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A B S T R A C T

Damage of the Deoxyribonucleic Acid (DNA) is dangerous to all
forms of life. It can lead to mutations of the DNA and sometimes
to cancer. The lesions in DNA can be caused by many different
processes. One of these is the absorption of Ultra-Violet (UV) light
which can lead to direct damage of the DNA. The most common form
of UV-induced damage is the Cyclobutane Pyrimidine Dimer (CPD)
lesion.

For a long time it has been a question how repair enzymes
effectively detect and mend those types of damages. In bacteria
such as Escherichia coli (E. coli) photolyases can efficiently reverse
the dimer formation employing a light-driven reaction after looping
out the CPD damaged bases into the enzyme active site. The exact
mechanism of how the repair enzyme identifies a damaged site
within a large surplus of undamaged DNA is not fully understood
yet.

One explanation is based on the structural effects of the CPD
damage on DNA. In particular, the CPD damage may alter the DNA
structure and dynamics already in the absence of the repair enzyme,
which can ease the initial binding of a photolyase repair enzyme.

To characterize the effect of a CPD damage, extensive comparative
Molecular Dynamics (MD) simulations on duplex DNA with central
regular or CPD damaged nucleotides were performed, supplemented
by simulations of the DNA-photolyase complex. Although no
spontaneous flipping out transitions of the damaged bases were
observed, the simulations showed significant differences in the
conformational states of regular and CPD damaged DNA.

The unrestrained simulations were joined by Umbrella Sampling
MD simulations along the flipping reaction coordinate. The flipping
transition was analyzed for native and damaged DNA, studied in
bulk water and in the complex with the photolyase enzyme. A
tendency towards favorable flipping of damaged bases was found.
In particular the flipping happens through the major groove of the
DNA.

To understand the complete, complex repair and recognition
mechanism in detail, Umbrella Sampling (US) simulations of the
structural change during binding were performed. In particular,
the transition was studied along a two-dimensional RMSD reaction
coordinate employing Hamiltonian Replica Exchange Molecular
Dynamics (HREMD) for better sampling. Hence, it could be
determined that damaged DNA more easily undergoes the transition
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into the conformation necessary for a close binding with the repair
enzyme.

Taking the results of all these simulations together, a complete
picture of the recognition and repair of CPD lesion in DNA was
obtained. It was shown that the structural differences of damaged
DNA in comparison to undamaged DNA are primarily responsible
for the recognition mechanism and that the local interaction with the
photolyase protein facilitates the flipping response of damaged DNA
in contact with the repair protein.
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Z U S A M M E N FA S S U N G

DNA Schäden haben großes Schadenspotential für alle Arten des
Lebens. Sie können zu Mutationen führen, von denen manche
letztendlich zu Krebs führen können. Die Beschädigungen der DNA
können durch multiple Faktoren verursacht werden. Einer dieser
Faktoren ist die Adsorption von ultra-violettem Licht, welche DNA
direkt und indirekt beschädigen kann. Der Cyclobutane Pyrimidine
Dimer (CPD)-Schaden ist eine direkte Beschädigung der DNA, wobei
zwei nebeneinanderliegende Pyrimidine zu einem Dimer verbunden
werden. CPD-Schäden sind eine der häufigsten durch UV-Licht
hervorgerufenen Formen der DNA Beschädigung.

Seit längerem wird diskutiert, inwiefern Reparatur-Enzyme CPD-
Schäden so effizient finden und reparieren können, wie es beobachtet
wird. Beispielsweise können in Bakterien wie Escherichia coli
(E. coli) Photolyasen CPD-Läsionen in einer großen Anzahl von
unbeschädigten DNA Basen effizient auffinden und unter Zuhilfe-
nahme von blauem Licht reparieren. Jedoch ist der Mechanismus
der Erkennung der beschädigten Basen noch nicht vollständig ver-
standen.

Die strukturellen Einflüsse der CPD-Schäden auf die DNA können
hierbei eine große Rolle spielen. Durch Änderung ihrer Struktur
und Dynamik könnte beschädigte DNA leichter an das Reparatur-
Protein binden. Um diese Effekte zu untersuchen, wurden im
Rahmen dieser Doktorarbeit umfangreiche Simulationen der DNA
durchgeführt. Diese wurden verglichen mit Simulationen von
unbeschädigter DNA sowie Simulationen der DNA im Komplex
mit dem Reparatur-Enzym. In keiner der Simulationen wurde ein
spontaner Flip der beschädigten nebeneinanderliegenden Basen von
der intrahelikalen in die extrahelikale Position beobachtet. Dennoch
konnte gezeigt werden, dass erhebliche strukturelle Unterschiede
zwischen beschädigter und nativer DNA bestehen. Um den Flip-
Mechanismus genauer zu verstehen wurden US-MD Simulationen
benutzt, wobei die DNA in verschiedenen Konfigurationen und
im Komplex mit dem Reparatur-Enzym untersucht wurde. Bei
beschädigten Basen und in Anwesenheit des Reparatur-Enzyms
wurde eine Tendenz zu einem einfacheren Flip-Verhalten beobachtet.
Im Speziellen dreht sich der CPD-Dimer über die große "DNA-
Furche" von der intrahelikalen in die extrahelikale Position.

Da dies den Erkennungsmechanismus von beschädigter DNA
durch Photolyasen aber nicht komplett erklären konnte, wurde das
Verhalten der DNA im Erkennungs-Komplex genauer untersucht.
Die DNA muss dabei ihre globale Struktur verändern, um nah mit
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dem Reparatur-Protein in Kontakt zu kommen. US Simulationen
entlang der RMSD Koordinate zeigten, dass diese strukturelle
Änderung, die für eine enge Bindung zwischen DNA und Photolyase
notwendig ist, leichter eingenommen werden kann, wenn die DNA
beschädigt ist. Die Methode des Umbrella Samplings wurde hierzu
auf zwei RMSD Koordinaten für eine genauere Betrachtung erweitert.

Somit konnte letztendlich gezeigt werden, dass die strukturellen
Unterschiede im Bereich von ca. 10 Basenpaaren zwischen
beschädigter und unbeschädigter DNA für die Erkennung von CPD-
Schäden unter einer Vielzahl von unbeschädigten Basen verant-
wortlich sind. Die Reparatur und das Drehen der beschädigten Basen
an sich sind weitestgehend durch die Interaktionen des Reparatur-
Enzyms mit der beschädigten DNA bestimmt.

viii



P U B L I C AT I O N S

Some ideas and figures have appeared previously in the following
publications:

Chapter 6: Influence of a cis,syn-cyclobutane pyrimidine dimer dam-
age on DNA conformation studied by molecular dynamics simula-
tions in Biopolymers (2014) [89]

Chapter 7: Submitted for publication in shorter form.

ix





C O N T E N T S

i introduction, theory, model , important refer-
ences results , and the method of setup 1

1 introduction 3

1.1 Nucleic Acids and DNA . . . . . . . . . . . . . . . . . . 3

1.2 DNA Damage . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3 DNA Repair . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.4 CPD Damage Repair . . . . . . . . . . . . . . . . . . . . 13

1.5 Recognition . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 theory 17

2.1 Introduction to Molecular Dynamics - MD . . . . . . . 17

2.2 History and Application . . . . . . . . . . . . . . . . . . 18

2.3 The Idea of Molecular Dynamics . . . . . . . . . . . . . 19

2.4 Bio-molecular Interactions and Potentials . . . . . . . . 19

2.5 Force Fields . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.6 Equation of Motion . . . . . . . . . . . . . . . . . . . . . 21

2.6.1 Shake Algorithm . . . . . . . . . . . . . . . . . . 23

2.7 Periodic Boundary Conditions . . . . . . . . . . . . . . 23

2.8 Particle Mesh Ewald . . . . . . . . . . . . . . . . . . . . 24

2.9 Explicit versus Implicit Solvent Models . . . . . . . . . 25

2.10 Thermodynamics and Statistical Dynamics . . . . . . . 26

2.11 Limitations of Molecular Dynamics . . . . . . . . . . . 27

2.12 Free energy and enhanced sampling methods . . . . . 28

2.12.1 Thermodynamic Integration - TI . . . . . . . . . 29

2.12.2 Umbrella Sampling - US . . . . . . . . . . . . . . 30

2.12.3 Calculating the Potential of Mean Force . . . . . 31

2.12.4 Weighted Histogram Analysis Method . . . . . 32

2.12.5 Replica Exchange Molecular Dynamics . . . . . 33

2.12.6 Theory of Reaction Rates . . . . . . . . . . . . . 35

2.13 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.13.1 Measuring Observables . . . . . . . . . . . . . . 37

2.13.2 Root Mean Square Deviation - RMSD . . . . . . 37

2.13.3 DNA Parameters Analysis . . . . . . . . . . . . 38

2.14 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.14.1 Restraints . . . . . . . . . . . . . . . . . . . . . . 38

3 motivation and model 43

3.1 Qualitative Model . . . . . . . . . . . . . . . . . . . . . . 43

3.2 Quantitative Model . . . . . . . . . . . . . . . . . . . . . 45

3.2.1 Three-dimensional search . . . . . . . . . . . . . 46

3.2.2 Three dimensional diffusion and Passive Recog-
nition . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2.3 Sliding and Hopping . . . . . . . . . . . . . . . . 47

xi



xii contents

3.2.4 Model for the flipping process . . . . . . . . . . 49

3.2.5 Model 2 Quantitatively . . . . . . . . . . . . . . 51

3.2.6 Model 3 Quantitatively . . . . . . . . . . . . . . 51

3.3 Testing Models using Molecular Dynamics . . . . . . . 52

4 experimental and computational literature 53

4.1 Experimental Literature . . . . . . . . . . . . . . . . . . 53

4.2 Computational Literature . . . . . . . . . . . . . . . . . 55

ii unrestrained simulations 59

5 unrestrained md in absence of repair protein 61

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.2 Unrestrained MD Starting from Extra-Helical State . . 61

5.3 Backbone Structure of 1TTD . . . . . . . . . . . . . . . . 64

5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 64

6 extensive md starting from intra-helical state 69

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 69

6.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.3 Results and Discussion . . . . . . . . . . . . . . . . . . . 72

6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 79

iii umbrella sampling simulations of flipping 83

7 umbrella sampling simulations of flipping 85

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 85

7.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

7.2.1 Methodology of Umbrella Sampling . . . . . . . 87

7.2.2 Methodology of Hamilton Replica Exchange . . 89

7.3 Results and Discussion . . . . . . . . . . . . . . . . . . . 89

7.3.1 Umbrella Sampling without the Photolyase
Protein . . . . . . . . . . . . . . . . . . . . . . . . 89

7.3.2 Umbrella Sampling in Presence of Photolyase
Protein . . . . . . . . . . . . . . . . . . . . . . . . 93

7.3.3 Reaction Rates and Mean First Passage Times . 97

7.3.4 Diffusion constant along the reaction coordinate 99

7.3.5 Convergence of Umbrella Sampling Simulations 100

7.3.6 Error estimation . . . . . . . . . . . . . . . . . . . 101

7.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 101

iv rmsd us simulations of changes while binding 105

8 rmsd us simulations of changes while binding 107

8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 107

8.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

8.2.1 RMSD Umbrella Sampling . . . . . . . . . . . . 108

8.2.2 RMSD-Space Sampling . . . . . . . . . . . . . . 109

8.2.3 Implementation and Computational Details . . 110

8.2.4 Analysis Methodology . . . . . . . . . . . . . . . 113

8.3 Results and Discussion . . . . . . . . . . . . . . . . . . . 113

8.3.1 Verifying the Method by Flipping of CPD . . . . 113



contents xiii

8.3.2 Transition of Damaged and Undamaged from
B-DNA to the Protein Bound Conformation . . 116

8.3.3 Analysis of Convergence . . . . . . . . . . . . . 117

8.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 117

v conclusion 123

9 conclusion 125

9.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 125

9.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

vi appendix 131

a methods of setup and simulation 133

a.1 General Setup . . . . . . . . . . . . . . . . . . . . . . . . 133

a.2 Details of the 1TTD-System Setup and Simulation . . . 133

a.3 Details of the 1TEZ-System Setup and Simulation . . . 134

bibliography 139



L I S T O F F I G U R E S

Figure 1.1 Difference between DNA and RNA. . . . . . . 4

Figure 1.2 Structure of DNA and its polarity. . . . . . . . 5

Figure 1.3 Crystal structure of the nucleosome core. . . . 6

Figure 1.4 Comparison of A-DNA, B-DNA and Z-DNA. . 7

Figure 1.5 Dihedral angles of sugar-phosphate backbone
of DNA. . . . . . . . . . . . . . . . . . . . . . . . 8

Figure 1.6 DNA damage and repair mechanisms. . . . . . 11

Figure 1.7 Crystal and NMR structures for different types
of DNA damage. . . . . . . . . . . . . . . . . . 12

Figure 1.8 CPD damage formation . . . . . . . . . . . . . 12

Figure 1.9 Thymine dimerization can occur in 4 configu-
rations. . . . . . . . . . . . . . . . . . . . . . . . 13

Figure 1.10 CPD repair mechanism. . . . . . . . . . . . . . 14

Figure 2.1 Periodic boundary conditions in 2 dimensions. 24

Figure 2.2 Truncated octahedron. . . . . . . . . . . . . . . 25

Figure 2.3 Sampling and barriers. Overcoming these
barriers by Umbrella Sampling. . . . . . . . . . 30

Figure 2.4 Advantages of REMD. . . . . . . . . . . . . . . 35

Figure 2.5 Helical parameters . . . . . . . . . . . . . . . . 39

Figure 2.6 Standard restraint potential. . . . . . . . . . . . 40

Figure 3.1 Model 1: Passive Recognition . . . . . . . . . . 43

Figure 3.2 Model 2: Recognition by flipping of every base. 44

Figure 3.3 Model 3: Recognition by attaching closely to
damaged bases. . . . . . . . . . . . . . . . . . . 45

Figure 5.1 The starting structures with the base in the
extra-helical configuration. . . . . . . . . . . . . 61

Figure 5.2 Intra-helical conformations of undamaged and
damaged DNA. . . . . . . . . . . . . . . . . . . 62

Figure 5.3 Pseudo-dihedral angle of the external bases. . 63

Figure 5.4 Difference in bending by the introduction of a
CPD lesion into double stranded DNA. . . . . 66

Figure 5.5 Distribution of α-γ backbone angle pair of
damaged and undamaged DNA. . . . . . . . . 67

Figure 5.6 Distribution of ε-ζ backbone angle pair of
damaged and undamaged DNA. . . . . . . . . 67

Figure 5.7 Distribution of η-θ backbone angle pair of
damaged and undamaged DNA. . . . . . . . . 68

Figure 6.1 Sequence of the used DNA structure and
details of CPD damage. . . . . . . . . . . . . . . 70

Figure 6.2 Structures used for MD simulations. . . . . . . 71

Figure 6.3 RMSD comparison. . . . . . . . . . . . . . . . . 73

xiv



List of Figures xv

Figure 6.4 Backbone RMSD-histograms. . . . . . . . . . . 74

Figure 6.5 Sequence of the used DNA structure and
details of CPD damage. . . . . . . . . . . . . . . 75

Figure 6.6 H-bonds and responsible configuration. . . . . 76

Figure 6.7 Hydrogen bonding patterns. . . . . . . . . . . . 77

Figure 6.8 Overlap of helical parameters. . . . . . . . . . . 79

Figure 6.9 Inter-helical parameters comparison of dam-
aged and undamaged DNA. . . . . . . . . . . . 80

Figure 6.10 Minor groove width and depth comparison of
damaged and undamaged DNA. . . . . . . . . 81

Figure 6.11 Comparison of intra-helical helical parameters
of damaged and undamaged DNA. . . . . . . 82

Figure 7.1 Setup: Umbrella Simulations which do not
include the protein. . . . . . . . . . . . . . . . . 86

Figure 7.2 Figure showing the pseudo dihedral used for
all Umbrella Sampling simulations. . . . . . . . 87

Figure 7.3 PMF free energy for flipping process of
conformation close to the native conformation. 90

Figure 7.4 PMF free energy for flipping process of con-
formation close to the B-DNA conformation.
DNA restrained to B-DNA structure. . . . . . . 91

Figure 7.5 PMF free energy for flipping process of
conformation close protein bound form. . . . . 92

Figure 7.6 Snapshots of damaged and undamaged DNA
in two intra-helical conformations. . . . . . . . 93

Figure 7.7 PMF free energy for flipping process in the
presence of the repair enzyme. . . . . . . . . . 94

Figure 7.8 Three important configurations in the flipping
process of CPD. . . . . . . . . . . . . . . . . . . 95

Figure 7.9 Parallel and anti-parallel orientation of adja-
cent thymine bases. . . . . . . . . . . . . . . . . 96

Figure 7.10 FEP contribution by the group restraint on thy-
mine bases. . . . . . . . . . . . . . . . . . . . . . 97

Figure 7.11 Three US simulations of TTprot. . . . . . . . . . 98

Figure 7.12 Diffusion constant along the reaction rate for
the simulation of the unrestrained system. . . 99

Figure 7.13 Diffusion constant along the reaction rate for
the simulation of the protein bound restrained
system. . . . . . . . . . . . . . . . . . . . . . . . 100

Figure 7.14 Diffusion constant along the reaction rate for
the simulation of the complex. . . . . . . . . . 101

Figure 7.15 Convergence of US. . . . . . . . . . . . . . . . . 102

Figure 8.1 Insufficient sampling by the use of one-dimen-
sional setup. . . . . . . . . . . . . . . . . . . . . 110



xvi List of Figures

Figure 8.2 Setup and hypothetical distribution under
flat free energy profile for two-dimensional
RMSD-US. . . . . . . . . . . . . . . . . . . . . . 111

Figure 8.3 REMD exchanges for two-dimensional RMSD-
US. . . . . . . . . . . . . . . . . . . . . . . . . . . 112

Figure 8.4 The two references used for the verification of
the 2d RMSD-US method. . . . . . . . . . . . . 114

Figure 8.5 The distribution of sampled states in two-di-
mensional RMSD space of simulated flipping
transition. . . . . . . . . . . . . . . . . . . . . . . 114

Figure 8.6 Free energy of flipping transition as a function
of the RMSD to B-DNA as reference A and the
extra-helical conformation as reference B. . . . 115

Figure 8.7 Multiple choices are possible to sum the
probabilities from to-dimensional space onto a
one-dimensional coordinate. . . . . . . . . . . . 116

Figure 8.8 Free energy of attachment transition as a
function of the RMSD to B-DNA as reference
A and the protein bound conformation as
reference B. . . . . . . . . . . . . . . . . . . . . . 117

Figure 8.9 Difference of one-dimensional projection of
the free energy of the flipping transition of
undamaged and damaged DNA. . . . . . . . . 118

Figure 8.10 The two reference structures used for RMSD
Umbrella Sampling. . . . . . . . . . . . . . . . . 119

Figure 8.11 Free energy of attachment transition of dam-
aged DNA. . . . . . . . . . . . . . . . . . . . . . 120

Figure 8.12 Free energy of attachment transition of un-
damaged DNA. . . . . . . . . . . . . . . . . . . 120

Figure 8.13 Distribution of sampling in two-dimensional
RMSD space in the simulation of the attach-
ment transition. . . . . . . . . . . . . . . . . . . 121

Figure 8.14 Free energy of attachment transition as a
function of the RMSD to B-DNA as reference
A and the protein bound conformation as
reference B. . . . . . . . . . . . . . . . . . . . . . 121

Figure 8.15 Differences of free energy of attachment tran-
sition as a function of the RMSD to B-DNA as
reference A and the protein bound conforma-
tion as reference B. . . . . . . . . . . . . . . . . 122

Figure 8.16 Convergence of 2d RMSD US simulations of
the attachment transition. . . . . . . . . . . . . 122

Figure 9.1 The steps of the repair mechanism divided into
sub-mechanisms which can be simulated. . . . 128

Figure A.1 Crystal structure of pdb:1TTD. . . . . . . . . . 134

Figure A.2 Sequence of modified pdb:1TTD structure. . . 135



List of Figures xvii

Figure A.3 Representations of the slightly modified struc-
ture of pdb:1TEZ. . . . . . . . . . . . . . . . . . 136

Figure A.4 Base pair steps and sequence of the DNA
oligonucleotides. . . . . . . . . . . . . . . . . . 137

Figure A.5 Structures used for the MD simulations of the
1TEZ system. . . . . . . . . . . . . . . . . . . . . 138



L I S T O F TA B L E S

Table 2.1 Statistical ensembles and associated thermody-
namic potentials. . . . . . . . . . . . . . . . . . 26

Table 4.1 Some of the referenced MD results . . . . . . . 56

Table 7.1 Definition of pseudo-dihedral angle groups. . 88

Table 7.2 MFPT for the flipping reaction from the intra-
to the extra-helical state and vice versa. . . . . 97

Table 7.3 Diffusion constants averaged along the reac-
tion coordinate. . . . . . . . . . . . . . . . . . . 100

xviii



A C R O N Y M S

6-4PP 6-4 Photo Product

8-oxoG 8-oxo Guanine

A Adenine

A-DNA A-form DNA

AMBER Assisted Model Building with Energy Refinement

AP site Abasic site

ARG Arginine

BAR Bennett Acceptance Ratio

B-DNA B-form DNA

BER Base Excision Repair

C Cytosine

CPD Cyclobutane Pyrimidine Dimer

CPU Central Processing Unit

DFT Density Functional Theory

DNA Deoxyribonucleic Acid

D-RMSD Distance-RMSD

DSB Double Strand Break

ds-DNA double stranded DNA

E. coli Escherichia coli

ERCC1-XPF Excision repair cross-complementation Group -
Xeroderma pigmentosum, complementation Group F

ext. extra-helical

FAD Flavin Adenine Dinucleotide

FADH Flavin Adenine Dinucleotide free radical

FEP Free Energy Perturbation

FFT Fast Fourier Transform

xix



xx acronyms

FRET Förster Resonance Energy Transfer or Fluorescence
Resonance Energy Transfer

GB Generalized Born

GGR Global Genome Repair

G Guanine

GPU Graphics Processor Unit

H-bond Hydrogen bond

HhaI HhaI DNA methyltransferase

HREMD Hamiltonian Replica Exchange Molecular Dynamics

HR Homologous Recombination

incrd. increased

int. intra-helical

IR Infra-red Radiation

LP-BER Long-Patch BER

MC Monte Carlo

MD Molecular Dynamics

MFPT Mean First Passage Time

M. HgaI Modification methylase HgaI

MMR MisMatch Repair

MTHF Methenyl Tetra Hydro Folate

MutM Formamidopyrimidine DNA glycosylase

NAB Nucleic Acid Builder

ncc. not complete coverage

NER Nucleotide Excision Repair

NHEJ Non-Homologous End Joining

NMR Nuclear Magnetic Resonance

NOE Nuclear Overhauser Effect

PCB Periodic Boundary Conditions

PCD Programmed Cell Death



acronyms xxi

PDB Protein DataBase

PMEMD Particle Mesh Ewald Molecular Dynamics

PME Particle Mesh Ewald

PMF Potential of mean force

PRO Proline

QM/MD Quantum Mechanics/Molecular Dynamics hybrid

RATTLE Algorithm for Rigid Water Models

REMD Replica Exchange Molecular Dynamics

RMSD Root-mean-square deviation

RNA Ribonucleic Acid

ROS Reactive Oxygen Species

S. cerevisae Saccharomyces cerevisiae

SOS response Save Our Soul response

SP-BER Short-Patch BER

SSB Single Strand Break

TCR Transcription Coupled Repair

TFIIH Transcription factor II Human

TI Thermodynamic Integration

TRP Tryptophan

T Thymine

TT Thymine Thymine adjacent pair

US Umbrella Sampling

U Uracil

UVR Ultra-Violet Radiation

UV Ultra-Violet

WC-pair Watson-Crick pair

WC Watson-Crick

WHAM Weighted Histogram Analysis Method

w. with



xxii acronyms

XPC-hHR23B Xeroderma Pigmentosum Complementation group
Human Rad23 Homolog complex

XPC-RAD23B Xeroderma Pigmentosum Complementation group
yeast Rad23 complex

XPG Xeroderma Pigmentosum, complementation group G

Z-DNA Z-form DNA



Part I

I N T R O D U C T I O N , T H E O RY, M O D E L ,
I M P O RTA N T R E F E R E N C E S R E S U LT S , A N D T H E

M E T H O D O F S E T U P

In this chapter an outline of the biological problem at
hand will be given. The basics about DNA repair will
be explained and multiple hypotheses studied during
my PhD will be lain out here. The chapter following
the introduction will give an overview about the theory
needed to understand the methods and results of the
thesis. Important recent MD simulation studies on the
topic will be summarized.





1
I N T R O D U C T I O N

1.1 nucleic acids and dna

The most important macromolecules essential for life are proteins, car-
bohydrates and nucleic acids. Nucleic acids cover Deoxyribonucleic
Acid (DNA) and Ribonucleic Acid (RNA). They are tremendously im-
portant for life in general. DNA and RNA are long linear polymers
and compose the bio-molecular family of nucleic acids. They consist
of multiple nucleotide monomers. Each nucleotide itself is composed
of a 5-carbon sugar attached to one or more phosphate groups and
a nitrogenous base [3] (see Figure 1.1 and Figure 1.2). The polymer
is called DNA if the sugar is deoxyribose. If the sugar is ribose, the
polymer is called RNA [16]. The nucleo-bases connected to the sug-
ars are Guanine (G), Adenine (A), Thymine (T), or Cytosine (C) for
the case of DNA. Thymine is substituted for Uracil (U) in RNA. Cy-
tosine, thymine, and uracil are pyrimidines as they contain the six-
membered pyrimidine ring. Adenine and guanine are double-ringed
purines containing a five-membered imidazole and a pyrimidine ring
[3]. Each nucleotide is composed of a nitrogen-containing nucleobase
as well as a monosaccharide sugar called deoxyribose and a phos-
phate group. The nucleotides are joined to one another in a chain
by covalent bonds between the sugar of one nucleotide and the phos-
phate of the next, resulting in an alternating sugar-phosphate back-
bone (see Figure 1.1 for structure of bases). According to base pairing
rules (A with T, C with G, and U with A), hydrogen bonds bind the
nitrogenous bases of the two separate polynucleotide strands to make
double-stranded DNA [3].

In particular, DNA is important as its sequence of the bases along
the nucleic acid chain contains genetic information that is necessary
for all known living organisms and viruses. The instructions are
encoded as genes which are single units of genetic information
packaged in a sequence of DNA. Specifically, the genes do not
contain the information for the protein synthesis directly, but by using
messenger-RNA they convey the genetic information to subsequently
synthesize proteins [16]. The role of RNA is more complicated as it
is involved in many processes from coding, decoding and regulation
to the expression of genes. RNA and DNA are structurally different.
In contrast to the double-stranded DNA, RNA can exist as a single-
stranded molecule and a double-helix structure (see Figure 1.1 for
comparison).

