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A B S T R A C T

Cancer continues to pose a significant societal challenge to researchers
and medical professionals due to its high mortality rates, intricate
pathophysiology, and profound impact on public health and qual-
ity of life. Among various treatment modalities, radiation therapy is
widely employed to target and destroy cancerous cells by inflicting
molecular damage to the DNA. Damage may include single-strand
breaks (SSBs), base damage (BD), and double-strand breaks (DSBs),
each one activating a cascade of cellular pathways leading to cell
death. However, radiation therapy can also affect surrounding nor-
mal cells. The out-of-field dose radiation often results in a higher
accumulation of SSBs in these cells. Consequently, the normal cells
may enter a state of senescence (a dormant state) with the potential
to transition into secondary cancerous cells under certain conditions.

Given this interplay between DNA damage, cellular senescence,
and cancer progression, this thesis investigates the molecular and
mechanistic aspects of the DNA damage response (DDR) pathway,
focusing on the role of SSBs and their repair. By integrating molecu-
lar dynamics simulations, mathematical modelling, and experimental
validation wherever possible, this work enriches our understanding
of DNA repair mechanisms and their implications for cellular senes-
cence and cancer therapy.

After a first chapter that gives the state of the art, the main part of
this thesis focuses on how poly-(ADP-ribose)-polymerase-1 (PARP-1)
protein recognizes SSBs. Molecular-scale simulations are employed
to analyze PARP-1’s interaction, firstly with a hairpin DNA fragment
containing an SSB, offering novel insights into the early steps of the
single-strand break repair (SSBR) pathway. Building on this founda-
tion, the study moves on to the smallest unit of nuclear chromatin,
the nucleosome, for which a similar study is carried out, by placing
SSBs at different DNA sites around the nucleosome. The important
role of the interactions with histone tails will be highlighted. Further,
the structural and mechanical effects of SSBs and DSBs within a dinu-
cleosome, that is a pair of nucleosomes joined together with varying
"linker"-DNA lengths will be explored. These investigations reveal
how different types of DNA damage induce conformational changes
in chromatin structure, thereby facilitating the recruitment of DDR
enzymes to the damage sites.

The final part of the thesis transitions to a more macroscopic per-
spective, modelling the SSBR pathway to understand the activation
of cellular responses to DNA damage. The study analyses cell-fate
decisions under varying damage conditions, by using mathematical
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modeling with systems of differential equations describing different
chemical kinetics (Hill, Michaelis-Menten, mass-action). Thanks to a
brief visit (1 month) to the PRECISE group in Manchester University
followed by a nice collaboration, I also employed GEANT4-TOPAS
Monte Carlo simulations to study the whole chain of radiation-induced
DNA damage, quantifying the different type of DNA damages in-
duced during radiation treatment. The models is further integrated
into the DaMaRiS (DNA Mechanistic Repair Simulator) framework,
to model the SSBR pathway to simulate DNA repair dynamics com-
prehensively. This multidisciplinary approach, combining computa-
tional simulations, mathematical modelling, and experimental insights,
advances our understanding of DNA repair mechanisms.

Keywords: Single-strand breaks; cellular senescence; DNA; PARP-
1; molecular dynamics simulations; Monte-Carlo simulations.
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R E S U M É

Le cancer continue de poser un défi social important aux chercheurs
et aux professionnels de la santé en raison de ses taux de mortalité
élevés, de sa physiopathologie complexe et de son impact profond sur
la santé publique et la qualité de vie. Parmi les diverses modalités de
traitement, la radiothérapie est largement utilisée pour cibler et détru-
ire les cellules cancéreuses en endommageant l’ADN. Ces dommages
comprennent les cassures simple-brin (SSB), les dommages aux bases
(BD) et les cassures double-brins (DSB), chacun active une cascade de
voies cellulaires conduisant à la mort cellulaire. Cependant, la radio-
thérapie peut affecter également les cellules normales environnantes,
car la dose de rayonnement hors champ entraîne souvent une accu-
mulation plus élevée de SSB dans ces cellules. Par conséquent, les
cellules normales peuvent entrer dans un état de sénescence (un état
dormant) avec le potentiel de se transformer en cellules cancéreuses
secondaires dans certaines conditions. Compte tenu de cette interac-
tion entre les dommages à l’ADN, la sénescence cellulaire et la pro-
gression du cancer, cette thèse étudie les aspects moléculaires et mé-
canistiques de la voie de réponse aux dommages à l’ADN (DDR), en
se concentrant sur le rôle des SSB et leur réparation. En intégrant
des simulations de dynamique moléculaire, une modélisation math-
ématique et une validation expérimentale chaque fois que possible,
ce travail permet d’approfondir la compréhension des mécanismes
de réparation de l’ADN et de leurs implications pour la sénescence
cellulaire et la thérapie du cancer.

Après un premier chapitre d’état de l’art, la partie principale de
cette thèse se concentre sur la façon dont la protéine poly-(ADP-
ribose)-polymérase-1 (PARP-1) reconnaît les SSB. Des simulations à
l’échelle moléculaire sont utilisées pour analyser l’interaction de PARP-
1, d’abord avec un fragment d’ADN en épingle à cheveux (hairpin)
contenant un SSB, ainsi offrant de nouvelles perspectives sur les pre-
mières étapes de la voie de réparation des SSB (ou SSBR). En s’appuyant
sur cette base, l’étude se poursuit avec. l’unité structurelle élémen-
taire de la chromatine nucléaire, le nucleosome, sur lequel l’étude
precedent est répété, en plaçant des SSBs à des différents endroits
tout au long de l’ADN. Le rôle important des queues d’histone sera
mis en avant. Ensuite, nous allons explorer les effets structurels et mé-
caniques des SSB et des DSB dans un dinucléosome, soit deux nucle-
osomes reliés par des différentes longueurs d’ADN (le "linker"). Ces
recherches révèlent comment différents types de dommages à l’ADN
induisent des changements conformationnels dans la structure de la
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chromatine, facilitant le recrutement dee enzymes de DDR sur les
sites endommagés.

La partie finale de la thèse passe à une perspective plus macro-
scopique, en modélisant la voie SSBR pour comprendre les réponses
cellulaires aux dommages à l’ADN. L’étude analyse les décisions rel-
atives au destin cellulaire dans différentes conditions de dommages,
par le biais de systèmes d’equations différentielles en utilisant dif-
férents modèles de cinétique biochimique (Hiil, Michaelis-Menten,
mass-action). Grace à une visite de 1 mois au groupe PRECISE de
l’Université de Manchester, suivie d’une belle collaboration, des sim-
ulations Monte Carlo GEANT4-TOPAS sont utilisées pour étudier
toute la chaine d’endommagenent à l’ADN induits par les radiations,
en quantifiant les différents types de dommages à l’ADN induits pen-
dant la radiothérapie. Ces modèles sont ensuite intégrés dans le cadre
DaMaRiS (DNA Mechanistic Repair Simulator), pour modéliser la
voie SSBR afin de simuler de manière exhaustive la dynamique de ré-
paration de l’ADN. Cette approche multidisciplinaire, combinant sim-
ulations informatiques, modélisation mathématique et connaissances
expérimentales, fait progresser notre compréhension des mécanismes
de réparation de l’ADN.

Mots-clés : cassures simple-brin, sénescence cellulaire; ADN; PARP-
1; simulations de dynamique moléculaire; simulations Monte-Carlo.
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1
I N T R O D U C T I O N

1.1 cellular senescence

The early 1900s saw a surge of interest in scientific research and
speculation around the concept of immortality of biological tissues,
a notion not necessarily mainstream or widely accepted within the
scientific community. From 1910 to 1940s, Alexis Carrel, a Nobel-
prize-winning French surgeon, observed that fibroblasts isolated from
chicken hearts could grow in culture for over 30 years [1]. In his pa-
per titled "On the Permanent Life of Tissues outside of the Organism,"
Carrel proposed that with ideal culturing techniques, the lifespan of
tissues grown in vitro could be extended indefinitely, thus suggesting
that tissues inherently possess the ability to sustain perpetual life in
vitro. This finding stirred the scientific community, especially since
chickens as a whole have a maximum lifespan of only ∼10 years. This
work led a few biologists to believe that cells were essentially immor-
tal in vitro and would only succumb to aging in an in vivo setting [1,
2].

Nevertheless, all of Carrel’s notions were questioned when Leonard
Hayflick performed a series of experiments demonstrating a finite
lifespan for human cells grown in vitro. In 1961, Hayflick needed to
maintain a huge number of cells alive and healthy for some experi-
ments, so he resorted to a technique called "serial passaging". With
this method he was able to maintain the cell culture for months. How-
ever, at some point the cells began to degrade and were unable to
divide further while remaining alive. Assuming he made some ex-
perimental errors, he collaborated with Paul Moorhead to investigate
this issue. The duo eventually determined that healthy cells can un-
dergo only a finite set of divisions, about ∼40-60 passages. Hence,
their study suggested that healthy cells are incapable of dividing in-
finitely (unlike Carrel’s claims), but after a few number of divisions
they cease to divide, and enter a state of irreversible growth arrest
termed as replicative senescence [3]. This phenomenon was later
observed in a plethora of species, and eventually, the limit of cell
division was termed as ’Hayflick limit’. As a possible explanation,
Hayflick assumed that the cell has a core memory of previous cell
divisions, which refers to a cellular mechanism that tracks the num-
ber of divisions and directs it to enter replicative senescence once
exhausted [3]. Over the century, scientists concluded that this cellular
machinery is working on the genetic material of the cell, rather than
on the organelles and protein content [4].

1
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Between 1970 and ’90s, Elizabeth Blackburn and Carol Greider dis-
covered that the telomeres play a major role in this process. Telomeres
are a set of repetitive DNA sequence at the end of the eukaryotic chro-
mosomes, which help to prevent incomplete replication and instabil-
ity [4, 5]. They observed that after each division there is a gradual
loss of a few nucleotides, which results in telomere shortening. As
the telomeres reach a certain length, they become unable to bind to
certain telomere-capping proteins and expose the DNA ends. This
triggers the DNA repair pathways, and eventually leads to cell senes-
cence and cell death [4, 6].

Senescence, once thought to be just a flaw in tissue culture tech-
niques, has since been recognized as a critical process in both phys-
iological and pathological contexts. It is triggered by various signals
or stresses, which include telomere shortening, mitogenic signals, ra-
diation, oxidative and genotoxic stress etc [7, 8]. These stress induce
cell senescence by ceasing the cells to proliferate further. The entire
process of senescence is one of the main reasons for cellular aging, as
they secrete inflammatory factors which leads to tissue deterioration
which leads to aging and age related diseases [9].

Cellular senescence plays both beneficial and harmful roles. It has
key physiological functions in normal development, tissue remodel-
ing, wound healing, and limits tumor progression by preventing dam-
aged cells from proliferating. However, senescence also contributes to
aging and age-related diseases. The accumulation of senescent cells
can impair tissue repair and regeneration, deplete stem and progeni-
tor cell reserves, and trigger the release of the senescence-associated
secretory phenotype (SASP)[8–10]. Also, senescent cells can evolve
into neoplastic cells at much later times [11–13] and be at the origin
of secondary cancers. The link between senescence and unrepaired
DNA damage is one key issue that motivates the main subject of this
thesis.

Rather generally, one can distinguish cell senescence into two main
categories [14, 15]:

1. Replicative senescence, and

2. Stress-induced premature senescence (SIPS)

Replicative senescence is a result of spontaneous telomere shorten-
ing after several dozens of cellular division [4]. On the other hand
SIPS - as the name suggests - is a quick response of the cell to exoge-
nous stress induced by an external factors [16, 17]; this is independent
of telomere shortening and is relevant to both normal cells and can-
cer cells; moreover, it is a major contributor to oncogene-induced cell
senescence (OIS). In summary, cellular senescence acts as a double-
edged sword, playing a crucial role in regulating the cell life cycle.
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1.1.1 Morphological and functional characteristics of senescent cells

Senescence is a cellular state marked by an irreversible cell-cycle ar-
rest, increased activity of senescence-associated β-galactosidase (SA-
β-gal), and resistance to apoptotic stimuli [18]. The irreversible cell-
cycle arrest persists even when there is an active mitogenic stimu-
lus; this characteristic distinguishes the senescent cell from the qui-
escent, where the cells can resume proliferation in response to ap-
propriate signals. Typically, senescence associated cell-cycle arrest is
mediated by the p21/p16 proteins [19], which inhibit the activity of
cyclin-dependent kinases (CDK), but without affecting the growth-
promoting pathways such as mTOR (mechanistic target of Rapamycin)
and MAPK (mitogen-activated protein kinase) pathways. Activity of
mTOR during cell-cycle arrest leads to cellular hypertrophy and tissue-
specific hyperfunction [18, 20–22]. Hence, they become morphologi-
cally flattened, and display enlarged nucleus or multiple nuclei, cy-
toplasmic granularities, multiple vacuoles in the cytoplasm, and in-
crease in cytoplasmic microfilaments (see Figure 1) [23, 24]. These
events are the result of protein accumulation inside the cell, due to
lowered proteasome activity [25]. Another hallmark of the senescent
cell is over-expression of SA-β-gal, a lysosomal enzyme found in
large amounts and often used as a senescent cell marker. This can be
used in vitro or in vivo, and lightens the cell under a microscope with a
bright-blue color because of the increased β-gal activity, which helps
to visualize and quantify the senescent cells inside a population.

Senescent cells also develop a senescence-associated secretory phe-
notype (SASP). The proteins secreted in this process form a diverse
group, including inflammatory cytokines, chemokines, matrix metal-
loproteinases, and growth factors, which have biological consequences
that vary depending on the context. SASP can perpetuate senescence
through autocrine and paracrine signalling, and it also triggers im-
mune responses that may result in the elimination of senescent cells.
The inflammatory component of SASP is primarily driven by the tran-
scription factors NF-κB and C/EBPβ, which are activated in response
to DNA damage, along with other interconnected signalling path-
ways, such as GATA4, mTOR, and the p38MAP kinase. [20]. Senes-
cent cells accumulate enlarged and dysfunctional mitochondria. This
could be due to the decrease in mitochondrial membrane potential,
increased proton leak and reduced rates of fusion and fission. Al-
together, these disturb the ability to generate ATP and increase the
production of reactive oxygen species within the cell and outside
the cellular environment. The increase in oxidative stress results in
misfolded proteins and protein aggregation. To accommodate these
mishaps within the cell, the cell tries to enlarge its organelles and
trigger various cascade pathways to rectify it [20].
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Figure 1: (i) Schematic representation of the main morphological changes that happen within a
senescent cell. (ii) (A) Senescent keratinocytes under phase-contrast microscopy; note the
granular and vesicular-like material around the nucleus and the polynucleation (from
[26]). (B) Keratinocytes at the senescence plateau; N* is the deformed nucleus of a senes-
cent cell; k is the cytokeratin network encircling the nucleus and the autophagic vacuoles;
and m* indicates mitochondria aggregated close to the nucleus. (C,D) Details of mitochon-
dria morphology in the growth phase and at the senescence plateau, respectively. (E–G)
Details of autophagic vesicules (av) in keratinocytes at the senescence plateau (from [27]).

1.1.2 Cellular senescence and cancer

Cellular senescence has long been known to have a link with cancer,
since most cancer cells acquire the capability to proliferate uncon-
trollably. Notably, senescence with its distinctive characteristic of cell-
cycle arrest may act as a limiting criterion for cancer cell progression
[28]. Oncogene-induced cell senescence (OIS), is a phenomenon due
to aberrant activation of oncogenes, especially members of BRAF and
RAS families [29]. Such mitogenic changes overwhelm cellular divi-
sion mechanisms by triggering cascade pathways and unscheduled
DNA replication. In response, the cells tries to induce proliferation-
arrest, taking advantage of the benefiting role of senescence. Thereby,
this almost switches-off the malignant nature of cancerous cells.

It is worth noting that cells can go into a senescent state not just
due to cancer, but also due to cancer treatments. Treatments such as
chemotherapy, radiotherapy and targeted drug deliveries have been
known to induce cell senescence, in a form termed therapy-induced
cell senescence (TIS). Exposure to chemotherapy drugs or radiation
induces senescent markers in cells. Several types of cancer treatments
can induce senescence including exposure to alkylating agents [30]
like cisplatin, cyclophosphamide, and temozolomide; topoisomerase
inhibitors [30] like doxorubicin, etoposide, and camptothecin; γ-radiation
[29]; microtubule inhibitors like paclitaxel [31]; and, to a lesser extent,
vinca alkaloids like vincristine [32].
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Irrespective of the detailed treatment mechanisms, almost all can-
cer therapies lead to DNA damage. Accumulation of damage is rec- Accumulation of

unrepaired DNA
damage is a main
inducer of cell
senescence.

ognized as the primary mechanism inducer of senescence in both
normal and cancer cells. Irreparable DNA damage, including even
just a single unrepaired DSB, has been shown to be sufficient to in-
duce cellular senescence [33]. In this respect, it is important to note
that the level of DNA damage required to induce senescence may dif-
fer between malignant and non-malignant cells, similar to the vary-
ing thresholds for apoptosis. For instance, patients with breast cancer
were found to have increased number of T-cells expressing p16

INK4a

when administered with different chemotherapeutic agents; hence in-
dicating immuno-senescence as a bystander effect[29, 34]. Similarly,
radiation therapy also led to the upregulation of p16

INK4a in non-
malignant cells [13, 35]. 1

Induction of cellular senescence with respect to TIS/OIS occurs
through distinct pathways, described in Figure 2. TIS, which is the
main concern of this work, results in the triggering DNA damage re-
pair (DDR) pathways, leading to activation of the key proteins p53

and p21
WAF1/CIP1; alternatively, OIS results in the activation of ei-

ther or both of the p53/p21
WAF1/CIP1 and p16

INK4A/Rb tumor-
suppressor pathways, and the Ras-Raf-MEK-ERK, PI3K/AKT/mTOR
and p38/MAPK signalling pathways [36, 37]. These proteins are es-
sential components, as they inhibit CDK2-cyclin-E and CDK4/6-cyclin-
D complexes and prevent the phosphorylation of RB (retinoblastoma)
protein. Such events block the entry in S-phase and induce senescence
[36, 37]. While the tumor-suppressor proteins p53/p21

WAF1/CIP1 and
p16

INK4A are primarily involved in TIS and OIS, senescence can also
occur independently of these pathways. Additionally, p21

WAF1/CIP1

can be activated by pathways other than p53 [38, 39]. Also, prolonged
over-expression of any of these four factors – p53, RB, p16

INK4A,
or p21

WAF1/CIP1 – is sufficient to induce senescence [36]. Disregu-
lated expression, mutations, secondary alterations or complete loss
of tumor-suppressor proteins may result in inadequate senescence in-
duction or an escape from senescence [13, 36]. The cell may enter
apoptosis or proliferation stage depending on whether the DNA is
correctly and thoroughly repaired or not. Regardless of the cancer
type, the level of senescence (whether it’s OIS or TIS) appears to sig-
nificantly influence the outcome for cancer patients.

The original motivation for the SENESIMEX project at the origin of
this thesis, generously funded by the University of Lille through the

1Proteins are sometimes indicated with an exponent-like label to specify a particu-
lar isoform, family, or regulatory association. The notation helps distinguish be-
tween proteins with similar names or multiple functions. For example, p16

INK4a

refers specifically to the INK4a isoform of the p16 tumor suppressor protein,
which is encoded by the CDKN2A gene. Similarly, p16

INK4a/Rb indicates that
p16

INK4a is acting on the Rb (retinoblastoma protein) pathway, through the in-
hibition of cyclin-dependent kinases (CDK4/6) to regulate cell cycle progression.
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Figure 2: (a) Flowchart of "adequate" senescence induction, vs. (b) Inadequate cell senescence path-
way. Note the bifurcation between senescence and apoptosis for unresolved DNA dam-
age in the latter. This will constitute the subject of mathematical modeling in Chapter 5.
(Adapted from [36], w/ permission.)

program PEARL ("Programme for Early-Stage Researchers in Lille"),
stems from the interest of our research groups in the ’triangular’ con-
nection between cellular senescence, cancer development and thera-
pies, and (unrepaired) DNA damage. Given the very wide impact
and implications of such extensive research program, which is corre-
lated to ongoing sister projects and activities in the CANTHER and
IEMN Laboratories (belonging to CNRS, INSERM and University of
Lille), my thesis work focussed on the more molecular aspects of the
early steps leading to senescence. As it will be seen in Chapters 2 to
4, one key focus is the molecular correlations of cell senescence with
DNA damage and repair, especially as far as the ubiquitous single-
strand breaks to the DNA phosphate backbone are concerned (the
subject has been developed and detailed in our paper Cell senescence
and the DNA single-strand break damage repair pathway [40]). For this
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purpose, the rest of this introductory Chapter provides some basic
notions about DNA molecular structure and organization inside the
cell nucleus; molecular mechanisms of DNA damage and repair; and
their direct and indirect relationship with cancer and cellular senes-
cence.

1.2 untangling the dna double helix

The first steps for understanding the role of genetic material started
around the late 1860s when Gregor Mendel explained how traits
(physical characteristics of a living organism, like height, the color
of the eyes, etc.) are transferred from one generation to another [41].
Three years later, in 1869, a Swiss physiological chemist, Friedrich Mi-
escher, first discovered a substance called ’nuclein’ inside the nucleus
of human white blood cells, which had a high phosphorus content
and strong resistance to proteolysis [42]. Despite these early discov-
eries, it took more than 50 years for the Mendel’s theories and Meis-
cher’s study to be acknowledged by the scientific community.

The early 20th century brought further advances, when Phoebus
Levene proposed that nuclein should be constituted by a long fila-
ment of nucleotides (a nitrogenous base linked to a sugar and a phos-
phate) connected via their phosphate groups, and called the chemical
structure ’deoxyribonucleic acid’ (which later W. Astbury shortened
to DNA). The work of scientists like Oswald Avery in the 1940s pro-
vided compelling evidence that DNA, and not proteins, was the sub-
stance responsible for heredity. The famous experiments by Avery
and his colleagues showed that DNA could transfer genetic infor-
mation from one organism to another, a process they termed "trans-
formation" [43]. Seven years after Avery’s discovery, A. D. Hershey
and Martha Chase proved the transforming principle. With the help
of radioactive-marked phosphorous in DNA and radioactive-marked
sulfur in proteins, they demonstrated that in bacteriophages, indeed,
DNA is being transferred from one generation to another, and not
proteins [44]. This pivotal discovery opened the door to further re-
search, enabling a few years later Erwin Chargaff to decipher the
composition of DNA [45].

At this time, many scientists were racing to determine the pre-
cise structure of DNA. One of the notable attempts was made by
Linus Pauling, a two-time Nobel laureate. In 1953, Pauling proposed
a model in which DNA was composed of three intertwined strands
with phosphate groups at the core and the bases pointing outward
[46]. However, this model turned out to be incorrect due to a funda-
mental flaw: it failed to account for the negative charge of the phos-
phate groups, which would repel each other in such an arrangement.
This error left the door open for Watson and Crick who, with the help
of Rosalind Franklin’s critical X-ray diffraction images (among which
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Figure 3: The "Photo 51", showing X-ray diffraction pattern of DNA, taken by Raymond Gosling, a post-
graduate student working under the supervision of Maurice Wilkins and Rosalind Franklin at
King’s College London, while working in Sir John Randall’s group. The image was tagged "Photo
51" because it was the 51st diffraction photograph that Franklin had taken. It was critical evidence
in identifying the structure of DNA, since the X-shaped spots visible in the reciprocal space of
the diffracted image unambiguously point to a helical arrangement of the scattering centers.

the famous "Photo-51", Figure 3, developed the correct structure of
DNA.

Already the early chemical model by Levene clearly comprised
nucleotides formed by one of four variant nitrogenous bases (ade-
nine, thymine, guanine, cytosine), a sugar molecule which he cor-
rectly identified in the deoxyribose, and a negatively-charged phos-
phate group [47–49]. Structural studies of DNA started in the early
1950s when DNA was first examined by X-ray diffraction analysis.
The early X-ray diffraction results indicated that DNA comprised of
two strands of the polymer wound into a helix. The observation that
DNA was double-stranded was crucial and provided one of the signif-
icant clues that led to the Watson-Crick deciphering of the structure of
DNA. Their structure proposed that DNA is a double helix with two
antiparallel strands running in opposite directions [50]. The sugar-
phosphate backbone forms the outer structure, while the nitrogenous
bases (adenine, thymine, guanine, and cytosine) face inward, pairing
through hydrogen bonds (adenine pairs with thymine, and guanine
pairs with cytosine) [50]. This complementary base-pairing explained
Chargaff’s rules and also provided a natural mechanism for DNA
replication [45]. DNA’s potential for replication and information en-
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coding could became apparent only when this model was proposed
and verified.

1.2.1 Components of DNA

A DNA molecule is composed of two long chains of nucleotides,
which are the basic building blocks of DNA. Each of these chains is
referred to as a DNA strand. The two strands are held together by hy-
drogen bonds between the nucleotide bases. Nucleotides comprise a
five-carbon sugar, one or more phosphate groups, and a nitrogenous
base. In DNA, the sugar is deoxyribose, attached to a single phos-
phate group, and the nitrogenous base can be adenine (A), cytosine
(C), guanine (G), or thymine (T) (Figure 4). These nucleotides are con-
nected by covalent bonds through the sugar and phosphate groups,
creating a "backbone" that alternates between sugar and phosphate
along the DNA strand. Additionally, the nitrogenous bases are at-
tached to the sugar moiety via N-glycosidic bonds, which links the
base to the nucleotide structure. Since the base is the only varying
component among the four types of nucleotides, each DNA strand
can be compared to a necklace (the backbone) with four different
types of beads (the bases A, C, G, and T). These symbols (A, C, G,
and T) are also used to represent the four nucleotides, which include
the base, sugar, and phosphate groups [51].

