (v/v) solution of 3-aminopropyltriethoxysilane (APTES,
Sigma-Aldrich, Switzerland) in a 95:5 (v/v) ethanol/water solution. Silanization is per-formed at room temperature for 12-15 hours under gentle agitation. After that, theslides are rinsed twice with analytical grade ethanol and once with deionized waterand then dried under a stream of nitrogen. Subsequently, the slides are baked at120 ◦C for 3 hours. Before the coupling of dendrimers, the substrates are activated inan aqueous solution of a 8% (w/v) potassium hydroxide for 5 minutes, followed by rinsingthe slides three times with deionized water and drying them under a stream of nitro-
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gen. Aldehyde-functionalized phosphorus dendrimers (cyclotriphosphazene-PMMH-96or 24) are dissolved in dichloroethane (0.1% (w/v)). Dendrimers are allowed to coupleto the aminosilan for 7 hours under gentle agitation. The dendrimer functionalized sur-faces are rinsed with dichloroethane and ethanol (twice in each case) and dried under astream of nitrogen. The substrates can be stored at 4 ◦C up to six months under argonatmosphere.
3.1.4. DNA grafting to dendrimer coated surfaces

The procedure of probe immobilization is adapted from [33] with some differences [30].The probe DNA molecules containing the C6 amino linker are concentrated at 2 µMin a volume of 20 µl of a sodium phosphate buffer (300 mM, pH 9.0). The preparedprobe solution is pipetted onto the center of a dendrimer coated glass surface by usinga positioning device. The probe molecules are allowed to couple to the dendrimers for1 hour. In order to avoid the evaporation of the probe solution spot, the immobilizationis performed inside a petri dish under an atmosphere of increased air humidity. Fig.3.2 shows a picture of a dendrimer coated glass surface during immobilization of theprobe molecules. After the immobilization, the aldehyde moieties of the dendrimers arereduced to hydroxyl groups. The reduction is performed in an aqueous solution of 0.35%(w/v) sodium borohydride with the addition of 25% (v/v) ethanol for 15 minutes undergentle agitation. After rinsing the slides with deionized water and drying them undera stream of nitrogen, they are ready to use.
3.1.5. TIRF setup for DNA hybridization measurements on

surfaces

Total internal reflection fluorescence (TIRF) relies on the evanescent field penetratinginto a medium of lower refractive index at the point of total reflection. Here, the intensity
Iev of the evanescent wave decreases in an exponential fashion, following

Iev (z) = A · e−z/dp (3.2)
where z is the coordinate of the penetration direction and dp is the penetration depththat typically equals about 100 nm. The appendix section A.2 shows the completederivation of the evanescent field. The optical setup is shown in Fig. 3.3. A glass
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Figure 3.2.: Picture of a dendrimer surface during the 60 minutes immobilization of theprobe molecules. The droplet in the center of the surface is the immobilization solutionconsisting of the probe molecules concentrated at 2 µM. The picture is adapted from[30].
surface with grafted DNA probes (see section 3.1.4) is fixed on a hybridization chamber(Fig. 3.4), which is mounted on the xy-stage of an inverted microscope (Axiovert 135,
Zeiss, Germany). The excitation beam reaches the cover glass through a dove prism viaa layer of immersion oil. To enable simultaneous detection of both fluorescent speciesduring competitive experiments, two lasers of different wavelengths (frequency doublingNd:YAG laser at 532 nm and helium neon laser at 633 nm) excite the fluorescent dyesCy-3 and Cy-5, respectively. Before entering the prism, laser beams are expanded andfocused into the hybridization chamber. In order to minimize photo bleaching of the dyesduring a hybridization experiment, low excitation power is applied. The fluorescenceemission is collected by the microscope objective (10x, NA = 0.25, Olympus, Germany).A beam splitter directs the emission light into two detection systems each consistingof an emission filter (Cy-3 channel: HQ585/40, Cy-5 channel: HQ680/30, AHF Ana-
lysentechnik, Germany) and a photomultiplier (H9305-04, Hamamatsu, Japan). Lock-inamplified signals (7265 Signal Recovery, Ametec, USA) are recorded by a PC equippedwith a measurement interface. A Pt-100 thermocouple senses the temperature of thehybridization solution and a PID closed loop circuit controls the output to the heatingresistors. To avoid a temperature drop towards the observation window, an electricalheating current is applied through the indium tin oxide (ITO) coating of the observation
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Figure 3.3.: TIRF setup for DNA hybridization measurements on probe grafted surfaces.
(A), optical pathway of the laser beams with wavelengths λA = 532 nm and λB =633 nm. All details are provided in the text. (B), schematic for illustrating the TIRFmethod during a competitive hybridization experiment between target A and B. Thetargets are differently labeled with the fluorescent dyes Cy-3 (green) and Cy-5 (red).The evanescent field of the two laser beams with wavelengths λA and λB penetratesinto the measurement chamber at the point of total reflection by typically 100 nm. Onlyhybridized target molecules are excited.
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Figure 3.4.: Schematic drawing (A) and picture (B) of the hybridization chamber. Alldetails are provided in the text. The picture in (B) is adapted from [30].
window. The chamber is made of polydimethylsiloxane (PDMS) and is of circular crosssection (viewed from the top) with a diameter of 4 mm and a height of 2.5 mm. Detailsabout the TIRF setup can also be found in [30].
Approach for measuring DNA hybridization kinetics

Before the beginning of an experiment, the target solution is prepared in a standardreaction tube (Eppendorf, Germany) by appropriately diluting the 250 nM stock with3xSSC. A volume of 0.5 ml is adequate to fill the hybridization chamber via openingsin the side walls by using a syringe. In the beginning of the experiment, the chambercontains 3xSSC buffer incubated at the desired temperature. The visibility field of thephotomultiplier is identical to the visibility field of the microscope ocular and is focusedon the center of the hybridization chamber. After switching on the Nd:YAG laser, theevanescent field is scattered by tiny particles in the immersion oil. This scatteredlight is used to focus the laser beam on the center of the chamber. After starting themeasurement software and recording the first data point (offset signal), the buffer isreplaced by the prepared target solution. The fluorescence signal is proportional tothe amount of hybridized target molecules and therefore defined as the hybridization
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signal D. It is recorded as a function of time until it remains constant and thermodynamicequilibrium is reached. For quantitative analysis of the DNA hybridization experiments,
D is calibrated into units equivalent to the duplex concentration in the hybridizationchamber (appendix section A.3). Due to a possible, unwanted energy transfer from Cy-3to Cy-5 (see section 3.1.2) during competitive hybridization experiments, this calibrationis only performed for the Cy-5 channel of the experiment, while the hybridization signalof the Cy-3 channel is not quantitatively analyzed. A cover slip with grafted probeDNA can be used for multiple times. Removal of hybridized targets before the start ofa new experiment is performed by filling the chamber with a 10 mM sodium hydroxidesolution for 5 seconds at 44 ◦C (see appendix section A.4).
Approach for measuring denaturation curves

The recorded hybridization signal D consists of two contributions, the amount of hy-bridized DNA and the temperature dependent efficiency of the dye. Thus, in experimentswhere D is measured as a function of temperature (denaturation curves), it is necessaryto separate the two contributions. Therefore, temperature ramps with the fluorescentlylabeled variant of the probe molecule immobilized to the surface have been performed inearlier measurements. In this case the number of dyes excited by the evanescent fielddoes not change with temperature and the observed linear dependence of the fluores-cent signal on temperature is a property of the dye alone. This contribution determinesthe linear baseline BL of a denaturation experiment. It is removed following Eq. (3.3)to give the fraction of occupied binding sites Θ:
Θ = 1− D

BL (3.3)
An example for removing the temperature baseline in a denaturation experiment is givenin the appendix section A.7.
3.1.6. FRET setup for DNA hybridization measurements in bulk

In order to assess the hybridization of single-stranded DNA molecules in bulk, anexperimental setup based on FRET (see section 3.1.2) is used. In this case the probemolecules are not immobilized to a surface but also present in solution. The principleof the bulk measurement is shown in Fig. 3.5. In the case of a competitive hybridization
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Figure 3.5.: FRET method for competitive DNA hybridization measurements in bulk.
(A), schematic of the measurement principle of the plate reader. The Cy-3 moleculesin the assay are excited by a xenon flash light with a wavelength of 544 nm and theFRET based emission of either the quenched donor at 580 nm or the acceptor moleculeCy-5 at 670 nm is recorded. (B), target A is tagged with the fluorescent dye Cy-5 atthe 5’ end of the strand while the probe is tagged with Cy-3 at the 3’ end. Target Bremains unmodified. (C), after the hybridization of target A to the probe molecule, thereis a radiationless energy transfer between Cy-3 and Cy-5. A spacer consisting of 3thymine bases is used to avoid contact quenching. (D), hybridization of the untaggedtarget B to the probe does not lead to any energy transfer. In order to measure thehybridization of target B in presence of target A, target B is Cy-5 tagged and target Aremains unmodified (not shown).

between target A and B, one of the two competing species is tagged with the acceptorCy-5 at the 5’ end of the strand, while the complementary probe species is labeledwith the respective donor Cy-3 at the 3’ end. A second, competing target molecule Bremains unmodified. After duplex formation of the tagged molecules, the Cy-3 emissionis quenched due to the proximity to Cy-5 and the resulting energy transfer followingEq. (3.1). The probe molecules used for the bulk measurements are lacking the C6
35



Materials and Methods

amino linker at the 5’ end. In order to avoid contact quenching, the distance betweenthe fluorescent dyes Cy-3 and Cy-5 in a DNA duplex is increased by introducing aspacer of three T bases into the probe molecule.
Approach for measuring DNA hybridization kinetics

The three DNA species (target A, target B, and probe) are premixed in a standardreaction tube, which is pre-incubated at the desired temperature. After mixing, 200 µlof the solution is transferred into a non-absorptive 96 well microplate (Nunc, Germany).The fluorescent signal is immediately measured by using a plate-reader (Polar Star
Optima, BMG Labtech, Germany), which is also incubated at the desired temperature.544 nm is used as the excitation wavelength of Cy-3 and either the emission of Cy-3at 580 nm (donor channel) or of Cy-5 at 670 nm (acceptor channel) is measured.
3.1.7. FCS setup for measuring base pair fluctuation dynamics

Fluorescence correlation spectroscopy (FCS) is a single molecule technique that canaddress fluctuation dynamics in double-stranded DNA [34]. Fig. 3.6 shows the experi-mental setup. The probe and target molecules are tagged with the fluorescent dye Cy-3and Cy-5 and thus constitute a FRET pair (see section 3.1.2). The fluorescent dyes areused as internal modifications within the DNA strand. Due to FRET, the equilibriumbase pair fluctuations in the duplex translate into fluctuations in fluorescence intensityat a given wavelength and the correlation function reveals the characteristic relax-ation dynamics of the investigated duplex. The excitation light of a frequency doublingNd:YAG laser (532 nm) is first expanded by a telescope and then coupled into an in-verted microscope (Axiovert 135, Zeiss, Germany) via the rear site port. The light beamis focused into the sample through the objective lens (C-Apochromat 40X, NA = 1.2,water immersion, Zeiss, Germany) and the emitted light is collected through the sameobjective. The excitation light is reflected by a dichroic mirror while the emitted lightpasses through a Cy-3 filter before it is filtered by a 50 µm diameter pinhole. The emit-ted light is detected by a photon counter (H8259-01, Hamamatsu, Japan) whose signalis fed into a hardware correlator (Flex 99r480, Correlator.com). The autocorrelationfunction as well as the photon flux is recorded as a function of time and displayed ona PC. Low excitation power is used in order to avoid photo bleaching as well as tripletformation of the fluorescent dyes. The contribution of the afterpulsing of the photon
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Figure 3.6.: FCS setup for the measurement of base pair fluctuation dynamics indouble-stranded DNA. (A), optical pathway. The expanded light from a frequency dou-bling Nd:YAG laser (532 nm) is focused into a measurement chamber with the objectivelens. The chamber contains the interacting DNA molecules at specified concentrationsand at controlled temperature. The emitted light of the fluorescent dye Cy-3 passesthrough a dichroic mirror as well as a Cy-3 filter, before it is filtered through a 50 µmdiameter pinhole. The fluorescence fluctuations are read by a photon counter whosesignal is fed into a correlator. The signal is transferred to a PC. (B), schematic of la-beling the DNA molecules for a FCS measurement. The probe is internally tagged withCy-3 while the target is modified with Cy-5. Due to FRET, the base pair fluctuationsof the duplex translate into fluorescence fluctuations. For measuring the fluctuationdynamics of a hybridized target A in the presence of a competing target B, target Bremains unmodified.
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counter is at least one order of magnitude faster (approximately 3 µs) than the specificsignal of the base pair fluctuations. Thus, afterpulsing does not need to be taken intoaccount. The measurement chamber consists of polydimethylsiloxane (PDMS) and iscovered by two glass slides at the top and the bottom. It has the same geometry asthe hybridization chamber explained in section 3.1.5. The temperature of the chamberis read by a Pt-100 thermocouple and stabilized by a controller regulating the outputto a heating foil.
Approach for measuring base pair fluctuation dynamics

Before the start of the measurement, the DNA molecules are premixed at specifiedconcentrations in a standard reaction tube. A 2-fold excess concentration of targets(20 nM) over probes (10 nM) is used to ensure that every probe molecule is hybridized toa target. The tubes are incubated in boiled water, which is allowed to cool down to roomtemperature over a time period of 12 hours. This guarantees hybridization of targetsand probes. In order to start the experiment, the DNA solution is transferred into themeasurement chamber via openings in the side walls by using a syringe. The measuredcorrelation function Gmeas(t) consists of two contributions, the correlation Gdiff (t) due tothe diffusion of the DNA molecules through the focused laser beam in the measurementchamber, and the wanted correlation G(t) of the base pair fluctuation dynamics. In orderto eliminate the contribution of the diffusion, the measured correlation function Gmeas(t)is divided by Gdiff measured on double-stranded molecules lacking the quencher Cy-5:
G(t) = Gmeas(t)

Gdiff (t) (3.4)
All correlation functions presented in this work are mean values of at least four in-dividual experiments measured on four identical DNA solutions. An detailed examplefor measuring the correlation function of the base pair fluctuation dynamics in double-stranded DNA including the elimination of the contribution of the diffusion is given inthe appendix section A.9.
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3.2. In vitro gene expression

3.2.1. DNA plasmids

Plasmid DNA is the template for most of the in vitro expression experiments performedin this work. A plasmid or vector is a closed, circular, double-stranded DNA moleculethat is, however, not part of the bacterial chromosome. It contains the relevant genefor the protein to express, a promoter region to regulate the gene expression, and anorigin of replication. If the origin of replication is compatible to the bacterial strain, theplasmid can be replicated independently of the chromosomal DNA. It further contains anantibiotics resistance gene that provides a selection advantage for the host bacterium.Fig. 3.7 shows the general structure of a DNA plasmid including the most importantregions.All plasmids used in the context of this work stem from the vector pBEST-Luc (Promega,USA). pBEST-Luc contains a ColE1 origin of replication that produces a few hundredplasmid copies per E. coli cell. In order to avoid toxicity due to an over-expression ofthe recombinant protein during plasmid amplification, the ColE1 origin can be replacedby a p15A origin with about 10-15 copies per E. coli cell. A more general solution forthis problem is reported in [35]. Using the strong lambda phage promoter Pr flanked bythe operons OR1 and OR2 enables the temperature sensitive lambda repressor Cl857to stabilize the plasmid during cell growth and thus avoid toxicity. The principle of theplasmid design involves cloning of the relevant genes and regulatory parts into pBEST-Luc plasmids according to procedures of molecular biology (see section 3.2.2). All cellfree experiments are based on the expression with the E. coli housekeeping transcriptionfactor σ 70. Thus, the relevant regulatory parts are cloned to overlap with the -35 and-10 recognition sequences of σ 70. The untranslated region UTR1, containing the T7g10 leader sequence, enables highly efficient translation initiation and is thereforeincluded behind the promoter region [35]. This is followed by inclusion of the genecoding for the molecular players Lrp, PapI, or the methylation binding domain of MeCP2(see chapter 2.4) or the reporters enhanced green fluorescent protein (eGFP) truncatedand modified in N-terminal [35], or mCherry. The efficiency of gene expression isincreased by introducing the strong transcription terminator T500. All plasmids containa resistance gene for the antibiotic ampicillin. Appendix Table B.1 gives an overviewof all the plasmids used in the context of this work. In the following, the procedure ofplasmid design and amplification is explained in detail.
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Figure 3.7.: Schematic illustration of a circular DNA vector including the promoter, therespective gene which is to express, the origin of replication (ORI), and a gene for theantibiotics resistance.
3.2.2. Methods of molecular cloning

PCR

In order to clone genes into DNA vectors, they have to be amplified from template DNA,as for instance chromosomes or other plasmids. Therefore, polymerase chain reactions(PCR) are performed with a standard thermo cycler (PCR sprint, Thermo Life Science,USA) and the Taq PCR Kit (New England Biolabs, USA). The principle of PCR isschematically illustrated in Fig. 3.8. During the denaturation step of the PCR, thedouble-stranded DNA template is denatured at a temperature of 95 ◦C for 30 seconds.An initial denaturation of five minutes ensures complete melting of all duplexes. Afterthat, temperature is decreased to 56 ◦C in order to enable hybridization of so calledprimers. Primers are single-stranded DNA oligonucleotides of about 20 bases in lengththat are complementary to the 3’ ends of each of the sense and anti-sense strand of thegene that is to amplify. Thus, a standard PCR is performed with two primer species,the sense primer and the anti-sense primer, which both have to be designed before. Allprimers used in this work are obtained commercially (Metabion, Germany). After primerannealing, temperature is again increased to 72 ◦C in order to initiate the elongationstep of the PCR. Here, the enzyme DNA polymerase uses base pair complementarity ofthe template strand to synthesize a new single strand. This is done by incorporating so
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Figure 3.8.: Schematic illustration of the polymerase chain reaction (PCR). After de-naturation of the template DNA, single-stranded primers are allowed to hybridize tothe 3’ end of the top and bottom strand of the template. The enzyme DNA polymerasethen uses base pair complementarity in order to string together dNTPs, thus producinga DNA replicate perfectly complementary to the template. The replicate does also actas a template for the subsequent amplification cycles. The figure is adapted from [36].
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called dNTPs (ATP, CTP, GTP, TTP) complementary to the template in 5’ - 3’ direction.The 5’ phosphate group of the dNTP is condensed with the 3’ hydroxyl group at the endof the nascent DNA strand. The duration of the elongation step depends on both, thesize of the gene that is to amplify and the polymerization speed of the enzyme. The Taq-polymerase (New England Biolabs, USA), used in the context of this work, synthesizesabout 1000 bases per minute. Denaturation, primer annealing and elongation constitute1 cycle of the PCR. In order to reveal a high DNA yield, a typical PCR consists of about20 cycles. In order to clone the amplified gene into the plasmid later on, the primers alsocontain the recognition sites for so called restriction endonucleases. The PCR productsare purified after PCR amplification with a purification kit (PureLink, Fisher Scientific,USA). This is to remove the primers, dNTPs, and reaction buffers used during the PCR.After the purification, the PCR product is solved in deionized water for downstreamprocessing.
Gel electrophoresis

Gel electrophoresis is used for DNA fragment analysis and separation. A mixture ofnegatively charged DNA fragments of different sizes migrates through the matrix ofa 0.8% agarose gel by applying an electric field. Shorter DNA fragments migratefaster than larger ones, so that the molecules can be separated by their size (see Fig.3.9). The agarose is boiled in a microwave oven and then casted into a gel cassette thatcontains a template comb to form wells. Agarose is allowed to gelify for one hour at roomtemperature. It is then loaded into an electrophoresis bath filled with 1xTBE buffer. TheDNA samples are mixed with a gel loading dye (GLB) in a standard reaction tube andthen pipetted into the wells. Electrophoresis is started by applying a voltage of 140 Vto the bath for 30 minutes. After migration, DNA molecules are stained with ethidiumbromide in order to make them visible under ultraviolet light. The fluorescent bands ofthe DNA sample can be compared with molecular weight markers (Marker VII, MarkerXVII, Roche, Switzerland; 2-log ladder, New England Biolabs, USA) containing DNAfragments of defined sizes and quantities. Extraction of separated DNA fragments isperformed by cutting out the respective DNA bands under ultraviolet light with a scalpeland subsequent purification with the PureLink gel extraction kit (Fisher Scientific, USA).After gel extraction, the DNA fragments can be used in the downstream cloning process.
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(A) (B)

Figure 3.9.: Gel electrophoresis. (A), picture of the electrophoresis chamber with theloaded gel cassette. The DNA solution is pipetted into wells at the top end of the gelloading cassette. Applying an electric field to the chamber causes migration of the DNAfragments through the gel and separation of the molecules as a function of their size.
(B), read out of the gel. The DNA fragments are stained with ethidium bromide thatmakes the DNA visible under UV light.

Restriction digest of DNA

Restriction of double-stranded DNA is an enzymatic reaction that cleaves the DNAmolecule at a specific site. Fig. 3.10 schematically illustrates the reaction using theexample of a double digestion by the restriction endonucleases NheI and XhoI. Theendonuclease specifically binds to its recognition sequence (restriction site) and thusonly cleaves the DNA at that specific site. Restriction ensures that all DNA fragments,which contain the recognition sequence, have the sequence located at exactly the samesite. There are various enzymes available and all of them are purchased commercially(New England Biolabs, USA). Circular DNA plasmids have to be linearized by restric-tion digest before analyzing the size of the plasmid. This is because plasmids do notmigrate linearly during gel electrophoresis due to super coil formation and thus cannotbe compared with quantification markers on the gel. Some of the enzymes are blockedor activated by Dam or CpG methylation, which enables evaluation of the methylationstate of the DNA by gel electrophoresis. In order to include a PCR amplified gene
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Figure 3.10.: Schematic illustration of a double restriction digest using the example ofthe endonucleases NheI and XhoI. The enzymes cleave the DNA at specific sites (grayboxes) and the resulting DNA fragments can be separated by gel electrophoresis.
into a plasmid, both, PCR product and plasmid are digested with the same restrictionenzymes and the emerging DNA fragments are separated by gel electrophoresis. Thisproduces perfectly matching DNA ends and enables subsequent ligation of the DNAfragments. Restriction of DNA with two different enzymes at the same time is called
double digestion. New England Biolabs provides a double digest finder for their en-zymes to determine the compatibility and adequate buffer conditions for the reaction.A typical digestion is performed in a standard reaction tube in a water bath incubatedat 37 ◦C for 1-3 hours. Some special restriction enzymes require different temperaturesand the addition of the bovine serum albumin (BSA). One distinguishes between en-zymes that produce so called blunt ends and such enzymes that produce sticky ends. Ina blunt-ended molecule, both single strands of the DNA duplex terminate in one basepair. A sticky-ended molecule possesses a single-stranded overhang of unpaired bases
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in the end of the duplex. Restriction enzymes that produce sticky ends are preferredfor the downstream cloning process, since they decrease the error rate during ligation.
Ligation

Ligation is an enzymatic reaction that facilitates the joining of two DNA fragments.Here, the enzyme T4 DNA Ligase (New England Biolabs, USA) links the 5’ end of onesingle strand to the 3’ end of the second single strand by formation of a phosphodiesterbond. Fig. 3.11 schematically illustrates the ligation of double-stranded DNA. The T4ligase is most active at 25 ◦C. However, for a ligation reaction with sticky ends, theactivity temperature of the enzyme has to be balanced with the melting temperatureof the DNA fragments to be ligated. Thus, a typical ligation reaction is performed ina standard reaction tube in a water bath incubated at 16 ◦C for 12 hours. Ligation isused to incorporate genes or regulatory parts into an existing DNA plasmid that hasbeen opened by restriction digest before. Typical DNA concentrations for a standardligation reaction are 0.3− 0.5 nM for the plasmid fragment and 3− 5 nM for the geneor the regulatory fragment to be included. Only successfully ligated, circular plasmidscan be transformed into E. coli cells for the purpose of amplification, since exposed 3’ends are degraded by the primitive immune system of the bacterium.
Bacterial amplification of plasmid DNA

The designed plasmids with the included genes and regulatory parts are transformedinto E. coli chemically competent cells for the purpose of amplification. Fig. 3.12schematically illustrates the bacterial amplification of plasmid DNA. The typical bac-terial strains used in the context of this work are JM109 (Promega, USA) for standardamplification, KL740 (Coli Genetic Stock Center, USA) expressing the lambda repres-sor Cl857 for plasmids containing the promoter OR2-OR1-Pr, and Dam-/Dcm- (New
England Biolabs, USA) for growing DNA plasmids free of Dam methylation. The E.coli cells are mixed with the plasmid DNA in a standard reaction tube and incubatedon ice for 10 minutes. Heat-shocking the cells for 20 seconds in a water bath incubatedat 37 ◦C opens pores in the cell membrane and thus enables inclusion of the plasmidinto the bacterium. After transformation, cells are allowed to heal in lysogeny broth(LB) medium for 40 minutes under agitation. E. coli cells are then cultured on a LBagar plate containing the antibiotic ampicillin. The standard incubation temperature
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Figure 3.11.: Schematic illustration of a sticky end DNA ligation. After hybridizationof the DNA fragments, the ligase enzyme links the 5’ end of one single strand to the 3’end of the second single strand by formation of a phosphodiester bond.
is 37 ◦C for JM109 and Dam-/Dcm- competent cells and 29 ◦C for KL740, since thelambda repressor Cl857 expressed by the KL740 strain is temperature sensitive [35].After cell growth, the E. coli colonies are transferred from the plate into mini culturetubes containing 5 mL of LB medium with ampicillin. Bacterias are allowed to grow for8 hours at 37 ◦C (JM109, Dam-/Dcm-) and for 10 hours at 29 ◦C (KL740), respectively.Afterwards, the E. coli cell culture is transferred into a standard reaction tube and cellsare harvested by centrifugation. The cell pellets are resuspended in a resuspension so-lution belonging to the GeneElute Mini Prep Kit (Sigma-Aldrich, Switzerland), whichis used for extracting the plasmids. Bacterial cells are dissolved with a lysis buffer andthe plasmid DNA is adsorbed onto a silica column in the presence of high salts. Allcontaminants including genomic DNA or RNA are removed by two spin wash steps.
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Figure 3.12.: Bacterial amplification of plasmid DNA. The ligated plasmid is trans-formed into chemically competent E. coli cells via heat shock. After healing, the cellsare spread on an agar plate which is incubated for one night. After that, bacterial cellsare further amplified by growing them in a nutrition medium (mini culture). PlasmidDNA is extracted from the E. coli cells by performing a mini prep.
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Finally, the DNA is eluted in deionized water and recovered in a standard reactiontube that can be stored at 4 ◦C. Picogreen (Invitrogen, USA) or QuantiFluor (Promega,USA) is used for the determination of the DNA concentration on a plate reader (PolarStar Optima, BMG Labtech, Germany). The DNA concentration can be increased byevaporation of the solvent using a heated vacuum centrifuge (Conentrator 5301, Eppen-
dorf, Germany). The sequence of all designed DNA plasmids are analyzed by Sangersequencing performed by an external vendor (Microsynth, Switzerland). Sequencedclones are used as templates for further bacterial amplification of plasmid DNA.
In vitro methylation

In order to study the epigenetic regulation of protein expression with the cell freeextract, the template DNA has to be methylated after amplification. Using the E. colistrains JM109 or KL740 for amplifying plasmids should produce Dam methylated DNAin the first place. However, it was observed in the context of this work that the globalE. coli regulator protein Lrp binds to DNA even during plasmid amplification and thusprevents some Dam sites from being methylated. Additionally, E. coli is incapable ofproducing CpG methylation in vivo. Thus, methylation of the DNA is done in vitrousing recombined methyltransferases Dam for GATC methylation as well as M.SssI orHhaI for CpG methylation (New England Biolabs, USA). The DNA to be methylatedis incubated with the methyltransferases at 37 ◦C for three hours in a water bath andsubsequent PCR purification gets rid of all contaminants. Complete methylation ofall recognition sites of the methyltransferase is analyzed by restriction digest withmethylation dependent restriction endonucleases DpnI (requires Dam methylation of aGATC site), MboI (blocked by Dam methylation of a GATC site), and HhaI (blocked byCpG methylation of a GCGC site) and subsequent gel electrophoresis. Analyzing themethylation state of template DNA is shown in the appendix section B.2.
3.2.3. Preparation of the crude extract

The protocol for cell free extract preparation is completely adapted from [35]. It is amodification of the protocol presented in [37]. The detailed protocol can be found in theappendix section B.5. All the equipment (glassware, reaction tubes, etc.) that comes incontact with organic material is washed thoroughly and sterilized. All buffer solutionsare autoclaved at 120 ◦C for 15 minutes. The crude extract is prepared with an E. coli
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3.2 In vitro gene expression

BL21 strain (Rosetta2, Novagen, Germany) carrying a plasmid with an antibiotics re-sistance gene for chloramphenicol. The bacterias are grown under agitation at 37 ◦C insix 2 l Erlenmeyer flasks filled with 500 ml 2xYT medium (Sigma-Aldrich, Switzerland)containing 34 mg/ml of chloramphenicol. All the following steps are performed on iceor at 4 ◦C unless stated otherwise. Cell growth is stopped at OD600 = 1.5 (measuredwith the photospectrometer Carry, Varian, USA) after usually 3 hours and cells areharvested by centrifugation at 4425 x g for 12 minutes. The cells are washed twice andresuspended with S30 buffer A, consisting of 50 mM Tris, 60 mM potassium glutamate,14 mM magnesium glutamate, and 2 mM DTT at a pH value of 7.7. After washing,the cell membranes are broken with a bead beater (mini-bead-beater, Biospecs, USA)using 0.1 mm glass beads. Usually, 4.5 g of E. coli cells are mixed with 4.05 ml ofS30 buffer A and 23 g of dry beads in a 50 ml falcon. The mixture is homogenized bythoroughly vortexing the viscous solution and then transferred into 1.5 ml screw captubes. Bead beating is performed twice at 4600 rpm for 30 seconds. The beads areremoved from the extract by centrifuging the mixture through chromatography columns(Micro Bio-Spin, Biospecs, USA) at 6805 x g for ten minutes. The extract is then cen-trifuged at 12000 x g for 20 minutes followed by incubation of the clear supernatant at37 ◦C for 80 minutes. After that, the extract is centrifuged again at 12000 x g for 10minutes and then dialyzed for 3 hours against S30 buffer B (50 mM Tris, 60 mM potas-sium glutamate, 14 mM magnesium glutamate, 1 mM DTT, pH value 8.2) using 10 kDMWCO dialysis cassettes (Slide-A-Lyzer, Thermo Life Science, USA) under permanentagitation. The recovered extract is aliquoted by a volume of 30 µl in standard reactiontubes and shock frozen in liquid nitrogen. The protein concentration of the extract isdetermined by preparing a Bradford assay that is analyzed with the photospectrometer.The typical protein concentration of the extract is 27 − 30 mg/ml. The extract can bestored at −80 ◦C over a time period of at least one year.
3.2.4. Batch mode cell free reaction

The cell free extract used in the context of this work is entirely endogenous. Transcrip-tion and translation is preformed by the molecular machinery present in the extractand there is no need to add additional enzymes. As mentioned above, all cell freeexperiments are based on the expression with the E. coli housekeeping transcriptionfactor σ 70 and E. coli core mRNA polymerase present in the extract with a concen-tration of 35 nM and 100 nM, respectively [35]. The principle of a batch mode cellfree reaction is to clone the relevant regulatory parts overlapping the -35 and -10
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recognition sequence of σ 70 in such a way that they regulate the expression of a re-porter gene (eGFP or mCherry) in a reaction tube (batch mode expression, see Fig.3.13). The epigenetic regulators Lrp, PapI, and the methylation binding domain ofhMeCP2 (amino acid 78-162), studied in the context of the work, are expressed in thesame reaction tube and can interact with the regulatory promoters as a function ofthe methylation state of the DNA. MBD is also obtained commercially (Biomol, Ger-many) in its recombined form. Measuring the fluorescence intensity of the reporter asa function of the reporter plasmid concentration or the regulator plasmid concentrationgives information about the methylation dependent interaction between proteins andDNA. A typical cell free reaction consists of 33% (v/v) extract and 66% (v/v) reactionbuffer including the DNA templates. The reaction buffer is composed of 50 mM HEPEs(pH value 8), 1.5 mM ATP and GTP, 0.9 mM CTP and UTP, 0.2 mg/ml tRNA E. coli,0.26 mM coenzyme A, 0.33 mM NAD, 0.75 mM cAMP, 0.068 mM folinic acid, 1 mMspermidine, 30 mM 3-posphoglyceric acid (PGA), 1 mM DTT, and 2% (v/v) PEG8000(all Sigma-Aldrich, Switzerland) [35]. Addition of amino acids (0.5 − 1.5 mM of eachof the 20 amino acids), magnesium glutamate (0 − 10 mM), and potassium glutamate(0−120 mM) are adjusted depending on the extract quality and plasmid concentration.The system is prepared in such a way that the concentrations of these three compo-nents can be adjusted independently for any reaction. The recombined lambda phageprotein gamS has to be added to the reaction (3.3 µM) when using non-plasmid DNAtemplates such as PCR products. A typical batch mode reaction is prepared on iceby thoroughly mixing extract, buffer and template DNA at specified concentrations andthen split the solution into volumes of 6 µl. In this case, diffusion of oxygen into theextract is not a limiting factor [35]. The reaction tubes are then incubated at 29 ◦C forat least 12 hours. After expression has finished, 10 µl of the sample is transferred intoa 384 multi well plate and the fluorescence intensity of the recombined reporter pro-teins eGFP or mCherry is read out by using a plate reader (Polar Star Optima, BMG
Labtech, Germany). The fluorescence signal is calibrated into units equivalent to theconcentration of the recombined reporter proteins in the expression reaction. Fig. 3.14shows the absorption and emission spectra of the two reporter proteins. An excitationwavelength of 485 nm and 595 nm is used for eGFP and mCherry, while the fluores-cence emission is collected at 520 nm and 620 nm, respectively. Due to the overlapbetween the emission spectra of eGFP and the excitation spectra of mCherry (stripedarea in Fig. 3.1), both dyes constitute a donor-acceptor pair for FRET (compare sectionsection 3.1.6 for the example of Cy-3 and Cy-5) with a Förster radius of 51 Å [38].
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Lrp
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Figure 3.13.: Principle of a batch mode expression experiment. (A), schematic illustra-tion of the principle of a batch mode reaction. Extract and the reaction buffer are mixedtogether with the template DNA that holds the genetic information of all proteins whichare to express. After incubation of the extract, the result of the experiment is read out bymeasuring the fluorescence intensity of the reporter protein. (B), schematic illustrationof the processes on the molecular level. The regulatory proteins (in this work PapI, Lrp,and the MBD of MeCP2) bind to specific recognition sites on the DNA strand, whichoverlap the -35 -10 consensus sequence of the promoter. This consequently repressesthe expression of the reporter gene which is observable by an decreased fluorescenceintensity.
However, this energy transfer is not wanted during the simultaneous measurement ofboth fluorescence signals during competitive expression experiments. Thus, a possiblemodification of the data due to FRET artifacts needs to be taken into considerationfor quantitative data analysis of competitive expression experiments. For the directmeasurement of the expression kinetics, the plate reader is incubated at 29 ◦C. In thiscase, the reaction solution is immediately transferred into the multi well plate after the
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Figure 3.14.: Absorption (dashed line) and emission spectra (solid line) of the reporterproteins eGFP (green) and mCherry (red). Due to the overlap between the emissionspectra of eGFP and the excitation spectra of mCherry (striped area), both dyes con-stitute a donor-acceptor pair for FRET.
preparation and the fluorescence signal of the recombined reporter protein is recordedas a function of time. The expression level of a batch mode reaction is reproduciblefrom batch to batch within a 5% error bar [39].
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4. Ultrahigh DNA hybridization
specificity due to molecular
competition