3
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RNA
Ribonucleic acid

DNA
Deoxyribonucleic acid

Nucleobases

Base pair

Cytosine

Guanine

Adenine

ThymineUracil

Cytosine

Guanine

Adenine

helix of
sugar-phosphates

Nucleobases
of RNA

Nucleobases
of DNA

Figure 1.1: Difference between DNA and RNA. From [156].

Helical Structure of DNA

Friedrich Miescher first identified and isolated DNA in 1871. By
choosing leukocytes as his source material, he aimed to investigate
the proteins in these cells. To his surprise, he encountered a substance
wit unexpected properties. This substance was DNA [34].

With the help of experimental data collected by Rosalind Franklin
and Maurice Wilkins, James Watson and Francis Crick famously
discovered the double-helical structure of DNA in 1953 [176]. Prior, it
was assumed that the backbone of DNA faces inwards with the bases
facing outwards to facilitate simple recognition processes. Watson,
J. D.; Crick showed that this is not the case and that the structure of
DNA can be depicted similarly as in Figure 1.1.

The DNA backbone is not symmetrical but has a specific direction
due to chemical polarity. The polarity can be referred to by the 3’ end
and the 5’ end [3]. The 3’ end is defined by a 3’ hydroxyl group and
has a positive charge. The 5’ phosphate is negatively charged. This
dipole moment gives the DNA backbone its direction (see Figure 1.2).
These two chains are oriented in opposite direction to build the
double-helical structure of the DNA. The two chains are held together
by hydrogen bonds between the nucleotide bases opposing each other.
These base pairs will be referred as Watson-Crick pairs (WC-pairs) in
the following. On the larger scale the DNA is not only a double
helix but it has a specific larger scale structure. Instead of being a
straight double helix, DNA shows a coiled structure. It is tightly
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Figure 1.2: Structure of DNA and its polarity. From [111].

wrapped and super-coiled around eight so-called histone proteins [3].
Together they constitute the nucleosome core. The structure was first
proposed by Kornberg and Lorch in 1974 (review paper: [91]). Later,
the crystal structure was resolved by Luger et al. [109]. The Protein
DataBase (PDB) structure pdb:1AOI is shown in Figure 1.3.

Double Stranded Structure of DNA

The double-stranded nature of DNA gives rise to many of its
unique properties. Additionally to the Watson-Crick base pairing,
other mechanisms such as base stacking make DNA resilient against
damaging agents. Base stacking refers to the non-covalent bonds
between the aromatic ring of DNA bases. Surprisingly, the DNA
stability is mainly determined by the stacking interactions [181].

Nevertheless, DNA strands can still be separated. In particular, it
is essential for all processes of DNA replication and some processes
of DNA repair [3].
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Figure 1.3: Crystal structure of the nucleosome core (pdb:1AOI ). The green
cartoon shows the H2A, H2B, H3, and H4 core histone [109].
Around 145 base pairs of the DNA are wound around the core
histones.

Structural Features of DNA

The most commonly found conformation of DNA, B-DNA, is not
the only possible conformation. DNA can also exist in at least two
other states: A-form DNA (A-DNA) and Z-form DNA (Z-DNA).
These forms differ in many aspects. Both, A-DNA and B-form DNA
(B-DNA) are right-handed double helical structures.

The canonical form of DNA, B-DNA makes one helical turn
approximately every 10.5 base pairs. The double-helix of B-DNA
builds a cylinder of a diameter of 20Å. The distance between the
base pairs (rise) is 3.4Å [176]. However, the exact parameters depend
on the sequence of the given DNA. Another important aspect is
the configuration of the deoxyribose sugar. This property is more
specifically called the sugar-pucker 1. Endo describes the configuration
where the C2’ or C3’ are turned out of this plane into the direction of

1 The deoxyribose sugar is a 5-membered non-co-planar ring. It can therefore have
multiple configurations, the so called pucker conformations.
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O5’. The exo configuration describes a shift in the opposite direction.
The sugar-pucker is in C2’ endo conformation in B-DNA [138, 166].

Figure 1.4: Comparison of A-DNA, B-DNA and Z-DNA (from left to right).
From [183].

The second most important type of DNA is A-DNA. It can appear
in environments of reduced water content or high salt content [138].
It has smaller grooves, 11 base pairs per turn and a tilt angle of
the bases of 20◦. In A-DNA, the sugar-pucker is in the C3’ endo
configuration. Due to the base-pairs being shifted, A-DNA has a
relatively central large hole of 9Å viewed along the helical axis. The
diameter is therefore larger with 23Å. The rise is conversely smaller
with 2.6Å [138] (see Figure 1.4).

The Z type form of DNA differs significantly from the B type [172].
Z-DNA can be found in rare circumstances of high salt environments
[136, 164] and was first discovered by Mitsui et al. [122]. In contrast
to A- and B-DNA it has left-handed double helical structure and its
backbone winds in a zig-zag pattern [67] giving this conformation its
name (see Figure 1.3).

Backbone angles of DNA

As previously stated, the DNA backbone is limited in its structural
degrees of freedom. Each type of DNA conformation is well defined
by 6 torsion angles of the sugar phosphate backbone and by the angle
describing the orientation of the base about the glycosidic bond 2.

2 A glycosidic bond is a type of covalent bond which joins a carbohydrate (sugar)
molecule to another group. Glycosidic bonds can be formed with virtually any
hydroxylated compound. The glycosidic bond is formed between the anomeric
carbon of one monosaccharide and a hydroxyl group of another. The anomeric
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Figure 1.5: Dihedral angles of sugar-phosphate backbone of DNA. Adapted
from [12].

These 7 angles are shown in Figure 1.5. B-DNA can obtain two
possible conformations. The BI and BII regions define the two most
probable conformations [83, 147]. A transition from the usual BI

state to the BII state results in major changes of the overall DNA
structure. It has been noted that changes in the base structure can
lead to changes of the backbone angles, thus transmitting information
from the bases to the phosphate groups [40]. This is important for an
indirect readout and damage recognition upon protein binding3. The
BI and BII states are usually defined by the difference of ε and zeta.
For angles of ε− ζ ≈ −90◦ the backbone is in the BI state, for angle-
pairs of ε− ζ > 0◦ it is in BII [40].

Grooves

The double-stranded structure of DNA winds specifically to form
grooves between the backbones winding around itself. The grooves
are located between the strands. The wider groove is the major
groove, whereas the smaller and narrower groove is the minor groove.
Both groove can be sites for protein binding. For B-DNA, the major
groove is roughly 11Å wide and the minor groove is 6Å wide. The

carbon is a stereo-center which in turn is an atom bearing groups such that an
interchanging of any two groups leads to a molecules with the same sequence but
different three-dimensional structure (stereo-isomer) [32, 115, 125].

3 Due to the double-helical structure the bases are not easily readout from the outside
by repair proteins.
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depth of the major groove is larger with roughly 4Å in comparison
to the minor groove with approximately 4Å [158]. The larger width
and depth of the major groove makes it the preferred binding site for
protein binding. For one, transcription factors make contact with the
side of the bases exposed in the major groove [131]. Other structural
types of DNA such as A-DNA and Z-DNA are different in terms of
groove parameters.

1.2 dna damage

DNA can be damaged in multiple ways through many processes. A
multitude of damaging agents can cause structural changes in DNA.
These DNA damages are also called lesions. Depending on the type
of cell and type of damage, lesions can occur 103 to 106 times per cell
per day [17].

DNA damage and mutations should not be mixed up. While DNA
damage can ultimately lead to mutations, DNA damage is basically a
structural change in DNA that is not propagated itself whenever the
DNA is replicated [17].

There has been the theory that DNA damage in non-replicating
cells like brain cells and muscles is the main cause of aging in
mammals [18, 69]. A possible mechanism might involve higher DNA
damage triggering cellular signaling pathways, such as apoptosis4

resulting in a faster depletion of stem cells which in turn contributes
to accelerated aging [48]. Finally, unrepaired DNA lesions can lead
to mutations which change the sequence of the DNA. They can then
no longer be repaired as the base-pairing is valid. Mutations can also
occur in the process of DNA replication.

It should also not be forgotten that even though "mutations or
deficiencies in repair can have catastrophic consequences, causing a
range of human diseases, mutations are nonetheless fundamental to
life and evolution" [51].

Damage Types

Lesion Induced by Oxidization

One of the most common types of DNA damage is caused by the
action of oxidizing agents mostly produced by cell metabolism. These
lesion can ultimately result in mutations subsequently lung cancer
[106]. Further, chemicals, Ultra-Violet (UV) and ionizing radiation
can also result in reactive oxygen species drastically increasing the
rate of oxidization in DNA [105].

Specifically, the oxidation effect can lead to many forms of of
chemical modifications. These modifications include ring nitrogens

4 Apoptosis is the process of Programmed Cell Death (PCD).
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and groups of nucleobases. 8-oxo-guanine is the most prominent
example of such a modification and is one of the most abundant
types of damages with one in 106 guanine bases being damaged in
this form [185].

Lesion Induced by Irradiation

Photonic irradiation and other types of radiation can damage DNA
by chemically altering its structure. Radioactive radiation such as
gamma radiation leads to damage through the ionization process
directly cleaving bonds in the molecular structure of DNA. The lower
energy of UV light can still cause dramatic damage by exciting the
DNA into a energetically higher state. It can relax by chemically
changing its structure, i.e. building additional inter-atomic bonds.
Lesion induced by ultra-violet light will be covered in more detail in
Section 1.3.

Strand Breaks and Cross-links

X-ray irradiation can cause serious damage to DNA in form of single
strand or double strand breaks. Single strand breaks can also occur
by other types of damaging agents.

Radicals, alkylating agents and spontaneous reactions can all cause
a single DNA strand to break [20]. Cisplatin5 , Mitomycin C6 and
alkylating agents, which are used in chemotherapy, can cause DNA
cross linking, causing either the same strand or opposite strands to
form chemical bonds [72].

Missing Bases and Base Mismatches

Mismatched bases can occur in the process of replication and
recombination. This process has been heavily studied for Escherichia
coli [66, 77, 94]. Further, mismatches can occur as a result of
other types of damages such as 8-oxoguanine, O6-methyl-guanine,
carcinogen adducts, UV photo-products and cisplatin adducts [77].
Missing bases also occur intentionally as a result of base excision
repair.

1.3 dna repair

Although first indirect observations of DNA damage repair were
done earlier, the DNA damage repair was first discovered in the 1940s
by Friedberg [51].

Different types of DNA damage require specific repair mechanisms.
For single base damages such as mismatches or oxidized bases, the

5 Cisplatin, cis-Diamminedichloroplatinum(II), has been widely used in chemotherapy
for close to 30 years [31].

6 Especially guanine residues can be cross-linked by Mitomycin C [38].
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Figure 1.6: DNA damage and repair mechanisms. DNA lesions can be
induced by various agents. The DNA can subsequently trigger
repair mechanisms. If not repaired or in the case of very severe
damage the lesion can lead to cell apoptosis or the SOS response.
Damage can also be tolerated if not problematic for the genome.
Multiple repair mechanism are shown for specific damage
types [140]. The following abbreviations have been used:
Ultra-Violet Radiation (UVR); Infra-red Radiation (IR); Reactive
Oxygen Species (ROS); Single Strand Break (SSB); Double
Strand Break (DSB); Abasic site (AP site); Base Excision Repair
(BER); Nucleotide Excision Repair (NER); MisMatch Repair
(MMR); Homologous Recombination (HR); Non-Homologous
End Joining (NHEJ); Transcription Coupled Repair (TCR);
Global Genome Repair (GGR); Short-Patch BER (SP-BER); Long-
Patch BER (LP-BER); Save Our Soul response (SOS response);
Programmed Cell Death (PCD). Figure is adapted from [140].

possible mechanisms are NER, BER, and MMR [51]. NER removes
bulky helix-distorting lesions such as adducts of many xeno-biotics 7

to DNA bases [185]. MMR corrects errors made by DNA-polymerases
during replication, excising canonical nucleotides incorporated into
mismatches, as well as small insertion/deletion loops, from the
daughter DNA strand [77]. NHEJ is a repair pathway for double-
strand breaks in DNA. In contrast, homologous recombination repair
need a homologous template, but can repair lesions that cannot be
repaired by other repair mechanisms [124, 185] as well. Base excision
repair deals with some of the most common DNA lesions such as
oxidized bases, alkylation, deamination, base loss and single-strand
breaks [185].

Repair mechanisms which can work without destruction of the
damaged base and a subsequent DNA re-synthesis are commonly

7 Xeno-biotics are foreign chemical substances in biologic systems.
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(a) pdb:1TTD [113]. (b) pdb:1N4E [133]. (c) The dewar of the
6-4PP, pdb:1QKG [96].

Figure 1.7: Crystal and NMR structures for different types of DNA damage.
Figure 1.7a and Figure 1.7b are DNA containing CPD photo-
lesions.

referred to as direct reversal repair processes [185]. In this thesis, the
focus will be on the recognition and repair of cyclobutane pyrimidine
dimers with the help of visible light8. Figure 1.6 shows an overview
of typical damages and their repair pathways.

Cyclobutane Pyrimidine Dimer (CPD) and 6-4 Photo-products
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Figure 1.8: CPD damage formation. Not true to scale as the two additionally
formed bonds are longer in comparison two the base rings.

The two major types of DNA lesions resulting from UV radiation
are CPD and 6-4PPs [149]. CPD damage is more common with a
fraction of 75 % in comparison to 6-4PP lesions with 25% of the
total UV-caused DNA lesions. Both types of damage distort the DNA

8 Cyclobutane is a cycloalkane and an organic compound with the chemical formula
C4H8 [19].
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helix [149]. In comparison, 6-4 photo-products change and distort the
DNA structure more than cyclobutane pyrimidine dimers. For 6-4PP
lesions a strong bending of 44◦ is observed [14, 85] This results in a
faster and more efficient repair process in comparison to the repair
of CPD lesions. 6-4PP lesions are removed approximately five to ten
times faster from DNA in vitro [14, 121] than CPD lesions.

CPD lesions corresponds to two additional bonds between the
respective C5 and C6 atoms of the adjacent thymine bases [140],
shown in Figure 1.8. The CPD lesion can occur in multiple different
diastereoisomers (see Figure 1.9), i.e. configurations. The main
adduct or dimer are cis-syn compounds. Too much smaller extent
trans-syn lesions are formed, mostly by irradiation of single-stranded
DNA [25]. The other forms of adducts occur in even more rare cases
[140].

Cis-syn Cis-anti

Trans-syn Trans-anti

Figure 1.9: The dimerization of two thymine to CPD can occur in four ways.
The cis-syn species is the most common dimer and will be the
focus from heron. Adapted from [140].

1.4 cpd damage repair

It has been shown that the CPD lesion, also termed thymine
dimer damage, is, if not repaired, highly cytotoxic, mutagenic,
and carcinogenic [140, 146]. Thus, an efficient repair process is
tremendously important. CPD lesion can be repaired in multiple
ways. The appropriate repair mechanism depends heavily on the
specific organism and circumstance. The different domains of
life, the archaea, bacteria, and eukaryote domain, have different
and overlapping mechanisms of CPD damage repair. In general,
CPD damage repair can be divided into light-dependent and light-
independent mechanisms.
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Figure 1.10: CPD repair mechanism by direct photo-reversal using pho-
tolyase. After the absorption of light by the methenylte-
trahydrofolate (MTHF) cofactor, the energy is transferred via
Fö,rster dipole-to-dipole transfer to the reduced and deproto-
nated Flavin Adenine Dinucleotide (FAD). The electron is then
further transferred to the dimer initiating the photo-reversal
[26]. Adapted from [26].

Light-dependent Repair

In bacteria CPD lesions and the related 6-4 pyrimidine-pyrimidine
photo-lesion can be reversed by exposure of the bacteria to blue light.
Using a light-induced reaction, these enzymes split the cyclobutane
ring and restore the intact bases [21, 26, 35, 41, 127, 140, 146]. This
process is referred to as direct photo-reversal [59]. It has been shown
that this process is efficient in plants [22, 132, 163].

Photolyase is a repair protein which uses photo-reversal. It
contains one FAD cofactor and a second co-enzyme, either a
Methenyl Tetra Hydro Folate (MTHF) (type-I) or a 8-hydroxy-5-
deazariboflavin (type-II) [26]. The MTHF cofactor is bound very
closely to the surface of the protein [26]. The MTHF cofactor captures
and absorbs light, transfers the excitation energy via Förster dipole-
to-dipole transfer to the reduced and deprotonated FAD. Subsequent
electron transfer to the dimer initiates the last step of photo-reversal
[26] (see Figure 1.10).

Photolyases have a high sequence homology with cryptochromes,
proteins which are very important to many aspects of life from
bacteria to humans. One of their functions is synchronising the
cardian rhythm with external stimuli from solar day cycles. Both
proteins are thought to have a common origin in evolution [146].
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Light-independent Repair

Although cryptochromes can be found in most eukaryotes such
as mammals, this is not the case for photolyases. Importantly,
photolyase and (6-4) photolyases are not present in placental
mammals, including humans. The (6-4) photolyase has up to this
point not been found in prokaryotes [70, 104, 146].

As suggested by [59] another method to repair CPD lesion can
be used in many organisms which leverages so-called dark repair
pathways, including NER. A concrete example is the NER repair
process in yeast Saccharomyces cerevisiae [14, 52]. For plants, CPD
lesions and 6-4 photo-products are often repaired by NER without the
involvement of direct photo-reversal [22, 59, 167]. In mammalian cells
the CPD lesion is repaired by the NER pathway with the Xeroderma
Pigmentosum Complementation group Human Rad23 Homolog
complex (XPC-hHR23B)-complex [1, 14, 64, 93, 99, 126, 185] forming
the primary damage recognition protein, which initiates the NER
pathway after damage binding [46, 93]. This in-vitro NER process
in human cells is a complicated multi step procedure involving at
least six core enzymes including the XPC-hHR23B complex, the 6-
9 subunit Transcription factor II Human (TFIIH)9 complex and two
endonucleases, Xeroderma Pigmentosum, complementation group
G (XPG)10 and the Excision repair cross-complementation Group -
Xeroderma pigmentosum, complementation Group F (ERCC1-XPF)
complex11 [14]. Several other DNA repair enzymes have been
described that can recognize and repair photo-damaged DNA
independent of light [26, 46, 50, 51, 93, 127, 146, 159, 160].

1.5 recognition

The focus of this thesis is to explain the recognition process of CPD
damage repair by photolyase within Escherichia coli (E. coli). A major
question remains: At which point in the repair process is the lesion
recognized or is it recognized at all? One straightforward repair
process flips out each base prior to attempting to repair it regardless
of whether it is damaged or not. These repair processes would not
depend on the distinction between damaged and undamaged DNA
nucleobases.

Most repair processes such as BER rely heavily on recognition
and selectivity. Because processes which happen later in the repair
are not damage specific, selectivity is of tremendous importance.

9 TFIIH is responsible for the melting of the DNA and the formation of the open
complex [47, 86].

10 Single-stranded structure-specific DNA endonuclease involved in DNA excision
repair.

11 The ERCC1-XPF complex is essential for the repair of DNA damage in humans. It
is a structure-specific endonuclease and uses nucleotide excision repair [116].
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Without selectivity, BER would cut out every base regardless whether
it is damaged or not. In BER, it is believed that the glycosylase
step recognizes the damage and is thus responsible for selectivity
[130]. During the course of this thesis, it was shown that a similar
mechanism is used for CPD repair by photolyase from E. coli.
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T H E O RY

2.1 introduction to molecular dynamics - md

Molecular Dynamics (MD) simulations are a type of computer
simulation that calculate the physical movements of atoms and
molecules. In standard MD simulation the movements and positions
of the atoms are determined by solving the classical Newton’s
equations of motions. The resulting sets of atomic positions over
multiple simulation steps yield the trajectories of these atoms and
in turn of the molecules. The interactions between the atoms
are modeled by simple potential functions whose parameters are
given by so called force fields (chemistry)1. The method of MD
was independently developed by Alder and Wainwright[5] and
Rahman[139].

MD can be applied if analytical solutions are not available
and experiments cannot yield the necessary information. Almost
all simulated systems cannot be solved analytically. Even the
solution of the simple but famous three-body system needs some
use of numerical methods. Experiments on the other side have
shortcomings in the measurement of the structure and the dynamics
of molecules at the same time. Most experimental methods have
either high spatial or high time resolution. For example, X-ray
crystallography allows to determine the structure of a bio-molecule
with very high spatial resolution. As this is a measurement over a
long period of time, usually hours, the time resolution is very poor.
Some other spectroscopic method such as Förster Resonance Energy
Transfer or Fluorescence Resonance Energy Transfer (FRET) can
measure distances of a few light-sensitive molecules - fluorophores
- with high time accuracy in the order of 1× 10−3 s–1× 10−9 s. The
method is however limited to a small number of fluorophores. A
large number of fluorophores would alter the structure and dynamics
of the systems drastically2.

In MD, the resolution in time is only limited by the size of the
time-step used. In the final implementation the time-step is set as
high as possible without altering the characteristics of the systems to
allow the study of motions on longer time-scales as every calculation
for a time-step needs roughly the same amount of computational

1 force fields describe in our context the term used in chemistry not to be confused
with force fields (physics) in classical physics. From here-on, only the definition of
chemistry will be used.

2 The smallest fluorophores are in the range of 20 atoms and therefore still alter the
dynamics of most small protein and ligands.

17
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resources. A usual value of this time-step is 1 fs. This can capture the
fastest motions, the movements of hydrogen atoms, accurately. The
resolution in space is limited theoretically by the accuracy in saving
these coordinates. In most simulation suites (see Appendix A), this is
done in single precision. In reality, the precision here does not matter,
as the accuracy of describing the forces present in the system is more
limiting.

Typical time-scales which are simulated range from few nanosec-
onds for large systems to multiple microseconds for small systems.
In this time-scale bio-molecules can show local motions, collective lo-
cal motions and small subunits and domains can fold. The simulation
effort and the compute-time needed range from seconds to weeks and
from one Central Processing Unit (CPU) core to a complete cluster of
machines.

Other types of simulations which are accurate to the level
of Quantum Dynamics are only possible for short periods of
simulated time. However, mixed approaches like Quantum
Mechanics/Molecular Dynamics hybrid (QM/MD) where a quantum
mechanical region is mixed with a MD simulation of the remaining
part of the system, have proven to be successful for specific problems
where chemical processes can occur.

2.2 history and application

After first successes of computer simulations in general and Monte
Carlo simulations in particular, a numeric calculation of the rather
theoretical example of an an-harmonic, one-dimensional crystal
by Fermi, Pasta, and Ulam started the development of Molecular
Dynamics simulations [43, 49]. The first proper Molecular Dynamics
(MD) simulation was reported in 1956 by Alder and Wainwright [5]
while the method was independently developed by Rahman in 1964

[139]. In 1960 Gibson et al. simulated a more realistic system of
radiation damage in crystalline copper [58].

During the following years, MD simulations have been broadly
applied to material science. One can argue that the underlying
algorithms of MD have hardly changed since its beginnings in the
1950s [49].

With the vast improvement of computers in the following years,
the method of MD simulation was applied to a vast range of
problems. Specially noteworthy was the application of MD to the
study of proteins by Levitt in 1976 [101] and by Warshel in 1976

[175] after envisioning the application of MD to protein folding in
1975 [102]. The simulation of the first protein in water was done in
1983 for a short simulation time of 2× 10−11 s [103]. In 1997 the first
peptide was simulated and folded for the much longer time-span of
1× 10−7 s. A good overview about the historical account of MD and
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its application to bio-molecules is given by Karplus and Mccammon
[84].

Martin Karplus (Harvard), Michael Levitt (Stanford), and Arieh
Warshel (USC) were awarded with the Nobel Prize in Chemistry
in 2013 "for the development of multi-scale models for complex
chemical systems." [56].

2.3 the idea of molecular dynamics

Molecular Dynamics simulations are very similar in their execution
to the approach in experiments. First, the system (in experiments:
the sample) is prepared. Then, the simulation is run until the
systems properties do not change dramatically over time. The
system is therefore in the equilibrated state. In experiments this
requirement means sufficient statistics. Now, the averages of
observables (experiments: measurements) can be taken [49].

A simple algorithm for MD would look like this:

1. The system is initialized. Thus, all atoms are given positions
and importantly starting velocities according to the overall
system temperature.

2. The forces acting on each of the particles are calculated.

3. By integrating Newton’s equations of motion, new positions
and velocities are calculated. This step is repeated until the
desired simulation length is reached.

4. Afterwards, averages of observables can be computed for
purposes of analysis.

Each of these steps, and in particular step 3 and 4 are tremendously
more complicated. The important details will be explained in the
following.

2.4 bio-molecular interactions and potentials

At the scale of our interest, only electro-magnetic interactions and
the quantum mechanical exchange interactions are of importance.
However, these interactions can be further categorized to simplify
the numerical model and the understanding of the system.

Exchange interactions are the interactions of identical particles. For
our purposes, only the Fermi repulsion for fermions plays a major
role. It gives rise to strong repulsion effects between atoms. Due
to the quantum mechanical nature, atoms can share electrons and
reduce their collective energy. This interactions lead to covalent
bonds. Together with electrostatic interactions between ions, these
two terms are represented by the model of Van der Waals’s force.



20 theory

Van der Waals’s interactions are represented together with the Fermi
repulsion by Lennard Jones potentials. This approximation has
proven to be reasonably accurate and is widely used in computer
simulations [49]. The second type of basic interactions are electro-
static interactions which are of comparably long range nature.

In the model of MD, the involved interactions are modeled slightly
differently. The model divides between three types of interactions.
Inter-molecular interactions act between molecules. Such interactions
are Lennard-Jones type interactions and Coulomb interactions. These
kinds of interactions happen also intra-molecularly. Additional intra-
molecular interactions due to chemical bonds such as covalent or
ionic bonds cannot be broken in the framework of MD simulations.
The third type of interaction is between molecules and the solution.
This special type of interaction in particular will be explained in
Section 2.9.

In Amber [28] the forces are described by the terms

V(r) =
∑

bonds

1/2kbi (bi − bi,0)
2 (2.1a)

+
∑

angles

1/2kθi (θi − θi,0)
2 (2.1b)

+
∑

torsions

∑
n=1..Ni

kτni (1+ cos [niτi − δi]) (2.1c)

+
∑

nb pairs

[
4εij

[
(σij/rij)

12 − (σij/rij)
6
]
+ qiqj/(4πε0rij)

]
.

(2.1d)

The first term describes the harmonic approximation of chemical
bonding potentials (see Equation 2.1a). As most higher order
quantum mechanical wave functions are not radially symmetric,
chemical bonds in molecules are dependent on angles and dihedral
angles of triples and quadruples of atoms. These terms are described
in Equation 2.1b and Equation 2.1c. For non-bonded (written as nb in
the formula above) atom interactions, the interactions are described
by Lennard-Jones and electrostatic potentials (see Equation 2.1d).
Other MD suites use interactions which are very similar.