The nucleotide sequence in a DNA strand has a specific chemical
polarity. Each sugar molecule can be seen as a block with a phosphate
protruding at the 5 ′ carbon atom, on one side, and a hydroxyl at the
3 ′ carbon, on the other (see again Figure 4). These blocks connect
sequentially by forming a phosphodiester 5 ′ − 3 ′ bond (which elimi-
nates a water molecule) to form a single DNA strand; the two ends
of the strand are distinct, with one end terminated by a 3 ′ hydroxyl
group, and the other by a 5 ′ phosphate group. This polarity is indi-
cated by referring to the ends as the 3 ′ terminus and the 5 ′ terminus
[51].

The three-dimensional structure of DNA, known as the "double
helix", results from the chemical and structural characteristics of its
two nucleotide strands (hence, the term dsDNA to indicate double-
stranded DNA). These strands are held together by hydrogen bonds
between bases on opposing sides, positioning all the bases inside the
double helix while the sugar-phosphate backbones remain on the out-
side. Each base pair comprises a purine (a two-ring structure) or a
pyrimidine (a single-ring structure). According to the chemical rule
assessed by E. Chargaff, in normal DNA adenine pairs with thymine,
and guanine pairs with cytosine. Such a complementary base-pairing
allows the bases to align in the most energetically favorable way
within the double helix, maintaining a uniform distance between the
sugar-phosphate backbones. The complementarity imposes a mirror-



10

Figure 4: The main molecular components of the DNA structure. On the left, the double-helix in
which the base-pairs are arranged in a spiral staircase, and the top-view scheme of the
glycosidic bond arrangement. The pitch of the helix is not regular because the insertion
points of the two phosphates of each base pair are not symmetric with respect to the
central axis, thereby giving rise to a major and a minor groove. On the right, the two
purine and the two pyrimidine nitrogen bases are depicted in ball-and-stick style (red
spheres = oxygen, white=hydrogen, grey=carbon, blue=nitrogen).

inversion symmetry of the two strands in the double helix: the two
sequences are identical, however one runs in the 5 ′-3 ′ direction, while
the other runs in the opposite 3 ′-5 ′ direction. This has drastic conse-
quences on the transcription and duplication of DNA, since all the
enzymes involved in the process can only add nucleotides to poly-
merize a nucleic acid in the 5 ′ → 3 ′ direction.

The packing of base-pairs is optimized as the two sugar-phosphate
backbones twist around each other, creating a double-helix structure
with one complete turn of 360 degrees about the DNA main axis
occurring about every ten base pairs. Interestingly, the backbone ge-
ometry leads to the formation of a "major" and a "minor" groove, i.e.
a helix with uneven pitch. The angle between the glycosidic bonds
(sugar moiety and DNA) is 120 degrees for the narrow angle, and
240 degrees for the wide angle; as a result, the two phosphates of
each base-pair, inserted in an imaginary circle perpendicular to the
DNA axis, are not symmetric (see Figure 4, left-side). It turns out that
when the base-pairs stack upon each other, the narrow angle between
the sugars on one edge generates a minor groove, while the large
angle generates a major groove, along the helical structure.

1.2.2 The DNA assembly with proteins: from nucleosomes to chromatin

The total length of the about 6 billion base-pairs of DNA inside the
human cell nucleus would be about 2 m, if they were stretched end to
end. This humongous stretch of DNA must be compactly packed in-
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Figure 5: Nucleosome core particle: (a) top view along the superhelical (SHL) pseudo-symmetry
axis, running perpendicular to the page through the geometrical centre of the DNA loops;
(b) back-side view showing the dyad symmetry point; (c) front-side view showing the
double loop. The 147-bp DNA are depicted in ribbon and stick representation for the two
antiparallel strands (gold and cyan); the eight histone protein dimers are represented in
ribbons (H2A:Green, H2B:Magenta, H3:Red, H4:Yellow). The molecular structure is taken
from the RCSB PDB data base, entry 1KX5 [56].

side the cell nucleus, whose diameter is less than ∼10 µm. To achieve
such an extreme degree of compaction, the DNA is wrapped around
clusters of specific proteins, the histones, forming a structure known
as the "nucleosome."

The nucleosome, which serves as the chromatin basic structural
and functional unit, comprises eight histone proteins and 147 base
pairs of DNA [52, 53]. The discovery of nucleosomes was initially
suggested by electron microscopy observations, where chromatin ap-
peared as a "beads-on-a-string" structure [54, 55]. Further evidence
supporting the existence of nucleosomes came from experiments in-
volving the chemical cross-linking of histones in chromatin, which re-
vealed that the histones dimers H2A, H2B, H3, and H4 form a distinct
octameric structure, consistent with a repeating histone unit within
the chromatin fiber as shown in Figure 5 [56].

A typical nucleosome core mainly consists of DNA tightly wrapped
around eight proteins. Each nucleosome encompasses two copies of
the histones H2A, H2B, H3, and H4, which assemble into a histone
octamer. This octamer binds and wraps 1.7 turns of DNA, correspond-
ing to about 147 base pairs, in the "nucleosome core particle", or NCP.
Since the helix repeat of DNA is about 10.4 bp, the DNA makes con-
tact with the histone octamer surface at 15 spots, including the two
entry/exit sites. The axis going through the center of the nucleosome,
perpendicular to the plane containing the DNA turns, is the "super-
helical" axis (a pseudo-symmetry axis), the DNA-histone contact cor-
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responding to super-helical locations usually numbered from -7 to
+7, with the 0 located at the center of planar mirror symmetry, called
"dyad" (see figure A9 in Appendix A for a description of super-helical
location/SHL positioning).

When the ’linker" histone H1 is added, it further wraps an addi-
tional 20 base pairs of DNA, resulting in two complete turns around
the octamer, and forming what is known as a chromatosome [54,
57]. Because of the small amount of DNA associated with each nu-
cleosome, a chromosome that contains on average over 100 million
DNA base pairs, consists of hundreds of thousands of aligned nu-
cleosomes. Pairs of nucleosomes in the sequence are connected by
stretches of "linker" DNA (the nucleosome is properly defined as the
NCP + linker DNA), which are typically about 20-80 base pairs in
length (but can occasionally be longer, up to 2-300 bp) thus creating
a "string of beads" appearance when viewed under an electron micro-
scope [54, 57].

The length of DNA per nucleosome was determined by treating
chromatin with DNAses, such as micrococcal nuclease (MNase), which
preferentially cuts the linker DNA between nucleosomes before affect-
ing the DNA wrapped around the histone octamers. By controlling
the extent of MNase digestion, researchers could stop the reaction be-
fore all linker DNA was cleaved, resulting in a mixture of mononucle-
osomes, dinucleosomes, trinucleosomes, and higher-order structures
connected by linker DNA [58]. When DNA from MNase-treated chro-
matin was analyzed by gel electrophoresis, it produced bands of vary-
ing lengths, each corresponding to a multiple of one mononucleoso-
mal DNA [59]. This observation, combined with electron microscopy
and histone cross-linking data, led to the acceptance of the "subunit
theory" of chromatin [60, 61]. These subunits, later named nucleo-
somes [62], were eventually crystallized, providing a detailed model
of their structure [56, 63].

The organization of DNA into nucleosomes results in a reduction of
fiber length by approximately seven-fold. For instance, a DNA strand
that is originally 1 meter long is condensed into a "string-of-beads"
chromatin fiber that is only 14 centimeters long [51]. However, even
this shortened length of chromatin is still far too long to fit within the
nucleus, which typically measures only 3 to 5 micrometers in diam-
eter. Consequently, chromatin undergoes further coiling into a more
compact and thicker fiber, which has long been known as the "30-
nanometer fiber," named for its approximate diameter of 30 nanome-
ters [64]. (See Figure 6.)

The precise mechanism by which nucleosomes are folded into the
30-nanometer fiber, or other competing super-structures, has been
and still remains a subject of extensive research and debate. One of
the challenges in studying this process is that electron microscopy, al-
though a powerful tool for visualizing chromatin packaging, makes
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Figure 6: Schematic representation of how DNA is wrapped around the histone octamer, then nu-
cleosomes condensing into chromatin fibers, and eventually self-structuring into a chro-
mosome. Electron-microscope images at different resolutions accompany the subsequent
steps in the hierarchic assembly of the idealized chain. *Still not established and still re-
mains a subject of extensive research

it difficult to distinguish individual nucleosomes, once the dense chro-
matin fibers have formed. Additionally, the appearance of these super-
structures can vary depending on whether observations are made on
isolated chromatin, or within intact nuclei. As a result, it is increas-
ingly believed that the 30-nanometer fiber may not be as regular or
uniform, as it was often depicted in schematic diagrams [65, 66]. No-
tably, histone H1 plays a crucial role in stabilizing these higher-order
chromatin structures, with locally regular stretches of 30-nanometer
fiber forming most efficiently in its presence [67].

During cellular nuclear processes such as transcription and repli-
cation, the two strands of DNA must temporarily separate, allowing
polymerases to access the DNA template. However, the presence of
nucleosomes and the subsequent folding of chromatin into structured
fibers present significant obstacles to the enzymes responsible for un-
winding and copying DNA. To overcome these barriers, cells utilize
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chemical mechanisms that either open up chromatin fibers, or tem-
porarily remove histones, thereby enabling transcription and repli-
cation to proceed. Broadly, there are two primary mechanisms for
increasing chromatin accessibility:

• Histones can be enzymatically modified by the addition of acetyl,
methyl, or phosphate groups [68].

• Chromatin remodeling complexes can displace histones, thereby
exposing the underlying DNA sequences to polymerases and
other enzymes [69].

These processes are reversible (centromeres are indeed difficult to
replicate, but finally they are [70]), allowing the chromatin to return
to its compact state the once transcription or replication is complete.

1.3 dna damage and cancer radiotherapy

Detailed knowledge of the DNA structure and its enzymatic inter-
actions within the nucleus is essential to cancer treatments. Cancer
remains a significant concern among researchers and medical pro-
fessionals due to its high mortality rates, complex pathophysiology,
and profound impact on public health and quality of life [71]. Nu-
merous techniques are employed to treat cancer, including surgery,
chemotherapy, radiotherapy, targeted drug delivery, and immunother-
apy. Among these, the most widely used treatments are radiother-
apy and chemotherapy, which can be combined or used indepen-
dently, depending on the type and severity of the cancer [72]. When
cancer has not metastasized and is in its early stages, radiotherapy
is often the preferred treatment method. Even though radiotherapy
has proven to be an effective mode of treatment, it is always asso-
ciated with other health-related risks, including the development of
secondary malignancies that are rare but aggressive. This alone pro-
voked the scientific community to understand the mechanisms by
which radiotherapy induces cancerous cell damage and death [73].

During radiotherapy, ionizing radiation (IR) is targeted at cancer-
ous cells, which can kill them by inducing DNA damage [74]. IR
inflicts damage on molecules such as DNA, proteins, membranes, by
imparting amounts of energy capable of causing ionization. The elec-Radiation energy

transfer to DNA
induces ionization

tron loss in ionization can be viewed as an oxidation process. Most of
the energy transferred during radiation exposure is mediated by en-
ergetic electrons generated from the interaction of photons or other
ionizing particles with molecular components of the cell. Importantly,
these ionization events are spatially confined along the tracks of the
primary ionizing particles or the secondary electrons. BHigh-energy
charged particles and electrons near the end of their tracks create
dense ionization clusters within small volumes [75, 76]. These clus-
ters can generate complex DNA damage (Figure 7).
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Figure 7: Ionizing radiation (IR) can directly attack the DNA, or it can generate reactive oxygen
species (ROS) by interacting with the water molecule (direct vs. indirect effect). These
can in turn cause various strand breaks (single-, SSB, or double-strand, DSB), base dam-
age, or labile sugar lesions (these include different form of sugar damage, abasic sites
and base damages that affect the stability of sugar). At the same time, IR can also de-
posit a significant portion of its energy in the form of ionization clusters, which lead to
clustered DNA damage (which include combination of SSB+Base damages). New simple
or clustered DSBs lesions (with dirty ends (check figure 8), and base damage) can form,
starting from these damage clusters, either immediately (after chemical modifications of
sugar lesions that initially do not disrupt the sugar-phosphate backbone), or following
the enzymatic repair of base damage.

Damage to DNA can occur mainly through two mechanisms: (i)
direct effect or (ii) indirect effect [77]. The direct effect is a one-electron
oxidation reaction, e.g., direct absorption of a photon that results in
a "secondary" electron release by an atom, which interacts within the
DNA creating a radical anion or cation in the molecule. In contrast,
the indirect effect results from the formation of free radicals due to the
radiolysis of water (mainly OH•, H•, e−aq), sugar-based radicals (pro-
duced by H-abstraction), and other cellular components within the
cell; such free radicals, including the secondary electron, then diffuse
and can attack chemically-exposed sites in the DNA. For UV, x-ray
or gamma-ray radiation the indirect effect accounts for 60-70% of the
DNA lesions, while the direct effect contributes the remaining 30-40%
[78], the proportions being reversed for proton or high-energy parti-
cle radiation, where the direct effect becomes largely dominant. Both
these effects can create various forms of DNA damage, necessitating
different DNA repair pathways.

Free-radical attack can oxidize the nitrogenous bases within the
DNA double helix, producing such typical species as oxidized gua-
nine (known as 8-oxoG), or deaminated cytosine (which turns to
uracil, U). Such defects are highly dangerous, since after replication
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Figure 8: Top-left: numbering convention of the C and N atoms in the nucleotides. (1-4) Direct
ionization at C4 ′ in presence of O2 leads to SSB with base release, and a phosphoglycolate
(CH2COOH) at the 3 ′ terminal. (5-7) Direct ionization at C5 ′ in presence of O2 leads to
SSB with base release, and a aldehyde (HC=O) at the 5 ′ terminal. (8-9) Direct ionization
at C1 ′ followed by hydrolysis leads to base release and a AP-site.

they can originate inheritable mutations in the DNA; notably, both
the 8-oxoG·C and the U·C pairs will produce a C·G→A·T mutation
[79]. Instead, nucleophilic radical attack to the sugar-moiety of DNA,
mainly leads to the formation of abasic sites and strand breaks (cuts
of the phosphate backbone). Abasic sites occur when the N-glycosidic
linkage between the sugar and the nitrogenous base is disrupted, re-
sulting in the lack of base while the backbone remains intact [77].
On the other hand, strand breaks can occur due to the transfer of
free radicals along the DNA molecule, either in the presence or ab-
sence of oxygen, where they attack typically the C5 ′ and C4 ′ carbon
atom sites [77]. The strand break can occur on one, or both sides of
the double helix (single- or double-strand break, respectively SSB
or DSB). In the presence of oxygen, the result is the formation of
"clean" breaks, terminated with 3 ′–phosphate and 5 ′–OH, and less
likely with 3 ′–OH and 5 ′–phosphate. However, it has also been ob-
served that attack on the C5 ′ or C4 ′ carbon can give rise, respectively,
to 5 ′–aldehydes, or 3 ′–phosphoglycolate (PPG), or other more chem-
ically complex ("dirty") ends [80, 81]. It is worth noting that dirty
ends are virtually unprocessable, since DNA-ligases cannot reseal a
SSB or a DSB unless the ends are clean [82]. For example, tyrosyl-
DNA phosphodiesterase requires several hours to remove PPG from
3 ′ DNA termini [77, 83] (see e.g. Figure 8).
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It has often been observed that low linear-energy transfer (LET)
radiation (e.g., x-rays and γ-rays) can lead to two or more ioniza-
tions within 1-4 nm apart, termed "ionization clusters", which result
in multiple DNA lesions. Such multiple lesions can include more than
two SSBs, AP-sites, or DSBs formed within the same, or the oppo-
site strand from the same energy-deposition event (see again Figure
7). These "clustered" lesions are rarely formed by endogenous stress,
rather they are primarily contributed by the toxicity of ionizing radi-
ation (see Table 1). [75, 84].

Type of damage Radioinduced Endogenous

Single strand breaks 1000 > 10000

Base damage 2000 3200

Abasic sites 250 12600

Double strand breaks 40 40–50

DNA-protein cross-links 150 ?

Non-DSB clustered lesions 122 ?

Complex DSB ? ?

Table 1: DNA damage (N/(cell·Gy)) induced by ionizing radiation vs. en-
dogenous damage due to normal cell activity.[84]

1.4 dna damage repair pathways

Irrespective of their origin, DNA damage will trigger specific repair
pathways known as DNA-damage-repair (DDR), to defend the cell
against genomic instability and accumulation of mutations. Accord-
ing to the type and amount of damage, cells have developed multiple
and complex DDR pathways, which enable the cell to identify the
damage, and repair it generally with a very high success rate. Even
though these pathways are complex, they all follow a common work-
flow performed by certain specific molecular components, which can
be summarized in the following steps [85]:

1. Recognizing the DNA damage - This is performed by DNA
damage sensors (like poly-(ADP)-ribose-1 protein; Ku 70/80

Protein etc.[86]))

2. Recruiting repair proteins and excising the damaged segment -
This is performed by transducers (like γH2AX, ATM, ATR etc
[87]), which include a repair protein bound to a scaffold protein
forming a complex at the site of lesion. This complex thereby
removes the damaged segment.
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3. Re-synthesizing missing parts - This is done by effector proteins,
which add new nucleotide and ligate the broken ends.

Among the several distinct pathways dedicated to repairing differ-
ent types of DNA damage, Non-Homologous End Joining (NHEJ)
and Homologous Recombination (HR) are critical for the repair of
double-strand breaks (DSBs), while Base-Excision Repair (BER) and
Single-Strand Break Repair (SSBR) address damage to individual
bases, and single-strand breaks, respectively.

It is estimated that a human cell repairs 10,000–20,000 DNA le-
sions each day. Among these, SSBs are are one of the most frequent,
spontaneously-occurring lesions [88]. It is widely assumed that SSBs
should be far less lethal than DSBs, which is more complex for both its
identification and repair. Indeed, SSBs are repaired relatively quickly
(Figure 9) [76, 89]. However, it has been observed that unrepaired
SSBs (see the saturation at long times in the figure, for both SSB
and DSB) can interfere with gene transcription and can evolve into
more toxic DSBs during DNA replication; eventually, these combined
events can lead to programmed cell death, or "apoptosis" [90, 91]. The
origins of unrepaired damage, and notably SSBs, is one very active
area of biomedical research [92–94], and while several possible causes
have been indicated, there is not a general consensus on the persis-
tence of DNA damage across cell replication, and its effects. It is also
important to realize that the amount of SSBs generated during the cell
exposure to endogenous/exogenous insults plays a major role. For in-
stance, during an IR-exposure, around 10 more SSBs are generated for
each DSB [95]. It is estimated that a IR-dose of 3 Gy leads to the for-
mation of ≈600 SSBs and AP-sites per hour, for each DSB, in normal
human cells [96]. Monte-Carlo simulation studies of DNA damage
due to proton attack, emphasized that at higher proton energy about
twice the SSB are observed, compared to the fraction of DSB [97]. No-
tably, even a small fraction of non-repaired SSBs can interfere with
gene transcription and replication [90, 96]; most likely, non-repaired
SSBs in proliferating cells are found to lead to the blockage or collapse
of DNA replication forks during the S-phase; such defects can possi-
bly evolve into special one-ended DSBs, whose repair is harder and
leads to genomic rearrangement [90, 98]; eventually, these combined
events can lead to apoptosis, or to cell senescence [90, 91].

Altogether, any SSBs which go unrepaired, or are "tolerated" dur-
ing the entire repair pathway, have a potential to change into a DSB.
Considering the natural prevalence of spontaneously-formed SSBs
[99, 100], it is therefore understandable that cells should have devel-
oped highly effective mechanisms to reduce their effects. To ensure
that SSBs are entirely repaired before the DNA replication, cells need
to detect the SSBs, along with inducing the DDR pathway and delay
the cell cycle progression, but until now there is no evidence support-
ing the existence of such a signaling pathway [101]. Hence, under-
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Figure 9: Repair kinetics of different types of DNA lesions. The plots show the kinetics of damage
removal from CHO-AA8 cells of, respectively: SSBs, DSBs, 6–4 photoproducts (6–4PP), cy-
clobutane pyrimidine dimers (CPD); and for human lymphocytes, of N7-methylguanine
(N7-meG). (Adapted from. [76])

standing how cells navigate this intricate repair process is not only
crucial for grasping a fundamental cellular biology issue, but also for
uncovering potential therapeutic strategies in disease management.
Among others, a thorough understanding of the base-excision repair
(BER) and single-strand break repair (SSBR) is essential, as these pro-
cesses are integral to preventing genomic instability and ensuring cel-
lular homeostasis. The upcoming Section will delve into the molec-
ular intricacies of BER and SSBR to highlight their pivotal roles in
safeguarding DNA integrity.

1.4.1 Base-Excision Repair pathway

BER pathway rectifies small base lesions that do not significantly con-
tribute to the distortion of the DNA helix. ROS species mainly induce
these small lesions, resulting in oxidized base lesions [102]. BER re-
quires mainly 4 or 5 enzymes to carry out the DNA repair process
(see Figure 10). Depending upon the type of lesion, it is initiated
by removing the damaged base by one of the 11 glycosylases (out
of which a few, called ’bifunctional’, include both glycosylase and
AP-lyase activity, therefore do not require a further AP-endonuclease
for processing the break). This process forms apurinic or apyrimi-
dinic sites (AP) sites. The hanging phosphate is then cleaved by an



20

AP-endonuclease enzyme (for mono-functional glycosylases), which
generates a 3 ′-OH and 5 ′-deoxyribose phosphate (dRP) group at the
break site. The subsequent step of filling the single nucleotide gap can
follow a long or short patch repair. Short-patch repair is considered
more dominant; long-patch repair is observed in post-replicative BER
initiated by UNG2 or NEIL1 glycosylases, expressed during the S-
phase. Long-patch repair is also observed when Polβ cannot remove
the 5 ′-dRP terminus (e.g., if the dRP is oxidized or reduced).

In long-patch BER, the damaged nucleotide, along with several
adjacent nucleotides, is replaced through the action of polymerase-
δ (Polδ) and polymerase-ϵ (Polϵ) in conjunction with proliferating
cell nuclear antigen (PCNA). The displaced strand is excised by Flap-
endonuclease 1 (FEN1), and the DNA backbone is subsequently sealed
by DNA ligase-I (Lig-I). Differently from the third step of short-patch
repair, which does not involve the addition of several nucleotides,
DNA polymerase-β (Polβ) adds a single nucleotide to the damaged
site, creating a nick between two adjacent nucleotides. Finally, the
nick is ligated by the DNA ligase-III, along with the help of X-ray re-
pair cross-complementing protein 1 (XRCC1), which serves as a scaf-
fold for ligase III.

The decision-making process between the choice of short-patch re-
pair avsnd long-patch repair pathway is still under research [103].
Long-patch repair pathway is largely observed in proliferating cells
and use of replicating proteins like Pol-ϵ/δ, FEN1, PCNA and Lig-I
[104]. One of the hypothesis proposed is that the choice depends on
the ATP concentration near the defective AP-site, which is controlled
by the Lig-III and XRCC1. The study by Petermann et al. [105] shows
that the long-patch repair is preferred in presence of higher ATP con-
centrations. A few other studies purported that the choice depends
on the initiating glycosylase available, and the type of damage. For
instance, if the 5 ′–dRP intermediate produced by APE1 is success-
fully removed by the Pol-β, then short-patch BER is preferred, and
otherwise it follows the long-patch repair pathway [106, 107].

1.4.2 Single-Strand Break Repair pathway

SSBs can arise directly via the hydrogen abstraction and sugar frag-
mentation of the oxidized deoxyribose by the free radicals. This could
either result in phosphoglycolate or phosphate termini [80]. During
endogenous stress, SSBs are produced indirectly as an intermediate
step of the BER pathway (either due to the action of APE1 at the
abasic site or by the combined activity of bifunctional DNA glycosy-
lase) [99]. Notably, most SSBs are accompanied by the loss of a single
nucleotide at the strand-break site.Irrespective of their

origin, single-strand
breaks are sensed by

PARP-1.

Irrespective of their origin, all the SSBs are sensed by poly-(ADP-
ribose) polymerase-1 (PARP-1) enzymes, which are catalytically ac-
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Figure 10: Base-excision repair (BER) is initiated by a glycosylase (GLY) that identifies and removes
the wrong base, thus creating an abasic site; most abasic sites are processed by APE1,
which cleaves the site and recruits Polβ. Polβ inserts the new nucleotide and repairs the
5 ′-deoxyribose phosphate (dRP) left by APE1: this creates a clean single-strand break
(SSB). SSB-repair (SSBR) is initiated by PARP-1, which (after a sequence of enzymatic
reactions) serves as platform to recruit APE1, XRCC1 and other proteins; at this point
the two pathways join, and can proceed to completion through either short- or long-
patch BER. The strand break (nick) is sealed by XRCC1-Lig3α. In cases where Polβ
cannot remove the 5 ′-dRP (such as when it is oxidized or reduced), the repair is stalled.
At these stalled sites, Replication Factor-C(RFC), Pol-δ/ϵ, PCNA are recruited to extend
the gap by several nucleotides, and FEN1 cleaves the resulting flap. Ligation is then
completed by Lig1. Direct single-strand breaks (SSBs) from sugar damage, and some
SSBs arising during BER, are recognized by PARP-1 or PARP-2. PARP then recruits
phosphorylated-XRCC1 and Lig3α to form a scaffold for repair. APE1 or PNK processes
the damaged termini into 5 ′-phosphate and 3 ′-hydroxyl groups, aided by XRCC1. Polβ
fills the gap with a nucleotide, followed by ligation by Lig3α.
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tivated. Once activated, PARP-1 transfers ADP ribose units to itself or
to other proteins, producing a long chain of poly-(ADP-ribose) (PAR)
units (see Figure 10). The accumulated PAR chains, in turn, favor the
recruitment of XRCC1. XRCC1 is then phosphorylated, and recruits
the repair enzymes. It is also worth noting that these PAR chains are
rapidly degraded by poly-(ADP-ribose)-glycohydrolase (PARG), and
PARP-1 is recycled for subsequent detection of SSB. As mentioned,
once XRCC1 is phosphorylated, it acts as a scaffold protein for recruit-
ing enzymes required to repair SSBs. End-processing enzymes like
polynucleotide kinase phosphatase (PNKP) and aprataxin (APTX) in-
teract with phosphorylated XRCC1, DNA, polβ and DNA ligase III.
PNKP resolves special terminals like 3 ′-Pho or 3 ′-PPG formed during
irradiation. At the same time, Pol-β colocalizes with XRCC1 to help
with polymerase activity. Eventually, the entire process is terminated
by nick-sealing activity of ligase-IIIα [108]. Hence, the final few steps
of the SSBR pathway are part of the short-patch BER pathway. Hence,
these two meticulously designed pathways are crucial for repairing
the "spontaneous" SSBs and oxidative damages in the DNA.

