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1 D N A DA M A G E A N D R E PA I R

dna damage and repair

The scope of this introductory chapter is to provide the reader a brief introduction

on the topics discussed in this thesis: the molecular mechanisms of DNA damage

and repair. First I will discuss the physical structure and the biological role of DNA.

Next, I will present an overview of the cellular strategies to repair the various types

of DNA lesions and the medical relevance of these reparatory pathways. Finally, I

will explain how single-molecule technologies can contribute to the understanding

of these important biological processes. A brief overview of the content of this

thesis is also presented.
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2 dna damage and repair

1.1 single molecules and dna

The information essential for life is stored and encoded in long polymers
called deoxyribose nucleic acids, or DNA. The chemical structure of its
monomers, nucleotides, are composed of three important components: i)
a purine (Adenine – A or Guanine – G) or pyrimidine base (Cytosine – C
or Thymine – T), ii) a sugar deoxyribose group and iii) a phosphate group.
Nucleotides are connected in long chains with a backbone consisting of
alternating phosphates and deoxyriboses. The bases are linked covalently
to the sugar groups. In the cell, two DNA polymers chains are connected,
forming a right-handed double helix. In this double helix, the bases point
inwards, forming specific hydrogen-bonded pairs: C pairs to G forming 3

hydrogen-bonds, while the A:T pair forms 2 hydrogen bonds (see Figure
1).

Figure 1.: Structure of the DNA double helix The atoms composing the deoxyri-
bonucleic acid are color-coded and the double-helical arrangement of the
two strands is visible (orange strand). The bases point inwards and are
paired between opposite strands with specific hydrogen bonds between
A and T and C and G (see inset). Image credit: Wikipedia.
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In the cell, DNA is covered with proteins, forming structures called chro-
mosomes. Human cells contain 23 pairs of chromosomes, containing in to-
tal approximately 3 billions of nucleotides. The total length of DNA in in
a cell is several meters (0.34 nm per base pair). To fit in the cell’s nucleus
with a size of several micrometers, DNA has to be compacted. The cell
accomplishes this function using specialized proteins that are able to wrap
the DNA around them. Compaction and genome organization highlight
key questions concerning DNA mechanics that are essential for cellular
life. The advent of single-molecule technologies has made it possible to
address such questions with a quantitative and physical point of view.

1.2 dna breaks and repair mechanisms

Two important aspects of the DNA metabolism in cellular life should be
noted. First of all, during cell proliferation, the genetic information should
be passed to the daughter cells rapidly and accurately, with little or no er-
rors. In the long term, genetic modifications are essential, since they drive
the evolution of organisms by impacting their chances of survival. On the
other hand, within the lifetime of an individual organism, genetic stability
is required. While most cellular components are continuously being cre-
ated and degraded, the cell’s genetic information must be preserved intact.
Two requirements, therefore, must be met: (i) an accurate DNA replication
mechanism must be in place, and (ii) efficient strategies for the repair of
DNA lesions have to be in place. DNA molecules are physically and chem-
ically unstable and many different types of damage can occur, due to the
endogenous and exogenous factors. Undesired DNA modifications can
occur as casual errors during normal DNA metabolic process such as repli-
cation, recombination and repair. In addition, numerous chemicals and
environmental agents (exogenous mutagens and endogenously produced
reactive oxygen species) can create dangerous genomic modifications. Un-
derstanding the mechanisms of DNA damage and repair, together with the
consequences of these genetic damages is crucial. In fact, DNA damages
can be deleterious for living organisms, with consequences including cell
death, inheritable mutations and, in certain circumstances, life-threating
diseases such as cancer [73]. To highlight this fact, many of the genes that
participate in the DNA repair mechanisms are now included in the class of
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tumor suppressing genes. There are several repair mechanisms available
for the cell to react to the different types of DNA damages. In the follow-
ing sections we will review their fundamental function and determining
steps (see Figure 2).