2.5 force fields

The parameters of Equation 2.1 are different for each type of atom.
Interaction parameters are not constant for specific atoms, but are
further specialized for specific atoms in different contexts. As such,
a Carbon atom would have different parameters depending on its
position in the backbone of the protein. These parameters are
generally bundled together as force fields.
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The parameters of the force fields are usually determined
empirically. As most sets of parameters have been used extensively
in chemistry, a vast amount of experimental data is available for
parameters such as atomic mass or Van der Waals’s radii. A method
for less-studied molecules includes the use of quantum mechanical
calculations. Together with optimizations on parameters such as
enthalpy of vaporization and sublimation, a force field can be
developed.

In high-dielectric media such as water polarization effects play
a crucial role. Recently, polarizable force fields have made
improvements in this field3. These force fields are still under heavy
development and have not been used in this thesis.

To reduce the quantum mechanical description of the potentials
to the much simpler classical model mentioned above, multiple
approximations are used. The first one is the Born-Oppenheimer
approximation which states that the dynamics of electrons is so
fast that they can be considered to react instantaneously to the
motion of their nuclei. As a consequence, they may be treated
separately. The second approximation treats the nuclei which are
much heavier than electrons, as point particles that follow classical
Newtonian dynamics. In classical molecular dynamics the effect of
the electrons is approximated as a single potential energy surface,
usually representing the ground state.

2.6 equation of motion

As stated before, Newton’s equation of motion has to be solved in
order to calculate the updated velocities and positions after one step
of simulation. Newton’s equation of motion is given by

Fi = miai ,

where the force is given by the negative gradient of the potential.

Fi = −∇Vi ,

This can be simply combined to

miai = −∇Vi ,

and as d
2x
dt2

= a the equation of motion is given as

mi
d2xi
dt2

= −∇Vi .

3 Details about these developments can be obtained from the review paper of Antila
and Salonen [10]. Another good overview is given by Mackerell [110].
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As the equation of motion is calculated in a step-wise manner, the
integration to yield the new velocities and positions of all atoms
is simple. A correct time-reversible solution is symmetric in its
expansion around the current time t. A Taylor expansion of the
position vectors around the time t+∆t yields

xi(t+∆t) = xi(t) +
dxi(t)
dt

∆t+
d2xi(t)
dt2

∆t2

2

+
d3xi(t)
dt3

∆t3

6
+O(∆t4)

= xi(t) + vi(t)∆t+ ai(t)
∆t2

2

+
d3xi(t)
dt3

∆t3

6
+O(∆t4) .

This can be done similarly for the time-step before the current time
as

xi(t−∆t) = xi(t) − vi(t)∆t+ ai(t)
∆t2

2

−
d3xi(t)
dt3

∆t3

6
+O(∆t4) .

By adding these two equations and solving for the xi(t− ∆t) term,
the following time-reversible equation is obtained

xi(t+∆t) = 2xi(t) − xi(t−∆t) + ai(t)∆t2 +O(∆t4) .

This is also known as the Verlet algorithm which was first derived in
1791 by Delambre, but famously rediscovered by Verlet in 1967 [171].

Another solution using directly the velocities gives

xi(t+∆t) = xi(t) + vi(t)∆t+
1

2
ai(t)∆t2 ,

and

vi(t+∆t) = vi(t) +
ai(t+∆t) + ai(t)

2
∆t ,

which is known as the velocity-Verlet algorithm [178] and has the
advantage of not needing to save the past positions of all atoms
xi(t − ∆t). Thus the simplest approach of solving the equations of
motions is as follows and commonly used in Molecular Dynamics:

1. Calculate the forces Fi(t) on each atom in the system (due to
all interactions with other atoms) given the current coordinates
xi(t) and velocities vi(t).

2. Update the positions of the atoms according to xi ← xi+vi∆t+
Fi
2mi

∆t2



2.7 periodic boundary conditions 23

3. As the forces can also depend on the velocity, the second
equation cannot be solved perfectly. Approximately, it is solved
by calculating the second equation partially and neglecting the
ai(t + ∆t) term. Thus the velocities are updated as vi ←
vi + Fi

2m∆t

4. Calculate the new forces Fi(t+∆t) using the current positions
xi(t+∆t).

5. As the forces are now overwritten, updating the velocities as
vi ← vi + Fi

2m∆t delivers the correct term according to the
second equation.

This procedure is repeated for each simulation step [49].

2.6.1 Shake Algorithm

As atomic bonds are not represented in terms of bond-potentials
but rather by hard constraints, these constraints are treated as
Lagrange multipliers in the Hamiltonian or Lagrangian formalism.
By neglecting some intra-molecular motions, the tiny fluctuations
of hydrogen atoms, the time step can be drastically increased. The
Lagrange multipliers and therefore the constraints are violated as
only the equations of motions solved approximately [6]. The Verlet
algorithm solves this problem by satisfying the conditions exactly at
the end of each simulation time step[171].

The specific implementation of the Verlet algorithm in most
MD simulation software systems is the SHAKE algorithm [143].
The constraint of the before-mentioned Lagrange multipliers are
implemented with the Gauss-Seidel method. This method is iterative
and similar to the well-known Jacobi method. For velocities, the
Algorithm for Rigid Water Models (RATTLE) algorithm can be
used. On computers with fixed precision, the RATTLE algorithm
is more accurate than SHAKE. It is also easier to modify RATTLE for
constant temperature or pressure simulations [7]. As later explained,
constant temperature/pressure MD is highly desirable as those most
accurately describe the modeled systems.

2.7 periodic boundary conditions

Periodic Boundary Conditions (PCB) are boundary conditions which
are used to approximate a very large or even infinite system by a
small part of it. This is done by replicating this small part, the unit-
cell, infinitely. In the implementation, however, only one unit-cell
has to be simulated. A particle escaping on one side of the unit-cell
reappears on the opposite side of the same unit-cell. Same holds true
for all interactions.
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The simplest example of periodic boundary conditions in three-
dimensional space are cubic periodic boundary conditions

x = x + ap , p ∈ 1, 2, 3 ,

and

a1 = (a, 0, 0) , a2 = (0,a, 0) , a3 = (0, 0,a) .

Figure 2.1: Periodic boundary conditions in two dimensions [63].

In general periodic boundary conditions have to be space-filling.
Additionally, in MD, only one type of unit cell can be used.
The combination of multiple unit-cells would make matters too
complicated. Thus, polyhedral structures like the Weaire-Phelan
structure with two types of cells [55] cannot be implemented.

One common polyhedral structure for periodic boundary condi-
tions is the truncated octahedron. It has the advantage of resembling
a sphere very closely. The solvent can move and rotate freely in the
unit cell as its distance to its copy in the periodic unit cell has to be
above a critical distance in order to avoid problems with long range
interactions such as electrostatics. In other applications such as the
simulation of a membrane, a cubic or cuboid is of better use4.

2.8 particle mesh ewald

In the method of explicit solvent our systems are treated periodically,
the long range electrostatic interactions will then be calculated by

4 Setups which are highly non-spherical such as long proteins can also benefit from
cuboid unit cells. In these cases some kind of restraint has to be employed to avoid
the protein interacting with itself
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Figure 2.2: Truncated octahedron [8].

Ewald-summation, named after Paul Peter Ewald. If the system had
been treated in a non-periodic manner, cut-off artifacts would be
introduced [90, 100, 144, 145]. Thus, the standard Coulomb’s law
has to be modified in order to avoid such artifacts for finite distance
calculations.

The standard Ewald algorithm is computationally quite expensive
as its computational effort grows with N3/2, N being the number of
charges [100].

The Particle Mesh Ewald (PME) method of Darden, York, and
Pedersen reduced this to a computational effort of O (Nlog(N)) [37].
In particular, the Ewald sum can be modified such that the direct
space sums can be computed in the order of N. Then, the remaining
sum in reciprocal space can be approximated by the particle-mesh
interpolation approach of Memon, Hockney, and Mitra [118]. The
energies are now convolutions which can be quickly computed using
Fast Fourier Transforms (FFTs) [37]. An algorithm of this method
scales with N · log(N). The introduction of this method helped to
scale MD simulations from few thousands into millions of atoms.

2.9 explicit versus implicit solvent models

For the explicit simulation of water the TIP3P [79] water model is
commonly used. It is a simple, inflexible three sided model. The
TIP3P model is used throughout the course of this thesis.

Instead of simulating every solvent explicitly, the Generalized Born
(GB) model can also be used to implicitly simulate the solvent. This
model has proven to be accurate for non-polarizable force field such
as the ff99SB and ff03 [28]. Here, the total solvation free energy of a
molecule, ∆Gsolv is assumed to be decomposable into an electrostatic
and a non-electrostatic term.

∆Gsolv = ∆Gel +∆Gno-el .
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Ensemble Fixed quantities Thermodynamic potential

Micro-canonical N, V , U S maximal
Canonical N, V , T F minimal

Isothermal-isobaric N, P, T G minimal
Grand-canonical V , T , µ Ω minimal

Table 2.1: Statistical ensembles and their associated thermodynamic poten-
tials[4].

Gno-el is the solvation free energy of a molecule from which all charges
have been removed, and the free energy Gno-el can be calculated by
first removing all charges in the vacuum, and then adding them back
in the presence of a continuum solvent environment [28]. An analytic
GB [28] method is used in Assisted Model Building with Energy
Refinement (AMBER) to simplify the numerical computation of the
Poisson-Boltzmann equation with reasonable accuracy. As implicit
models have not been used in the course of this thesis, further details
are omitted.

2.10 thermodynamics and statistical dynamics

Computer Simulations and MD simulations in particular can record
coordinates and velocities of atoms with great precision. However, as
fine-grained measurements of all atoms are not possible, this cannot
be compared to experiments. Experiments would measure averaged
properties such as temperature and pressure. To calculate how the
microscopic properties are connected with macroscopic properties
averaged over large number of particles, methods from statistical
mechanics are used.

An ensemble in statistical mechanics is defined as the set of all
possible states a system can adopt. Depending on the fixed external
variables, different thermodynamic ensembles are defined. A system
with fixed internal energy U, fixed volume V and fixed number of
particles N is called the micro-canonical ensemble. If the temperate
T , volume V and number of particles N are fixed, the canonical
ensemble is given. The isobaric-isothermal ensemble has fixed N,
P,and T and is often used in MD as well. Many experiments have
similar conditions making this ensemble a realistic description of
many systems. For fixed T , V and chemical potential µ, the grand
canonical ensemble describes the system.

Each ensemble can be described in equilibrium by an associated
thermodynamic potential similar to the Hamiltonian in Quantum
Mechanics. The ensembles, their fixed macroscopic quantities, and
their thermodynamic potentials are listed in Table 2.1 [4].
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For the micro-canonical ensemble the associated thermodynamic
potential is the entropy S which is maximized under those conditions.
In most simulations the canonical ensemble is used as it is most easily
modeled. It is also in realistic agreement with many experiments
under fixed number of particles, such as a cell. Here the free energy
F is minimized. As such it is in interesting property to study.

Ergodicity

Even if only a single system is observed, the theory of statistical
ensembles can be used to make predictions about observables.
This is possible due to the ergodic hypothesis which states that
averages over the ensemble are equivalent to the averages over a
very long time. As such, averages can either be computed by time-
averaging (MD approach) or by ensemble averaging (Monte Carlo
(MC) approach)[49]. The ergodic hypotheses holds if the measured
time is of a much larger scale than the equilibration time of the
system. A system which obeys the hypothesis is ergodic. In practice
there are many systems which are not ergodic such as glasses and
meta-stable phases [49].

2.11 limitations of molecular dynamics

Due to various limitations MD simulations cannot be completely
accurate. In addition to the approximations of the algorithm itself,
the model of the system introduces many artifacts Such problems
occur due to the choices of how the system is modeled: 1) Which
interactions are included, 2) how those interactions are described by
force fields, 3) how the degrees of freedom are sampled, 4) how
the boundaries of the system are modeled [169], 5) how long the
system needs to be simulated, and 6) how system is compared to
experiments.

These questions lead to the distinction of the limitations into four
categories [169]: The force field problem, the search problem, the
ensemble problem and the experimental problem.

The Force Field Problem

Due to the summation of errors, it is inherently difficult to describe a
large system with force fields at high accuracy. Additionally, entropic
effects are hard to account for in force fields. Further, the vast amount
of parameters make force field generation a tremendously difficult
task [169].

A macroscopically large system cannot be calculated computation-
ally. Even simulating one million number of atoms, the size of the
system is only a small fraction in regard to Avogadro’s number [169].
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Thus, simplifications have to be used. The simulation in vacuum is
fast but does not account for surface effects and the dielectric proper-
ties of the solution. Small solution droplets around the simulated bio
molecule lead to problems such as surface effects at the boundaries
of the droplet and evaporation of the solution itself. Periodic systems
have proven to offer the best solution for explicit simulations but in-
troduce artificial periodicity [169]. This problem can be reduced with
appropriate system sizes. Other solutions, such as implicit models
have been described here but introduce other problems.

The Search Problem

The very large number of degrees of freedom of usual MD systems
is problematic by itself. Even small systems have number of degrees
of freedom in the range of 1× 104–1× 106. Thus, the energy surface
of these systems is very rough. Even searching for the global energy
minimum becomes problematic [169]. To search the configuration
space for important contributions, a wide range of methods is
available. Some of these methods will be covered later in Section 2.12.

The Ensemble Problem

Due to statistical considerations, the global potential energetic
minimum is not sufficient for almost all considerations. Entropic
effects are inherently important. Therefore the configuration space
has to be sampled in accordance with its contributions and the
associated Boltzmann factors.

The Experimental Problem

Comparison of MD simulation data with experiments presents itself
as another problem. Most experimental observables are averages
over many particles or a long period. Additionally, a system with
a high number of degrees of freedom is measured using only few
observables. Thus, different effects may contribute to the same
outcome in these observables. Last but not least, experiments
are often not sufficiently accurate making comparisons to MD
simulations very tricky [169].

2.12 free energy and enhanced sampling methods

As the free energy is a observable which relates to many experimen-
tally measurements, it is highly desirable to compute the free energy
of the system on hand. The free energy is directly related to the proba-
bility of the system to be in a specific state. Absolute free energies are
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almost impossible to calculate as the partition function is unknown
for all but the simplest of cases.

F = −
1

β
lnQ .

However the relative free energies of two states A and B can be
calculated as

∆FAB = FB − FA = −β−1ln
QB
QA

,

with either different HamiltoniansHA andHB or simply two different
conformations of the same system [30]. The fraction of these partition
functions can actually be computed by sampling.

It is often impossible to sample all states which contribute to a
specific reaction by just sampling their densities according to their
Boltzmann weights. The exponential nature of the Boltzmann factor
leads to increasingly high computing times necessary to sample
transition barriers. The problem can be mitigated by two types of
approaches. Regions of the phase space which have not been sampled
well enough are either known or unknown. If these regions are
known, the Hamiltonian can be changed in a way to sample those
regions better. However, if these regions are not known, more general
method have to be used.

In this case, the dynamics of the system can be enhanced without
changing the Hamiltonian. Another approach is to deform the
energy surface and flatten it so barriers can more easily be overcome.
Additionally, forces can be changed, the number of degrees of
freedom be reduced or multi-copy approaches can be taken [30].

Here, some methods where the transition states and the problem-
atic under-sampled regions will be explained. Replica exchange MD
will be explained as one of the multi-copy approaches.

2.12.1 Thermodynamic Integration - TI

To compare the free energy of two different states A and B, the
method of thermodynamic integration (TI) can be used. These
two states can be two systems with different Hamiltonian functions
altogether. Specifically, the Hamiltonian energies HA and HB have
different dependencies on the spatial coordinates of the system. To
calculate the free energy difference of these two states is not trivial
as calculating differences of potential energies. To calculate the free
energy of a given state, all contributing terms have to be summed
over the phase space according to their Boltzmann weights. Thereby,
entropic terms are considered in the partition function states A and
B.
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To calculate the difference in free energy of such two states, the
parameter λ can be defined to smoothly transition from Hamiltonian
HA to HB. The difference is then calculated by integrating along λ
over the derivatives of H in respect to λ.

The simplicity of the method is one of its strengths. For many
problems, thermodynamic cycles can be used in order to formulate
the problem in a way that it can be solved with Thermodynamic
Integration (TI). Hereby, computationally expensive transitions are
replaced by multiple simpler ones5.

2.12.2 Umbrella Sampling - US

F

sample space

sampling path

(a) MD simulations
can easily sample
phase space with
low free energy
barriers.

F

sample space

sampling path

(b) If the energy land-
scape contains
high barriers, the
MD simulation
does not suffi-
ciently sample
the configuration
space.

sampling paths
F

sample space

#1 #2 #3 #4 windows

bias potentials

free energy

(c) The same free energy
barrier as in Figure 2.3b
is overcome by using
multiple bias potentials.
These potentials resemble
horizontally flipped um-
brellas covering a crowd
of people, thus giving the
method its name. The
sampling paths for the
different windows are
mostly bound to their
windows.

Figure 2.3: Sampling and barriers. Overcoming these barriers by Umbrella
Sampling.

In many systems, two important conformational states can be
separated by high energy barriers. These barriers prevent the system
to cross from one state to the other in the proposed simulation
time (shown in Figure 2.3b). As the probability of crossing such
barriers scales exponentially with the negative of the potential as in
the Boltzmann distribution, the time to cross such a barrier might
be substantially higher than the simulation time. Examples include
protein folding with transition times in the order of micro-seconds to
seconds.

5 More details can be found in the review papers of Pohorille, Jarzynski, and Chipot
[137] and Christ [30].
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Enhanced sampling method such as Umbrella Sampling can
mitigate this problem. Torrie and Valleau suggested in 1977 that
by using arbitrary sampling distributions specifically to enhance
estimates of free energy differences. They successfully tested the
method on a simple Lennard-Jones fluid and measured the free
energy of the gas-liquid phase transition [165].

Estimates of free energies between two states of a system are
biased with additional potentials to increase the sampling rate of such
transition states. After the biased simulation has been performed, the
effect of the bias has to be reverted in order to calculate the wanted
properties of the unbiased system [13]. In some cases, it might
be possible to use a single biased simulation, and re-weighting the
distributions with the ratio of the unbiased distribution function and
the biased distribution function [13]. In many cases, the appropriate
ratio is not known and, therefore, multiple simulations with different
bias functions may be used. A particular useful scheme is the
Umbrella Sampling scheme. It also has the advantage of being easily
parallelizable.

Torrie and Valleau noted, that instead of using a single biasing
function, it is often more convenient to use overlapping distributions,
depicted in Figure 2.3, thus coining the name Umbrella Sampling.
Here the same free energy barrier as in Figure 2.3b is overcome by
using multiple bias potentials. Then, the sampling paths for the
different windows are mostly bound to their windows with some
overlap. It is very important that this overlap is not minuscule as is
explained later in Section 2.12.4.

2.12.3 Calculating the Potential of Mean Force

The Potential of mean force (PMF) is the potential of the force
of a given system keeping some coordinates fixed and averaging
over all remaining configurations. This is a generalization of the
terminology first introduced in 1935 by Kirkwood [88]. The PMF
can be understood as the potential describing the dynamics as if the
motion is on a free energy surface [29].

As stated by Roux, the PMF W(ξ) along a reaction coordinate ξ is
defined from the average distribution function ρ(ξ) as

W(ξ) =W(ξ∗) − kBTln

[
〈ρ(ξ)〉
〈ρ(ξ∗)〉

]
, (2.2)

with ξ∗ and W(ξ∗) being arbitrary constants [142]. The average
distribution function is obtained as

〈ρ(ξ)〉 =
∫
dRδ (ξ(R) − ξ) eU(R)/kBT∫

dReU(R)/kBT
. (2.3)
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U(R) is the total internal energy of the system as a function of the
coordinates R. ξ(R) expresses the functional dependency of the
previously introduced reaction coordinate ξ in terms of all Cartesian
coordinates R of the system. ξ can dependent in a simple manner on
few coordinates of the system if it only depends on the coordinates
of few atoms, such as in an angle between two bonds, or in a more
complicated manner for a coordinate such as the Root-mean-square
deviation (RMSD) Section 2.13.2.

As stated before, it is difficult to calculate the free energy and the
PMF from standard MD simulations directly. Umbrella Sampling
simulations present one of the most common ways of calculating the
PMF as presented in the following.

Umbrella Sampling potentials wi(ξ) for the different windows i
are introduced. For these, a common approach is to use harmonic
potentials such as

wi(ξ) =
1

2
K (ξ− ξi)

2 ,

with K being the force constant and ξi the central point of the
potential as presented in Figure 2.3c. The un-biasing and combination
of these multiple Umbrella Sampling windows is critical. With the
average as defined in Equation 2.3, the biased distribution function
for the i-th window is given as

〈ρ(ξ)〉(i) = e
−wi(ξ)/kBT〈ρ(ξ)〉〈e−wi(ξ)/kBT〉−1 . (2.4)

To un-bias the PMF as defined in Equation 2.2, the biasing potential
has to be subtracted and the free energy Fi, which is associated with
the potential, added [142].

Wi(ξ) =W(ξ∗) − kBTln

[〈ρ(ξ)〉(i)
〈ρ(ξ∗)〉

]
−wi(ξ) + Fi .

The free energy Fi is related to the potential as the simple average of
the effect of the introduced biasing potential as

e
−Fi/kBT = 〈e−wi(ξ)/kBT〉 . (2.5)

The simplest approach to calculate Fi is to adjust the PMF functions
until the associated Fi and Fj match for the adjacent windows i and
j. The Weighted Histogram Analysis Method (WHAM) has proven to
be more powerful as it uses all of the simulated data.

2.12.4 Weighted Histogram Analysis Method

The currently used WHAM equations are extensions by Kumar et al.
[92] of the Multiple Histogram equations developed by Ferrenberg
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and Swendsen [44, 45]. The following explanation of the WHAM
equations is done accordingly to the explanation of Roux as it is most
easily understood [142].

For NW biased Umbrella Sampling simulations, the unbiased
distribution function is the summation over all individual unbiased
distribution functions multiplied by

〈ρ(ξ)〉 =
NW∑
i=1

[〈ρ(ξ)〉]unbiased
(i)

[
nie

−[wi(ξ)−Fi]/kBT∑NW
j=1 nje

−[wj(ξ)−Fj]/kBT

]
, (2.6)

with ni being the number of independent snapshots taken for the i-th
simulation [44, 92, 142].

According to the equations Equation 2.4 and Equation 2.5, the
distribution function for each umbrella window can be unbiased as

[〈ρ(ξ)〉]unbiased
(i) = e

wi(ξ)/kBT〈ρ(ξ)〉(i)e
−Fi(ξ)/kBT , (2.7)

with

〈ρ(ξ)〉 =
NW∑
i=1

ni〈ρ(ξ)〉(i)

NW∑
j=1

nje
−[wj(ξ)−Fj]/kBT

−1

, (2.8)

and

e−
Fi/kBT =

∫
dξe−

wi/kBT〈ρ(ξ)〉 . (2.9)

The equations Equation 2.8 and Equation 2.9 depend on one other
and must be solved consistently. The simplest approach is to
iteratively solve the equations in alternating succession. The first
guess for the Fi can be chosen arbitrarily but better guesses result
in faster convergence of the iteration procedure.

2.12.5 Replica Exchange Molecular Dynamics

The method of improving Monte Carlo simulations by having
multiple copies of the system was independently developed by Berg,
Billoire, and Foerster and Swendsen and Wang [15, 161]. Zhou
extended the formalism to the method of Molecular Mechanics
simulations [187]. In particular, multiple copies of the system, so
called replicas, are run at different temperatures. These copies of the
system do not interact continuously but sporadically exchange their
temperatures under specific conditions. For a canonical ensemble, the
Hamiltonian is weighted by the Boltzmann factor.

In replica exchange MD, a set of M temperatures and the
same number of replicas is set. As the replicas can switch their
temperatures, the labeling of the replicas is a permutation of the
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temperatures. Each temperature only appears once. In the process
of exchanging the replicas, the exchange of the coordinates of the
replicas is equivalent to the exchange of their temperatures. While
exchanging velocities, they are rescaled according to their new
temperature to satisfy the condition of average kinetic energy. A
rescaling by the square-root of the temperature quotient is therefore
needed.

The detailed balanced condition is the principle of Markov chains
that it cannot be distinguished whether a process is forward or
backwards going at equilibrium. This principle was introduced by
Ludwig Boltzmann in 1872 for collisions. In such processes the
forward and backward rates are equal. From the detailed balanced
condition it can be shown that the quotient of exchange rate of two
replicas forwards and backwards is

w(X→ X ′)

w(X ′ → X)
= e−∆ ,

with

∆ = (−βn −βm)
(
E(q[i]) − E(q[j])

)
,

for replicas i and j with and their coordinates q[i] and q[j] at
temperature Tn and Tm. One needs to distinguish between the indices
of the replicas and temperatures as they are permuted from previous
exchanges. The standard Metropolis criterion satisfies the condition
mentioned above:

w(X→ X ′) = w(x
[i]
m |x

[j]
n ) =

1, if ∆ 6 0

e−∆, if ∆ > 0 .
(2.10)

The steps in Replica Exchange Molecular Dynamics (REMD) are then
the following tow: First, the simulation of the replicas simultaneously
and independently for a specific number of MD steps. Second, the
exchange according to the Metropolis criterion (Equation 2.10) of
adjacent replicas. REMD has proven to be one of the most successful
and versatile techniques in the field of MD.

Hamiltonian Replica Exchange Molecular Dynamics

Hamiltonian Replica Exchange Molecular Dynamics (HREMD) is
a generalization of the classic temperature replica exchange MD
technique6. Instead of having M different temperatures Tm, a set of
different m different Hamiltonian functions is defined for the system.

6 For a comprehensive review of Generalized-ensemble algorithms such as HREMD
refer to [123].
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Figure 2.4: Advantages of REMD: The horizontal dimension represents the
reaction coordinate whereas the vertical dimension represents a
one-dimensional picture of the space orthogonal to the reaction
coordinate. Assuming that the initialization procedure produced
starting structures along the bottom pathway, conformations
like (f) could not be sampled as the barrier (shown in red) is
to high in this example. As the barrier is smaller on the left
(depicted in green) conformations like (a) could be sampled.
Using REMD these conformations can exchange all the way to
windows further on the right. This way also the upper pathway
can be sampled.

These Hamiltonian usually differ through added potentials which
improve the sampling.

One approach is similar to temperature replica exchange in that the
unperturbed system can be described as the lowest replica in direct
comparison to the replica with standard temperature. Higher replicas
are perturbed with increasingly higher potentials to improve the
sampling speed. Another approach is to combine Umbrella Sampling
(US) and REMD. Here, each Umbrella window represent one replica
with a specific Hamiltonian defined by the standard Hamiltonian
plus the Umbrella potential. The exchange of the systems of these
replicas can increase sampling and mitigate specific problem with
orthogonal sampling as describes later in Chapter .

Using HREMD, the sampling of the space orthogonal to the
reaction coordinate could be improved as pathways along the
reaction coordinate with different orthogonal components can also be
sampled (see also Figure 2.4 for further explanation). The problem of
insufficient sampling of orthogonal coordinates has been thoroughly
investigated by [42] [42, 188].