1.5 single-strand breaks and cellular senescence

Irradiation of tumoral volumes can impact various cellular entities
through both direct and indirect mechanisms. As explained in Sec-
tion 1.3, direct damage occurs when radiation interacts with the DNA
itself, while indirect damage is mediated by the radiolysis of water,
leading to the formation of reactive-oxygen species (ROS). These ROS
can inflict damage on proteins, lipids, and nucleic acids, including
DNA, which can result in both single-strand breaks (SSBs), double-
strand breaks (DSBs) and base oxidation [109]. Traditionally, it was be-
lieved that DNA damage would be observed only in the targeted tis-
sue volume, due to the direct interaction of radiation. But this model
was questioned once chromosomal damage, translocations and muta-
tions were observed also in cells at nearby/distant tissues [110, 111].
Hence, oxidative stress is not confined to the targeted irradiated area,
but can also affect neighboring, non-irradiated cells through inter-
cellular communication, a phenomenon known as the "bystander" ef-
fect [112]. This could also increase the carcinogenic risk of the distant
tissues, resulting in so-called second primary cancers (SPC) [113].

These radiotherapy-induced second cancers are not to be intended
as the recurrence of initial cancers. Instead, they originate at newly
transformed cancerous cells, from the normal cells which were af-
fected by the radiations. These are seen to develop preferentially near
the margins of the irradiated area, rather than in the planning tar-
get volume (PTV, where 100% of the irradiation dose is theoretically
administered). These neighboring areas are exposed to scattered radi-
ation from various sources, such as leakage from the machine’s col-
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limators (which shape the beam), the flattening filter (which ensures
uniformity of the radiation dose), and scattering that occurs inside the
patient’s body [114]. The internal scatter was identified as the primary
factor influencing the dose deposited in the closest margins around
the target area [114]. This marginal radiation (also known as "out-of-
field dose") has three key traits: (i) the dose decreases exponentially
as the distance from the target increases, (ii) the dose is roughly pro-
portional to the size of the PTV, and (iii) the energy spectrum of the
radiation is shifted toward lower energies compared to those within
the PTV [114].

In addition to their spatial relationship with the PTV, another re-
markable feature of SPCs is their extended latency period, which can
range from a few, up to tens of years following the initial cancer treat-
ment [113]. This indicates that normal cells affected by scattered ra-
diation may remain dormant in the body while still retaining the
potential for neoplastic transformation. However, the exact biological
nature of this dormant state remains unknown [11–13, 114, 115]. Unrepaired DNA

damage can
accumulate at the
margins of
irradiated regions.

This uncertainty has been a primary motivation for our research,
seeking to explore the chemical and biological changes, particularly
the accumulation of unrepaired DNA damage that may occur at the
margins of the irradiated area. In our research groups, we aim to un-
derstand how these changes might induce a senescent state in cells
at the PTV margins, potentially leading to the development of sec-
ondary sarcomas. The unrepaired SSBs can activate specific cellular
pathways, as discussed below.

The ROS generated during irradiation not only cause SSBs but
also down-regulate the expression of poly-(ADP-ribose) polymerase-
1 (PARP-1), a key enzyme in the DNA damage response (explained
in section 1.4.2). Normally, the accumulation of SSBs triggers the SSB
repair (SSBR) pathway, which shares its final steps with the Base Exci-
sion Repair (BER) pathway, see Figure 11 [116, 117]. However, in ker-
atinocytes undergoing spontaneous senescence, oxidative stress (e.g.,
induced by radiation) is found to down-regulate PARP-1 expression,
reducing the synthesis of PAR, both in concentration and length of
the PAR-chains. This reduction impedes the recruitment of CK2 to
the damage site, arresting the repair process at the step of XRCC1

recruitment [11]. Similarly, in fibroblasts exposed to radiation doses
outside the field, PAR synthesis is also diminished, though the molec-
ular mechanisms remain unclear [13]. Recent studies suggest that out-
of-field IR may directly influence the expression of enzymes such as
nicotinamide phosphoribosyl transferase (NAMPT) and nicotinamide
mononucleotide adenylyltransferase 1 (NMNAT1), which are respon-
sible for synthesizing NAD+, a substrate required by PARP-1 for PAR
synthesis during DNA damage. Additionally, out-of-field IR could in-
crease the production of poly(ADP-ribose) glycohydrolase (PARG),
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Figure 11: Reduced SSBR pathway followed by the keratinocytes in the margin of irradiated cell
constructed using the experimental data (SSBir - Unrepaired SSB).[11, 13] This synthetic
flowchart will be used in Chapter 5 to set up the COPASI mathematical modeling of the
SSB repair.

which degrades PAR. As a result, PAR formation declines signifi-
cantly.Lack of PARP-1 and

smaller PAR chains
promote

unphosphorylated
XRCC1 and

compromise SSB
repair efficiency.

As opposed to normal repair conditions where phosphorylated
XRCC1 follows the correct SSB repair chain, research has shown that
low levels of PAR, or PAR-chains of shortened length, are sufficient to
hamper phosphorylation of XRCC1. This unphosphorylated XRCC1

accumulates at SSB sites and blocks the repair process (see the SS-
Bir/XRCC1 block in Figure 11, probably because unphosphorylated
XRCC1 cannot dissociate from DNA [118]); unrepaired SSB triggers
the p38 mitogen-activated protein kinase (p38MAPK) pathway, lead-
ing to the up-regulation of p16, a key factor in cell cycle arrest [12].
In fibroblasts exposed to out-of-field IR, it is also observed an up-
regulation of p21, which contributes to cell cycle arrest. However, the
exact mechanism driving this up-regulation remains unknown. Once
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the p38MAPK pathway is activated, it can promote either p16 or p53

pathways. While p53 typically leads to apoptosis, p16 drives cells to-
wards senescence. Experimental data indicate that cells with accumu-
lated unrepaired-SSBs preferentially enter senescence over apoptosis,
possibly due to the inhibition of p16 on BAX, a pro-apoptotic factor
[119]. This preference for senescence over apoptosis is particularly
evident in conditions where SSBs are prominent. Senescent cells are
typically cleared by autophagy, a major lysosomal degradation path-
way. However, in certain cases, such as irradiated fibroblasts located
near the radiated volume, cells may enter a state of premature senes-
cence and later escape into a proliferative state which is also termed
as inadequate senescence/escape from senescence.

1.6 layout of the thesis

Given the above overview of cellular senescence, its link with DNA
damage, and its relation to cancer, our first step was to zoom in on
the intricate details behind identifying the DNA strands breaks and
their evolution. For this purpose, this thesis is subdivided into five
Chapters. The first Chapter (that you are presently reading) gives a
summary of the state-of-the-art research conducted during my PhD,
providing a comprehensive overview of how DNA damage can in-
duce cellular senescence, and its eventual link to secondary cancers.
This introductory study is now published in our review paper: Cell
senescence and the DNA single-strand break damage repair pathway [40].
We then started by looking at the very initial steps of the pathway i.e.
how nuclear repair proteins identify the DNA damage, and notably
strand breaks.

Hence, Chapter 2 focuses on the molecular mechanisms by which
PARP-1 protein identifies single-strand breaks (SSBs), studied by a
substantial amount of molecular-scale computer simulations. This ob-
jective was selected because it represents the initial step in the single-
strand break repair (SSBR) pathway, and the mechanistic details of
PARP-1’s interaction with SSBs remain largely unexplored in the lit-
erature. This Chapter aims to offer a detailed analysis of the complex
dynamics and molecular interactions involved when PARP-1 engages
with a hairpin-fragment of DNA containing an SSB, which has been
repeatedly used in experiments as a model system. The results of this
study are now published in our paper: Cooperative dynamics of PARP-1
zinc-finger domains in the detection of DNA single-strand breaks [120].

After gaining insights into how PARP-1 interacts with the ideal-
ized hairpin-DNA structure, I expanded the focus to the more com-
plex system of the nucleosome, providing a better representation
of DNA damage in the nuclear environment. Our goal was to un-
derstand the evolution of SSBs and DSBs, both within the isolated
nucleosome (Chapter 3), and within a dinucleosome structure, with
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varying linker-DNA lengths (Chapter 4). I employed Steered Molec-
ular Dynamics (SMD) to explore the dynamics of the dinucleosome
when damage occurs localized in the linker-DNA region. This ap-
proach allowed to investigate how different types of DNA damage
lead to structural deformations within the nucleosome (Chapter 3),
likely facilitating the recruitment of DDR proteins to the SSB site.
Chapter 4 provides a comparative analysis of the mechanical defor-
mation caused by SSBs and DSBs, offering a quantitative assessment
of how these lesions affect nucleosomal integrity and dynamics. Part
of these results are submitted in a joint paper: How repair proteins
identify DNA damage in the nucleosome, under review in the journal
Biomolecules (preprint available as Ref.[121]).

The final Chapter 5 shifts focus from the nucleosome level to a
broader examination of the entire DNA damage repair chain, in the
modern framework of systems biology. Here I employed two com-
plementary approaches to build mathematical models of the single-
strand break repair (SSBR) pathway, and notably the role of unre-
paired damage. Firstly, I used the COPASI software with Michaelis-
Menten, Hill or mass-action kinetic models, to explore the cell decision-
making processes between repair, apoptosis and senescence end-points,
involved in the damage response. The second approach involved the
GEANT4-TOPAS Monte Carlo simulation framework to simulate the
whole chain of radiation-induced damage, including SSBs and DSBs,
with the help and expert guidance of Dr. Nicholas Henthorn from the
PRECISE group at Manchester University. These models provided
two key insights: (1) how competition between different types of
DNA damage influences the decision-making process of the DNA
damage response (DDR) pathway, and (2) the possibility of integrat-
ing the SSBR pathway into the existing DaMaRiS code for a more
comprehensive understanding of DNA repair.

Hence, the ensemble of the thesis is primarily focused on compu-
tational simulations and mathematical modeling of protein-DNA in-
teractions at the molecular scale, with an extension to modeling of
protein network pathways, and supplemented by experimental de-
tails where possible. The focus on the dynamics of DNA damage, on
the early molecular steps of damage recognition by a typical repair
protein such as PARP-1, and the DNA damage response (DDR) path-
way, should make this approach a valuable study also in the more
general context of biological studies of the complex mechanisms of
DNA repair.
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I N T E R A C T I O N O F PA R P - 1 W I T H S I N G L E - S T R A N D
B R E A K I N A M O D E L D N A - H A I R P I N

2.1 introduction

The PARP-1 protein (Figure 12a) is a well studied member of the
PARP family. It is a chromatin-associated protein consisting of at least
six functional domains: three DNA-binding Zinc-finger N-terminal
domains named Zn1, Zn2 and Zn3; one BRCT domain; one WGR
domain; and one catalytic C-terminal domain, including a helical
subdomain (HD) (Figure 4c). When PARP-1 is not bound to DNA,
Zn1 and Zn2 behave as flexible independent domains [122]. PARP-1
binding to damaged DNA activates a complex sequence of allosteric
and cooperative effects between the different domains, which are not
yet completely elucidated. In most experimental studies to date only
fragments of the whole protein were used, often leading to divergent
models, especially whether PARP-1 recognizes and binds to damaged
DNA as a monomer or a dimer. Zn1 and Zn2 are known to specifi-
cally recognize DNA breaks (notably, both SSB and DSB). Zn1 from
one PARP-1 copy may also cooperate with Zn2 from another PARP-1
protein to form a dimeric module that specifically recognizes DNA
breaks [123]. On the other hand, Zn3 mediates as an inter-domain
contact and is required to confer with PARP-1 to regulate chromatin
structure [124]. The BRCT domain acts also as a DNA binding do-
main, but of low affinity, and is able to bind to only intact DNA with-
out concomitant catalytic activation. The BRCT-DNA interaction me-
diates DNA intra-strand transfer of PARP-1 (the so-called "monkey-
bar mechanism") that allows rapid movements of PARP-1 through
the chromatin [125]. By analogy with PARP-2, it is assumed by many
authors that the WGR domain of the sister protein domain of PARP-
1 can bridge two nucleosomes with the broken DNA ends aligned
in a position suitable for ligation. Such bridging induces structural
changes in PARP-1 that signal the recognition of a DNA break to the
catalytic domain of PARP-1. This promotes the recruitment of His-
tone PARylation factor 1 (HPF1) and subsequent activation of PARP-
1, followed by licensing serine ADP-ribosylation of target proteins
[126, 127]. HD prevents effective NAD+-binding in the absence of
an activation signal. However, after binding to damaged DNA, the
autoinhibition is relieved, HD unfolds, and PARP-1 becomes able to
bind NAD+, thus starting PARylation [128, 129].

Some studies already shed light on the structural features of Zn1

and Zn2 domains interacting with DNA breaks. In the earlier studies,

27
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Figure 12: Molecular structures of the PARP-1 protein and of the DNA hairpin. (a) Structure of full
length PARP-1 as modeled by AlphaFold2. Domains: Zn1, blue; Zn2, red; Zn3, purple;
BRCT, orange; WGR, green; PARP-α-helical, cyan. (b) Details of the two zinc-finger
domains, Zn1 (blue) and Zn2 (red), that recognize and interact with the DNA single
strand breaks. The position of the Zn atoms (grey spheres) is tentatively indicated. (c)
Domain structure of PARP-1; the numbers above the diagram indicate the amino acid
positions. (d) Blueprint of the RNA sequence used as input in ROAD along with the
nucleotide positions 1,23,45, and the resulting 3D-structure of the straight DNA hairpin,
with a missing nucleotide to simulate a single-strand break.

single PARP-1 fragments (with either Zn1 or Zn2) were co-crystallized
with short dsDNA fragments, ideally mimicking DSBs with blunt
ends [130]. The results showed that both Zn1 and Zn2 can make con-
tact with the DNA ends through interaction of Phe44 and Lys151

respectively with the 5′ and 3′ ends of DNA. However, Zn2 showed a
higher affinity than Zn1 in binding to DNA ends. A subsequent study,
in which dsDNA terminated with overhangs at both ends were used
[123], and co-crystallized with separate Zn1 and Zn2 domains (ide-
ally representing the N-terminals of two adjacent PARP-1 molecules),
found that Zn2 interacts with both the 5′ and 3′ ends, tending to ex-
clude Zn1 from the direct interaction but requiring the cooperation
of both Zn fingers for the efficient tagging of the damaged DNA in
vivo. Eustermann et al. [128] reported a high-resolution structure of
PARP-1 Zn-finger domains in complex with a SSB in the hairpin DNA.
The authors used a hybrid nuclear magnetic resonance and X-Ray
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diffraction (NMR-XRD) technique to produce a detailed atomic struc-
ture of paired Zn1-Zn2 domains in interaction with a 45-nucleotide
DNA hairpin containing a SSB. They showed how Zn2 initiates the
recognition of the SSB by first binding to the 3′ end, followed by
Zn1 (from the same PARP-1 monomer) making contact toward the 5′

end. This coupled action appears to lead to a drastic bending of the
DNA around the SSB site, by ∼130

◦, an effect that was also observed
in older experiments by electron microscopy [131]. Very recently, the
same group also performed single-molecule Förster resonance energy
transfer (smFRET) analysis on the same DNA-hairpin with SSB inter-
acting with Zn1 and Zn2 [132], showing that just the co-presence of
Zn1-2 (even excluding the rest of the protein) is sufficient to bring
about a kink in the DNA at the break site; it appears that Zn2 recog-
nizes the damage by producing a small kink, and additional binding
of Zn1 induces a sharper kink in the DNA.

Even though these structural studies helped in understanding many
details of the binding of PARP-1 to damaged DNA and its consequent
conformational changes, there is no clear-cut answer about the mecha-
nism by which the change in conformation of DNA occurs. Moreover,
the initial steps of the damage recognition are not established, since
the biochemical techniques used until now only give access to final-
state conformations. By combining molecular docking and molecu-
lar dynamics (MD) simulations, I tried to understand the pristine in-
teractions of PARP-1 with the damaged DNA, and the dynamics of
kinking-bending that leads to the stable binding between the enzyme
and the damaged DNA site.

Strand breaks in DNA are the result of a complex sequence of bio-
chemical modifications, starting from the simple breaking of a bond
and proceeding in several steps with the progressive disruption and
final removal of the damaged nucleotide(s). Hence it is crucial to
understand how, and at which step, the early SSB detection is acti-
vated by the sensor proteins that continuously search the DNA for
structural anomalies. In the following, I used the same DNA-hairpin
structure of Ref.[128] as the reference system, to study the interaction
of PARP-1, both in monomeric and dimeric form, with a model-SSB
represented as a whole missing nucleotide in the center of the DNA
hairpin. Such a structure is representative of the direct damage to the
DNA, as can be obtained as a result of the rapid chemical evolution of
the initial bond-breaking typically produced at the C4′ or C5′ carbon
by radical attack.

To elucidate the molecular interactions between the zinc-finger do-
mains of PARP-1 and the DNA damaged by a SSB, I designed a com-
plete simulation protocol, starting with (i) the design of the atomic
structure of the DNA and protein fragments, then (ii) docking of
the rigid fragments (protein to the DNA) with an approximate free-
energy functional, followed by (iii) all-atom molecular dynamics sim-
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ulations and analysis with a state-of-the-art empirical force field, and
finally (iv) comparison with the available experimental results. The
details of the computational methods (for this, and the next Chapters)
are provided in Appendix B, Section B.1, also including a description
of Zn-finger proteins and the re-parametrization of the AMBER force-
field that was necessary to include the corresponding topologies.

Since, the reported NMR experimental structure only presents a
final state with a strongly deformed hairpin, as a result of the in-
teraction with the protein, I constructed also a straight DNA hairpin,
with the same nucleotide sequence, SSB damage and 2D contacts (See
figure 12d). By using this at the initial configuration, it was also pos-
sible to follow the process of SSB recognition from the earliest stage
of the interaction. To design the DNA hairpin in the different con-
formations I used the RNA-Origami Automated Design tool (ROAD),
a computer-aided design software to build automated 3D-structures
of nucleic acids [133], as described in the protocols Appendix B. The
ensembles of DNA-proteins were solvated in a relatively small water
boxes, of size 15x15x15 nm3, with about 106,500 water molecules, and
about 365,000 atoms.

2.2 stability of the isolated dna hairpin including an

ssb

Initially it was necessary to test the thermal and mechanical stability
of the model DNA hairpin including a simulated SSB. In particu-
lar, I wanted to verify whether the DNA fragment could bend spon-
taneously into the experimentally observed shapes [128], under the
simulated thermodynamic conditions, and without the participation
of PARP-1. For this purpose, I performed 2µs-long MD simulations
for three variations of the model DNA: (1) the 45-nt hairpin from
Ref.[128], with a missing nucleotide at its center representing the SSB,
with the same nucleotide sequence and terminations as the experi-
mental structure (5′-deoxyribosephosphate, dRP, and 3′-OH, Figure
4d); (2) hairpin DNA with hydroxyl terminations on both 5′ and 3′

ends a configuration that may be representative of the SSB gap after
the pol-β removal of 5′-dRP, and could be interesting to compare the
effect of a wider opening of the gap; (3) a long stretch of free DNA
with a missing nucleotide at one strand, including the same SSB gap
as in the hairpin DNA.

The MD simulation of the isolated hairpin 1, shows that this DNA
structure does spontaneously open up at the level of the SSB, and
can bend substantially, over very short time frames. Even though the
DNA largely fluctuates in the course of the simulation (Appendix A,
Figure A1a,b), the average stable structure after cluster analysis (cut-
off 0.6 nm, average RMSD 0.49 nm) remains comparable to the initial
straight configuration (Figure A1c). We measured the gap opening
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Figure 13: (a) SSB opening, measured as the distance between the C4’ atoms of the 5′ and 3′ gua-
nines: straight long DNA (black), 45-nt hairpin with 5′-dRP (blue), and with 5′-OH (red).
(b,c) Sample snapshots of the hairpin configuration at times 0.5 and 1.77 µs, showing
typical frames of the intermediate (b) and wide-open conformation (c). (d) Bending an-
gle, measured between the P atoms of nucleotides 12-24-34 (center and loop ends). To
facilitate the comparison, the grey shaded areas highlight 95% of the fluctuation for the
straight long DNA (black).

at the SSB by taking the distance dg between the C4 ′ atoms of the
guanine 1 and 45, respectively at the 5′ and 3′ terminals. The bending
angle θb is measured by the relative position of the P atoms of the
nucleotides 12, 24 and 34, at the two ends and approximate center of
the DNA. Figure 13a,d displays the plot of these values for the 2-µs
trajectories, the blue, red and black colors referring to the structures
1,2,3, respectively.

The SSB gap displays large jumps between three different states: a
"wide open" at dg ⩾2 nm, an intermediate one at dg ∼1.5 nm, and
a sort of "closed" state with a gap distance dg=0.5-0.7 nm. The DNA
bending angle experiences large fluctuations between θb=110

◦ and
160

◦ (Figure 13d), with instantaneous peaks at even smaller angles.
The coupling between opening and bending indicates large fluctua-
tions accompanied by a (less visible) twisting of the compact DNA
structure. In particular, the peaks appearing at times t=1.58, 1.77,
1.83 and 1.87 µs, are correlated with the corresponding jumps in the
RMSD (Figure A1b); the snapshots of the DNA hairpin in Figure 13b,c
show an extensive bending and twisting of the structure in both the
intermediate and wide-open configurations.

The comparison of structure 2 with dephosphorylated 5′-OH end
(see red plots in Figure 13) is entirely similar to the structure 1, and
displays an even wider range of fluctuations both in the opening and
in the bending angle. The RMSF-by-atom shows a distinct periodicity,
with larger values of about 0.6 nm for the two 5′ and 3′ ends, the
nucleotides 11-12 and 34-35 at the loops (up to 0.8 nm for the 11-nt),
and the unpaired nucleotide 23 facing the gap. This indicates that the
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two end loops in this particular experimental construct could help
the spontaneous opening-up of DNA, both before and during the
interaction with the PARP-1 protein.

For the sake of comparison, I extended the same stability test to
the free-DNA structure 3 that could be representative, e.g., of a nu-
cleosome linker (see next Chapter 4), or a transcriptionally exposed
chromatin stretch. The chosen DNA length of 200 bp (about 70 nm) is
longer than the typical DNA persistence length (∼50 nm, [134, 135]).
This structure includes a gap at the centre of the double strand (re-
sembling an SSB) and no end loops. Evidently, such a long DNA
displays long-wavelength fluctuations at the simulation temperature
of 310K, as it can be observed by the time plot of the RMSD and the
RMSF-by-atom, which fluctuate about values of several nm. However,
when we looked at the gap opening and the DNA bending angle (see
again Figure 13a,d) an important difference is observed between the
free DNA (black plots) with respect to the same quantities measured
on the 45-nt hairpin (blue and red plots). The gap opening in the
free DNA remains at a constant value of about 1.2 nm with a small
dispersion of ±0.1 nm. The average bending angle in the free DNA
fluctuates between θb=160-175

◦, that is practically straight.
Such results suggest that the large opening of the SSB gap appar-

ently necessary to accommodate the PARP-1 fragment in the experi-
ments using the DNA hairpin [128], could be due to - or at least be
substantially helped by - its spontaneous thermal fluctuations. How-
ever, our results indicate that the wild bending and gap opening of
the hairpin seems confined to shorter (tens of ps) times, while the
average values remain close to the initial conformation.

2.3 binding of parp-1 monomer to dna hairpin

The next step is to study the binding of PARP-1 to DNA containing
a SSB. As detailed in the Appendix B, Section B.1, I used molecular
docking with empirical free-energy functional (HADDOCK) to iden-
tify the candidate interacting conformers, followed by an all-atom
MD at finite-temperature, to unveil the binding dynamics of PARP-1
and conformation fluctuations. As a first test to establish the validity
and quality of the simulation protocol, I tried to retrieve the experi-
mental interaction from Ref.[128]. For the sake of clarity, in the follow-
ing protein residues are indicated by their 3-letter code and residue
number, and DNA nucleotides by a single letter-number pair.

2.3.1 Retrieving the experimental structure

Two separate PDB structures were generated by isolating the protein
and the DNA hairpin from the RCSB PDB entry 2N8A, which were
then reassembled by docking with HADDOCK. The active residues
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Figure 14: (a) Straight hairpin before (orange) and after (cyan) 200-ns MD simulation. (b) Distance
between the C4 ′ atoms of the 3′ − 5′ ends: DNA starting from experimental structure
(black) and free PARP-1 docking. DNA starting from the straight hairpin (red) and free
PARP-1 docking. DNA starting from the straight hairpin (blue) and manual fitting of
PARP-1. (c) Distribution of DNA hairpin bending angle measured between the P atoms
of nucleotides 12-24-34; same color code as in (b).

to bootstrap the docking were: the residues Phe-44 and Leu-151 of the
protein (belonging to Zn1 and Zn2 respectively), and the nucleotides
G1 (5′ end of the hairpin), G45 (3′ end), plus the T23 (unpaired base
facing the SSB gap) of the DNA. This resulted in docked clusters hav-
ing some of the interactions that were already established in the ex-
perimental NMR structure. Then, based on the RMSD value, the best
docking poses were selected as initial configuration, and performed
a longer 0.5-µs MD simulation at T=310K (Figure 14a). The resulting
distribution of the 5′-3′ distance dg (i.e. the SSB gap) as measured
by the distance between the C4 ′ atoms, (Figure 14b, black line) has a
peak at dg ≃3.1 nm, compared to 3.02 nm for the experimental NMR
structure [132]. The distribution of the DNA bending angle, shown in
Figure 14c (black line), extends between about θb=80-160

◦, peaked at
about 135

◦, and rather skewed toward the lower values. By compar-
ison, the distribution of experimental values obtained by FRET [132]
is nearly Gaussian, peaked at 90± 14◦.