Figure 2.: DNA damage and repair mechanisms. DNA chemical and structural in-
tegrity is continuously threatened by exogenous and endogenous agents.
Specialized DNA repair mechanisms respond to different types of le-
sions. SSBR, single-strand break repair. NHEJ, non-homologous end
joining. HR, homologous recombination. NER, nucleotide excision re-
pair. BER, base excision repair.

1.2.1 Nucleotide excision repair

Nucleotide excision repair (NER) responds to specific chemical modifica-
tions of DNA bases [86]. Modifications in the DNA base chemistry such
as cyclobutane pyrimidine dimers (CPD) and [6-4] photoproducts alter
the regular base pairing, creating modified DNA structures, commonly
referred to as “DNA adducts”. These mutations originate from exoge-
nous agents such as sunlight (UV DNA damage) or chemical carcinogens
(the fungal toxin aflatoxin B1 for example) and involve the covalent cross
-links between adjacent pyrimidine bases (CC, TT or CT) or the covalent
attachment of chemical groups to the DNA bases. NER can follow two dif-
ferent pathway, depending on whether the DNA damage has occurred on
a transcribed region (Transcription coupled repair – TCR) or not (Global
genomic repair – GCR). The main catalytic steps in NER are recognition
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of the DNA damage, removal of a short single-stranded DNA (ssDNA)
gap around the damaged sequence, DNA synthesis using the undamaged
ssDNA as a template, and a final ligation step. The importance of NER is
evidenced by the fact that specific mutations in NER-related genes result
in severe syndromes such Xeroderma pigmentosum (XP) and Cockayne’s
syndrome, characterized by increased photosensitivity and high probabil-
ity of developing skin cancer.

1.2.2 Base excision repair

Similarly to NER, the base-excision repair (BER) pathway is composed of
a set of enzymes that recognize and modify chemically altered bases in the
genome. BER, however, specifically repairs another class of DNA lesions,
depurination, depyrimidation, base deamination or base alkylation [43].
These modifications, in contrast to the ones repaired by the NER pathway,
do not affect the physical structure of the DNA double helix. BER is initi-
ated by specific DNA glycosylases that recognize the chemically abnormal
base and cleave the covalent bond to the deoxyribose, leaving behind a
abasic site. After removal of the altered base, the exposed sugar is recog-
nized and excised by specific endonucleases (APE – apurinic/apyrimidine
endonucleases). A single-strand gap of 1 or 2 bases is therefore created and
is filled in by a DNA polymerase β. The final step of this repair process
consists in a ligation step and is accomplished either by a XRCC1-Ligase
3α complex or by the DNA Ligase 1.

1.2.3 Single-stranded break repair

Single-stranded breaks (SSBs) consist of a physical interruption of one of
the strand of the DNA double helix. The predominant cause of SSBs is ox-
idative attack by endogenously generated reactive oxygen species (ROS).
SSBs are one of the most predominant DNA lesions in the cell (SSBs oc-
curs up to three orders of magnitude more frequently than DSBs) and
therefore need to be repaired quickly and efficiently. Unrepaired SSBs can
cause stalled DNA replication forks, eventually leading to the generation
of double-stranded breaks, a very harmful form of DNA lesion. A crucial
component of the SSB repair pathway [24] is the SSB sensor, the poly-(ADP-
ribose) polymerase 1 (PARP1) which are directly involved in the detection
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of the SSB and in the early stage of the SSB repair pathway. To restore
the sequence integrity, the DNA ends must first be processed to obtain the
canonical hydroxyl group at the 3’ end (3’-OH) and phosphate group at
the 5’-end. This is a pre-requisite to complete the later step of the repair:
gap filling and the DNA ligations step. A number of hereditary genetic dis-
eases is linked to malfunctions in SSB repair, such as Ataxia-oculomotor
Apraxia 1 and Spinocerebellar ataxia with axonal neuropathy.