Competitive DNA hybridization deals with the molecular competition between twosingle-stranded DNA species A and B with slight sequence variations (targets) forbinding to a complementary strand (probe) at a controlled temperature. In earlier mea-surements [30], a surprising effect was detected during such a molecular competition.In spite of both, comparable binding constants of species A and B and an excess con-centration of B over A by several orders of magnitude, species A was able to bindexclusively to the probe molecules in thermodynamic equilibrium, at particular exper-imental conditions. This result was in contrast to a usually employed thermodynamicdescription of molecular competition wherein the equilibrium state of the system is fullydescribed by the individual binding affinities of the competing species and their respec-tive concentrations (compare Eq. (2.28)). The following sections deal with the definition(4.1), verification (4.2), characterization (4.3) and explanation (4.4) of the mentioned highspecificity of competitive DNA hybridization. A conclusion of all experimental and nu-merical results is given in sections 4.4.1 and 4.5.
4.1. Occurrence and definition of the high specificity

4.1.1. Binding affinities

In order to describe the competitive DNA hybridization in thermodynamic equilibrium,it is necessary to determine the binding affinities K A and KB of the competing targetmolecules. Therefore, hybridization experiments without competition are performed foreach individual target species. Following an increase of the target concentration [T ]0,
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the hybridization signal D(t) is measured until it reaches its equilibrium value Deqand remains constant in time. This procedure is repeated until a final concentrationincrease does no longer lead to an increased signal, what means that all probe moleculesare occupied. Ultimately, the equilibrium values Deq are plotted against the targetconcentration [T ]0 and the fit of the extended Langmuir isotherm
[D]eq = 12

{[T ]0 + [P ]0 + K−1 −√([T ]0 + [P ]0 + K−1)2 − 4[T ]0[P ]0} (4.1)
(compare Eq. (2.16)) to the data reveals the binding constant K of the investigatedtarget molecule as well as the initial probe concentration [P ]0 that is the second fitparameter.Fig. 4.1 shows the raw data and the extended Langmuir isotherms for the targetmolecules PM, MM1, MM2, MM3, MM4, PM* and MM* (see appendix Table A.1).The respective binding constants K are combined in Table 4.1. Please note that PM*and MM* hybridize to a different probe strand than PM, MM1, MM2, MM3 and MM4,since the effect of highly specific hybridization needs to be verified for a different se-quence motif (see section 4.2.1). The results show that both, the position and thenumber of non-matching base pairs within short oligonucleotide strands, have signif-icant influence on the binding constant. Here, perfect matches of course possess thehighest affinity (PM), followed by mismatches towards the ends (MM2 and MM4) andin the middle of a strand (MM1 and MM3) [5]. The influence of the mismatch positionon the occurrence of the high specificity is investigated in detail in section 4.3.2. Thetarget species PM* and MM* posses a higher binding constant compared to the otherones, due to an increased GC content (compare for instance PM*: 53% and PM: 38%).Ultimately, the selection of target species presented in Table 4.1 enables investigationof the high specificity over a broad affinity spectrum.
4.1.2. Highly specific DNA hybridization

The effect of highly specific DNA hybridization appears upon competition betweena “High Affinity Target” (HAT) and a “Low Affinity Target” (LAT) for binding to onesingle probe species [30]. The following experimental approach is used: In the firstpart of the experiment, only the HAT, concentrated at 5 nM, is introduced into themeasurement chamber without any competing species (single hybridization). After that,the hybridization signal of the HAT is measured until it reaches its final value andremains constant in time. In the second part of the experiment, the HAT has to compete
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4.1 Occurrence and definition of the high specificity

[T]0 [nM]

(B)

0 50 100 150 200
0

2

4

6

0 10 20 30 40 50
0

2

4 MM2

MM1

0 200 400 600 800 1000
0

2

4

6

0 50 100 150 200
0

2

4

0 10 20 30 40 50
0
2
4
6
8

PM

0 20 40 60 80 100
0
1
2
3
4
5

0 20 40 60 80 100
0

1

2

3

PM*

MM*

MM4

MM3

E
q

u
ili

b
ri

u
m

D
u

p
le

x 
C

o
n

ce
n

tr
a

tio
n 

[D
] e

q
[n

M
]

(A)

t [h]

0 2 4 6 8
0
2
4
6
8

0 1 2 3
0
2
4
6
8

0 1 2 3 4 5
0

2

4

2
5 10

50
100

200
500

1000

2 5
10

20
50

100

200

MM3

MM4

5020
10

6

2

5

200
100

50
20

10
5

2

MM2

MM1

PM

5020

10

5

2

0 1 2 3 4
0

2

4

6

0 1 2 3 4
0
1
2
3
4
5

0 2 4 6 8
0
1
2
3
4
5

0 2 4 6 8
0

1

2

3

100
20

50

5

21

10

20
10

5
2

1

50 100

PM*

MM*

H
yb

rid
iz

at
io

n 
S

ig
na

l [
D

] [
nM

]

Figure 4.1.: Determination of binding affinities at 44 ◦C for target molecules PM, MM1,MM2, MM3, MM4 (already presented in [30]) and PM* and MM*. (A), raw data. Thegraph shows the hybridization signal [D] equivalent to the duplex concentration in themeasurement chamber as a function of time. Following an increase of the target con-centration [T ]0 (respective values in nM), [D] is measured until it reaches its equilib-rium value [D]eq and remains constant in time. Procedure is repeated until all probemolecules are occupied. (B), extended Langmuir isotherms. The respective values for[D]eq from (A) are plotted against [T ]0. Fitting of Eq. (4.1) to this data (red line) revealsthe binding constants K of the investigated target molecule in units 1/M. The valuesare listed in Table 4.1.
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Ultrahigh DNA hybridization specificity due to molecular competition

Table 4.1.: Sequences and binding affinities of the target molecules used in surfacebased hybridization experiments. Non-matching bases are highlighted in red and un-derlined. The values for K at 44 ◦C are determined with the extended Langmuir isotherm(compare Fig. 4.1). Note that target molecules PM* and MM* hybridize to a differentprobe molecule than the other ones (compare section 4.2.1).
Target Sequence (5’ → 3’) K [107 1/M]PM AAG-GAT-CAG-ATC-GTA-A 90± 50MM1 AAG-GAT-CAC-ATC-GTA-A 6± 1MM2 AAG-GAT-CAG-ATC-GCA-A 40± 20MM3 AAG-GAT-CTC-ATC-GTA-A 1± 0.1MM4 AAA-GAT-CAG-ATC-GAA-A 10± 3PM* GGG-CAG-CAA-TAG-TAC 200± 30MM* GGG-CAG-CTT-TAG-TAC 200± 80

with 1 µM of the LAT for binding to the probes and the hybridization signal of theHAT is measured as a function of time. With the target concentrations [HAT ] and[LAT ], the probe concentration [P ], and the respective binding affinities KHAT and K LATdetermined in section 4.1.1, it is possible to compare the measured equilibrium valueswith the prediction of Eq. (2.21):
[D]HAT = [HAT ]eq · KHAT · [P ]0

KHAT · [HAT ]eq + K LAT · [LAT ]eq + 1 (4.2)
Fig. 4.2 shows the result of the competitive hybridization experiment between PM andMM2 as well as PM and MM1 at 44 ◦C. Here, the PM constitutes the HAT and themismatching targets MM2 and MM1 constitute the LAT. In the case of competitionbetween PM and MM2, a 200-fold excess concentration of MM2 targets over PMtargets leads to a reduced PM hybridization level by a factor of 94%. This reduction canbe described with Eq. (4.2), thereby using the concentrations [PM ]0 and [MM2]0 of thecompeting molecules and the respective binding affinities KPM and KMM2. The systemexhibits standard specificity. However, in the case of “PM vs. MM1”, an equivalentexcess of MM1 targets over PM targets does not lead to any measurable decrease of
DPM . Eq. (4.2) fails to predict the correct equilibrium value since the PM hybridizationin competition is unexpectedly specific. The system shows high specificity.
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Figure 4.2.: Standard and high specificity during competitive DNA hybridization (alsopresented in [30]). (A), competition between PM and MM2 at 44 ◦C. The graph showsthe hybridization signal of the PM as a function of time in the case of a single hy-bridization (no competition, black) and in the presence of 1 µM of MM2. The targetconcentration of the PM is 5 nM in both measurements. DPM is normalized to thefinal value of the single hybridization. The presence of MM2 targets diminishes theamount of hybridized PM by a factor of 94%. The filled symbols show the equilibriumduplex concentration, DPM
eq , predicted by Eq. (4.2), thereby using the respective targetconcentrations and binding affinities (compare Table 4.1). The predictions are in goodagreement with the experimental values (standard specificity). (B), same experimentas shown in (A) but for competition between PM and MM1. The presence of 1 µMMM1 has no measurable influence on DPM compared to the single hybridization. Thepredictions of Eq. (4.2) fail to describe the equilibrium value in the case of competition(high specificity).

4.1.3. Competitive systems of standard and high specificity

In the following experiments, the effect of the high specificity is analyzed over a broaderaffinity spectrum. Therefore, the measurements shown in section 4.1.2 are repeated fordifferent competitive systems “HAT vs. LAT”, involving all target molecules PM andMM1-MM4 listed in Table 4.1. Compared to the experiments presented in the previoussection 4.1.2, the only difference is that the concentration of the LAT is increased ina stepwise manner from 1 nM to 1 µM. For six competitive systems “HAT vs. LAT”,Fig. 4.3 shows the HAT hybridization kinetics during competition with the LAT. Thecorresponding HAT equilibrium values for a LAT concentration of [LAT ] = 0 nM and1 µM are combined in Fig. 4.4. The results reveal two characteristic scenarios:
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Figure 4.3.: Competitive hybridization experiments at 44 ◦C among the strands PM andMM1-MM4, listed in Table 4.1 (also presented in [30]). In each experiment, the HAThybridization signal is measured as a function of time for increasing LAT concentra-tions ([LAT ]0 = 0 nM, blue; 10 nM, red; 100 nM, green and 1 µM, orange). The HATconcentrations are 10 nM (for “MM4 vs. MM1” and “MM1 vs. MM3”) and 5 nM (allothers). DHAT is normalized to the measured equilibrium value of the single hybridiza-tion ([LAT ]0 = 0 nM). The filled symbols in each graph are the predicted equilibriumvalues of Eq. (4.2) for DHAT
eq , thereby using the binding affinities KHAT and K LAT (seeTable 4.1).
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Figure 4.4.: Equilibrium values of all competitive systems “HAT vs. LAT” presentedin Fig. 4.3. The graphs show the measured HAT equilibrium value DHAT
eq for a LATconcentration of 0 nM (single hybridization, black) and 1 µM (blue). The respectivecompetitive systems “HAT vs. LAT” are named on the x-axis. DHAT

eq is normalized to therespective equilibrium value of the single hybridization (black bar). Two characteristicscenarios can be distinguished: (A), standard specificity. DHAT
eq decreases by increasing[LAT ]0 and Eq. (4.2) correctly predicts the equilibrium values from the individual bindingaffinities listed in Table 4.1. (B), high specificity. The HAT dominates the reactionregardless of LAT concentration. The binding affinities do not reflect the measuredvalues of DHAT

eq and Eq. (4.2) fails.
1. Competitive systems of standard specificity:The presence of the LAT reduces the equilibrium duplex concentration DHAT

eq . Inthis case, DHAT
eq can be predicted from the target concentrations [HAT ]0 and [LAT ]0as well as the respective binding affinities KHAT and K LAT , following Eq. (4.2).

2. Competitive systems of high specificity:The HAT hybridizes as if the LAT was not present at all in spite of a LAT excessconcentration of at least two orders of magnitude. In this case, the binding affini-ties KHAT and K LAT do not reflect the measured equilibrium values of DHAT
eq andEq. (4.2) fails.

The results show that the effect of the high specificity occurs over a broad affinityspectrum and is not limited to the competitive system “PM vs. MM1” investigated insection 4.1.2. They further reveal that the competitive measurements divide into classesof high specificity and standard specificity.
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4.2. Verification of the high specificity

4.2.1. Sequence motif invariance

The target molecules PM* and MM* presented in Table 4.1 are designed to investigate ifthe high specificity is also observable with a different sequence motif that is unrelated tothe motif used in sections 4.1.2 and 4.1.3. The sequences of PM* and MM* closely followthe molecules “target of interest” and “competitor” presented in [8]. The experiments inFig. 4.3 are repeated for the case of competition between PM* and MM*, while PM*and MM* constitute the HAT and LAT, respectively. The measured equilibrium valuesare compared with the predictions of Eq. (4.2), thereby using the binding affinities
KPM∗ and KMM∗ also listed in Table 4.1.Fig. 4.5 shows the competitive hybridization between PM* and MM* at 44 ◦C. Also inthe case of this sequence motif, the effect of the high specificity is clearly observable.Eq. (4.2) fails to describe the equilibrium values from the binding affinities KPM∗ and
KMM∗ . Thus, the effect of high specificity is not limited to the competitive systemsshown in Fig. 4.4 (B).
4.2.2. Reversibility of the PM hybridization

The following experiment is performed to investigate if the hybridization of the PMis reversible. An irreversibility could cause the observed high specificity, since theannealing of the PM would block the probes for subsequent binding of a competingtarget species. In the beginning of the experiment, the PM, concentrated at 10 nM andlabeled with Cy-5, is introduced into the measurement chamber and the hybridizationsignal DPM is measured until the equilibrium value DPM
eq is reached. After that, thetarget solution in the chamber is replaced by an equivalent solution of Cy-3 labeledPM molecules. The hybridization signal DPM is measured again.Fig. 4.6 shows that the hybridization of the PM indeed is reversible at 44 ◦C. The dataverifies that it is possible to release the PM-Cy5 targets from the probe molecules byintroducing an equivalent solution of PM-Cy3 targets into the measurement chamber.Thus, one can conclude that the high specificity is not caused by an irreversible bindingof the HAT.

60



4.2 Verification of the high specificity

0.0 0.5 1.0
0.00

0.25

0.50

0.75

1.00

t [h]

H
yb

ri
d

iz
a

tio
n

 S
ig

n
a

l D
P

M
*  [a

.u
.]

Figure 4.5.: Competitive hybridization between PM* and MM* at 44 ◦C. The graphshows the PM* hybridization signal as a function of time for increasing MM* con-centrations ([MM∗]0 = 0 nM, blue; 10 nM, red; 100 nM, green and 1 µM, orange;[PM∗]0 = 5 nM in each measurement.). DPM∗ is normalized to the equilibrium value ofthe single hybridization (blue curve). The respective filled symbols are the predictionsof Eq. (4.2) for the equilibrium values DPM∗
eq , thereby using the binding affinities KPM∗and KMM∗ (see Table 4.1). Also in the case of this sequence motif, the effect of the highspecificity is clearly observable and Eq. (4.2) fails.

4.2.3. Influence of ion concentration

In the following, the effect of the high specificity is analyzed over a broader ion con-centration range of the hybridization buffer. Since the hybridization of single-strandedDNA highly depends on the ion concentration of the solvent, it is necessary to rule outthat the effect of the high specificity is caused by such artifacts. Thus, competitive hy-bridization experiments between PM and MM1 as well as PM and MM2 are performedwith 0.25xSSC buffer (62.5 mM monovalent ions) and with 5xSSPE (0.95 M monova-lent ions). In the latter case, the experiment is performed with a DNA-microarray setup(see [36, 40] for details).
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Figure 4.6.: Reversibility of the PM hybridization. The graph shows the hybridizationsignal DPM of Cy-5 (black) and Cy-3 (blue) labeled PM molecules as a function oftime at 44 ◦C. The Cy-5 and Cy-3 hybridization signal is independently normalizedto the respective equilibrium value of DPM−Cy5 and DPM−Cy3. Thus, the absolutevalues of the two channels cannot be compared with each other. After priming the probemolecules with PM-Cy5 targets ([PM ]0 = 10 nM) for about one hour, the target solutionis replaced by an equivalent solution of PM-Cy3 targets. This experiment confirms thereversibility of the PM hybridization, since the introduction of Cy-3 labeled moleculesleads to a decrease of the hybridization signal of the Cy-5 labeled targets. Note thatthe Cy5 signal does not drop to zero, since after the exchange of the target solution,some discriminated PM-Cy5 targets can still occupy free probe species.
Fig. 4.7 shows the results of the competitive hybridization experiments “PM vs. MM1”,measured with the TIRF method and 0.25xSSC at 22 ◦C, as well as “PM vs. MM2” and“PM vs. MM1”, measured with a DNA-microarray setup and 5xSSPE buffer at 44 ◦C[36, 40]. Also for these different ion concentrations, the system “PM vs. MM2” showsstandard specificity while for “PM vs. MM1” the high specificity is clearly observable(compare Figs. 4.2 and 4.7). Even though the equilibrium duplex concentration of thePM is reduced in competition with 1 µM of MM1 targets (see Fig. 4.7 C for 0.25xSSCand 22 ◦C), one can conclude that the hybridization of the PM is still highly specific.For a quantitative conclusion it would be necessary to determine the binding affinities
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Figure 4.7.: Metal ion dependence of the high specificity. (A), competitive system“PM vs. MM2”. The graph shows the equilibrium values of the PM hybridizationwithout competition (black bar) and in the presence of 1 µM of MM2 targets (bluebar). [PM ]0 = 1 nM and T = 44 ◦C in both cases. The experiment is performedby Christian Trapp on a DNA microarray setup using a 5xSSPE hybridization buffer(0.95 M monovalent ions) [36]. (B), same as (A) but for the system “PM vs. MM1” [36].
(C), same as (A) but for 0.25xSSC buffer (62.5 mM monovalent ions) and a temperature of22 ◦C using the TIRF method. The results show that the existence of standard and highlyspecific systems does not depend on the ion concentration of the used hybridizationbuffer.

KPM and KMM1 in experiments without competition for the conditions 0.25xSSC and22 ◦C. This, however, is not done in the context of this work. Put together, one can con-clude that the effect does not depend on the ion concentration of the used hybridizationbuffer. Additionally, the experiments shown in Fig. 4.7 A and B confirm the effect ofthe highly specific hybridization with a different experimental setup.
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Ultrahigh DNA hybridization specificity due to molecular competition

4.2.4. Measurements in bulk

In order to rule out that the high specificity is caused by surface artifacts, measurementsin bulk are performed. In this case, the probe molecules are not immobilized to a surfaceand the FRET method is used to detect the hybridization between target and probe (seechapter 3.1.6 for details). The competitive systems “PM vs. MM1” (high specificity) and“PM vs. MM2” (standard specificity) are considered for this verification in bulk. First,the binding affinities are determined for the target molecules PM, MM1, and MM2by measuring extended Langmuir isotherms in bulk, closely following the experimentalapproach presented in section 4.1.1. Since the hybridization signal D in bulk is notcalibrated into units equivalent to the duplex concentration in the measurement chamber,a modified version of the extended Langmuir isotherm (Eq. (2.16)) is used to fit the data:
Deq = A2 ([T ]0 + [P ]0 + K−1)− A2√([T ]0 + [P ]0 + K−1)2 − 4[T ]0[P ]0 (4.3)

where A is a calibration factor that is also a fit parameter. In order to analyze thecompetition in bulk between PM and MM1 as well as PM and MM2, two kinds ofexperiments are performed: i) The HAT and the probe constitute the FRET pair and theLAT remains unmodified. In this case the hybridization signal of the HAT is measuredas a function of time for increasing concentrations of the LAT. ii) The LAT and the probeconstitute the FRET pair and the HAT remains unmodified. In this case, the hybridiza-tion signal of the LAT is measured as a function of time for increasing concentrations ofthe HAT. The results in bulk are compared with the surface based experiments in orderto investigate, if immobilization of the probe molecules has a significant influence onthe measured binding affinities and on the occurrence of the high specificity itself.Fig. 4.8 shows the extended Langmuir isotherms for the target molecules PM, MM1,and MM2. The extracted binding affinities are combined in Table 4.2. The results showthat the immobilization of probe molecules to a surface does not lead to a significantmodification of the binding affinities (compare Table 4.1). Fig. 4.9 shows the result ofthe competitive hybridization experiments in bulk. The measurements clearly confirmthat the effect of highly specific DNA hybridization is not caused by surface artifacts.The findings of the surface based experiments shown in Fig. 4.2 can be reproducedin bulk. Thus, one can conclude that the effect of the high specificity is not only oftechnical importance for surface based hybridization on DNA bio-chips, but also has ageneral meaning for the molecular recognition of DNA.
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Figure 4.8.: Determination of binding affinities in bulk at 44 ◦C for the target moleculesPM, MM1, and MM2 using the FRET method (see chapter 3.1.6 for details). The probemolecule and the respective target molecule constitute the FRET pair. The initial probeconcentration [P ]0 is 10 nM in all measurements. The equilibrium hybridization signal
Deq is normalized to its maximum value reached for a target concentration of 100 nM.Fitting a modified version of the extended Langmuir isotherm (Eq. (4.3)) to this datareveals the binding affinity K of the investigated target molecule in bulk. The respectivevalues of the binding constant are given in Table 4.2
Table 4.2.: Binding affinities in bulk for the target molecules PM, MM1, and MM2.The values for K at 44 ◦C are determined with the extended Langmuir isotherm (compareFig. 4.8).

Target K [108 1/M]PM 2± 0.5MM1 1.3± 0.5MM2 2± 0.4
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Figure 4.9.: Competitive DNA hybridization in bulk between PM and MM1 as wellas PM and MM2 at 44 ◦C. The schemes in each graph show which DNA moleculesare tagged with the fluorescent dyes and thus constitute the FRET pair. All data isnormalized to the upper detection limit of the plate reader. The probe concentrationis 10 nM in all measurements. (A), competitive system “PM vs. MM2”. PM andprobe constitute the FRET pair while the MM2 is not labeled. Increasing the MM2concentration ([MM2]0 = 0 nM, blue; 10 nM, red; 100 nM, green and 1 µM, orange)results in a reduced PM hybridization signal DPM ([PM ]0 = 5 nM in all cases). (B),same as (A) but for the competitive system “PM vs. MM1”. PM and probe constitutethe FRET pair while the MM1 is unmodified. Even a MM1 concentration of 1 µM doesnot lead to a detectable decrease of DPM . Thus, the measurements in bulk show thesame behavior as the surface experiments (compare Fig. 4.3). (C), competitive system“PM vs. MM2”. MM2 and probe constitute the FRET pair, while the PM is unmodified.The PM concentration is slightly increased ([PM ]0 = 0 nM, blue; 5 nM, red; 10 nM,green and 20 nM, orange) while the MM2 concentration is kept constant at 100 nM.Independent of the PM target concentration, DMM2 always reaches the same value. (D),same as (C) but for the competitive system “PM vs. MM1”. MM1 and probe constitute
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4.2 Verification of the high specificity

the FRET pair, while the PM is unmodified. Unlike the case presented in (C), a slightincrease of the PM concentration results in a strong displacement of the MM1. For aconcentration ratio [MM1]0 : [PM ]0 = 100 : 10 (green) and 100 : 20 (orange), DMM1drops below the detection limit of the plate reader.
4.2.5. “Path independence” reveals thermodynamic equilibrium

In principle it is possible that the highly specific hybridization of the different highaffinity targets (see Figs. 4.4 B and 4.5) is only a metastable state that relaxes ona long time scale. Thus, it is necessary to rule out such non-equilibrium effects andconsequently verify thermodynamic equilibrium conditions. For the competitive system“PM. vs. MM1” as a representative of the highly specific systems, experiments withpersistent variation of the hybridization temperature are performed. Here, a hystere-sis of the measured equilibrium hybridization signals DPM
eq and DMM1

eq as a function oftemperature points towards thermodynamic non-equilibrium. Furthermore, the order oftarget introduction into the measurement chamber must not have any influence on thesignals after equilibration, and the signals have to be constant over a long time period.All these requirements for thermodynamic equilibrium are verified in the following ex-periments.The results presented in Figs. 4.10 and 4.11 verify thermodynamic equilibrium condi-tions for the competitive hybridization between PM and MM1. The equilibrium signals
DPM
eq and DMM1

eq show no hysteresis as a function of temperature. Priming the probesurface with MM1 targets does not affect the high specificity of the PM and the corre-sponding displacement of the MM1 after equilibration. Long term measurements in bulkusing the FRET method (see chapter 3.1.6 for details) reveal the equilibrium signals
DPM
eq and DMM1

eq to be constant over a time period of at least one week. Put together,one can conclude that the exclusive hybridization of the HAT indeed is the equilibriumstate of any competitive system of high specificity, and that this effect is not caused bynon-equilibrium artifacts.
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Figure 4.10.: Verification of thermodynamic equilibrium conditions. (A), competitivehybridization between PM and MM1 at varying temperatures. The graph shows thehybridization signal of the PM (black) and MM1 (blue) as a function of time. At
t = 0, the target solution is introduced into the measurement chamber. The targetconcentrations are [PM ]0 = 5 nM and [MM1]0 = 1 µM, respectively. The hybridiza-tion signal of both targets at 44 ◦C are considered until they remain constant in time(horizontal lines). After that, the temperature is alternately decreased and increased(vertical lines, temperature values are given). The experiment reveals that the initiallyat 44 ◦C measured equilibrium values for PM and MM are reached again. Note thatthe varying hybridization signals at varying temperatures consist of two contributions,the amount of hybridized DNA and the emission characteristics of the dye. (B), dis-placement experiment at 44 ◦C. After priming the probe molecule surface with MM1targets ([MM1]0 = 10 nM) the target solution is replaced by a two component mixtureconsisting of MM1 ([MM1]0 = 10 nM) and PM ([PM ]0 = 10 nM). After that, the MM1targets are releases as the PM is hybridizing with the probes. Thus, priming the surfacedoes not affect the equilibrium values of the experiment.

4.3. Characterization of the high specificity

4.3.1. Concentration limit of the effect

The high specificity of the PM hybridization is indicated by the failure of Eq. (4.2) thatpredicts the complete displacement of the PM from the measured binding affinities andthe concentration ratio (see Fig. 4.2 B). Thus, it is interesting to ask how much the MM1concentration has to be increased in order to measure any influence on the equilibrium
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Figure 4.11.: Long term measurement of the competitive hybridization between PMand MM1 at 44 ◦C. Because surface grafted probes are released on such a long timescale the experiment is performed in bulk using the FRET method (see chapter 3.1.6 fordetails). Data is normalized to the upper detection limit of the plate reader. The probeconcentration is 10 nM in all experiments. (A), PM and probe constitute the FRETpair, while the MM1 is unmodified (see schematic in the box). The graph shows thehybridization signal of the PM as function of time. (B), MM1 and probe constitute theFRET pair, while the PM is unmodified. The result shows that in both cases (A) and(B), the equilibrium values of the hybridization signals DPM
eq and DMM1

eq remain constantover a time period of one week.
duplex concentration of the PM. This is done in the following measurement. The exper-imental approach exactly follows the procedure shown in Fig. 4.4. The hybridizationsignal DPM is measured for four different MM1 concentrations [MM1]0 = 0 µM, 1 µM,10 µM and 100 µM, while [PM ]0 is kept constant at 5 nM. A MM1 concentrationof 100 µM defines a technical limit of the experiment. For higher concentrations, thetarget solution becomes too viscous in order to handle it without damaging the mea-surement chamber. Furthermore, the high concentration of the fluorescent dyes leadsto fluorescence artifacts that invalidate the calibration of the hybridization signal.The results are presented in Fig. 4.12. Even though the equilibrium duplex concen-tration of the PM can be reduced by about 40% compared to the case without com-petition, the effect is still predominant. Put together, even a concentration ratio of[PM ]0 : [MM1]0 = 1 : 20, 000 is not adequate to prevent the exclusive binding of thePM. This result underlines that the effect of the high specificity is seemingly dramaticand predominant over a broad concentration range.
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Figure 4.12.: Concentration limit of the high specificity using the example of the com-petitive system “PM vs. MM1” at 44 ◦C. The graph shows the hybridization signal ofthe PM as a function of time for four different concentrations of MM1 ([MM1]0 = 0 µM,blue; 1 µM, red; 10 µM, green; and 100 µM, orange). [PM ]0 is kept constant at5 nM for all measurements. DPM is normalized to the equilibrium value of the sin-gle hybridization (blue curve). The respective filled symbols are the predictions of Eq.(4.2) for the equilibrium values, thereby using the binding affinities KPM and KMM1(see Table 4.1). Even though the high specificity is reduced for a concentration ratio[PM ]0 : [MM1]0 = 1 : 20, 000 (orange graph), the effect is still predominant.
4.3.2. Correlation between high specificity and LAT mismatch

position

As shown in section 4.1.3, the existence of competitive systems of standard and highspecificity is a result of a relatively weak perturbation, namely the slight shift in positionof the erroneous base in the sequence of HAT or LAT. For instance, the PM completelylooses its high specificity, observed for competition with a LAT with a mismatching basein the middle of the strand (MM1), when moving this mismatch position close to theend of the strand (MM2, compare Table 4.1). This raises the question, if there is ageneral dependence of the observed specificity of the HAT on the mismatch position
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5'--A-A-C-G-A-T-C-A-G-A-T-C-G-T-A-A--3'
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Figure 4.13.: Variation of the mismatch position within the LAT sequence. In order toanalyze the correlation between the high specificity of the PM and the position of thenon-matching base of the competitor LAT, the mismatch position of the LAT is varied.Starting at the third base, the position of the erroneous nucleotide (red) is shifted baseby base to position fourteen. The mismatching base included in the target is always thesame as the opposed base in the probe molecule (for instance, the mismatching baseis C, if the opposed base in the probe is C). For all these twelve target molecules, thecompetition between PM and the respective LAT is investigated (Fig. 4.14).
within the competing LAT. This is analyzed in the following experiments. The PM isconsidered as the HAT that has to compete with a LAT, whose position of the erroneousbase is varied systematically. Therefore, the target molecules MM1-MM14 are used(compare appendix Table A.1). Fig. 4.13 shows a schematic of the variation of themismatch position. Starting at the third base (reading direction 5’ → 3’), the positionof the mismatch is shifted base by base up to the fourteenth position. The mismatchingbase included in the LAT is always the same as the respective opposed base in theprobe molecule. For all these twelve low affinity targets, the specificity of the PMhybridization is investigated in competitive measurements. The degree of specificity isdefined as the ratio of the equilibrium hybridization signal of the PM with and withoutcompetition:

DPM
eq ([MM1]0 = 1 µM)

DPM
eq ([MM1]0 = 0 µM) (4.4)

Fig. 4.14 shows the result of the competitive hybridization experiments between the PMand twelve versions of the LAT with varying positions of the erroneous base, followingthe scheme in Fig. 4.13. The experiments show that there is no systematic dependenceof the specificity of the PM on the mismatch position of the respective competing LAT.The specificity varies from high specificity (observed for LATs with mismatch position 3,6 and 9) and standard specificity (observed for mismatch position 14).One has to mention that in general, quantitative conclusions about the specificity of acompetitive system are only possible, if the binding affinities of both competitors KHATand K LAT are known. In the present experiments this is not the case, because not allbinding affinities of the twelve LAT versions are determined with extended Langmuirisotherms. However, the qualitative comparison of the measured specificity of all the
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Figure 4.14.: Dependence of the high specificity of the PM on the position of thenon-matching base within the sequence of the LAT at 44 ◦C. (A)-(L), raw data of theexperiment. All graphs show the hybridization signal of the PM as a function of time inthe case of a single hybridization (no competition, black) and in the presence of 1 µMof the LAT (blue). The non-matching base is varied from position three (A) to positionfourteen (L), following the scheme in Fig. 4.13. (M), specificity of the PM hybridizationas a function of the mismatch position of the respective LAT, using the data from (A)-(L). The specificity is defined in Eq. (4.4). The data shows no systematic correlationbetween the specificity of the PM and the mismatch position of the LAT.