In the simulated complex, a very close proximity between Leu-151

from Zn2, and the DNA nucleotide G45 at the 3′ end can be observed;
and the Phe-44 from Zn1 in a position that is very close to the op-
posite DNA 5′ end, making contact also via Gln-40 and Pro-42 (a
schematic of the contacts is provided in Figure A2a). Also, two hydro-
gen bonds within a cut-off distance of 0.3 nm were observed between
Arg-18 of Zn1 and thymines at position 3 and 4; while Arg-122 of Zn2

makes hydrogen bonds with C41 and C42.
Some of these ’trademark’ interactions were already described in

the NMR study of Ref.[128]. Notably, it has been known for quite a
long time [136, 137] that the interaction between phosphate groups of
DNA and lysine, arginine and phenylalanine residues of TATA-BOX-
binding proteins, helps in producing and stabilizing a sharp kink in
the double-helix, and open up the DNA conformation, by inserting
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two deformed α-helices in the minor groove. Similarly here, PARP-1
makes contact via Gln-150, Arg-122, Arg-18 and Phe-44, found in the
Zn1 and Zn2 domains. Moreover, Zn1 digs in the SSB, and reaches
for a contact with the unpaired T23 on the opposite DNA strand,
using its base stacking loop(mainly Met-43 & Phe-44) (Figure A2a).
All these interactions, along with the trademark interactions, appear
to assist and maintain DNA bending and kinking [128, 132, 138].

Overall, the average conformation of PARP-1 after the long MD
simulation is able to get to a structure rather close to the reference
experimental one, as far as the contact regions with DNA are con-
cerned. Also, the DNA maintains its strongly bent conformation, as
shown from the distribution of bending angle in Figure 14c (black
line). The global orientation of Zn1-Zn2 with respect to the DNA is
slightly rotated by ∼17

◦ about the DNA main axis, compared to the
experimental reference. However, this has minimal impact on the con-
tacts between the protein and DNA.

2.3.2 Starting from the straight hairpin

The next step was to repeat the docking and simulation, but start-
ing from the unperturbed straight conformation of the hairpin, an at-
tempt to mimic the stage of PARP-1 randomly approaching the DNA
region containing an SSB. The docking and selection of binding can-
didates were performed in the same way as above. However, in this
case the docking of the whole protein fragment, that is, the two Zn1-
Zn2 zinc-fingers connected together by a short stretch of amino acids,
did give complex results. In the best docked configurations, Zn2 is
found in close contact with the 3′ DNA end (G45), but Zn1 remains
far from interacting.

Moreover, the relative position of Zn1 and Zn2 is such that Zn1 lies
on the same side as the 3′ end, and therefore to get into a proper inter-
action with the 5′ end, as experimentally observed, it would require
a large rotation by about 180

◦ of the whole protein about the main
DNA axis. Such results could be due to an HADDOCK limitation or
an artifact, or could be indicative of a real physical-chemical issue in
the interaction with the straight hairpin, which at this stage is difficult
to assess. It is worth noting that the recent FRET experiments [132]
using the same DNA hairpin configuration, identified a high affinity
also for the Zn2 binding alone - albeit with somewhat lower values
than for the Zn1-Zn2 complete pair - and vanishing affinity for Zn1

binding alone.
Hence, I reduced to select the best docking configuration having

the "right" orientation of Zn1-Zn2 with respect to the SSB ends, even if
this is not the one giving the best HADDOCK score and RMSD value.
This configuration was then used as the starting input structure for
a MD simulation of 0.5 µs at T=310K. This starting configuration has
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Zn2 interacting with nucleotides G1, at 5′, and T23, the unpaired nu-
cleotide facing the SSB. After the long MD run, it evolves into a more
correct configuration (Figures 14a), with Zn1 approaching the 5′ end
of the SSB. This is already a better result, albeit the closest residues to
5 ′ are Ser-41 and Asp-45, rather than experimentally-observed Phe-44.
Moreover, Zn2 is penetrating further in the SSB opening, and Leu-151

interacts with T23. On the other hand, Zn2 has still a rather weak
interaction with the 3′ end, via its Pro-149 and Gly-152 (Figure A3).

Clustering of the whole MD trajectory was performed, to extract
the best representative conformations of the interacting system. A
comparison of the opening dg and bending θb of the SSB is given in
the probability distribution histograms of Figure 14b,c, between the
two simulations: (i) starting from the experimental reference (black),
vs. (ii) starting from the straight hairpin (red). After MD simulation,
the DNA still appears nearly straight (θb ∼ 180o) and the gap closed
(dg ∼ 1 nm), with little or no room for Zn2 and Zn1 to make contacts
with the SSB ends, as it can be observed in the plots in Figure 15b,c.
To understand if the initial orientation of Zn1-Zn2 could play a role
in the SSB opening and kinking starting from the straight DNA, I
therefore proceeded with manually adjusting the orientation of the
protein into different interacting configurations, as explained in the
next Section.

2.3.3 Manually fixing the right DNA-PARP-1 contacts

Given the difficulty of obtaining a starting docked structure corre-
sponding to the experimental observations, I eventually tried to man-
ually adjust the Zn1-Zn2 fragment to the DNA hairpin, starting from
the docked structure and using CHIMERA manipulation tools. Ini-
tially Leu-151 from Zn2 was close to G45 at the 3′ end, while the
Phe-44 was placed somewhat close to G1 at the 5′ end of the SSB.

Starting from this adjusted configuration, the first 150 ps of thermal
equilibration were followed by a MD run of 200 ns. The best cluster,
shown in the Figure 15a, has RMSD = 0.542 (cutoff = 0.65). This initial
configuration resulted in a slightly bent DNA, somewhat closer to
what observed in the experiments, along with an increased average
distance between the 3′ and 5′ ends. In Figure 14b,c above, the blue
histograms show the bending angle spanning between θb=130-170

◦,
while the gap is more open, at between dg=2-2.5 nm. In addition,
Figure 15b displays the plot of distances between reference atoms
methyl-C of Leu-151 vs. C2 of G45 (black trace); and methyl-C of
Met-43 vs. C4 ′ of G1 (red trace). The MD simulation reveals that the
movement of Zn2 adjusts over time, fluctuating between 0.5-1 nm
by the end of the first 130 ns; however, Zn1 moves away from the 5′

strand by the end of 100 ns, and fluctuates between 2-3 nm (red trace).
The significant structural transition of Zn2 and Zn1 could be due to



36

Figure 15: (a) Best cluster of the manually-adjusted structure after 0.5 µs MD simulation. (b) Plot
of the C-C reference distances as a function of MD time, for the Leu151-G45 contact at 3′

(black trace) and the Met43- G1 contact at 5′ (red trace). (c) Plot comparing the local twist
and the distance between the 3′-5′ terminals. (d) Scatter plot comparing the evolution
of distance between the 3′-5′ terminals w.r.t local twist. (e) Scatter plot comparing the
evolution of bending angle w/r to local twist

the presence of Arg-122 and Arg-18, which clamp to the major/minor
groove of DNA (see again Figure 15a), bringing about no more that
the slight bending in the DNA.

The degree of SSB opening may be correlated to the larger or smaller
bending angle of the DNA hairpin. However, the distance dg could
increase also because of the local under/over-twisting of the major
groove with respect to the DNA main axis, or because of a combina-
tion of bend and twist. To understand this point, we measured the
local twist, defined as the dihedral angle Φ formed by the P atoms of
the four nucleotides (1-22-24-45) that, covering two adjacent bp each
carrying ∼30-34

o, should have a reference value of ∼60-70
o. Smaller

values of Φ correspond to local under-twisting (Figure 15c), and a
more closed SSB gap. It is observed a roughly linear correlation be-
tween Φ and dg, the increase in the former (overtwisting) resulting in
a larger gap (Figure 15d). On the other hand, the correlation plot of Φ
vs. θb (Figure 15e) indicates as well a linear relationship, where lower
bending angles θb (i.e., a more bent hairpin) are coupled with over-
twisting and gap widening. During the whole simulation the bending
angle spans the interval between θb=130-150

◦, but certain instances
witness a very sharp decrease to θb=100-120

◦ (see Figure A4). Such
an occasional, sharp bending is clearly due to the clamping of the two
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PARP-1 loops centered at Arg18 and Arg122, which fit in the groves
on either side of the SSB, along with the mechanical constraints of
DNA due to its peculiar hairpin configuration. Overall, these results
show that large openings can be the result of either bending or over-
twisting, or a combination of both effects.

2.4 comparison between monomeric and dimeric parp-1

To ascertain whether the dimerization of PARP-1, and the consequent
independent action of Zn1 and Zn2 (in fact a long-standing question in
the literature [123, 130, 139]) could possibly play a role in the sensing
of the SSB, I finally performed a series of docking+MD simulations
with the two Zn fingers disjointed. At first, the 13-aa stretch that links
the two moieties in the monomer was simply removed from the struc-
ture. In this case, we observed that the simple removal of the 13-aa
linker from the same configuration used in Section 2.3 (direct docking
to the straight DNA hairpin) does not affect significantly the PARP-1-
SSB contact. After a 200-ns MD simulation, the comparison of RMSD
and RMSF between the two simulations (Figure A5, see data with-
vs. without-linker) displays only minor differences such as the sharp
spikes around atoms 375 and 1099 of the DNA, corresponding to nu-
cleotides T11 and T35, in the loops at the opposite ends of the hairpin.

Then, I tested the independent docking of the two Zn2 and Zn1

fragments to the straight DNA hairpin, either simultaneously or se-
quentially. The rationale for using again the straight hairpin, was to
ascertain whether the Zn fingers have the ability to spot a pristine
SSB, at least in this interaction mode.

For the simultaneous interaction, the ’three-molecule’ docking op-
tion of HADDOCK was used. Zn1 (active residues Met43, Phe44)
and Zn2 (active residues Gln150, Leu151) were freely docked to ac-
tive sites G1 and G45 of the hairpin, without further specification of
the mutual interactions. In practice, however, no meaningful starting
structures could be obtained, since all the best HADDOCK scores
corresponded to configurations in which Zn2 gets in the SSB, filling
the gap between the 5′ and 3′ ends, and Zn1 is placed somewhere
close but way outside the SSB, in a weakly interacting position. This
is likely another proof supporting the notion that the closed SSB has
no enough space for both Zn fingers, and Zn2 is the highest-affinity
species to start the interaction, while Zn1 remains peripheral.

Then, for the sequential interaction, I started with docking Zn2

alone against the initially straight DNA hairpin. Since the conforma-
tion of Zn1 and Zn2 are now independent, there are many more pos-
sibilities for the interaction. For the sake of argument, I focused the
attention on two, nearly symmetrical orientations of Zn2 with respect
to the SSB, namely: orientation (1) resembling the experimentally ob-
served orientation of monomeric-Zn2, and orientation (2) with Zn2
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Figure 16: (a) Interaction of Zn2 with the pre-bent DNA hairpin starting from orientation (1)( see
text). The black and red plots (left Y-axis) represent the time evolution of the distance
between the Cδ of Leu151, and respectively, the two C4 ′ carbon atoms of the 3′ DNA
terminal (black), or 5′ terminal (red); the blue plot (right Y-axis) represents the C4 ′-
C4 ′ distance indicating the opening width of the SSB gap. (b) Initial configuration of
Zn1 (blue), Zn2 (red) and DNA (orange), after independent docking and subsequent
relaxation to the open DNA hairpin (at time t=2ns). (c) Same as (b), for the (ii) closed
hairpin (at time t=400ns). These two structures (b,c) will be used in the analysis of
Section 2.4.1 (see also Figure 17).

mirror-rotated by about 180
◦ about the vertical direction (perpendic-

ular to the main DNA axis). For each case (see the following subsec-
tions), firstly an equilibration of Zn2 will be studied, and secondly
Zn1 will be added, based on the experimental affinity data from
which it consistently appears that Zn2 is the PARP-1 moiety that es-
tablishes the strongest contact.

2.4.1 Dimeric PARP-1: the "experimental" Zn2 orientation

For the orientation (1), the MD equilibration for 400 ns at T=310K
shows that with this initial conformation, Zn2 has a considerable re-
activity towards both the 3′ and the 5′ ends. As shown in Figure 16a,
Zn2 is initially close to 3′; however, after about 300 ns of simulation it
begins approaching also 5′, and for the remainder of the simulation it
maintains a steady distance of about ∼4 nm from either DNA ends. At
the same time, the C4 ′-C4 ′ distance dg (SSB gap, blue plot in the Fig-
ure 16a), starting from values as large as 2-2.5 nm, settles to a much
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Figure 17: (a) t=2ns-docking structure. Evolution of the SSB gap opening (black plot, left Y-axis)
and of the DNA bending angle (red plot, right Y-axis). (b) For the same structure, in-
teraction of Zn2 with the 3′ DNA end: distance between the two Cδ of Leu-151 and
the C6 (black) and C8 (red) of guanine-45; H-bonds between Lys-148 Nζ and thymine-
23 O8 (blue) and N3 (green). (c) t=400ns-docking structure. Evolution of the SSB gap
opening (black plot, left Y-axis) and of the DNA bending angle (red plot, right Y-axis).
(d) For the same structure, best cluster for the (ii) conformation, represented as ribbons
(DNA=orange, Zn1=blue, Zn2=red); the interaction regions are depicted as shaded sur-
faces; the dashed line represents the instantaneous DNA bending angle.

shorter dg ∼1 nm at about the same time, indicating the rapid closing
of the gap, and with a conformation of the hairpin that turns more
and more straightened, compared to the largely bent initial state.

Next, I performed several distinct HADDOCK docking experiments,
in which Zn1 was approached to the 5′ end of this Zn2-DNA complex
at different time frames of the MD simulation. In the following, two
representative situations were selected, at times t=2 ns (Figure 16b)
and t=400 ns (Figure 16c), respectively characterized by a very open,
vs. a rather closed hairpin conformation. For both initial dockings,
two subsequent 500-ns MD equilibration runs were performed. De-
tailed bonding and solvation free-energy information was deduced
from the analysis of the best cluster for each simulation.

For the t=2ns docking, the SSB gap always remains quite open at
about dg=2 nm, as shown in Figure 17a (black plot), and the bending
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angle remains constantly about θb=130
◦ (red plot). The MD trajectory

shows a moderate interaction of Zn2 with the 3′ DNA end. Leu-151

and Gly-152 still contribute about half of the total hydrophobic con-
tact with G1. However, the total ∆G=-2.2 kcal/mol is in large part
contributed by the residual interaction of Lys-148 with the middle-
exposed DNA base T23, between which a H-bond at 0.195 nm is also
formed (Figure 17b, blue plot). Zn1 now appears to interact more
strongly with the 5′ end, compared to the starting configuration. Phe-
44 still maintains a strong hydrophobic interaction, where the phenyl
group is mostly facing the G45 heterocycles, and Lys-47 makes an
0.198 nm side-H-bond with the ribose O5′. The total (solvation) +
(H-bond) ∆G is -6 kcal/mol. The direct Zn1-Zn2 interaction is main-
tained by a strong pair of salt bridges, formed by the Nζ of Lys-148

and the two carboxyl oxygens of Asp-45. This interaction is likely
to distract Zn2 from a possibly closer interaction with the DNA, by
holding it closer to the Zn1 loop, rather than to the 3′ end.

Concerning the t=400ns docking, the initial arrangement of Zn1

and Zn2 appears to remain little altered for the whole 500-ns MD; be-
cause of their mutual interaction, both zinc fingers seem to have a re-
duced interaction with the SSB gap. However, an interesting informa-
tion obtained from the plots of this simulation in Figure 17c includes
the DNA bending angle rapidly evolving towards quite smaller an-
gles, about 120

◦ in the second part of the trajectory, while at the same
time the SSB gap remains quite closed at 12-13 nm. Given the little
interaction of both Zn1 and Zn2 with the SSB gap, and the contact of
Asn-121 and Arg-122 apparent in Figure 17d (already in slight con-
tact also at the beginning of the simulation, see Figure 16c), such a
bending appears to be the result of spontaneous thermal fluctuation.
In fact, only at much later times a third contact (Lys-108, see figure)
will arise on the opposite side of the DNA hairpin, thus stabilizing
the opening angle.

2.4.2 Dimeric PARP-1: the 180◦-flipped Zn2 orientation

For the orientation (2) of Zn2 with respect to the straight hairpin,
the best docking pose resulted in a cluster with an RMSD 0.128 nm,
all the poses of the cluster having the base loop of a.a. 149-152 of
Zn2 very close to the 3′ DNA end. After 400-ns MD equilibration of
the top-scoring pose, a conformation with a large opening of the SSB
gap was obtained, with Zn2 reaching its stable position along the 3′

end. While this conformation approaches an opening angle similar
to that observed in the experiments, it should be equally possible
that the kink is due to a spontaneous fluctuation of the DNA hairpin,
and/or by direct action of the Zn2 finger penetrating in the SSB gap.
By comparing the θb bending angle of the phosphate backbone, and
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the SSB opening dg, it is observed that the DNA gradually unfolds
with θb fluctuating between 120-130

◦ and dg=20-25 nm.
Next, this average structure obtained as the best cluster from the

MD simulation was used as the starting Zn2-DNA complex, to fur-
ther dock the Zn1 monomer. This combined Zn1-Zn2-DNA configu-
ration is therefore our best candidate for further equilibration at finite
temperature and pressure. After 1 µs of MD simulation, the trajectory
is clustered and representative configurations are extracted.

It is observed that Zn2 penetrates in the SSB gap, with a total ∆G=-
3.9 kcal/mol. The main interactions included in this ∆G are displayed
in Figure A7: (a) direct interaction with the G45 at 3′ end (Figure
A7a);(b) hydrophobic interaction of the 119-122 a.a. loop, (c) Arg-122

making two H-bonds with the O2 oxygen of C42 (0.207 nm) and (d)
with O4 ′ ribose oxygen of C23 (0.249 nm) at the minor groove (Figure
A7b); (e) Gln-150 making contact with C22 and T23 at the opposite
side of the SSB (Figure A7b).

Concerning Zn1, Figure 18 shows a summary of the results of MD
simulation, focusing on the special binding configuration of Zn1 at
the 5′ end (Zn2 removed from the view for the sake of clarity). Zn1

strongly interacts with G1, by making a strong H-bond of Pro-49 with
the ribose O5′ and a weaker one with C4 ′ (Figure 18b), plus a very
peculiar contact of Phe-44 (see below). At a later time it also estab-
lishes a strong contact with the DNA groove, the Arg-18 making two
H-bonds with the O6 oxygen of G4 and G6. Its overall ∆G at this later
stage is close to -8 kcal/mol, largely coming from the 43-45 a.a. loop
and the 5′ terminal.

The interaction of Phe-44 with the aromatic cycles of guanine G1

is of a special "edge-to-face", or T-type, which was shown to be one
characteristic feature of protein-DNA interactions [140]. In such π-
bonding configuration, the phenyl of Phe-44 makes an angle with the
plane of the G heterocycles typically between 60-70

◦, rather than cou-
pling in a side-by-side stacked arrangement. Phenylalanine is found
to be the most likely candidate for such T-type bonding with DNA,
twice more frequently with thymine compared to purines [140]. Such
a bonding geometry for our case is shown in the central panel of
Figure 18, where the π-π angle is also defined. The evolution of the
Phe44-G1 angle is shown in Figure 18a, which fluctuates between 60

and 80
◦, a figure in good agreement with the literature findings [140].

By looking at Figure 18c,d there seem to be no apparent correla-
tion between the fluctuations of the T-bonding of Zn1, and either the
DNA bending angle (Figure 18c), or the SSB gap opening (Figure
18d). The former evolves from a rather bent shape in the first ∼500ns,
with θb=90-120

◦, to a more closed shape in the second half of the
MD trajectory, with θb=140-160

◦. However, the relative arrangement
of Zn1-Zn2 is such that the SSB gap (Figure 18d) remains always very
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Figure 18: Interaction of the Zn1 with the DNA 5′ terminal after 1.2 µs (blue ribbon), starting from
the manually docked configuration (green ribbon). Only the contact loop is depicted.
Part of the DNA sketched as a brown ladder in the background. (a) Time plot of the
π−π angle between the planes containing the aromatic cycles of Phe44 and G1 (sketched
by the dashed angle in the central panel); the hexagonal ring of Phe44 moves from the
initial to the final position as indicated by the little black arrow. (b) H-bonding distances
between G1 and Pro49. (c) DNA hairpin bending angle, measured between the P atoms
of nucleotides 12-24-34. (d) Opening of the 5′-3′ gap in the DNA hairpin, measured by
the distance between the respective C4 ′ atoms.

open, at dg=2.2-2.4 nm, independently on the straightening of the
hairpin.

Clearly, such results for orientation (2) are rather interesting when
compared to those obtained with the orientation (1), albeit in the
(2) the Zn2-Zn1 orientation is someway "opposite" to the (1) (in turn,
closer to experimental observations). They seem to suggest that, if a
dimer made of two copies of PARP-1 independently interact with the
SSB (a possibility not yet fully explored in the experiments), a wider
range of interaction possibilities arises. Of course, some of these con-
figurations would be excluded in the realistic situation with two full
copies of PARP-1 interacting, instead of using just the Zn fingers,
since the whole proteins could lead to steric clashes of the dimer.
Overall, the ensemble of simulations of this Section 2.4 point out that
the role of Zn2 in pre-determining the opening of DNA is relevant,
but might not be as crucial as early suggested. It is rather the par-
ticular structure and sequence of the DNA hairpin, which possibly
allows the SSB gap to open up spontaneously by frequent, free ther-
mal fluctuations. Only when the fluctuation spontaneously opens up
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the hairpin, Zn2 could make its interaction, stabilize the DNA kink,
and subsequently make room for Zn1.

2.5 summary and outlook

To summarize, in the present Chapter 2 I investigated by all-atom
molecular dynamics simulations the competition-cooperation of two
Zn-finger domains of PARP-1, in recognizing an SSB in a model frag-
ment of DNA. Since one main purpose was to make a link with re-
cent structural biology experiments [128, 132], I used the exact same
45-nucleotide ssDNA hairpin designed with a sequence such that the
structure makes two near-symmetric loops, and closes back with a
missing nucleotide between the 5′ and 3′ terminations (the guanine-
1 and guanine-45, facing the central, unpaired nucleotide thymine-
23). Both in the published experiments and in these MD simulations,
the gap between the two terminal nucleotides were taken as repre-
sentative of a fully-formed SSB with proper 5′-dRP and 3′-OH ter-
minations, and also a configuration with both OH-terminated ends
for the sake of comparison. Such situations can be representative of
an enzymatically-cut SSB or the final stage of processing radiation-
induced SSBs, just prior to the start of the repair phase. The PARP-1
protein was represented in full atomic resolution only for the regions
actively used in the co-crystallization experiments, specifically, the
two Zn fingers Zn1 and Zn2. In some of the MD simulations we kept
them physically connected by their 13-a.a. linker, while in other simu-
lations we made them act independently, to simulate a PARP-1 dimer.
In this way, widely different configurations could be explored, rang-
ing from the structure with the DNA hairpin straight and the gap
"closed", to the experimentally identified configurations in which the
hairpin is strongly bent and the SSB gap is wide open. The main
findings of this Chapter can be summarized as follows:

1. The highly peculiar hairpin conformation of the DNA struc-
ture allows for a large conformational variability under thermal
fluctuations, compared to straight, long DNA harboring a sim-
ilar SSB at its center. While the straight DNA can experience
broad curvatures, especially when its length approaches and
surpasses the persistence length (≳50 nm), the atomic structure
surrounding the SSB remains relatively unaffected. It is there-
fore possible that, also in the experiments, the DNA hairpin
could spontaneously open up to extreme deformations (such
as, bending angles much smaller than 120-130

◦, SSB gap open-
ings of 2.5-3 nm or more), thanks to its special conformation,
and even without the initial help from the PARP-1 contacts.

2. The experimental structure of the interacting complex [128, 132]
can be readily retrieved in the MD simulations, starting from
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the separate fragments initially taken in the respective experi-
mental conformations. This means that the experimental struc-
ture represents indeed a global thermodynamic minimum of
the DNA-Zn1-Zn2 complex also for the molecular simulation,
thereby providing a strong support to the reliability of the sim-
ulation protocol, and of the subsequent results.

3. The interaction of PARP-1 with the DNA hairpin in the straight
conformation is not able to display the direct transition to the
"final" state, represented by the experimental structure. It was
observed that Zn2 is indeed able to force itself inside the SSB
gap and make contact with the 3′ end, attaining values of bend-
ing angle and gap opening not far from the experimental. How-
ever, the position of Zn1 in these instances is not correct and
lies far from the opposite 5′ DNA end, unlike what is seen in
the experiments. A series of MD simulations in which both Zn1

and Zn2 were forcefully placed in a better initial position with
respect to the straight SSB, demonstrated a steady contact be-
tween Zn1-5′ and Zn2-3′. However, in this case the SSB gap
does not open and the hairpin remains practically straight (i.e.,
the DNA-protein contact remains "external" to the SSB).

4. Resistance to large bending is apparently due to the extra con-
tacts that both Zn fingers establish, by pushing their side loops
(the a.a. 17-19 for Zn1, and the a.a 120-122 for Zn2) deep in
the DNA grooves flanking the SSB gap, which forbid further
bending of the hairpin. It may anyway be speculated that, over
a much longer time scale than the µs accessible to MD simu-
lations, such ’side contacts’ could eventually lead to a forced
bending. Overall, a good correlation existst between the SSB
gap opening with the DNA bending angle, as well as with the
degree of local over-twisting of the double helix. From a kinetics
point of view, it appears that the DNA bending is mostly due to
spontaneous, free thermal fluctuations until, at some later mo-
ment, the side protein loops contact a DNA groove, and "lock-
in" the conformation, be it a straight or a bent hairpin. On the
other hand, the SSB gap opening is initially correlated with the
DNA bending and twisting, but it is ultimately determined by
the arrangement of the Zn fingers, primarily Zn2 which has the
tendency to penetrate deep in the gap, and interacts with the
nucleotides opposite to the SSB.