1.2.4 Double-streanded break repair mechanisms

Double-stranded DNA breaks (DSBs) represent one of the most harmful
genomic lesions and can cause genome rearrangements and cell death, if
left unrepaired. DSBs can arise either due to exogenous sources, such as
ionizing radiation (IR) or due to endogenous events, such as meiosis and
replication forks encountering SSBs. Upon occurrence of DSBs, both eu-
karyotic and prokaryotic organisms have two main strategies to repair the
DNA and re-establish the genome integrity, homologous recombination
(HR) and non-homologous end joining (NHEJ). The choice between the
two pathways depends various factors [79, 31], including the availability
of a second copy of the genetic information, the type of lesion suffered by
the DNA and the cell type. During late S and G2 cell phases, for exam-
ple, a homologous sequence donor is present and HR is the predominant
mechanism of repair. During the other cell phases, DSBs (non-replication
associated breaks) are mostly repaired by the NHEJ pathway.

Homologous recombination

HR is a complex, accurate, multi-step process that repairs double-stranded
DNA breaks [71, 142] (see Figure 3). To restore genetic integrity, HR makes
use of the sister chromosome as a template to prevent loss of precious
genetic information. The fundamental role of HR in genome maintenance
is highlighted by the fact that a variety of hereditary cancer syndromes,
including breast and ovarian cancer, are attributable to malfunctions in
HR-related genes [73].

The current model of HR comprises three major phases [71, 142]: pre-
synapsis (the formation of the recombinase-DNA filament), synapsis (the
formation of a strand exchange complex) and post-synapsis (the restora-
tion of the genome integrity). HR is initiated after the occurrence of a
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Figure 3.: Mechanisms of double-stranded break repair by homologous recom-
bination. The integrity of the genome can be affected by exogenous and
endogenous factors. After the occurrence of a DSB (1), the DNA-ends
are resected and a ssDNA overhang is created (2). The RAD51 nucleo-
protein filament binds to the ssDNA and search and pair with the homol-
ogous sequence, displacing one of the strand and creating a D-loop (3).
A DNA polymerase uses the invaded template strand and recovers the
lost genetic information (4). The second end of the broken chromosome
is captured by specialized enzymes (RAD52) (5) and a second DNA syn-
thesis step takes place (6). A double Holliday junction structure is than
formed (7). The final structure can be resolved in multiple alternative
ways, resulting in crossover or non-crossover products (8).

double-stranded DNA break and the subsequent detection by the MRN
complex (MRE11, RAD50 and NSB1 protein). The MRN complex is also
involved in physically tethering the two broken DNA ends together, pre-
venting the drifting away of the broken chromosomes fragments. The fol-
lowing step consists in the end-resection and the creation of a long single-
stranded DNA (ssDNA) overhang (approximately 1000 nucleotides). The
resection-step is initiated by a specialized enzyme (CtIP), activated by the
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cyclin-dependent kinase (CDK) and finalized by a nuclease-helicase heli-
case complex (BLM-DNA2 for example), which is able to accomplish direc-
tional, processive DNA end-resection. Replication protein A (RPA) binds
to the newly formed single-stranded DNA, protecting it from degradation.
The central component of HR, RAD51 forms a helical nucleoprotein fila-
ment around the ssDNA assisted by one or more recombinase mediators.
RAD51 performs the important task of pairing with the homologous DNA
sequence of the sister chromosome and mediate the strand-exchange reac-
tion. Upon completion of the strand-exchange reaction and the successful
creation of a joint molecule, RAD51 disassembles in order to allow the
DNA polymerase to access the site of damage and use the sister chromo-
some as a template to recover the genetic information. In the final phase
of HR, a double Holliday junction structure is created which is resolved by
different specialized pathways.

There is a considerable interest in the understanding of HR pathway,
since a number of hereditary cancer syndromes display defects in genes
involved in the HR pathway. In particular, the assembly of the RAD51

recombinase filament on ssDNA is of particular interest, since it is at a cen-
ter of a complex regulatory network. Among the proteins involved in the
regulation of the assembly of RAD51 filament the protein BRCA2 is espe-
cially important, since possesses several distinct RAD51-binding subunits
that physically interact with RAD51 which are involved in facilitating the
formation of the RAD51 nucleoprotein filament. Mutations in BRCA2 lead
to chromosomal rearrangements, hypersensitivity to DSBs and predispose
individuals to high risks of breast and ovarian cancer.