72



4.3 Characterization of the high specificity

twelve competitive systems is sufficient to exclude a systematic dependence of the highspecificity on the mismatch position of the LAT.
4.3.3. Free dissociation vs. sequential displacement

The replacement of a particular target molecule by a competitive binder can followtwo different pathways, the free dissociation or sequential displacement [41, 42]. Afterthe hybridization of a particular target molecule B, a competing molecule A has twopossibilities to conquer the probe (see Fig. 4.15). The first one is the spontaneousdissociation of target B followed by the association of target A (Fig. 4.15 A). Thesecond option solely requires the existence of a pre-melted region within the duplexconsisting of probe and target B (Fig. 4.15 B). This allows the simultaneous associationof target A resulting in the temporary formation of a triplex structure wherein the DNAstrands can interact. This interaction leads to the complete displacement of target Bby migration of the branch point. In the following the existence of dissociation pathwayand sequential displacement pathway is analyzed for the competitive system “PM vs.MM1” as a representative of the highly specific systems. Following [41], the observeddissociation rate kMM1
obs of the MM1 in presence of the PM is given by

kMM1
obs ([PM ]) = k1 + k2 · [PM ] (4.5)

k1 is the spontaneous dissociation rate, k2 is the sequential displacement rate and[PM ] the target concentration of the PM. In the case of a MM1 single hybridization(no competition, [PM ] = 0), the sequential displacement pathway cannot occur and Eq.(4.5) simplifies to
kMM1
obs = k1 (4.6)

In other words, k1 is the upper bound for the spontaneous dissociation without anycompetitor interactions. Consequently, in a competitive situation between PM andMM1, any observed MM1 dissociation rate kMM1
obs > k1 verifies that the PM is able todisplace its competitor. The spontaneous dissociation rate k1 of the MM1 is determinedby measuring the hybridization kinetics of the MM1 in a single hybridization experimentwithout competition and fitting of Eq. (2.14) to this data. In order to determine kMM1

obs inthe presence of the PM, competitive experiments are performed. After priming the probemolecule surface with MM1 targets, the MM1 hybridization signal DMM1 is measured asa function of time for increasing concentrations of PM targets. Fitting these dissociation
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Figure 4.15.: Displacement mechanisms during competitive DNA hybridization [41, 42].
(A), dissociation pathway. The spontaneous dissociation of target B (blue) from theprobe P (red) is followed by the association of target A (black). (B), sequential dis-placement pathway. A pre-melted region in the duplex consisting of probe and target Ballows simultaneous binding of target A resulting in the temporary formation of a triplexstructure. Migration of the branch point causes the complete replacement of target Bby target A.

curves with the expression
DMM1(t) = D0 · e−kMM1

obs ·t (4.7)
reveals the observed MM1 dissociation rate kMM1

obs in the presence of the PM. D0 is theinitial hybridization signal after priming the probe molecules. As mentioned above, for
kMM1
obs > k1 the sequential displacement pathway is verified.Fig. 4.16 shows the result of the experiments described above. The hybridizationkinetics of the MM1 reveals a spontaneous dissociation rate of k1 = 3.1 · 10−3 1/s(Fig. 4.16 A). In competition, for increasing values of [PM ], the observed MM1 dis-sociation rate clearly exceeds the value of k1: kMM1

obs (10 nM) = (10 ± 0.3) · 10−3 1/s,
kMM1
obs (25 nM) = (16 ± 1) · 10−3 1/s, kMM1

obs (50 nM) = (21 ± 2) · 10−3 1/s. This verifiesthe sequential displacement pathway for the competitive system “PM vs. MM1” andconsequently the existence of an interaction between the two competitors in terms ofthe branch migration (Fig. 4.15 B).
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Figure 4.16.: The sequential displacement pathway applies to the competitive system“PM vs. MM1” (also presented in [30]). (A), hybridization kinetics of the MM1 withoutcompetition at 44 ◦C. The graph shows the hybridization signal of the MM1, [DMM1](equivalent to the duplex concentration in the measurement chamber) as a functionof time ([MM1]0 = 2 nM). Fitting the curve with Eq. (2.14) (red line) reveals thespontaneous dissociation rate k1 to be 3.1 · 10−3 1/s. (B), displacement experiment(performed by Timo Mai in earlier measurements). After priming the probe moleculeswith MM1 targets ([MM1]0 = 10 nM) the target solution is replaced by a two componentmixture consisting of MM1 (still concentrated at 10 nM) and PM (10 nM, �; 25 nM,
©; 50 nM, 4). In the following the dissociation of the MM1 is measured as a functionof time. Fitting these curves with Eq. (4.7) (red lines) then reveals the observed MM1dissociation rate, kMM1

obs , for the three different PM concentrations: kMM1
obs (10 nM) =(10± 0.3) · 10−3 1/s, kMM1

obs (25 nM) = (16± 1) · 10−3 1/s, and kMM1
obs (50 nM) = (21± 2)·
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10−3 1/s. (C), verification of the sequential displacement pathway. The values for kMM1
obsextracted in (B) are plotted against [PM ]. The horizontal line indicates the spontaneousdissociation rate k1 extracted in (A). For all PM concentrations, kMM1

obs exceeds k1 andthus the sequential displacement pathway applies to the competitive system “PM vs.MM1”.
It is important to mention that just the existence of the sequential displacement pathwaydoes not explain the occurrence of highly specific competitive systems. The underlyingmolecular process of the sequential displacement pathway is the migration of the duplexbranch point (compare Fig. 4.15 B). However, this process is symmetric. This meansthat the branch point can migrate in two directions so that either target B is replacedby target A or vice versa. In this sense, the branch migration does not change theequilibrium state of the system, since the binding free energy of the probe symmetricallydistributes between target A and B depending on how many bases of each strand arebound to the probe. Thus, Eq. (4.2) already accounts for the existence of such triplexstructures as long as they appear symmetrically. In this sense, one can conclude fromthe experiments above that for the highly specific competitive systems, the binding freeenergy landscape in competition has to change asymmetrically in favor of one particulartarget molecule compared to the case without competition.
4.3.4. Melting curves of PM and MM1

In order to gain further insight into the cause of the high specificity, it is necessaryto determine the thermodynamic parameters of entropy change ∆S, enthalpy change∆H , and melting temperature Tm (see chapter 2.2.5) for the target molecules PM andMM1. This is done by measuring the melting curves of the mentioned DNA moleculesindependently without competition. A slow temperature increase leads to denaturationof double-stranded DNA in thermodynamic quasi-equilibrium. After priming the wholeprobe molecule surface with target molecules (excess concentration of 1 µM) the fractionof occupied probes Θ is measured as a function of temperature. The contribution of thetemperature dependent efficiency of the fluorescent dye to the hybridization signal isremoved as explained in chapter 3.1.5 and appendix section A.7. The surface occupancyΘ can be linked to the binding constant K and the values of entropy (∆S) and enthalpychange (∆H) by combining the Langmuir isotherm
Θ = K · [T ]0

K · [T ]0 + 1 (4.8)
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Figure 4.17.: Denaturation experiment for PM and MM1. (A), melting curves. Thegraph shows the fraction of occupied probes Θ as a function of temperature T forPM (black) and MM1 (blue) in individual experiments without competition. The targetconcentration is 1 µM in both cases. The melting temperature Tm is defined as the tem-perature where the surface occupancy equals 50% (intersection of the dotted lines). (B),Arrhenius plot of the melting transition of PM (black) and MM1 (blue) after convertingthe surface occupancy Θ (see A) into the binding constant K (Eq. (4.9)). The graphshows the logarithm of the binding constant K as a function of the inverse temperature1/T . The red lines are linear fits to the experimental data, thus revealing the valuesof enthalpy ∆H and entropy change ∆S (e.u. = “entropic units” = kcal/(mol · K)) ofPM and MM1, respectively. The result presents a less important change in ∆S and∆H for MM1 compared to the PM. A hybridized MM1 possesses an increased numberof entropic degrees of freedom compared to PM.
and

K (T ) ∝ e∆G
RT = exp(∆H

R · 1
T −

∆S
R

) (4.9)
After measuring the melting curve, the surface occupancy Θ is converted into the bind-ing affinity K following Eq. (4.8). The plot of the logarithm of K over the inversetemperature 1/T (Arrhenius plot, see Eq. (4.9)) and the linear fit of these data revealthe thermodynamic parameters ∆S and ∆H .Fig. 4.17 shows the melting curves of the PM and MM1. The extracted thermodynamicparameters of melting temperature Tm, entropy change ∆S, and enthalpy change ∆Hfor the two molecular species are combined in Table 4.3. The experiment reveals Tmto be 53 ◦C for the MM1 and 66 ◦C for the PM. The non-matching base of the MM1
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Table 4.3.: Values of enthalpy change ∆H , entropy change ∆S and melting temperature
Tm for target molecules PM and MM1. Data is obtained from the denaturation curves(Fig. 4.17).

Target ∆H [kcal · mol−1] ∆S [kcal · mol−1] · K−1 Tm [◦C]PM 125.66± 2 343.11± 3 66± 1MM1 73.48± 1 197.4 53± 1
destabilizes the duplex and shifts the melting transition to smaller temperature val-ues compared to the PM. Comparing the values of ∆H and ∆S for the two molecularspecies reveals the entropy loss due to duplex formation of PM and probe to be about42% higher than the entropy loss due to duplex formation of MM1 and probe. Puttogether, the hybridized MM1 possesses an increased number of entropic degrees offreedom compared to the PM that binds to the probe molecule more stiffly.
4.3.5. Correlation between high specificity and melting

temperature

The results of the denaturation experiments for PM and MM1 (section 4.3.4) raise thequestion, if there is a correlation between the occurrence of the high specificity andthe melting temperatures of the competing target molecules. In the following, this isanalyzed for all standard and highly specific systems presented in Figs. 4.4 and 4.5.
Tm is measured experimentally for the target molecules PM and MM1 (Fig. 4.17).For all other molecules MM2, MM3, MM4, PM*, and MM* the values are determinedby using the dinamelt web server for nucleic acid melting predictions [29]. Comparingthe measured and predicted values of Tm for the molecules PM and MM1 reveals anoffset of +8 ◦C between theory and experiment. This is due to the modification of thetarget strands with fluorescent dyes and the immobilization of the probe molecules tothe surface, which is not considered in [29]. Therefore, 8 ◦C is added to the predictedvalues of Tm for the sequences MM2, MM3, MM4, PM* and MM*. The results arepresented in Table 4.4. Plotting the melting temperature THAT

m of the HAT against themelting temperature T LAT
m of the LAT for all competitive systems presented in Figs. 4.4and 4.5 reveals a possible correlation between the occurrence of the high specificityand the value of Tm.
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4.3 Characterization of the high specificity

Table 4.4.: Melting temperatures of all target molecules hybridizing to the probe at atarget concentration of 1 µM. The melting temperatures of PM and MM1 are measuredvalues obtained from the respective denaturation curve (Fig. 4.17). The values for MM2,MM3, MM4, PM* and MM* are theoretically predicted with the dinamelt web serverfor nucleic acid melting predictions [29] for a concentration of 0.57 M monovalent ions(3xSSC buffer). Note that the target PM* and MM* hybridize to a different probemolecule than the other targets.
Target Tm [◦C]PM 66MM1 53MM2 58MM3 48MM4 44PM* 67MM* 52

Fig. 4.18 shows that the melting temperatures THAT
m and T LAT

m are key parameters thatgive information about if a competitive systems shows either standard specificity or highspecificity. Standard specificity is observable if the melting temperatures of HAT andLAT are comparable (THAT
m ≈ T LAT

m ). High specificity, on the other hand, occurs if themelting temperature of the HAT exceeds the melting temperature of the LAT by at least10 ◦C, while the melting temperature of the LAT is comparable to the measurementtemperature itself (THAT
m > T LAT

m ≈ T ). Together with the results of the melting curvesfor PM and MM1 (section 4.3.4), one can conclude from the findings in Fig. 4.18 thathigh specificity occurs if the LAT hybridizes with a large number of entropic degreesof freedom, particularly pronounced at its melting temperature. The HAT, on the otherhand, binds in a relatively stiff conformation for temperatures below its melting point.
4.3.6. Correlation between high specificity and temperature

The correlation between the melting temperatures of the competing target molecules
THAT
m and T LAT

m and the existence of standard and highly specific competitive systems(section 4.3.5) point towards a general temperature dependence of the effect. Becausehigh specificity is observed for THAT
m > T LAT

m ≈ T and standard specificity is observedfor THAT
m ≈ T LAT

m (see Fig. 4.18), it should be possible to convert any highly specificsystem “HAT vs. LAT” into standard specificity by varying the temperature T of the
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experiment. This is analyzed in the following section. Considering the competitive hy-bridization between PM and MM1, the degree of specificity, as defined in Eq. (4.4), ismeasured as a function of temperature.Fig. 4.19 shows the competitive hybridization between PM and MM1 at varying tem-peratures T . The experiment reveals that the high specificity of the PM diminishes withdecreasing temperature. Thus, one can gradually change any competitive system fromstandard to high specificity by varying the temperature of the experiment. The resultsverify the findings of the previous section 4.3.5.
4.3.7. PM affinity in competition

The experimental results show that the high specificity is based on a temperature de-pendent (section 4.3.6) interaction (section 4.3.3) involving different entropic degrees
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of freedoms (section 4.3.4) that are particularly pronounced at the melting temperature(section 4.3.5). The binding affinities of the competing targets KHAT and K LAT , probedin experiments without competition (section 4.1.1), fail to describe the equilibrium du-plex concentration of the HAT. This raises the question, if the high specificity is causedby a molecular interaction that improves KHAT in a competitive environment by severalorders of magnitude compared the value measured in the individual case. This is an-alyzed in the following experiments. For the competitive system “PM vs. MM1”, thedetermination of the binding affinity KPM (see section 4.1.1) is repeated in a back-ground of MM1 targets, concentrated at 1 µM, for temperatures of 44 ◦C and 35 ◦C.By fitting the extended Langmuir isotherm to the data, one can estimate the bindingaffinity KPM during competition with the MM1. The calibration of the hybridizationsignal into units equivalent to the duplex concentration in the measurement chamber(see appendix section A.3) is only valid for a temperature of 44 ◦C. Thus, for extract-ing the binding affinities from the experiments, the modified version of the Langmuirisotherm (Eq. (4.3)) is used. In order to validate the extracted binding affinities incompetition they are compared with the respective values without competition at 44 ◦C(already determined in section 4.1.1) and at 35 ◦C (determined in this section).All extracted binding affinities are combined in Table 4.5. Fig. 4.20 shows the extendedLangmuir isotherms of PM and MM1 without competition, at a temperature of 35 ◦C.Both molecules improve their binding affinity for the probe at this temperature by aboutone order of magnitude compared to the values at 44 ◦C. This is not surprising, sincethe reduced number of temperature fluctuations enables the formation of more stableduplexes at 35 ◦C. Fig. 4.21 shows the extended Langmuir isotherm of the PM in thepresence of 1 µM of the MM1 targets, for a temperature of 35 ◦C and 44 ◦C, respec-tively. In spite of the MM1 background, the PM hybridizes as if its competitor was notpresent at all. For both temperatures, 35 ◦C and 44 ◦C, the extracted binding affinitiesof the PM are of the same order of magnitude as the respective values probed with-out competition. The PM does not improve its hybridization affinity in the competitiveenvironment. Put together, the experiments show that the presence of the LAT doesnot affect the affinity of the HAT for binding to the probe molecule. Thus, one canconclude that in the case of the highly specific hybridization, the HAT has to decreasesthe binding affinity of the LAT by several orders of magnitude. However, this requiresan asymmetric interaction between the HAT and the LAT, since otherwise it would beimpossible to change the binding free energy landscape in favor of the HAT.One has to mention that, generally, the extraction of binding affinities with the extendedLangmuir isotherm is only valid for data obtained from single hybridization experiments.
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4.3 Characterization of the high specificity

Table 4.5.: Binding affinities of PM and MM1 in single and competitive hybridizationexperiments at 44 ◦C and 35 ◦C. The values of KPM and KMM1 at 44 ◦C in experimentswithout competition are determined in Fig. 4.1 using the extended Langmuir isotherm.The respective values at 35 ◦C are determined in Fig. 4.20. Compared to 44 ◦C, KPMand KMM1 are increased by about one order of magnitude at 35 ◦C. The binding affinityof the PM in the presence of the MM1 is determined in Fig. 4.21. KPM in competitionis not reduced compared to the respective value without competition. The presence ofthe MM1 does not affect the affinity of the PM for the probe molecule.
K @ 35◦C [108 1/M] K @ 44◦C [108 1/M]

PM single hybridization 26± 5 9± 5
MM1 single hybridization 2.8± 0.8 0.6± 0.1
PM in the presence of MM1 12± 4 21± 9

However, the main objective of the present experiments is to estimate the binding affin-ity of the HAT in competition and to investigate, if the value of KHAT does changedramatically compared to the case without competition. For this purpose, the approachdescribed above is adequate, because the background of MM1 targets can simply betreated as a perturbation of the PM single hybridization.
4.3.8. Competitive denaturation experiments

In order to gain further insight into the temperature dependent interaction betweenHAT and LAT, additional experiments are performed. The conclusions of the previoussection claim an interaction between the highly specific HAT and the LAT that reduces
K LAT by several orders of magnitude. In the case of a highly specific system, such aninteraction should change the melting profile of the LAT compared to the competitionfree case. For standard specificity the melting transition of the LAT should not beaffected. This is analyzed in the following measurements. For the competitive systems“MM4 vs. MM1” (standard specificity, compare Fig. 4.4 A) and “PM vs. MM1” (highspecificity, compare Fig. 4.4 B) the melting curve of the MM1, which constitutes theLAT in both cases, is measured for increasing concentrations of the high affinity targetsMM4 and PM, respectively. The general experimental approach for measuring meltingcurves is presented in section 4.3.4. By measuring the surface occupancy ΘMM1, thebinding affinities KMM1 at 44 ◦C are determined as a function of the concentration ofthe respective HAT, thereby using the Langmuir isotherm (compare Eq. (2.11))
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Figure 4.20.: Determination of binding affinities at 35 ◦C for target molecules PM andMM1. (A), (C), raw data. The graphs show the hybridization signal D for PM (A) andMM1 (C) as a function of time. Following an increase of the target concentration [T ]0(respective values in nM), D is measured until it reaches its equilibrium value Deq andremains constant in time. Procedure is repeated until all probe molecules are occupied.
(B), (D), extended Langmuir isotherms. The respective values for Deq from (A) and (C)are plotted against the target concentrations. Fitting of Eq. (4.3) to this data (red line)yields the binding constants K of the investigated target molecule in units 1/M. Thevalues are shown in Table 4.5.
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(D), extended Langmuir isotherms for the PM. The respective values of DPM

eq from (A)and (C) are plotted against [PM ]0. Fitting of Eq. (4.3) to this data (red line) yields thebinding constants K of the PM in units 1/M at the respective temperature. The valuesare listed in Table 4.5. The open circles present the predictions of Eq. (4.2) for theequilibrium hybridization signals, thereby using the binding affinities of PM and MM1at 44 ◦C and 35 ◦C probed without competition (see Table 4.5). In spite of the MM1background, the PM hybridizes as if its competitor was not present at all.
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ΘMM1 = KMM1 · [MM1]0
KMM1 · [MM1]0 + 1 (4.10)

Fig. 4.22 shows the melting curves of the MM1 in competition with the targets MM4and PM, respectively. In the case of the highly specific system “PM vs. MM1”, themelting transition of the MM1, concentrated at 1 µM, clearly depends on the presenceof the PM. By slightly increasing the PM concentration [PM ]0 in a stepwise manner,the melting temperature Tm of the MM1 can be shifted from 53 ◦C in the competitionfree case (also compare Fig. 4.17) to about 45 ◦C in the presence of 5 nM PM. This shiftcorresponds to a significant affinity loss of the MM1 by almost two orders of magnitude.However, performing the same experiment with the standard specific system “MM4 vs.MM1” reveals the MM1 melting profile to be completely unaffected by the presence ofthe competitor MM4. The binding affinity of the MM1 remains within the same orderof magnitude as the one probed without competition, even for a concentration of 5 nMof the MM4 targets. In agreement with the conclusions of the previous section 4.3.7 theresults confirm that the highly specific HAT interacts with the LAT and indeed reducesits binding affinity K LAT by orders of magnitude. For a competitive system of standardspecificity this interaction obviously does not exist and the presence of the HAT doesnot affect K LAT .One has to note that, generally, the extraction of the binding affinities from the meltingcurves with Eq. (4.10) is only valid for a single hybridization. In competition, the surfaceoccupancy Θ of a specified target molecule A is also a function of the concentrationand the binding affinity of the competing species B. Anyway, Eq. (4.10) is used toextract KMM1 from the competitive denaturation experiments, since the objective ofthese experiments is to investigate a general, qualitative dependence of the bindingaffinities on the presence of both, a highly specific (PM) and a standard specific (MM4)competitor.
4.3.9. Fluctuation dynamics of PM and MM1

In order to gain further insight into the temperature dependent interactions betweenthe highly specific HAT and the LAT, fluorescence correlation spectroscopy (FCS) isperformed. FCS is a single molecule technique that can address fluctuation dynamicsin double-stranded DNA [34]. Thermal excitations lead to “DNA breathing” due tolocal denaturation and reclosing of the double-stranded structure. In order to evaluatethe fluctuation dynamics of the duplexes PM-Probe and MM1-Probe, the FCS setup
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Figure 4.22.: Competitive denaturation experiments. (A), standard specific system“MM4 vs. MM1”. The graphs show the surface occupancy ΘMM1 of the low affinitytarget MM1, concentrated at 1 µM, as a function of temperature T , in the presence ofthe MM4, concentrated at 0 nM (no competition, blue), 1 nM (red), 2 nM (green) and5 nM (orange). The presence of the MM4 does not lead to a measurable change ofthe MM1 melting profile. (B), same as (A) but for the highly specific system “PM vs.MM1”. In this case an equivalent concentration increase of the PM leads to a shiftof the melting temperature Tm = T
(ΘMM1 = 0.5) from 53 ◦C in the competition freecase (blue) to 45 ◦C in the case of [PM ]0 = 5 nM (orange). (C), (D), extracted bindingaffinities KMM1 at 44 ◦C from the data in (A) and (B) by using the Langmuir isotherm(Eq. (4.10)). For “PM vs. MM1” (D) the shift of the melting profile corresponds to asignificant loss of the MM1 binding affinity by almost two orders of magnitude. How-ever, for the standard specific system “MM4 vs. MM1” (C), KMM1 remains within thesame order of magnitude for all PM concentrations.
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described in chapter 3.1.7 is used. The respective target molecules and the probemolecule constitute the FRET pair and the correlation function G(t) of the fluctuationdynamics of both duplexes PM-Probe and MM1-Probe is measured at room temperatureand 44 ◦C, respectively. Additionally, it is analyzed, if the presence of the PM has anyinfluence on the fluctuation dynamics of the MM1, as indicated by the melting curvesin competition (section 4.3.8). For temperatures T < Tm the shape of the correlationfunction G(t) is mainly dominated by the reclosing dynamics. In this case, the fluctuationdynamics of double-stranded DNA can be described with the expression
G(t) ∝ (1 + t2τ

)
· erfc(√ t4τ

)
−
√

t
πτ · exp

(
− t4τ

) (4.11)
with erfc(u) = 1− 2√

π ·
∫ u0 exp (−x2) dx [34]. Fitting of the measured correlation functionswith Eq. (4.11) reveals the characteristic time constant τ of the relaxation dynamics ofthe investigated double strand.Fig. 4.23 shows the correlation function of the fluctuation dynamics of the duplexesPM-Probe and MM1-Probe at room temperature and 44 ◦C. The overall relaxationtime constants τPM and τMM1 are listed in Table 4.6. The experiment reveals that atroom temperature the time constants for PM and MM1 are different but comparable.This indicates similar fluctuation dynamics of the two duplexes. At 44 ◦C, however, therelaxation dynamics of the MM1 is markedly slower. In agreement with the meltingcurves presented in section 4.3.4, one can conclude that the MM1 duplex exhibitsan increased number of entropic degrees of freedom that leads to slower relaxationdynamics. Fig. 4.23 also shows that the presence of the PM, concentrated at 100 pM,modifies the correlation function of the MM1 compared to the competition free case.In agreement with the findings in section 4.3.3 and 4.3.8, this indicates an interactionbetween the highly specific PM and the MM1. Note that the overall relaxation timeconstant τ cannot be extracted from the measured correlation function in the case ofcompetition, since the model in [34] does not account for a competitive situation.One has to note that there are differences between the experimental conditions usedin this work and the ones presented in [34]. The DNA duplexes PM-Probe and MM1-Probe are not hairpin loops and are lacking GC clamps. Additionally, the experimentsin this work are performed at a higher salt concentration (0.57 M monovalent ions).Nevertheless, Eq. (4.11) is used to extract the corresponding time constants since aqualitative difference between the fluctuation dynamics of PM-Probe and MM1-Probeat room temperature and 44 ◦C is sufficient for further interpretation of the data.
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Figure 4.23.: Fluctuation spectra of double-stranded DNA molecules PM-Probe andMM1-Probe in bulk, obtained with the FCS setup (compare chapter 3.1.7). All corre-lation functions are the mean value of five independent measurements (see appendixsection A.9). (A), experiment performed at room temperature (RT). The graph showsthe correlation functions as a function of time for the PM-Probe duplex (black) and theMM1-Probe duplex (blue). The concentration of duplexes is 10 nM in both cases. Thered line is the fit of Eq. (4.11) to the data, thus revealing the overall relaxation timeconstants τPM and τMM1. The values are different but comparable. (B), same as (A)but for a temperature of 44 ◦C. The time constants now differ more strongly, indicatingdifferent fluctuation dynamics of the two duplexes at this temperature. The green curvepresents the correlation function of the MM1-Probe duplex within a background of PMtargets, concentrated at 100 pM. The presence of the PM leads to modified fluctuationdynamics of the MM1-Probe duplex (compare the blue and the green curve), indicatingan interaction between PM and MM1 on the probe strand.

Table 4.6.: Overall relaxation time constants τ of the fluctuation dynamics of DNAduplexes PM-Probe and MM1-Probe, for room temperature and 44 ◦C. The valuesare determined by fitting Eq. (4.11) to the correlation functions presented in Fig. 4.23.While the time constants of PM-Probe and MM1-Probe are similar at room temperature,they differ more strongly at 44 ◦C.
Duplex τ at room temperature [ms] τ at 44◦C [ms]PM-Probe 0.823± 0.06 0.963± 0.06MM1-Probe 0.931± 0.05 1.28± 0.05
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Ultrahigh DNA hybridization specificity due to molecular competition

4.3.10. Limiting entropic degrees of freedom: Measurements with
LNA

The experimental studies show that the MM1-Probe duplex exhibits a fluctuatingmolecule with an increased number of entropic degrees of freedom (sections 4.3.4 and4.3.9). This leads to the asymmetric interaction that causes the high specificity of thePM (sections 4.3.3 and 4.3.8). Thus, it should be possible to reduce the effect of thehighly specific hybridization of the PM by limiting the entropic degrees of freedom inthe MM1-Probe duplex. This is analyzed in the following experiments. Locked nucleicacids (LNA) consist of a ribose moiety modified with an extra methylene bridge con-necting the 2’ oxygen and 4’ carbon. Compared to a DNA nucleotide, the stiffness isincreased. Consequently, the entropic degrees of freedom of a DNA strand are reducedwhen LNA monomers are incorporated into the polymer. For the competitive system“PM. vs. MM1” as a representative of the highly specific cases, an increasing num-ber of DNA nucleotides within the MM1 sequence is replaced by LNA nucleotides.Therefore, the LNA molecules MM1-LNA-1 and MM1-LNA-2 listed in Table 4.7 aredesigned. In competitive hybridization experiments, the high specificity of the PM incompetition with the MM1 is investigated as a function of incorporated LNA monomers.The LNA molecules can only be tagged with the dyes provided by the vendor Exiqon.Compared to the usually employed dyes Cy-3 and Cy-5, these modifications addition-ally stabilize double-stranded DNA (see appendix section A.8). Thus, for the followingexperiments, the DNA targets PM and MM1 are also tagged with the dyes providedby Exiqon in order to compare the experimental data of all molecules.Fig. 4.24 shows the result of the experiments. Indeed, by replacing DNA bases by thecorresponding LNA bases within the MM1 target, the high specificity of the PM canbe diminished. For the case of competition between PM and MM1-LNA-2, the highspecificity of the PM is no longer observable. Thus, the experimental results confirm
Table 4.7.: MM1 target molecules with incorporated LNA bases. The non-matchingbase is underlined. DNA bases that are replaced by the corresponding LNA bases areshown in green.

Target Sequence (5’ → 3’)MM1 AAG-GAT-CAC-ATC-GTA-AMM1-LNA-1 AAG-GAT-CAC-ATC-GTA-AMM1-LNA-2 AAG-GAT-CAC-ATC-GTA-A
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Figure 4.24.: Competitive hybridization between PM and different versions of the MM1target at 44 ◦C. The graphs shows the hybridization signal of the PM (labeled with thefluorescent dye 665 provided by Exiqon) as a function of time for a single hybridization(blue), and for the case of competition with the MM1 (red), MM1-LNA-1 (green) andMM1-LNA-2 (orange). All the competitors are labeled with the dye 563, also providedby Exiqon. The PM concentration is 5 nM and the concentration of the competitor is1 µM in all measurements. DPM is normalized to the equilibrium value of the singlehybridization (blue curve). By replacing more and more DNA bases of the MM1 strandby LNA bases, the high specificity of the PM diminishes.
the conclusions of the previous section 4.3.9. The entropic degrees of freedom in theMM1-Probe duplex at 44 ◦C are responsible for the occurrence of the highly specificPM hybridization. By replacing DNA nucleotides by LNA nucleotides within the MM1sequence, these fluctuations can be reduced and the high specificity of the PM dimin-ishes.As discussed in section 4.3.2, one has to mention that quantitative conclusions aboutthe specificity of a competitive system are only possible, if the binding affinities of bothcompetitors KHAT and K LAT are known. However, in the present experiments, the bind-ing affinities of the LNA molecules MM1-LNA-1 and MM1-LNA-2 are not determined.LNA is reported to increase the binding affinity of a DNA target for binding to a comple-
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Ultrahigh DNA hybridization specificity due to molecular competition

mentary probe molecule [43] and also improves mismatch discrimination [44]. Thus, thedecrease of the high specificity of the PM could basically be the result of the increasedbinding affinity of the target molecules MM1-LNA-1 and MM1-LNA-2. Nevertheless,also in this case, the results confirm the conclusions of the previous section 4.3.9. Thequalitative observation that 1 µM of the MM1 targets are discriminated by only 5 nMof the PM targets, but 1 µM of MM1-LNA-2 targets obviously discriminate 5 nM ofthe PM targets, supports the hypothesis that the entropic degrees of freedom in theMM1-Probe duplex play an essential role for the occurrence of the high specificity.

4.4. Explanation of the high specificity: Model and
numerical assessment

4.4.1. Conclusion of the experimental results

The experimental results presented in the previous section point towards a molecularinteraction between the competitors HAT and LAT as the reason for the observed highspecificity (sections 4.3.3, 4.3.8, 4.3.9). The temperature dependence (sections 4.3.5,4.3.6 and reference [30]) underlines that different thermal fluctuations (section 4.3.9),involving different entropic degrees of freedom of the competing strands (sections 4.3.4,4.3.10) play an essential role for the occurrence of the effect. Put together, one canconclude from the experimental results that in the highly specific cases, the compet-ing strands interact via the mentioned thermal fluctuations and the effective bindingfree energies change in such a way that solely the HAT is able to bind to the probemolecules by reducing the binding affinity of the LAT (section 4.3.8). The HAT is notaffected by the molecular competition with the LAT (section 4.3.7), which underlinesthat the interaction has to be asymmetric. Otherwise, it would be impossible to tilt thefree energy landscape in favor of one of the two competitors. The effect also requires ahighly collective reaction in order to generate the high non-linearities which are neces-sary to produce the observed strong change in the hybridization specificity of the HATas a response to the shift of the mismatch position within the LAT sequence (section4.3.2).Although the interactions between the highly specific HAT and the LAT are a matter ofthermal fluctuations that are difficult to picture in detail, in the following a numericalassessment is developed that is based on the experimental results. The objection of the
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4.4 Explanation of the high specificity: Model and numerical assessment

numerical assessment is to model the observed high specificity in thermodynamic equi-librium with a reasonable choice of parameters. The numerical assessment is developedin strong collaboration with Christian Trapp and therefore also presented in [36].
4.4.2. Pre-melted and helicoidal binding configurations

The experimental results point towards the existence of different fluctuating bindingconfigurations of HAT and LAT in the highly specific cases. For temperatures closeto the melting point Tm, the existence of pre-melted configurations in double-strandedDNA is well known [45, 46]. Two different binding configurations are considered thatmay coexist on the same double strand (see Fig. 4.25 A):
1. Pre-melted configurationThe pre-melted configurations occur predominantly close to the melting temper-ature of the DNA double strand. It is a flexible configuration with many entropicdegrees of freedom. A closed base pair generates the enthalpy ∆h. The overallenthalpic contribution of a given pre-melted configuration is simply the sum overall closed bonds. Additionally, a next neighbor coupling energy j is consideredbetween adjacent closed bonds.
2. Helix configurationIn this case the DNA duplex forms the well known double helix with low en-tropy and flexibility. Two adjacent pre-melted base pairs gain the next neighborcoupling energy J > j when they transit from a pre-melted configuration to ahelix configuration. This is, however, at the cost of a reduced number of entropicdegrees of freedom of the strand.