5. The question whether PARP-1 operates as a monomer, using
the Zn1 and Zn2 from the same molecule for detecting the SSB,
or as a dimer, cooperatively using Zn1 and Zn2 from two differ-
ent molecules, remains an open one. I performed computational
experiments by using opposite arrangements of the two Zn fin-
gers, either acting in parallel or sequentially. It is found that Zn2
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displays the highest affinity for the SSB open ends; it attacks
preferentially the 3′ end, coherently with the experimental find-
ings, but it can also attack both ends, especially if starting from
a relatively more closed SSB gap. The role of Zn1 is therefore
secondary, as shown in the experiments (which however used
only monomeric PARP-1). Also in the dimeric form, Zn1 must
fight its way to the closed SSB, and it is only when the SSB is
already substantially open, that it may join Zn2 in recognizing
the SSB.

By putting together the findings of Section 3.2.3 about PARP-1 in-
teraction with the straight and closed SSB, next to the observations
of Section 3.2.1 about the easier flexibility of the DNA hairpin inter-
acting with the Zn2 alone, and the observations of Section 3.1, about
the large opening and bending fluctuations observed for the isolated
hairpin in the absence of PARP-1, an interesting interpretation of the
dynamics of recognition of the SSB by PARP-1 can be reconstructed.
A possible picture that emerges from the present study – in agree-
ment with the final structures found in experiments – can be that
the Zn2 first interacts with the 3′ end of the SSB, thereby helping
the spontaneous DNA bending; after which, Zn1 can start interacting
with the 5′ end, leading to the final observed kinking; the fact that
the direct docking of the Zn1-Zn2 couple on the pristine closed SSB
gives a good interaction, as far as the adhesion free energy, but with
little or no opening of the SSB, because of the extra contacts along the
DNA sides, adds support to the need for spontaneous thermal fluc-
tuations of the DNA hairpin. The main objection to such a picture is,
then: why the experiments can observe Zn1-Zn2 interacting with a
wide-open SSB, and a largely bent DNA hairpin?

The answer can be found in the free fluctuations of the isolated hair-
pin prior to interaction: it is possible that a spontaneously fluctuating
DNA, offering every now and then the SSB in a wide-open conforma-
tion, has a larger affinity for Zn1-Zn2 compared to Zn2 alone (the so-
called ’bend-then-bind’ action), and this is what has been interpreted
as Zn1-Zn2 forcefully opening the SSB (’bind-then-bend’). Notably,
from our preliminary comparison of the interaction of PARP-1 with
a free DNA strand, it appears that this mode of interaction is not en-
tirely specific to the peculiar construction of the hairpin. While in the
hairpin the terminal loops greatly facilitate ample structural oscilla-
tions, also the free DNA shows enough bending upon contacting the
protein, in this case associated with its long-wavelength fluctuations.
An interesting way to prove experimentally this idea could be to try
to use a hairpin construct but with much longer flanking sequences,
so as to keep the closing loops as far as possible, left and right of the
SSB gap, thus approaching the free DNA condition.

In Chapter 4 I will study the mechanical behavior of SSB and DSB
damage in the linker DNA. Unfortunately, the time constraints did
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not allow to complete the study by also including the DNA-PARP-1
interaction in the context of linker DNA joining pairs of nucleosomes.
One can speculate that the free fluctuations of the DNA observed
here, in that case will be severely constrained by the presence of mas-
sive nucleosomes at both ends; as it will be seen, the relative displace-
ments of the nucleosomes induce further mechanical deformations
by coupling bending, twisting and kinking modes [141]. Moreover, it
should be considered that, at least in radiation-induced SSBs, the gap
terminations are far from clean 5′/3′ ends at the stage of initial de-
fect detection. Therefore, the ability of PARP-1 to recognize a "dirty"
terminated SSB remains another key issue to be elucidated.



3
I N T E R A C T I O N O F PA R P 1 W I T H S I N G L E - S T R A N D
B R E A K S I N T H E N U C L E O S O M E

3.1 introduction

In the previous Chapter 2, I studied the interaction of PARP-1 Zn-
finger domains with SSB in a DNA shaped as a short hairpin loop. It
was seen that the hairpin-DNA can undergo conformational changes
when the SSB interacts with the Zn-finger domain of PARP-1. This
could be either due to one loop of the Zn-finger contacting the back-
bone of DNA, thereby creating hydrogen bonds; or due to the highly
special structure of the hairpin, in which a few unpaired nucleotides
are flanking near the loop (see Figure 12d). Anyway, depending on
the ordering of the elementary steps of the process, such an inter-
action could represent either a "bind–then–bend" (i.e., the enzyme
actively deforms the defect site after finding it), or rather a "bend–
then–bind" (the defect is spontaneously modified prior to binding)
sequence [142–144]. In our laboratories, we are actively pursuing the
idea that spontaneous mechanical deformation and stress-field con-
centration at defect locations could be a key to exalt the visibility of
the DNA damage, someway "attracting" the repair enzymes in a more
efficient way.

This issue becomes further complicated when DNA is wrapped
around the nucleosome, because of the steric hindrance and extra
charges provided by the histone proteins, and notably histone tails.
Numerous studies showed that upon interacting with free DNA frag-
ments, PARP-1 displays a strong affinity for 5 ′-dRP end near a SSB, or
with the blunt ends near the duplex that, in a way, are taken to mimic
a dissociated, blunt DSB [128, 132, 145]. The few experimental studies
of the interaction of PARP-1 with isolated mononucleosome particles
have repeatedly shown PARP-1 bound to the blunt ends of DNA that
are found at the entry/exit of the nucleosome [146–148]. Recent stud-
ies also demonstrated that two or more molecules of PARP-1 can bind
to both nucleosome free ends, again mimicking DSB damage [146].

The binding of PARP-1 to the nucleosome brings about allosteric
changes not just in the enzyme itself, but it also may partially unfold
the nucleosomal DNA, e.g. by reducing the mobility at certain re-
gions [147]. This could also be possibly due to destabilization of the
intra-nucleosomal interactions, between histones & DNA or among
the core histones [147]. Thus, it is surmised that the interaction of
PARP-1 with nucleosomes could drive some form of reorganization
of the nucleosome itself, and the magnitude of local changes depends

47
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upon the strength (and number) of PARP-1 attachment(s). It is indeed
observed that multiple molecules of PARP-1 bring about extensive re-
arrangement and unfolding of the nucleosome particle, while a single
copy of PARP can only bring about local changes at the binding site
[146]. In certain cases, PARP-1 binding kinetics is accelerated by the
presence of a H2A.X histone variant, and may therefore contribute to
PARP-1 accumulation, chromatin reorganization, and PAR synthesis
[149]. Moreover, the study by Luger et al. [148] showed a large reduc-
tion of the binding affinity for nucleosomes lacking the linker-DNA
fragment (i.e., the bare nucleosome core particle, NCP).There are no

theoretical or
experimental studies

of PARP-1
interacting with

single-strand breaks
at nucleosomes.

Given the above experimental landscape, it is however worth re-
minding that there are no studies that focused on the molecular de-
tails of PARP-1 interacting at the site of a SSB located on the body
of nucleosomal DNA. On the other hand, computer simulations have
already provided interesting insights about the protein-DNA interac-
tions in the context of damage and repair of different types of defects
[150]. Such a situation provides a critical motivation for our investi-
gation by molecular simulations the interaction of PARP-1 with DNA
damage directly in the nucleosome body, and in particular the role
of SSB, which is traditionally much less studied than the more dan-
gerous DSB. Hence, in this Chapter 3 of my thesis I addressed the
molecular dynamics of interaction between the SSB localized at dif-
ferent positions on nucleosomal DNA, and the Zn-finger domains
of PARP-1 already used in the previous Chapter. Further, I designed
multiple SSB in the backbone of the nucleosomal DNA, while ensur-
ing that these SSB can interact also with the histone tails, with the
main aim of answering to the following questions:

1. How PARP-1 interacts with SSB at different positions in the nu-
cleosome?

2. Can the presence of PARP-1 other than at entry/exit points of
the nucleosome induce nucleosomal reorganization?

Figure 19b depicts the initial configuration of the nucleosome con-
taining three SSBs at distinct positions: site1 is within the nucleo-
some, at superhelical position-5 (SHL-5); site2 is at the dyad, position
SHL-0; and site3 is just near the entry/exit of the nucleosome, SHL-7.
All of the SSBs are far apart from each other, and lie in same DNA
strand, so that they cannot evolve into a kind of DSB, even if at a
long distance. For each SSB site, the free DNA termini are terminated
by 3 ′-OH and 5 ′-dRP ends. This is because PARP-1 display a greater
binding affinity to the "dirty" ends created by the breaks [128], there-
fore this could help in establishing a comparison by analogy with the
experimental and simulation results on the free DNA in Chapter 2

[120, 128]. I used again the HADDOCK software to dock the PARP-1
fragment including the two Zn-finger domains, to the SSB; the base-
stacking loop in Zn2 was always designated as an active residue for
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Figure 19: (a) Top view of the 1KX5 nucleosome; histone proteins represented as color ribbons;
DNA in cyan cartoon representation. (b) Nucleosomal DNA with the positions of the
SSB numbered 1 to 3; the free SSB ends are represented by colored spheres. Note that
site 3 is at the end of the DNA double-loop, next to the lower entry point of the NCP.
(c-e) The initial configurations of the three SSB positions around the 1KX5 nucleosome
with the docked PARP-1 (Zn1-Zn2 represented in green ribbons); (c,d,e) respectively
depicting SSB site 3, 2 (dyad) and 1.

interaction with the 3 ′ end of the SSB. After the docking phase, to
understand how the interaction would evolve between the Zn1-Zn2

and the SSB, I performed MD simulations according to the protocol
described in Appendix B, Section B.1. The system nucleosome+PARP-
1 is solvated in a water box of size 25x25x25 nm3, with about 497,000

water molecules and a total of about 1,530,000 atoms.

3.2 stability of ssb at different positions in the nucle-
osome

As an initial check prior to introducing the PARP-1 interaction, I
firstly tested the thermal and mechanical stability of the model nucle-
osome including the three SSBs. In particular, I wanted verify whether
there could be observed a spontaneous "opening" of the SSB free ends
just by thermal fluctuations, and any spontaneous mechanical defor-
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Figure 20: (a) Gap opening distance between the 3 ′ and 5 ′ ends of the each SSB break site in the
free nucleosome (without any PARP-1). (b) The corresponding snapshots of each SSB
at the maximum opening. (c) Evolution of local twist Φ at each SSB site over 200 ns of
molecular dynamics. d) Correlation of the gap opening dg with the dihedral angle Φ.

mation near the SSB site, without the help of PARP-1 [120, 128]. For
this purpose, a first series of 200-ns MD simulations were run for the
nucleosome system with the three SSB and no PARP-1.

As usual, the SSB gap distance dg is calculated between the instan-
taneous positions of the C4 ′ atoms in the 5 ′ and 3 ′ ends. After 200-ns
of MD simulation, it is observed that the SSB opening between the
free ends fluctuates between dg=15 to 20 Å, as shown in the plot
in Figure 20a. Upon comparing individual SSB sites, it is observed
that site1 and site2 display very minimal fluctuations in the dg value,
with site1 closing back to dg ∼8-10 Å in the second half of the trajec-
tory. On the other hand, site3 (close to the entry point of the NCP)
does open up to as much as 22 Å, due to thermal fluctuations. For
comparison, in Chapter 2 the SSB in the hairpin-shaped DNA – but
not in the long free-DNA – was observed to open up spontaneously
due to thermal fluctuations, even in the absence of PARP-1.

The next question was the attempt to understand whether mechan-
ical deformation in the SSB site affects the opening and closing of the
gap. For this purpose, I calculated the local twist at the break site,
defined as the value of the dihedral angle Φ between the C3 ′ atoms
of the two base-pairs flanking either side of the unpaired nucleotide.
Given that the DNA helix is twisted by about 34

o at each base-pair,
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the normal value of Φ should be about 60-70
o. Figure 20c,d respec-

tively show the evolution of the local twist Φ over 200 ns, and the
correlation between the gap opening distance dg and the angle Φ.
The last plot (d) demonstrates that the local twist and the gap dis-
tance are linearly related, where an increase in the SSB gap opening
is associated with a large local over-twisting of the double helix. For
site1, the closing of dg to ∼10 Å corresponds to an under-twisting
down to Φ ∼35-40

o. The dyad site2 displays a nearly unperturbed
configuration, in both the dg and Φ values. Interestingly, the larger
values of dg and Φ for site3 compared to the other two sites should
be due to its position at the entry of the nucleosome (see Figure 19b).
This particular SSB position leads to the formation of a short stretch
of 5-nucleotide dsDNA at the entry of nucleosome, right before the
SSB, which is a highly unstable configuration quite prone to opening
and deformation under thermal fluctuations (see Appendix 1 Figure
A8), even during the initial few ns of the MD trajectory. Also, it is to
be noted that the nucleosome model derived from the 1KX5 structure
includes full length histone tails, which also play a major role in the
mechanical deformation at the break site [141, 151]. This aspect will
be explored in more detail in a next subsection.

3.3 analyzing the zn-finger domain contacts with ssb

Experimentally, SSB identification by PARP-1 Zn-finger domains is
predominantly characterized by a phosphate–backbone loop and base
stacking-loop of the protein fragment, interacting with the break site
[128]. This latter smFRET experimental study showed that the Zn2

domain has a higher affinity to the damage site, compared to Zn1

[132]. While Zn2 identifies the break, and brings about conforma-
tional changes in the DNA, Zn1 would further add more interaction
with the break, which eventually helps the allosteric changes in the
whole PARP-1 molecule. The major interaction occurs between Leu-
151 of Zn2 and the 3 ′ DNA end, which induces PARP-1 to undergo
some allosteric shift while strengthening its binding to the SSB. Zn1

then enhances these interactions, by adding further contact points at
the DNA 5 ′ end mainly via its Phe-44 residue, thus stabilizing the
binding, to start PAR–chain synthesis and chromatin restructuring
[128].

In this part of the study, I attempted to replicate the specific con-
tacts mentioned above, between PARP-1 zinc-finger domains and the
SSB sites in nucleosomal DNA, similar to the protocol and observa-
tions already seen in Chapter 2 for the DNA hairpin structure. The
initial structure was designed by docking three individual copies of
the Zn1-Zn2-finger domains (PDB ID: 2N8A) to each of the three SSB
sites around the nucleosome, with the protocol discussed in the Ap-
pendix, Section B.1 using HADDOCK and Chimera public-domain
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softwares. I merged both these methods together, due to the difficulty
in achieving a good quality of the contacts between the Zinc-finger do-
mains and SSB, comparable to the observations of previous Chapter
2. In retrospect, this may be due to the limitations of HADDOCK in
dealing with too complex and too large molecular assemblies. Also, it
was seen in Chapter 2 that the "right" contacts are necessary for bring-
ing about the subsequent opening and bending of the SSB. In fact, the
docked clusters obtained from HADDOCK had some of the interac-
tions observed in the experimental NMR structure for the DNA hair-
pin; from these clusters, the best docking pose were selected based
on their RMSD values, as the initial configuration; then, Chimera was
used to further improve the adjustment of the interacting moieties,
and get the final structures as shown in figure 19c-e. These structures
were then used as initial configurations for 200-ns MD simulations at
310 K (Figure 14a).

The resulting MD trajectory was first analyzed with the GROMACS
clustering algorithm, with a RMSD cutoff of 0.45 nm and GROMOS
method. The most representative clusters for each SSB interaction site
are shown in Figure 21, the Zn1 and Zn2 domains depicted in blue
and red ribbons, respectively. Clearly, at each of the SSB site1, 2, 3 it
is evident that the Leu-151 of Zn2 is very close to the 3 ′ terminus, and
Phe-44 is away from the 5 ′ terminus. At each site, a number of hydro-
gen bonds and Van-der-Waals interactions between Zn12 and DNA
backbone are observed. Similar to what was observed in Chapter 2,
such interactions should be responsible for stimulating gap opening,
thus helping Zn2 to establish the pristine interaction with the SSB
site.

In the initial analysis, I looked at the SSB gap–opening distance dg

between the 3 ′ and 5 ′ termini flanking each SSB site, to determine
whether Zn2 could stably interact with these regions. During the 200-
ns MD simulation, the distance dg for all the three SSB sites fluctuates
between 12 ⩽ dg ⩽ 16 Å, close to their initial separation of 12 Å.
However, all SSBs repeatedly open the gap to larger values during
the MD trajectory, up to dg=20 Å, which was not observed during
the 200–ns MD simulation of free SSBs without PARP-1 (see Figure
20a), for which the dg remained at 14-16Å. Especially for site3 the gap
has large fluctuations to dg > 18 Å throughout the MD simulation,
in the presence of Zn1-Zn2. Altogether, it can be concluded that the
presence of PARP-1 brings about a substantial change in the opening
distance at each SSB, to values rarely observed in the absence of Zn1-
Zn2. This might seem an indication in favor of the active modification
of the damage site by the enzyme ("bind–then–bend"). However, note
that the opening dg does not seem yet sufficient to accomodate also
full interaction with Zn1.

The next step was to understand if and how the interaction with
Zn1-Zn2 can influence these changes, and to check whether the "trade-
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Figure 21: Configurations depicting the interaction of the Zn1 (blue ribbons) and Zn2 (red ribbons)
with the DNA fragment including the SSB (purple), for the three sites. The best clusters
are obtained from the 200–ns MD trajectory, by setting a RMSD cutoff of 0.45nm. For
SSB site3 also the interaction with histone H3 (depicted in pink ribbons) is displayed.

mark" interactions are still identified in the nucleosomal DNA, within
such a limited time frame of 200 ns. As discussed in Chapter 2, the
affinity of Zn2 to the 3 ′ terminus of the SSB site is notably higher
than that of Zn1 towards the 5 ′ terminus. To validate this finding,
we calculated the distance between Leu-151 of Zn2 and the 3 ′ ter-
minus of the SSB sites in the simulated complex. Our results show
that Leu-151 maintains close proximity to the 3 ′ end, suggesting a
stronger binding affinity across all observed break sites. As illustrated
in Figure 22c, the Leu151–3 ′ distance at site1, and site3 fluctuates be-
tween 4-7 Å; by contrast, at site2, Zn2 exhibits significant fluctuation
in distance, ranging between 10-20 Å; however, it eventually achieves
close contact around 5 Å after 100 ns of MD, and even shows a ten-
dency to decrease further, at longer times. This behavior could also be
attributed to a somewhat non-optimal initial docking configuration,



54

Figure 22: (a) SSB gap opening distance dg between the C4 ′ atoms of the 5 ′ and 3 ′ termini in the
nucleosome with docked Zn-finger domains of PARP-1. (b) Distance between Phe-44

and 5 ′ terminus. (c) Distance between Leu-151 and 3 ′ terminus. Black, red and blue
lines respectively depict SSB sites 1 (middle), 2 (dyad) and 3 (end).

where Zn2 was positioned a little too further away from break site,
and the longer MD run could help in stabilizing the contact to the
final values.

The other characteristic interaction observed in the NMR study of
free DNA is the parallel stacking of Phe-44 against the 5 ′ end of the
DNA. As noted in the previous study of the DNA hairpin in Chap-
ter 2, this alignment is achievable only when there is a substantial
opening dg between the SSB termini, allowing Zn2 to establish the
first contact with the break site. This contact subsequently facilitates
the subsequent Zn1 interaction with the 5 ′ terminus. In the case of
a too narrow gap opening, which may be more typical in the more
constrained conditions of the in vivo chromatin, these specific interac-
tions are more challenging to observe. Hence, just like the previous
study, it was more difficult to bring up these interactions with the
damage sites in the nucleosome as well. As depicted in Figure 22b,
all the SSB sites experience a quick movement away of Zn1 within
the initial few ns of the MD simulation; even though at SSB site1 the
Zn1-5 ′ distance comes down to 10 Å, this does not appear as a stable
interaction. These findings support the hypothesis that a very effec-
tive Zn1 interaction with the 5 ′ end requires a larger gap opening
between the DNA termini, with Zn2 positioned closely to the 3 ′ end.
This also suggests that, while Zn2 and Zn1 can individually and inde-
pendently interact with SSB termini regions, the stability and accessi-
bility of these interactions are influenced by site-specific fluctuations
and structural adjustments, which may vary within the context of
the nucleosome compared to the free DNA of the inter–nucleosome
linker segments.

In addition to the role of Leu-151 and Phe-44 in their contacts with
the 3 ′ and 5 ′ termini of the SSB just described, numerous hydrogen
bonds are observed between Zn1-Zn2 and/or histone tails, and the
DNA backbone at the SSB site. Table 2 summarizes the major hy-
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SSB
Site

Donor (Residue) Acceptor (Residue)

1 ARG-122 ASP-413

SER-418 DA-19

LYS-22 DG-23

ARG-122 DG-132

LYS-148 DT-129

SER-368 DA-27

ARG-318 DA-134

THR-124 DT-131

THR-313 DC-133

THR-313 DC-133

LYS-126 DC-130

DG-21 LEU-151

TYR-404 DT-20

ARG-156 DC-130

LYS-148 DA-128

ARG-314 DC-133

ARG-18 DT-120

SER-376 DA-27

LYS-386 DC-127

LYS-377 DC-26

TYR-402 DG-123

LYS-131 DG-132

2 THR-605 DG-71

THR-118 DG-71

SER-360 DC-69

VAL-117 DG-71

ARG-180 DT-70

SER-20 DG-75

ARG-18 DC-76

SER-16 DC-76

ARG-34 DG-75

SER-41 DC-77

3 GLN-150 DC-3
SER-5 DC-85

SER-5 DC-85

ARG-156 DT-147

ARG-167 DC-77

ARG-167 DC-76

SER-5 DA-86

ARG-8 DG-139

Table 2: Hydrogen bonds formed by the Zn12 fragment (blue) and histone tails (red) with the DNA
backbone at the SSB site, during 200–ns MD simulation. Out of more than 100 H-bonds
spanning the entire MD simulation, only those with more than 15% occupancy rate are
reported. The three-letter codes represent residues in Zn12 (blue) or histones (red). The
two-letter codes (DG, DC, DA, DT) correspond to the nucleotides.

drogen bonds observed at each SSB site over the course of 200 ns
MD simulation (only H-bonds surviving for more than 15% of the
trajectory, as computed with the H-bond analysis tool of VMD, are
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reported). Significantly, Arg18 and Arg122 within the Zn1-Zn2 loop
form stable H-bonds with the DNA backbone for site1, and Arg18

alone for site2. This same effect was observed in Chapter 2 to play a
key role in inducing the bending of the hairpin–DNA structure, and
is also observed in the experiments [128]. However, in the context of
the nucleosome, and particularly at the more flexible site3, we could
not observe a similar role of Arg-18 and Arg-122, likely because of
the more strict mechanical/structural constraints arising in the nu-
cleosome: for this "entry" site of the NCP, the Arg-122 loop should
find a binding position a few nucleotides away from the 3 ′ end but
the abrupt termination of the nucleosome DNA (missing an extended
linker) makes such a binding position unavailable. It is therefore pos-
sible that such an interaction could be more stable in the extended
nucleosome. On the other hand, Arg-18 of the Zn1 loop moves away
from the DNA backbone during the simulations. However, there are
numerous other H-bonds made by Zn1-Zn2 either with histones, or
with the DNA backbone, which help the interaction and its stronger
affinity towards the break.

3.4 nucleosomal reorganization by parp-1

PARP-1 attachment to the nucleosomal DNA including a strand-break
can bring about reorganization, as well as unfolding of the nucleo-
some structure. Experimental studies by Maluchenko et al.[146] per-
formed on isolated nucleosomes, showed that interaction of the free
DNA termini with two or more PARP-1 copies can bring about a
complete reorganization of the nucleosome, while sub-stochiometric
PARP-1 binding can at most bring about local changes in the DNA.
Also, smFRET studies [147] showed that PARP-1 attached at the linker
DNA can unfold the nucleosome, as well as induce mechanical de-
formation, thereby helping DSB identification (however, note again
that a "DSB" in such studies is represented just by the blunt ends of
the 147-bp DNA in the NCP, the nucleosome core particle, and not
as a true bond break on opposite strands). Similarly, in my compu-
tational study of this Chapter including multiple SSB in the nucle-
osome bound to Zn-finger domains, I observed different degrees of
mechanical deformation and nucleosome reorganization. As a quan-
titative measure of the DNA deformation, I introduced the "vertical"
distance dw between the P atom in the unpaired nucleotide in each of
SSB site1 and 3, and the P of the closest nucleotide in the DNA wind-
ing just adjacent to it (see Figure 23d). In practice, this is a measure of
the vertical distance between the two loops of DNA going around the
NCP. For the sake of comparison, a similar quantity was measured be-
tween a pair of P atoms at two nucleotides in a SHL position faraway
from any SSB, marked as "reference" site in Figure 23d.
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Figure 23: (a,b) Mechanical deformation calculated as the distance dw between the upper and the
lower windings of nucleosome DNA at SSB sites 1,3, and (c) at the "reference", unper-
turbed site. (d) Definition of dw for the three configurations, as the distance between the
pairs of colored spheres along the phosphate backbone. (see text for more details).