2.12.6 Theory of Reaction Rates

For simple unrestrained MD simulations, reaction rates from
one molecular conformation to another can be calculated directly.
However, for many enhanced types of MD simulation reaction rates
cannot be analyzed and calculated. The focus of most enhanced
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simulations is the calculation of the free energy differences of the
before-mentioned conformations. From the free energy alone only
the distribution or the probabilities of the states can be calculated.
The kinetics of the system are still hidden. As shown by Hummer,
estimates of the local diffusion can be calculated from US simulations.
Combining the local diffusion with the free energy can yield estimates
of the reaction rates from different states of the system to one other
[73].

Reactions along a one-dimensional reaction coordinate can be de-
scribed by the one-dimensional Smoluchowski equation as explained
by Hänggi and Borkovec [65]

∂

∂t
Ψ(ξ, t) =

∂

∂ξ
D(ξ)e−βF(ξ)

∂

∂ξ
Ψ(ξ, t)eβF(ξ) .

Here the function Ψ(ξ, t) describes the probability density along the
one-dimensional coordinate ξ at time t. The free energy profile F(ξ) is
the one calculated by US simulations before. The following equation
relates the local diffusion D(ξ) along the one-dimensional reaction
coordinate ξ to the time evolution of a specific Umbrella window and
is accurate as long as the Umbrella windows are small enough [73,
189]

D(ξ) =
σ2(ξ)

τ
.

The auto-correlation time can be calculated using the method of Hess
[68] which uses block averaging and a double exponential decay fit of
the correlation function. The diffusion perpendicular to the reaction
coordinate ξ influences the local kinetics and thus the local diffusion
coefficient

The mean first passage time is the inverse of the specific reaction
rate. It can be calculated as a double integral along the one-
dimensional reaction coordinate. For see derivation refer please refer
to [9, 162, 177, 190]. The first boundary was set to be reflecting and the
second boundary to be absorbing. This assumption will be satisfied
for flipping processes from the intra-helical to extra-helical state in
a flipping of a base around the helical axis of the DNA. States in
the intra-helical state are quite stable and states in the extra-helical
state undergo the subsequent direct repair process. They are therefore
taken out of the system as such.

The mean first passage time acMFPT from the first state A the
second state B is thus given as

τ+ = τA→B =

∫ξB
ξA

dξ ′
eβF(ξ

′)

D(ξ ′)

∫ξ ′
ξA

dξ ′′e−βF(ξ
′′) .
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Similarly, the mean first passage time of the inverse process can be
calculated as:

τ− = τB→A =

∫ξB
ξA

dξ ′
eβF(ξ

′)

D(ξ ′)

∫ξB
ξ ′
dξ ′′e−βF(ξ

′′) ,

where the probability is integrated along the backwards direction.
The rates are related as

k+ =
1

τ+
;k− =

1

τ−
;kEQ =

k+

k−
.

The equilibrium rate kEQ depends purely on the free energy
difference of the two states

∆F = β−1ln (kEQ) ,

and can be double checked with the values calculated from the
reaction rates.

2.13 analysis

2.13.1 Measuring Observables

Evaluating macroscopic observables from a single or just a few
simulations is possible due to the ergodic theorem Table 2.10.
As such, time averages are equivalent to ensemble averages for
sufficiently long simulation times. This is allows for the measurement
of macroscopic observables as temperature which can also be
measured in experiments.

2.13.2 Root Mean Square Deviation - RMSD

One of the most useful and therefore most commonly used
measurements in the analysis of MD-simulations is the measure
of RMSD. It is the measure of the average distance between the
atoms of superimposed structures of different molecules or the same
molecules in different states. Therefore the similarity of different
conformations can be measured.

Typically, RMSDs are calculated in respect to the backbone atoms
of proteins. Sometimes, an all-heavy atom RMSD is calculated. For
DNA, the RMSD of the nucleic backbone gives a good impression of
the deviation of the backbone and overall structure.
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The RSMD for two sets v = {vi, .., vn} and w = {wi, .., wn} with n
atoms each, is defined7 as

RMSD(v, w) =

√√√√ 1

n

n∑
i=1

‖vi − wi‖2 (2.11)

=

√√√√ 1

n

n∑
i=1

((vix −wix)2 + (viy −wiy)2 + (viz −wiz)2) . (2.12)

The best-fit RMSD is then calculated by optimizing the translation
and rotation such that the RMSD is minimal. The needed translation
and rotation can be calculated by using quaternions proposed by
Coutsias, Seok, and Dill [33] or similarly by the Kabsch-algorithm
by Kabsch [82].

Typical RMSD values depend on the system and the given problem.
As X-ray resolution is in the order of 2Å–3.5Å, fitting a model below
this value gives already a good solution to the fitting problem of X-
ray scattering. For docking two ligands, an heavy-atom RMSD of 2Å
refers to a good docked solution. Solutions below 1Å are perfect to
the point of atomic fluctuations. In this manner, conformations in the
range of 1Å are considered to belong to the same conformation.

2.13.3 DNA Parameters Analysis

The scientific community decided to define parameters to describe
the geometry of nucleic acid structures in 1988 at the EMBO
Workshop on DNA Curvature and Bending [39]. The parameters
depicted in Figure 2.5 have been used to describe the rigid-body
parameters of base pairs and base pair steps ever since. Some of
these parameters will be used to describe specific local and global
parameters of the studied DNA structures. Global properties such as
bending can often be described by a set of local properties such as
the roll angle.

2.14 methods

Some supplemental methods used over the course of this thesis are
described in the following sections.

2.14.1 Restraints

Restraints are one of the most important tools in MD simulations.
They can be used as one of the tools in the setup chain or as a
tool in enhanced sampling methods. Different restraints on the

7 Refer to [36] for details.
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Figure 2.5: Visual representation of rigid-body nucleic parameters which
describe the geometry of base pairs and base pair steps. The
reference frame is depicted at the lower left. Figure analogously
to [107, 108].

coordinates of the system can be used. These restraints act in some
form or another on the atomic positions in the system. Other types
of restraints are possible but far more difficult to use and implement.

Restraints generally induce some kind of energy penalty Urestraint.
By calculating the gradient along all coordinates x, y, and z, the forces
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Figure 2.6: Standard restraint potential.

are calculated as Frestraint = ∇Urestraint. The most commonly used
form of penalty functions is

Urestraint(λ) =



2k2 (λ1 − λ2) λ− k2
(
λ21 − λ

2
2

)
, if λ < λ1

k2 (λ− λ2)
2 , if λ1 6 λ < λ2

0, if λ2 6 λ < λ3

k3 (λ− λ3)
2 , if λ3 6 λ < λ4

2k3 (λ4 − λ3) λ− k3
(
λ24 − λ

2
3

)
, if λ4 6 λ

A sketch of such a function with k2 = k3 is shown in Figure 2.6. For
the use of Umbrella Sampling, a standard parabola is required. Thus,
by setting k2 = k3, λ2 = λ3, and λ1 and λ4 so far away from λ2, these
values cannot be reached by λ due to very high restraint potentials.

The commonly used restraints are restraints on positions, angles,
dihedral angles, distances, RMSD and Distance-RMSD (D-RMSD).
Positional restraints are used in the equilibration process to heat
up the solvent without changing the conformation of the solute
too drastically. Additionally, for the creation of specific structures,
restraints on the positions of all or a subset of atoms can be
used. Thereby, structures which are similar in some aspects to one
structures but other aspects to another structure, can be created.

Further, instead of using single atoms, the optionally mass-
weighted center of masses of groups of atoms can be used. This
was not possible in the Particle Mesh Ewald Molecular Dynamics
(PMEMD) implementation in AMBER for dihedral restraints and was
implemented for my purposes inside the AMBER12 code specifically.
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The details of the dihedral and RMSD restraints used later will be
explained in the related chapters.





3
M O T I VAT I O N A N D M O D E L

3.1 qualitative model

1)

b)
c)

2) 3) 4) 5)

Figure 3.1: Model 1: Passive Recognition In the passive recognition process,
the repair protein completely relies on the spontaneous flipping
transition of the damaged base dimer. 1) The DNA is in
the damaged state and the base is intra-helical. b) If the
protein attaches in the vicinity of only undamaged sites, nothing
happens. c) If the protein attaches to the damaged site in the
intra-helical state, no repair will be done in this mechanism. If
however, the damaged base spontaneously flips into the extra-
helical state (2)) and the protein attaches then to the damaged
extra-helical site (3)), the splitting of the dimer can be performed
(4)). The protein detaches afterwards (5)).

In the following, some of the most likely damage recognition and
repair mechanisms will be presented and discussed. Specifically, a
passive and an active damage recognition during the repair process
have been proposed [134]. The terms of conformational selection
and induced fit do not describe the mechanism of DNA repair
sufficiently as they are defined for the process of protein ligand
binding. However, in a general sense, they can help explain and
differentiate the hypothetical DNA repair mechanisms. Generally,
the change of the protein structure in binding with a ligand can occur
before (conformational selection) or after (induced fit) the association
with the ligand [57]. Here, this does not refer to the conformational

43
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1) 2) 3) 4)

5) 6) 7) 8)

Figure 3.2: Model 2: Recognition by flipping of every base: 1) The protein
attaches to any site and checks the bases whether they need
repair or not by flipping the bases (2). After the bases are in the
intra-helical configuration (3), the protein slides in uncontrolled
direction (one-dimensional random walk) to the next base (4).
When the protein reaches the damaged bases (5), it again flips
them into the extra-helical conformation (6) and repairs them
(7). Afterwards, the repaired bases flip back into the intra-helical
position (8). Here, all bases are flipped out and checked. For
the sake of simplicity only the sliding (and no hopping) along
the DNA is depicted. In the native state the DNA is bend at
the site of the lesion. During binding the DNA changes its local
conformation at the checked site.

change of the repair protein but to the conformational change of the
DNA in the binding process with the repair protein.

Therefore, a first model is therefore that the damaged DNA flips
into the extra-helical state before binding with the repair protein. This
could be described as the passive process in which the repair enzyme
relies on the random base flipping motion to bind to the flipped out
damaged DNA base. The detailed steps involved are explained in
Figure 3.1.

The second model is that the damaged DNA does not change its
structure before binding to the repair protein. As the protein cannot
detect changes of the internal, i.e. visible from the outside, structure,
every base would be completely or partially flipped out in order for
the protein to repair the damaged bases (see Figure 3.2).

As a third model, it is also possible that only damaged bases
undergo the flipping transition. In this case a mechanism for the
differentiation before the flipping process is required. Likely, the
protein increases the binding affinity of the DNA at the damaged site
recognizing the already present changes in the structure. By relying
on the fact that the transition from the conformation in bulk into
the proper bound form happens more readily, mostly only damaged
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1) 2) 3) 4)

5) 6) 7)

Figure 3.3: Model 3: Recognition by attaching closely to damaged bases:
The DNA is, if damaged, in a slightly bend configuration (1).
If the protein reaches an undamaged site (2), it continues to
slide as it does not bind properly to the DNA. When the protein
reaches the damaged site by sliding (one-dimensional random
walk) (3), it attaches more closely to the DNA (4) by changing
into an even stronger bend conformation. Because the protein
and DNA are in close contact, the damaged base is flipped into
the extra-helical configuration (5). After repair (6), the thymine
bases flip again into the intra-helical configuration (7) and the
DNA takes on the native B-DNA configuration.

bases would flip into the extra-helical repair site of the protein. For
this process see Figure 3.3.

It is possible to simulate some sub-processes of these repair
mechanisms using current MD techniques. Yet, the complete process
cannot be currently simulated as a whole.

3.2 quantitative model

From heron, a quantitative model of the sub-processes involved in
the hypotheses will be given. The three hypotheses will now be
looked at in further detail quantitatively. It is of interest to calculate
the maximum free energy differences required for these involved
sub-processes to work. The following assumption will be taken
into account. The human genome and DNA damage repair by
glycosylases are used as an analogue system. For the studied system
of photolyases in E. coli. not all the required data is available. The
human genome has a size of 7× 109 bases. With 105 DNA repair
glycosylases present in one nucleus, one repair enzyme effectively
surveys 7× 104 base pairs. Here, it was assumed that all base-pairs
are equally accessible which might not be the case in highly packed
nucleosome structures. Nonetheless, this calculation will present a
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lower bound for the rate of damage repair necessary. 104 damages
accumulate every day per cell [53]. For fast replicating cells in the
human body, the damage needs to be repaired in the time-span of a
single day as this is the duration of a whole cell cycle.

3.2.1 Three-dimensional search

The first approximations for the search time of a damaged base can
be made using the Smoluchowski diffusion equation [151]. Here, a
standard three dimensional search is assumed. To locate a site of
radius r in a volume V with the diffusion coefficient D3, the enzyme
searches on average for the time of

tsearch,3D = V/D3r .

The time is directly proportional to the volume which each enzyme
needs to sample. For the sake of this calculation it does not matter if
one considers N enzymes in the total volume Vnucleus or one enzyme
in its responsible volume Venzyme-res = Vnucleus/N. The time to search
the volume decreases with increasing rates of three-dimensional
diffusion D3 and increasing target radius r. That is, a larger target
site can be found more easily. Experimental measurements give
value of 1× 108 nm2/s for typical enzyme of a diameter of 50Å
or 5nm [53]. The nuclear volume is around 1× 1011 nm3 and the
target radius of a single base can be approximated as 0.17nm as
the bases are 0.34nm apart along the DNA strands. For just one
repair enzyme its responsible volume is 1× 106 nm3 and the time
for searching a damaged base pair subsequently only 2.9× 10−2 s or
29ms. This is obviously much shorter than the duration of DNA
replication. Nonetheless, it was completely neglected that the enzyme
might stay at any sites and interrogate them. The model completely
breaks down if the enzyme stops its three-dimensional free diffusion
at any point. Firstly, it will be blocked by many obstacles such as the
DNA itself. Secondly, by transitioning into an interrogation complex
with the DNA, it will stay at such sites according to the binding
coefficient and the interrogation life-time koff. Yet, for the first model
the current approach can be seen as a valid assumption. Thus, for
the first hypothesis this model is investigated further in the following
Section 3.2.2.

3.2.2 Three dimensional diffusion and Passive Recognition

For three-dimensional, free diffusion it must be assumed that the
enzyme does not stop at non-damaged base-pair sites. As the
structure of damaged and undamaged base pairs is not very different
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as seen from the outside of the DNA, the difference is negligible if the
damaged base (or dimer) is in the intra-helical position.

Therefore, a damaged base must be recognized in its extra-helical
conformation. As there are on average only less than one damaged
sites present per volume which one enzyme covers on average, the
search time is not changed by the damaged bases. Until the enzyme
finds the damaged base, it completely diffuses freely. If the damaged
base would always be in the extra-helical position, it could be found
in the search time of tsearch,3D = 29ms. This is however not the case.
The total search time is thus

tsearch,total,3d = tsearch,3D ·nvisits , s

where nvisits describes the number of visits needed to find the base
in the extra-helical configuration. To repair the damage in one day,
it therefore needs to find the DNA in at least one of 2.98× 106 visits.
This probability is related to the free-energy difference ∆F = Fout − Fin

as

P(out)
P(in)

= e−β∆F .

P(in) is approximately 1 in this calculation. The free energy difference
between the extra-helical and the intra-helical state must therefore be
smaller than

∆F = −β−1lnP(out) .

For the values stated above the difference of the free energy of
the extra-helical state and the intra-helical state cannot be larger
than 8.88 kcal/mol. As this calculation relies on many simplistic
assumptions, a more rigorous calculation including one-dimensional
search will be introduced.

To further elucidate this model, one can now calculate how an error
in the assumptions effects the predicted free energy. For the current
model, the resulting free energy changes by −β−1 ln(10) ≈ 1.37 if
the probability increases by a factor of 10. Vice versa, the free energy
decreases by only 1.37 if the probability decreases 10-fold.

3.2.3 Sliding and Hopping

As explained above, three-dimensional diffusion alone is sufficient to
lead to rapid encounters of the enzyme with damaged sites. However,
in real systems the search is limited by the fact that the repair
protein must attach and test whether base pairs are damaged or
not. The attachment and dissociation into the bulk slows down
the search process dramatically. To increase the speed of search it
is highly advantageous if the repair enzyme does not detach too
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Figure 3.4: Illustration of the four different mechanisms by which a
protein searches DNA: three-dimensional diffusion (1); hopping
or correlated transfer (2); one-dimensional sliding (3); inter-
segmental transfer (4) [60].

quickly but slides along the DNA for some time before dissociating
into the bulk. The sliding along the DNA can be described by a one-
dimensional search to the target site. Such a search process involves
multiple mechanisms. As shown in Figure 3.4 multiple mechanisms
play a part: Three-dimensional diffusion (1), hopping for only short
distances (2), sliding along the DNA (3) and hopping to other parts of
the DNA, i.e. inter-strand hopping (4). For simplicity, the system is
explained in terms of the two mechanisms of three-dimensional and
one-dimensional search as shown in Figure 3.5.

lsl

tsearch,1D= L lsl/D1

tsearch,3D= Vl /D3lsl

Figure 3.5: Here x denotes an arbitrary reaction coordinate.

As the motion along DNA is not directional, the enzyme moves
according to the rules of one-dimensional random walk. Thus, the
search time for sliding increases by the power of two with the number
of steps, i.e. the number of base-pairs investigated. In most systems
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the theoretical optimum sliding length lsl of 10–100 base pair steps
are in accordance with experimental values of the sliding length [53].
The protein has a limited duration for staying alongside the DNA. It
is directly anti-proportional to the dissociation rate koff as

tbound = 1/koff .

As the sliding along the DNA is described by a one-dimensional
random walk, the sliding length can be expressed as lsl =

√
D1tbound.

The total search time can then be calculated as

tsearch = tsearch,3D + tsearch,1D = V/D3r+ Llsl/D1 .

From this equation, quantitative predictions can be made for the three
previously explained models.

3.2.4 Model for the flipping process

ΔFa

Δx

ωB

ωA

F

x

F(x)=F(xA)+ωA
2 M(x-xA)2 F(x)=F(xA)+ΔFa-ωB

2 M(x-xB)2

xA xB
F(xA)

F(xA)+ΔFa

Δx/2

Figure 3.6

To relate the free energy barrier of the flipping process to the
average time of visit of the protein at a specific DNA base, the
following model will be used. It is calculated accordingly to the
model of Hänggi and Borkovec [65]. Without any knowledge of the
free energy potential, it is assumed that the potential is of harmonic
form. Two regions are studied in detail.

The transition is explained in terms of a one-dimensional
coordinate x. The start state A is at the coordinate x = xA. The
transition state B is located at x = xB. For this calculation it is
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sufficient to know that the final state C has a free energy which is
lower than that of the transition state. The potential is equally split
into two regions and given by

F(x) =

F(xA) +ω2AM(x− xA)
2, if x 6 x+ ∆x/2

F(xA) +∆Fa −ω
2
BM(x− xB)

2, if x > x+ ∆x/2 .
(3.1)

If the region is split equally as shown in Figure 3.6, the strengths of
the two harmonic potentials ωA and ωB are equal. It can then be
calculated that

ω2 = ωA ·ωB = ω2A =
2∆F

∆x2
.

In general, the rate between two states is calculated by the Arrhenius
equation as

k = A · exp(−β∆Fa) ,

where ∆Fa describes the activation free energy as used above. The
factor A can be temperature and free energy dependent [11]. For a
simple transition state, however, it can be calculated using Kramers
rate theory [65]. For the potential described above in Equation 3.1,
the rate from state A to state C is then

kA→C =
ωAωB
2πγ

exp(−β∆Fa) ,

where γ denotes the damping relaxation rate. This can in turn be
calculated from the drag coefficient for low Reynolds numbers which
is the case here. The drag coefficient in this regime can be calculated
as

ζ = 6πη r .

In total, the rate is given by

kA→C =
2β∆FaD

π∆x2
exp(−β∆Fa) .

For the flipping process the length of the transition along the reaction
coordinate x can be estimated to be in the magnitude of 2.5nm or
25Å for a rotational flip of 180◦ around an axis of radius 0.8nm. The
radius of the base around the flipping axis has been measured in the
corresponding crystal structure.

The diffusion constant can be calculated for spherical particles as

D =
kBT

6πηr
,
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where η denotes the viscosity and r the radius of the spherical particle.
The viscosity in water is approximately 0.798× 10−3Ns/m2. Now,
the radius of the base has to be approximated. Here, the radius was
given by the base at the widest position. A more complicated and
accurate approximation could be used but the current approximation
should suffice. The diffusion constant is then calculated to be roughly
1.38× 10−9m2/s.

The following equation has to be solved (numerically) for ξ = β∆Fa

kA→C
C

= ξ exp(−ξ) . (3.2)

Here, the constant C is calculated as approximately 1.37× 109/s. The
time of stay of the protein at a specific base site is related to the
minimum complete repair rate at that site. As the chemical repair
of splitting the dimer happens in the regime of fempto-seconds, the
limiting step is the flipping rate. The flipping is in turn largely
correlated to the free energy barrier of this process. Therefore, a
concrete relation of the free energy barrier of the flipping and time of
stay of the protein at one base is found.

3.2.5 Model 2 Quantitatively

For our analogue system, the repair enzyme stays at every base for
50µs [53]. In this time, the whole repair process must be finished.
Therefore, the rate must be larger than

kA→C = 2× 104/s .

Equation 3.2 can now be solved for ∆Fa. Under the assumptions of
Section 3.2.4 this gives a maximum free energy of 6.7 kcal/mol for the
difference between the bulk intra-helical and the extra-helical bound
state.

3.2.6 Model 3 Quantitatively

The third hypotheses builds upon the second model but the
recognition mechanism is further enhanced for damaged bases. The
upper boundary for the flipping of the undamaged bases remains the
same. As the damaged DNA leads to an easier binding of the protein
to the damaged site of the DNA, it can be assumed that the overall
recognition and repair time is extended for the damaged site. Thus,
if the protein can bind more easily to the damaged site, expressed
by the binding difference ∆Fbind between undamaged and damaged
sites, the time of visit of the protein at such sites is extended by the
Boltzmann factor of such sites
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tvisit,damaged = exp (−βFbind) · tvisit,undamaged . (3.3)

Thus, the free energy for flipping is too high to allow the protein
to stay long enough at every base that the undamaged base flips
out in the presence of the repair enzyme. As the protein, however,
stays longer at the damaged site according to Equation 3.3 this now
increases the maximum free energy barrier for flipping by the Fbind.

3.3 testing models using molecular dynamics

In addition to experiments, it is nowadays possible to study
the structures, their conformations and their dynamics with MD
simulations. In particular, the given models/hypotheses can be tested
using multiple different MD approaches specific to the problem.
Chapter 5 to Chapter 8 will give tangible answers to the given
hypotheses.

The current approximations will be updated with measured local
diffusion rates in later chapters of this thesis to get a better
approximation for the possible free energy differences in the system.
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E X P E R I M E N TA L A N D C O M P U TAT I O N A L
L I T E R AT U R E O N D N A D A M A G E R E C O G N I T I O N
A N D R E PA I R

4.1 experimental literature

Experimental findings about properties of CPD DNA damage
and repair are manifold. Studies on the structure are the most
predominant. One of the first structural analysis was published in
1988 by Husain, Griffith, and Sancar . By using gel electrophoresis
and quantitative electron microscopy it was shown that the existence
of CPD lesions in DNA leads to a slower migration of the DNA
fragments during electrophoresis in comparison to native DNA. This
slow migration in the gel was explained by 30◦ bending of the DNA
induced by the CPD damage [75]. The same method was used by
Wang and Taylor to calculate a bending angle of approximately 7◦.
Due to these contradicting results, it could only be concluded that
CPD causes some form of DNA bending.

This problem was later resolved by more accurate methods of
structure analysis such as crystallography and NMR. Numerous
experimental structure analysis have been performed in recent
decades.

McAteer et al. resolved CPD containing duplex DNA and its
native associated sequence by using NMR at 750 MHz [113]. They
observed an intra-helical partially base-paired arrangement of the
CPD bases within the DNA double helix. Additional to changes in
local structure, helical structural changes were calculated in detail.

Lee, Choi, and Choi explained why CPD lesion only rarely (4%)
lead to mutations during trans-lesion replication. The insertion of
thymine residues opposite of the lesion is prohibited by structural
distortions [97].

Lee et al. later found that the distortion in the DNA is increased
if the CPD lesion leads to so called wobble pairs where WC partners
of CPD thymines are replaced by one or two guanine bases. The
change in overall structure is comparable to bending of DNA with
6-4PP lesions.

Significant damage-induced distortion of the helical DNA structure
with respect to regular B-DNA in the absence of a bound repair
enzyme (pdb:1n4e) [133] were measured by crystallography. Park et
al. claim overall helical axis bending of 30◦ toward the major groove
and unwinding of 9◦.

53
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Very importantly, first structures of extra-helical conformations
in complex with photolyase were observed by Mees et al. The
DNA structure contains a synthetic CPD analogue with the same
cis-syn stereo-chemistry as natural CPD lesions. The intra-dimer
phosphor di-ester was replaced by a methylene di-ether for sample
preparation. A natural CPD would be repaired very quickly in
photolyase containing solutions under small amounts of natural light
which was prevented by the introduction of the CPD analogue [117].
This structure was used extensively as a starting structure during
this thesis. For the simulations in the course of my thesis the CPD
analogue was replaced by CPD or two thymines as appropriate.

Other recent crystal structures of photolyase complexes have
found similar structural properties [87]. Kiontke et al. observed a
specially large binding site for class II photolyases. In the external
flipped configuration, water molecules play an important role in the
recognition procedure.

At least as many observations have been made on 6-4PPs - the
other main photo-induced type of damage. All NMR [98] and
crystal structures [61, 62, 96, 148, 182] show that 6-4PP lesions have
very strong global structural changes. Recognition likely happens
by conformational selection of damaged DNA. As photolyase are
very similar to their 6-4PP counterpart, a comparable recognition
mechanism is likely applied for CPD containing DNA.

The absence of complexes of photolyase and DNA in the intra-
helical configuration [179] does not clearly indicate a passive repair
mechanism as stated by Wilson et al. However, the missing of extra-
helical crystal structures without proteins indicates clearly that the
extra-helical state is disfavored in comparison to the intra-helical state
in bulk.

After binding of the damaged site to the repair protein, the
subsequent looping out transition of the CPD into the enzyme active
site can be considered as an induced fit step of the repair process.
Indeed, for other repair processes, e.g. the recognition of oxidatively
damaged guanine to 8-oxo-guanine, such encounter complexes with
strongly bend DNA and importantly an intra-helical damaged 8-oxo-
guanine have been structurally characterized [23].

A study using β-cyclodextrin to trap spontaneously flipped
out bases shows that the flipping rate of 3.5× 10−3/s is six to
seven orders of magnitude slower than a comparative study in
enzyme/DNA complexes [154]. This study suggests that a simple
trapping mechanism of flipped out damaged bases is not a probable
recognition mechanism for damaged DNA.