In the following, the implementation of the two binding configurations is explained indetail.
4.4.3. Free energy of pre-melted configurations

In order to calculate the enthalpy ∆Hp
~v of a pre-melted configuration, a collective in-teraction between adjacent bases is considered using an ISING description. This isbecause a specified base possesses an increased closing probability if its neighbor isalready bound. This leads to the following expression:
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∆Hp
~v = ∆Hp

~v (~v ) = M∑
i=1 j · vi · vi+1 + M+1∑

i=1 δ (vi − 1) · ∆h (4.12)
M is the maximum number of nearest neighbor pairs in the DNA duplex [5, 47]. Forinstance, a DNA duplex with 16 bases possesses M = 15 next neighbor pairs. ~v isa vector of length M + 1 with entries 0 and 1. It represents a pre-melted bindingconfiguration between target and probe, where 1 stands for a closed base pair and 0for an open base pair. j is the coupling constant between two adjacent closed basepairs and ∆h is the enthalpy gain for the closing of a base pair. The values of ∆h arepositive, assuming that the reference state is the totally denatured state, where all basepairs are open.The transition from the totally denatured strand to a pre-melted configuration causes aentropy change of the strands, because any pre-melted configuration has less degreesof freedom compared to the fully denatured state. The entropy change is determinedby treating the conformations of a strand as a self-avoiding walk (SAW) on a lattice[36, 48, 49]. For simplicity it is considered that one step in the lattice correspondsto one unbound base of the DNA strand. Thus, the number of configurations #SAW oflength x is #SAW (x) = µx · xγ−1 (4.13)
γ = 1.157 ± 3 · 10−3 is the universal entropic constant and µ = 4.684 depends onthe considered geometry [48]. Thus, the entropy change ∆Sp(y) between the totallydenatured state and a pre-melted configuration with y closed base pairs is

∆Sp(y) = R ·

ln [ #SAW (M+1)#SAW (M+1−y)
] , if y < M + 1ln [#SAW (M + 1)] , if y = M + 1 (4.14)

where R is the molar gas constant. The pre-melted configuration where all base pairsare closed corresponds to the largest entropy change ∆Sp(y). Ultimately, the bindingfree energy ∆Gp
~v of a pre-melted configuration at temperature T is

∆Gp
~v = ∆Hp

~v − T · ∆Sp (4.15)
following the Gibbs equation (compare for instance Eq. (2.26)).

94



4.4 Explanation of the high specificity: Model and numerical assessment

m=2 m=3

=1J-ΔHblock,1,2 Δp =2J-ΔHblock,2,3 Δp

block,1# =4

block 1

block,2# =10

block 2

(A) Coexisting pre-melted and helix configurations (B) Competitive situation

Δp

LAT

HATProbe

(C) Pre-melted configuration: v = (0,1,1,1,0,0,1,0,0,0,0,1,1,1,1,1)

(D) One of the possible helix configurations of the pre-melted configuration v

Δh
j

J

helix region helix regionpre-melted region

Δh

jJ

Figure 4.25.: Model and numerical assessment (compare text for details). (A), coexist-ing pre-melted and helix configurations. The flexible pre-melted configuration (middleregion) possesses many entropic degrees of freedom. A closed base pair gains the en-thalpy ∆h and two adjacent closed base pairs gain the coupling energy j . The stiff helixconfigurations (outer regions) possess a low number of entropic degrees of freedom. Twoadjacent closed base pairs in a pre-melted configuration gain the additional next neigh-bor coupling energy J > j when they transit to a helix configuration. (B), competitivesituation. Formation of a triplex structure consisting of HAT, LAT and the probe causesan interaction between the DNA molecules. If one specified target molecule resists thedeformation that a competitor has to apply to bind to the probe itself, in a mean fieldpicture this can be described by using an average energy penalty ∆p that increases therequired degree of cooperativity of helix configurations. (C, D), numerical assessment.(C), pre-melted configuration ~v = (0, 1, 1, 1, 0, 0, 1, 0, 0, 0, 0, 1, 1, 1, 1, 1). The enthalpy∆Hp
~v of this configuration is determined with Eq. (4.12). Together with the entropychange ∆Sp between the totally denatured state and this pre-melted configuration (seeEq. (4.14)), the binding free energy ∆Gp

~v is determined with Eq. (4.15). The number of
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blocks (segments of closed bases next to each other without interruption) for this pre-melted configuration ~v is 2 (green circles). According to Eq. (4.17) the number ofpossible helix configurations k of this specific pre-melted configuration ~v is #block,1 ·#block,2 = 4 ·10 = 40. (D), one of the 40 possible helix configurations of the pre-meltedconfiguration ~v in (C). The red parts form a helix. The additional enthalpy ∆Hblock,i,mof such a helix follows Eq. (4.18). Together with the entropy change Sh, ∆Gh
~v,k isdetermined with Eq. (4.21). The combination of ∆Gp

~v and ∆Gh
~v,k gives the total freeenergy ∆G~v,k of a specified binding configuration (see Eq. (4.22)).

4.4.4. Free energy of coexisting pre-melted and helix
configurations

Two adjacent closed base pairs in the pre-melted configuration can transit in pairs toa helicoidal configuration, thereby generating the additional next neighbor couplingenergy J > j . In order to calculate the number k of all possible helix configurations ofa specified pre-melted configuration ~v , one has to determine the total number #blocksof individual “blocks” i of adjacent closed base pairs in the pre-melted configurationof length li > 2. The individual blocks are independent of each other and can form ahelix configuration. For instance, the pre-melted configuration shown in Fig. 4.25 C,possesses two individual blocks of length l1 = 3 and l2 = 5. In Fig. 4.25 D, two of thebases of block 1 and three of the bases of block 2 have formed a helix. By consideringthe bases of individual blocks follow the double ended Zipper binding statistics [5, 50],the number of possible configurations #block,i of one individual block i of length li is
#block,i = li · (li − 1)2 + 1 (4.16)

With this expression, the total number k of all possible helix configurations of onespecific pre-melted configuration ~v is
k = #block∏

i=1 #block,i (4.17)
If 2 ≤ m ≤ li bases of an individual block i are in helix configurations, the enthalpygain is ∆Hblock,i,m = (m− 1) · J − ∆p (4.18)
As mentioned in section 4.4.1, the experimental results point towards an asymmetric in-
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teraction between the highly specific HAT and the LAT. For the numerical assessment itis assumed that these interactions are the result of the formation of a triplex structure ofshort lifetime, consisting of HAT, LAT, and the probe molecule (see Fig. 4.25 B). In orderto account for this interaction, the energy penalty ∆p is included. ∆p reflects the energyrequired to form a helicoidal configuration in the presence of a competing target that isbound to the probe and resists the deformation. To compensate for ∆p, a larger numberof adjacent bases in the helix configuration are needed. In this sense, ∆p increasesthe required degree of cooperativity to form a helix configuration in the presence ofa competitor. From this it follows that ∆p is zero for the completely developed helixconfiguration and for the competition free case (single hybridization). The latter aspectis also in agreement with the nearest neighbor standard model of DNA hybridization[11]. Furthermore, ∆p is zero, if the interaction between HAT and LAT is symmetricand the triplex population does not favor one of the two competitors. For the numericalassessment, ∆p is expressed as a multiple integer of the coupling energy J of the helixconfiguration. For the calculation of the partition function only blocks with ∆Hblock,i,m >0 need to be considered. If in Eq. (4.18)
(m− 1) · J ≤ ∆p⇔ ∆Hblock,i,m ≤ 0 (4.19)

the corresponding configuration does not reach the required degree of cooperativityand is not taken into account. Therefore Eq. (4.16) is a function of ∆p. The additionalenthalpy ∆Hh
~v,k generated by the helix configurations is obtained by summing over allindividual blocks ∆Hh

~v,k = #block∑
i=1 ∆Hblock,i,m (4.20)

If there are no helix configurations, ∆Hh
~v,k is zero and the stability of the duplex isonly governed by the energy of the pre-melted configurations following Eq. (4.15). Thetransition from a pre-melted configuration to a helix configuration causes an additionalentropy change Sh(z) due to the increased persistence length. z is the number of basesin helix configurations and Sh(z) is calculated as described in Eq. (4.13). Please notethat the reference state for the calculation of Sh(z) is still the totally denatured state.Thus, the completely developed helix configuration possesses the largest change inentropy. The binding free energy of the helix configurations is

∆Gh
~v,k = ∆Hh

~v,k − T · Sh (4.21)
Ultimately, the overall binding free energy of any bound configuration can be calculated
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by summing the two contributions of pre-melted configurations (Eq. (4.15)) and helixconfigurations (Eq. (4.21)): ∆G~v,k = ∆Gp
~v + ∆Gh

~v,k (4.22)
In order to determine the binding affinity K of a specified target molecule, one hasto determine the partition function Zduplex of a DNA duplex, which is the sum over allpossible pre-melted and helix configurations

K = Zduplex =∑
~v

∑
k(~v ) e

β∆G~v,k (4.23)
The first sum runs over all possible pre-melted configurations ~v of the duplex and thesecond sum runs over all possible helix configurations k corresponding to one specificpre-melted configuration ~v .
4.4.5. Numerical assessment of the single hybridization

Consider an ensemble with NA molecules of species A and N binding sites with N > NA.A binding site can be occupied by exactly one molecule and there is no interactionbetween adjacent binding sites. Binding of a molecule A to a binding site gives anenergy ∆GA + µA, where µA < 0 is the chemical potential. The grand canonic partitionfunction for this ensemble is
Z =∑

NA

(
N
NA

)
eβNA(∆GA+µA) = [1 + eβ(∆GA+µA)]N (4.24)

where β = 1/RT and (x + y)n =∑n
k=0 (nk)xn−kyk . The term in squared brackets on theright side of Eq. (4.24) corresponds to the partition function of one single binding site.The average number 〈NA〉 of occupied binding sites can be determined with

〈NA〉 = ∂ lnZ
∂ (βµA) = N · eβ(∆GA+µA)1 + eβ(∆GA+µA) = N ·

K A · [A]eq1 + K A · [A]eq (4.25)
Here, [A]eq = eβµA (4.26)
is the equilibrium concentration of molecules of species A and

K A = eβ∆GA (4.27)
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Table 4.8.: Individual theoretical binding constants KHAT and K LAT calculated withEq. (4.23) and their ratio for a given parameter set (j, J,∆h) and a temperature of44 ◦C.
KHAT KLAT KHAT/KLAT j [kcal/mol] J [kcal/mol] ∆h [kcal/mol]3.20 · 107 1.88 · 106 17.02 0.3 1.7 0.7

is the binding constant. Please note that the right side of Eq. (4.25) is identical to theLangmuir isotherm in Eq. (2.7).In the following, the NA molecules of species A and the N binding sites are consideredto be complementary DNA oligonucleotides (targets and probes). For simplicity, inthe numerical assessment, the DNA strands constitute homopolymers with 16 bases inlength. Following the model presented in sections 4.4.3 and 4.4.4, DNA molecules havea distribution of pre-melted and helix configurations. Thus, K A in Eq. (4.25) is thepartition function Zduplex of all possible pre-melted and helix configurations using Eq.(4.23). The individual binding of two different target molecules is considered: a HATthat constitutes a perfect match and a LAT that possesses a single erroneous base at theninth position of the strand (reading direction 5’ → 3’). As the mismatching base pairof the LAT remains open, the LAT possess only 215 pre-melted configurations plus therespective helix configurations, while the HAT has 216 pre-melted configurations plusthe respective helix configurations. The values for the next neighbor coupling energies
j and J and the value for the enthalpy gain of a closed base pair ∆h are neededfor the calculation of ∆G~v,k (compare sections 4.4.3 and 4.4.4). They are unknownand therefore considered as free parameters. However, they need to be in qualitativeagreement with the nearest neighbor standard model of DNA hybridization [11]. Thementioned parameters are chosen in such a way that the theoretical individual bindingaffinities KHAT and K LAT , calculated with Eq. (4.23), differ by one order of magnitude,as observed experimentally for the target molecules PM and MM1 (compare Table4.1). Furthermore, as explained in section 4.4.4, ∆p is zero, since KHAT and K LAT arecalculated for the individual case without competition. Table 4.8 shows one reasonableparameter set and the resulting binding constants for a temperature of 44 ◦C. Fig. 4.26shows how helix configurations of different sizes contribute to the calculated bindingaffinities KHAT and K LAT presented in Table 4.8. The numerical assessment reveals thatfor the same conditions, both targets, HAT and LAT hybridize to the probe moleculesin a mixture of pre-melted and helix configurations. However, the LAT generates themajor part of its binding affinity through a large number of short helix configurations

99



Ultrahigh DNA hybridization specificity due to molecular competition

0 2 4 6 8 10 12 14 16
0

1

2

3

4

56
C

o
n

tr
ib

u
tio

n
 to

 K
H

A
T

[1
0

a
.u

.]

Size of Helix Configuration
[Numbers of bases]

(A)

0 2 4 6 8 10 12 14 16
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Size of Helix Configuration
[Numbers of bases]

C
o

n
tr

ib
u

tio
n

 to
 K

LA
T

[1
0

5
a

.u
.]

(B)

Figure 4.26.: Contribution of helix configurations of different sizes to the binding affin-ity K for HAT (A) and LAT (B) considered as homopolymers of 16 bases in length,hybridizing at a temperature of 44 ◦C. The numerical assessment is performed for theparameter set presented in Table 4.8. Summing over all the contributions of the helixconfigurations reveals the binding constants KHAT = 3.20 · 107 and KHAT = 1.88 · 105(compare Table 4.8). The first bar (zero bases in helix configurations) reflects the con-tribution of all pre-melted configurations. There is no contribution of size one helicessince a helix configuration consists of at least two bases. KHAT is generated throughalmost completely closed helix configurations (mean size 12.7 bases, red line), while
K LAT stems from a larger number of short helix configurations (mean size 10 bases, redline).

of about 10 bases in length, while for the HAT more of the binding affinity stemsfrom almost completely developed helix configurations. Thus, in agreement with theexperimental results summarized in section 4.4.1, the numerical assessment confirmsthat LAT and HAT possess different numbers of entropic degrees of freedom involvingdifferent fluctuation dynamics at a temperature of 44 ◦C. This difference is required forthe already claimed asymmetric interaction of HAT and LAT that leads to the observedhigh specificity. This is explained in detail in the next section 4.4.6.
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4.4.6. Numerical assessment of the competitive hybridization

Consider an ensemble with NA molecules of species A, NB molecules of species Band N binding sites with NA + NB < N . A binding site can be occupied by exactlyone molecule and there is no interaction between adjacent binding sites. Binding ofa molecule A to a binding site gives the energy ∆GA + µA, binding of molecule B theenergy ∆GB + µB. The grand canonic partition function of this ensemble is
Z =∑

NA

∑
NB

(
N
NA

)(
N −NA

NB

)
eβ[NA(∆GA+µA)+NB(∆GB+µB)]

=∑
NA

(
N
NA

)
eβNA(∆GA+µA) ·∑

NB

(
N −NA

NB

)
eβNB(∆GB+µB)

=∑
NA

(
N
NA

)
eβNA(∆GA+µA) · [1 + eβ(∆GB+µB)]N−NA

= [1 + eβ(∆GA+µA) + eβ(∆GB+µB)]N
(4.28)

The term in squared brackets in the last line of Eq. (4.28) corresponds to the partitionfunction of one single binding site. In analogy to Eq. (4.25), the average number ofbinding sites occupied by molecule A is
〈NA〉 = N · eβ(∆GA+µA)1 + eβ(∆GA+µA) + eβ(∆GB+µB) (4.29)

and the average number of binding sites occupied by molecule B is
〈NB〉 = N · eβ(∆GB+µB)1 + eβ(∆GB+µB) + eβ(∆GA+µA) (4.30)

With the Eqs. (4.29) and (4.30) as well as the combined Eqs. (4.26) and (4.27), theratio 〈NA〉/〈NB〉 of the average number of occupied binding sites by molecules A andB is
〈NA〉
〈NB〉 = eβ(∆GA+µA)

eβ(∆GB+µB) = K A·
KB· ·

[A]eq[B]eq = [A]eq[B]eq · eβ∆∆G (4.31)
where K A and KB are the equilibrium binding constants and ∆∆G = ∆GA − ∆GB isthe difference between the binding free energies between molecule A and B. Pleasenote that for [DA]eq/[DB]eq ∝ 〈NA〉/〈NB〉 Eq. (4.31) is identical to Eq. (2.23). In thefollowing, the molecules A and B are considered to be the DNA homopolymers HATand LAT, both described in the previous section 4.4.5. The binding affinities KHAT and
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K LAT in Eq. (4.31) can be determined again with the partition function Zduplex usingEq. (4.23). However, in the competitive case, two different scenarios, concerning thekind of interactions between HAT and LAT, have to be distinguished:
1. Symmetric interactions between HAT and LAT

In this case, as explained in section 4.4.4, the population of the triplex consisting of HAT,LAT, and probe does not favor one of the two competitors, since the thermal fluctuationsof HAT and LAT are comparable. In the numerical assessment this is reflected byan energy penalty of ∆p = 0 equivalent to the single hybridization (section 4.4.5).Thus, the binding affinities KHAT and K LAT calculated with Eq. (4.23) are identicalto the respective values determined for the competition free case (see Table 4.8). Puttogether, this means that without antagonistic interaction reflected by ∆p = 0, thecompetitive hybridization is fully described with the single hybridization affinities KHATand K LAT using Eq. (4.31). Based on the experimental results this scenario applies tothe competitive systems of standard specificity (Fig. 4.4 A).
2. Antagonistic interactions between HAT and LAT

In this case, the interactions between HAT and LAT are asymmetric due to differententropic degrees of freedom involving different thermal fluctuations (compare section4.4.4). In the numerical assessment, this asymmetry is reflected by energy penaltyvalues of ∆p > 0 because one specified target molecule resists the deformation thata competitor has to apply to bind to the probe itself. For the same parameter setas introduced in Table 4.8, Table 4.9 and Fig. 4.27 show the binding affinities KHATand K LAT calculated with Eq. (4.23) as a function of ∆p. The numerical assessmentconfirms that under identical conditions, the LAT looses the major part of its bindingaffinity while the effect on the HAT is also there, but negligible. This is because, theLAT, with its non-matching base pair, generates the most part of its binding affinitythrough a large number of short helix configurations with low cooperativity (see Fig.4.26 B). However, the penalty in particular increases the required size of even thesehelix configurations and this causes the loss of K LAT by three orders of magnitude. Onthe other hand, for the HAT more of the binding affinity stems from almost completelydeveloped helix configurations (see Fig. 4.26 A). These configurations, however, are stillable to overcome the barrier of ∆p so that the change of KHAT is negligible. Based
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4.4 Explanation of the high specificity: Model and numerical assessment

Table 4.9.: Theoretical binding affinities KHAT , K LAT in competition as a function ofthe energy penalty ∆p, expressed in multiple integers of J . The binding constants arecalculated with Eq. (4.23) for a temperature of 44 ◦C using the same parameter set(j, J,∆h) as presented in Table 4.8.
∆p KHAT KLAT KHAT/KLAT0 3.20 · 107 1.88 · 106 17.021J 9.01 · 106 2.43 · 104 370.262J 8.04 · 106 6.81 · 103 1180.843J 7.98 · 106 6.10 · 103 1308.994J 7.97 · 106 6.06 · 103 1316.845J 7.97 · 106 6.05 · 103 1317.226J 7.97 · 106 6.05 · 103 1317.22
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Figure 4.27.: Theoretical prediction of the high specificity. (A), binding affinities KHATand K LAT listed in Table 4.9 as a function of the energy penalty ∆p, expressed inmultiple integers of the next neighbor coupling energy of the helix configurations J at44 ◦C. While K LAT (blue) decreases by about three orders of magnitude, the effect on
KHAT (black) is also there but negligible. (B), binding free energy difference ∆∆G =∆GHAT −∆GLAT as a function of ∆p. ∆GHAT and ∆GLAT are determined with the values
KHAT and K LAT from (A) using Eq. (4.27). The graph illustrates the asymmetric changeof the binding free energy landscape in favor of the HAT.

on the experimental results, this scenario applies to the competitive systems of highspecificity (Fig. 4.4 B).
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Ultrahigh DNA hybridization specificity due to molecular competition

4.4.7. Free energy of the total system

The results presented in Fig. 4.27 and Table 4.9 are now used to determine the overallGibbs free energy Gtotal of a system consisting of N binding sites and two competingbinding species HAT (high affinity target) and LAT (low affinity target). Each bindingsite can be empty, occupied by a HAT, occupied by a LAT, or occupied by both moleculesHAT and LAT at the same time. Formation of HAT-HAT-probe and LAT-LAT-probetriplexes are not considered. This is because these configurations may well occur insituations without competition, and they do not play a role in achieving high specificitywith the present formalism. The fraction of probes occupied by a HAT (LAT) is cHAT(cLAT ). The fraction of probes occupied by a HAT and a LAT simultaneously is cT .Following this convention, all binding sites are occupied as triplexes simultaneously bya HAT and a LAT, if cHAT = cLAT = cT = 1. The effective Gibbs free energy Gtotal persite N is:
Gtotal

N = H − R · T · S

= cHAT ·
(
εHAT0 + µHAT

)
− cT ·

(
εHAT0 + µHAT − εHATT − µHAT

)
+ cLAT ·

(
εLAT0 + µLAT

)
− cT ·

(
εLAT0 + µLAT − εLATT − µLAT

)
− R · T · S= cHAT ·

(
εHAT0 + µHAT

)
− cT · ε̃HAT+ cLAT ·

(
εLAT0 + µLAT

)
− cT · ε̃LAT − R · T · S

(4.32)

εHAT0 = R · T · ln (KHAT ) and εLAT0 = R · T · ln (K LAT ) are the energies that are gainedwhen a HAT or a LAT hybridizes with a probe molecule. µHAT = R · T · ln ([HAT ])and µLAT = R · T · ln ([LAT ]) are the chemical potentials of HAT and LAT, respectively.
εHATT = R · T · ln (KHAT

T
) is the energy that is gained when a HAT hybridizes with aprobe molecule that is already occupied by a LAT (triplex formation). The same appliesfor εLATT = R ·T · ln (K LAT

T
), when a LAT hybridizes with a probe molecule that is alreadyoccupied by a HAT. ε̃HAT and ε̃LAT are the energy corrections that reflect the interactionof HAT and LAT when both are bound to one and the same probe. The entropy S dividedby the gas constant R is:
S = S0 − ln [( N

N · cHAT

)
·
(

N
N · cLAT

)] (4.33)
The constant value of S0 in Eq. (4.33) is neglected in the following. The fraction cT ofprobes occupied by a HAT and a LAT simultaneously is a function of the conditionalprobability κHATT (κLATT ) that a given LAT (HAT) shares its probe molecule with a LAT
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4.4 Explanation of the high specificity: Model and numerical assessment

(HAT):
cT = cHAT · κLATT = cLAT · κHATT (4.34)

With this expression, Eq. (4.32) can be written as
Gtotal

N = cHAT ·
(
εHAT0 + µHAT

)
− cLAT · κHATT · ε̃HAT

+ cLAT ·
(
εLAT0 + µLAT

)
·
(1− κHATT · ε̃LAT

εLAT0 + µLAT

)
− R · T · S

(4.35)
If all available probes are occupied by a LAT, there is always a fraction that share theprobe with a HAT. This is because the HAT can achieve binding states that the LATcannot reach (see Fig. 4.26). This probability κHAT ,minT is a property of the competingmolecules, and for a given fraction cLAT there must be the fraction

cHAT ,min = cLAT · κHAT ,minT (4.36)
of HAT molecules on the LAT occupied probes. If all probe molecules are occupied bya HAT, all probe bound LAT molecules must share their probe with a HAT:

κHATT
(
cHAT = 1) = 1 (4.37)

κHATT is a linear function of cHAT . For a given cLAT , κHATT depends on cHAT as
κHATT = cHAT ,min

cLAT + cLAT − cHAT ,min

cLAT (1− cHAT ,min) · (cHAT − cHAT ,min) (4.38)
In the following, the binding constants KHAT and K LAT are taken according to experi-mental values. They differ by about one order of magnitude, as observed for the targetsPM and MM1 (compare Table 4.1). HAT and LAT are considered in concentrations of[HAT ]0 = 5 nM and [LAT ]0 = 1 µM, respectively. These concentrations are used inmost of the competitive hybridization experiments (compare for instance section 4.1.2).For a temperature of 44 ◦C, the energies and chemical potentials in Eq. (4.35) aredetermined as

εHAT0 = R · T · ln (KHAT ) = 12.99 kcal/mol (4.39)
εLAT0 = R · T · ln (K LAT ) = 11.28 kcal/mol (4.40)

µHAT = R · T · ln ([HAT ]0) = −12.04 kcal/mol (4.41)
µLAT = R · T · ln ([LAT ]0) = −8.7 kcal/mol (4.42)
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Ultrahigh DNA hybridization specificity due to molecular competition

The results of the numerical assessment listed in Table 4.9 suggest that for an energypenalty of ∆p = 4J the binding affinities KHAT and K LAT decrease by factors of 4 and310, respectively. These reduced binding affinities can be translated to average triplexbinding energies εHATT and εLATT that apply when a particular target has to bind to aprobe molecule that is already occupied by the competitor:
εHATT = R · T · ln (KHAT /4) = 12.11 kcal/mol (4.43)
εLATT = R · T · ln (K LAT /310) = 7.67 kcal/mol (4.44)

With this, one obtains
ε̃HAT = εHAT0 − εHATT = 0.88 kcal/mol (4.45)
ε̃LAT = εLAT0 − εLATT = 3.61 kcal/mol (4.46)

With these parameters, Fig. 4.28 visualizes the effective Gibbs free energy landscapedetermined by Eq. (4.35) as a function of cHAT and cLAT , as well as different valuesof κHATT . For low triplex probabilities κHATT ≤ 0.6, the Gibbs free energy reaches itsmaximum for high values of cLAT but low values of cHAT . The system tends to a con-figuration where it is almost exclusively the LAT that binds to the probes. This casereflects the experimental finding of standard specificity, where the much higher concen-trated LAT prevails over the HAT. However, triplex probabilities of κHATT > 0.6 lead toa sharp transition of the binding free energy maximum to high values of cHAT but verylow values of cLAT . This result reflects the competitive hybridization systems of highspecificity. Fig. 4.28 further shows that the probe molecules are mostly occupied byonly one target species, HAT or LAT (consider the sum of cHAT and cLAT in Fig. 4.28).One understands that due to the triplex interaction that depends on a product of concen-trations, there is a sharp, asymmetric modification of the binding free energy landscapein favor of the HAT. The formalism resembles the Landau description of phase transition.The case where both molecular species are bound to the same probe as a triplex does notoccur for a large fraction of the probes. This is because the triplex does not constitutea minimum of the energy landscape. Although the existence of triplex states is requiredfor the observation of the high specificity, there are no experimental hints that thesestates are occupied in thermodynamic equilibrium. This is like in a phase separation,where the molecules separate to avoid the interaction that causes their separation.
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Figure 4.28.: Effective Gibbs free energy landscape of a competitive hybridization, fol-lowing Eq. (4.35). All parameters are listed in Eqs. (4.42), (4.43), and (4.44). Thegraphs show the effective free energy Gtotal/N as a function of cHAT and cLAT andfor different values of the conditional triplex probability κHATT . Maximum and minimumvalues of Gtotal/N are normalized to 1 and 0, respectively. In each sub-plot, the white“x” marks the maximum of the energy landscape. Triplex probabilities of κHATT > 0.6lead to a sharp shift of the binding free energy maximum to high values of cHAT but lowvalues of cLAT .
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Ultrahigh DNA hybridization specificity due to molecular competition

4.4.8. Specificity increase in theory and experiment

In the following, the theoretically predicted specificity increase of the HAT in com-petition with the LAT is compared with the experimental data. Therefore, the surfaceoccupancy ΘHAT is evaluated as a function of the concentration of the LAT, following
ΘHAT = [DHAT ]eq[P ] = KHAT · [HAT ]eq

KHAT · [HAT ]eq + K LAT · [LAT ]eq + 1 (4.47)
(compare Eq. 4.2). For the binding affinities KHAT and K LAT , the theoretically predictedvalues listed in Table 4.9 are used. Two cases are considered: The case of the singlehybridization (∆p = 0J), where the binding affinities KHAT and K LAT differ by one orderof magnitude as observed experimentally for PM and MM1, and the competitive case∆p = 4J where KHAT and K LAT differ by three orders of magnitude. The latter casereflects the assumption that the additional triplex state modifies the binding free energylandscape in such a way that the system can basically be described with the triplexbinding energies εHATT and εLATT , while the individual energies εHAT0 und εLAT0 can beneglected (compare section 4.4.7). The theoretical data of ΘHAT as a function of [LAT ]is compared with the experimental data found for the concentration limit of the highlyspecific system “PM vs. MM1” (section 4.3.1). The result is presented in Fig. 4.29. Itreveals that the high specificity of the PM can be predicted from the theoretical bindingaffinities reached for an energy penalty of ∆p = 4J within the technical concentrationlimits of the LAT. The asymmetric modification of the binding free energy landscapeleads to a shift of the transition of ΘHAT to increased values of [LAT ].
4.5. Conclusion and discussion

The results of the numerical assessment show that in general, the binding affinities
KHAT and K LAT can change in a competitive environment compared to the competitionfree case. In the model presented in the previous sections, this is achieved with anasymmetric interaction in the form of short-lived triplex structures consisting of HAT,LAT, and the probe molecule. The binding free energy landscape changes by severalorders of magnitude in favor of the HAT but without the observation that the triplexstates are indeed occupied in a large number. It is important to mention that the re-duction of K LAT during competition with the HAT does not contradict thermodynamics.Binding in competition is thermodynamically a different situation that is not necessarily
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Figure 4.29.: Evaluation of the numerical assessment. The graph shows the surfaceoccupancy ΘHAT as a function of the LAT concentration [LAT ] following Eq. 4.47. Alldata is normalized to the single hybridization ([LAT ] = 0). The solid lines are the pre-dictions of the numerical assessment for ΘHAT , thereby using two different values for thepredicted binding affinities KHAT and K LAT (compare Table 4.9): single hybridization(black line, ∆p = 0, KHAT = 3.20 ·107, K LAT = 1.88 ·106) and competitive hybridization(blue line, ∆p = 4J , KHAT = 7.97 · 106, K LAT = 6.06 · 103). The filled symbols arethe experimentally measured values for the highly specific competitive system “PM vs.MM1”, using the data presented in section 4.3.1. ΘPM is determined with Eq. (4.47)using the values of DPM in Fig. 4.12. The increase of the hybridization specificity of thePM observed in the experiments can be qualitatively predicted with the theoreticallydetermined binding affinities in competition for ∆p = 4J .
described by the mean energies of individual binding. Rather, in competition, the differ-ent fluctuating binding states of HAT and LAT can combine in new ways and change theeffective binding free energy landscape. At thermodynamic equilibrium, DNA strandsform transient triplexes as a result of thermal fluctuations, regardless whether in com-petition or not. These exchange dynamics are particularly pronounced at the meltingtransition. Large fluctuations do not necessarily affect the macroscopic binding constant
K , which reflect a mean value. However, if the binding conformations of the competi-tors are antagonistic, as expressed in the model with the energy penalty ∆p, and the
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Ultrahigh DNA hybridization specificity due to molecular competition

triplex population favors one competitor, the triplex fluctuations will modify the effectivebinding free energy landscape.Two remarks may apply on the approximation of the intermolecular interactions withthe energy penalty ∆p:
1. ∆p is taken as a constant but is likely to be small for a very low and very largenumber of base pairs that form a helix configuration with a maximum between thetwo cases. This, however, will only enhance the tendency to favor the HAT.
2. There must also be an energy penalty that applies to pre-melted configurations aslong as the molecules form a triplex. This penalty will work in the same directionas ∆p and increase the likelihood of more collective binding states, also favoringthe HAT.