Figure 23a-c plots the probability distribution of the distances dw1,
dw2 and dref, between the SSB site and the DNA winding just above/-
below, with and without PARP-1 (respectively, red and black his-
tograms). It can be observed that there is a huge difference in the
distribution, when Zn1-Zn2 is bound to the nucleosome w/r to when
it is not there. For instance, the distribution of dw1 at site1 without
Zn1-Zn2 is narrow and centered at 11.5 Å, while with the Zn1-Zn2

attached we observe a much broader distribution, bimodal with max-
ima at dw1 about 14-16 Å. A similar drastic change is seen for the
SSB at site3, in which case the distribution is narrower and centered
at ∼16-17 Å without Zn1-Zn2, while it becomes centered at 21 Å
with Zn1-Zn2 bound, the width of the histogram extending up to
dw1 ≳ 30 Å. (Of course, I did not measure dw at site2 due to its
location at the dyad, which has no secondary DNA winding above/-
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below.) To make sure that Zn1-Zn2 is actually responsible for such a
mechanical distortion or deformation of the nucleosome structure, I
measured the same quantity at the reference unperturbed site, which
is located opposite to the dyad between SHL-3 and SHL-4, and there-
fore quite far from either one of the PARP-1 copies. Interestingly, the
results for the dref reference distance display nearly similar values
with and without Zn1-Zn2 docked, where both distributions fluctu-
ate between 12-22, and 13-23 Å, respectively, only occasionally vis-
iting larger values. Hence, these results constitute a first proof that
the interaction with PARP-1 can bring about partial opening as well
as structural deformation of the nucleosome. Maluchenko et al. [146]
observed that the distance between adjacent DNA windings could be
increased up to 32 Å with the presence of an entire PARP-1 dimer
interacting with the nucleosome DNA ends (that is, at SHL–/+7). In
our case, it is interesting to note that just the presence of the partial
Zn1-Zn2 domains (and not the complete PARP-1, that is just 20% of
the total protein body) is already capable to move the two nucleo-
somal DNA loops away for more than 1-nm difference, and more-
over well inside the NCP structure, instead of just at the DNA ends.
Even though there is no complete opening of the nucleosome, it is
notable that just a single Zn1-Zn2 domain was sufficient to bring
about enough local deformation in the nucleosome, similar to what
reported in [146]. It could be speculated that interaction with whole
PARP-1 could even lead to partial or total disassembly of the nucle-
osome, to initiate the SSB repair (in a more complex framework, old
biochemical studies had indeed shown that PARP-1 could facilitate
nucleosome disassembly, by PARylating histones [152]).

To further characterize the local deformation at the SSB sites, with
vs. without Zn1-Zn2, I also looked at the local twist deformation. Sim-
ilar to Section 3.2 above, the local twist is measured all along the MD
trajectory by the dihedral angle Φ, which could highlight the under-
/over twisting of the nucleotides flanking either side of the unpaired
nucleotide. Indeed, given the large opening deformation, a signifi-
cant change in the local twist values could also be expected, with vs.
without Zn1-Zn2. However, the variations between the two conditions
displayed in the plots of Figure 24, are in this case more subtle. The
SSB site1 displays the largest variation, with the probability distribu-
tion of Φ going from a skewed gaussian centered at Φ ∼ 30o without
Zn1-Zn2, to a broader gaussian centered at a larger over-twisting of
Φ ∼ 70o when Zn1-Zn2 is interacting at the SSB; SSB site3 has a sim-
ilar behavior, however with a smaller variation between the maxima,
from ∼ 55o to ∼ 75o, and a similar shape evolution of the Φ proba-
bility distribution. At the SSB dyad site2, the difference in Φ twist
angle with vs. without Zn1-Zn2 is yet less evident, the two symmet-
ric distributions going just from about 60 to about 70

o peak value.
Overall, these results confirm that the presence of Zn12 brings about
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Figure 24: Probability distributions of the dihedral angle Φ for each break site, calculated during
200-ns MD trajectories, with vs. without Zn1-Zn2 bound.

a local conformational change in the nucleosome, which might help
in damage identification by PARP-1 [147].

3.5 mechanical deformation at ssb sites due to histone

tails

At SSB site1 and site 3 it is observed a gradual mechanical defor-
mation developing during the MD, along the nucleotides near the 3 ′

strand, which was absent at site2. To investigate this further, I ana-
lyzed the structural arrangement and energetics of the ensemble of
12-15 nucleotides surrounding the SSB + the Zn1-Zn2, and histones
H2A, H3 and H4, using the PDBePISA software. Figure 25 provides a
graphical illustration of the details of hydrogen bonds established be-
tween aminoacids and nucleotides near the two SSB sites. It is worth
noting that histone H2A makes H-bonds with a stretch of nucleotides
opposite to the SSB; whereas, the N-tail of H3 makes H-bonds with
the Zn1 finger, and the H4 "bridges" Zn2 with the 5 ′ SSB terminus.

It can be concluded that Zn2 induces significant structural shifts in
the DNA backbone, potentially facilitated by the dynamical action of
histone tails. This leads to substantial gap openings dg between the
3 ′ and 5 ′ ends of the SSB, aligning with the observations in Chapter 2.
Such opening allow Zn2 to establish interactions, and subsequently
recruit Zn1 to the break site. These findings suggest that DNA un-
winding should be essential for PARP-1 to perform PARylation, while
Zn-finger domains facilitate the reversible unwinding necessary for
this process [147]. Interestingly, the behavior observed at SSB site1, 3
was unique and not replicated at the dyad site2. It is however possible
that further exploration, especially with longer simulation trajectories
and similar contacts, may yield comparable outcomes for other SSB
sites.
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Figure 25: Graphic showing major H-bonds between DNA vs Zn1-Zn2 and histones for site1 and
site3. Dashed lines represent H-bonds, while solid lines represent salt bridges. The color
code provided in the lower-right corner helps in labelling aminoacids in the two Zn-
fingers (red/blue) and in the histones (green/sky-blue/brown); and A-T, G-C base-pairs
in the DNA; the unpaired nucleotide in each panel identifies the SSB location, also
indicated by its 5 ′ − 3 ′ termini.

3.6 summary and outlook

In conclusion, in this Chapter it was found that PARP-1 interacts with
nucleosomal DNA by binding to the SSB sites, in a way similar to
what observed in free DNA. However, it also reorganizes the local
DNA and nucleosome structure, aligning with experimental results
that show its importance in compacting the chromatin, and histone
chaperone activity during damage repair [148, 153, 154]. These stud-
ies show that PARP-1 bound either to an isolated (mono)nucleosome
on its linker DNA, or at a tri-nucleosome aggregate with free linker
DNA, can reorganize and compact their structure. Even though sev-
eral experimental studies report a much reduced affinity of PARP-1
to nucleosomes without the DNA linker, it remains open the ques-
tion about how the identification of damage could happen, when the
DNA damage (notably, SSB or DSB) is located within the nucleosome
structure, that is, someplace on the DNA wrapped around the his-
tone core. Hence in this part of my study I decided to investigate
the interaction of PARP-1 zinc-finger domains (Zn1-Zn2) with single-
strand breaks (SSBs) in nucleosomal DNA, focusing on the attending
structural and mechanical consequences.

The results revealed that SSBs induce local opening of nucleosomal
DNA, with fluctuations in gap distance driven by both thermal and
mechanical effects. The presence of Zn1-Zn2 enhanced these open-
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ings, particularly at the break sites, facilitating critical interactions
such as the proximity of Leu-151 to the 3 ′ end, and hydrogen bond-
ing with the DNA backbone. Compared to the same interactions ob-
served in the experimental studies on free DNA hairpins, achieving
the PARP-1 "correct/trademark" interactions in the context of the nu-
cleosome poses substantial difficulties. Also, there are no experimen-
tal literature that could support that Zn1-Zn2 interacting with nucle-
osome can bring about the same interactions as observed in DNA
oligomer experiments. Most studies support the bending propensity
of the free DNA/linker DNA, and the higher affinity of Zn1-Zn2 [128,
147]. The bending propensity is out of scope for this study because
I used a mononucleosome with no free linker extending near the en-
try/exit points. However, I verified the high affinity of Zn2 for the 3 ′

SSB ends, and that interaction with Zn1-Zn2 can indeed bring about
an increase in the gap opening at the SSB site, helping it to interact
with Zn2 domain. Muthuraj et al. in their studies [154] raised the hy-
pothesis that the Zn-finger domains could not be possibly involved
in terminal DNA-interaction in a tri-nucleosome complex. It was also
difficult to observe the "trademark" interactions in my model system,
but still there were numerous H-bonds implicating Zn1-Zn2, the his-
tone tails and the DNA backbone, which sufficiently brought the SSB
to open up, and constitute an integral part of SSB identification by
PARP-1. Along with many intricate interactions, the presence of Zn1-
Zn2 brought about structural reorganization in the nucleosome, by
increasing the splitting between adjacent winding about the strand-
break site. Altogether, these results highlight the unique structural
contributions of Zn1-Zn2 to nucleosomal remodeling, underscoring
its relevance as a potential focal point for understanding the PARP-1
broader roles in genome stability and damage response pathways.
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D A M A G E I N T H E C H R O M AT I N : L O C A L I Z AT I O N
T O T H E L I N K E R D N A

4.1 introduction

The very first step of any attempt to repair damage that is highly
localized to one specific position on the DNA, most often to just
one nucleotide, is a formidable task: finding this site amid billions
of base-pairs of undamaged DNA. Pure 3D-diffusion of proteins, ran-
domly searching DNA stretches for a possible damages has long been
thought to be insufficient for the DNA-repair process. Repair proteins
must be extremely efficient to inspect all the positions in the genome
(∼ 3× 109 base pairs), and detect and repair damaged bases (around
1 in 106 base-pairs per cell daily). Given that for each protein there
could be ∼ 104 − 105 copies in the nucleus, each such protein (exclud-
ing redundancy) should be able to sample around 70,000 base pairs of
DNA in every cell cycle (about 12 to 24 hours, see e.g. Ref.[155]). The
fact that, in practice, repair proteins can achieve their job much faster,
largely defying any "facilitated diffusion" model [156–158], points to
the existence of better than purely stochastic search mechanisms.

It was proposed a number of decades ago that the search of a pro-
tein for a specific site on DNA (be it a repair protein finding lesions, a
transcription factor binding to promoters, or any other DNA-binding
protein that needs to associate, with a unique and specific DNA po-
sition) could be drastically sped up, by combining 3D diffusion with
short stretches of 1D-search along a DNA fragment adjacent to the
binding site [159, 160]. In such a picture, the protein would randomly
bind to a position on DNA, then scan around the DNA in a sort of
random walk-like fashion, and subsequently dissociate to rebind at
another position, and repeat this cycle until some target site is found.
The idea behind this, is that 1D diffusion is in principle quite faster
than 3D, albeit for this to be achieved the protein must "climb" the
physical/chemical energy barriers that develop all along the DNA
backbone (whereas 3D diffusion occurs essentially in the solvent).

Among the various modes of possible protein-DNA interactions,
both sliding and hopping along DNA represent a kind of 1D-diffusion.
However, their mechanisms are fundamentally different and this has
led to some debate in the scientific community. Proteins undergoing
1D sliding must maintain contact with DNA continuously, through a
sort of corkscrew motion along the helical path [161, 162]. In contrast,
hopping should involve microscopic dissociation from, and rebind-
ing to, the same piece of DNA, but without fully dissociating into
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solution [160, 163]. Some of these mechanisms have been actually
identified experimentally [164–166], however this complex problem
is still quite open.

Compared to glycosylases such as UDG or OGG1 implicated in the
early steps of the BER and NER pathways, or to Ku70/80, MRE11,
Rad50 and NBS1 implicated in DSB recognition for NHEJ, the PARP1

protein is a very big object, with its >1000 aminoacids for a total
molecular weight of >100 kDa.The hopping on DNA of such a large
object should occur with slow diffusion times according to Stokes-
Einstein’s equation for the diffusion coefficient,

D =
kBT

6πηR
, (1)

in which the molecular size R is at the denominator.
In an interesting series of experiments by atomic-force microscopy

(AFM) of long DNA oligomers deposited on a surface [167], was
seen to bind to nicks, free ends, and abasic sites, while conducting
damage search mostly through 3D diffusion. In the experiment, co-
localization of APE1 with PARP-1 on DNA was found capable of
inducing 1D diffusion, while excess APE1 also facilitated the dissoci-
ation of DNA-bound . However, the diffusion coefficients measured
are in the range 10−11 cm2/s, still very low for a purely random
search of the defects. On the other hand, such an experimental config-
uration is interesting as a coarse model of chromatin, since relatively
long stretches of dsDNA were used, about 400-500 bp in length, sus-
pended between silica beads in a "tightrope assay", that could mimic
the DNA linker joining pairs of nucleosomes (albeit the typical linker
lengths should be rather in the range of 20-100 bp).

Linker DNA, the stretch of DNA between two nucleosomes, plays a
crucial role in chromatin condensation. By using large-scale MD sim-
ulations, Kenzaki and Takada demonstrated that variations in linker
DNA length between trinucleosomes significantly affect their fold-
ing into zig-zag structures or distributed nucleosome stacking [168].
Longer linker DNA lengths (45-55 bp) facilitate more efficient chro-
matin folding and nucleosome stacking in 0-start, 1-start, and 2-start
fibers compared to shorter linkers [169]. Additionally, studies show
that longer linker DNA reduces the energy cost of deforming the
DNA during nucleosome stacking, since the mechanical stress is bet-
ter distributed across longer stretches of base-pairs [169].

The connection between DNA damage and the attending mechan-
ical reorganization may be a key point, still overlooked by the bio-
logical literature. Studies about chromatin deformation from DNA
damage demonstrated that chromatin reorganization following dam-
age impacts nuclear mechanics, potentially altering how cells respond
to, and repair DNA lesions [170]. These studies offer insight into how
DNA damage can interplay with mechanical changes within the chro-
matin and nucleus, affecting both cell structure and function. How-
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ever, despite the existing understanding of how mechanical forces
and DNA damage interact, there remains limited research on the in-
tricate dynamics of DNA strand breaks, particularly in relation to
mechanical deformation in the nuclear context [141]. One interesting
possibility to get around the problem of how repair proteins identify
the damage sites among the billions of undamaged base pairs, instead
of purely random searching (be it either 3D or 1D-diffusion), could be
that damage sites undergo important mechanical deformation, and
such deformed DNA structures could be more easily targeted and
recognized by repair proteins, compared to "normal" DNA. The local Mechanical

deformation of DNA
makes the damage
sites more "visible"
to the repair proteins

deformation at the defect sites would make the damage more "acces-
sible", by inducing a mechanical stress field along the DNA backbone
that facilitates target identification by the repair proteins [120, 141,
151]. For example, a recent study on DNA mismatch-repair dynamics
Ref. [171], highlighted that a sequence of mismatches (such as CC-
C/CCC and TTT/TTT) in the oligonucleotides trigger conformational
changes by thermal fluctuations. While it is well known that mis-
matches induce local DNA deformation [172], with measurable im-
pact on the binding free-energy [173], in this case laser temperature-
jump spectroscopy combined with FRET demonstrated that the rapid
fluctuation dynamics of DNA "guide" Rad4/XPC protein to interact
with the specific damage sites. Their study suggests that structural
deformation of the DNA may indeed act as a special pathway for the
damage sensing by repair proteins. In the previous Chapters 2 and 3,
it was shown that PARP-1 requires a large deformation to open up at
the site of the SSB, in order to recognize it as a defect, and attach to
it via its Zn1 and Zn2 units.

In Chapter 2, simulations of single-strand breaks (SSBs) in free,
long DNA showed that the break does not open up spontaneously
widely enough, to allow to interact with, and identify the defect. How-
ever, a chunk of free long DNA cannot be a good representation of
the chromatin environment, mainly because of the lack of mechanical
binding at its ends, which restricts the entropic freedom and mod-
ifies the free-energy landscape (other factors being, e.g., the role of
proteins and histone tails). In the reality of the cell nucleus, DNA
is organized into chromatin, with nucleosomes and linker DNA sub-
jected to various physical stresses such as thermal agitation, as well
as compression, sliding, and stretching from the intrinsic chromatin
dynamics or due to mecanical stresses suffered by the cell

In this Chapter I will investigate the more realistic scenario of a
linker-DNA stretch, flanked by two nucleosomes, as the minimal me-
chanical configuration that could represent a model of chromatin frag-
ment. While in the previous Chapter 3, I showed interacting with nu-
cleosomes at various key sites around the structure, here I focussed
on the ability of linker-DNA carrying localized breaks (SSB and DSB)
to induce localized mechanical deformation. As it will appear in the
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foregoing, preliminary results suggest that thermal fluctuations alone
are sufficient to induce enough opening and twisting at DSBs, to po-
tentially attract . However, for SSBs the thermal fluctuations alone
seem to be insufficient; instead, mechanical fluctuations arising from
chromatin dynamics can facilitate the necessary deformation. Clearly,
the final cherry on the cake would have been to include simulations
of interacting with such defect configurations also in the linker-DNA,
however the time constraints of the thesis did not allow to complete
this final step, which is left for the immediate future developments.

Hence, this Chapter 4 aims to answer the following questions:

1. How do DNA strand-breaks in linker regions between nucleo-
somes behave under mechanical stress?

2. How/to what extent the different types of mechanical deforma-
tions could facilitate defect recognition by repair proteins?

For the purpose of this study, I performed a series of all-atom
MD simulations on a basic dinucleosome configuration. The molec-
ular structure was designed in such a way that there are two equal
copies of a nucleosome (PDB ID 1kX5) along with different lengths
of linker DNA. The linker length varies from 24-bp(short-linker) and
42-bp(long-linker) between the two nucleosomes. Both nucleosomes
include full histone tails, so as to ideally mimic the chromatin en-
vironment. Subsequently, for each of the linker length variations, I
included DNA damage in the form of either a SSB, or a DSB, which
was compared to the same dinucleosome without defects, thereby re-
sulting in total of 4 variations (see Figure 26).

All the MD simulations and most data analyses were carried out
using the same standard protocol described in Appendix B. To en-
sure structural stability of the modified configurations, I initially per-
formed energy minimization using the steepest-descent algorithm,
followed by constant-{NVT} and -{NPT} equilibration for 150 ps to
bring the system to 310 K and 1 bar pressure. The dinucleosome com-
plexes were solvated in water boxes of approximately 35x35x35 nm3

in size, containing about 1, 380, 000 water molecules, along with Na+

and Cl− ions to neutralize the system and maintain a physiological
salt concentration of 0.15M, for a total of about 4,2 million atoms. Af-
ter minimization and constant-{NPT}-equilibration, all the four vari-
ants of dinucleosome were allowed to relax for 10 ns at constant-
{NVT} without restraints.

It is worth noting that the DSB-containing variants already exhib-
ited spontaneous mechanical deformation at the damage sites, hence
the MD trajectories were just followed for the required time length,
of more than 100 ns each, without further intervention. Instead, the
SSB-containing variants did not display substantial deformation un-
der the only effect of thermal fluctuations, at least for the short time
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window explored here. Therefore, I performed steered molecular dy-
namics (see Appendix B.3 for the GROMACS "Pull-code") for these
SSB-containing variants, by applying equal and opposite forces on
both nucleosomes, such that they could slowly come closer and ex-
pose the strand break. Altogether, the ultimate goal was to induce
some form of thermal and/or mechanical deformation/flexiblity in
the linker DNA, such that they could expose the break, either SSB
or DSB. As already said, it is our idea that exposing the break by lo-
calized mechanical deformation, and its correlated stress field, could
be a key event facilitating the identification of the damage by the re-
pair proteins, potentially accelerating the repair process well beyond
the typical diffusion time-scales. Moreover, these subtle structural
changes in the DNA could also play a significant role in chromatin
dynamics.

4.2 comparison of dna linker deformation with vs . with-
out a ssb

4.2.1 Simulation setup and force application

The two variants of the dinucleosome with different linker lengths
(24- and 42-base-pairs, with randomly chosen nucleotide sequence)
and the presence of SSB (middle column of Figure 26) were subjected
to a longitudinal force on each nucleosome core, such that they could
come close to each other and induce deformation in the DNA linker.
This turned out to be necessary since even after a rather long MD
trajectory with only thermal fluctuations, the two nucleosomes re-
mained at a nearly constant distance, and the DNA linker between
them remained in the extended conformation. We also tried in the be-
ginning a very short linker-DNA configuration with 20-bp that was
readily excluded from the rest of the study, since its extremely short
linker made the two nucleosomes too close and constantly interact-
ing. Notably, this sets a sort of "lower cutoff" length for observing
linker-DNA mechanics.

For the purpose of inducing mechanical deformation, I applied a
linear force using the "Pull code" in GROMACS 2020.4 package [174,
175]. The pull-code module (see Appendix B.3) allows to apply force
or constraints on collective variables/reaction coordinates, using ei-
ther distance, angle, or dihedral between the centre of mass of the pre-
defined groups of atoms, called the "pull groups". These groups can
also be moved in a particular direction, provided by a direction vector
supplied by the user. In this study I used three pull-groups, namely
one group for each nucleosome core, and one including the linker
DNA and nearby histone tails (the reference group towards which
the two other are moved by the applied force). Each nucleosome core
group is subjected to an initial harmonic potential using the so-called
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Figure 27: The upper panel shows the initial structure for the two variants including the SSB in the
linker-DNA; the lower panel shows the configurations with bent linker-DNA after push-
ing them together. The red-colored fragments highlight the position of linker-DNA; the
histone proteins are shown transparently for better view; the arrows show the direction
of pulling forces.

"umbrella pulling" between the centers of mass (COM) of each pull-
group, while keeping the linker-DNA as the reference group, which
remains at an average constant position. To evaluate the structural
changes induced by the presence of defects in the DNA, similar MD
trajectories were also conducted for two analogous linker-length vari-
ations of dinucleosome but without the SSB (left column of Figure
26), using the same setup. While such a procedure is indeed artifi-
cial, however it could mimic the more realistic compressive/shearing
phenomena actually occurring in the chromatin during its internal
dynamics, for example during transcription, replication, compaction
into heterochromatin, and so on; notably, the levels of forces used, in
the 10-pN-range (see below), are compatible with typical forces ex-
erted on chromatin by nuclear lamins, actin filaments, and molecular
motors [176].

As previously mentioned, our primary objective was to observe me-
chanical deformation at the break site. From the study in Ref.[141],
we guessed that a likely mechanical effect from the presence of the
strand-break should be some form of localized bending or kinking
of the DNA helix, which would geometrically bring the two nucleo-
somes closer to each other, and expose the break site. To achieve this
in the case of SSB, the "umbrella" pulling was applied in the positive
and negative Y-direction joining the two COM (see Figure 27), using
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an appropriate value for the effective spring constant of the fictitious
force (k) and displacement rate (dx), to bring the nucleosomes close
to each other and induce a bend or kink in the linker DNA. For both
the short- and long-linker variations, I used k=10 kJ/mol/nm2 and
dx=0. 5 nm/ns. The resulting apparent force applied by the umbrella
potential to the fictitious spring is 110 pN. However, this is not the
same level of force that is actually pulling the nucleosomes. This can
be more directly estimated by looking at the constant drift regime
imposed by the umbrella potential, in the approximation of linear
viscous drag. In the linear regime, the applied force is equal and op-
posite to the viscous drag force. To apply the Stokes’ formula for a
spherical object moving in a fluid:

F = 6πηRv (2)

we need the nucleosome velocity in the linear drift regime, which
is about 0.8 nm/ns (as deduced from the plot in Appendix A, Figure
A16); the nucleosome radius R=5.5 nm; and the water viscosity, which
for the TIP3P model is about η=0.3 mPa·s at 310 K and 1 bar [177].1

As a result, an average force F ≃25±5 pN acting on each nucleosome
is derived. Altogether, the average force applied for all the four varia-
tions (defect-free vs. SSB) is small enough to ensure that each pair of
nucleosomes is gently compressed towards each other, as seen in the
lower panel of Figure 27, without affecting their structure. Further-
more, it is a level of force compatible with typical values observed
in the chromatin (forces directly transmitted from the cell cytoskele-
ton via the nuclear envelope being even higher, in the 0.1-1 nN range,
[176]). Regarding the time-scale of entire simulation, each system was
simulated at various time points until a desired arrangement with the
two nucleosomes enough close to each other was obtained, which var-
ied from 5-15 ns for either variation.

4.2.2 Structural changes induced by SSB on the whole nucleosome

As seen in the last Section, a very small force applied on the system
is sufficient to bring the two nucleosomes together by progressively
reducing the distance between them. To measure the relative displace-
ment between the two nucleosomes, the distance between the center
of mass (COM) of each nucleosome was measured, relative to the ini-
tial distance. The relative bending angle is obtained by measuring the

1Such a value is indeed quite off from the experimental value, η=0.89 mPa·s. In
their work, González and Abascal show that other water models give much bet-
ter predictions, for example the 0.79 for the SPC/E, or 0.84 for the TIP4P/2005.
However, the AMBER14 force field is well tuned to the TIP3P water model, which
is generally used by the bio-molecular modelling community. Of course, no wa-
ter model can perform optimally on every observable, and viscosity is a weak
spot for TIP3P, which is however quite good for many other water properties.
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Figure 28: (a,b,c) Relative distance in the dinucleosome pair with and without SSB; L0 is the initial
distance. (d,e,f) Angle between the two nucleosomes over 12ns for both variants.

angle subtended by the three COMs, with the linker pull-group com-
prised between the two approaching nucleosomes. For all the four
variants (with vs. without SSB), Figure 28 reports the relative displace-
ment due to the applied force (upper row, L0 representing the initial
distance between the nucleosomes), and the bending angle about the
linker-DNA (lower row).

With identical initial conditions, and equal initial distance between
the nucleosomes, a more drastic compression in both SSB-containing
variants were observed. The systems containing a SSB has a relative
distance of about 0.7 and 0.6 times the initial distance, respectively
for longer and shorter linker , while the same systems without the
damage reached a maximum approaching distance of only 0.5 and
0.3 times the initial value. Also, assessing the bending angle of the
dinucleosome reveals a similar trend for both the short- and long-
linker variants. In the SSB-containing systems, the bending angle was
reduced to less than 60

o, compared to the system without the defect,
in which the angle closed to just about 90-100

o (Figure 28d). Both
results for the displacement and bending angle demonstrate a higher
rigidity of the undamaged DNA linker, which is substantially weak-
ened by the presence of just one SSB approximately positioned mid-
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way between the two nucleosomes. Overall, these results show that
the presence of SSBs significantly alters the energy dynamics, relative
compression, and bending propensity of nucleosome systems, with
these effects being most pronounced in longer vs. shorter lengths.
Furthermore, these analyses reinforce the idea that the presence of
the damage introduces notable mechanical deformation in the DNA
backbone, which may play a crucial role in the ability to recognize
damaged regions effectively.