Typically, DNA repair enzymes recognize a damaged DNA-
site with high affinity and specificity. For example, the E. coli
DNA photolyase binds a thymine dimer containing DNA with a
dissociation constant in the nano-molar regime (≈ 30nM) whereas
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the binding to undamaged DNA of the same sequence is 7.5× 103
times lower [76].

Due to the availability of crystal structures in the extra-helical
configuration [87, 117], I chose the simple repair process of
photolyases as our model system to understand the general repair
mechanisms of CPD damage repair. The FAD cofactor plays an
important role as the extra-helical state of the damaged site is
required for the enzymatic repair by photolyases [146].

4.2 computational literature

The topic of recognition of DNA damages and DNA damage repair
has been studied with the method of MD simulation for some time.
The first extensive studies were done in the late 1990s. At that time
it was possible to study the local conformations and structural effects
but it was not possible to study most dynamical properties of DNA
damage. Even now, it requires advanced molecular methods to study
these properties of DNA repair.

General simulations started the study of the effect of CPD lesions
on DNA. First short (500 ps) free molecular dynamics simulations on
the structure of 1TTD - a cis,syn-CPD damaged DNA dodecamer -
have shown slight changes in orientation around the glycosole bond
for the 5’ thymine of CPD and a global curvature increase of 10◦

in comparison to native DNA. The results were in good agreement
with NMR/Nuclear Overhauser Effect (NOE) measurements. For
these short simulations, the hypothesis was made that many small
distortions of the DNA by the lesions are responsible for the
recognition mechanism rather than a global structural change [119].
Simulations by Spector, Cheatham, and Kollman in 1997 of the
structural effects of cis-syn CPD dimer and 6-4 adducts as well as
native DNA have been in good agreement with NMR analysis in
terms of structural features such as bending angle. These simulations
show that MD simulations are well suited for this type of analysis and
that the model describes DNA and DNA lesions accurately enough
to be useful. For a more detailed explanation of these studies refer to
[153].

Apart from measuring the free energy profile of base flipping by
US in the complex with cytosine-C5-methyiltransferase from HhaI
DNA methyltransferase (HhaI), Huang and MacKerell measured the
free energy of un-damaged cytosine base flipping. It is approximately
15 kcal/mol.

QM/MD approaches using Density Functional Theory (DFT) have
been used to describe the region CPD bonds between the thymine
bases. The bond between the C5 atoms can be broken with little
effort (barrier-less) whereas the free energy barrier for breaking the
C6 bond has been calculated to have an upper limit of 2.5 kcal/mol



56 experimental and computational literature

Type Measurement of Result Reference

Free MD Structure Agreement w. experiments [153]

Free MD Structural changes Global bending incrd. by CPD [119]

US C base flipping ∆F = 15 kcal/mol [71]

QM/MD CPD bond break ∆F = 2.5 kcal/mol [112]

US CPD base flipping ∆F = 10 kcal/mol [54]

US ncc. CPD base flipping ext. state 6.5 kcal/mol > int. state [128]

US ncc. CPD base flipping ∆F = 7.5 kcal/mol [129]

US Partner base flipping ∆F = 10 kcal/mol [186]

Table 4.1: Some of the referenced results obtained by MD simulations.
Abbreviations used: not complete coverage (ncc.); extra-helical
(ext.); intra-helical (int.); with (w.); increased (incrd.).

[112]. These types of simulation can give us an indication of the
difference of CPD to two thymine bases chemically.

Further, impressive results have been obtained by the direct study
of the base flipping reaction. O’Neil, Grossfield, and Wiest used
a two-dimensional pseudo-dihedral coordinate to calculate the free
energy barrier or PMF for the lesion-flipping process. Their results
show that the external flipped state is only 6.5 kcal/mol higher than
the flipped-in state. This barrier height is not entirely conclusively in
pointing to either a extra-helical (conformational selection) or intra-
helical (induced fit) recognition mechanism [128]. By not doing a
comparative study to undamaged bases, these results have to be
compared to other studies using different methodology. Therefore,
systematic error cannot be excluded.

A later study of O’Neil, Wiest, and O’Nei showed the dependence
of the free energy on the adjacent base pairs. Adjacent G-C pairs (G
adjacent to CPD) show a significantly higher base flipping free energy
barrier height of 7.5 kcal/mol [129]. Stacking interactions are quite
likely the important factor for this difference.

Studies of base flipping Umbrella Sampling simulations for cis-
syn CPD damaged DNA have shown a significant reduction in
free energy barrier of 2.5 kcal/mol in comparison to undamaged
DNA. The final barrier height was measured as 10 kcal/mol for
CPD damaged DNA [54]. It may be noted that these results are
interpolated from a limited region of the reaction coordinate in order
to obtain the total free energy difference. Therefore, the resulting
free energy barrier cannot be ultimately measured with as much
precision in comparison to complete coverage of Umbrella Sampling
simulations.

Other types of DNA damage have been studied as well by
US and other enhanced sampling techniques. The base flipping
of undamaged DNA bases in DNA alone and in complex with
cytosine-C5-methyltransferase from HhaI has been simulated by
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Umbrella Sampling simulations [71] . These simulations clearly
indicate that a trapping of spontaneous flipped bases [141, 150,
180] is less likely in comparison to a mechanism involving active
facilitation by Modification methylase HgaI (M. HgaI) and thereby
reducing the free energy barrier of flipping through the major
groove. This simulation also showed a stabilization of the fully
flipped state [71]. In DNA lesions generated by polycyclic aromatic
hydrocarbons, the recognition mechanism involves the β-hairpin
of XPC-hHR23B nucleotide excision repair and is accompanied
by partner base flipping. This has been studied in the case of
the Saccharomyces cerevisiae (S. cerevisae) homologue by Umbrella
Sampling simulations of partner base flipping of the lesion. In
comparison to undamaged DNA, the free energy barrier of flipping
is in the order of 10 kcal/mol in comparison to 18 kcal/mol for
undamaged DNA [186].

The effect of the damage on the bending angle of DNA has been
studied in particular. Here, simulations have indicated that lesions
can reduce the bending force constant and can thereby be used by
repair enzymes to induce DNA bending and facilitate lesion flipping
[130] Adaptive Umbrella Sampling simulations using the roll angle
to study the bending of DNA double-helices have shown linear
dependence on larger scales of bending which suggests an increase
in flexibility at bending values [155].

An overview about these results can be seen in Table 4.1. Finally,
it can be said that many prior experiments and simulations have
shown promising results in the attempt of explaining the repair and
recognition mechanism of CPD damages in DNA. However, many
details of the processes are still unknown and were studied during
the course of this thesis.





Part II

U N R E S T R A I N E D S I M U L AT I O N S

The following two chapters will presents results obtained
from unrestrained simulations. Chapter 5 shows that
spontaneous flipping from the extra- to the intra-helical
state can be observed in free MD simulations. The
backbone configurations of damaged DNA show a large
difference in comparison to B-DNA. Chapter 6 has been
published in similar form in the journal Biopolymers
in 2014 [89]. Herein, extensive comparative molecular
dynamics (MD) simulations on duplex DNA with central
regular or CPD damaged nucleotides were performed. In
contrast to the first simulation of Chapter 5, no flipping
could be observed for the simulations which started in
the intra-helical state. Hence, a clear directionality of
the flipping transition is found. Further on, many helical
parameters show that the isolated damaged DNA adopts
transient conformations which resembled the global shape
of the repair enzyme bound conformation more closely
compared to regular B-DNA. Notably, it could be shown
that the transient overlap of isolated DNA with the
enzyme bound DNA conformation plays a decisive role
for the specific rapid initial recognition by the repair
enzyme prior to the looping out process of the damaged
DNA. These results hint at a recognition mechanism
involving the structural differences between undamaged
and damaged DNA.
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U N R E S T R A I N E D M D I N A B S E N C E O F R E PA I R
P R O T E I N

5.1 introduction

At the beginning of this thesis, multiple unbiased simulations were
performed. Herein, the results from these simulations will be
presented.

5.2 unrestrained md starting from extra-helical state

(a) Starting structure of undam-
aged DNA. Obtained from
pdb:1TEZ [117] by deleting
the protein.

(b) Starting structure of CPD-
containing, damaged DNA.
Obtained from the structure
Figure 5.1a by replacing the
thymine bases with CPD.

Figure 5.1: The starting structures with the base in the extra-helical
configuration.

As the crystal structure of pdb:1TEZ [117] (shown in Figure A.3)
contains DNA in its extra-helical flipped-out state in complex
with the photolyase enzyme, it was tested whether the Amber
Force Field can capture the expected molecular dynamics. A flip
from the externally-flipped conformation into the internally-flipped
conformation (similar to B-DNA) is expected if the repair enzyme
is not present. Deleting the protein resembles a situation where the
protein detaches before the bases flip into the internal configuration.
This obviously is only reasonable for the DNA with two thymines
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as the DNA with CPD would be repaired before detaching from the
protein. Nevertheless, some first interesting results can be deducted
from the comparison of both simulations. Beforehand, it had been
shown that the structure is stable over the time-scale of 100ns if the
protein is included. However, if the protein is not included in the
simulation, the bases will flip into the internal configuration shown
in Figure 5.2.

In detail, by starting from the crystal structure the protein was
deleted and the structure shown in Figure 5.1a obtained. By further
replacing the two flipped out thymines with CPD, the structure
shown in Figure 5.1a was generated. The details are similar to the
method explained in Appendix A.

(a) B-DNA configura-
tion of undam-
aged DNA. All
bases are in their
intra-helical con-
figuration.

(b) Intermediate config-
uration of damaged
DNA. CPD is close
to the intra-helical
configuration. How-
ever, proper Watson-
Crick pairing is not
established.

(c) The final configu-
ration of damaged
DNA. CPD is
in the best-possible
intra-helical config-
uration.

Figure 5.2: Intra-helical conformations of undamaged and damaged DNA.

The final configuration of the undamaged structure is shown
in Figure 5.2a. Before the CPD-containing DNA adopts its final
structure (shown in Figure 5.2c), it flips into a different internally-
flipped configuration (shown in Figure 5.2b).

To further analyze the flipping of the bases from the external
configuration (Figure 5.1) into the internal configuration (Figure
fig:1TEZ-internal-structures), the pseudo-dihedral angle defined in
Chapter 7 (see also Figure 7.2 is analyzed Put simply, this dihedral
angle measures the flipping angle of the CPD base (two thymine
bases prospectively for undamaged DNA). A value close to 30◦

resembles a flipped-in configuration. A value of 200◦ represents the
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Figure 5.3: Pseudo-dihedral angle of the external bases (two thymine, CPD
respectively) versus the simulation time.

externally-flipped configuration. Due to the radial symmetry of the
angle, the latter value is equivalent to −160◦ 1.

Figure 5.3 shows the pseudo-dihedral angle of the external bases
(two thymine, CPD respectively) versus the simulation time. The data
was plotted such that no jumps due to the 360◦-symmetry appear.
Multiple observations can be made. First, the undamaged DNA flips
the two thymine bases in a relatively short period from the external
configuration (1b in Figure 5.3, structure shown in Figure 5.1a)
to the internal configuration (2b in Figure 5.3, structure shown in
Figure 5.2a). The transition happens after 2ns in the short time span
of approximately 1ns.

The dynamics of the CPD-containing DNA are more complicated.
The CPD-containing DNA starts from the external configuration (1a
in Figure 5.3, structure shown in Figure 5.1b). The transition to an
internally-flipped structure is considerable slower compared to the
simulation of undamaged DNA. After approximately 9ns, the CPD-
containing DNA is in intermediate intra-helical state (2a in Figure 5.3,
structure shown in Figure 5.2b). It stays in this state for more than
15ns before flipping back into the extra-helical configuration (3a in
Figure 5.3). The damaged DNA finally adopts the intra-helical state
(4a in Figure 5.3, structure shown in Figure 5.2c).

As these simulations only contain a single change in configuration,
rigorous statistical analysis cannot be obtained. However, first

1 A flipping angle must not necessarily have a simple 360◦ symmetry. A twist of the
base by flipping of 360◦ could also induce a different conformation in the structure
as the measured pseudo-dihedral angle is a sum of multiple angles. Here, it was
however checked that this is not the case and that the conformation of 360◦ is exactly
equivalent to the conformation of 0◦.
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conclusions can be drawn. It could be shown that the time span
for the flipping of the CPD is likely larger than the time span for
the flip of two thymine bases. This is an indication that the external
configuration is more stable for CPD-containing DNA. Further, also
competing intra-helical configurations exist for the CPD-containing
DNA. That is, the CPD dimer is already slightly pushed out into the
extra-helical conformation along the major groove direction.

5.3 backbone structure of 1ttd

McAteer et al. determined one of the first NMR structures for duplex
DNA containing a CPD lesion. The setup of structure of pdb:1TTD
has been explained in Section A.2. Here, the backbone conformations
of a simulation of damaged DNA were analyzed and compared to its
B-DNA counterpart created by the NAB tool of Amber. Unrestrained
MD simulations of damaged and undamaged DNA starting from
these intra-helical states were run for 100ns with the Amber12 [27]
force field using modifications by Spector et al. [153]. Snapshots
of normal B-DNA and DNA containing a CPD dimer are shown in
Figure 5.4.

As previously explained, the backbone of DNA is restricted in
its backbone angle conformation (see Figure 1.1). In particular, the
distributions of correlated backbone angle pairs are plotted. The
backbone angle pairs of α-γ , ε-ζ, and η-θ are well defined.

However, the distributions of these pairs differs significantly
between CPD-containing DNA and regular DNA. The distribution of
the α-γ pair differs dramatically in the measured γ between damaged
(shown in blue) and undamaged DNA (red) (Figure 5.5). Both, the
pairs of ε-ζ (Figure 5.6) and η-θ (Figure 5.7) differ significantly in
their first angle (ε, respectively η) between damaged and undamaged
DNA.

Overall, this results in significant DNA bending (27◦) which is on
average in good agreement with experimental values of 30◦ [113]. In
comparison, B-DNA is bend by about 9◦ in the Amber force field. The
bending can be easily observed in the snapshots (Figure 5.4). Further
a change of the width of the minor groove is observed. Among other
things, the details of the minor groove are analyzed in Chapter 6.

5.4 conclusions

In none of the simulations a spontaneous flip of the CPD lesion (or
undamaged thymine bases) from the properly paired intra-helical
configuration into the extra-helical configuration could be observed.
Together with the observed flipping from the extra- to the intra-
helical state it may be deduced that the extra-helical state is of higher
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free energy than the intra-helical state. This preference is lower for
the damaged DNA, making the transition to extra-helical state faster.

Further on, significant differences in backbone configurations
between damaged and undamaged DNA have been observed and
may be responsible for the differences in free energy. A more detailed
analysis of much longer simulations of the intra-helical starting
structure will follow in the Chapter 6.
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(a) B-DNA is only bend to a
small amount.

(b) DNA containing a CPD lesion
is bend by 27◦.

Figure 5.4: Difference in bending by the introduction of a CPD lesion into
double stranded DNA.
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Figure 5.5: Distribution of α-γ backbone angle pair of damaged and
undamaged DNA.
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Figure 5.6: Distribution of ε-ζ backbone angle pair of damaged and
undamaged DNA.
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Figure 5.7: Distribution of η-θ backbone angle pair of damaged and
undamaged DNA.
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E X T E N S I V E M D S TA RT I N G F R O M I N T R A - H E L I C A L
S TAT E

6.1 introduction

Important observations about the repair mechanism of CPD damaged
DNA can be obtained by studying its local structure. In particular, the
effect of the damage on the change in structure is of special interest.
The crystal structure of DNA containing CPD lesions in complex with
DNA photolyases has been determined and indicates a significant
distortion of the DNA. The damaged DNA is recognized through
binding to an enlarged minor groove. The DNA is strongly bend and
under-wound and the damaged CPD bases are flipped out into an
extra-helical conformation to enter the enzyme active site [117].

As explained in Section 1.3, the extra-helical state of the damaged
site is required for the enzymatic repair as the electron pathway
requires close contact of the excited Flavin Adenine Dinucleotide free
radical (FADH) transfers to the pyrimidine dimer [146].

However, a recognition mechanism (see Chapter 3 and especially
Figure 3.3) which relies on structural changes induced by the CPD
lesion, is possible.

Indeed, both, X-ray crystallography as well as NMR spectroscopy
indicate a significant damage-induced distortion of the helical DNA
structure with respect to regular B-DNA in the absence of a bound
repair enzyme (pdb:1n4e) [133]. This has been additionally confirmed
by gel electrophoresis and electron microscopy which have provided
evidence for a partially distorted and bend structure of isolated
DNA which contains CPD lesions[75, 173, 174]. The degree of
DNA bending and DNA unwinding varies in different experimental
studies indicating that the CPD damage creates probably a range of
possible conformational states in DNA. In this process binding of
the repair enzyme onto DNA lowers the free energy barrier of the
flipping process. It is supported by the fact that all currently available
structures (including solution NMR structures) indicate an intra-
helical conformation of the CPD damage in the absence of a repair
protein. This hypothesis would be backed by CPD-containing DNA
which adopts transient conformations that fit into the binding site on
the repair enzyme while keeping the intra-helical conformation of the
dimer lesion. Such characteristics would allow an initial preferential
encounter recognition following mechanistically a conformational
selection process.
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A = Adenine (Blue)
T = Thymine (Pastel)
G = Guanine (Green)
C = Cytosine(Red)
Backbone  = (Purple) 

1:T
2:C
3:G
4:G
5:C
6:T
7:T
8:C
9:G

10:C
11:G
12:C

24:A
23:G
22:C
21:C
20:G
19:A
18:A
17:G
16:C
15:G
14:C
13:G

3'

5' 3'

5'

(a) Base pair steps and sequence of
the DNA oligonucleotides. The
duplex molecules included either
two standard T or a central
CPD damage (indicated by an
enclosing box) opposite to the
two adenine bases.
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(b) Chemical structure of two ad-
jacent thymine bases. By irra-
diation with UV light, thymine
dimer are formed. For reasons of
clarity, the newly formed dimer
bonds are not in proportion to
the chemical structure. In reality,
the bases will change their orien-
tation.

Figure 6.1: Sequence of the used DNA structure and details of CPD damage.

It would also explain a recognition mechanism largely based on
the damage structure rather than detailed sequence of the DNA.
The subsequent looping out transition of the CPD into the enzyme
active site can then be considered an induced fit step of the repair
process. For other repair processes, e.g. the recognition of oxidatively
damaged guanine to 8-oxo-guanine, such encounter complexes with
strongly bend DNA and importantly an intra-helical damaged 8oxoG
have indeed been structurally characterized [23].

In order to better understand the recognition process and the
extraordinary specificity of DNA photolyases for CPD damages
(Figure 6.1b) compared to regular DNA (Figure 6.2a), it is important
to investigate the dynamics and possible conformations of CPD-
damaged DNA in the absence of a bound enzyme. The sequence
of the studied DNA is shown in Figure 6.1a. In damaged DNA, the



6.1 introduction 71

two thymine bases are replaced by a cyclobutane thymine dimer as
shown in Figure 6.1b.

(a) B-DNA form
of the DNA.
Some simu-
lations were
started from
this struc-
ture. The
undamaged
structure is
labeled as
TTBDNA and
the damaged
structure as
CPDBDNA.

(b) Deformed DNA
structure by
restraining all
backbone atoms
(except the dam-
aged nucleotides)
to the CPD-
damaged DNA
crystal structure
in complex with
the E. coli pho-
tolyase (pdb-entry:
pdb:1TEZ [117])
The undamaged
structure is labeled
as TT1TEZ and the
damaged structure
as CPD1TEZ.

(c) Slightly modified structure
of pdb:1TEZ [117]. The
DNA is in a complex with
the photolyase protein (or-
ange surface representa-
tion).

Figure 6.2: Structures used for MD simulations.

Comparative explicit solvent MD simulations of up to 1000ns on
regular undamaged B-DNA and DNA containing a central CPD
damage were employed to elucidate the dynamics and the range
of possible conformational states. In order to evaluate the overlap
with conformations in the presence of a bound DNA photolyase,
simulations were also performed on the DNA in complex with
the repair enzyme and the central nucleotides flipped out into
the enzyme active site (structure of flipped out state shown in
Figure 6.2c). Regular undamaged DNA was found to adopt
conformations in the absence of the repair enzyme that deviated
significantly from the global conformation of the damaged DNA in
the bound state. However, for the isolated CPD-containing DNA
some overlap of sampled states with states in the enzyme bound form
were observed. The results indicate that the initial recognition likely
follows a mixed conformational selection and induced fit process.
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6.2 method

The system was set up as explained in Appendix A. The
resulting starting structures are shown for the undamaged case
in Figure 6.2. The simulations were started from four different
starting configurations. The B-DNA like structures are termed
TTBDNA and CPDBDNA, respectively (TTB-DNA shown in Figure 6.2a).
DNA structures in the intra-helical protein-binding conformation are
termed TT/CPD1TEZ (TT1TEZ shown in Figure 6.2b).

In both cases, the starting structures contained the central damaged
or undamaged bases in an intra-helical state (see Appendix A for
more details) resulting in four separate simulations of the DNA
oligonucleotides in the absence of the repair enzyme.

Analysis of helical parameters was performed with Curves+ [95],
python, scipy [78], and numpy [168]. The graphs were plotted with
the help of the matplotlib library [74].

6.3 results and discussion

Molecular dynamics simulations starting from B-DNA or repair enzyme
bound structures

Molecular dynamics (MD) simulations of CPD-damaged and undam-
aged DNA of the same sequence were performed of a simulation
length of 1000ns in the absence of the DNA photolyase repair en-
zyme.

The simulations starting from different initial structures (with
an initial root mean square deviation of the backbone RMSD of
5Å for the central six base pairs) converged to a similar final
distribution of conformations with the same RMSD distribution with
respect to B-DNA (Figure 6.3). The same result was obtained if the
RMSD evolution was compared to the structure found in the crystal
structure of an unbound CPD-containing DNA (pdb:1n4e [133]) or
to the backbone structure in complex with the photolyase repair
enzyme (Figure 6.3). Interestingly, the relaxation to similar RMSD
levels was much faster in case of the regular undamaged DNA (few
ns) compared to the DNA with the central CPD damage (≈ 10ns–
20ns). Although the simulations indicated a significant flexibility
of the CPD-damaged site (fluctuations in the RMSD vs. time plots,
Figure 6.3) no transition to a flipped out extra-helical state was
observed. As expected, the trajectories of the regular undamaged
DNA approached the B-DNA reference most closely. The simulations
of the CPD-containing DNA reached a final average structure closer
to the CPD-containing crystal structure pdb:1n4e than to B-DNA
(Figure 6.3).



6.3 results and discussion 73

0

2

4

6

CPDBDNA to TTprot

CPD1TEZ to TTprot
TTBDNA to TTprot

TT1TEZ to TTprot

0

2

4

6

R
M

S
D

CPDBDNA to 1n4e

CPD1TEZ to 1n4e

TTBDNA to 1n4e

TT1TEZ to 1n4e

103 104 105 106

Time [ps]

0

2

4

6

CPDBDNA to BDNA

CPD1TEZ to BDNA

103 104 105 106

TTBDNA to BDNA

TT1TEZ to BDNA

Figure 6.3: RMSD of the central part of the duplexes (backbone atoms of
nucleotides 4 to 9 and 16 to 21 including the central CPD:A
or T:A bases pairs) during MD simulations of CPD-damaged
(left panels) and undamaged DNA (right panels). In each
case the RMSD was calculated for two trajectories starting from
B-DNA (blue lines) and from initial deformed DNA towards
the photolyase-bound form (green line, see Methods for details).
The RMSD was calculated using either the enzyme-bound DNA
backbone as reference (upper panels), the crystal structure of the
isolated CPD damage at the center of a double-stranded DNA
(pdb:1n4e, middle panels) or using B-DNA as reference (lower
panels).
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For further comparison of the sampled states in the absence of the
repair enzyme with enzyme bound conformations, additional MD
simulations of the complex between E. coli photolyase and the DNA
with the central two bases in the extra-helical state were performed
for 600ns (start structure: pdb:1TEZ, termed TTprot). Here, significant
differences in the distribution of the backbone RMSD (central 6 base
pairs) with respect to the conformation in the photolyase bound form
of CPD-damaged and regular DNA (Figure 6.4) can be seen.
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Figure 6.4: Backbone RMSD-histograms (nucleotides 4 to 9 and 16 to 21,
same mask as in Figure 6.3) obtained for the MD simulations of
undamaged DNA (blue histogram), CPD-containing DNA (red)
and DNA in complex with photolyase (violet). The RMSD of
the crystal structure of CPD-containing DNA pdb:1n4e [133] is
indicated as a vertical black line. The CPD-containing DNA in
complex with photolyase (bound conformation, pdb:1TEZ) is the
reference. The effective force constants for deformations with
respect to the enzyme bound form obtained from Gaussian fits
are indicated have been used to estimate the free energy change
of DNA deformation towards the enzyme bound form.

The RMSD distribution histogram obtained from the simulations
of the damaged DNA overlaps to some degree with the distribution
obtained for the enzyme bound form which is clearly not the case



6.3 results and discussion 75

for regular undamaged DNA (Figure 6.4). Furthermore, a direct
comparison of DNA conformations sampled in the simulations of
the isolated CPD damage and in the repair enzyme bound form
yields a minimum RMSD of 1.8Å compared to a minimum RMSD of
2.9Å for the undamaged structure (Figure 6.5a), respectively. Hence,
already in the absence of the repair enzyme the CPD-damaged DNA
transiently adopts conformations closer to the bound form than the
undamaged DNA of the same sequence.

The sampled conformation that is closest to the enzyme bound
conformation was analyzed in particular. Interestingly, this
conformation can be superimposed with the damaged DNA bound
to the protein resulting in good overlap and little sterical clashes with
the photolyase enzyme molecule (Figure 6.5b).

(a) Snapshot of the simulation of
the CPD-damaged DNA (blue)
which approached the enzyme
bound conformation (green, only
the six central base pairs are
shown) closely with an RMSD
(backbone of the central six base
pairs) of 1.8Å after best superpo-
sition.

(b) Superposition of regular B-DNA
(blue) onto enzyme bound dam-
aged DNA, otherwise same as
Figure 6.5a.

Figure 6.5: Sequence of the used DNA structure and details of CPD damage.

These results reinforce the view of a possible structure based
recognition process. The following analysis was done in reference
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(a) Close up view of the X-ray struc-
ture of the CPD-damaged DNA
(green) in complex with pho-
tolyase (orange surface).

(b) DNA conformation snapshot de-
scribed in Figure 6.5a after su-
perposition onto the DNA in
complex with photolyase (only
the superimposed DNA struc-
ture (blue) and the photolyase
enzyme (orange surface) are in-
dicated.