Put together, an improvement of the approximation for the penalty ∆p is likely toincrease the specificity of the HAT. Extensive molecular dynamic simulations may gainfurther insight into the complex situation of highly fluctuating DNA strands and helpto develop a more detailed model.
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5. Influence of DNA methylation on
the DNA duplex stability

The following chapter deals with the influence of methylated and hydroxymethylatedcytosine bases within short oligonucleotide strands on the specificity of DNA hybridiza-tion. The main focus of the investigation lies on the modification of the binding affinity
K of a specified DNA target of 16 bases in length due to the methylation or hydrox-ymethylation of two cytosine bases. Furthermore, competitive hybridization experimentsbetween methylated and non-methylated target molecules are the subject of interest.The experimental methods used for this study are the same as the ones introduced inthe previous chapter 4. One has to mention that the experiments constitute prelimi-nary studies, since the main focus of this work lies on the ultrahigh DNA hybridizationspecificity due to molecular competition (chapter 4) as well as the in vitro study of thetranscriptional regulation of epigenetic switches (chapter 6).
5.1. Hybridization affinity of methylated DNA targets

In order to analyze the influence of methylated and hydroxymethylated bases on thebinding affinity K of a particular target molecule, Langmuir isotherms are determinedfor the molecules PMm, MM1m, and MM1hm (see appendix Table A.1). Compared totheir non-methylated analogons PM and MM1, these targets contain two bases ofmethylcytosine or hydroxymethylcytosine within their sequence. A hydroxymethylatedversion of the PM is not investigated in the context of this work. The experimentalapproach for determining the binding constant K of these targets exactly follows theprocedure explained in chapter 4.1.1. The probe molecules remain non-methylated.In order to detect a possible difference in binding affinity between the methylatedsingle strands and their non-methylated analogons, the experiments are performed attemperatures close to the melting point Tm. Tm is predicted with the dinamelt web
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Influence of DNA methylation on the DNA duplex stability

server for nucleic acid melting predictions [29] and also by measuring melting profiles(section 5.2). Close to the melting point, the double strand is additionally destabilizedby the temperature fluctuations and a possible influence of DNA methylation on theduplex stability is easier to detect. In the case of MM1, MM1m, and MM1hm the usuallyemployed hybridization temperature of 44 ◦C is adequate. However, for the targets PMand PMm, the temperature is increased to 60 ◦C. Thus, the binding affinity of the non-methylated PM (see Fig. 4.1) has to be determined again for a temperature of 60 ◦C.Since the calibration of the hybridization signal D into units equivalent to the duplexconcentration in the measurement chamber (see appendix section A.3) is only valid for atemperature of 44 ◦C, the data has to be fitted with the modified version of the extendedLangmuir isotherm
Deq = A2 ([T ]0 + [P ]0 + K−1)− A2√([T ]0 + [P ]0 + K−1)2 − 4[T ]0[P ]0 (5.1)

(compare Eq. (4.3)) in order to extract the binding affinity K of the investigated targetmolecule.Fig. 5.1 shows the raw data and the extended Langmuir isotherms for the targetmolecules PM and PMm at 60 ◦C as well as MM1, MM1m, and MM1hm at 44 ◦C.The respective binding constants K are combined in Table 5.1. The experiment showsthat methylating only two of the sixteen bases of the target molecules has significantinfluence on the duplex stability although the probe molecule remains non-methylated.In all cases, the binding affinity of the methylated single strands increases by aboutone order of magnitude compared to the non-methylated case. Hydroxymethylation ofthe same bases further stabilizes the duplex.
5.2. Methylation dependent modification of the DNA

melting profile

As presented in the previous section, the methylation of only a few bases of a targetmolecule has significant influence on its binding affinity K . In order to gain furtherinsight into this stabilizing effect of DNA methylation, denaturation curves are measuredfor the target molecules MM1m and MM1hm. The data is compared with the experimentalresults of the non-methylated analogons. The denaturation curve of the target PMm isnot measured, since the temperature that is required to completely melt the doublestrand consisting of PMm and probe exceeds the technical limit of the experimental
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5.2 Methylation dependent modification of the DNA melting profile
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Figure 5.1.: Determination of binding affinities for the target molecules PM and PMmat 60 ◦C (A, B) and for the target molecules MM1, MM1m, and MM1hm at 44 ◦C (C,D). (A, C), raw data. The graph shows the hybridization signal D as a function of time.Following an increase of the target concentration [T ]0 (respective values in nM), D ismeasured until it reaches its equilibrium value Deq and remains constant in time. Pro-cedure is repeated until all probe molecules are occupied. (B), (D), extended Langmuirisotherms. The respective values for Deq from (A) and (B) are plotted against [T ]0. Thevalues for the MM1 (black dots) stem from the measurement presented in Fig. 4.1. Fit-ting of Eq. (5.1) to this data (red line) yields the binding constants K of the investigatedtarget molecule in units 1/M. The values are listed in Table 5.1.
setup. The approach for measuring denaturation curves is explained in detail in chapter4.3.4. The contribution of the temperature dependent efficiency of the fluorescent dye tothe hybridization signal is removed as explained in chapter 3.1.5 and A.7. The surface
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Influence of DNA methylation on the DNA duplex stability

Table 5.1.: Sequences and binding affinities of target molecules used for the investiga-tion of the influence of DNA methylation on the duplex stability. Non-complementarybases are shown underlined and in red. The targets PMm and MM1m contain two basesof methylcytosine (CCH3) and the target MM1hm contains two bases of hydroxymethylcy-tosine (COCH3). The values for K at 60 ◦C and 44 ◦C are determined with the extendedLangmuir isotherm (compare Fig. 5.1).
Target Sequence (5’ → 3’) K [107 1/M]

60◦C:PM AAG-GAT-CAG-ATC-GTA-A 1.7± 0.5PMm AAG-GAT-CCH3AG-ATCCH3-GTA-A 11± 0.5
44◦C:MM1 AAG-GAT-CAC-ATC-GTA-A 6± 1MM1m AAG-GAT-CCH3AC-ATCCH3-GTA-A 11± 0.5MM1hm AAG-GAT-COCH3AC-ATCOCH3-GTA-A 24± 3

occupancy Θ is linked to the binding constant K and the values of entropy and enthalpychange by combining the Eqs. (5.2) and (5.3):
Θ = K · [T ]0

K · [T ]0 + 1 (5.2)
K (T ) ∝ e∆G

RT = exp(∆H
R · 1

T −
∆S
R

) (5.3)
After measuring the melting curve, the surface occupancy Θ is converted into the bindingaffinity K following Eq. (5.2). Plotting the logarithm of K over the inverse temperature1/T (Arrhenius plot, see Eq. (5.3)) and linear fitting of these data then reveals thethermodynamic parameters ∆S and ∆H .Fig. 4.17 shows the melting curves of MM1m and MM1hm. The extracted thermodynamicparameters of melting temperature Tm, entropy change ∆S, and enthalpy change ∆Hfor the two molecular species are combined in Table 5.2. The experiment confirms thestabilizing effect of methylated bases incorporated into the sequence. Compared tothe non-methylated target MM1, the melting temperature of the methylated strands isincreased by 7 ◦C (MM1m) and 9 ◦C (MM1hm), respectively. This indicates an increasedduplex stability of the methylated targets MM1m and MM1hm of comparable magnitude.In the case of MM1m this result is also confirmed by a particularly pronounced change inenthalpy and entropy compared to the non-methylated MM1. However, for the MM1hm,the values of ∆S and ∆H make no sense. Due to the comparable melting temperatures of
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5.3 Competition between methylated and non-methylated targets

Table 5.2.: Values of enthalpy change ∆H , entropy change ∆S, and melting temper-ature Tm for target molecules MM1, MM1m, and MM1hm. Data is obtained from thedenaturation curves presented in Fig. 5.2 (MM1m, MM1hm) and Fig. 4.17 (MM1).
Target ∆H [kcal · mol−1] ∆S [kcal · mol−1] · K−1 Tm [◦C]MM1 73.48± 1 197.4 53± 1MM1m 200.44± 9 574.95± 23 60± 1MM1hm 83.48± 3 220.73± 9 62± 1

MM1m and MM1hm one would also expect comparable changes in entropy and enthalpyfor the two molecular species. However, the values ∆H and ∆S of the MM1hm donot differ significantly compared to the values extracted for the non-methylated MM1.This result is in conflict with the conclusions of the observed melting point shift (Fig.5.2). An explanation for this seemingly paradoxical result could be the shape of thedenaturation curve of the MM1hm. Compared to PM and MM1 (Fig.4.17) as well asMM1m, the melting transition of the MM1hm (Fig4.17) is less sharp, indicating theexistence of additional binding conformations within the pre-melted DNA duplex. Thisconformation invalidates the assumptions of a two-state description like the Langmuirmodel [51] and has to be a direct consequence of the hydroxymethylated DNA bases.Thus, the extraction of the thermodynamic parameters ∆S and ∆H with the combinedEqs. (5.2) and (5.3) seems to be unreasonable for the target MM1hm, since this assumesthe validity of the two-state description. On the other hand, the observation of anincreased melting temperature of the MM1hm compared to the MM1 is an experimentalfact that does not need any interpretation by a model.
5.3. Competition between methylated and

non-methylated targets

As shown in the previous sections, methylation of some bases of a DNA target causesa significant increase in the binding affinity and therefore enhances the stability ofthe formed double strand. Considering the results of competitive DNA hybridizationpresented in the previous chapter 4, it is therefore interesting to investigate if DNAmethylation also plays a role for the occurrence of the high specificity. Just like in thecase of LNA (compare chapter 4.3.10), one could imagine that methylated DNA basesdo also limit the entropic degrees of freedom of a DNA duplex and thus are essen-
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Figure 5.2.: Denaturation experiment for MM1m and MM1hm. (A), melting curves. Thegraph shows the fraction of occupied probes Θ as a function of temperature T for MM1m(black) and MM1hm (blue). The target concentration is 1 µM in both cases. The meltingtemperature Tm is defined as the temperature where the surface occupancy equals 50%(intersection of the dotted lines). (B), Arrhenius plot of the melting transition of MM1m(black) and MM1hm (blue) after converting the surface occupancy Θ (see A) into thebinding constant K (Eq. (5.2)). The graph shows the logarithm of the binding constant
K as a function of the inverse temperature 1/T . The red lines are linear fits to theexperimental data, thus revealing the values of enthalpy ∆H and entropy change ∆S(e.u. = “entropic units” = kcal/(mol · K)) of MM1m and MM1hm, respectively.

tial for the occurrence of standard and high specificity (compare chapter 4.4). Thus, inthe following section, competitive hybridization experiments between methylated andnon-methylated targets are performed. The experimental approach exactly follows theprocedure introduced in chapter 4.1.2. Two systems are investigated: First, the com-petition between PM and MM1m, in order to analyze if the PM hybridization is stillhighly specific even if the MM1 is methylated, and second, “PMm vs. PM”, in order toanalyze if the methylated version of the PM shows a high specificity during competitionwith its non-methylated analogon. Both experiments are performed at a temperature of44 ◦C. Thus, only the results of “PM vs. MM1m” can be compared with the predictionsof Eq. (2.21), since the binding affinity KPMm is solely determined for a temperature of60 ◦C (compare Fig. 5.1)Fig. 5.3 shows the results of the competitive hybridization experiment between PMand MM1m as well as “PMm vs. PM”. The experiment shows that the hybridization
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Figure 5.3.: Competitive hybridization between methylated and non-methylated targetmolecules. (A), competition between PM and MM1m at 44 ◦C. The graph shows thehybridization signal of the PM as a function of time in the case of a single hybridization(no competition, black) and in the presence of 1 µM of MM1m. The target concentrationof the PM is 5 nM in both measurements. DPM is normalized to the final value of thesingle hybridization. The filled symbols show the equilibrium duplex concentration,
DPM
eq , predicted by Eq. (2.21) thereby using the respective target concentrations andbinding affinities (compare Tables 4.1 and 5.1). The result is the same as observed forthe competitive system “PM vs. MM1” (Fig. 4.2 A). In spite of the increased bindingaffinity of the MM1m, a 200-fold excess concentration of MM1m targets over PM targetsdoes not lead to a reduced PM hybridization signal. The system shows high specificity(compare chapter 4.1.3). (B), same experiment as shown in (A) but for competitionbetween PMm and PM. The presence of 1 µM PM completely releases the PMm fromthe probe molecules. The predictions of Eq. (2.21) are not shown since KPMm is notdetermined for a temperature of 44 ◦C.

of the PM remains highly specific, no matter if the MM1 possesses methylated basesor not (compare Fig. 4.2). In both situations the predictions of Eq. (2.21) for theequilibrium hybridization signals DPM
eq are wrong. In spite of the fact that the bindingaffinity KPMm is not determined for a temperature of 44 ◦C, one can conclude for thecompetitive system “PMm vs. PM” that the hybridization of the PMm shows standardspecificity. A 200-fold excess concentration of the non-methylated version of the PMcompletely releases the methylated analogons from the probe molecules. Put together,DNA methylation does not directly play an essential role for the occurrence of standardor highly specific DNA hybridization (see chapter 4 for a definition of high and standardspecificity).
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5.4. Conclusion and discussion

In this chapter it is shown that methylation of only a few bases of a DNA oligonu-cleotide has significant influence on the DNA duplex stability. By methylating twobases of a single-stranded DNA molecule of 16 bases in length, the binding affinity canbe increased by about one order of magnitude, no matter if the molecule possesses anon-matching base (MM1m) or not (PMm). The hydroxymethylation of the same basesleads to a comparable increase in binding affinity. The increased duplex stability canalso be shown by measuring the melting curves of the methylated DNA molecules. Themelting point Tm is shifted to higher temperatures (7 ◦C for MM1m, 9 ◦C for MM1hm),which also leads to a reduced number of entropic degrees of freedom in the case of theMM1m compared to its non-methylated analogon. The melting profile of the MM1hmindicates the existence of additional binding conformations that invalidate the assump-tion of a simple two-state description. Competitive hybridization experiments betweenmethylated and non-methylated target molecules do not give further insight into theeffect of highly specific DNA hybridization investigated in detail in the previous chapter4. The competitive system“PM vs. MM1m” shows the same high specificity as observedfor the non-methylated case “PM vs. MM1”, while the system “PMm vs. PM” showsstandard specificity.Like mentioned before, the hybridization experiments shown in the present chapter con-stitute preliminary studies. The main focus of this work lies on the study of the highlyspecific DNA hybridization (chapter 4) and the epigenetic regulation of in vitro geneswitches (chapter 6). Consequently, the results presented in this chapter should beconsidered as a starting point for further investigations about how DNA methylationalters the properties of single-stranded DNA hybridization.
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6. In vitro study of the transcriptional
regulation of epigenetic switches

In the present chapter, the experimental results of the in vitro study of the epigeneticregulation of protein expression are presented and discussed. In the context of thiswork, two transcriptional regulation systems are investigated. Section 6.1 deals withthe study of the pap regulator operons and the DNA binding proteins Lrp and PapI(compare chapter 2.4.1). In section 6.2 the methylation binding domain of the humanrepressor MeCP2 is the subject of interest (compare chapter 2.4.2). Its function as anepigenetically regulated repressor is studied in detail. In section 6.3 the functionality ofthe two epigenetic regulation systems are merged in order to design a two state switchregulated by Dam and CpG methylation. A conclusion of all experimental findings ispresented in section 6.4. The objective of the experiments presented in this chapter isto gain further insight into the metabolic functionality of the studied binding proteinsand their role as transcriptional repressors as a function of the methylation state of theDNA operons. Therefore, the cell free extract is an ideal tool, since it enables the studyof the transcriptional regulation within a totally endogenous system, including all therelevant molecular players, but under highly controlled experimental conditions. Onthe other hand, the experiments are also motivated by approaches of structural biology.Thus, the second objective of the studies is also the characterization of the cell freeextract as a tool for designing synthetic gene circuits based on methylation bindingproteins and methylated DNA.
6.1. Gene switching based on Dam methylation, Lrp

and PapI

In the following, the in vitro expression results of the epigenetic gene switch based onDam methylation, Lrp, and PapI are presented. The study involves cloning of the differ-
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ent binding operons for Lrp (compare chapter 6.1 and Table 2.1) as regulatory parts forthe expression of the reporter gene coding for eGFP. The methylation dependent bindingof Lrp and its co-repressor PapI is investigated by measuring the fluorescence intensityof the recombined reporter. The methylation dependent regulator proteins PapI andLrp are also expressed in the crude extract from plasmids pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500 and pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500, respectively. Theconcentration of recombined proteins as a function of the respective plasmid concentra-tion is investigated in [35] for the promoter OR2-OR1-Pr. Based on these results, theyield of expressed PapI and Lrp proteins in the cell free extract is about 5 µM for a plas-mid concentration of 1 nM. Lrp and PapI are not known to interact with the consensussequence of OR2-OR1-Pr and thus no feedback loops should occur. Dam methylationof all reporter plasmids or PCR products is performed as explained in chapter 3.2.2.Plasmids free of Dam methylation are produced by using Dam-/Dcm- competent cellsfor bacterial amplification.
6.1.1. The pap123 operon

The pap123 operon is designed to investigate the cooperative binding of PapI-Lrp to theproximal promoter consisting of Lrp binding sites 1, 2, and 3 (compare chapter 2.4.1).Fig. 6.1 schematically illustrates the pap123 operon regulating the expression of thereporter gene coding for eGFP. Binding site 2 contains the GATC binding site for Dammethylase and can thus be either methylated or non-methylated. Operon 2 is flankedby Lrp binding sites 1 and 3. According to literature [16–18, 22], PapI-Lrp can bindcooperatively to Lrp sites 1, 2, and 3. This means, that the methylation dependentbinding of Lrp to binding site 2 should also mediate the binding to sites 1 and 3. Sincesite 3 is overlapping the -35 -10 region of the promoter of the pap123 operon, theexpression of the reporter should be repressed.
eGFP expression as a function of the reporter plasmid concentration

In order to determine the promoter strength of the pap123 operon, batch mode expres-sion experiments with increasing concentrations of the reporter plasmid pBEST-pap123-UTR1-eGFP-T500 are performed. This is necessary to determine the optimal plasmidconcentration for subsequent expression experiments and also to study a possible differ-ence in the expression efficiency of the extract for Dam methylated and non-methylated
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6.1 Gene switching based on Dam methylation, Lrp and PapI

pap123

-35 -10 eGFPOp3Op1 Op2

Figure 6.1.: Schematic illustration of the pap123 operon. The Lrp binding sites 1, 2,and 3 (compare Table 2.1) regulate the expression of the reporter gene coding for eGFP.The operon 2 contains a GATC site that can either be methylated or non-methylated(orange pin). The operon 3 is cloned in-between the -35 -10 recognition sequence for
σ70.

DNA templates.Fig. 6.2 shows the result of a batch mode expression of pBEST-pap123-UTR1-eGFP-T500 as a function of the reporter plasmid concentration. The experiment reveals anefficient eGFP expression for methylated and non-methylated reporter plasmids, up toa concentration of 20 nM. In most of the subsequent experiments the reaction alsocontains template DNA for the expression of the regulator proteins Lrp and PapI. Thisexpression also dissipates the resources of the in vitro expression machinery. Therefore,it is necessary to balance a high reporter protein yield, required for the quantitativeanalysis of the experimental results, with the possibility to add further plasmids for theexpression of the molecular regulators. Based on the results presented in Fig. 6.2,the standard reporter plasmid concentration is adjusted to 5 nM for all subsequentexperiments, if not stated otherwise.
eGFP expression as a function of the amino acid concentration

The efficiency of the cell free expression does highly depend on the concentrationof amino acids added to the extract [35]. The optimal amino acid concentration toreach the best possible yield of the reporter protein also depends on the number andconcentrations of other plasmids added to the extract (for instance the template DNAfor the expression of the regulator proteins Lrp and PapI). Therefore, it is necessary todetermine the optimal amino acid concentration in a batch mode reaction that expresses
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Figure 6.2.: Batch mode expression of eGFP regulated by the pap123 operon. Thegraph shows the concentration of the recombined eGFP as a function of the concen-tration of the reporter plasmid pBEST-pap123-UTR1-eGFP-T500 in the case of Dammethylated DNA (Dam+, black) and non-methylated DNA (Dam−, blue). The concen-tration of amino acids added to the reaction is 0.5 mM.
all three molecular players eGFP, Lrp, and PapI at the same time, at typically employedplasmid concentrations. This is done in the following experiments for the cases of both,a Dam methylated and a non-methylated version of the reporter pBEST-pap123-UTR1-eGFP-T500.Fig. 6.3 shows the respective results. The experiment reveals an optimal amino acidconcentration of 0.5 mM for expressing eGFP, Lrp and PapI within the same cell freereaction. In this case, the eGFP expression level of Dam methylated and non-methylatedreporter plasmids is maximal. Thus, the amino acid concentration is adjusted to 0.5 mMin all subsequent experiments if not stated otherwise.
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6.1 Gene switching based on Dam methylation, Lrp and PapI

E
xp

re
ss

ed
 e

G
F

P
 [a

.u
.]

0mM 0.01mM 0.05mM 0.1mM 0.5mM 1mM 1.5mM
0.0

0.2

0.4

0.6

0.8

1.0 Dam+

Dam-

[Amino Acids]

Figure 6.3.: Batch mode expression of pBEST-pap123-UTR1-eGFP-T500 as a func-tion of the amino acid concentration in the cell free reaction. The graph shows theconcentration of the recombined eGFP as a function of the amino acid concentrationin the case of Dam methylated DNA (Dam+, black) and non-methylated DNA (Dam−,blue). Data is normalized to the Dam+ expression level reached for an amino acid con-centration of 0.5 mM. The values on the x-axis refer to the concentration of each of the20 native amino acids. The concentration of the reporter plasmid is 5 nM. Additionally,the reaction contains 1 nM of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500,expressing the regulator Lrp, as well as 1 nM of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500, expressing the co-regulator PapI.
Lrp mediated repression of pap123-eGFP

In order to analyze the Lrp mediated repression of the eGFP expression regulated bythe pap123 operon, batch mode expression experiments with increasing concentrationsof pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500 are performed for Dam methylated andnon-methylated reporter plasmids.The results are presented in Fig. 6.4. Increasing the Lrp concentration in the cellfree extract by adding higher concentrations of the Lrp plasmid leads to a decreasedexpression level of eGFP by about 80% in the case of Dam+ reporter plasmids, and byabout 85% in the case of Dam− reporter plasmids. Obviously, Dam methylation of Lrp
123
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Figure 6.4.: Methylation response of the Lrp mediated repression of pBEST-pap123-UTR1-eGFP-T500. (A), (B), equilibrium values (A) and kinetics (B) for the case of theDam methylated pap123 operon in pBEST-pap123-UTR1-eGFP-T500. All data is nor-malized to the respective equilibrium value of the eGFP expression without the additionof the Lrp template DNA. In (A) the graph shows the eGFP expression as a function ofthe concentration of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500. The con-centration of the reporter plasmid is 5 nM, and the amino acid concentration 0.5 mM.The reaction further contains 1 nM of pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500 ex-pressing the co-regulator PapI. (B) shows the kinetics of the eGFP expression as afunction of time under the same conditions as described in (A). The plasmid concentra-tions of pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500 are given in the legend (values innM). The eGFP expression level decreases with increasing concentrations of Lrp by afactor of 80% (for 1 nM of the Lrp plasmid) in the presence of PapI. (C), (D), same as(A) and (B) but for the non-methylated pap123 operon. In the presence of PapI, Lrprepresses the system by a factor 85% (for 1 nM of the Lrp plasmid).
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6.1 Gene switching based on Dam methylation, Lrp and PapI

binding site 2 does not essentially influence the cooperative binding of PapI-Lrp to site 3overlapping the -35 -10 region of the pap123 promoter. The methylation response of thesystem is very low, since only a difference of 5% between Dam+ and Dam− expression isobservable for a pBEST-pa15a-OR2-OR1-Pr-UTR1-Lrp-T500 plasmid concentration of1 nM. This result is overlapping with the 5% error bar, determined for the reproducibilityof the expression level from batch to batch [39]. The kinetics of the eGFP expression,also presented in Fig. 6.4, highlights the role of Lrp as a repressor. After an initialphase where the eGFP expression is a linear function of time, the concentration ofrecombined Lrp within the cell free reaction is high enough to hinder further expressionof the reporter protein. The duration of the linear eGFP production phase decreaseswith increasing concentrations of the Lrp template DNA. However, the experiment alsoreveals that the binding of Lrp to the pap123 operon does not completely stop theexpression of the reporter. After the linear phase, the fluorescence signal of recombinedeGFP further increases with a smaller slope, indicating a “leaky” repression of thesystem.
PapI response of the Lrp mediated repression of pap123-eGFP

In the following, the role of PapI as a co-repressor of Lrp is studied in the case of thepap123 operon. Therefore, the Lrp mediated repression experiments presented in Fig.6.4 are repeated without the addition of 1 nM of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500.Fig. 6.5 shows the results of the Lrp mediated repression of pap123-eGFP in the ab-sence of PapI. Comparing the results with the findings in Fig. 6.4 reveals a less impor-tant repression efficiency of Lrp in the absence of PapI (Dam+/PapI+: 80%, Dam−/PapI+:85%; Dam+/PapI−: 75%, Dam−/PapI−: 75%). This is in agreement with the results ofthe literature that PapI slightly increases the affinity of Lrp for the cooperative bindingto sites 1, 2, and 3 [17]. A methylation response of the Lrp binding to the pap123operon is no longer observable in the absence of PapI, indicating that the methylationsensitivity of Lrp is mediated by the co-repressor PapI.
6.1.2. The pap2 operon

The pap2 operon (Fig. 6.6) is designed to study the PapI mediated binding of Lrpwithout any cooperative effects. Compared to the pap123 operon, the flanking Lrp
125



In vitro study of the transcriptional regulation of epigenetic switches

0nM 0.01nM 0.05nM 0.1nM 0.2nM 0.5nM 1nM
0.0

0.2

0.4

0.6

0.8

1.0 Dam+

E
xp

re
ss

e
d

 e
G

F
P

 [a
.u

.]

[pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500]

(A)

0nM 0.01nM 0.05nM 0.1nM 0.2nM 0.5nM 1nM
0.0

0.2

0.4

0.6

0.8

1.0 Dam-

[pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500]

E
xp

re
ss

e
d

 e
G

F
P

 [a
.u

.]

(B)

Figure 6.5.: Methylation response of the Lrp mediated repression of pBEST-pap123-UTR1-eGFP-T500 without expressing the co-repressor PapI. (A), Dam methylated re-porter plasmids. The graph shows the eGFP expression as a function of the concentra-tion of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500. The concentration ofreporter plasmid and amino acids is 5 nM and 0.5 mM, respectively. Data is normalizedto the equilibrium value of the eGFP expression without the addition of the Lrp templateDNA. (B), same as (A) but for the case of non-methylated reporter plasmids.
binding sites 1 and 3 are removed in pap2 and only binding site 2 is cloned in-betweenthe -35 -10 region of the promoter. Thus, it is possible to study the direct methylationresponse of PapI-Lrp binding to this operon. The binding of Lrp to site 2 highly dependson the presence of the co-repressor PapI [17]. The reporter plasmid pBEST-pap2-UTR1-eGFP-T500 is determined to be toxic during plasmid amplification when using thestandard -10 and -35 consensus sequences for σ 70 ATAAT and TTGACA, respectively.Thus, the recognition sites are changed to GTAAT and TGGACA, respectively, in orderto decrease the affinity of the transcription factor. In this case, the reporter plasmid isstable during bacterial amplification.
Lrp mediated repression of pap2-eGFP

Fig. 6.7 shows the results of the Lrp mediated repression of pap2-eGFP for Dam+ andDam− reporter plasmids. Due to the reduced binding affinity of σ 70 for the changed -35and -10 consensus sequences of the pap2 promoter, the concentration of the plasmid
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6.1 Gene switching based on Dam methylation, Lrp and PapI

pap2

-35 -10 eGFPOp2

Figure 6.6.: Schematic illustration of the pap2 operon. The Lrp binding site 2 (compareTable 2.1) is cloned in-between the -35 -10 recognition sequence for σ70 and regulatesthe expression of the reporter gene coding for eGFP. The operon 2 contains a GATC sitethat can either be methylated or non-methylated (orange pin). Due to a toxicity of theplasmid pBEST-pap2-UTR1-eGFP-T500, the -10 consensus sequence of σ70 is changedfrom ATAAT to GTAAT, while the -35 consensus sequence is changed from TTGACA toTGGACA, decreasing the affinity of the sigma factor. However, the sequence of Lrpbinding site 3 is not changed.
pBEST-pap2-UTR1-eGFP-T500 has to be increased from 5 nM to 10 nM in order toimprove the signal to noise ratio. The experiment shows that increasing the Lrp plasmidconcentration up to 1 nM leads to a reduced eGFP expression level. However, therepression efficiency of PapI-Lrp is markedly lower (Dam+: 42%, Dam−: 55%) comparedto the case of the pap123 operon (Dam+: 80%, Dam−: 85%), where the regulatorproteins were able to bind cooperatively to Lrp binding sites 1, 2, and 3. This supportsthe assumption of [22] and [52] that cooperative binding of PapI-Lrp to the proximalsites 1, 2, and 3 involves bending of the double-stranded DNA, which more efficientlyblocks the annealing of the RNA polymerase than just the occupation of the bindingsite 2 without DNA bending. This is also supported by the results of the expressionkinetics, since after the linear phase of eGFP expression, the fluorescence intensityfurther increases with higher slopes compared to the case of pap123-eGFP (compareFigs. 6.4 B and D with Figs. 6.7 B and D). This indicates a more “leaky” repressionof the system regulated by the pap2 compared to the pap123 operon. Thus, one canconclude that cooperative binding of PapI-Lrp to sites 1, 2, and 3 is required for stablephase-OFF cells, not expressing the pap gene in vivo. Furthermore, the results show amethylation response of the repression efficiency of PapI-Lrp. This confirms that Dammethylation of Lrp binding site 2 hinders binding of PapI-Lrp to this site (compare Fig.6.4).
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Figure 6.7.: Methylation response of the Lrp mediated repression of pBEST-pap2-UTR1-eGFP-T500. (A), (B), equilibrium values (A) and kinetics (B) for the case ofthe Dam methylated pap2 operon in pBEST-pap2-UTR1-eGFP-T500. All data is nor-malized to the respective equilibrium value of the eGFP expression without the additionof the Lrp template DNA. In (A) the graph shows the eGFP expression as a function ofthe concentration of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500. The con-centration of the reporter plasmid is 10 nM, and the amino acid concentration 0.5 mM.The reaction further contains 1 nM of pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500 ex-pressing the co-regulator PapI. (B) shows the kinetics of the eGFP expression as afunction of time under the same conditions as described in (A). The plasmid concentra-tions of pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500 are given in the legend (values innM). The eGFP expression level decreases with increasing concentrations of Lrp by afactor of 42% (for 1 nM of the Lrp plasmid) in the presence of PapI. (C), (D), same as (A)and (B) but for the non-methylated pap2 operon. In the presence of PapI, Lrp repressesthe system by a factor 55% (for 1 nM of the Lrp plasmid).
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6.1 Gene switching based on Dam methylation, Lrp and PapI

6.1.3. The pap222 operon

The pap222 operon is schematically illustrated in Fig. 6.8. It contains three Lrp bindingsites 2 that regulate the expression of the reporter eGFP. The binding sites can eitherbe Dam methylated or non-methylated. Primarily, the operon was designed to improvethe repression efficiency and methylation sensitivity of the pap2 operon by tripplingthe Lrp binding site 2. This approach is defined by the structural biological motivationof designing an epigenetic regulation system that switches between the ON and OFFstate of gene expression more efficiently. However, studying the pap222 operon andcomparing the results with the findings of pap123 and pap2 also gives information aboutthe cooperative binding of PapI-Lrp and the methylation sensitivity of the system. Theplasmid pBEST-pap222-UTR1-eGFP-T500 is determined to be toxic during bacterialamplification. Changing the -35 and -10 consensus sequences in order to decrease thebinding affinity of σ 70 could not solve this problem. Thus, instead of plasmid DNA,a linear PCR product, containing the pap222 operon, the untranslated region 1, thegene coding for eGFP, and the transcription terminator T500 is used to study the Lrpmediated repression of pap222-eGFP. In vitro gene expression from linear templateDNA is known to be less efficient compared to an expression from plasmids. For thestudy of pap222-eGFP it is assumed that using linear PCR products for gene expressioninstead of plasmid DNA does not influence the methylation dependent binding affinityof Lrp and PapI. This, however, is not confirmed experimentally in the context of thiswork.
Lrp mediated repression of pap222-eGFP

Fig. 6.9 shows the results of the Lrp mediated repression of pap222-UTR1-eGFP-T500.Since linear DNA is degraded in the cell free extract, the batch mode expression ex-periment is performed with the addition of 3.3 µM of the lambda phage protein gamS,protecting the exposed 3’ end of the reporter DNA templates. In the case of Dammethylated pap222-eGFP, PapI-Lrp hardly represses the reporter expression. Com-pared to the Lrp free case, the expression level of eGFP is even improved by about15% when adding 1 nM of the plasmid pBEST-OR2-OR1-Pr-UTR1-Lrp-T500. This re-sult is surprising when noting the experimental findings of the pap2 operon (section6.1.2). By trippling the Lrp binding site 2 (pap222 operon), one would simply expect anamplification of the PapI-Lrp repression efficiency, measured for the case of just usingone Lrp binding site 2 (pap2 operon). Thus, in agreement with the results presented
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pap222

-35 -10 eGFPOp2Op2 Op2

Figure 6.8.: Schematic illustration of the pap222 operon. Three Lrp binding sites 2(compare Table 2.1) regulate the expression of the reporter gene coding for eGFP. Theoperon 2 contains a GATC site that can either be methylated or non-methylated (orangepin). One of the three operons is cloned in-between the -35 -10 recognition sequencefor σ70. Due to a toxicity of pBEST-pap222-UTR1-eGFP-T500, the plasmid could notbe used as template DNA for the study of the pap222 regulated eGFP expression.Instead, the linear PCR product pap222-UTR1-eGFP-T500, containing the sequencefor pap222, the untranslated region 1, the gene coding for eGFP, and the transcriptionterminator T500 is used.
in section 6.1.2, the experiments suggest that the functionality of pap gene switchingcannot be explained by the simple, uncooperative attachment of PapI-Lrp complexes todouble-stranded DNA and the resulting blocking of the RNA polymerase. In this senseit is also surprising that PapI-Lrp is still capable of repressing the system in the case ofnon-methylated pap222-eGFP template DNA. However, the repression efficiency is re-duced compared to pap2 by a factor of 15%. Although pap222-eGFP shows a PapI-Lrpmediated repression only in the Dam− case but not in the Dam+ case, the repression ef-ficiency in the case of non-methylated reporter DNA is not very high. Thus, the pap222operon cannot be used as an efficient epigenetic switch for in vitro gene circuits.
6.1.4. The pap456 operon