4.2.3 Structural and mechanical changes in the linker-DNA

The comparison of the dinucleosome structures with vs. without a
single-strand break (SSB) under identical soft force conditions revealed
distinct structural deformations in the linker DNA. The sequence of
snapshots in Figure 29 illustrates how even under the moderate load
of about 25 pN, the presence of the SSB strongly altered the structural
dynamics of the linker-DNA, resulting in pronounced bending and
kinking behaviors. While short-linker DNA with an SSB exhibited a
more mild kinking and bending, the longer-linker DNA displayed a
progressively larger and sharper kinking at the SSB. By contrast, the
pristine linkers without damage accommodated the extra mechani-
cal stress by twisting and bending, maintaining a conformation as
straight as possible.

Previous studies by MD simulation, showed that under steady com-
pression, a trinucleosome system connected by 36-bp linkers devel-
ops several types of mechanical instabilities, going from simple Euler
buckling, to a kind of Brazier-like kinking, to coupled twist-bending
[141] (see Appendix A, Figure A15). Such types of mechanical instabil-
ities are commonly observed when applying a uniaxial compression
to meso-macroscopic systems, from cylindrical rods to microcrystals
(see, e.g., [178, 179]). Following the assumptions of that study, one can
assume that compressed DNA behaves similarly to a cylindrical rod
(approx. radially homogeneous) with Young’s modulus E=300 MPa,
length L=10 nm (that is, about 30 bp), and radius R=1.1 nm; it turns
out that for Euler-like instability to occur, a minimum load Pc ∼25 pN
is required, from the equation

Pc =
π2EI

L2
(3)

where I = πR4

4 is the transverse cross-section moment of inertia. That
study suggested that upon increasing the compressive load above the
"critical" value of ∼25 pN, DNA would transition from Euler bending
to some form of coupled twist-bending, in order to relax the excess
stress [141]. Our results concur with these findings, in that no kinking
but just a moderate bending (Euler-like) was observed in the linker
DNA without damage, under a similar compression force of 25 pN
(Figure 29, lower row).
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Figure 29: Molecular-scale representation of the deformation of the linker-DNA lengths at various
time frames, with vs. without SSB. It may be noted that the defect-free DNA develops a
pronounced twisting/bending to accomodate the excess stress (with partial extrahelical
expulsion of a bp, see text), whereas the damaged DNA develops a visible kink at the
SSB site, while the two segments flanking the kink remain rather straight.

By contrast, the presence of any defect, such as a hole in the cylin-
der, can reduce the buckling stress, thus altering the overall stress dis-
tribution throughout the cylinder. Similarly, a defect like an SSB/DSB
in DNA can drastically reduce the buckling stress, suggesting that a
defect near the neutral axis (imagined as the line running through
the geometric center of the cylinder, in the linker DNA) significantly
lowers the critical load due to imperfections, stress concentrations, or
localized deformations. By looking at the molecular structures in the
upper row of Figure 29, it is suggested that a sharp kinking forms
at the SSB site, already under the same compressive force of 25 pN,
all the more evident in the longer-linker DNA (right-side frames). In
line with previous findings, these observations further support the
hypothesis that chromatin deformation is heavily dependent on the
presence of structural defects in the DNA, notably the linker DNA
between nucleosomes.

The development of "Brazier-like" kinking can be appreciated more
quantitatively, by looking at the intra- and inter-base-pair parameters
of DNA, and monitoring the variation in helical parameters [180] in
the linker-DNA, averaged over the final part of the MD trajectory.
Such local parameters, defined in Figure 30, completely define the de-
formation within each base-pair (bp), and between adjacent stacked-
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Figure 30: Geometrical definition of the structural helical parameters of DNA. Note that there are
3 rotations and 3 translations about the {x,y, z} axes for both intra- and inter-bp con-
figurations. Left Intra-base-pair parameters. Upper-row: Shear, Stretch, Stagger define
relative translations; Buckle, Propeller, Opening define relative rotations between the
two bases. Right Inter-base-pair parameters. Upper-row: Shift, Slide, Rise define relative
translations; Tilt, Roll, Twist define relative rotations between two adjacent base-pairs.

bp, and can be readily computed by the CURVES+ free-software mod-
ule [181]. Due to the software limitations, it was necessary to add a
dummy nucleotide between the 5 ′ and 3 ′ termini where SSB is lo-
cated, for all the variants including SSB; this dummy nucleotide was
later removed for the analysis.

The plots provided in Appendix A, Figure A11, highlight the me-
chanical deformations of DNA linkers with- (blue plots) vs without-
SSB (red plots). It can be clearly appreciated how structural disrup-
tions influence the double helix. For the short-linker, the presence of
the SSB promotes the flip-out of a nearby base (position 8 in the plots)
that shows up clearly in the Stagger, Stretch and Opening parameters;
Stretch and Shear show the deformation at the bp flanking the SSB
(pos. 13-15); the deformation between adjacent bp flanking the SSB is
also evident in the Shift and Rise inter-bp parameters, by the sharp
up-down flipping of the two peaks with respect to the average val-
ues, and by the peak in Twist. The flipped-out bases are illustrated in
the snapshot Figure 31a, with the A·T bp shown in blue-red thicker
sticks.

The long-linker follows this pattern of concentrating the deforma-
tion within the (intra)-bp parameters Stretch and Shear (Appendix
A, Figure A12. However, in this case the undamaged DNA displays
a very interesting peculiarity: it will be noted that very sharp peaks
appear in the red plots at the very same location (pos. 19-21) where
the SSB is located. This linker sequence is slightly richer in A·T bp
(56%) compared to G·C (44%), compared to the short linker in which
the proportions are reversed; however the sequence around pos. 18-
21 is a ds(TAAT), similar to a TATA-box, and therefore quite flexible
compared to other parts of the sequence; at that spot, the central bp
A·T at pos.20 flips out towards the major groove, followed by minor
rotation also of the A·T at pos.19 and T·A at pos.21, to accommo-
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Figure 31: (a) Cartoon snapshot of the short-linker DNA with the SSB. G·C base-pairs are in orange-green,
A·T base-pairs in blue-red; numbers indicate the N1-N3 atom distance in each bp. Note the
flipped-out A·T bp (thicker sticks), with a N1-N3 distance of 13.04 Å; the SSB (thicker sticks) is
flanked by two guanines, with spheres indicating the C4 ′ atoms and a dg=15.25 Å. (b) Snapshot
of the long-linker DNA without SSB. Note the large N1-N3 distances in the sequence ds(TAAT),
with the central A·T bp (thicker sticks) flipped out in extrahelical positions. (c,d) Plot of the
local curvature along the bp sequence for the short (c) and long (d) linker with vs. without SSB,
calculated from Eq.(4). Red squares on the x-axis indicate the location of the SSB for the blue
plots. (e,f) Time evolution of the dihedral angle Φ at the location of the SSB site for the short (e)
and long (f) linker with vs. without SSB, during a short MD trajectory. (g,h) Time evolution of
the SSB gap opening distance dg for the short (g) and long (h) linker.

date the strong compression resulting from the bending (see Figure
31b, where the purine-pyrimidine N1-N3 distances are reported, the
values for the ds(TAAT) sequence are highlighted). It may be counter- Localized damage in

the DNA acts as a
mechanical
stress-concentrator

intuitive that the various inter-bp parameters in the blue plots display
minor variations compared to the no-SSB plots: however, this shows
that the sharper "Brazier-like" kinking at the SSB site in this case, very
effectively relieves the excess stress, the two stretches of DNA flank-
ing the SSB remaining rather straight. Such a behavior is entirely sim-
ilar to what observed in Ref.[141], where sharp kinking concentrates
both the stress and excess elastic energy at the damage spot, while
twist-bending distributes the stress more smoothly about the zones
of maximum curvature.
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From the Tilt and Roll parameters, the local curvature between each
two adjacent bp can be obtained, as [141]:

κ =
√
Tilt2 + Roll2 (4)

Note that this local value is not necessarily indicative of the overall
curvature of the entire DNA strand, which is measured by the radius
of curvature of the whole linker length. Rather, this quantity high-
lights the local bending caused by the two base-pairs stacked one
above the other. The curvature plots in Figure 31c,d derived from tilt
and roll parameters, further underscore the localized structural in-
stability at the break site, with sharp peaks in regions surrounding
the SSB. The two nucleotides flanking on either side of the break site
(marked by red box in plots) show a very large value compared to
the ’no-SSB’ counterpart.

This localized deformation is another signature of the SSB gap
opening and local twist in the DNA at the break site. Therefore, I
computed the dg and Φ values as already defined in the previous
Chapters 2 and 3. The time-dependent plots in Fig.31e,f, show that
linkers with SSB exhibits more significant variability and fluctuation
in dihedral angles, reflecting enhanced flexibility and reduced struc-
tural stability near the break site. Conversely, DNA without SSBs
shows smoother and more stable dynamics, indicative of more rigid
base-pair stacking. The quite larger value of over-twisting observed
for the longer linker also implies that the gap dg tends to open to
larger values, between 24-26 Å, while they remain around 14-15 Å for
the shorter linker (Fig.31)g,h). This concurs with results observed in
Chapter 3 were a positive correlation was observed between dg and
Φ

Overall, it is concluded that the presence of SSB damage in the
linker-DNA brings about mechanical instabilities even under small
forces applied to the system. Such bending and kinking causes the
damage site to become more exposed, thereby making the damaged
region more accessible to repair machinery. However, it is notable
that also the undamaged DNA under forced compression may un-
dergo extrahelical flipping of the base-pairs situated near the regions
of maximal curvature.

4.3 comparison of dna linker deformation with vs . with-
out a dsb

Given the interesting results of the previous Section 4.2, I now turned
to the next question of whether and how the presence of DSB can
mechanically deform the dinucleosome. To this purpose, I replaced
the SSB with a DSB in the two configurations with different lengths
of linker DNA (see Figure 32). Unlike most of the recent experimental
works on mechanical deformation on nucleosome/chromatin, which
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identify a DSB as the blunt end of the dsDNA at the entry/exit sites of
the mononucleosome, here I constructed a proper DSB by introducing
two SSB in the opposite strands of the linker DNA, separated by the
4 intact base-pairs of the ds(TAAT) sequence. More properly, this is
the configuration prior to the eventual formation of a two-ended DSB
breaking apart of the DNA in two fragments with hanging unpaired
nucleotides (the sticky ends) .

The two systems (short and long linker) were then simulated for
around 150 ns MD. As in the case of SSBs, initially a series of unbiased-
MD simulation (i.e., without any applied force) were performed on
each setup. Interestingly, already in these unbiased simulations a
rather pronounced bending of the linker DNA was observed, mak-
ing the nucleosomes coming close together spontaneously, as shown
in the Figure 32. As it will be seen, this relative movement of the
nucleosomes towards each other helped the DSB to be exposed, by
increasing the gaps at each SSB termini; also, this brought about a
consistent mechanical deformation in the linker DNA, also promot-
ing extrahelical base flipping. Hence, the application of extra forces
being unnecessary, this section deals with understanding how these
unbiased-MD simulations let the dinucleosome system evolve spon-
taneously into a closed V-shaped configuration.

To extract the representative structure of the system, clustering
analysis using the GROMOS method in GROMACS 2023.3 package
[182] was performed. The best clusters obtained by averaging over
the final part of the MD trajectory are shown in the figure 32a,b. Each
setup, regardless of the linker length between the nucleosomes, un-
derwent a smooth transition from a straight to a bent conformation,
bringing the nucleosomes closer together. This bending propensity is
more pronounced in the long-linker variation and ends up in a visi-
ble kink at one of the two SSB making up the DSB, while a smaller
degree of bending is observed in the short-length linker.

The final stability of the system that reaches a lower-energy state
upon approaching, is shown both in the RMSD plot (Figure 32c) and
COM plot (Figure 32d). After about 70 ns of MD simulation, the
RMSD of the two nucleosomes stabilized at ∼3 and ∼6 nm for short
and long linker, respectively. The COM-distance also reduce with a
similar trend, for both the short and long linker, respectively decreas-
ing from 16 to 12 nm, and from 22 to 9 nm within the first 75 ns of the
trajectory; after which the distance remains stable. Altogether, this ini-
tial analysis shows that the mere presence of a DSB can deform the
linker DNA, and bring the individual nucleosomes closer together,
to a configuration where the system is more stable compared to the
configuration with fully-extended damaged linker.
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Figure 32: (a,b) correspond to the best cluster obtained after 150-ns MD simulation for short- and
long-linker variants respectively (the red-colored part is the linker DNA). Note that the
two nucleosomes are not touching (not even their histone tails) despite the particular
projection of the figure seems to show them in contact. (c) RMSD trajectory over 150-ns
for the two variants. (d) Distance between the COM of the nucleosome pair.

4.3.1 Mechanical deformation due to DSB and its significance

Both linker-length variants produced a bending/kinking of the DNA
in the presence of a DSB. This happens gradually over the first 70

ns and then the system settles about a constant conformation, which
could be due to the steric hindrance of two big nucleosomes, now
very close to each other. It is also noteworthy to mention that the
nucleosomes do not interact with each other, neither the histone tails
nor the ends of the DNA (despite the snapshots in Figure 32a,b seems
to show a contact, this is only due to the graphical projection).

Unlike the case of SSB under steered-MD, in which the the force-
pulling of the nucleosomes resulted in transitioning from bend to
twist-bend and kinking as seen in Figure 29c, with the DSB the tran-
sition is a very smooth Euler-bending to a sharp kink in the linker
DNA. This is clearly seen in the snapshots of Figure 33a,b, and in the
plot of Figure 33c: the long-linker DNA approaches a bending angle
of around 100

o by 50 ns, while the short-linker approaches 120
o. This

bending of the DNA is accompanied by the structural deformation
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Figure 33: (a,b) Representative snapshots of the central portion of the sequence around the DSB, in
the short and long linker, respectively. The 5 ′-dRP and 3 ′-OH terminations of the two
SSB making up the DSB are indicated in licorice. The gap opening distance is measured,
as usual, between the C4 ′ atoms of each base flanking the break. (c) Time evolution
of the bending angle between the two nucleosomes. (d) Probability histograms for the
gap-opening distance dg, averaged over the 150-ns MD trajectory.

of DSB as well. The unpaired nucleotides at each SSB making up the
DSB become exposed by the widening of the gap between each pair
of 5 ′ − 3 ′ termini. Notably, in both linkers one of the SSBs opens up
much more than the other; the gap distance dg for the end terminals
increases up to >30Å, as shown by the probability histograms of the
dg values in Figure 33d; such very large values are similar to the ex-
treme opening distance observed when the hairpin-DNA (Chapter 2)
bends upon interacting with PARP-1 protein.

Also in this case, the CURVES+ analysis allows to pinpoint some
details of the level of deformation in the presence of DSB. The two
plates in Figure A13 and A14 in Appendix A, display the ensemble
of the calculated helical parameters for both linker configurations,
on the best cluster extracted from the second part stable of the MD
trajectory. The two SSB making up each DSB are located at positions
12-17, and 19-23, for the short- and long-linker, respectively. Large
peaks are observed in all cases for the intra-bp parameters (notably,
Shear, Stretch, Stagger and Opening): they nearly always correspond
to the terminal nucleotides flipping out of the DNA helix, with ample
oscillations. Also the inter-bp parameters clearly locate the maximum
deformation at break sites, even much more clearly than in the case
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of the isolated SSB in Section 4.2 above; in particular, the huge peaks
in Roll and Tilt are indicative of an extreme local curvature at the
damage sites.

Unfortunately, time constraints did not allow to complete this Chap-
ter with the interaction between PARP-1 and the damage in the din-
ucleosome linker. Also, it would be extremely interesting to extend
this study by comparing with DSB configurations after the full break,
which would separate the linker DNA in two hanging free-ends. We
will certainly develop this part of the study at later times.

4.4 summary and outlook

To summarize the work carried out in the present Chapter 4, all-atom
MD simulation of dinucleosomes with varying linker lengths, and in-
cluding either a SSB or DSB in the linked DNA were performed. This
study is among the first to demonstrate that complex defects within
the linker DNA can independently induce significant structural alter-
ations in the nucleosomal architecture. The key take-away points that
are crucial to this study include:

1. Applying even a small amount of force to each of the nucleo-
somes, including a SSB in the linker DNA, brought the nucleo-
somes close to each other, with a twist-bend, or a sharp kink (for
the longer linker) developing in the break site. The same forces
applied to damage-free systems could not bring pronounced
mechanical deformations.

2. Comparing the extent of structural changes occurred within the
linker DNA with a SSB, a minimum length of the linker DNA
of more than about 24-bp seems necessary for the mechanical
deformation to develop.

3. Introduction of a DSB in systems with similar linker-DNA lengths
shows that just with the thermal fluctuations and without addi-
tional forces, linker DNA underwent a dramatic bending and
kinking at the defect site; very large opening of the breaks is
observed, asymmetrically (one SSB opens much more than the
other).

These points help us to conclude that with more complex damage,
pronounced bending and structural deformation can be expected in
the chromatin. Simpler damage like SSBs require some external forces
to activate the mechanical deformation. These internal forces, in the
10-20 pN range, can be readily contributed by the cellular/nuclear en-
vironment via mechano-transduction, e.g. through the LINC complex
[183], to bring about similar, localized conformational changes within
the chromatin. From a biological perspective, this finding suggests
that damage-sensing proteins, such as Ku70/80, UDG, or , may be
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more readily directed to these localized areas of structural instability,
rather than requiring an exhaustive random search of the entire chro-
matin. The inherent changes in the damaged linker DNA could act
as signals or markers, simplifying the damage recognition and repair
processes. Also, the role of the mechanical stress and elastic energy
redistribution around the damage should be explored, however the
time constrains did not allow to pursue also along this interesting
direction.

Overall, these results raise intriguing questions about the potential
role of multiple defects within the nucleosome or linker DNA in driv-
ing large-scale chromatin remodeling events. If just a single damage
can induce such pronounced bending and deformation, it is conceiv-
able that clusters of damage may trigger yet more extensive struc-
tural reorganization of the chromatin. This could impact processes
like gene expression, replication, or DNA repair and potentially con-
tribute to cellular responses such as senescence or apoptosis. While
the exact mechanisms underlying such chromatin remodeling will re-
quire experimental verification, this computational study highlights
the need for further investigation into how damage at the molecular
level can influence chromatin dynamics and higher-order chromatin
organization. Understanding these processes may not only shed light
on fundamental biological mechanisms but also provide insights into
developing targeted therapeutic strategies for diseases linked to de-
fective DNA repair, such as cancer.





5
M AT H E M AT I C A L M O D E L I N G A N D M O N T E C A R L O
S I M U L AT I O N O F T H E D N A D A M A G E R E PA I R
PAT H WAY S

5.1 introduction

Biological systems are impervious to rigorous quantitative analysis
and mathematical approaches, being composed of interconnected sys-
tems that result in complicated, non-linear dynamics between the sys-
tem components [184]. Cells live in a complex environment, and can
sense many different signals including physical, chemical or biolog-
ical parameters. The response to such signals is the production and
activation of appropriate proteins, which perform actions on the inter-
nal state or the external environment of the cell. Some messages result
in the activation of transcription factors that bind to DNA to regulate
the rate at which specific target genes are read (i.e. trascribed into
mRNA then translated into proteins). For example, E. coli works with
an internal representation of about 300 transcription factors that reg-
ulate the activity of its about 4,000 different genes. Over the last half
of the XXth century, the molecular biology community has continued
to uncover the details of this molecular domain. The painstaking ef-
fort involved in these nano-scale experiments necessitated a so-called
‘reductionist’ approach, in which research projects often addressed
individual molecules or molecular interactions.

As experimental techniques progress and provide more and more
complete picture, the ensemble of interactions between transcription
factors and genes can be better summarized and represented by ge-
netic, or more generally biological system networks. This integrated vi-
sion of the cell activity has given rise, at the beginning of the new
century, to the novel domain of systems biology [185, 186], which
aims at identifying general biological principles, possibly underlying
the complex networks of thousands of interactions. The search for
these principles is far from complete, but it is made possible by ad-
vances in experimental technologies (the so-called ’high-throughput’,
and ’post-genomic’ approaches) that provide a vast amount of ele-
mentary data about the individual components of the networks and
their interactions.

Such a more quantitative approach to molecular biology allows net-
work diagrams to be extended to mechanistic mathematical models.
These models serve as working hypotheses: they help us to under-
stand and predict the behavior of complex systems. Reliance on com-
putational models is a key character of modern systems biology: the

83
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Human Genome Project [187] could not have been completed with-
out advances in bioinformatics that allowed the processing and in-
terpretation of vast amounts of sequencing data [188]. A complemen-
tary mathematical approach to systems biology is the investigation
of intracellular processes as dynamic systems: the corresponding mod-
els essentially mimic the behavior of intracellular networks, albeit by
making a number of simplifications [186].

The mathematical modeling of a biologic dynamical process may
be broken down into three main steps: 1) conceptualization; 2) math-
ematical formalization; and 3) management and optimization. There
are many approaches to conceptualize a biological network, including
differential equations, Bayesian equations, stochastic systems, agent-
based modeling, etc [189]. The choice of the method depends on the
hypothesis/concept that has been put forward. Mathematical mod-
eling can have a predictive capability, which helps experimental re-
searchers to simulate a particular metabolic pathway, or an ensemble
of connected pathways under different conditions. This can be ex-
ploited in every field of experimental research, and has recently led
to the development of powerful tools to build mathematical models,
and formulate and validate the biological hypotheses.

One of the most utilized type of mathematical modeling is through
systems of ordinary differential equations (ODE), with either a top-
down, or a bottom-up approach [190]. In this approach, the concen-
trations of each chemical species are followed in time by a dedicated
differential equation; the equations form an algebraic system in which
the rates of production and consumption of the different species are
mutually linked. If spatial diffusion of the chemicals is also taken
into account, such as in a multicellular model [191], the concentra-
tions can also be made dependent on the spatial variables, e.g. in 2D
or 3D, and turn into partial differential equations (PDE). Solutions are
usually obtained by discretization over Eulerian grids in space, and
typically use forward algorithms for the time-dependent solutions
(e.g., Runge-Kutta, predictor-corrector etc.).

Monte Carlo methods (MC) are an example of stochastic simula-
tions. MC is a well-established ensemble of techniques to carry out
various computational studies, with many applications also to bio-
logical problems [192, 193] . All the MC methods rely on repeated
random sampling of probability distributions of the independent vari-
ables, to estimate numerical results by generating large ensembles of
possible outcomes based on predefined rules. The method enables the
study of distributions, rare events, and uncertainties within complex
biological phenomena. The approach typically selects an initial con-
figuration state and iterates through one or more steps, exploiting a
great flexibility and efficiency in sampling configurations. This prop-
erty makes it suitable for modeling biological events such as DNA
damage-repair pathways, metabolism of proteins, molecules etc.
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Building on the discussions in previous Chapters, which explored
the microscopic interactions between DNA damage and repair pro-
teins, highlighting how these interactions can induce dynamic changes
within DNA, the nucleosome and chromatin, this final Chapter shifts
the focus to a comprehensive analysis of the single-strand break re-
pair (SSBR) pathway. In the first Chapter, the connection between
DNA damage, cancer, and cellular senescence was discussed, and
the basic ingredients of the damage-repair pathways were laid out.
Extending that perspective, it is essential now to investigate how the
out-of-field radiation dose can induce additional single-strand breaks
(SSBs) in the margins of the treatment volume, where normal cells lie,
as demonstrated in [13]. As described in Chapter 1, these additional
non-repaired SSBs can lead to cellular senescence and, over time, po-
tentially result in secondary sarcoma.

To understand the decision-making processes underpinning this
phenomenon, two complementary approaches were adopted in the
following:

1. Differential-equations Modeling: I employed different kinetic
models in COPASI software, to represent the SSBR pathway un-
der out-of-field radiation exposure, and briefly explain how one
can utilize this tool to understand the cell decision-making pro-
cess.

2. Monte Carlo Simulations: using the GEANT4-TOPAS Monte
Carlo framework, I initiated a preliminary setup for modeling
the SSBR pathway. Since the current framework in TOPAS lacked
the SSBR pathway model, my work focused on establishing the
foundational aspects to include the SSBR pathway, which could
be expanded in future studies.

Through these approaches, this Chapter aims to provide a more
general understanding of the complex interplay between radiation-
induced DNA damage and repair pathways, with implications for
cellular responses.

5.2 mathematical modeling of the ssbr pathway trig-
gered by out-of-field radiation.

Both the SSBR and BER pathways have been mathematically mod-
eled using a deterministic approach by various groups [194–196]. In
this Chapter I followed a straightforward approach, in which the en-
tire cascade pathway triggered due to out-of-field dose radiation was
mathematically modeled using a system of ODEs, reproducing for the
various chemical species either the Hill kinetics, Michaelis-Menten ki-
netics, or mass-action kinetics (the detailed explanation for each ki-
netics model is given in Appendix B section B.4.1).
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This entire ODE–system was developed in COPASI. COPASI or
COmplex PAthway SImulator [197], is a free software package for
modeling and simulation of simple to complex biochemical pathways.
The software has pre-built numerical algorithms, to perform time-
course simulation, parameter estimation, stoichiometric analysis, sta-
bility analysis, and stochastic simulation. COPASI software allows the
user to tweak tiny details, e.g., initial concentrations, reaction condi-
tions, reaction rates etc. The major step is initializing all the transition
from one state to another in form of simplified relationships

reactants → products

as depicted in Figure 34b. For each relationship, this is followed by
adding the reaction kinetics, represented by an ODE, as in Figure
34c, and reaction coordinates; explicit values for the rate-constants
and initial concentrations of each species can be fixed, either to study
arbitrary conditions, or to reproduce an experimental set up. As a
result, features such as parameter estimation, time-course simulation,
and sensitivity analysis allow the user to fit experimental data and
estimate reaction constants effectively. Appendix section B.4 briefly
gives an overview about the software.