Figure 6.6: H-bonds and responsible configuration.

to the CPD-containing DNA as shown in Figure 6.4. The observed
RMSD distribution histograms for the sampled CPD-containing DNA
and the regular DNA from the enzyme bound form can be fit
well by Gaussian distributions (Figure 6.4) suggesting a quadratic
dependence for deviations from a mean RMSD. Assuming that
such quadratic dependence is also valid up to deformations that
come close to the enzyme bound form, a rough estimate of the
energetic contribution for such induced fit of the DNA upon initial
binding by the repair enzyme can be calculated. As a target RMSD
Rtarget = 1.8Å is used to represent the mean of the protein bound
conformation (Figure 6.4). With these assumptions the calculated
deformation penalty for the damaged DNA is much smaller (≈
6.4 kcal/mol) compared to the undamaged regular DNA with central
T:A base pairs (≈22.5 kcal/mol). It is likely that these penalties
are overestimated by a simple quadratic model, however, the large
difference between damaged and undamaged DNA indicates that
the difference in conformational distribution between damaged and



6.3 results and discussion 77

undamaged DNA already in the absence of the repair enzyme plays
a significant role for the recognition process and binding affinity.

Nucleo base hydrogen bonding at the damaged site

The average number of intra-helical hydrogen bonds formed by the
damaged bases is one important factor that determines the stability
of the intra-helical CPD-damaged structure. Crystal structures and
NMR structures of CPD-damaged DNA indicate a reduction of the
number of hydrogen bonds of the CPD bases with the adenine bases
on the opposite strand compared to regular T:A base pairs. Indeed,
during the simulations of the undamaged DNA around one hydrogen
bond per base pair was observed and the distribution was similar for
both central T:A base pairs (Figure 6.7a).
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(a) Distribution of intra-base-pair
hydrogen-bonds of the central
two base pair steps observed during
MD simulations of CPD-damaged
and undamaged DNA starting from
different starting structures (gray and
blue lines, respectively). Numbers
n : m at the top left define the
H-bonds between base n and m.

(b) Asymmetry of hydrogen
bonding geometry in the
crystal structure pdb:1n4e

[133] indicating the central
CPD damage and directly
flanking nucleotides (atom
color coded stick model).

Figure 6.7: Hydrogen bonding patterns.

In case of the CPD-damaged DNA for the 3-A:CPD base pair only
a slight reduction of the average number of H-bonds was observed.
However, for the 5’-base pair a significant reduction to, on average,
0.75 H-bonds was found. Therefore the 5’-base pair 6 : 19 is affected
more by the CPD lesion. The asymmetry of the hydrogen bonds is
related to the backbone having a distinct direction and agrees with
the crystal structure of isolated CPD-damaged DNA pdb:1n4e [133]
(Figure 6.7b). Interestingly, the H-bond distribution of the directly
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flanking G:C base pairs is not affected by the absence or presence of
the central CPD-damage.

Analysis of helical geometry at the damaged site

It is convenient to describe the structure of double stranded DNA
in terms of helical parameters associated with each base pair (6
intra base pair parameters: buckle, propeller, opening, shear, stretch,
stagger) or base pair step (6 inter base pair parameters: tilt, roll,
twist, shift, slide, rise) assuming rigid nucleo-base conformations (for
details refer to Section 2.13.3). For the recognition of damaged DNA,
differences with respect to undamaged DNA are of particular interest.
An appropriate measure for such differences is the normalized
overlap of the helical parameter distributions sampled during
MD simulations of damaged and undamaged DNA (Figure 6.8).
Very similar overlaps between helical parameter distributions were
obtained when comparing CPD-damaged and undamaged DNA
starting from the two different start structures (Figure 6.8) indicating
good convergence of the sampled states. As expected, there are
significant differences between some of the helical parameters of
the distributions of damaged and undamaged DNA (little overlap
between distributions, Figure 6.8). However, already for the nearest
neighbor base pairs and next-nearest neighbors the overlap of most
helical parameter distributions was almost 1, indicating that the
helical deformation due to the damage is mostly localized directly to
the central damaged site and affects neighboring base pairs already
to a much smaller degree. Large differences between distributions for
CPD-damaged and undamaged DNA at the damage site were found
for several helical parameters including base pair opening, roll, shear
stagger, stretch, and twist.

To further investigate these differences, the base pair parameter
distributions averaged over the central four base pairs are illustrated
in Figure 6.9. These parameters determine the global helical geometry
at and around the damaged site that is recognized by the photolyase.
Again, comparison of simulations starting from different initial
conditions resulted in very similar distributions of the corresponding
helical parameters (Figure 6.9). Interestingly, the width of the
distributions are similar for CPD-containing DNA and for regular
DNA indicating that the damaged site adopts a different average
structure but the magnitude of fluctuations is similar to regular
B-DNA.

For the recognition it is of importance how closely the helical
parameter distributions of the damaged DNA in the absence of
repair enzyme resemble the enzyme bound geometry. Especially, the
parameters roll, twist, and slide resulted in a distribution significantly
shifted with respect to regular undamaged DNA and more closely
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(a) Overlap of helical parameters cal-
culated for simulations starting
from standard B-DNA.
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(b) Overlap of helical parameters
for simulations starting from the
near-bound form of the DNA
close to the structure in complex
with photolyase pdb:1TEZ [117].

Figure 6.8: Overlap of calculated helical parameter distributions at the six
central base pairs (or base pair steps in case of inter base pair step
parameters) of damaged and undamaged DNA simulations. The
overlap was normalized such that a value of 1 (yellow) indicates
a perfect agreement between distributions and 0 (red) indicates
no overlap.

approaching the distribution observed for damaged DNA in complex
with the photolyase enzyme. No significant shift for CPD-damaged
DNA in the distributions of shift, rise, and tilt with respect to regular
DNA was observed. Note, however, that the global structure of DNA
is less sensitive to small changes in rise or shift compared to a roll or
twist change of a DNA segment.

The distributions of the intra-helical parameters show changes of
smaller extent (Figure 6.11).

The binding of a damaged DNA involves the DNA minor groove
and the depth and width parameter distributions observed for
the MD simulations of damaged DNA show a shift towards the
distributions obtained for the simulations in complex with the
enzyme (Figure 6.10). Apparently, further minor groove deformation
induced by the repair enzyme during binding is still required (see
also Figure 6.10).

6.4 conclusions

The present comparative simulations indicate significant differences
in the conformational states of regular B-DNA and DNA with a
central intra-helical CPD damage opposite to adenine nucleotides.
Already in the absence of a repair enzyme the damaged DNA can
transiently adopt conformations resembling the enzyme bound form
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Figure 6.9: Comparison of average inter-helical parameter distributions of
the central four DNA base pairs (base pairs 5-9) for simulations
of damaged, undamaged and enzyme bound DNA. The average
parameters give an overview on the overall helical structure
of the segment that is recognized by the repair enzyme. A
comparison to the distribution obtained from simulations of the
complex with photolyase is also included (orange line). The
helical parameters of the CPD-damaged DNA crystal structure
(pdb:1n4e) is indicated as vertical line.
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Figure 6.10: Comparison of the minor groove width and depth for the
simulations of damaged, undamaged and enzyme bound DNA.

much more closely than regular DNA. This can dramatically enhance
the possibility for transient encounter binding of such sites by a repair
enzyme that largely recognizes the overall shape of the damaged site.
However, no spontaneous looping out of the damaged bases was
observed and also no increased opening fluctuations of the damaged
bases. This result supports a two step recognition process with an
initial binding of CPD-damaged DNA by a photolyase repair enzyme
in an encounter complex in which the enzyme recognizes the global
shape of the damaged site but with the damaged bases still in an inter-
helical state. Such DNA conformations approaching the global shape
in the enzyme bound form were sampled during the MD simulations
of the isolated damaged DNA. In a second step of the repair process
the enzyme promotes the transition of the damaged bases into an
extra-helical conformation bound to the enzyme active site. Whether
the enzyme indeed facilitates such looping out process will be further
investigated by studies in which the looping out process is studied
using enhanced MD methods.
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Figure 6.11: Comparison of intra-helical helical parameters of damaged and
undamaged DNA. The same bases as in Figure 6.9 were
studied.



Part III

U M B R E L L A S A M P L I N G S I M U L AT I O N S O F
F L I P P I N G

For all the previously presented models, it is of particular
interest to know the free energy profile of the flipping
process from the intra-helical state of the considered bases
to the extra-helical state. For the passive recognition
and repair mechanism, the study of flipping mechanism
in the absence of the protein will tell if this process is
likely and is an effective repair mechanism. The same
simulation done in the presence of the protein gives
insight to the active repair mechanism. Here, the protein
lowers the barrier of the flipping process of damaged
bases without altering it for undamaged bases. In the
following, the presented models will be rigorously tested
using Umbrella Sampling MD simulations. This chapter
is submitted in different and shorter form for publication.





7
U M B R E L L A S A M P L I N G S I M U L AT I O N S O F
F L I P P I N G

7.1 introduction

As shown in previous chapters, MD simulations comparing regular
B-DNA and a CPD lesion in the same sequence context indicate
distortions caused by the CPD damage and increased DNA flexibility.
During these simulations the damage remained intra-helical without
any spontaneous flipping to a looped out state during approximately
1µs simulations time [89]. Similar results have been obtained by
Masson and Laino and Miaskiewicz et al. [112, 119].

These results are alone not decisive which of the presented
recognition mechanism of Chapter 3 describes the recognition of CPD
damages in E. coli by photolyases best. More of the sub-processes
shown in Section 3.1 have to be simulated. In particular, it is of
most interest to know what the free energy difference of the intra-
and the extra-helical conformation of damaged and undamaged DNA
is. The quantitative predictions given in Section 3.2.2, Section 3.2.5,
and Section 3.2.6 can be tested with free energy methods (see
Section 2.12 for details). If an appropriate reaction coordinate is
chosen to describe the transition from the intra helical to the extra
helical conformation of a CPD lesion during MD simulation, the
free energy changes during this transformation can be calculated.
Several such free energy simulations on regular and chemically
modified nucleobases have been performed indicating free energy
penalties between 8 kcal/mol–15 kcal/mol. For the flipping of the
cis,syn-CPD inside a duplex DNA [128, 129, 152] a free energy
change of approximately 6 kcal/mol–7.5 kcal/mol was obtained
[129]. For the flipping of a methylated base in a complex of
DNA with a DNA methyltransferase a lowering of the free energy
penalty was observed [71, 170] and in human DNA by NER
using the Xeroderma Pigmentosum Complementation group yeast
Rad23 complex (XPC-RAD23B) protein [24, 186]. Similar, for the
8-oxo Guanine (8-oxoG) free energy simulations in the absence
and presence of a repair enzyme indicated that the presence of
the Formamidopyrimidine DNA glycosylase (MutM) repair enzyme
facilitates the looping out of a damaged (and undamaged) base [23]1.

Here, additional Umbrella Sampling simulations were performed
to study the influence of the repair enzyme onto the conformational
transition of the lesion towards an extra helical state. This influence

1 For a more detailed explanation of these studies refer to ??.
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is twofold. Binding of the enzyme can result in a deformation of
the DNA (e.g. changes in bending and twisting) that may lower
the barrier or penalty for a looping out process. Hence, part of
the binding free energy is stored as a DNA deformation. Such
a mechanism does not require any direct contacts between the
damaged base and the protein. In addition, direct protein-DNA
contacts may mediate or facilitate the looping out process. In order to
elucidate different contributions to the recognition and base flipping
process in case of a CPD damage, US free energy simulations of
the flipping process of three different types of simulations were
performed: 1) Unrestrained DNA, 2) DNA deformed to a structure
that mimics the protein induced deformation (but without repair
enzyme), and 3) DNA in complex with the photolyase repair
enzyme. Comparison of the calculated free energy changes of these
processes allows for explanation of the molecular mechanism and the
energetic contributions of each step to the flipping transition. Control
calculations on undamaged DNA help to identify damage-specific
contributions.

7.2 methods
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Figure 7.1: Setup: Umbrella Simulations which do not include the protein.
(a) and (b) show the simulations without restraints. (c)
and (d) show the simulations where positional restraints on
the backbone where used to hold the DNA in the global
configuration of he protein bound conformation.

In general, the same methodology as previously explained in
Appendix A Section A.3 was used for the setup of the system.

MD simulations were also initiated from the complete pdb:1TEZ
structure where DNA is in complex with the DNA-photolyase repair
enzyme and the central bases are an extra-helical conformation
bound to the enzyme active site. The exact same sequences as used
for isolated DNA were used.

As a reminder, the starting structures for undamaged and damaged
DNA without any restraints in the absence of the protein are denoted
as TTBDNA and CPDBDNA, the same molecules restrained to the
protein bound intra-helical structure TT/CPD1TEZ, and the structures
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Group 1: Complete bases 16, 17, 18, 19
Group 2: Bases 1, 2, 22, 23

Group 3: Sugar ring, backbone P,O atoms 
of the two thymine bases of the dimer

Group 4: C, N atoms of the thymine base
of the dimer

Figure 7.2: Figure showing the pseudo dihedral used for all Umbrella
Sampling simulations. Participating groups were chosen to the
point that mostly the damaged site is affected by the PMFs forces
and not the remaining part of the DNA.

in the complex with the protein TT/CPDprot. For a more detailed
explanation refer to Appendix A, Section A.3.

7.2.1 Methodology of Umbrella Sampling

In the following,the specifics of the Umbrella Sampling setup will
be given. For a general introduction to Umbrella Sampling refer to
Section 2.12.2. Four PMF calculations were performed in the absence
of the protein. The first two started from a regular B-DNA structure
for both the undamaged and the damaged DNA (see Figure 7.1
(a) and (b)). In the third (undamaged) and fourth (with central
CPD damage) simulation the DNA was constrained to a bound
conformation of the DNA as found in complex with the protein
(denoted before as TT/CPD1TEZ). This was accomplished by weak
positional restrains on the backbone of the bases 1 to 4 and 9 to 24 for
the undamaged (c) and respectively 1 to 4 and 8 to 23 in the damaged
(d) case depicted in Figure 7.1. Backbone atoms are defined as the
atoms P, C5’, C4’, C3’, O5’ and O3’.

Hereby, the intra-helical configuration exhibits an angle of 29◦

for the TT/CPDBDNA conformation and 69◦ for the TT/CPD1TEZ

conformation whereas the extra-helical configuration in the presence
of the protein (crystal structure TTprot) measured an angle of −135◦.
Thus the angle necessary for flipping amounts to 196◦ (for the
Thymine Thymine adjacent pair (TT)-motif respectively 156◦) in the
positive direction as −135◦ ≡ 225◦. The positive direction represents
the flipping process through the major groove. On the other hand,
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Type Group 1 Group 2 Group 3 Group 4

Damaged
DNA

Complete
bases

16,17,18,19

Base
1,2,22,23

Sugar ring
and

backbone
P, O of the

two
thymines

at
damaged

lesion

C, N
atoms of

thymine of
the dimer

Native
DNA

Complete
bases

17,18,19,20

Base
1,2,22,23

Sugar ring
and

backbone
P, O of two
thymines

C, N-type
atoms of
the two

thymines

Table 7.1: Definition of groups used within pseudo-dihedral angle in US.

the flipping through the minor groove requires a dihedral turn of
156◦ (respectively 204◦).

In many systems, two important conformational states can be
separated by high energy barriers. These barriers prevent the system
to cross from one state to the other in the proposed simulation
time. As the probability of crossing such barriers scales exponentially
with negative of potential as in the Boltzmann distribution, the
time to cross such a barrier might be substantially higher than the
computation time. Examples include protein folding with transition
times in the order of micro-seconds to seconds. Enhanced sampling
method such as Umbrella Sampling [165] can mitigate this problem
by introducing additional potentials to increase the sampling rate of
the problematic transition states. After the biased simulation has
been performed, the effect of the bias has to be reverted in order
to calculate the wanted properties of the unbiased system [13, 142].
The detailed theory of this method is explained in Section 2.12.2.

Umbrella windows were simulated from an angle of −320◦ to 38◦

in steps of 2◦ resulting in a complete 360◦ coverage. Figure 7.2 shows
the pseudo dihedral used for all Umbrella Sampling simulations. The
groups were chosen in this way to mostly increase the PMFs force
on the damaged base and decrease the effect of the PMFs forces on
the DNA itself. Other approaches to the selection of those groups
gave miserable results where the damaged bases paired to neighbors
of their actual Watson-Crick partners in the extra-helical state. In
another approach with smaller groups the DNA was observed in
a unnaturally distorted conformation in the extra-helical position.
Using large groups for the first and second center of mass groups
in the dihedral definition the latter problem was remedied. The first
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problem was prevented as the axis by which the damaged bases flip
is almost parallel to the axis between the second and third dihedral
atom groups. The details are explained in Table 7.1.

To address the effects of specific interactions of the protein with
the DNA, Umbrella Simulations in the presence of the protein were
employed additionally. By addressing the overall effects of the
conformation separately from the specific interactions of the protein
it can be understood how the specific interaction of the protein with
the DNA help in the recognition and repair process or whether the
recognition happens in a different manner. The restraints used for
the restrained Umbrella Sampling were the same weak positional
restrains mentioned above on the backbone of the bases 1 to 4 and
9 to 24 for the undamaged (c) and respectively 1 to 4 and 8 to 23 in
the damaged (d) case depicted in Figure 7.1.

In some of the production Umbrella Simulations distance restraints
were employed to keep the thymine bases relatively close together to
enhance sampling and to evade problems with a poor definition of
the torsion dihedral whenever one base is flipped out and the other
one not. The used distance restraint between the thymine nucleobases
for the TT simulations was set to a distance in the range of 2.5Å–6.5Å.
It is mentioned whenever this methodology needed to be used.

7.2.2 Methodology of Hamilton Replica Exchange

By employing HREMD the last and first windows are connected.
The 360◦ symmetry of the systems was therefore explicitly enforced.
Without the usage of this symmetry more than the 360◦ would have
to be simulated in order to decrease boundary effects of the WHAM
calculation. As pointed out in Chapter 2, Equation 2.12.5, HREMD
increases sampling along space orthogonal to the chosen reaction
coordinate.

By using a separate initialization procedure with a stronger
dihedral restraint convergence could be improved. Initialization was
run for 100 ps with a torsional restraint of 4000 kcal/(mol rad2).
The Production simulation was then run for 10ns with a torsional
restraint of 400 kcal/(mol rad2) and 5000 exchanges and a time of
2 ps between exchanges. Cumulatively, the complete simulation time
is 1.8µs.

7.3 results and discussion

7.3.1 Umbrella Sampling without the Photolyase Protein

In order to elucidate the molecular mechanism of flipping the CPD
lesion from an intra-helical to an extra-helical state, which is neces-
sary to access the active site of a repair enzyme, umbrella sampling
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Figure 7.3: PMFs free energy for flipping process of conformation close to
the native conformation.

free energy simulations along a dihedral reaction coordinate were
performed to describe the flipping process (see Section 7.2.1 for de-
tails). For improving the convergence of the simulations frequent
Hamiltonian replica exchanges between different umbrella sampling
intervals were included (HREMD technique). A first set of HREMD
simulations was performed on a double stranded DNA (ds-DNA)
oligonucleotide with a central CPD thymine dimer lesion located at
the center of double helix. For comparison HREMD simulations were
also performed on a control ds-DNA with a flipping of two adjacent
thymines and otherwise identical sequence. During the HREMD sim-
ulations no other restraints besides of the umbrella potential along
the dihedral reaction coordinate were applied. The calculated Poten-
tial of mean force for the flipping process indicates an overall lower
free energy penalty for flipping the CPD damage compared to a reg-
ular central TT sequence (Figure 7.3).

If one considers the larger range of looped out states relative to
inter-helical states, the free energy difference between intra-helical
vs. extra-helical states amounts to 9.0 kcal/mol for the TT case vs.
7.5 kcal/mol for the CPD case. This compares quite well with the
experimental estimate of 9.5 kcal/mol [113] for the flipping process
of CPD-damaged DNA.

The lower free energy penalty of flipping the CPD lesion is due
to the fewer hydrogen bonds formed between the damaged bases
and the opposite adenine residues and non-optimal stacking in the
intra-helical state of the CPD lesion compared to regular DNA with
central T:A base pairs. During the flipping process the two thymine
bases were restraint to keep an approximately stacked conformation.
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Figure 7.4: PMFs free energy for flipping process of conformation close to
the B-DNA conformation. DNA is restrained to a perfect B-DNA
structure.

The free energy of relaxing this restraint was calculated separately
for each US window using a free energy perturbation approach
(see Figure 7.3.2 and Figure 7.10). On average it amounts to less
than 1 kcal/mol for the different simulation intervals (Figure 7.3.2,
Figure 7.11). It is important to note that the global equilibrium
structure of the CPD-containing ds-DNA differs from the regular
TT containing ds-DNA. As explained in Chapter 6, CPD-containing
DNA adopts structures during MD simulations that are overall closer
to the structure in complex with the repair enzyme (already in the
absence of the enzyme) compared to regular ds-DNA.

In order to elucidate the influence of the global DNA structure
on the free energy of the flipping process, HREMD simulations were
performed. These simulations included restraints to keep segments of
the ds-DNA oligonucleotides in either a regular B-DNA conformer or
in the conformation found in the complex with the DNA photolyase.
The corresponding weak positional restraints included the nucleic
acid backbone except the central lesion (or TT sequence) and the
flanking nucleotides (Section 7.2.1). Specifically, the atoms P, C5’, C4’,
C3’, O5’, and O3’ were used for the restraint.

In case of HREMD simulations including restraints to keep the
DNA close to regular B-form the calculated PMFs were qualitatively
similar to the PMFs obtained without such restraints, however, the
penalty for the flipping process increased by approx. 2 kcal/mol–
3 kcal/mol (see Figure 7.4). In contrast, for the simulations including
restraints to deform the ds-DNA towards the global form observed in
the crystal structure in complex with DNA photolyase the free energy
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Figure 7.5: PMFs free energy for flipping process of conformation close
protein bound form. For the simulation of CPD1TEZ, the
following steps are important: 1) WC H-bonds broken for top
base. 2)Only one of the four hydrogen bonds is left. 3) All WC
hydrogen-bonds are broken but configuration is still mostly intra-
helical. 4) Dimer moves slowly into extra-helical configuration.
It relaxes step wise 5) 90◦ flip into minor groove. Backbone
does not hinder this flipping motion. 6) Flip of roughly 170◦.
7) The movement in the major groove direction is smoother. The
important steps of the US simulation of TT1TEZ are the following:
1) Perfect WC pairing. 2) Breaking of bottom WC hydrogen
bonds. 3) All WC hydrogen bonds are now broken for most
conformations. The bases are slightly (around 45◦) flipped into
the minor groove. 4) Flipping into minor groove direction of 70◦–
90◦ 5) Flipping more than 90◦ into minor groove. 6) Completely
external, flip of 180◦. The backbone can relax a little bit. 7)
Flipping 90◦ into major groove. 8) Lower WC hydrogen bonds
are broken, top WC pairing is established.

penalty for flipping process decreased significantly for both the CPD
and TT containing ds-DNA molecules (Figure 7.5). Interestingly,
the decrease is more significant in case of the TT vs. CPD
cases presumably because the CPD-containing structure adopts a
conformation closer to the enzyme bound form already in the absence
of the enzyme. In conclusion, the calculations indicate that a global
deformation of the DNA towards the enzyme bound conformer alone
(without accounting for any contacts to the protein) reduces the
penalty for the flipping process significantly for both the damaged
and the undamaged DNA. A restraining to regular B-DNA causes the
opposite effect. Inspection of Figure 7.5 reveals another interesting
effect. Whereas in unrestrained ds-DNA (or restraint to B-DNA) the
free energy minimum of the intra-helical state for the CPD lesion was
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(a) Snapshot of window at 38◦. Both,
the thymine bases (gray) and the
CPD (white), are in the internal
position and bound with their
respective WC partners. The
hydrogen bonding is better for
standard thymine bases.

(b) Snapshot of window at 60◦. This
is the minimum free energy of
the CPD flipping US simulation.
In this minimum, the CPD is
significantly flipped out in com-
parison to the thymine bases in
the simulation of the undamaged
DNA.

Figure 7.6: Snapshots of damaged and undamaged DNA in two intra-helical
conformations.

almost identical to the position of the TT motif along the reaction
coordinate (Figure 7.3, Figure 7.4), the minimum of the CPD lesion is
shifted in the HREMD simulations with restraints towards the bound
form (Figure 7.5).

The shift of the minimum of the internal configuration from 30◦

to 60◦ in the damaged case can be attributed to the rigidity of
the damaged dimer not being able to conform to the overall bend
induced by the external positional restraint. The regular DNA
although under strain still keeps a hydrogen bonded geometry of the
central base pairs at a 60◦ looping out dihedral angle (see Figure 7.6a
and Figure 7.6b) whereas the CPD lesion adopts a partially flipped
conformation towards the DNA major groove at the same looping
dihedral angle (see Figure 7.6a and Figure 7.6b). This also creates
a cavity on the minor groove side of the DNA which corresponds
to the side that is bound by protein in the complex with the DNA
photolyase. The attachment of the protein to this cavity will be
observed in the following chapter.

7.3.2 Umbrella Sampling in Presence of Photolyase Protein

In addition to the HREMD simulations of isolated ds-DNA oligo-
nucleotides simulations were also performed with the DNA bound
to the DNA photolyase repair enzyme. Simulations were started
from a known crystal structure of the CPD-containing DNA-repair
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Figure 7.7: PMFs free energy for flipping process in the presence of the
repair enzyme. The US simulation of CPDprot exposes the
following interesting steps: 1) This is the minimum free energy
of the internal state. Note that it is already partially flipped
out as also seen before in the US simulation of CPD1TEZ. 2)
Breaking of WC H-bonds of top base. 3) Bottom H-bonds
partially broken.4) No WC pairing, slight flip. 5) Flipping started
but clashes with protein. 6) Almost inside binding pocket but
must overcome last clashed with protein. 7) Completely in the
binding pocket. H-bonds to FADs established. 8) Flipping out
(or in, depending of movement direction) of the pocket into
major groove. Clashes with the ARG 254 residue of protein
overcome easily as this residue is flexible. 9) 90◦ Flip in major
groove direction. 10) WC hydrogen bonding with bottom base
established. The most important steps in the flipping process
of TTprot are: 1) All WC hydrogen bonds exist. 2) Bottom WC
pairing broken. Energy is low as there is apparent stacking with
ARG 427 residue. 3) Clashes with PRO 425 are easily overcome.
4) Now all WC hydrogen bonds are broken. Slight flipping
apparent. 5) Slowly the bases flip through the minor groove.
6) Contact to TRP 309 and TRP 425 lowering the free energy. 7)
Thymine bases completely inside repair pocket. 8) As in the case
of CPD, there is no big hindrance against flipping through the
major groove. 9) 90◦ flip in major groove direction. 10) Small flip
in major groove direction.

enzyme complex (including the FADHs cofactor). For the simulations
with regular central TT motif the CPD lesion served as template to
generate a start structure for the regular DNA case (see Section A.3).
The presence of the protein significantly affected the calculated PMFs
curves along the reaction coordinate (Figure 7.7). The PMFs curves
indicate two free energy minima, one corresponds to the intra-helical
state (at 30◦ ) and the second minimum is located in the extra-helical
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(a) CPD in the inter-
nal configuration
with the maximum
number of hydro-
gen bonds shown.
PRO 401 moves in
between the WC
base pairs of CPD
and pushes them
somewhat apart.