Non-homologous end joining

Most of the double-stranded DNA breaks occurring in the cell are repaired
by NHEJ [95]. NHEJ operates very differently from compared to HR. In
NHEJ, DNA-end resection is blocked and the presence of the second chro-
mosome copy is not required to perform the repair process. NHEJ operates
by direct ligation of the DSB, which makes it an error-prone repair mech-
anism. Although our understanding of NHEJ is not yet complete, it is
considered to consist of three major steps. First, a complex of Ku70/80

and DNA-PKcs is involved in the detection of the DSB and in tethering
the two broken DNA ends together. After this step, specialized enzymes
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process the DNA-ends and a complex of XRCC4 and Ligase IV mediate
the ligation of the broken ends stimulated by the protein XLF.

1.3 dna repair and cancer

Understanding the different causes of DNA damages and the various re-
pair mechanisms is not only important for from a biological point of view
but it has important medical implications. It is well known that carcino-
genic agents are very potent mutagens, indicating that modifications in the
genetic code are involved in the proliferation of cancer cells. Specifically,
modifications or inactivation of genes involved in genome maintenance
can drastically increase the mutation rate, eventually making the cell ac-
quire the typical traits of cancer [73, 65]. Genome instability has been
detected in virtually all forms of cancer and constitutes one of the hall-
marks of cancers[65]. At the same time, understanding the mechanisms of
DNA repair not only contribute to the causes of cancer formation but can
furnish insights in how to medically treat it.

The basic idea behind modern cancer therapy is to expose the patient’s
body to agents (such as chemicals and high energy radiation) that kill can-
cer cells more efficiently than healthy tissues. In order to specifically target
cancer cells, these external agents exploit specific cellular features of can-
cer. In some cases, cancer therapies target the cell cycle (cell division and
growth), since many cancer cells show an enhanced proliferation rate com-
pared to their healthy counterparts. In order to induce cell’s death, the
fundamental therapeutic approach consists in inducing DNA damages. If
left unrepaired, lesions to DNA causes cell-cycle arrest and subsequently
cell death. Cells death can occur either directly or following DNA replica-
tion across a damaged section of the genome. Because cancer tissues are
composed of fast replicating cells, DNA-damaging agents are therefore se-
lective for cancer-replicating cells. The side effect of the potent mutagenic-
ity of anti-cancer chemotherapeutics is the possibility of the appearance of
a second therapy-induced tumor.

In the human body, as previously explained, a several DNA damage re-
sponse systems are in place that can react to these DNA damaging agents
and repair the damages before it provokes the cell’s death. DNA repair,
therefore, greatly reduces the effect of DNA-damaging drugs. The efficacy



10 dna damage and repair

of DNA damage therapeutics and the DNA repair pathways are therefore
strongly intertwined [143, 181]. Interestingly, in many cancers the DNA
damage response system is strongly altered, some pathways are inacti-
vated while others may be upregulated. Targeting specific defects in the
DNA repair mechanisms of cancer cells represent a potential novel route
for treating cancer more efficiently [131, 41, 34].

1.4 single molecule biophysics

The development of single-molecule technologies allowed the interroga-
tion of individual biological systems and found widespread application
in the context of DNA-proteins interactions. Optical tweezers enable re-
searchers to manipulate single DNA molecules and measure their mechan-
ical properties with exquisite sensitivity. Single-fluorescence microscopy
is a complementary technique, capable of following individual proteins
translocating on nucleic acids and their conformational changes. An im-
portant development in the field of single-molecule biophysics consists in
correlating mechanical with fluorescence information. This allows study-
ing biological processes at the single molecule level from multiple points
of view, providing the opportunity to look at molecular interactions from
a more complete perspective.