The pap456 operon is designed to study the cooperative binding of PapI-Lrp to thedistal pap promoter consisting of Lrp binding sites 4, 5, and 6 (compare chapter 2.4.1).In the native system, the binding of Lrp to either the proximal promoter (sites 1, 2,and 3) or the distal promoter (sites 4, 5, and 6) is dictated by the PapI level, sincePapI increases the Lrp affinity for binding to the distal sites rather than the affinity forbinding to the proximal sites [17]. The operon is schematically illustrated in Fig. 6.10. It
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Figure 6.9.: Methylation response of the Lrp mediated repression of the PCR templateDNA pap222-UTR1-eGFP-T500. (A), (B), equilibrium values (A) and kinetics (B) forthe case of the Dam methylated pap222 operon in pap222-UTR1-eGFP-T500. All datais normalized to the respective equilibrium value of the eGFP expression without theaddition of the Lrp template DNA. In (A) the graph shows the eGFP expression asa function of the concentration of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500. The concentration of the reporter DNA is 5 nM, and the amino acid concentration0.5 mM. The reaction further contains 1 nM of pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500 expressing the co-regulator PapI and 3.3 µM of the lambda phage protein gamSto protect the linear PCR product from degradation. The eGFP expression level ishardly influenced by the presence of Lrp. (B) shows the kinetics of the eGFP expres-sion as a function of time under the same conditions as described in (A). The plasmidconcentrations of pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500 are given in the legend(values in nM). (C), (D), same as (A) and (B) but for the non-methylated pap222 operon.Increasing the Lrp concentration leads to a reduced eGFP expression level by a factorof 40%.
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pap456

-35 -10 eGFPOp6Op4 Op5

Figure 6.10.: Schematic illustration of the pap456 operon. The Lrp binding sites 4, 5,and 6 (compare Table 2.1) regulate the expression of the reporter gene coding for eGFP.The operon 5 contains a GATC site that can either be methylated or non-methylated(orange pin). The operon 6 is cloned in-between the -35 -10 recognition sequencefor σ70. Due to a toxicity of the plasmid pBEST-pap456-UTR1-eGFP-T500, the -10consensus sequence of σ70 is changed from ATAAT to ATATT, decreasing the affinity ofthe sigma factor. However, the sequence of Lrp binding site 6 is not changed.
contains the Lrp binding site 5, which can be either Dam methylated or non-methylated.Site 5 is flanked by sites 4 and 6, while 6 is overlapping with the -35 -10 region of thepromoter. Due to a toxicity during plasmid amplification, the -10 consensus sequenceis changed to ATATT in order to decrease the affinity of the transcription factor σ 70. Inthis case the plasmid is stable during amplification.
eGFP expression as a function of the reporter plasmid and the PapI
concentration

PapI is known to be a protein that can unspecifically bind to DNA also in the absenceof Lrp [17]. Both, Lrp and PapI, acquire enhanced affinity to bind to the distal pap pro-moter sites 4, 5, and 6, to which neither of them binds to an appreciable extent withoutthe other [21]. Thus, it is necessary to analyze if PapI alone is capable of repressingthe system regulated by the pap456 operon, also in the absence of Lrp. This is donein the following experiment.Fig. 6.11 shows the eGFP expression regulated by the pap456 operon as a function ofboth, the eGFP reporter plasmid concentration and the concentration of pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500. The experiment shows that for Dam methylated andnon-methylated reporter plasmids the eGFP expression is hardly modified as a functionof the PapI concentration in the cell free extract. Only in the case of very high reporter
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Figure 6.11.: PapI response of the expression efficiency of eGFP regulated by thepap456 operon for the case of Dam methylated (A) and non-methylated (B) reporterplasmids pBEST-pap456-UTR1-eGFP-T500. The graph shows the expression level ofeGFP normalized to its highest value as a function of the concentration of the reporterplasmid pBEST-pap456-UTR1-eGFP-T500 as well as the concentration of pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500, expressing PapI. The amino acid concentrationis 0.5 mM. In the case of the Dam− results, a decreased expression can be observedfor reporter plasmid concentrations of 15 − 30 nM and PapI plasmid concentrations of0.5 − 1 nM, most probably caused by a sharing effect of the expression machinery athigh plasmid concentrations.
plasmid concentrations of 15 nM, 20 nM, and 30 nM as well as high concentrationsof pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500 of 1 nM, a decrease of the expressionlevel can be observed, particularly in the case of non-methylated reporters. However,this is most likely due to a sharing effect of the expression machinery observed forvery high total plasmid concentrations. This can be neglected for a total plasmid con-centration less than about 10 nM. For the subsequent experiments one can concludethat even though PapI is in principle able to bind unspecifically to DNA [21], it doesnot influence the expression efficiency of eGFP regulated by the pap456 operon, whenusing typical reporter plasmid concentrations of 5 nM.
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Lrp mediated repression of pap456-eGFP

In order to analyze the Lrp mediated and cooperative repression of eGFP regulated bythe pap456 operon, batch mode expression experiments with increasing concentrationsof pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500 are performed for Dam methylated andnon-methylated reporter plasmids in the presence of PapI.Fig. 6.12 shows the respective results. The cooperative binding of PapI-Lrp leadsto a repressed eGFP expression level for both, Dam methylated (by 80%) and non-methylated (by about 70%) reporter plasmids. The observed methylation response isonly weak and works in the opposite direction as observed for the pap123 operon. Thisindicates that the methylation state of Lrp binding site 5 has no significant hinderingeffect on the cooperative binding of Lrp to the distal promoter sites 4, 5, and 6 in thepresence of PapI, since only site 6 is overlapping with the -35 -10 region of the promoter.This is in contrast to the in vitro findings in literature [17] that Dam methylation ofsite 5 decreases the affinity of PapI-Lrp for sites 4-6 and thus stabilizing the phase-OFF cells not expressing pap. The methylation state of site 5 does not seem to playan essential role for the cooperative locking of the phase-OFF state, although theexpression regulated by Lrp binding site 5 alone (see pap5 operon, section 6.1.5) showsa significant methylation response (see section 6.1.5).
PapI response of the Lrp mediated repression of pap456-eGFP

In order to gain further insight into the role of PapI for mediating the Lrp binding tothe distal promoter sites 4, 5, and 6, the repression experiments presented in Fig. 6.12are repeated without the addition of 1 nM of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500.Fig. 6.13 shows the results of the Lrp mediated repression of pap456-eGFP in theabsence of PapI. Comparing the results with the findings in Fig. 6.12 reveals a lessimportant repression efficiency of Lrp in the absence of PapI in the case of Dam+reporters (Dam+/PapI+: 80%, Dam+/PapI−: 70%) but comparable repression efficiencyin the case of Dam− reporters (Dam−/PapI+: 70%, Dam−/PapI−: 75%). Only for theDam+ case, this result is in agreement with the findings of the literature that PapIslightly increases the affinity for the cooperative binding of LRP to the distal sites 4,5, and 6 [17]. However, the result is in contrast to the finding that PapI increases theaffinity for all distal sites 4, 5, and 6 rather than for proximal sites 1, 2, and 3 (comparesection 6.1.1). Based on the batch mode expression results, the presence of PapI does
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Figure 6.12.: Methylation response of the Lrp mediated repression of pBEST-pap456-UTR1-eGFP-T500. (A), (B), equilibrium values (A) and kinetics (B) for the case of theDam methylated pap456 operon in pBEST-pap456-UTR1-eGFP-T500. All data is nor-malized to the respective equilibrium value of the eGFP expression without the additionof the Lrp template DNA. In (A) the graph shows the eGFP expression as a function ofthe concentration of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500. The con-centration of the reporter plasmid is 5 nM, and the amino acid concentration 0.5 mM.The reaction further contains 1 nM of pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500 ex-pressing the co-regulator PapI. (B) shows the kinetics of the eGFP expression as afunction of time under the same conditions as described in (A). The plasmid concentra-tions of pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500 are given in the legend (values innM). The eGFP expression level decreases with increasing concentrations of Lrp by afactor of 80% (for 1 nM of the Lrp plasmid) in the presence of PapI. (C), (D), same as(A) and (B) but for the non-methylated pap456 operon. In the presence of PapI, Lrprepresses the system by a factor of 70% (for 1 nM of the Lrp plasmid).
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Figure 6.13.: Methylation response of the Lrp mediated repression of pBEST-pap456-UTR1-eGFP-T500 without expressing the co-repressor PapI. (A), Dam methylated re-porter plasmids. The graph shows the eGFP expression as a function of the concentra-tion of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500. The concentration ofreporter plasmid and amino acids is 5 nM and 0.5 mM, respectively. Data is normalizedto the equilibrium value of the eGFP expression without the addition of the Lrp templateDNA. (B), same as (A) but for the case of non-methylated reporter plasmids.
not alter the cooperative binding of PapI-Lrp to all distal sites 4, 5, and 6, althoughthe expression regulated by the Lrp binding site 5 alone (no cooperativity) shows asignificant PapI response (see pap5 operon, section 6.1.5).
6.1.5. The pap5 operon

The pap5 operon (Fig. 6.14) is designed to study the PapI mediated binding of Lrp with-out any cooperative effects. Compared to the pap456 operon, the flanking Lrp bindingsites 4 and 6 are removed in pap5 and only binding site 5 is cloned in-between the -35-10 region of the promoter. Thus, it is possible to study the direct methylation responseof the binding of PapI-Lrp to this operon. According to literature [17] the Lrp bindingsite 5 shows the highest methylation response of the binding of Lrp. Additionally, it isknown that Lrp forms more stable complexes with its binding site 5 in the presence andabsence of PapI, compared to respective complexes formed with binding site 2.
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pap5

-35 -10 eGFPOp5

Figure 6.14.: Schematic illustration of the pap5 operon. The Lrp binding sites 5 (com-pare Table 2.1) is cloned in-between the -35 -10 recognition sequence for σ70 andregulates the expression of the reporter gene coding for eGFP. The operon 5 containsa GATC site that can either be methylated or non-methylated (orange pin).
eGFP expression as a function of the reporter plasmid and the PapI
concentration

Lrp is known to show a strong PapI response when binding to its recognition site 5[17]. Just like in the case of the pap456 operon, it is therefore necessary to analyze ifPapI alone is capable of repressing the system regulated by the pap5 operon beforestudying the PapI-Lrp mediated repression of the system. This is done in the followingexperiments.By analogy with Fig. 6.11, Fig. 6.15 shows the eGFP expression regulated by thepap5 operon as a function of both, the eGFP reporter plasmid concentration and theconcentration of pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500. The experiment revealsa similar result as shown in section 6.1.4 for the pap456 operon. For the case ofDam methylated and non-methylated reporter plasmids, the eGFP expression is hardlymodified when changing the PapI concentration in the cell free extract. Only for areporter plasmid concentration of 10 nM and a pBEST-OR2-OR1-Pr-UTR1-PapI-T500concentration of 0.5− 1 nM, a decrease of the eGFP repression level can be observedin the case of non-methylated reporter plasmids. Like supposed for the case of thepap456 operon, this is most likely due to a sharing effect of the expression machineryfor high plasmid concentrations. Put together, one can conclude, that PapI is not ableto repress the system regulated by the pap5 operon in the absence of Lrp.
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Figure 6.15.: PapI response of the expression efficiency of eGFP regulated by thepap5 operon for the case of Dam methylated (A) and non-methylated (B) reporterplasmids pBEST-pap5-UTR1-eGFP-T500. The graph shows the expression level ofeGFP normalized to its highest value as a function of the concentration of the re-porter plasmid pBEST-pap5-UTR1-eGFP-T500 as well as the concentration of pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500, expressing PapI. The amino acid concentration is0.5 mM. In the case of the Dam− results, a decreased expression can be observed forreporter plasmid concentration of 10 nM and PapI plasmid concentrations of 0.5−1 nM,most probably caused by a sharing effect of the expression machinery at high plasmidconcentrations.
Lrp mediated repression of pap5-eGFP

Fig. 6.16 shows the results of the Lrp mediated repression of pap5-eGFP for Dam+ andDam− reporter plasmids. Dam methylation of the GATC consensus sequence located inthe binding site 5 causes the most significant change in repression efficiency of PapI-Lrp of all operons studied in the context of this work. In the case of Dam+ reporters,the expression level of eGFP increases as a function of the Lrp plasmid concentrationby a factor of 54%. This effect is seemingly dramatic, when noting that PapI-Lrp is onlyknown to act as a repressor in the context of the epigenetic regulation of pap expression,but never as an activator. In the case of Dam− reporters, the presence of PapI-Lrprepresses the system by a factor of about 75%, like it has already been observed forother pap operons. However, the kinetics reveals a particularly pronounced “leakproof”repression, since the eGFP expression level does not increase on a long timescale after
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Figure 6.16.: Methylation response of the Lrp mediated repression of pBEST-pap5-UTR1-eGFP-T500. (A), (B), equilibrium values (A) and kinetics (B) for the case of theDam methylated pap5 operon in pBEST-pap5-UTR1-eGFP-T500. All data is normal-ized to the respective equilibrium value of the eGFP expression without the addition ofthe Lrp template DNA. In (A) the graph shows the eGFP expression as a function ofthe concentration of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500. The con-centration of the reporter plasmid is 5 nM, and the amino acid concentration 0.5 mM.The reaction further contains 1 nM of pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500 ex-pressing the co-regulator PapI. (B) shows the kinetics of the eGFP expression as a func-tion of time under the same conditions as described in (A). The plasmid concentrationsof pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500 are given in the legend (values in nM).The eGFP expression level increases with increasing concentrations of Lrp by a factorof 54% (for 1 nM of the Lrp plasmid) in the presence of PapI. (C), (D), same as (A) and(B) but for the non-methylated pap5 operon. In the presence of PapI, Lrp represses thesystem by a factor of 75% (for 1 nM of the Lrp plasmid).
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the linear phase. One can conclude from the experiments that methylation of the pap5operon obviously changes the role of PapI-Lrp from a repressor (in the case of the non-methylated Lrp site 5) to the role of an activator (in the case of the Dam methylated Lrpsite 5). The mechanism by which the presence of PapI-Lrp could improve the expressionefficiency of eGFP is unknown. One can speculate that binding of PapI-Lrp to themethylated version of the pap5 operon produces a more accessible DNA conformationfor the annealing of σ 70, while the non-methylated DNA hinders this annealing of thesigma factor. For the purpose of constructing an epigenetic switch, the pap5 operonshows the best switching behavior of all the constructs studied in the context of thiswork. For a concentration of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500of 1 nM, the Dam+ expression exceeds the Dam− expression by one order of magnitude.
PapI response of the Lrp mediated repression of pap5-eGFP

According to literature, the affinity of Lrp for binding to the pap operon 5 is markedlyincreased in the presence of PapI [17]. It is further known that Lrp specifically interactswith the binding site 5 only in the presence of PapI and that Dam methylation of site 5inhibits the formation of the ternary complex PapI-Lrp-DNA [21]. All this is observed for
in vitro experiments. In the following it is analyzed if the presence of PapI influences theeGFP expression regulated by the pap5 operon. Therefore, the Lrp mediated repressionof eGFP is analyzed in the presence and absence of the co-repressor PapI for both, themethylated and non-methylated version of the pap5 operon.The results are presented in Fig. 6.17. In agreement with [21], the experiment revealsthat PapI is necessary for the methylation sensitivity of the system. In the presence ofPapI, increasing the plasmid concentration of pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500 leads to a reduced expression level of about 75% in the case of Dam− reportersand an enhanced expression level of about 50% in the case of Dam+ reporters. Thisbehavior is already described in Fig. 6.16. However, in the absence of PapI, theexpression level increases in both, the Dam+ and Dam− case, as a function of the Lrpplasmid concentration. The improvement of the expression is of comparable magnitudeas in the case of Dam+/PapI+. Obviously, the presence of PapI is required for theLrp mediated repression of the system in the case of the non-methylated version ofthe pap5 operon. One can conclude that only the formation of the ternary complexconsisting of PapI, Lrp and the pap5 DNA leads to a repression of the system. On theother hand, formation of the binary complex consisting of Lrp and the pap5 DNA leadsto an enhanced expression efficiency of eGFP. Dam methylation of the pap5 operon
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Figure 6.17.: PapI response of the Lrp mediated repression of eGFP regulated by thepap5 operon as a function of the methylation state of the reporter plasmid. The graphshows the eGFP expression level as a function of the concentration of the plasmidpBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500 for Dam methylated (black and red) andnon-methylated reporters (blue and green), in the presence (black and blue) and absence(red and green) of 1 nM of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500.Data is normalized to the equilibrium value of the eGFP expression without the additionof the Lrp plasmid. The presence of PapI is required for the Lrp mediated repression ofthe system in the case of the non-methylated version of the pap5 operon (blue bars).
inhibits formation of the ternary complex. For the purpose of constructing an epigeneticswitch, all experiments should therefore be performed only in the presence of PapI.
eGFP expression as a function of the amino acid concentration

Since the pap5 operon shows the best switching behavior as a function of Dam methyla-tion, it is interesting to analyze if the switching efficiency can be increased for differentamino acid concentrations within the cell free reaction. This is done in the followingexperiment.Fig. 6.18 shows the eGFP expression regulated by the Dam methylated and non-
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Figure 6.18.: Batch mode expression of pBEST-pap5-UTR1-eGFP-T500 as a functionof the amino acid concentration in the cell free reaction. The graph shows the concen-tration of the recombined eGFP as a function of the amino acids in the case of the Dammethylated pap5 operon (Dam+, black) and the non-methylated operon (Dam−, blue).Data is normalized to the Dam+ expression level reached for an amino acid concentra-tion of 0.5 mM. The value on the x-axis refer to the concentration of each of the 20native amino acids. The concentration of the reporter plasmid is 5 nM. Additionally,the reaction contains 1 nM of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500,expressing the regulator Lrp, as well as 1 nM of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500, expressing the co-regulator PapI. The best switching efficiency isreached for an amino acid concentration of 0.5 mM (90% difference between Dam+ andDam− expression).
methylated pap5 operon, as a function of the amino acid concentration within the cellfree extract. The experiment reveals the best switching efficiency of the system tobe reached for an amino acid concentration of 0.5 mM, a reporter plasmid concentra-tion of 5 nM, and 1 nM of each plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500and pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500, respectively. Under this experimen-tal conditions the difference between Dam+ and Dam− expression is determined to beabout 90%.
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-35 -10 eGFPOp5Op5 Op5

Figure 6.19.: Schematic illustration of the pap555 operon. Three Lrp binding sites 5(compare Table 2.1) regulate the expression of the reporter gene coding for eGFP. Theoperon 5 contains a GATC site that can either be methylated or non-methylated (orangepin). One of the three operons is cloned in-between the -35 -10 recognition sequencefor σ70. Due to a toxicity of pBEST-pap555-UTR1-eGFP-T500, the plasmid could notbe used as template DNA for the study of the pap555 regulated eGFP expression.Instead, the linear PCR product pap555-UTR1-eGFP-T500, containing the sequencefor pap555, the untranslated region 1, the gene coding for eGFP, and the transcriptionterminator T500 is used.
6.1.6. The pap555 operon

The pap555 operon is constructed in order to further amplify the switching properties ofthe pap5 operon. The idea is that if using one Lrp binding site 5 as a regulator for theexpression of eGFP already shows an efficient switching behavior, tripling this bindingsite 5 should further improve the binding affinity of the Pap-Lrp complex and thus leadto an even more efficient switching. On the other hand, studying the pap555 operon andcomparing the results with the findings of pap456 and pap5 also gives information aboutthe cooperative binding of PapI-Lrp and the methylation sensitivity of the system. Thepap555 operon is schematically illustrated in Fig. 6.19. It contains three Lrp bindingsites 5 that regulate the expression of the reporter. All binding sites can either be Dammethylated or non-methylated. By analogy to the pap222 operon (section 6.1.3), theplasmid pBEST-pap555-UTR1-eGFP-T500 is determined to be toxic during bacterialamplification and changing the -35 and -10 consensus sequences in order to decreasingthe binding affinity of σ 70 could not solve this problem. Thus, a linear PCR productconsisting of the pap555 operon, the untranslated region 1, the gene coding for eGFP,and the transcription terminator T500 is used to study the Lrp mediated repression ofpap555-eGFP. The assumptions for expression experiments with linear DNA templatesexplained in section 6.1.3 have also to be considered in the case of pap555-eGFP.
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Figure 6.20.: Methylation response of the Lrp mediated repression of the PCR templateDNA pap555-UTR1-eGFP-T500. (A), (B), equilibrium values (A) and kinetics (B) forthe case of the Dam methylated pap555 operon in pap555-UTR1-eGFP-T500. All datais normalized to the respective equilibrium value of the eGFP expression without theaddition of the Lrp template DNA. In (A) the graph shows the eGFP expression asa function of the concentration of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500. The concentration of the reporter DNA is 5 nM, and the amino acid concentration0.5 mM. The reaction further contains 1 nM of pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500 expressing the co-regulator PapI and 3.3 µM of the lambda phage protein gamS toprotect the linear PCR product from degradation. The eGFP expression level decreaseswith increasing concentrations of Lrp by a factor of 66% (for 1 nM of the Lrp plasmid)in the presence of PapI. (B) shows the kinetics of the eGFP expression as a functionof time under the same conditions as described in (A). The plasmid concentrations ofpBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500 are given in the legend (values in nM). (C),
(D), same as (A) and (B) but for the non-methylated pap555 operon. Increasing the Lrpconcentration leads to a reduced eGFP expression level by a factor of 70%.
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6.2 Gene switching based on CpG methylation and MBD

Lrp mediated repression of pap555-eGFP

Fig. 6.20 shows the result of the Lrp mediated repression of pap555-UTR1-eGFP-T500.By analogy with pap222-UTR1-eGFP-T500, the expression experiment is performedwith the addition of 3.3 µM of the lambda phage protein gamS, protecting the exposed3’ end of the reporter DNA templates. The experiment reveals that trippling the Lrpbinding site 5 leads to a loss of the methylation sensitivity of the system observedin the case of the pap5 operon. The presence of PapI-Lrp represses the system by afactor of 66% (Dam+) and 70% (Dam−). The repression efficiency is less pronouncedcompared to the case of the pap456 operon (compare section 6.1.4). This result verifiesthe conclusions presented in section 6.1.3 that regulation of the pap expression cannotbe explained with the simple linear binding of PapI-Lrp and the subsequent blocking ofthe RNA polymerase. In this case, trippling the Lrp binding site 5 should simply leadto an amplification of the effects observed for the pap5 operon, which is, however, notthe case. The results underline that the cooperative interaction of Dam methylation,PapI-Lrp, and all six pap regulatory operons is absolutely necessary for the efficientregulation of the pap expression. The fact that the eGFP expression regulated by thepap555 operon no longer shows any methylation response excludes the construction forusing it as an epigenetic switch for in vitro gene circuits.
6.2. Gene switching based on CpG methylation and

MBD

In the following, the in vitro expression results of the epigenetic gene switch based onCpG methylation and the methylation binding domain (MBD) of the human repressorMeCP2 are presented. By analogy with the experiments performed on the pap switch(section 6.1), the experiments involve cloning of the MBD recognition sequence (see Fig.2.11) as the regulatory part for the expression of the reporter proteins eGFP or mCherry.Measuring the fluorescence intensity of the recombined reporters gives informationabout the binding of MBD. The methylation binding domain is expressed from the vectorpBEST-p15a-OR2-OR1-Pr-UTR1-MBD-T500 within the cell free extract. The yield ofrecombined MBD is about 20 µM for a plasmid concentration of 4 nM [35]. For furtherinvestigation of the methylation dependent binding of MBD, the protein is also obtainedin its recombined form and directly introduced into the cell free reaction. By analogyto the pap switch (section 6.1), the second objective of the experimental study is the
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In vitro study of the transcriptional regulation of epigenetic switches

design of an epigenetic switch on the basis of MeCP2 and CpG methylated DNA. This isinteresting because MeCP2 is known to possess exactly the opposite binding propertiesthan PapI-Lrp for the case of the pap5 operon (section 6.1.5). While Dam methylationof the DNA blocks high affinity binding of the PapI-Lrp complex, CpG methylation isrequired for the high affinity binding of MeCP2. CpG methylation of the regulatorypart of all reporter plasmids is performed as explained in chapter 3.2.2. The extractis produced from the mcr positive E. coli strain BL21. Thus, CpG methylated DNAcan be subject to degradation by the mcr restriction system if it contains a specifiedrecognition sequence (see appendix section B.7). However, all CpG methylated reporterplasmids used in the context of this work (compare appendix Table B.1) do not containthis recognition site of the mcr system and can therefore be expressed by the crudeextract.
6.2.1. The mbd operon

The mbd operon is designed to study the methylation dependent gene repression bythe methylation binding domain of the human protein MeCP2. The design of the mbdoperon involves cloning of the promoter III of the mouse-brain-derived neurodrophicfactor (BDNF) gene as an artificial promoter for the regulation of the expression ofeGFP and mCherry. Fig. 6.21 shows a scheme of the mbd operon. The DNA regulatorysequence contains a central CpG site that can be either methylated or non-methylated.It is known that MeCP2 possesses high affinity for binding to this sequence motif as afunction of the methylation state of the operon [25, 26].
eGFP and mCherry expression as a function of the reporter plasmid
concentration

In order to analyze the promoter strength of the mbd operon, batch mode expressionexperiments with increasing concentrations of the reporter plasmids pBEST-mbd-UTR1-eGFP-T500 and pBEST-mbd-UTR1-mCherry-T500 are performed. These measure-ments are also performed in order to determine the optimal reporter plasmid concentra-tions for all subsequent expression experiments and also for comparing the expressionefficiency of the two reporter proteins with each other. Furthermore, the experiment isperformed to analyze if CpG methylated reporter plasmids are not subject to degrada-tion by the mcr restriction system of the cell free extract.
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6.2 Gene switching based on CpG methylation and MBD
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Figure 6.21.: Schematic illustration of the mbd operon. The promoter III of the mouse-brain-derived neurodrophic factor (BDNF) gene (compare Fig. 2.11) is cloned in-between the -35 -10 recognition sequence for σ70 and regulates the expression of thereporter gene coding for eGFP (A) and mCherry (B). The sequence contains a CpG sitethat can either be methylated or non-methylated (orange pin).
Fig. 6.22 shows the yield of recombined reporters eGFP and mCherry as a function ofthe respective plasmid concentration. The experiment reveals a comparable expressionlevel of both reporter proteins for any given plasmid concentration. Based on theseresults and by analogy with the experiments performed on the pap switch (section 6.1),the standard reporter plasmid concentration is adjusted to 5 nM for subsequent ex-periments, when using the mbd operon as a promoter. Choosing this concentrationenables the simultaneous expression of other molecular players from plasmid DNA, likefor instance MBD, within the same cell free reaction without considering any sharingartifacts. Here, the concentration of all plasmids used in one single batch mode reactionshould not exceed a total value of 10 nM. The experimental results also demonstratethat both plasmids, pBEST-mbd-UTR1-eGFP-T500 and pBEST-mbd-UTR1-mCherry-T500 are obviously mcr negative and thus not subject to degradation within the cell freeextract. Comparing the reporter expression levels of the CpG+ case with the respectiveones of the CpG− case reveals expression from CpG methylated plasmids to be less ef-ficient than expression from plasmids free of CpG methylation (compare for instance the
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Figure 6.22.: Batch mode expression of eGFP and mCherry regulated by the mbdoperon as a function of the reporter plasmid concentration. (A), expression from CpGmethylated reporter plasmids. (B), expression from plasmids free of CpG methylation.The graphs show the concentration of the recombined eGFP (black) and mCherry (blue)as a function of the concentration of the reporter plasmids pBEST-mbd-UTR1-eGFP-T500 and pBEST-mbd-UTR1-mCherry-T500, respectively. Data is normalized to theeGFP and mCherry expression level reached for a reporter plasmid concentration of30 nM. The concentration of amino acids added to the reaction is 0.5 mM.
expression levels for reporter plasmid concentrations from 1−10 nM in Fig. 6.22 A withthe respective values in Fig. 6.22 B). The reason for this behavior is unknown. However,degradation of the CpG methylated DNA by the mcr restriction system of the extractcan be excluded as the reason for the decreased expression efficiency. Using an mcrpositive plasmid as the template for the reporter expression would lead to a vanishingfluorescence signal due to complete degradation of the DNA (compare appendix sectionB.7). For the interpretation of the experimental data, the difference between the CpG+and CpG− can be neglected. All subsequent results are presented in arbitrary units,what means that the expression level of the reporter protein is shown as a function ofa predetermined reference measurement.
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6.2 Gene switching based on CpG methylation and MBD

MBD mediated repression of mbd-eGFP

Fig. 6.23 shows the result of the MBD mediated repression of mbd-eGFP as a functionof the plasmid concentration of pBEST-p15a-OR2-OR1-Pr-UTR1-MBD-T500, for CpGmethylated and non-methylated reporter plasmids. In the case of the CpG+ reporter,the eGFP expression level decreases by a factor of 85% when using a pBEST-p15a-OR2-OR1-Pr-UTR1-MBD-T500 plasmid concentration of 1 nM. The annealing of themethylation binding domain to the methylated mbd operon efficiently represses thesystem. However, there is also a measurable repression of eGFP in the case of non-methylated reporter plasmids by a factor of 43%. Two reasons may apply for thisexperimental finding: i) the methylation binding domain does also bind to the non-methylated mbd operon but with a lower affinity than for CpG methylated DNA. ii) themeasured repression is an artifact caused by a sharing effect of the expression machineryof the cell free extract due to the high total plasmid concentration (5 nM of pBEST-mbd-UT1-eGFP-500 + 4 nM of pBEST-p15a-OR2-OR1-Pr-MBD-UTR1-T500). In order torule out a sharing effect as the reason for the MBD mediated repression of eGFP inthe case of the methylated and non-methylated mbd operon, the experiment presentedin Fig 6.23 is repeated with a recombined version of the methylation binding domain ofMeCP2. In this case, MBD is not expressed within the cell free reaction from the plasmidpBEST-p15a-OR2-OR1-Pr-UTR1-T500. All resources of the expression machinery areavailable for the reporter expression and sharing artifacts are excluded. The resultsare presented in Fig. 6.24. The experiment confirms that the repression in the CpG+and CpG− case is indeed caused by the specific interaction between MBD and thembd operon. The repression efficiency of the recombined version of MBD is comparableto the results presented in Fig. 6.23. However, there is a difference between thetwo experiments concerning the final concentration of recombined MBD. In the case ofthe plasmid expression of the methylation binding domain, 4 nM of pBEST-p15a-OR2-OR1-Pr-MBD-UTR1-T500 should lead to recombined protein concentration of about20 µM [35]. This protein concentration leads to a repression efficiency of 85% in thecase of the CpG+ reporter. However, when using the recombined version of MBD, 6 µMof the protein lead to a repression efficiency of 92% in the case of the CpG+ reporter.The reason for this difference is the simultaneous expression of eGFP and MBD inthe experiments presented in Fig. 6.23. Considering the kinetics of the CpG+ reporterexpression for a pBEST-p15a-OR2-OR1-Pr-MBD-UTR1-T500 plasmid concentrationof 4 nM reveals the final eGFP expression level to be reached after approximately twohours. After this time, the expression level hardly increases as a function of time until
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Figure 6.23.: Methylation response of the MBD mediated repression of pBEST-mbd-UTR1-eGFP-T500. (A), (B), equilibrium values (A) and kinetics (B) for the case of theCpG methylated mbd operon in pBEST-mbd-UTR1-eGFP-T500. All data is normalizedto the respective equilibrium value of the eGFP expression without the addition of therecombined MBD protein. In (A) the graph shows the eGFP expression as a functionof the concentration of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-MBD-T500. Theconcentration of the reporter plasmid is 5 nM, and the amino acid concentration 0.5 mM.(B) shows the kinetics of the eGFP expression as a function of time under the sameconditions as described in (A). The plasmid concentrations of pBEST-p15a-OR2-OR1-Pr-UTR1-MBD-T500 are shown in the legend (values in nM). The eGFP expressionlevel decreases with increasing concentrations of MBD by a factor of 85% (for 1 nMof the MBD plasmid). (C), (D), same as (A) and (B) but for the non-methylated mbdoperon. The eGFP expression level decreases with increasing concentrations of MBDby a factor of 43% (for 1 nM of the MBD plasmid).
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Figure 6.24.: Methylation response of the recombined MBD mediated repression ofpBEST-mbd-UTR1-eGFP-T500. (A), (B), equilibrium values (A) and kinetics (B) for thecase of the CpG methylated mbd operon in pBEST-mbd-UTR1-eGFP-T500. All datais normalized to the respective equilibrium value of the eGFP expression without theaddition of the recombined MBD protein. In (A) the graph shows the eGFP expressionas a function of the concentration of the recombined MBD. The concentration of thereporter plasmid is 5 nM, and the amino acid concentration 0.5 mM. (B) shows thekinetics of the eGFP expression as a function of time under the same conditions asdescribed in (A). The protein concentrations of MBD are given in the legend (values in
µM). The eGFP expression level decreases with increasing concentrations of MBD by afactor of 92% (for 6 µM of MBD). (C), (D), same as (A) and (B) but for the non-methylatedmbd operon. The eGFP expression level decreases with increasing concentrations ofMBD by a factor of 46% (for 6 µM of hMeCP2).