TRP 391

ARG 403

PRO 401

(b) CPD has to over-
come clashes with
the residues TRP
391, ARG 403, and
PRO 401 to move
into and out (both
directions) of the
repair pocket. The
local structure of the
DNA backbone close
to CPD changes in
this transition.

CPD

(c) CPD in the repair
pocket of the pho-
tolyase. PRO 401

is in contact with
the DNA and situ-
ated in the small cav-
ity exposed by the in-
creased stacking dis-
tance of the WC base
pair partners of the
thymine dimer.

Figure 7.8: Three important configurations in the flipping process of CPD in
complex with the photolyase protein.

regime and corresponds to the localization of the CPD lesion (or TT
motif) in the active site of the enzyme (at −130◦). For the CPD lesion
this extra-helical conformation is of lower free energy compared to
the intra-helical state by −2 kcal/mol and for the TT case the extra-
helical state is still less stable by 2 kcal/mol compared to the intra-
helical state. Interestingly, the bound enzyme result in a lowering of
the free energy barrier for flipping the CPD lesion or the TT bases
towards the major groove but result in still a relatively high barrier
for the CPD case for flipping along the minor groove. Note, that the
enzyme contacts the DNA at the minor groove side which results in
high sterical barriers for the bulky and rigid CPD lesion to glide along
the minor groove from the intra-helical to the extra-helical state.

This is explained by steric clashes with the protein, in particular the
residues TRP 391, ARG 403, and PRO 401. The CPD-damaged DNA
has to change its backbone configuration to move past this obstacle.
In general the internal configuration is made less stable by residue
PRO 401 protruding into the WC-pair partners of the CPD base dimer
(see Figure 7.7 point 1 and Figure 7.8a).

In contrast, the TT motif, although kept close to a stacked state
by a few distance restraints, is much more flexible and can better
adapt to the space between protein and DNA during the flipping
process along the major groove. For the flipping process towards
the major groove the free energy penalty is smaller even compared
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Figure 7.9: Parallel and anti-parallel orientation of adjacent thymine bases.

to the flipping with a DNA deformed towards the bound form
(by approx. 1 kcal/mol–2 kcal/mol due to additional protein-DNA
contacts (pushing from the minor groove and attractive interactions
to move towards the active site cavity in the enzyme).

As observed in the trajectory, the TTprot simulation exhibits major
differences to the CPDprot one. Although the two thymine bases are
kept relatively close together, they are still more flexible. This allows
the bases to flip around their own axis and consequently they can
be oriented in opposite ways as shown in Figure 7.9. Additionally,
even with restraints holding the thymine bases fairly close together,
the two thymine bases are more flexible and can move more easily
past the obstacle of the three previously mentioned residues of the
photolyase protein in the minor groove direction.

Differences in free energy by restraining the two thymines for the simulation
of undamaged DNA

It was checked whether the influence of restraining the two thymine
bases together is significant or not. The US simulation was done
in multiple ways. First without restraining the two thymine bases,
second by restraining them with a group distance restraint and
third by restraining with three distance restraint to further keep the
thymine bases from switching from cis to anti conformations. As
shown in Figure 7.11, the results are relatively similar. Further, the
contribution of the restraint was calculated by performing a one-
step Free Energy Perturbation (FEP) using the simulation without
restraints. Doing this for packages of 5 windows (otherwise not
enough data points where available after the fact), it is shown that
the FEP by this restraint is relatively small (see Figure 7.10). The
contribution of the artificial restraint between the two thymine bases
was calculated, which was used for sampling reasons, with a free
energy perturbation calculation. Specifically the Bennett Acceptance
Ratio (BAR) method by Steffen et al. [157] was used to accomplish
this with maximum accuracy. The results in Figure 7.10 show that
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the perturbation by the restraints is reasonable low. It is only rarely
larger than 1 kcal/mol.
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Figure 7.10: FEP contribution by the group restraint on thymine bases.

7.3.3 Reaction Rates and Mean First Passage Times

Simulation τ+ [s] τ− [s] keq [1/s] ∆Fkeq [kcal/mol]

CPDBDNA 3.9 5.1× 10−8 7.8× 107 10.8

TTBDNA 6.2× 101 7.1× 10−8 8.7× 108 12.3

CPD1TEZ 1.1× 10−3 3.7× 10−8 3.1× 104 6.2

TT1TEZ 6.9× 10−4 1.1× 10−9 6.1× 105 7.9

CPDprot 3.6× 10−6 3.4× 10−4 1.1× 10−2 −2.7

TTprot 1.4× 10−4 9.5× 10−7 1.5× 102 3.0

Table 7.2: MFPTs for the flipping reaction from the intra- to the extra-helical
state and vice versa.

As described in Section 2.12.6, the rate can be calculated from
the intra- to the extra-helical state and vice versa using the data
obtained by the US simulations. Diffusion rates are calculated
as explained above. As the diffusion is a kinetic property, it
converges much slower than the actual free energy. The diffusion
coefficients along the reaction coordinate for the three performed
types of simulations are shown in Figure 7.12, Figure 7.13, and
Figure 7.14. Calculating the diffusion constants from HREMD-US
simulations might be problematic as the exchanges between windows
can influence the auto-correlation function. Since the largest part
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Figure 7.11: Three US simulations of TTprot. The influence of the distance
restraint between the two thymine bases is negligible. This
is in good accordance with the FEP calculations shown in
Figure 7.10.

of the auto-correlation function declines rapidly, the longer tail is
mostly interpolated and not influenced strongly by exchanges. Thus,
the resulting MFPTs can only be considered estimates. These are
shown in Table 7.2. The MFPTs are given as τ+ = τintra→extra

and τ− = τextra→intra. The free energy differences according to the
equilibrium rates are in good agreement with the directly calculated
free energy differences.

Most interestingly, the differences in the rates of the flipping
reaction of the damaged and undamaged DNA (especially in the
presence of the protein) are more pronounced as the free energy
differences. This is mostly due to the logarithmic dependencies of the
free energy of the equilibrium rate. Secondly, the shorter (around 20◦)
reaction pathway of the damaged DNA increases the flipping rate
from the intra- to the extra-helical state dramatically. In comparison,
the CPD-containing DNA can flip from the intra-helical to the extra-
helical state in roughly 3µs whereas the TT containing DNA needs
about 700µs. For similar system such as glycosylases repair proteins,
proteins typically stay around 50µs at every base site [53]. In this
time, the complete repair procedure has to be finished. Any previous
repair step before the flipping procedure will lower the reaction rates
even further. Thus, it is very likely that only the damaged bases can
flip from the intra-helical to the extra-helical state in the given time.
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7.3.4 Diffusion constant along the reaction coordinate
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Figure 7.12: Diffusion constant along the reaction rate for the simulation of
CPDBDNA and TTBDNA.

As discussed, the diffusion profiles along the one-dimensional
reaction coordinate were calculated and are shown in Figure 7.12,
Figure 7.13, and Figure 7.14. The results are fairly stable. If one
takes the average diffusion constant of the diffusion along the one-
dimensional reaction coordinate (see Figure 7.12, Figure 7.13, and
Figure 7.14) instead, the mean first passage times almost consistently
get smaller by less than one order of magnitude. The reduced
roughness in the diffusion landscape increases the reaction rate,
similar to the roughness of the potential as described by Zwanzig.
Hence, it is shown that the used methodology is not particularly
dependent on the exact profile of the diffusion coefficient.

On average the local diffusion constants are lower than expected
from the simple model of Chapter 3, Section 3.2.4. As seen in
Table 7.3, the maximally possible free energy barrier (shown in
the last column of Table 7.3) are much lower than the anticipated
6.7 kcal/mol for all of the simulations. In this context, only
the simulation of the DNA in complex with the protein can be
realistically compared to the models given in Chapter 3. Indeed,
our measured barriers are still lower than the newly predicated
maximally possible free energy barriers. As the path is longer for
undamaged DNA, the free energy barrier which can be surpassed is
even lower 3.1 kcal/mol than the barrier possible for CPD-damaged
DNA with 4.2 kcal/mol. These calculations confirm the conclusions
made directly from the MFPTs.
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Figure 7.13: Diffusion constant along the reaction rate for the simulation of
CPD1TEZ and TT1TEZ.

Simulation Davg [m2/s] ∆Fa−max [kcal/mol]

CPDBDNA 5.5× 10−11

TTBDNA 1.1× 10−11

CPD1TEZ 1.5× 10−11

TT1TEZ 3.6× 10−10

CPDprot 8.4× 10−12 4.2
TTprot 9.9× 10−12 3.1

Table 7.3: Diffusion constants averaged along the reaction coordinate.

7.3.5 Convergence of Umbrella Sampling Simulations

To check the US sampling simulation for convergence, the output files
of the measurements of the specific reaction coordinate were split into
5 distinct or additive time intervals and calculated the PMFs for each
of those time intervals. By plotting the resulting free energy curves
along each other, trends and convergence can be checked for the US
simulations (see Figure 7.15). Cumulative plots would in comparison
by their very nature show even stronger trends of convergence.

Further on, the distributions for each of the US simulations were
calculated to check whether the overlap of those distributions is
sufficient. The overlap of all US distributions is approximately
40 %. For US and WHAM in particular, the method relies on
sufficient overlap, meaning that the sampling of overlapping states
is statistically relevant (see also [120]). Our implementation of REMD
US however is a little more critical to actually achieve the benefits
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Figure 7.14: Diffusion constant along the reaction rate for the simulation of
CPDprot and TTprot.

explained in Section 7.2.1. Optimal acceptance ratios of are generally
targeted for optimal ratios of accuracy and efficiency. Some efficiency
is traded in favor of accuracy with average acceptance rates of
approximately 40 %.

7.3.6 Error estimation

The implementation of WHAM[2] of Alan Grossfield includes error
estimation routines. This method uses the generation of fake data
sets to compute the heterogeneity of the data set [2].

As explained by Fangqiang Zhu and Hummer, The use of
bootstrapping for error analysis has proven to be very unreliable
due to many problems. Here the block averaging method was used
accordingly to Hess. The auto-correlation time has to be calculated
for each window and its time series data. Fitting of the auto-
correlation function is quite hard as an approximation of the auto-
correlation time with one exponential function is often insufficient.
However, often fluctuations over long periods of time can occur in the
time series resulting in the need of multi-exponential fits and several
correlation times for different modes. Most approximations use two
distinct modes. The longer mode is used if this mode is existent.

7.4 conclusions

Comparative HREMD simulations to flip out a CPD damage or two
thymine nucleobase have been performed on isolated ds-DNA mole-
cules and ds-DNA molecules bound to a photolyase repair enzyme.
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(b) TTBDNA
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(c) CPD1TEZ
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(d) TT1TEZ
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(e) CPDprot
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Figure 7.15: Convergence of some of the US simulations. Convergence not
depicted here is similarly good. Due to slower convergence the
lower four simulations have been extended to 20ns.

The simulations indicate that in the unbound state the free energy
penalty for flipping a CPD lesion from the intra-helical state to a
extra helical conformation is lower compared to regular undamaged
DNA. However, the free energy penalty of 10 kcal/mol is still too
high to allow for frequent spontaneous flipping events. Comparing
this number to the theoretical boundaries calculated in Chapter 3

Section 3.2.2 a passive recognition mechanism is highly unlikely.
Under realistic assumptions and slower diffusion due to obstructions
such as nucleosomes and the interrogation of undamaged DNA,
the passive recognition mechanism becomes even less likely. The
high free energy penalty leads to a low effective concentration
of extra-helical CPD lesions relative to intra-helical states of 10−6.
Interestingly, the deformation of the DNA alone towards the global
bound structure results already in a significant lowering of the
calculated free energy penalty for flipping without involving any



7.4 conclusions 103

direct contacts of the protein with the damaged bases. The free
energy penalty toward looping out to the major groove is further
lowered by the presence of the protein and contacts of protein and
DNA. However, only for the CPD damage (and not the undamaged
TT motif) the free energy of the extra-helical active site bound state is
lower than the free energy of the intra-helical state.

Based on the simulation results the following model for damage
recognition and repair can be derived. As was shown previously,
CPD-damaged DNA can adopt conformations globally closer to
the bound conformation compared to undamaged DNA [89] (see
previous chapters Chapter 5 and Chapter 6). This explains the
much higher affinity observed experimentally for the binding of
CPD-containing DNA to the photolyase repair enzyme [26, 46, 50,
51, 93, 127, 146, 159, 160]. The initial binding which is partially
based on conformational selection but also induced fit to deform the
DNA towards a conformation that fully fits to the repair enzyme
recognition surface results also in a lowering of the penalty for the
flipping process. As a second step the protein facilitates the flipping
of the damaged bases through the major groove. Although the
barrier for this process is similar for damaged as well as undamaged
DNA it is overall only favorable for flipping the CPD lesion. The
photo chemical cleavage of the CPD lesion results in formation of
two thymine bases that now can flip back into an intra-helical state
involving only small barriers both for flipping towards minor or
major grooves of the DNA. This allows an efficient product release
after the repair reaction with barrier heights of less than 5 kcal/mol.
The model places the main selection step for damaged DNA at the
initial phase which corresponds to recognition and the necessary
DNA deformation for precise placement of the damaged DNA at the
vicinity of the active site. Given the low abundances of CPD-damaged
sites relative to regular TT motifs a selection at an initial step of the
process is more efficient compared to a distinction at a later stage,
e.g in the active site of the enzyme. After formation of an encounter
complex both flipping of the CPD lesion or of undamaged TT bases
is predicted to involve reduced barriers. Note, that even a flipping
of an undamaged TT motif is of little consequence since it does not
trigger any reaction and can easily flip back into the intra-helical state.
These results are strongly supported by our estimates for the mean
first passage times (see Chapter 3).





Part IV

R M S D U S S I M U L AT I O N S O F C H A N G E S W H I L E
B I N D I N G

For a complete understanding of CPD damage recognition
and repair, the most important steps of this process have
to be investigated in detail. In the previous chapter
the flipping process was studied. Although this process
is important in the repair mechanism, it is yet still
unknown if recognition completely relies on the rather
small differences of flipping of damaged bases compared
to undamaged bases observed in the previous chapter.
As seen in Chapter 5 and Chapter 6, damaged DNA
is already structurally different in comparison to native
undamaged DNA. Thus, it would be beneficial for an
efficient and fast repair mechanism if the damaged DNA
was recognized during the encounter of the protein and
the DNA damage. Using the rather novel approach of two-
dimensional RMSD Umbrella Sampling with HREMD, it
was shown that damaged DNA can more easily bind to
the repair enzyme by assuming the conformation of the
encounter complex more readily. This technique allows
for a better understanding of the damage recognition
process and a final proposition of the mechanism.





8
R M S D U S S I M U L AT I O N S O F C H A N G E S W H I L E
B I N D I N G

8.1 introduction

The recognition process was studied previously by analyzing the
specificity of binding. Long (1000ns) free MD simulations of both
the damaged and undamaged structures in the absence of the
protein were compared (see Chapter 6). Together with the Umbrella
Sampling simulations of the base flipping step (Chapter 7), it has
been shown that a passive repair mechanism is unlikely.

After binding of the DNA to the photolyase, the investigated base is
flipped into the repair pocket. This was studied in detail by Umbrella
Sampling simulations, first in the absence of the protein for different
configurations and later in the complex with the photolyase repair
enzyme.

The differences between undamaged and damaged DNA in terms
of free energy profile from the intra- to the extra-helical state were not
clear in all simulations of Chapter 7. The differences became clearer
with the introduction of the mean first passage time as an analysis
tool. For the flipping simulation in the presence of photolyase,
both types of DNA, damaged and un-damaged, can flip in times
in the range of microseconds. Damaged DNA can flip around
100 times faster but small errors in measurements could mean that
also undamaged DNA would flip during the average stay of the
protein at a DNA nucleobase. Systematic errors leading to larger
free energy differences would on the other hand mean longer Mean
First Passage Times (MFPTs) for both simulation types. A mechanism
allowing the protein to stay longer at lesions in DNA would be
needed for the damage to flip into the extra-helical position in the
given time. As described in Chapter Chapter 6, global differences
of the structure are present in the damaged DNA compared to
undamaged DNA. These differences could lead to an efficient
repair mechanism where damaged DNA binds more favorably to the
repair enzyme in comparison to undamaged DNA. As lain out in
Chapter 3, this process confirms the proposed third hypothesis as
explained in Figure 3.3. It can be simulated how the DNA changes
its conformation. This includes but is not limited to a stronger bend.
The process of conformational change is depicted as sub-step 4) in
Figure 3.3.

In the following it will be demonstrated this process is essential
for recognition of damaged DNA. To understand this transition,
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the focus in this part of the thesis will be on the RMSD Umbrella
sampling of both damaged and undamaged structures from the
unbound to the bound form in the absence of the protein. Hereby,
the differences in binding affinity can be analyzed in more detail by
not being limited to the study of the dynamics and conformations of
the unbound form.

In the following will be described how to perform two-dimensio-
nal RMSD-Umbrella Sampling on the transition of a system defined
by two well-defined states A and B. This method is then tested on
the previously studied flipping transition of two bases (CPD versus
two adjacent thymine bases). Eventually, the method is applied to the
global conformational change of the DNA from the unbound to the
bound conformation.

8.2 methods

8.2.1 RMSD Umbrella Sampling

In many systems it is of crucial importance to study the transition
of a system from one specific conformation to another conformation.
Those two conformations can often be defined by a set of particular
reaction coordinates. In the cases considered in this work the
transition was studied by RMSD coordinates.

Using just one RMSD coordinate with respect to state first state (A)
would only define the transition to A and from A in the close vicinity
of A in RMSD space. This reaction coordinate is denoted as RMSDA
whereas the RMSD to the state B is denoted as RMSDB. A specific
distance in RMSD space from a set of coordinates does not define
one particular set of coordinates. Instead it defines a subspace of m
dimensions in RMSD space, more precisely an m-dimensional sphere
with a radius of the RMSD distance to the first coordinate. m is given
as m = (n − 1)d − 1 where n is the number of atoms and d is the
dimension in space (d = 3 for three-dimensional space). Obviously
those m dimensions are still very much correlated due to restraints
on bond lengths etcetera.

Using two reaction coordinates RMSDA and RMSDB, the two
conformations A and B can be defined precisely without restricting
the transition from A to B. Prime candidates for this methodology are
transitions for which a specific coordinate such as a dihedral angle
cannot be clearly defined.

An example would be the analysis of the conformational selection
of DNA repair proteins. They tend to select DNA by binding
to damaged DNA with a different conformation to undamaged
DNA. During the binding process the protein further changes the
conformation of the DNA. Thus, it is of special interest to examine
the transition of undamaged and damaged DNA from the unbound
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to the bound form. Multiple reaction coordinates can be found which
change during this transition necessarily. Further more, for a RMSD
coordinate with two references A and B, the previously explained
set of reaction coordinates (RMSDA, RMSDB) is also sufficient for
describing the transition in terms of end points. All the atoms which
change during the transition need to be included in the RMSD mask.

Umbrella Sampling, HREMD Umbrella Sampling and multi-
dimensional Umbrella Sampling are time-tested methods1. The
WHAM analysis method allows for almost arbitrary uses of different
Umbrella Sampling potentials and reaction coordinates. Therefore,
the best possible specific restraints can be applied to our system. As
such, the RMSD provides a valid restraining solution to enhance the
sampling of the specific transition in the system.

8.2.2 RMSD-Space Sampling

If two reference structures are present, two RMSD coordinates can be
applied for the use of Umbrella Sampling. As previously noted, this
allows defining the two end-states of the transition to be perfectly
represented while not restricting the transition pathway excessively.

Naively, one might consider to simply do Umbrella Sampling in
the whole two-dimensional RMSD space from (0, 0) to (RMSDA(B),
RMSDB(A)) where RMSDA(B) = RMSDB(A). But as the RMSD
is a sum of differences and therefor a mathematical norm, the
triangle inequality ‖x + y‖ 6 ‖x‖ + ‖y‖ holds true. Therefore,
the RMSD space violating the triangle inequality is not accessible
and does not need to be sampled. The space to be sampled
is thus the area in between (0,RMSDB(A)), (RMSDA(B), 0), and
(RMSDA(B),RMSDB(A)). Values even higher could be sampled but
represent large detour in the transition pathway.

The associated phase space volume of a specific point in the
two-dimensional RMSD space is not constant. The diagonal itself
has infinitesimal small associated phase space volume as it is a
one-dimensional subspace in RMSD space. Accessible phase space
increases with the distance to this diagonal. On the other hand, a
relatively short pathway is beneficial as it decreases the necessary
distance to go from conformation A to B or vice versa.

The phase space increases with higher RMSD(A) and
RMSD(B). The entropy contribution thus lowers the free energy for
regions which are further apart from the before-mentioned diagonal.
This should be kept in mind in the analysis of the free energy
contribution and will be discussed in more detail later on.

1 Umbrella Sampling and HREMD has been successfully applied to the study of DNA
damage repair (see Section 4.2) and bio-polymers in general (see Equation 2.12.5).
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8.2.3 Implementation and Computational Details

Figure 8.1: Insufficient sampling by the use of one-dimensional setup: Three
of the many different tested one-dimensional methods which
were used. Sampling was always insufficient. Many areas in
phase space are not sampled. The x-axis describes the RMSD to
structure A whereas the y-axis denotes the RMSD to structure
B. The densities of sampling are shown with increasing numbers
from violet to red.

If we try to sample impossible regions in the two-dimensional
RMSD space, the barrier of the previously described triangle
inequality will be unnecessarily over-sampled To avoid the waste
of computational resources, multiple implementations of different
setups were tested.

Sampling along the diagonal however covers only a region of very
small phase space. I then decided to sample a circular path in the
two-dimensional RMSD space as this encompassed the minimum
free energy path for the systems herein tested. On a circular path
the forces generated by the two RMSD restraint potentials are always
perpendicular. They are completely uncorrelated. On the diagonal,
one is in the regime where the two RMSD restraint potentials
are completely anti-correlated. This means the reduction of one
coordinate necessarily leads to the increase of the other by the same
amount. In the region beyond the circular path an increase of one
coordinate will go with an increase of the other coordinate. To go
from conformation A to conformation B, a pathway far in the outer
region is not efficient as it mostly includes large detours. But as
pathways further apart from the diagonal have a higher associated
phase space volume, the circular path and its surrounding region
seem a likely starting point for this simulation.

It is always possible that the lowest free energy pathway is not
sampled. Here, this problem would appear if the sampling region
is not sufficiently bound by free energy barriers. If this is apparent
in the analysis, the simulation has to be extended to accompany the
required region necessary to yield the lowest free energy path.

Using a one-dimensional circular coordinate was not successful.
The one-dimensional setup did not cover the regions close to the
diagonal regime well enough. The theoretically infinite boundary
could not be observed as it was too far away from the sampled regime.
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Figure 8.1 shows examples of one-dimensional setups along the two-
dimensional coordinates. The sampling cannot be controlled well
enough to cover the necessary areas.
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Figure 8.2: Setup and hypothetical distribution under the assumption of a
flat free energy profile for two-dimensional RMSD-US. Window
positions, there Gaussian widths (related to their strength)
and their numbering are shown. The associated hypothetical
sampling (assumption of flat free energy) is shown below the
window positions.

Therefore, the methodology was changed to sample a more
complete regime of the two-dimensional RMSD space. Multiple
implementations were tested. In particular, by increasing the strength
of sampling potentials finer details of interesting transition states
can be obtained. With one-dimensional sampling a fine sampling
of transition states is very difficult as it is not known before-hand
where the transition states are situated. It is also possible that these
transition states cover a large phase-space volume. This can be
partially mitigated by two-dimensional sampling.

The complete RMSD space is divided into 8 by 8 windows, giving
a total of 64 windows. These windows are located in RMSD space as
shown in Figure 8.2. This specific pattern allows for the use of two-
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dimensional Hamiltonian Replica Exchange MD along the Umbrella
Sampling reaction coordinates. In order to use two-dimensional
HREMD the number of windows in each row and column must be
a multiple of 2 due to the implementation of HREMD in AMBER.
The setup of Figure 8.2 is produced by laying out all windows
equidistantly in a square region. The bottom-left triangle, which
cannot be sampled, is then folded into the upper-right half. It is
also shifted by half of the distance between windows to the bottom-
left such that no regions are sampled twice. This method results in
the depicted setup. Underlying the window position, the distribution
related to a flat free energy profile is shown. The resulting sampling
is very even (shown in Figure 8.2).
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Figure 8.3: REMD exchanges for two-dimensional RMSD-US. RMSD
exchanges shown with arrows. *: Some of these exchanges
are hidden for the purpose of simplicity. These exchanges are
explained by numbers.

The exchanges are a result of the folding procedure and are
with exceptions straightforward (see Figure 8.3). The rule is that
window n exchanges with the windows: (n + 1)mod(dn/me ·m),
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(n− 1)mod(dn/me ·m), (n+m)mod(m2), (n−m)mod(m2) where
the m is the number of windows in each column and row2.

8.2.4 Analysis Methodology

If there are multiple visible global maxima in the resulting free energy,
one may be able analyze the free energy potential and its differences
directly. But as explained before (Section 8.2.2), the phase space
increases exponentially with higher RMSDs in both coordinates. The
exponent of this exponential increase is unknown due to unknown
number of internal restraints (such as bonds) in the system. In theory
this exponent could be calculated but as many inner restraints in the
system are not fixed it would be a tremendously difficult task3.

This leads to the conclusion that it is better to compare differences
of these free energy curves. In particular, the resulting two-
dimensional free energy surfaces are projected on a curve going
from reference A to reference B. This gives a one-dimensional energy
profile in return. For different systems, these can be subtracted.

As the RMSD-space very close to either structure cannot be
sampled sufficiently, the difference in one-dimensional free energy
has to be interpolated to the boundary cases. This will give us a
comparison of probabilities of going from conformation A to B of
both systems.

8.3 results and discussion

8.3.1 Verifying the Method by Flipping of CPD

To compare the results of this method with previous calculations,
the problem of CPD flipping from the intra-helical into the extra-
helical position of the duplex DNA is chosen. The results are
then compared to the standard one-dimensional HREMD Umbrella-
Sampling simulation results of Chapter 7. Specifically, the flipping
transition without the presence of the photolyase repair enzyme is
simulated. However, to set specific references A and B, two specific
states which best represent the occurring biological conformations
need to be defined. To compare the flipping of CPD with the
flipping of two thymine bases, the same references should be
selected. Otherwise, it may prove very difficult to analyses the
differences further on when projecting onto a one-dimensional path
and subtracting the free energy differences. As state A, perfect

2 dn/me ·m is the next multiple of m. dxe is the ceiling, i.e. the next larger integer of
x.