The primary goal of my thesis is to study repair mechanisms using these
single molecule tools because they provide essential mechanistic informa-
tion about these processes which is currently still lacking. In particu-
lar, I use throughout my research instrumentation that combines single-
molecule DNA manipulation and single-protein visualization. The in-
strument I designed and constructed integrates optical tweezers, single-
molecule fluorescence microscopy and microfluidics into a unique plat-
form. By using this instrument, I was able, at the same time to manip-
ulate and measure mechanical and structural properties of DNA-protein
complexes, localize individual proteins on DNA with nanometer accuracy
and trigger the biochemical reaction in a controllable way. This method-
ology allowed to isolate and study with molecular resolution DNA repair
processes in real-time, providing the opportunity to look at its physical
mechanisms from a quantitative point of view.
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1.5 outline of the thesis

In this thesis, optical tweezers, single-molecule fluorescence microscopy
and microfluidics are combined to obtain new insights in the physical
mechanisms of DNA repair.

Chapter 2 provides an extensive review of the existing literature on
single-molecule experiments addressing RecA and RAD51, the core com-
ponent of HR in prokaryotic and eukaryotic organisms. In HR, RecA and
RAD51 assembles on single stranded DNA, pair with the homologous se-
quence on the sister chromosome, perform the strand exchange reaction
and finally disassemble from the heteroduplex DNA. All these biochemi-
cal reactions are coordinated by ATP-binding, conformational transforma-
tions of the protein and ATP hydrolysis. Single-molecule approaches, such
as optical and magnetic tweezers, FRET spectroscopy and fluorescence mi-
croscopy have isolated and studied these molecular mechanisms. Despite
years of intense research on these topics many inconsistencies and open
questions, discussed in the chapter, still remain.

Chapter 3 describes the technology used in this thesis: a combination of
DNA-manipulation (optical tweezers), direct protein-visualization (single-
molecule fluorescence microscopy) and microfluidics technologies. First I
describe the benefits and the field of application of this technical approach
for the study of DNA-protein interaction. Also I describe some experi-
ments where I studied the limit of protein localization on a single DNA
molecule as a function of the applied tension

Chapter 4 describes the biochemical methods and procedures to gener-
ate single-stranded DNA molecules for single-molecule experiments using
optical tweezers. Many biochemical methods are available to modify ds-
DNA molecules, but protocols for the generation of ssDNA are much more
limited. I also discuss some of the practical difficulties in handling ssDNA
molecules using optical tweezers and methods to preserve their integrity
during the single-molecule experiment.

Chapter 5 is an in-depth single-molecule study of the mechanism of
RAD51-nucleoprotein filament assembly on both ssDNA and dsDNA. Fil-
ament assembly is shown to be highly selective, with a marked prefer-
ence for ssDNA over dsDNA. Using the capability of counting individual
RAD51 proteins we visualized and quantified the nucleation and growth
of RAD51 filaments. I revealed that RAD51 nuclei are heterogeneous in
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size, depending on their aggregation state in solution. A physical model
has been developed that quantitatively described our experimental obser-
vations. Moreover, the effect of BRC4, one the RAD51-binding subunit of
the breast cancer tumor suppressor BRCA2 on RAD51 filament assembly
has been studied.

Chapter 6 discusses several dynamic aspects of the RAD51 nucleopro-
tein filament. First I describe a striking difference in the behavior of RAD51

filament when comparing two naturally occurring variants of RAD51 (K313

and Q313). I observe that this biochemical modification triggers RAD51 to
slide on the ssDNA via a mixed diffusion-hopping mechanism. Using
dynamic force-spectroscopy we also investigated how tension affects the
structure of the RAD51 nucleoprotein filament. By performing out of equi-
librium measurements we were able to measure the free energy difference
between the conformations of RAD51.

Chapter 7 presents the DNA-binding and bridging mechanism of XRCC4

and XLF, two crucial component of the non-homologous end joining path-
way (NHEJ). I observed that the formation of XRCC4-XLF filaments does
not alter the mechanical properties of DNA, giving us hints on the strategy
that XRCC4 and XLF employs to engage DNA. The DNA-binding mode of
the XRCC4-XLF filament is highly complex and is characterized by sliding,
pausing and filament rearrangements. Finally, we developed an innovative
assay to study the DNA end-bridging activity of XRCC4-XLF.