151



In vitro study of the transcriptional regulation of epigenetic switches

the end of the measurement. This suggests that it takes about two hours until theextract is enriched with recombined MBD proteins in an adequate concentration to bindto the mbd operon and consequently repress the system. During this time, eGFP is stillexpressed. On the other hand, when using the recombined version of MBD (compare Fig.6.24 (D), for a protein concentration of 6 µM), the domain is capable of repressing thesystem from the beginning of the experiment. A pre-incubation time of the MBD plasmidwithin the cell free reaction for about two hours should in principle lead to an evenmore complete repression, which is similar to the results of the recombined protein. Puttogether, one can conclude that MBD specifically binds to the CpG methylated versionof the mbd operon but also interacts with the non-methylated promoter. However, sincethe repression efficiency is particularly pronounced in the case of CpG methylatedreporters, the mbd construct is adequate for using it as an epigenetic switch in genecircuits.
eGFP expression as a function of the amino acid concentration

By analogy with the experiments performed with the pap5 operon (section 6.1.5), in thefollowing the expression efficiency of eGFP regulated by the mbd operon is measuredas a function of the amino acid concentration in the cell free extract. This experimentis performed to determine the optimal amino acid concentration for the simultaneousexpression of both, the reporter protein eGFP from pBEST-mbd-UTR1-eGFP-T500 andthe MBD protein from pBEST-p15a-OR2-OR1-Pr-UTR1-MBD-T500 within one singlebatch mode reaction at typically employed plasmid concentrations. This is done in thefollowing experiments for the cases of both, a CpG methylated and a non-methylatedversion of the reporter pBEST-mbd-UTR1-eGFP-T500.Fig. 6.25 shows the respective results. By analogy with the results of the pap switch(compare Figs. 6.3 and 6.18) the experiment reveals an adequate amino acid concen-tration of 0.5 mM for expressing eGFP and MBD within the same cell free reaction.Even if the maximum expression efficiency for CpG methylated reporters is reached foran amino acid concentration of 1 mM, the respective expression level is only increasedby a factor of 15% compared to the yield reached for an amino acid concentration of0.5 mM. Thus, the concentration is adjusted to 0.5 mM in all subsequent experimentsin order to make the results comparable with those of the pap switch (compare Fig.6.18). For an amino acid concentration of 0.5 mM, a reporter plasmid concentration of5 nM, and a pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500 concentration of 4 nM, thedifference between the CpG+ and CpG− expression is determined to be about 80%.
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Figure 6.25.: Batch mode expression of pBEST-mbd-UTR1-eGFP-T500 as a functionof the amino acid concentration in the cell free reaction. The graph shows the con-centration of the recombined eGFP as a function of the amino acids in the case ofthe CpG methylated mbd operon (CpG+, black) and the CpG non-methylated operon(CpG−, blue). Data is normalized to the CpG+ expression level reached for an aminoacid concentration of 0.5 mM. The value on the x-axis refers to the concentration ofeach of the 20 native amino acids. The concentration of the reporter plasmid is 5 nM.Additionally, the reaction contains 4 nM of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-MBD-T500, expressing the regulator MBD. For an amino acid concentration of0.5 mM, the difference between CpG+ and CpG− expression is determined to be 80%.
6.2.2. Sequence mutation of the mbd operon

In order to gain further insight into the MBD mediated repression of gene expressionas a function of CpG methylation, in the following, four mutated versions of the mbdoperon are the subject of interest. The sequences of the mutants are listed in Table 6.1.The operons mbdM1 and mbdM3 are designed to study the influence of mutating theflanking bases of the central CpG motif. mbdM2 breaks the run of AT bases adjacent tothe CpG motif. This AT run is reported to be essential for the DNA binding selectivityof the MBD [27]. mbdM4 combines the motivations for mbdM2 and mbdM3 within
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Table 6.1.: Overview of the mutated versions of the mbd operon studied in the contextof this work. Only the top strand sequence of the regulatory DNAs is shown. Allconstructs contain the central CpG motif (red), which can either be methylated or non-methylated. The bases shown in blue indicate the sequence that is mutated comparedto the native promoter III of the mouse-brain-derived neurodrophic factor (BDNF) gene(mbd-operon).
Operon Sequence (5’ → 3’)mbd CTG-GAA-CGG-AAT-TCT-TTCmbdM1 CTG-GAA-CGC-AAT-TCT-TTCmbdM2 CTG-GAA-CGG-AGC-CCT-TTCmbdM3 CTG-GGG-CGG-AAT-TCT-TTCmbdM4 CTG-GGG-CGG-AGC-CCT-TTC

one single construct. The central CpG motif of the mbd operon, which can either bemethylated or non-methylated, is conserved in all four mutants. All the operons listedin Table 6.1 are used as regulatory parts for the expression of the reporter eGFP inthe plasmids pBETS-mbdM1-UTR1-eGFP-T500, pBETS-mbdM2-UTR1-eGFP-T500,pBETS-mbdM3-UTR1-eGFP-T500, and pBETS-mbdM4-UTR1-eGFP-T500.
MBD mediated repression of mbdM1-M4-eGFP

For all four mutants listed in Table 6.1, Fig. 6.26 shows the MBD mediated repressionof eGFP as a function of the concentration of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-MBD-T500. For a MBD plasmid concentration of 1 nM, the experiment revealsa repression efficiency from 54% to 69% in the CpG+ case (mbdM1, 54%; mbdM2, 66%;mbdM3, 60%; and mbdM4, 69%), and from 24% to 31% in the CpG− case (mbdM1, 28%;mbdM2, 31%; mbdM3, 24%; and mbdM4, 27%). Thus, the MBD mediated repressionefficiency is comparable for all four mutants. Neither the mutation of the CpG flankingsites in mbdM1 and mbdM3, nor the breakup of the AT run in mbdM2 leads to asignificant modification of the methylation specific repressor properties of MBD. Thereduction of the eGFP expression level is comparable with the native mbd operon inthe methylated and non-methylated case (compare Fig. 6.23 for the case of 1 nm ofthe plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-MBD-T500). This experimental findingis in agreement with the results of literature that MBD binds to CpG methylated DNAin any sequence context due to contacts between a hydrophobic patch on the MBD thatinteracts directly with the DNA methyl groups [24]. However, it is surprising that
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Figure 6.26.: Methylation response of the MBD mediated eGFP repression, us-ing mutated versions of the mbd operon (Table 6.1), included in the reporter plas-mids pBEST-mbdM1-UTR1-eGFP-T500 (A), pBEST-mbdM2-UTR1-eGFP-T500 (B),pBEST-mbdM3-UTR1-eGFP-T500 (C), and pBEST-mbdM4-UTR1-eGFP-T500 (D), inthe case of CpG methylated (black) and non-methylated DNA (blue). All data is norma-
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lized to the respective equilibrium value of the eGFP expression without the additionof the MBD plasmid. The graphs show the eGFP expression as a function of theconcentration of pBEST-p15a-OR2-OR1-Pr-UTR1-MBD-T500. The concentration ofthe reporter plasmids are 5 nM, and the amino acid concentration is 0.5 mM in eachcase. (E), (F), eGFP expression level for all mutants as a function of the MBD plasmidconcentration for the CpG+ (E) and the CpG− (F) case. For 1 nM of the MBD plasmid,the eGFP level decreases by factors of 54% (mbdM1), 66% (mbdM2), 60% (mbdM3) and69% (mbdM4) in the CpG+ case and by factors of 28% (mbdM1), 31% (mbdM2), 24%(mbdM3) and 27% (mbdM4) in the CpG− case.

breaking up the AT run adjacent to the central CpG motif (mbdM3) does not lead to amore important modification of the MBD mediated repression efficiency as a function ofthe methylation state of the mbdM3 operon compared to the native regulatory part [27].On the other hand, it is observed that increasing the MBD plasmid concentrations up to0.5 nM leads to an increased eGFP expression level in the case of the CpG methylatedmbdM3 operon, which is not observable for the non-methylated DNA. The reason for thisactivator-like behavior of MBD in the absence of the AT run is currently unknown. Nottill the plasmid concentration of pBEST-p15a-OR2-OR1-Pr-UTR1-MBD-T500 exceedsthe value of 0.5 nM, the eGFP level is repressed compared to the MBD free case.

6.3. Two-state gene switching based on MBD and
PapI-Lrp

For the purpose of constructing an epigenetic two state switch, in the following, theproperties of the pap5 operon (section 6.1.5) with its Dam methylation dependent reg-ulators PapI and Lrp are merged with the properties of the mbd operon (section 6.2.1)with its CpG methylation dependent regulator MBD. The pap5 operon regulates theexpression of the reporter eGFP, using the plasmid pBEST-pap5-UTR1-eGFP-T500.The mbd operon regulates the expression of the reporter mCherry, using the plasmidpBEST-mbd-UTR1-mCherry-T500. The Dam dependent regulatory proteins PapI andLrp are expressed from the plasmids pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500 andpBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500, respectively. The CpG methylation de-pendent regulator MBD is added to the reaction in its recombined form in order tosave resources of the expression machinery. The objective of the experiment is themethylation dependent switching between the logical states ON and OFF by adding
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Figure 6.27.: Epigenetic two state switch based on Dam and CpG methylation of theoperons pap5 and mbd, and the regulator proteins PapI, Lrp, and MBD. The graph showsthe expression levels of eGFP and mCherry. The bottom axis shows the methylationstate of the pap5 and mbd operon. Here, Dam+ and Dam− refer to the Dam methylatedand non-methylated pap5 operon, while CpG+ and CpG− refer to the CpG methylatedand non-methylated mbd operon, respectively. The top axis shows the correspondinglogical states “ON” and “OFF”. The eGFP expression level is normalized to the data ob-tained for the logical state ON/OFF. The mCherry expression level is normalized to thedata obtained for the logical state OFF/ON. All reactions contain 1 nM of the plasmidpBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500, 1 nM of the plasmid pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500, 6 µM of the recombined MBD, and 0.5 mM of amino acids.The concentrations of Dam, CpG, and non-methylated reporter plasmids pBEST-pap5-UTR1-eGFP-T500 and pBEST-mbd-UTR1-mCherry-T500 are 5 nM in each case.
the respective Dam methylated, CpG methylated, or non-methylated reporter plasmidsin the presence of all regulator proteins PapI, Lrp, and MBD.The results are shown in Fig. 6.27. The experiment reveals successful switching be-tween the logical states ON and OFF for both, the pap5-eGFP expression and thembd-mCherry expression.The simultaneous expression of both reporters, eGFP and mCherry, within one single

157



In vitro study of the transcriptional regulation of epigenetic switches

reaction tube might lead to an unwanted, radiationless energy transfer between eGFP(donor) and mCherry (acceptor) based on FRET (compare chapter 3.2.4). By consid-ering Eq. (3.1) and a Förster radius of 51 Å [38], the distance between the reporterproteins, at which the FRET efficiency is reduced to 10%, is determined to be about6 nm. Due to the repulsive interaction, it is unlikely that the proteins can overcomethis distance during a standard batch mode reaction. Additionally, the study of theenergy transfer between eGFP and mCherry requires fusion of the two proteins by ashort polypeptide chain of only a few amino acids in length [38]. Both aspects pointtowards a negligible contribution of FRET during a batch mode reaction when express-ing both, eGFP and mCherry, at the same time. In order to definitely rule out FRETbased artifacts, the fluorescence signal of eGFP and mCherry, simultaneously expressedfrom plasmids pBEST-pap5-UTR1-eGFP-T500 and pBEST-mbd-UTR1-mCherry-T500within one single batch mode reaction is compared with the respective fluorescencesignal of an individual reporter expression in the absence of the other. The result ispresented in Fig. 6.28. It confirms that FRET can be neglected during batch modereactions involving simultaneous expression of both reporter proteins. The observedreduction of the fluorescence signals does not exceed a factor of about 25%.
6.4. Conclusion and discussion

The present chapter deals with the in vitro study of the transcriptional regulation ofepigenetic switches. An E. coli based cell free expression system is used (see chap-ter 3.2.4 and reference [35]). This cytoplasmic extract contains the relevant molecularmachinery for protein expression within a test tube and was developed at the instituteof biophysics at the University of Minnesota. It constitutes one of the most efficient
in vitro expression systems. A large amount of recombinant proteins can be synthe-sized in a few hours under highly controlled experimental conditions [35]. Comparedto in vivo methods, the system provides highly accessible expression data without theneed of complex data evaluation. The present study involves cloning of different regu-latory DNA operons into circular plasmids, using methods of molecular biology. Theseoperons regulate the measurable expression of a fluorescent reporter protein within atest tube. The energy for the expression is provided by a complex biochemical reactionbuffer based on PGA (see appendix section B.3). DNA binding proteins, simultaneouslyexpressed within the cell free system, can bind to the template DNA and consequentlyactivate or hinder the expression of the reporter (compare Fig. 3.13). The first objective
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Figure 6.28.: Simultaneous expression of pap5-eGFP (black) and mbd-mCherry withinone single batch mode reaction. The graph shows the eGFP and mCherry expressionlevel. Dam+ and Dam− refers to the Dam methylated and non-methylated pap5 operon,respectively, while CpG+ and CpG− refers to the CpG methylated and non-methylatedmbd operon, respectively. All data is normalized to the respective individual expres-sion level in the absence of the respective second reporter. The concentration of thereporter plasmids pBEST-pap5-UTR1-eGFP-T500 and pBEST-mbd-UTR1-mCherry-T500 is 5 nM. The amino acid concentration is 0.5 mM. Compared to the individualcase, the simultaneous expression of both reporters leads to a reduced reporter fluores-cence by factors of 27% (Dam−/CpG−, eGFP channel) to 10% (Dam−/CpG+, mCherrychannel).
of the work was the establishment of the cell free expression system at the institute ofbiological experimental physics at Saarland University. Due to the complex protocolfor the preparation of the crude extract (see appendix section B.5), which involves adiversity of biochemical approaches, this has turned out to be very challenging. In thecontext of the present work, the cell free extract is used for the first time to investigateepigenetically regulated transcription systems. Here, particular proteins are allowedto bind to the template DNA as a function of its methylation state and consequentlychange the expression efficiency of the reporter.The first part of the work deals with the procaryotic epigenetic switch based on Dammethylation (see section 6.1). The extract enables the study of the native E. coli DNA
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binding proteins Lrp and PapI and how they regulate gene expression on the tran-scriptional level. Changing the methylation state of the plasmid DNA often led to veryhigh mutation rates and thus complicated the bacterial amplification. To overcome thisproblem, the promoter strength of some operons is reduced by changing the -35 and/or-10 consensus sequence for binding of the sigma factor. The different repression ef-ficiencies of the different pap operons cannot be explained by the simple methylationdependent annealing of PapI and Lrp to these operons and the resulting blocking ofthe RNA polymerase. In this sense, one of the most important findings of this study isthat an increased affinity of the regulator proteins PapI and Lrp for binding to DNAdoes not necessarily mean an increased repression efficiency of the system. The coop-erativity of Lrp for binding to sites 1, 2, and 3 (pap123 operon, section 6.1.1) as well assites 4, 5, and 6 (pap456 operon, section 6.1.4) is different than previously thought [17].The methylation response of the Lrp mediated repression of the reporter is completelydifferent in the cases of the pap2 (section 6.1.2) and the pap5 operon (section 6.1.5),although Lrp is reported to possess comparable affinity for binding to both operons in
vitro [17]. Trippling of Lrp binding site 2 or 5 leads to a completely different methylationresponse of the repression efficiency compared to the case when using only one of thesebinding sites (see sections 6.1.2 and 6.1.3, as well as 6.1.5 and 6.1.6). The best Dammethylation dependent switching between the logical states ON and OFF is found forthe pap5 operon (see section 6.1.5).The second part of the work deals with the eucaryotic epigenetic switch based on CpGmethylation (see section 6.2). Here, the methylation binding domain (MBD) of the hu-man repressor MeCP2 regulates the reporter expression as a function of the methylationstate of the DNA. For the first time it is achieved to study an eucaryotic epigeneticregulation system with a cytoplasmic extract that is totally based on a procaryotic ex-pression machinery. The results reveal a significantly improved repression efficiencyof the methylation binding domain when using a CpG methylated version of the nativepromoter III of the mouse-brain-derived neurodrophic factor gene (mbd operon). Theresults reveal an efficient CpG methylation dependent switching between the logicalexpression states ON and OFF (see section 6.2.1). Mutating the CpG flanking basepairs and adjacent AT runs of this promoter does not lead to a significant modification ofthe repression efficiency, although these mutations were reported to essentially changethe binding affinity of MeCP2 in vitro [25–27].In the last part of the study the procaryotic epigenetic switch based on Dam methylationand the regulators Lrp and PapI is merged with the eucaryotic switch based on CpGmethylation and the regulator MBD. The two reporter proteins eGFP and mCherry, as
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well as all regulator proteins are present in one test tube to produce an epigeneticallyregulated two-state switch (see section 6.3). Although the two regulation systems stemfrom different organisms, the genes can efficiently by turned ON and OFF by changingthe methylation state of the template DNA.
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7. Summary

The present thesis deals with the experimental and numerical investigation of cooper-ative molecular binding and recognition of DNA and proteins. The main focus of thework lies on the competitive hybridization of single stranded DNA molecules (chapter4), the influence of DNA methylation on the stability of double-stranded DNA (chapter5), and the epigenetic regulation of in vitro gene switches (chapter 6).The first part of the present thesis deals with the experimentally observed ultrahighspecificity of a single-stranded DNA molecule (target A) during competition with a sec-ond strand with slight sequence variations (target B) for binding to a complementarymolecule (probe) in thermodynamic equilibrium. In spite of comparable binding affinities
K A and KB as well as an excess concentration of B over A by at least two orders ofmagnitude, solely target A binds to the probe and discriminates the competing speciesB (chapter 4.1). The effect was firstly observed by Timo Mai in the context of an ongo-ing effort of the institute of biological experimental physics at Saarland University tounderstand DNA hybridization. The optical methods total internal reflection fluores-cence (TIRF, chapter 3.1.5), Förster resonance energy transfer (FRET, chapter 3.1.6),and fluorescence correlation spectroscopy (FCS, chapter 3.1.7) are used to detect hy-bridization and base pair fluctuation dynamics of the fluorescently labeled DNAs. Theeffect of the high specificity emerges independently from the DNA sequence motif (chap-ter 4.2.1) and is observable over a broad ion concentration range of the hybridizationbuffer (chapter 4.2.3). High specificity can be observed in surface based measurementsand also in bulk (chapter 4.2.4). Thermodynamic equilibrium conditions are verified forall experiments (chapters 4.2.5) and consequently non-equilibrium effects are excluded.The experimental results point towards a molecular interaction between the competitorsA and B as the reason for the observed high specificity (chapters 4.3.3, 4.3.8, 4.3.9). Thetemperature dependence (chapters 4.3.5, 4.3.6 and reference [30]) underlines that differ-ent thermal fluctuations (chapter 4.3.9), involving different entropic degrees of freedomof the competing strands (chapters 4.3.4, 4.3.10) play an essential role for the occur-rence of the effect. Put together, one can conclude from the experimental results that
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in the highly specific cases, the competing strands interact via thermal fluctuations andthe effective binding free energies change in such a way that solely target A is able tobind to the probe molecules by reducing the binding affinity of target B (section 4.3.8).Target A is not affected by the molecular competition with target B (chapter 4.3.7),which underlines that the interaction has to be asymmetric. Otherwise, it would be im-possible to tilt the free energy landscape in favor of one of the two competitors. Basedon the experimental findings, a numerical assessment is developed with the purpose ofmodeling the observed high specificity in thermodynamic equilibrium with a reasonablechoice of parameters (chapter 4.4). This has been done in strong collaboration withChristian Trapp [36]. The detailed numerical assessment reveals that both, target A andB bind to the probe in a mixture of pre-melted and helicoidal binding conformations.Target B generates its affinity through a large number of short helicoidal conformations.The increased affinity of target A stems from additional, almost completely closed con-formations that target B cannot produce (Fig. 4.26). During competition, target A andB form a triplex structure with the probe molecule. In this case, the entropic cost of abinding conformation is augmented, since a particular target will be stretched by thepresence of the competitor. Due to its non-matching base, target B cannot reach thesehighly cooperative states and consequently looses the major part of its binding freeenergy (Fig. 4.27). This leads to a sharp, asymmetric modification of the binding freeenergy landscape in favor of target A (Fig. 4.28).The second study of the present thesis opens a new subject about the influence ofcytosine methylation on the stability of double stranded DNA. It is shown that methy-lation of only two out of 16 bases of a target molecule produces an order of magnitudeincreased affinity for binding of that target to the probe (chapter 5.1). This is alsounderlined by the shift of the melting temperature of a methylated double strand com-pared to its non-methylated analogon (chapter 5.2). Comparing the melting profile ofhydroxymethylated DNA with the respective profile of non-methylated DNA (Fig. 5.2)points towards the existence of additional, pre-melted binding states, which are a directconsequence of the hydroxymethylation.The third topic of the present thesis deals with the epigenetic regulation of in vitrogene expression. Therefore, an E. coli based cell free expression system is used (seechapter 3.2.4 and reference [35]). The cytoplasmic extract contains the relevant molec-ular machinery for the expression of proteins from a DNA template and was developedat the institute of biophysics at the University of Minnesota. It constitutes one of themost efficient in vitro expression systems. A large amount of recombinant proteins canbe synthesized in a few hours under highly controlled experimental conditions [35]. The
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study involves cloning of different regulatory DNA operons into circular plasmids, usingmethods of molecular biology. In the context of the present work, the cell free extractis used for the first time to investigate epigenetically regulated transcription systems.Here, particular methylation dependent binding proteins, simultaneously expressed inthe cell free system, can bind to the mentioned DNA operons and consequently activateor hinder the measurable expression of a reporter protein within a test tube (chapter3.2.4). Two regulation systems are studied: i) a procaryotic epigenetic switch based onDam methylation and the DNA binding proteins Lrp and PapI (chapter 6.1), and ii) aneucaryotic epigenetic switch based on CpG methylation and the methylation bindingdomain (MBD) of the human repressor MeCP2 (chapter 6.2). In the case of i), theexperiments reveal that an increased binding affinity of the regulator proteins PapI andLrp for binding to DNA does not necessarily mean an increased repression efficiencyof the system. The different repression efficiencies cannot be explained by the simplemethylation dependent annealing of PapI and Lrp to DNA and the resulting blockingof the RNA polymerase. The cooperativity of Lrp for binding to the different regulatoryDNAs, as well as the methylation response of this binding are different than previouslythought (chapters 6.1.1, 6.1.2, 6.1.4, 6.1.5). In the case of ii), it is achieved for the firsttime to study an eucaryotic epigenetic regulation system with a cytoplasmic extractthat is totally based on a procaryotic expression machinery. The results reveal an effi-cient switching between the logical expression states ON and OFF, as a function of themethylation state of the regulatory DNA (chapter 6.2.1). Mutating the CpG flankingbase pairs and adjacent AT runs of the DNA does not lead to a significant modifica-tion of the repression efficiency, although these mutations were reported to essentiallychange the binding affinity of MeCP2 in vitro (chapter 6.2.2). In a final experiment, bothepigenetic regulation systems i) and ii) are merged in order to produce an epigenetictwo state switch based on Dam and CpG methylation (chapter 6.3). Although the tworegulation systems stem from different organisms, the genes can efficiently by turnedON and OFF by changing the methylation state of the template DNA.Put together, the results of the present work underline that evolution produces biolog-ical molecular recognizers as an ensemble so that they enhance each other’s function.In the case of the high specificity of competitive DNA hybridization, the environment ofseveral similar strands competing for the same partner adjusts the free energy landscapein such a way that oligonucleotides constitute a molecular “ONLY IF (best matchingbinding partner not available) THEN (bind to second best match)”. This happens un-der thermodynamic equilibrium conditions, at the only energetic cost of creating themolecular environment. In the case of the epigenetic regulation of gene expression, the
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experimental findings show that the transcription machinery is much more collective andcomplex than previously thought. The experimental results may contribute to under-stand why the properties of a system studied in vivo are often no longer observable in
vitro, when the relevant molecular players are decoupled from their complex molecularenvironment. Self-organizing objects could react to the presence of other substancesin complex, predictable ways without the need for classical, molecular non-equilibriumthermodynamic machines.
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A. Appendix: DNA hybridization

A.1. DNA oligonucleotides

Table A.1 gives an overview of the DNA sequences and modifications of all oligonu-cleotides used in the context of this work for the study of competitive DNA hybridization(chaper 4) as well as the influence of DNA methylation on the DNA duplex stability(chapter 5).

A.2. Derivation of the evanescent field

The complete derivation of the evanescent field is adapted from [53] and also presentedin [30]. Considering Maxwell’s equations of electrodynamics
rot ~E(~r, t) = −∂

~B(~r, t)
∂t (A.1)

rot ~H(~r, t) = ∂~D(~r, t)
∂t + ~j(~r, t) (A.2)div ~D(~r, t) = ρ(~r, t) (A.3)div ~B(~r, t) = 0 (A.4)

where ~E(~r, t) is the electric field, ~H(~r, t) is the magnetic field, ~D(~r, t) is the dielectricdisplacement, ~B(~r, t) is the magnetic induction, ~j(~r, t) is the current density, and ρ(~r, t)is the charge density. The optical materials used in the TIRF experiment are linear.Thus, ~D(~r, t) and ~B(~r, t) can be expressed by using the following equations
~D(~r, t) = ε0εr(~r) · ~E(~r, t) (A.5)
~B(~r, t) = µ0µr(~r) · ~H(~r, t) (A.6)

168



A.2 Derivation of the evanescent field

Table A.1.: Overview of all DNA oligonucleotides and sequences used for the investi-gation of DNA hybridization. The immobilized sequences IS and IS* are modified with aC6 amino linker at the 5’ end in order to allow covalent binding to the dendrimer coatedsurfaces (see chapter 3.1.1). A spacer of 15 thymine bases increases the distance to thesurface. There is also a version of IS that is modified with the fluorescent dye cyanine(Cy) for measurements in bulk. All target molecules are modified with Cy at the 5’end, except for the unlabeled and the internally tagged versions. Non-complementarybases are shown underlined and in red (e. g. A). The targets PMm and MM1m containtwo bases of methylcytosine (CCH3) and the target MM1hm contains two bases of hy-droxymethylcytosine (COCH3). The LNA targets MM1-LNA-1 and MM1-LNA-2 containdifferent numbers of LNA bases (e.g. G). They are provided with a special fluorescentdye (ExiqonDye).
Probe Sequence (5’ → 3’)IS NH2-C6-15T-TTA-CGA-TCT-GAT-CCT-TIS (for bulk measurement) TTA-CGA-TCT-GAT-CCT-T-TTT-CyIS* NH2-C6-15T-GTA-CTA-TTG-CTG-CCC
Target Sequence (5’ → 3’)PM (unlabeled) AAG-GAT-CAG-ATC-GTA-APM Cy-AAG-GAT-CAG-ATC-GTA-APM (internally tagged) AAG-GAT-C-Cy-AG-ATC-GTA-APMm Cy-AAG-GAT-CCH3AG-ATCCH3-GTA-AMM1 (unlabeled) AAG-GAT-CAC-ATC-GTA-AMM1 Cy-AAG-GAT-CAC-ATC-GTA-AMM1 (internally tagged) AAG-GAT-C-Cy-AC-ATC-GTA-AMM1m Cy-AAG-GAT-CCH3AC-ATCCH3-GTA-AMM1hm Cy-AAG-GAT-COCH3AC-ATCOCH3-GTA-AMM1-LNA-1 ExiqonDye-AAG-GAT-CAC-ATC-GTA-AMM1-LNA-2 ExiqonDye-AAG-GAT-CAC-ATC-GTA-AMM2 (unlabeled) AAG-GAT-CAG-ATC-GCA-AMM2 Cy-AAG-GAT-CAG-ATC-GCA-AMM3 Cy-AAG-GAT-CTC-ATC-GTA-AMM4 Cy-AAA-GAT-CAG-ATC-GAA-AMM5 Cy-AAC-GAT-CAG-ATC-GTA-AMM6 Cy-AAG-CAT-CAG-ATC-GTA-AMM7 Cy-AAG-GTT-CAG-ATC-GTA-AMM8 Cy-AAG-GAA-CAG-ATC-GTA-AMM9 Cy-AAG-GAT-GAG-ATC-GTA-AMM10 Cy-AAG-GAT-CTG-ATC-GTA-AMM11 Cy-AAG-GAT-CAG-TTC-GTA-AMM12 Cy-AAG-GAT-CAG-AAC-GTA-AMM13 Cy-AAG-GAT-CAG-ATG-GTA-AMM14 Cy-AAG-GAT-CAG-ATC-CTA-APM* Cy-GGG-CAG-CAA-TAG-TACMM* Cy-GGG-CAG-CTT-TAG-TAC
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where εr(~r) and µr(~r) are the electrical and magnetic permeability, which both dependon the used optical materials. All materials can be considered to be free of electricalcharges and electrical currents:
ρ(~r, t) = ~j(~r, t) ≡ 0 (A.7)

Furthermore, all used materials are dielectric, so that µr(~r) = 1. After the definition ofthe refraction index
n =√εr(~r)µr(~r) (A.8)

which is considered to be independent of ~r in the following, Maxwell’s equations simplifyto
rot ~E(~r, t) = −µ0∂ ~H(~r, t)

∂t (A.9)
rot ~H(~r, t) = ε0n2∂~E(~r, t)

∂t (A.10)
n2 div ~E(~r, t) = 0 (A.11)div ~H(~r, t) = 0 (A.12)

With Eq. (A.9) and Eq. (A.10) the magnetic field component can be eliminated
rot rot ~E(~r, t) = −µ0∂ rot ~H(~r, t)

∂t= −µ0ε0n2∂2 ~E(~r, t)
∂t2 (A.13)

The vector identity rot rot ~A = grad div ~A− ∆~A (A.14)
as well as Eqs. (A.11) and (A.13) then reveal the electrical component of the waveequation: (∆ − µ0ε0n2 ∂2

∂t2
)
~E(~r, t) = 0 (A.15)

To eliminate the time dependence, the following approach is used:
~E(~r, t) = ~̃E(~r) · e±iωt (A.16)

Adopting Eq. (A.16) in Eq. (A.15) reveals
∆ ~̃E(~r) + µ0ε0ω2n2 ~̃E(~r) = 0 (A.17)
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A.2 Derivation of the evanescent field

In the following, the electromagnetic fields caused by total reflection are describedquantitatively. Therefore, a substrate with refraction index n1 and a surrounding mediumwith refraction index n2 are considered. Thus, the following equation have to be solvedfor both medias
∆ ~̃E(~r) + µ0ε0ω2n21 ~̃E(~r) = 0 (A.18)∆ ~̃E(~r) + µ0ε0ω2n22 ~̃E(~r) = 0 (A.19)

The x-z plane is considered as the plane of incidence. For the amplitude ~̃E(~r) in Eq.(A.16) one has to consider the approach of a plane wave
~̃E(~r) = ~E0 · ei(~k ·~r) = ~E0 · ei(kx ·x+kz ·z) (A.20)

with
~r = (x, y, z) = (x, 0, z) (A.21)
~k = (kx , ky, kz) = ∣∣∣~k∣∣∣ (sin(Θ1), 0, cos(Θ1)) (A.22)

For ~k = |k | the approach (A.20) reveals the dispersion relation for the substrate andthe surrounding media
k2 = ε0µ0 · n21 · ω2 (A.23)
k2 = ε0µ0 · n22 · ω2 (A.24)

With the relation c = √ε0µ0 as well as ω = 2πλc−1 the dispersion relation reveals theexpressions of k for substrate and surrounding media
k1 = 2 · π · n1

λ0 (A.25)
k2 = 2 · π · n2

λ0 (A.26)
where λ0 is the wavelength of the incident wave. Through adopting the expressions(A.21), (A.22), (A.25) and (A.26) in the approach (A.20), one reveals the expressionsfor the respective transversal electrical and transversal magnetic polarization of theincident, the transmitted, and the reflected wave

~̃E0(~r) = ~E0 · exp{(−i2πn1
λ0

)
· (x · sin(Θ1) + z · cos(Θ1))} (A.27)
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Appendix: DNA hybridization

~̃Er(~r) = R · ~E0 · exp{(−i2πn1
λ0

)
· (x · sin(Θ1)− z · cos(Θ1))} (A.28)

~̃Et(~r) = T · ~E0 · exp{(−i2πn2
λ0

)
· (x · sin(Θ2) + z · cos(Θ2))} (A.29)

The expressions for the reflection coefficient R and the transmission coefficient T canbe quantified with Fresnell’s equations
RTM = n2 · cos(Θ1)− n1 · cos(Θ2)

n2 · cos(Θ1) + n1 · cos(Θ2) (A.30)
RTE = n1 · cos(Θ1)− n2 · cos(Θ2)

n1 · cos(Θ1) + n2 · cos(Θ2) (A.31)
TTM = 2n1 · cos(Θ1)

n2 · cos(Θ1) + n1 · cos(Θ2) (A.32)
TTE = 2n1 · cos(Θ1)

n1 · cos(Θ1) + n2 · cos(Θ2) (A.33)
The correlation between the angle of incident and transmitted wave can be determinedwith Snell’s law sin(Θ1)sin(Θ2) = n2

n1 (A.34)
Total reflection can be observed for sin(Θ1) ≥ n2/n1. This means that the total energyof the incident wave is reflected. Additionally, an evanescent wave travels in z-directionat the point of total reflection. Considering the expression sin2(Θ) + cos2(Θ) = 1, thelimiting angle for the occurrence of total reflection (sin(Θg) = n2/n1), and Eq. (A.34)one reveals

cos(Θ2) =√1− sin2(Θ2) =√1− (n21
n22
)
· sin2(Θ2) =√1− (sin(Θ1)sin(Θg)

)2 (A.35)
Adopting Eq. (A.34) and (A.35) in Eq. (A.29) reveals the expression for the transmittedwave