3 The available phase-space and it’s dimension would not even be a global property
but a local one as it is influenced by local properties such as available volume in the
specific configuration and electrostatics.
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B-DNA is selected as it represent a well-defined state. As state B,
the protein bound extra-helical conformation from pdb:1TEZ is used.
These two references are shown in Figure 8.4.

(a) Intra-helical B-DNA. (b) Extra-helical protein bound con-
formation.

Figure 8.4: The two references used for the verification of the 2d RMSD-US
method. Here, the undamaged DNA molecules are shown. The
references of the damaged DNA are similar up to minor changes
of the local structure.

Replica exchange rates are obviously not constant for all windows.
However most exchange rates are well above 20 % and therefore
sufficient. The exception are the exchanges which wrap around
from the bottom window in one row to the top-most window. The
sampling distributions of both damaged and undamaged DNA are
shown in Figure 8.13. The sampling is generally quite good for both
simulations. As expected, the phase space with very low phase space
volume close to the diagonal does not get sampled frequently.

0 1 2 3 4 5 6

RMSD to Structure A [ ]

0

1

2

3

4

5

6

R
M
S
D

 t
o
 S

tr
u
ct

u
re

 B
 [

]

100

101

102

103

(a) Damaged DNA.
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(b) Undamaged DNA.

Figure 8.5: Distribution of sampled states in simulated two-dimensional
RMSD space of flipping transition.
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After applying the two-dimensional WHAM procedure on these
distributions and their associated window positions and strengths,
the resulting free energy surface is shown in Figure 8.6.
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(a) Damaged DNA.
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(b) Undamaged DNA.

Figure 8.6: Free energy of flipping transition as a function of the RMSD to
reference A and reference B. Reference A: Intra-helical B-DNA
conformation. Reference B: Extra-helical conformation.

To analyze the difference of these two plots more clearly, the
probabilities associated with the free energy are projected onto
the one-dimensional diagonal. This was first tested by summing
the probabilities up along the axis perpendicular to the diagonal
(shown in Figure 8.7a). As seen in Figure 8.11, this can lead to
problems as regions with very low free energy are possible that
are actually further away from the reference states A or B than the
orthogonal summing would imply. Therefore, summing along a
radial coordinate (illustrated in Figure 8.7b) is used. The free energy
is subsequently calculated from the probability. The resulting one-
dimensional free energy along the diagonal is shown in Figure 8.8.
The difference of these two curves (shown in Figure 8.9) has a clear
trend. To get the difference for the whole transition the difference
of free energy for the value of λ = 1 has to be calculated. As the
difference for this value cannot be calculated, it must be interpolated.
As there is no model for the difference in free energies, a linear fit is
the first guess. Indeed the difference can be fitted over a long range
of λ.

Using this linear fit on the whole range of λ shows that the
free energy barrier is at approximately 4.5(15) kcal/mol smaller for
damaged DNA than for its undamaged counterpart. The error
was calculated using standard uncertainty propagation of the fit
uncertainties. Both the absolute values as well as the differences are
in good agreement with previous results from Chapter 7. It can be
concluded that the current method can measure the difference in free
energy for reasonably simple pathways.
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(a) Summing of the probabilities or-
thogonal to the diagonal.
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(b) Radial summing of the proba-
bilities onto the one-dimensional
coordinate. A one-dimensional
coordinate which gives such
equidistant radial lines would be
the circular line (blue, dashed).

Figure 8.7: Multiple choices are possible to sum the probabilities from to-
dimensional space onto a one-dimensional coordinate. The
red, dotted lines indicate examples in which direction the
probabilities are summed.

8.3.2 Transition of Damaged and Undamaged from B-DNA to the Protein
Bound Conformation

Now, the current method is used to simulate the transition of
damaged and undamaged DNA from B-DNA (Figure 8.10a to) to the
protein bound conformation (Figure 8.10b). Therefore, the references
A and B are defined as the B-DNA structure and the protein bound
conformation, respectively.

Comparing Figure 8.11 to Figure 8.12, it can be seen that the
minimum of the damaged structure is closer to the protein bound
form than for the undamaged structure.

For both simulations, the free energy profile does not present any
sampling problems and is generally quite smooth. The sampling
is sufficient and even regions of high RMSD are well sampled (see
Figure 8.13).

As before, the two-dimensional free energy is projected onto the
one-dimensional coordinate connecting states A and B. The result is
shown in Figure 8.14. For the CPD-containing DNA, the barrier for
the change in conformation is clearly lower compared to undamaged
duplex DNA. The difference is plotted in Figure 8.15. Structural
change is favored by at least 2.3(6) kcal/mol according to the fitted
curve. The original curve shows that the fit does not work for
structures close to the final protein bound conformation. Thus, the
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Figure 8.8: Free energy of attachment transition as a function of the
RMSD to reference A and reference B. Reference A: Intra-helical
B-DNA conformation. Reference B: Extra-helical protein bound
conformation.

previously noted difference of 2.3(6) kcal/mol can be taken as a lower
limit.

8.3.3 Analysis of Convergence

To analyze the convergence of the previously mentioned results, the
simulation is split into multiple parts, in particular 5 parts. Then, the
projections onto the one-dimensional coordinate are compared. The
results are shown in Figure 8.16. By splitting the simulation into 5

pieces, no trend can be observed. Thus, the conclusion can be made
that the simulation is in the converged regime.

8.4 conclusions

Using the relatively novel application of a two-dimensional RMSD
coordinate on HREMD Umbrella Sampling, it was shown that the
damaged DNA structure more easily adapts transient conformations
resembling the protein bound complex conformation. More precisely,
this preference was measured to be at least 2.3 kcal/mol from the
DNA’s native structure. Assuming that the repair enzyme spends a
limited time interrogating the possible damaged DNA, it is of key
importance that damaged DNA undergoes the sampled transition
into the protein bound conformation. It is not necessary to flip the
damage into the external configuration beforehand. Even a relatively
small difference in the binding affinity of damaged DNA compared
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Figure 8.9: Difference of one-dimensional projection of the free energy of
the flipping transition of undamaged and damaged DNA.

to undamaged DNA can benefit the repair mechanism. These results
favor strongly the mechanism explained in Chapter 3, Section 3.2.6.
A more complete and comprehensive conclusion and outlook will be
given in the following chapter.
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(a) B-DNA conformation of the
DNA. Some simulations were
started from this structure. The
undamaged structure is labeled
as TTBDNA and the damaged
structure as CPDBDNA.

(b) Deformed DNA structure by re-
straining all backbone atoms (ex-
cept the damaged nucleotides)
to the CPD-damaged DNA crys-
tal structure in complex with
the E. coli photolyase (pdb-entry:
pdb:1TEZ [117]). The undam-
aged structure is labeled as
TT1TEZ and the damaged struc-
ture as CPD1TEZ.

Figure 8.10: The two reference structures used for RMSD Umbrella Sam-
pling.
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Figure 8.11: Free energy of attachment transition of damaged DNA
as a function of RMSD to reference A and reference B.
Reference A: B-DNA conformation. Reference B: Protein bound
conformation.
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Figure 8.12: Free energy of attachment transition of undamaged DNA
as a function of the RMSD to reference A and reference B.
Reference A: B-DNA conformation. Reference B: Protein bound
conformation.
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(a) Damaged DNA.
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(b) Undamaged DNA.

Figure 8.13: Distribution of the sampled states in two-dimensional RMSD
space in the simulation of the attachment transition.
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Figure 8.14: Free energy of attachment transition as a function of the
RMSD to reference A and reference B. Reference A: B-DNA
conformation. Reference B: Protein bound conformation.
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Figure 8.15: Differences of free energy of attachment transition as a
function of the RMSD to reference A and reference B.
Reference A: B-DNA conformation. Reference B: Protein bound
conformation.
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(a) Simulation of damaged DNA.
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(b) Simulation of undamaged DNA.

Figure 8.16: Convergence of 2d RMSD US simulations of the attachment
transition.



Part V

C O N C L U S I O N

In the last part of the thesis the results will be summarized
and a conclusion given. A short outlook of what could be
done in the future is given.





9
C O N C L U S I O N

9.1 discussion

Great insight about the mechanism of Cyclobutane Pyrimidine Dimer
(CPD) damage repair was obtained during the research of this thesis.
The understanding of the repair and recognition process of CPD
lesions in Deoxyribonucleic Acid (DNA) has been greatly increased.
Some simpler scenarios were ruled-out as they strongly disagree with
the results of performed simulations.

All evidence of experimental results (see Section 4.1), previously
obtained Molecular Dynamics (MD) studies (see ??) and the MD
studies conducted for this work (Chapter 5, Chapter 6, and Chapter 7)
propose that a passive recognition mechanism as explained in
Chapter 3 is very unlikely. In detail, none of the simulations revealed
any spontaneous flip from the intra- to the extra-helical conformation
despite the long simulated time of 1000ns1 (Chapter 6). Neither
gave any other simulation evidence of such processes. Further, the
direct calculation of the free energy barriers of flipping in bulk
(Chapter 7, Section 7.3.1) predicted barriers which are approximately
10 kcal/mol. For the simple model of passive recognition presented
in Chapter 3 the free energy differences would need to lower than
8.9 kcal/mol. As this model strongly overestimated the diffusion
in bulk and underestimates the influence of the DNA on the search
of the protein, even lower boundaries are expected for the passive
recognition mechanism. More precise assumptions were included in
the revised models in Section 3.2.3.

The second described model proposes a recognition mechanism
during the flipping stage of repair. In that case, the repair enzyme
attaches subsequently to every base of the DNA one after another.
Many bases will be checked multiple times as the sliding of the
repair enzyme acts happens in a manner of a random walk (see
Section 3.2.3 and [53]). Comparisons with other repair enzymes such
as Glycosylase suggest that the protein visits one base for an average
time of 50µs [53] (see Section 3.2.5 for more details). In theory,
all bases could be checked whether they flip into the repair site or
not, provided that the binding process of the DNA to the protein
is fast enough. If the DNA is in the conformation close the repair
protein but still intra-helical, the US simulations, which included the

1 Such simulation times have only been possible in recent years. By using Graphics
Processor Unit (GPU)-acceleration, the speed of the simulation was increased from
a 5ns/day to approximately 30ns/day resulting in a complete run-time of roughly
a month.
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protein, can accurately measure and predict the repair mechanism.
This mechanism relies on the close binding of the protein to every
base of the DNA. However, it may be that the conformational changes
required for close binding do not happen by themselves in reasonable
times, that is in the order of few microseconds, if no damage is
present.

The four types of Umbrella Sampling (US) simulations which were
performed during this thesis can shed light on the detailed steps
involved in the repair. As expected from the results described in
the Chapter 5 and Chapter 6, the global conformation of the DNA
has a strong influence on the flipping mechanics. By constraining the
DNA to the bend and twist of the protein bound structure2 the free
energy barrier was reduced by 2 kcal/mol. Only by comparing that
simulation to another restrained simulation (B-form DNA (B-DNA)
restrained) it could be seen that the effect is even larger, specifically
in the range of 5 kcal/mol. Apparently, the restraining is helpful but
constricts the flipping of the respective bases in the DNA too strongly.

A more realistic scenario was simulated by including the protein.
Here, also local interactions between the protein and DNA are
included. In detail, it was observed that a proline helps break
up the Watson-Crick (WC) bonding of the dimer with its partners.
The specific mechanism involves the side chain protruding slightly
into the space between the adenine bases opposite to the possibly
damaged thymine bases. By pushing them apart slightly, the
breaking of the WC pair bonds is promoted. Further, the residues
of a triptophane and an arginine prohibit the base flipping through
the minor groove. Large differences in the structural properties and
the dynamics of the bases between the thymine dimer CPD and the
comparison model of two adjacent thymine bases were found. In the
studies describes in Chapter 6 it was observed that the intra-helical
native state of the damaged base is slightly opened in comparison to
undamaged DNA. This opening is further increased in the presence
and close contact of the DNA and the protein. Specifically, the angle
as measured by the pseudo-dihedral angle defined in Section 7.2.1 is
increased from 30◦ (native DNA) to 53◦ for CPD-containing DNA.
Together with a lower free energy of the extra-helical state for
damaged DNA and a slightly lower free energy barrier, the mean
first passage time of CPD from the intra- to the extra-helical state
in the presence of the repair protein is significantly lower than of
undamaged DNA thymine bases.

A third model describing the recognition mechanism was pre-
sented in Section 3.2.6 which can even better explain the obtained
results. As the flipping from the intra- to the extra-helical state is
not the first process in active damage recognition and repair, it must

2 The DNA was restrained to the DNA structure present in the interrogation complex
with the protein.
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be checked, if any previous steps can distinguish between damaged
bases and undamaged bases. Therefore, the binding process of DNA
to the repair protein must be studied in detail. Measurements of slid-
ing length have used obstructions to determine the average length of
repair protein sliding along DNA [53]. It cannot be measured exactly
how close the sliding is, whether the protein changes its conforma-
tion during sliding, if and how it attaches to damaged or undamaged
base sites. As the protein binds strongly to DNA and does not seem
to be sequence specific [117], it must be studied how the DNA adopts
the binding conformations and if any free energy barriers have to be
overcome. This was studied with the method introduced in Chap-
ter 8.

As observed in Chapter 6, CPD-containing DNA adopts transient
conformation which are closer to the protein-bound state. The
conformational changes, which have to be overcome, are therefore
of smaller magnitude for CPD-containing DNA. This explains the
much higher affinity observed experimentally for binding of CPD-
containing DNA to the photolyase repair enzyme [26, 46, 50, 51, 93,
127, 146, 159, 160].

Indeed, using the rather novel application of Umbrella Sampling on
a two-dimensional Root-mean-square deviation (RMSD) coordinate,
the transition from the native to the protein-bound state was
measured to be significantly lower, specifically 2.3 kcal/mol. This
difference leads to very different characteristics of damaged and
undamaged DNA in the vicinity of the repair enzyme. As stated
in the third model of Chapter 3, the recognition of the repair
enzyme relies on the configurational differences of damages in DNA
sequences.

To summarize, the following model for damage recognition is most
likely in accordance with the obtained results.

“Once you eliminate the impossible, whatever remains, no matter how
improbable, must be the truth.”

Sherlock Holmes - Arthur Conan Doyle

The initial binding is partially based on conformational selection
but also on induced fit to deform the DNA towards a conformation
that fully fits to the repair enzyme recognition surface. This results
in a lowering of the free energy penalty for the flipping process of
investigated bases as a second step the protein facilitates the flipping
of the damaged bases through the major groove. Although the barrier
for this process is comparable for damaged as well as undamaged
DNA, it is overall only favorable for the flipping of the CPD lesion.

The photo-chemical cleavage of the CPD lesion results in formation
of two thymine bases that now can flip back into an intra-helical state
involving only small energy barriers both for flipping towards minor
or major grooves of the DNA. This allows an efficient product release
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after the repair reaction with barrier heights of less than 5 kcal/mol.
The model places the main selection step for damaged DNA at the
initial recognition phase which requires DNA deformation for precise
placement of the damaged DNA at the vicinity of the active site.
Given the low abundances of CPD damaged sites relative to regular
Thymine Thymine adjacent pair (TT) motifs a selection at an initial
step of the process is more efficient than a distinction at a later stage,
e.g in the active site of the enzyme. After formation of an encounter
complex, both flipping of the CPD lesion or of undamaged TT bases
is predicted to involve reduced barriers. However, at this stage, the
CPD motif flips in a time of a few microseconds into the active site
of the protein whereas the TT motif requires a longer waiting time
of a few hundred microseconds. Note, that even a flipping of an
undamaged TT motif is or little consequence since it does not trigger
any reaction and can easily flip back into the intra-helical state.

9.2 outlook

3)

1)

2)

(a) Repair mechanism for the prob-
ing at the damaged site.

3)

1)

2)

(b) Repair mechanism for the prob-
ing at the undamaged site.

Figure 9.1: The steps of the repair mechanism are divided into sub-
mechanisms which can be simulated in MD. The order of the
steps is not necessarily in accordance with the repair mechanism.

As demonstrated in the previous chapters, the models lain out in
the beginning of this work in Chapter 3 could not all be completely
disproved. For a better falsification of model 2, longer and more
sophisticated MD simulations are needed. Nevertheless, it could be
shown that the mechanisms of model 3 will take effect.
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In the following, the particular simulation protocol required for
the falsification of hypothesis 2 and solidification of model 3 will be
given. As mentioned in Chapter 3, the overall free energy difference
between the bulk state and the protein bound extra-helical state
has to be measured. Here, only parts of these mechanisms could
be simulated. The steps of the mechanism were divided into sub-
mechanisms, which could be simulated in MD. The order of the
steps is not necessarily in accordance with the repair mechanism.

For binding of DNA at the probed site, DNA undergoes a transition
to the conformation which resembles the DNA bound to the repair
enzyme (see Figure 9.1, step 1). This step will happen during the
binding mechanism itself but is separated from binding for ease of
simulation. The second sub-mechanism is the binding of the DNA to
the protein while being already in the protein bound conformation
(see Figure 9.1, step 2). The third sub-mechanism is the flipping of
the probed bases (see Figure 9.1, step 3). Step 1 and 3 have been
simulated. Step 2 has not been simulated as it is believed that the
interactions of the DNA and the repair protein are not sequence-
specific. Further, as the protein binds with high affinity to the DNA,
this steps was thought to be of lesser importance with regards to
a free energy barrier. A Umbrella Sampling simulation using the
center of mass distance as a reaction coordinate could answer the
question of free energy barrier and difference of step 2. However, the
effort for the simulation is immense as very large bounding boxes
and consequently large number of water molecules would need to be
simulated3. The number of atoms could easily grow by a factor of
2, increasing the simulation time drastically. Here, a cuboid periodic
boundary box was assumed as it is often the most efficient method for
distance Umbrella Sampling simulation. The position and orientation
of the protein have to be restrained in order to use a cuboid periodic
box.

With the ever increasing computing power - at least for now
- even more ambitious projects in MD simulation can be started.
With current available resources and computation performance, a
continuous MD simulation of the whole repair process is out of
question. One might argue that even with enormous amounts
of computing power a continuous MD simulation of a process in
the range of hundreds of micro-seconds is not an efficient use of
computing resources as most of the computation time is spent in
the lowest energetic states. Like Umbrella Sampling, other methods
have been invented which are not as wasteful as continuous MD but
recover some lost information of US and similar methods such as
Hamiltonian Replica Exchange Molecular Dynamics (HREMD). As
such, US cannot give us continuous trajectories and other kinetic
information such as reaction rates.

3 In the current system, 17947 water molecules needed to be simulated.
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In the future, the whole sliding process (and later even hopping) of
the repair protein along the DNA will be possible to be simulated.
These processes are in the range of milliseconds4. The technical
challenges are enormous even with the use of techniques such as
Umbrella Sampling as the size of the system and the available phase
space is very large. At the moment, such simulations are not feasible.
Nevertheless, I am certain that advances in computational power and
methodology will allow the study of the recognition and repair of
DNA damaged as a whole in the future. Up to this point only the
simple repair processes involving bacterial photolyase, specifically
those of Escherichia coli (E. coli), were investigated. The even more
complicated system of human CPD damage recognition is especially
worthy to be studied and will present further interesting challenges.

“Things are only impossible until they’re not!”
Jean-Luc Picard - Star Trek: The Next Generation

4 Hopping happens approximately every 50µs pushing the whole simulation in the
range of hundreds of microseconds to few milliseconds for better statistics.
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A P P E N D I X

In the appendix the set-up method will be explained once
such that the main chapters do not need to explain it
multiple time. Subsequent are the bibliography and the
acknowledgments.





A
M E T H O D S O F S E T U P A N D S I M U L AT I O N

a.1 general setup

Here, the general setup of the simulation will be explained. All steps
which are similar are explained here instead of the specific chapters.
The specifics of each different type of simulation will still be covered
in each of the chapters.

All MD simulations were performed in explicit water (TIP3P) [79]
with a truncated octahedral box and a minimum distance of 10Å
between solute and box boundary. Potassium ions and chloride ions
were included to neutralize the system and to adjust to physiological
salt concentration to approximately 100nM. For more accurate ionic
parameters the Joung/Cheatham ion parameters for TIP3P water [80,
81] were used. The simulations were carried out with the Particle
Mesh Ewald Molecular Dynamics (PMEMD) module of the Amber12

package using the ff99bsc0 and chi.OL3 force fields for nucleic acids
[135, 184] and the ff99SB for proteins. The parameters by Spector et
al. were used to describe the CPD damage [153].

The simulation systems were first energy minimized (1500 steps)
and heated (each step 100 ps) to 300K in three steps of 100K followed
by gradual removal of the positional restraints from 25 kcal/(molÅ

2
)

to 0.5 kcal/(molÅ
2
) (in 5 steps) and a 1ns unrestrained equilibration

at 300K. In order to avoid fraying of the terminal base pairs and
to mimic the embedding of the oligonucleotides, i.e. short DNA
molecules, in the context of longer double strand DNA, distance
restraints to keep the first and last base pairs in a hydrogen-bonded
geometry were employed.

All MD simulations were performed using the Amber12 suite of
programs [27]. At later stages of the thesis, Amber14 was used in
order to improve performance of calculations. However, the same
force fields were used as before.

a.2 details of the 1ttd-system setup and simulation

For the comparative simulation of the backbone angles, the crystal
structure of pdb:1TTD was used as a starting point (see Figure A.1
[113]). The crystal structure contains CPD-damaged double stranded
DNA (ds-DNA) with the sequence of d(5’- GCACGAA|CPD|AA-
G/5’-CGTGCTTAATTC) (cyclobutane pyrimidine dimer abbreviated
as |CPD|). As a comparison, a B-DNA structure with the same
undamaged sequence of d(5’-GCACGAATTAAG/5’-CGTGCTTAA-

133
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Figure A.1: Crystal structure of pdb:1TTD [113] used for the comparative
analysis of the backbone angles.

TTC) was created with Nucleic Acid Builder (NAB) tool of the
Amber12 tools suite [27]. It was then simulated for the same amount
of simulation time as the damaged DNA. The sequence of the
undamaged DNA is illustrated in Figure A.2) in which the gray
box represents the position of the CPD damage. The analysis was
done using the ptraj tool of the Amber12 tools suite and subsequent
statistical analysis using python, scipy [78], numpy [168], and the
pandas [114] libraries . The graphs were plotted with the use of the
matplotlib library [74].

a.3 details of the 1tez-system setup and simulation

A majority of the simulations were done using the system derived
from the crystal structure of pdb:1TEZ [117]. The simulated DNA
sequence is identical to the DNA sequence of the CPD-damaged DNA
in the crystal structure of the complex with E. coli DNA-photolyase
(pdb:1TEZ [117] - Figure A.3). The sequence of the duplex DNA was
d(5’-TCGGCTTCGCGC/5’-GCGCGAAGCCGA) for the undamaged
regular DNA. By replacing the central two thymine base with a
cyclobutane pyrimidine dimer (termed |CPD| here), the sequence of
d(5’- TCGGC|CPD|CGCGC/5’-GCGCGAAGCCGA) was obtained.
Figure A.4 represent these two sequences wherein the gray box
represents the position of the CPD damage.

B-DNA starting structures of the isolated undamaged and
damaged DNA duplexes were generated with the NAB tool of the
Amber12 tools suite [27]. These structures are named as TTBDNA

and CPDBDNA, respectively, and contain the central bases in an intra-
helical conformation. The undamaged B-DNA structure is shown
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A = Adenine (Blue)
T = Thymine (Pastel)
G = Guanine (Green)
C = Cytosine(Red)
Backbone  = (Purple) 

1:G
2:C
3:A
4:C
5:G
6:A
7:A
8:T
9:T

10:A
11:A
12:G

24:C
23:G
22:T
21:G
20:C
19:T
18:T
17:A
16:A
15:T
14:T
13:C

3'

5' 3'

5'

Figure A.2: Sequence of the modified pdb:1TTD [113] crystal structure. Grey
box marks the position at which the crystal structure contains
the CPDlesion. For comparison, a regular DNA was simulated
by replacing the CPDlesion with two thymine bases.

in Figure A.5a. In order to control the influence of the starting
structure on the simulation results, a second set of simulations was
started from DNA conformations close to the enzyme bound form
but intra-helical central CPD damage. The structures were generated
by a short simulation (1ns) starting from the B-DNA conformations
including tight positional restraints referenced to the heavy atoms
of the DNA structure in the complex with the photolyase (in
pdb:1TEZ), but excluding the extra-helical bases and directly flanking
nucleotides. This procedure gives a new starting structure with
an open minor groove and similar bending as seen in the enzyme
bound DNA-structure but with the central bases still in an intra-
helical conformation. The start structures are termed TT/CPD1TEZ.
The resulting deformed structure is shown in Figure A.5b.

Finally, MD simulations were also initiated from the DNA in
complex with the DNA-photolyase repair enzyme and the central
bases in an extra-helical conformation bound to the enzyme active site
corresponding to the pdb:1TEZ structure [117]. The dangling ends
in the experimental structure were replaced with the same terminal
nucleotides as used for the simulations in the absence of the enzyme.
The resulting structures are termed TTprot.

The equilibrated structures served as starting structures for
production simulations of 1000ns for the DNA in the absence of the
repair enzyme and 600ns for the complex. The complete system
of the complex consists of 474 protein residues, one Flavin Adenine
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(a) Full view. (b) Close up view.

Figure A.3: Representations of the slightly modified structure of pdb:1TEZ
[117]. The DNA is in a complex with the photolyase protein
(orange surface representation).

Dinucleotide (FAD) residue and 24 DNA bases. All systems were
neutralized with 22 potassium ions. The system of the complex
consists of 8321, that is: 84 atoms in FAD, 757 atoms in the DNA,
and 7480 atoms in the protein. The system of the complex has in total
61942 atoms including 17947 water molecules. The smaller system of
the isolated DNA consists of 16979 atoms, thereof 757 atoms for the
DNA and 5102 water molecules.
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A = Adenine (Blue)
T = Thymine (Pastel)
G = Guanine (Green)
C = Cytosine(Red)
Backbone  = (Purple) 

1:T
2:C
3:G
4:G
5:C
6:T
7:T
8:C
9:G

10:C
11:G
12:C

24:A
23:G
22:C
21:C
20:G
19:A
18:A
17:G
16:C
15:G
14:C
13:G

3'

5' 3'

5'

Figure A.4: Base pair steps and sequence of the DNA oligonucleotides. The
DNA molecule included either two standard Thymine (T) or
a central CPD damage (indicated by an enclosing gray box)
opposite to the two adenine bases.
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(a) B-DNA conformation of the
simulated short DNA sequence.
The simulations started from
this structure are labeled as
TTBDNA for the undamaged
sequence and CPDBDNA for the
damaged sequence.

(b) Deformed DNA structure by re-
straining all backbone atoms (ex-
cept the damaged nucleotides) to
the CPD-damaged DNA crystal
structure in complex with the E. coli
photolyase (pdb-entry: pdb:1TEZ
[117]) The undamaged structure is
labeled as TT1TEZ and the damaged
structure as CPD1TEZ.

Figure A.5: Structures used for MD simulations of the 1TEZ-system.
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