~̃Et(~r) = T · ~E0 · e−i·x· 2πn2
λ0 ·sin(Θ1) · e−z· 2πn2

λ0 ·
√(

n21
n22
)
·sin2(Θ1)−1 (A.36)

The measurable intensity of an electromagnetic wave is determined with the timelyweighted average of the pointing vector
I = ∣∣∣〈~S〉∣∣∣ = ( c8π) · ∣∣∣<e[~E × ~H ]∣∣∣ (A.37)
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A.2 Derivation of the evanescent field

One can show that the timely weighted average of the pointing vector ~Sz equals 0 forthe z-component. This means that in a mean field picture no energy is transferred intothe medium of lower optical density. However, Eq. (A.37) constitutes a stationary state.In the beginning of an experiment, there indeed is an energy flow into the medium oflower optical density that causes an electromagnetic field. During the duration of theexperiment, the energy in both medias does not reach detailed balance. This explainsthe seeming conflict that in spite of a totally reflected laser beam an evanescent wavecan penetrate into the medium of lower optical density.In the case of polarized waves the intensities in Eq. (A.37) can be expressed withoutthe magnetic field component
I = ( c8π) · ∣∣∣<e[~E × ~E∗]∣∣∣ (A.38)

Considering the equations (A.27), (A.28), and (A.36) the intensities of incident, reflectedand transmitted wave can be determined to be
I0 = n1 · E20 (A.39)
Ir = |R |2 · n1 · E20 (A.40)
It = |T |2 · n2 · E20 · exp{−z4πn2

λ0 ·

√(
n21
n22
)
· sin2(Θ1)− 1} (A.41)

This means that the intensity of the evanescent field Et decreases in an exponentialfashion. In the following, the penetration depth dp is introduced to express the intensitydecrease in factors of 1/e
dp = λ04πn1 ·

√(
n21
n22
)
· sin2(Θ1)− 1 (A.42)

Thus, the intensity of the evanescent field as a function of the penetration depth dp canbe determined with Eq. (A.39)
Iev (z) = I0 ·

(
n2
n1
)
· |T |2 · e−z/dp = A · e−z/dp (A.43)

where A = I0 · (n2
n1
)
· |T |2
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Appendix: DNA hybridization

A.3. Calibration of the TIRF hybridization signal

As explained in chapter 3.1.5, the hybridization signal D in surface based measure-ments is proportional to the amount of duplexes. In order to quantify the surface basedhybridization experiments with the Langmuir formalism introduced in chapter 2, it isnecessary to calibrate the hybridization signal into units equivalent to the duplex con-centration in the hybridization chamber (see chapter 3.1.5). This is done with a cali-bration experiment which is described in the following.Consider Dconst
eq as the equilibrium hybridization signal of a single hybridization wherethe target concentration [T ](t) remains constant at the value [T ]const :

[T ](t) = [T ]const (A.44)
Furthermore, let Deq be the equilibrium hybridization signal of a single hybridizationexperiment where [T ](t) decreases with the concentration [D](t) of already hybridizedtargets: [T ](t) = [T ]0 − [D](t) (A.45)
Here, [T ]0 is the target concentration for t = 0. Replacing the duplex concentration [D]eqin Eq. (2.24) by the measured hybridization signal Deq in thermodynamic equilibriumleads to

K ·
([T ]0 −Deq

) = Deq([P ]0 −Deq
) (A.46)

In the case of a constant target concentration [T ]const one reveals
K · [T ]const = Dconst

eq([P ]0 −Dconst
eq

) (A.47)
In order to calibrate the hybridization signal D into unit equivalent to the duplexconcentration in the hybridization chamber, two experiments are performed. First, asingle hybridization with constant target concentration [T ]const reaching the value of
Dconst
eq in thermodynamic equilibrium. Second, a single hybridization, wherein the targetconcentration is not constant and [T ]0 is chosen in such a way that the equilibrium value

Deq is identical to Dconst
eq . In this case the expression (A.46) and (A.47) are identical.One reveals

K · [T ]const = K
([T ]0 −Deq

) (A.48)
or

Deq = [T ]0 − [T ]const := [D]eq (A.49)
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A.4 Regeneration of the probe molecule surfaces

The difference in target concentrations [T ]0−[T ]const of the two measurements determinesthe duplex concentration [D]eq in the hybridization chamber. Since Eq. (A.49) is not afunction of the binding affinity K of the target molecule, the calibration is valid for allmolecular species at the chosen temperature. In the context of the work presented in [30],the calibration experiment is performed for the target molecule PM at a temperatureof 44 ◦C. For a constant target concentration of [PM ]const = 2 nM an equilibriumsignal of Dconst
eq = 5.58 V is measured. For the second part of the experiment, a targetconcentration of [PM ]0 = 5.7 nM is determined to produce an identical equilibriumsignal of 5.58 V. Thus, the concentration of target molecules hybridized to the probesis

Deq = 5.7 nM− 2 nM = 3.7 nM (A.50)
From the above it follows that the calibration factor for converting the measured hy-bridization signal D into units equivalent to the duplex concentration in the hybridiza-tion chamber equals [D]

D = 5.58 V3.7 nM ≈ 0.65nM
V (A.51)

This factor has been verified in multiple calibration experiments with a standard deriva-tion of about 5% (results not shown). The factor is used for converting the hybridizationsignal of all surface based measurements that require quantitative analysis. As ex-plained in chapter 3.1.5, the calibration is only performed for the Cy-5 channel of theexperiment, because in a competitive hybridization measurement, the fluorescence emis-sion of the Cy-3 dyes can be quenched in close proximity to the Cy-5 labeled targets(FRET).
A.4. Regeneration of the probe molecule surfaces

A cover slip with grafted probe DNA can be used for multiple hybridization experiments.Before the start of a new experiment, hybridized target molecules can be removed byfilling the hybridization chamber with a 10 mM sodium hydroxide (NaOH) solution forfive seconds at 44 ◦C (NaOH regeneration). Fig. A.1 shows four hybridization kineticsof the PM at 44 ◦C with intermediary regeneration steps. Since treating the surface withNaOH also reduces the number of probe molecules immobilized to the dendrimer coatedsurface, the equilibrium duplex concentration decreases by about 7% per regenerationstep. Thus, after regenerating a surface four times, a new substrate is used.
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Figure A.1.: NaOH regeneration of a probe molecule surface (already presented in[30]). The graph shows the hybridization signal D of the PM as a function of time at44 ◦C after 0 (blue), 1 (red), 2 (green) and 3 (orange) regeneration steps. The targetconcentration of the PM is 20 nM in each case. After each individual experiment thehybridized target molecules can be released from the probes by filling the hybridizationchamber with a 10 mM sodium hydroxide (NaOH) solution for 5 seconds at 44 ◦C.After that the chamber is filled again with the 3xSSC buffer and the measurement canbe started over. Since the NaOH treatment also releases some probe molecules, theequilibrium value of a specified hybridization measurement is reduced by about 7%compared to the previous measurement. Thus, after regenerating a surface four times, anew substrate is used.
A.5. Non-specific adsorption in surface based

measurements

As explained in chapter 3.1.5, hybridized DNA targets are excited by the evanescentfield, typically penetrating into the measurement chamber by about 100 nM. Besidesthe wanted excitation of hybridized targets it is also possible that DNA molecules areadsorbed by the dendrimer coated surface. This non-specific adsorption would alsocontribute to the measured hybridization signal and hence invalidate the experimental
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A.5 Non-specific adsorption in surface based measurements
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Figure A.2.: Non-specific adsorption during a DNA hybridization experiment (alreadypresented in [30]). The graph shows the hybridization signal D of the PM as a functionof time for a temperature of 44 ◦C in the case of a dendrimer coated substrate withoutimmobilized DNA probes (blue) and a regular substrate with immobilized probes. Theconcentration of PM targets is 2 nM in both cases. The specific hybridization signalof the PM exceeds the contribution of the non-specific adsorption by at least one or-der of magnitude. Thus, the non-specific adsorption is neglected in all surface baseshybridization experiments.
data, since the target is also excited by the evanescent wave. In order to show that thecontribution of a non-specific adsorption of target molecules at the dendrimer coatedsurface can be neglected during the hybridization experiments, the following measure-ment is performed (Fig. A.2). A dendrimer coated surface without immobilized DNAmolecules is used as a substrate to analyze the non-specific adsorption of the PM, con-centrated at 2 nM for a temperature of 44 ◦C. In this case, the measured fluorescencesignal only stems from non-specifically adsorbed target molecules, since the comple-mentary probes are missing. In order to directly compare the non-specific adsorptionwith the specific binding of a DNA target to its complementary probe, Fig. A.2 alsocontains the regular hybridization signal of the PM when using a regular substrate withimmobilized probe molecules. The experiment shows that the non-specific adsorption
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Appendix: DNA hybridization

is orders of magnitude lower than the specific hybridization. Thus, the contribution ofnon-specifically adsorbed targets is neglected in all hybridization measurements.
A.6. Sequence specific resolution of hybridization

measurements

In order to verify the sequence specific resolution of DNA hybridization, the hybridiza-tion kinetics of the competitive system “PM vs. MM1” is measured. Comparable ex-periments were already performed in [30]. The PM is concentrated at 10 nM whilethe MM1 is concentrated at 50 nM. As already mentioned in chapter 3.1.5, due toenergy transfer from Cy-3 to Cy-5, only the Cy-5 emission signal is proportional tothe duplex concentration in the measurement chamber during competition. Thus, inorder to make the hybridization signals of both species comparable, the experiment isperformed twice; first, with labeling the PM with Cy5 and MM1 with Cy3 and second,with labels exchanged. The hybridization curves of both species are therefore based ontwo separate measurements with exchanged labels. Figure A.3 shows the result of theexperiment. It reveals different hybridization kinetics for PM and MM1 during com-petition and consequently verifies the sequence specific resolution of the experimentalsetup.
A.7. Temperature dependence of the fluorescent dyes

The temperature dependent efficiency of the fluorescent dyes Cy-3 and Cy-5 can beconsidered as a linear function of temperature. This has been shown in earlier mea-surements performed by Timo Mai with a Cy labeled version of the probe molecule(results not shown). In order to determine the linear base line BL for eliminating thetemperature dependent efficiency of the dye, the fluorescence signal D is measured asa function of temperature for a target excess concentration of 1 µM. Far below themelting temperature Tm, D does only depend on the temperature dependent efficiencyof the dye, since the thermal fluctuations are too weak to pre-melt the duplex. Thelinear fit of these data points reveals the base line BL of the denaturation experiment.The surface occupancy Θ is determined by eliminating BL according to
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Figure A.3.: Verification of the sequence specificity of competitive hybridization us-ing the example of ’PM vs. MM1’ (already presented in [30]). The graph shows thefluorescence signal of hybridized PM (black, initial target concentration 10 nM) andhybridized MM1 (blue, initial target concentration 50 nM) at a temperature of 44 ◦Cmeasured with the TIRF setup. Due to energy transfer between Cy-3 and Cy-5, the datais based on two separate experiments, first one with labeling PM with Cy5 and MM1with Cy3 and the second one with labels exchanged. The result reveals the sequencespecific resolution of the experimental setup.
Θ = 1− D

BL (A.52)
Using the example of a MM1 denaturation curve, Fig A.4 shows the elimination of thetemperature dependent efficiency of the dye as explained above.
A.8. Comparison between cyanine and Exiqon dyes

Fluorescent labels are known to stabilize double-stranded DNA [54]. Most DNAoligonucleotides used in this work are labeled with the cyanine dyes Cy-3 and Cy-
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Figure A.4.: Elimination of the temperature dependent efficiency of the fluorescent dyein a denaturation experiment, using the example of the MM1. (A), raw data. The graphshows the hybridization signal D as a function of temperature. Since an excess targetconcentration of 1 µM is used in this experiment, all probe molecules are occupied byMM1 targets at low temperatures. Far below the melting point Tm, D does only dependon the temperature dependent efficiency of the dye. The linear fit of these data points(red lines) reveals the base line BL of the denaturation experiment. (B), denaturationcurve of the MM1 after the correction of the experimental data with Eq. (A.52) therebyusing the base line determined in (A).
5. Thus, in competitive hybridization experiments, both target molecules are stabilizedin the same way by their respective dye so that the stabilization effect does not haveto be considered. However, the LNA targets (compare appendix Table A.1) cannot beordered with the cyanine dyes, since the vendor Exiqon does not provide them. Instead,the LNA targets are labeled with Exiqon dyes named “563” and “667” indicating thefluorescence emission wavelength of 563 nm and 667 nm. According to Exiqon theirdyes can be used as a substitute for Cy-3 and Cy-5. However, the stabilizing effectof these dyes and the cyanine dyes have to be compared. This is done in the follow-ing denaturation experiment. The melting curve of the target MM1, modified with thefluorescent dye Cy-5 is compared with the melting curve of the MM1, modified withthe Exiqon dye “667”. The result is presented in Fig. A.5. It becomes apparent thatthe Exiqon dyes additionally stabilize double-stranded DNA compared to the usuallyemployed cyanine dyes. The contribution of the temperature dependent efficiency ofthe fluorescent dyes to the hybridization signals is removed like explained in appendix
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Figure A.5.: Denaturation experiment for two versions of the MM1 labeled with thefluorescent dye Cy-5 and the Exiqon dye “667”. The graphs show the fraction of occupiedprobes Θ as a function of temperature T for MM1-Cy5 (black) and MM1-“667” (blue) inindividual experiments without competition. The target concentration is 1 µM in bothcases. The melting temperature Tm is defined as the temperature where the surfaceoccupancy equals 50 percent. Tm is determined to be 53 ◦C for the Cy-5 labeledversion of the MM1 and 58 ◦C for the “667” labeled version of the MM1. The Exiqondyes additionally stabilize double-stranded DNA compared to molecules modified withcyanine dyes.
section A.7 thereby assuming that the temperature efficiency of the Exiqon dye “667”is also a linear function of temperature. The melting temperature of the “667” labeledversion of the MM1 is significantly increased by about 5 ◦C compared to the Cy-5 la-beled version. Thus, in competitive hybridization experiments between LNA and DNAtargets, both, LNA and DNA molecules are labeled with the Exiqon dyes in order toavoid differently pronounced stabilization effects that may lead to misinterpretation ofthe data.
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A.9. Averaging correlation functions and diffusion
elimination in FCS

As explained in chapter 3.1.7, the correlation functions obtained with the FCS setupare mean values of at least four individual experiments. A measured correlation function
Gmeas(t) consists of two contributions, the correlation Gdiff (t) due to the diffusion of theDNA molecules through the focused laser beam in the measurement chamber and thewanted correlation G(t) of the base pair fluctuation dynamics. In order to eliminatethe contribution of diffusion, Gmeas(t) is divided by Gdiff measured on double-strandedmolecules lacking the quencher Cy-5:

G(t) = Gmeas(t)
Gdiff (t) (A.53)

Using the example of the MM1 hybridizing to the probe molecules at 44 ◦C, Fig. A.6shows the approach for averaging the correlation functions and eliminating the contri-bution of diffusion.
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Figure A.6.: Averaging correlation functions and eliminating the contribution of diffu-sion. (A), autocorrelation function Gdiff of the diffusion of MM1:Probe duplexes throughthe focused laser beam as a function of time at 44 ◦C. The MM1 targets are lackingthe Cy-5 quencher. The mean value of Gdiff (t) (black curve) is determined by averag-ing the correlation functions measured for at least four individual DNA solutions (red,blue, green and orange curve). (B), autocorrelation function Gmeas(t) of the diffusion ofMM1:Probe duplexes through the focused laser beam including the wanted correlation
G(t) of the opening and closing dynamics of the base pairs as a function of time. Thecorrelation of the base pair fluctuations are detected by FRET between the fluores-cent dyes Cy-3 and Cy-5 (colored graphs: individual measurements, black graph: meanvalue). (C), correlation function G(t) of the base pair fluctuations determined with Eq.(A.53) using the data from (A) and (B). Data is normalized to 1.
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B. Appendix: In vitro gene expression

B.1. DNA vectors and PCR products

Table B.1 gives an overview of all DNA templates used in this work for the study of theepigenetic regulation of in vitro gene expression (chapter 6).
B.2. In vitro methylation

Enzymatic in vitro methylation is performed to methylate the reporter plasmids or re-porter PCR products. The methylases M.SssI and HhaI are used for CpG methylation,while Dam is used for GATC methylation. Compared to the protocols provided by thevendor of methyltransferases (New England Biolabs, USA), the duration of the reac-tion is increased to three hours at 37 ◦C in order to reveal complete methylation ofthe template DNA. 25 µl of the enzyme is used to methylate 10 µg DNA. In order tovarify complete methylation of the DNA templates, restriction digest with methylationdependent endonucleases HhaI (blocked by CpG methylation), DpnI (only active at Dammethylated GATC sites), and MboI (blocked by Dam methylation) is performed. Fig.B.1 shows three examples of analyzing the methylation state of the DNA templates.
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B.2 In vitro methylation

Table B.1.: Overview of all DNA vectors and PCR products. All plasmids used in thecontext of this work stem from the vector pBEST-Luc (Promega, USA) containing aColE1 origin of replication. It can be replaced by a p15a origin, involving a reducednumber of plasmid copies per E. coli cell. OR2-OR1-PR indicates the strong lambdapromoter Pr flanked by the operons OR2 and OR1 used for highly efficient expression ofthe regulator proteins Lrp, PapI, and MBD. UTR1 and T-500 stand for the untranslatedregion and the highly efficient transcription terminator T-500, respectively. The differentpap promoters refer to the regulators of the expression of Pyelonephritis-associated piliin E. coli. The number behind pap indicates which Lrp binding sites has been included.The promoter mbd contains the recognition sequence for binding of the MBD. eGFPand mCherry stand for the reporters enhanced green fluorescent protein and mCherry,respectively.
Plasmids and PCR productspBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500pBEST-p15a-OR2-OR1-Pr-UTR1-PapI-T500pBEST-p15a-OR2-OR1-Pr-UTR1-MBD-T500pBEST-pap123-UTR1-eGFP-T500pBEST-pap2-UTR1-eGFP-T500pap222-UTR1-eGFP-T500 (PCR product)pBEST-pap456-UTR1-eGFP-T500pBEST-pap5-UTR1-eGFP-T500pap555-UTR1-eGFP-T500 (PCR product)pBEST-mbd-UTR1-eGFP-T500pBEST-mbd-UTR1-mCherry-T500pBEST-mbdM1-UTR1-eGFP-T500pBEST-mbdM2-UTR1-eGFP-T500pBEST-mbdM3-UTR1-eGFP-T500pBEST-mbdM4-UTR1-eGFP-T500
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(A)

(B)

Figure B.1.: Analyzing the methylation state of DNA templates. (A), restriction digestof the plasmids pBEST-mbd-UTR1-eGFP-T500 involving the four mutations (M1-M4)and the wild type (wt) studied in the context of this work, using the methylation de-pendent restriction endonuclease HhaI. The “+” stands for template DNA, previouslyincubated for three hours with the methyltransferase M.SssI, which methylates all CpGsites of the DNA. The “-” DNA has not been incubated with M.SssI. The first andthe last lane show a DNA ladder and the size of the three major fluorescent bandsare given (number of bases). (B), restriction digest of the plasmids pBEST-pap123-UTR1-eGFP-T500 (eGFP) and pBEST-p15a-OR2-OR1-Pr-UTR1-Lrp-T500 (Lrp) withthe restriction endonucleases DpnI and MboI after gel electrophoresis and staining withethidium bromide. The “+” stands for template DNA previously incubated with the Dammethyltransferase for three hours, while the “-” stands for template DNA free of Dammethylation.
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B.3 Protocol for the preparation of the PGA buffer

B.3. Protocol for the preparation of the PGA buffer

Each component of the PGA buffer is prepared individually and stored at −80 ◦C.Deionized water is used for the preparation of all solution.
• Hepes (Sigma-Aldrich, Switzerland)476.62 mg/ml is solved in water. The final concentration of the stock solution is2 M. pH is adjusted to a value of 8 with a potassium hydroxide solution.
• Nucleotides (Sigma-Aldrich, Switzerland)500 mg of ATP dipotassium salt dihydrate is solved in a total volume of 1495 µl ofwater (540 mM), and aliquoted by 77 µl. 500 mg of GTP disodium salt is solvedin a total volume of 1160 µl of water (760 mM), and aliquoted by 56 µl. 300 mgof UTP trisodium salt dihydrate is solved in a total volume of 630 µl of water(813 mM), and aliquoted by 33 µl. 300 mg of CTP disodium salt dihydrate issolved in a total volume of 858 µl of water (621 mM), and aliquoted by 42 µl.74 µl of the 540 mM ATP solution, 52.8 µl of the 760 mM GTP solution, 29.6 µlof the 813 mM UTP solution, and 38.8 µl of the 621 mM CTP solution are mixedwith 60 µl of a 15% (v/v) potassium hydroxide solution.
• tRNA E. coli (Roche, Switzerland)50 mg of the tRNA are dissolved in 1 ml water. The solution is aliquoted by100 µl.
• Coenzyme A (Sigma-Aldrich, Switzerland)50 mg of coenzyme A hydrate yeast is solved in a total volume of 1 ml of water.The final concentration of the stock solution is 65 mM. The solution is aliquotedby 100 µl.
• NAD (Sigma-Aldrich, Switzerland)100 mg of beta-nicotinamide adenine dinucleotide hydrate is solved in 727 µl ofwater with the addition of 77 µl of a 2M Tris solution. The final concentration ofthe stock solution is 175 mM. The solution is aliquoted by 50 µl.
• cAMP (Sigma-Aldrich, Switzerland)150 mg of adenosine 3’, 5’ cyclic monophosphate is solved in 348 µl of water withthe addition of 257 µl of a 2M Tris solution. The final concentration of the stocksolution is 650 mM. The solution is aliquoted by 32 µl.
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• Folinic acid (Sigma-Aldrich, Switzerland)20 mg of folinic acid calcium salt is solved in a total volume 11534 µl. The finalconcentration of the stock solution is 33.9 mM. The solution is aliquoted by 51 µl.
• Spermidine (Sigma-Aldrich, Switzerland)100 µl is solved in 537 µl of water. The final concentration of the stock solutionis 1 mM. The solution is aliquoted by 27 µl.
• 3-PGA (Sigma-Aldrich, Switzerland)3 g of D-3-phosphoglyceric acid disodium salt is solved in 3156 µl of water withthe addition of 5.04 ml of a 2M Tris solution. The final concentration of the stocksolution is 1.4 M. The solution is aliquoted by 520 µl.

The 4-fold 3-PGA buffer is prepared by mixing the following volumes of each stock solu-tion: 600 µl 3-PGA, 24 µl water, 231.2 µl nucleotides, 96 µl tRNA E. coli, 96 µl coen-zyme A, 46 µl NAD, 28.4 µl cAMP, 48 µl folinic acid, 24 µl spermidine, and 514.4 µlspermidine. The total volume of 1708 µl is aliquoted by 7 µl and shock frozen in liquidnitrogen. 6.43 µl of the 3-PGA buffer are used for a batch mode cell free reaction.
B.4. Protocol for the preparation of the amino acid

stock solution

All 20 amino acids are part of the RTS amino acid sampler (Sigma-Aldrich, Switzerland).They are concentrated at 168 mM (except Leucine at 140 mM) in a volume of 1.5 ml.All acids are mixed together with the addition of 12 ml water. The final concentrationof the solution is 6 mM for each individual amino acid (except Leucine at 5 mM). Thesolution is aliquoted by 10 µl and shock frozen in liquid nitrogen.
B.5. Protocol for the preparation of the crude extract

List of materials

• 2xYT broth (Sigma-Aldrich, Switzerland)
• Agar (Sigma-Aldrich, Switzerland)
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• 0.1 mm glass beads (Biospecs, USA)
• Mini bead beater (Biospecs, USA)
• Bead beating tubes (Biospecs, USA)
• Micro bio-spin chromatography columns (Biospecs, USA)
• Allegra 25R centrifuge (Beckman Coulter, USA)
• Table centrifuge (Eppendorf, Germany)
• 200 ml centrifuge bottle (Beckman Coulter, USA)
• Chloramphenicol (Sigma-Aldrich, Switzerland)
• Standard disposable cuvettes (Fisher Scientific, USA)
• 10 kD MWCO dialysis cassettes (Slide-A-Lyzer, Thermo Life Science, USA)
• DL-Dithiotheritol (DTT), (Sigma-Aldrich, Switzerland)
• BL21 Rosetta 2 competent E. coli cells (Novagen, Germany)
• Standard pH meter
• 3 4000 ml Erlenmeyer glass flasks, (Schott, Germany)
• Incubator Shaker (Edmund Bühler, Germany)
• Ethanol > 99% (Sigma-Aldrich, Switzerland)
• L-Glutamic acid potassium salt mono hydrate (Sigma-Aldrich, Switzerland)
• L-Glutamic acid hemimagnesium salt tetra hydrate (Sigma-Aldrich, Switzerland)
• Potassium phosphate mono basic solution (Sigma-Aldrich, Switzerland)
• Potassium phosphate di basic solution (Sigma-Aldrich, Switzerland)
• Tris base (Sigma-Aldrich, Switzerland)
• Acidic acid (Fisher Scientific, USA)
• Protein assay dye reagent concentrate (Bio-rad, USA)
• Spectrometer (Varian, USA)
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• Table vortexer (IKA, Germany)
• Special accuracy weighing machine (Ohaus, Germany)

Preparation of the solutions and materials

All solutions are prepared with autoclaved deionized water.
• 2xYT broth62 g of the 2xYT powder is solved in a total volume of 1.8 l of water. The solutionis autoclaved at 120 ◦C for 15 minutes and stored at 4 ◦C.
• Phosphate solution100 ml of the di basic solution is mixed with 55 ml of the mono basic solution.The mixture is stored at 4 ◦C.
• Chloramphenicol6.8 mg of chloramphenicol powder is solved in a total volume of 200 µl of ethanol.The solution is stored at −20 ◦C.
• 2xYT plate1.24 g of 2xYT powder and 0.44 g of agar are solved in a total volume of 40 mlof water and then autoclaved at 120 ◦C for 15 minutes. After autoclaving, thesolution is allowed to cool down to a temperature of about 50 ◦C. 2.5 ml of thephosphate solution and 60 µl of chloramphenicol at a concentration of 34 mg/mlis added. 25 ml of the solution is pipetted into a standard petri dish that isincubated for about one hour at room temperature until the agar has gelified.
• DTT5 g of DTT powder is solved in a total volume of 32.84 ml of water. The solutionis aliquoted by 1000 µl and stored at −20 ◦C.
• Tris solution60.57 g of the Tris powder is solved in a total volume of 250 ml of water andautoclaved at 120 ◦C for 15 minutes. The final concentration of the solution is2 M.
• S30 buffer A10.88 g of the Mg-glutamate and 24.4 g of the K-glutamate is solved in at totalvolume of 2 l of water with the addition of 50 ml of the 2 M Tris solution. pH
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is adjusted to a value of 7.7 by using acidic acid. The solution is autoclaved at120 ◦C for 15 minutes and stored at 4 ◦C.
• S30 buffer B10.88 g of the Mg-glutamate and 24.4 g of the K-glutamate is solved in at totalvolume of 2 l of water. pH is adjusted to a value of 8.2 by using the 2 M Trissolution. The solution is autoclaved at 120 ◦C for 15 minutes and stored at 4 ◦C.

All the equipment that comes in contact with organic material is washed thoroughlyand sterilized.
Transformation

A pipette tip of the BL21 cells is solved in 500 µl of the 2xYT. 10 µl of the solution istransferred on the 2xYT agar plate. The plate is incubated for one night at 37 ◦C.
Mini Culture

One bacterial colony from the 2xYT plate is transferred into 4 ml of 2xYT with theaddition 0.27 ml of the phosphate solution and 4 µl of chloramphenicol. The culture isincubated at 37 ◦C for about eight hours under permanent agitation. After that 100 µlof this culture is transferred into 50 ml of 2xYT with the addition 3.3 ml of the phosphatesolution and 50 µl. The culture is also incubated for about eight hours at 37 ◦C.
Extract preparation

248 ml of the phosphate solution is mixed with 3.6 l of 2xYT. Six 4 l Erlenmeyer flasksare filled with 660 ml per flask of this mixture. After that, 6.6 ml of the last mini cultureis transferred into each flask. Bacterias are grown at 37 ◦C to a optical density of
OD600 = 1.5. All the subsequent steps are performed at temperatures below 4 ◦C if notstated otherwise. The solution is transferred into four 200 ml centrifuge bottles and cellsare harvested by centrifuging at 4425 x g for 12 minutes. The cells are washed twicewith 200 ml of S30 buffer A containing 4000 µl of the DTT solution and resuspendedin 37.5 ml of the same buffer. The mixture is transferred into four 50 ml Falcons andthen again centrifuged at 1935 x g for eight minutes. The supernatant is discarded andthe cell pellet is centrifuged again with the same parameters in order to completely
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remove the buffer. After that, the cell pellet is weighed and then resuspended with S30buffer A (mass of the cells times 0.9, [ml]) and the glass beads (mass of cells times 5.0,[g]). The viscous mixture is homogenized by thoroughly vortexing and then transferredinto 1.5 ml bead beating tubes. Bead beating is performed twice at 4600 rpm for 30seconds with the micro bead beater in order to crack the cell membrane. The lysate isthen centrifuged at 6805 x g for ten minutes through chromatography columns in orderto separate the beads from the cell lysate. The clear supernatant is then transferred intofresh bead beating tubes that are in the following centrifuged again at 12000 x g for20 minutes. The clear supernatant is transferred into standard reaction tubes (500 µlper tube) and then incubated for 80 minutes at 37 ◦C under permanent agitation. Theextract is again centrifuged at 12000 x g for ten minutes and then recovered into a15 ml Falcon. Subsequently, the extract is transferred into a dialysis cassette by usinga syringe and then dialyzed for three hours, under permanent agitation, against S30buffer B containing 2000 µl of the DTT solution. The recovered extract is aliquoted bya volume of 30 µl in standard reaction tubes and shock frozen in liquid nitrogen. Theprotein concentration of the extract is determined by preparing a Bradford assay that isanalyzed with the photospectrometer. The typical protein concentration of the extractis 27 − 30 mg/ml. The extract can be stored at −80 ◦C over a time period of at leastone year.
B.6. Protocol for the preparation of a batch mode

reaction

The preparation of a batch mode reaction is performed on ice. A typical reaction consistsof
• 30 µl of the crude extract
• 2.7 µl of Mg-glutamate concentrated at 100 mM
• 1.5 µl of K-glutamate concentrated at 3 M
• 6.43 µl of the PGA-buffer
• 7.5 µl of all amino acids concentrated at 6 mM
• 4.5 µl 40% (v/v) poly ethylene glycol 8000 (Sigma-Aldrich, Switzerland)
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B.7 Degradation of CpG methylated DNA in the cell free reaction

• A specified volume of the DNA stock solution to reach the wanted DNA concen-tration
• A specified volume of deionized water to reach a total volume of 81 µl

In the case of expressing linear DNA templates, 3.3 µl of the recombined lambda phageprotein gamS, concentrated at 99 µM, is added to the reaction. After homogenizing thesolution by vortexing, a volume of 10.8 µl is pipetted into standard reaction tubes. Atotal volume of 81 µl is adequate to fill seven tubes. After that, 1.2 µl of the 10-foldconcentrated DNA template coding for the regulator protein is added into each tube.For example, to reach a final concentration of 0, 0.5, 1, 2, 3, and 4 nM of the plasmidpBEST-p15a-OR2-OR1-Pr-UTR1-MBD-T500 within the reaction, stock solutions of 0,5, 10, 20, 30, and 40 nM have to be pipetted into the tubes. In the case of an end-pointmeasurement, the reaction volume of 12 µl is divided (6 µl/6 µl) in order to allow anefficient diffusion of oxygen into the reaction. In the case of measuring the expressionkinetics, 10 µl of the solution is directly pipetted into the wells of a multi well plate,which is in the following placed on the pre-incubated plate reader. The reaction isincubated for at least 12 hours at 29 ◦C.
B.7. Degradation of CpG methylated DNA in the cell

free reaction

The E. coli strain BL21, which is used for the preparation of the crude extract (seechapter 3.2.3), is a mcr+ E. coli strain. The mcr restriction system, in the presence ofGTP can cleave CpG methylated DNA [55]. Thus, it is important to analyze if a CpGmethylated plasmid does not contain the mcr recognition sequence, since otherwise theDNA is degraded by the restriction system in the cell free extract. For the purposeof demonstrating the degradation of CpG methylated DNA by the mcr system, a CpGmethylated reporter plasmid containing the mcr recognition sequence is expressed in thestandard BL21 extract as well as in an extract produced of a NEB-10-beta E. coli strain(New England Biolabs, USA) lacking the mcr system. The results are presented in Fig.B.2. In the context of this work, all CpG methylated plasmids (pBEST-mbd-UTR1-eGFP-T500 and its four mutated versions as well as pBEST-mbd-UTR1-mCherry-T500(compare appendix Table B.1) are not degraded by the mcr system and can thereforebe expressed in the standard BL21 extract.
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Figure B.2.: Degradation of CpG methylated DNA in the cell free reaction. The graphshows the eGFP expression level using 5 nM of a CpG methylated (black) and non-methylated (blue) mcr positive reporter plasmid, using the standard BL21 extract (mcr+)and a NEB-10-beta extract (mcr−) not containing the mcr restriction system. Data isnormalized to the mcr+/CpG− case. The amino acid concentration is 0.5 mM in allmeasurements. CpG methylated DNA is degraded in the mcr+ extract.
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