The workflow of the SSBR pathway was already described in de-
tail in Chapter 1, Section 1.5. The flowchart depicted in Figure 34a
simplifies the entire cascade pathway: each transition from one re-
action complex to another, is represented by a reaction kinetics and
reaction rates (kn). Arbitrary values of reaction coordinates were cho-
sen in practice, for those parameters for which not enough experi-
mental data are available to validate the model. At this stage, the
complete model set-up and the corresponding time-course analysis
provide only theoretical results; however, they represent a solid foun-
dation to explore the SSBR pathway once enough microscopic data
will become available.

5.2.1 COPASI simulation of the SSBR pathway

We conducted several COPASI time-course simulations to explore
how reaction kinetics influence each factor over time. As illustrated in
Figure 34a, the pathway begins with a radiation dose imparted to the
cell (IR), leading to the production of reactive oxygen species (ROS).
These species induce single-strand breaks (SSBs) at a defined rate,
some of which are recognized by PARP-1, initiating the SSBR repair
process. However, a fraction of SSBs may remain unrepaired (SSBir)
and instead activate the p38MAPK path toward either apoptosis or
cell senescence end-points.

The rates of reaction for different species were simulated over 100

minutes with an initial radiation dose of 2 Gy, for which Figure 35

shows a set of typical results for the concentrations of the various



87

Fi
gu

re
3

4
:(

a)
T

he
fin

al
C

O
PA

SI
sc

he
m

e
of

th
e

SS
BR

ca
sc

ad
e

pa
th

w
ay

fo
r

th
e

ce
lls

in
th

e
m

ar
gi

n,
w

he
re

re
d

ar
ro

w
s

sh
ow

th
e

in
hi

bi
ti

on
/d

ow
n-

re
gu

la
ti

on
,

an
d

bl
ac

k
ar

ro
w

s
re

pr
es

en
t

th
e

tr
an

si
ti

on
fr

om
on

e
st

at
e

to
an

ot
he

r.
(b

)
Th

e
ta

bl
e

re
pr

es
en

ts
th

e
di

ff
er

en
t

re
ac

ti
on

s
an

d
th

e
ki

ne
ti

cs
ea

ch
of

th
em

fo
llo

w
.(

c)
Th

e
ex

am
pl

e
di

ff
er

en
ti

al
eq

ua
ti

on
re

pr
es

en
ts

th
e

re
ac

ti
on

ki
ne

ti
cs

fo
r

p3
8
M

A
PK

.A
ll

th
e

eq
ua

ti
on

s
fo

r
th

e
re

st
of

th
e

sp
ec

ie
s

ca
n

be
fo

un
d

in
A

pp
en

di
x

B,
se

ct
io

n
B.

4
.2

.



88

species. Our analysis revealed that the increase of concentration of
ROS over time contributes to downregulating the expression of PARP-
1 in the system. [ROS] reaches an equilibrium point (by ∼30 minutes
in Figure 35a, according to the chosen reaction-rate parameters). But,
once [ROS] reach this point, the presence of increasing SSBs stim-
ulates PARP-1 production in the system (Figure 35b). Now, in the
model a fraction of SSBs is supposed to remain unrepaired (Figure
35e). The biological hypothesis behind such unrepaired damage (see
also Chapter 1, Section 1.5), is that for different reasons (e.g., im-
poverishment of the NAD+ substrate, that is the "Enzymes" block
in the flowchart) PARP-1 starts being down-regulated, and produces
non-functional (too few, and/or too short) PAR-chains (Figure 35d),
whose concentration peaks before [ROS] saturation, at ∼20 minutes;
this should hamper recruitment of CK2 to the damage site, and the
consequent phosphorylation of XRCC1. In such conditions, the SSB
repair may remain incomplete, or ineffective (see e.g. [118]). (Note
that in the model only the unphosphorylated fraction of XRCC1 is be-
ing followed, assuming that the "normal" functioning of the pathway
leads to properly-repaired SSBs, which are excluded from the study.)

The concentration of unphosphorylated-XRCC1 should theoretically
reduce, once the SSBir/XRCC1 foci are being formed. However, the
actual concentration evolution depends on the actual rate of pro-
duction of unrepaired-SSB, (which keeps increasing up to a maxi-
mum, till t ∼40 minutes) and hence the rate of association of the
SSBir/XRCC1 complex. In this case, the production rate of XRCC1 is
sufficiently high, that both effects combined only leads to a slower
synthesis of XRCC1 (Figure 35c).

The formation of SSBir/XRCC1 foci triggers the p38MAPK path-
way, which drives a critical decision between activating p53 or p16

paths [198]. Its concentration (Figure35f) peaks at about t ∼30 min-
utes, that is the approximate saturation time of [ROS] and before the
peak in [SSBir]. This critical decision-making step depends on (1) the
reaction rate for choosing either one of the paths, and (2) the reaction
rate of p16 inhibiting BAX. Playing with the reaction parameters high-
lights the competition between the two paths, and the corresponding
end-points. For instance, keeping the same reaction rate for both p16

and p53 the outcome is nearly equally split, with just a slight increase
in the cells choosing p16 pathway (this is because of the inhibitory ac-
tion of p16 towards BAX, Figure35g). Upon reducing, p16 reaction
rate to 10% of p53 (Figure 35h) we see increasing [BAX] (less inhibi-
tion) and p53 becomes slightly favored with respect to p16; if we as-
sume p16 reduced to 50% of the initial value (and keeping the same
inhibitory reaction rate p16− [BAX), p53 is being chosen by the model
over p16 (Figure 35h); we verified that for a large imbalance between
p53/p16, even a maximum inhibition rate of [BAX] is not enough
to make p16 prevail. The behavior in 35g is roughly consistent with
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Figure 35: Example of COPASI results for a time-course simulation of 100 minutes, with arbitrary
(but reasonable!) choice of the free parameters. (a-f) Time-evolution of the concentrations
of, respectively, ROS (from input radiation dose), PARP-1, XRCC1, PAR-chains (also
PARS), unrepaired-SSB (SSBir), p38MAPK recruited to the system. (g,h,i) Concentration
of p16, p53 and BAX recruited to the system, at different settings of the respective
reaction rates. See text for details.

experimental results, particularly in fibroblasts, where cells tend to
favor the p16→Rb senescence pathway over apoptosis. Unless the re-
action rate for the p16 path goes to zero, the cells will always have
chance to choose the senescent pathway. This is definitely to be at-
tributed to the inhibitory effect of p16→BAX− [ p53 on the apoptotic
pathway, which will have to be assayed in biological experiments.

Furthermore, we found that the choice of kinetic modeling equa-
tions significantly impacted the outcomes. When mass-action kinetics
was used instead of Hill’s equation, the rates of reaction species were
altered, and cells could show a preference for the apoptotic pathway
rather than the senescence pathway, contrary to experimental obser-
vations. Additionally, our analysis highlighted the sensitivity of the
model to parameter values. For this study, arbitrary parameter values
were used due to the lack of experimental data, but their influence on
the results highlights the importance of accurate parameter estima-
tion in future work.
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5.3 monte-carlo simulation of the ssb repair pathway

The previous Section provided a deterministic approach to depict
how cell decisions can be affected, by tuning the concentrations of
each protein species, and the corresponding reaction rates in the path-
way. However, the lack of experimental data to validate the model
still poses a major limitation to get meaningful results, and only very
qualitative conclusions can be drawn. On the other hand, when ex-
perimental data are available, the mathematical modeling can fully
demonstrate its valuable contribution to understanding complex phe-
nomenology. This is the case of the work I carried out in adapting the
SSB repair model to the GEANT4-TOPAS simulation environment,
for which a large amount of experimental data about PTV irradia-
tion with energetic particles is available. In this framework, we simu-
late by Monte Carlo techniques a beam of ionizing particles (protons)
through a computational model of the cell, to explore the damage
pattern, and study the repair pathways being triggered. GEANT4-
TOPAS tool with TOPAS-nBio extension [199, 200] was used for this
purpose. The Monte-Carlo simulation kit, which already included a
complete description of the DSB repair, was used to quantify the DNA
damage introduced in the chromatin model after proton irradiation.
During the time I spent at Manchester University, in the PRECISE
group, my original contribution was to model the entire SSBR path-
way triggered by the SSBs and include it in the complete simulation
software. The upcoming section will introduce the tools used, outline
the model framework, and discuss the results along with the future
perspectives of this study.

5.3.1 Introduction to TOol for PArticle Simulation (TOPAS)

Improvements to radiation therapy and medical imaging techniques
can be made by understanding the path of particle beam through the
equipment and tissue. These precise calculations are carried out in
Monte Carlo (MC) simulations. Monte Carlo simulation is a math-
ematical technique that helps find the possible outcomes of an un-
certain event. It is a type of algorithm that utilizes repeated random
sampling between fixed values to produce a large number of likely
outcomes, with event likelihood weighted by some prior measure-
ment. For radiotherapy physics, MC simulations is used to model
dose deposition through track structure simulation. This has become
the golden standard and is frequently used as a comparator to analyt-
ical dose models.[201]. They provide a comprehensive description of
the physical and chemical transport of radiation through matter on an
event-by-event basis. Hence, these could provide details that are chal-
lenging to measure during in vitro experiments [202]. MC-track sim-
ulation codes have been prevalent in the scientific and medical fields
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for decades to understand the physical-chemical effects of ionizing ra-
diation at the subcellular level. Examples of such codes are MOCA8b
[203], DBREAK [204], PARTRAC [205], KURBUK [206], Geant4-DNA
[207, 208], RITRACKS [209], DaMaRiS [200], and TOPAS-nBio [199].
The main goal of these codes is to simulate DNA damage under dif-
ferent radiation conditions, thereby examining the nature of DNA
strand breaks and the subsequent DNA repair. This thesis chapter
uses the TOPAS-nBio framework to simulate the induction of DNA
damage (SSB and BD) and the mathematical modelling of DNA Dam-
age response through the SSBR pathways via extending the DaMaRiS
model.

The TOol for PArticle Simulation (TOPAS) is an extension of Geant4
simulation toolkit, to make advanced MC simulation in radiother-
apy. They are designed to be user friendly so that the user requires
no advanced programming expertise. TOPAS can simulate x-ray and
particle therapy treatment heads, reconstruct patient geometry from
CT images, and score parameters such as dose and fluence. It can
also save and replay phase space data to further interrogate a partic-
ular "event" or interaction. It offers advanced graphical capabilities,
operating in a four-dimensional (4D) framework to both observe a
treatment and to account for temporal variations in beam delivery
or changes in patient geometry during treatment. One of the main
feature of TOPAS is its parameter control system. Users can input
parameters in one or more text files to control simulation properties.
Further to text file input, the user can write bespoke C++ code to in-
teract with the TOPAS engine at any point in the simulation. This ver-
satility offers the ’expert’ user to extend capabilities in a convenient
way to modify TOPAS for their particular needs, e.g. custom scorers,
advanced geometry, physical interactions etc. Examples of parameter
specifics can be extensively found in the documentation by TOPAS as
well as by Perl. et al. [https://www.topasmc.org/] [210]. Along with
dose parameters, TOPAS collaboration have also incorporated linear
energy transfer (LET) scoring, relative biological effectiveness (RBE)
models for proton therapy, and outcome models like tumor control
probability (TCP) and normal tissue complication probability (NTCP)
[211, 212].

TOPAS has been effectively utilized in research on radiation ther-
apy physics and macroscopic biological systems, including organs
and cells. However, advancing our understanding of radiation effects
requires more fundamental research to explore mechanisms such as
oxygenation, intracellular signalling, and drug-induced radiation sen-
sitization or resistance. Additionally, variations at cellular and sub-
cellular levels in both tumors and surrounding normal tissues must
be accounted for, highlighting the need for detailed in silico simu-
lations. Hence, the TOPAS-nBio extension aims to combine detailed
physics and chemistry simulations with realistic representations of bi-
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ological structures, such as cells and nuclei, thereby enabling a mech-
anistic link between sub-cellular energy deposition and observable
biological outcomes. It was developed as an extension of TOPAS and
designed to simulate radiobiological experiments at nanometer reso-
lution by utilising advanced physical interaction models down to the
very low energy relevant to the DNA scale. It retains TOPAS’s user-
friendly design and reliability while offering advanced Monte Carlo
simulations at the nano-scale. It makes sophisticated computational
tools accessible to researchers seeking to enhance their experimental
designs or data analyses with more detailed physical, chemical, and
biological modelling [199].

5.3.2 DNA Mechanistic Repair Simulator (DAMARIS) for SSB repair

The DNA Mechanistic Repair Simulator (DaMaRiS) framework, de-
veloped at the University of Manchester [200], served as the in sil-
ico platform for modeling in this study. Built using the Geant4-DNA
Monte Carlo simulation toolkit (version 10.4), DaMaRiS (version 0.3)
requires input data on the distribution of DSB and SSB damage fol-
lowing irradiation. For this study, we incorporated the chromosome
structure in the form of Hi-C data to Monte Carlo radiation track
structure simulations of DNA damage [213], producing an output in
the Standard DNA Damage (SDD) Data Format [214]. Designed forFor details on Hi-C

and SDD format,
please check
Appendix B.

versatility, DaMaRiS allows users to define, construct, and test DNA
repair models, with each parameter having a clear biological defi-
nition. This mechanistic approach enables modification of the mod-
els by incorporating or removing biological mechanisms as they are
discovered, allowing the framework to represent entire repair path-
ways, which primarily include NHEJ and HR pathway for repairing
DSBs[215]. The versatile approach also allows the user to test compet-
ing theories of DNA repair pathways. Several versions of a pathway
can be simulated and compared to experimental data to uncover the
"most likely" pathway [216].

Each step in the model reflects how proteins interact to process
DNA breaks, from recognition to repair completion, providing tem-
poral insights into how damage is resolved within repair pathways.
The DaMaRiS models in this study were extended to include BER
and the initial stages of SSBR, with plans to expand the framework
to capture the full DNA damage response (DDR) at the molecular
level. The framework also examines critical points where pathway
choices are made—where DNA repair may transition between path-
ways—and evaluates alternative pathways that may be activated in
cases of repair failure [215].The basic algorithm used in this study is
structurally similar to that of the algorithm utilized by Ingram et.al.;
in their study analyzing the DSB repair pathway. The schematic be-
low illustrates the steps followed.



93

Figure 36: (a) A comprehensive literature review was conducted to identify potential mechanisms
influencing DNA repair pathway choice. (b) These mechanisms were integrated to con-
struct coherent scenarios describing the decision-making process for repairing DNA
double-strand breaks. The proposed scenarios, along with their associated protein re-
cruitment steps, were modeled using the DaMaRiS framework. (c) The scenarios were
parameterized to incorporate protein recruitment time constants, reflecting recruitment
kinetics consistent with experimental data from the literature. (d) The parameterized
models were then utilized to simulate DNA repair processes at the single-cell level fol-
lowing radiation-induced damage, enabling the measurement of overall repair kinetics
for each scenario.

This part of my thesis adapts this algorithm to evaluate the DDR
pathway. Hence it covers majorly two parts:

1. Quantifying the different type of DNA damages due to irradia-
tion; which includes SSBs, DSBs, BD, and clustered lesions

2. Analyzing how these damages are being repaired by DNA dam-
age repair pathway and validating with various experimental
results; for this purpose the algorithm shown in Figure 33 was
used. 36.
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5.3.3 SSB repair pathway model: Framework, Assumptions and Limita-
tions

DaMaRiS has an existing DSB repair pathway model, which can sim-
ulate the motion and reaction of DNA double strand ends produced
when a DSB is created and the repair proteins. The repair model
parses the data from the SDD format to obtain information about
the position of 2 strand breaks of the two free ends of the DSB which
are perceived as 2 separate objects by the model, further the repair
proteins are recruited to the damage site where the DSB ends are
processed [200, 215, 216]. Therefore to incorporate SSB inside the
DNA damage model, the DNA damage model was altered to pro-
duce a SDD output file in such a way that all the isolated backbone
damages are treated as SSB site which would be recognized by the
damage model as an individual object. Unlike DSB ends, each SSB
site is treated individually to recruit repair proteins at it’s damage
site. The motion of SSB are trapped in the space unless a user de-
fined repair protein forms a complex with them, once formed they
move together. The motion is defined by continuous time random
walk (CTRW) diffusion model of sub-diffusive motion [217]. By defi-
nition, CTRW represents a waiting period for a random time before
making jumps. Studies highlight that the damage ends tend to be con-
fined in certain states before associating/dissociating with the protein
complexes. [200, 217].

In DaMaRiS, the strand breaks progress through the user defined
pathways by changing state using a step-by-step approach. For exam-
ple, the SSB will transition into a strand break with a PARP-1 protein
attached to it, representing the break site recognition. Similarly, each
transition is accompanied by user-defined time constants, which rep-
resent the average time required to make that transitions, with actual
transition time randomly selected. When SSB has multiple options
of transitions, the model randomly chooses the transition time and
shortest time out of those is likely to be selected. This random selec-
tion follows an exponential probability function, given by the equa-
tion p = eτ/t; where τ represents the time constant and t represents
the post irradiation time.Flow through the pathway and branch selec-
tion of the damage can be modified by altering time constants, with
an increased time constant reducing the chance of branch selection.
To implement the SSB repair pathway, a review of experimental data
from various studies detailing the recruitment of proteins involved
in SSB repair was conducted. These mechanisms were incorporated
into the DaMaRiS model, with time constants adjusted to align sim-
ulation outcomes with experimental observations. The framework of
SSB repair pathway and the various time constants linking each state
is represented in the Figure 37.
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Figure 37: Schematic of the reduced SSBR pathway used in the Monte Carlo simulations along
with the associated time constants.

The SSB repair pathway is divided into three distinct phases: Iden-
tification, Repair Process, and Repaired DNA. These phases ensure a
systematic progression from recognizing the damage to fully repair-
ing the DNA strand.The repair process begins with the identification
of single-strand break (SSB) ends by the PARP-1 protein, which serves
as the primary sensor of DNA damage. Upon binding to the SSB
site, PARP-1 undergoes auto-PARylation, a process where poly(ADP-
ribose) (PAR) chains are attached to itself. These PAR chains play a
crucial role by facilitating the recruitment and phosphorylation of
XRCC1, a scaffold protein essential for downstream repair processes.
Simultaneously, the degradation of PAR chains by PARG ensures the
recycling of PARP-1 along with detachment of proteins attached to
the SSB, allowing it to bind to new SSB sites and maintain efficient
repair across multiple damage locations. Experimental data, such as
that provided by Mortusewicz et al. [218], quantifies the binding be-
havior of PARP-1 at SSB sites. The model assumes that once PARP-1
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binds to the break site, it establishes a dynamic equilibrium with the
DNA damage. This equilibrium is considered sufficiently stable that
the dissociation of PARP-1 from the site can be neglected during the
identification phase. After successfully marking the SSB, PARP-1 dis-
sociates, leaving the site accessible for subsequent repair proteins to
form complexes with the damage site. The recruitment of phospho-
rylated XRCC1 to the damage site marks the beginning of the repair
phase. XRCC1 acts as a scaffold protein, facilitating the formation of
the first reaction complex, which includes Ligase 3-α (Lig3α). This ini-
tial scaffold complex serves as a platform for the sequential recruit-
ment of other repair proteins. The first enzymatic step involves the
recruitment of APE1 or PNKP, which process and clean the SSB site.
These enzymes remove damaged residues or repair the ends to en-
sure they are suitable for subsequent steps, designated in the model
as scaffold 2. Further, PNKP dissociates from scaffold 2 to create space
for DNA polymerase β (Pol-β). Pol-β adds the missing nucleotide to
the DNA strand, effectively filling the gap left by the break (scaffold
3). The final steps involve the dissociation of Pol-β and the repair com-
pletion by Lig3α, which seals the DNA strand by forming the final
phosphodiester bond. At this point, the complex reverts to the config-
uration of scaffold 1, representing the closure of the repair cycle. The
repaired DNA strand is now restored to its intact state, ensuring ge-
nomic stability and preventing the accumulation of further damage.

This structured pathway ensures that each step is tightly regulated
and proceeds in a coordinated manner. By systematically assembling
and disassembling repair complexes, the cell efficiently repairs SSBs.
The model incorporates experimental findings to align the simulated
repair dynamics with real-world biochemical processes. Throughout
these transitions, the model assumes that repair proteins dynamically
interact with the SSB site, with each protein contributing to specific
repair tasks. When competing factors are negligible, the repair pro-
cess progresses efficiently through each scaffold complex. However,
external conditions or protein competition may temporarily inhibit
recruitment, reverting the system to a prior state or delaying pro-
gression. This sequence ensures a stepwise repair mechanism, where
each state and scaffold complex corresponds to a distinct biochemi-
cal function, allowing for accurate simulation and modeling of SSB
repair dynamics.

5.3.4 Results

5.3.4.1 Quantifying the number of strand breaks in the DNA

The first goal of this project was to quantify the number of SSB, Base
Damages (BD), and DSBs induced in the cells when irradiated with
protons. For this purpose, a nucleus of 10 µm diameter at G0/G1
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phase with chromatin structure was defined using biological data
from Hi-C experiments to investigate the entire chromatin structure
(see Figure38). The specific geometry data used in this work was col-
lected from a population of IMR90 cells by Rao et al [219]. Within the
Hi-C damage model, the chromosome is represented as a continuous
walk of polymer beads. Each bead represents a topologically associ-
ated domain, with size proportional to the DNA content as measured
in the Hi-C data. No DNA geometry is explicitly built within these
polymer beads. Instead, an energy deposition within a polymer bead
is randomly sampled to determine the likelihood of the deposition
occurring within an inferred DNA volume. This probability was fit
to reproduce DSB and SSB yields reported in the literature [213]. De-
positions within a DNA volume, passing the previously mentioned
probability check, are then sampled based on the magnitude of en-
ergy deposition. A linear probability varying from 0 to 1 between 5

and 37.5 eV is used. Depositions passing this check are then randomly
assigned to strand one or two of the DNA double helix, forming an
isolated backbone damage. The base pair position along the chromo-
some is assigned randomly between the base pair constraints of the
Hi-C polymer bead containing this damage. Following the simulation
of all particles required to deliver a specified dose, the list of backbone
damages are clustered to determine DSBs. Backbones on opposing
strands and separated by 10 or fewer base pairs are grouped into a
DSB[216].

Since the DNA geometry is not explicitly modelled within the Hi-
C beads, and the sampling method explained above can only pre-
dict backbone damages, some backbones must be converted into base
damages. In order to achieve this conversion, whilst maintaining ex-
pected yields of SSBs and DSBs, the initial number of accepted dam-
ages must be increased. This can be achieved by varying the energy
deposition rule (between 5 and 37.5 eV) or by changing the geomet-
rical sampling parameter (sensitive fraction). Since the outcome is to
treat more of the nucleus volume as "sensitive" it is logical to vary the
sensitive fraction. This assumes that bases, as well as the already as-
sumed backbones, are uniformly distributed across the Hi-C polymer
bead.

Incorporating the chromosome geometrical data from Hi-C mea-
surement into MC simulations of DNA damage is a newly developed
methodology by the Manchester PRECISE group, allowing the di-
rect inference of spatial genome conformations from experimentally
measured genome contacts [216]. Track structure simulations were
conducted using the Geant4-DNA; TOPAS-nBio extension with the
G4EmDNAPhysics list to model the DNA damage induced by a 10

MeV proton beam. A uniformly distributed circular proton source
was positioned at the entrance of the bounding water box. The tar-
get DNA model was enclosed in a 50 × 50 × 50 µm water box. The



98

Figure 38: Chromatin structure utilized in DaMaRiS model. The colored
wired center represents the chromatin material. The blue mesh is
the nuclear membrane and the black mesh represent cytoplasm.
While the square boxes represent the box size of the entire system
under consideration.

simulation involved at least 1000 primary protons of 10 MeV. The
delivered dose was regulated by adjusting the source radius, mod-
ifying the fluence, and controlling the number of particles crossing
the nucleus volume. For higher dose simulations, where the beam
radius was smaller than the nucleus, the number of primary parti-
cles was increased to ensure sufficient interactions [220]. The authors
in [220] has classified damages into 7 types; which includes isolated
base damage, isolated backbone damage (SSB), potential DSB (a back-
bone with an opposing base damage within 10bp), simple DSB with
damaged backbones on opposite strands separated by less than 10 bp,
simple DSB with at least one associated base damage within 3 bp of
the DSB ends, complex DSB with multiple associated damaged back-
bones, complex DSB with at least one associated base damage.This
present work is dependent on SSB and base damage, so only isolated
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base and backbone damages were considered for analysis, though all
other damage types still exist in the simulation output.

The Linear Energy Transfer (LET) of radiation is a crucial factor
in determining the biological effectiveness of radiation in therapeutic
settings. LET refers to the amount of energy deposited by ionizing
radiation per unit length of tissue. High-LET radiation, such as α-
particles, tends to cause dense ionization along its track, resulting in
clustered double-strand breaks (DSBs) that are difficult for cells to
repair. This high ionization leads to significant DNA damage within
the target cells, while sparing the surrounding normal cells. On the
other hand, low-LET radiation, such as X-rays, is sparsely ionizing
and spreads its energy over a longer distance. This results in a higher
frequency of single-strand breaks (SSBs) and base damage. Hence,
in this study, the number of BD, SSBs and DSBs were calculated for
varying LET expected for a range of proton; then these data were fit
with a second order polynomial [220]. Where, LET is calculated by
the fit; LET (keV/µm) = A x (Energy)−B, where A = 28.8589 and
B = 0.809599. For quantifying, the damages over the LET range of 1

to 40 keV/µm were calculated; thereby changing the energy likewise.
Each simulation yielded different number of isolated backbone and
base damages and DSBs as shown in the table (Supplementary figure).
As mentioned before, this set of data was then fit to second order
polynomial equation, and scaled by dose, given by:

Yield(D,L) = D× (aL2 + bL+ c) (5)

where D is the proton dose in units of Gy and L is the track aver-
aged LET in units of keV/µm. The parameters of eqn (2) are repre-
sented in Table 3

Table 3: The fitted parameters of eqn (2), for predicting the yield of each
damage category as a function of proton dose and LET.

Parameter Isolated backbone Isolated base Simple DSB

a 0.0147391 -0.0407463 -2.44 ×10−3

b -3.36766 1.5976 3.98× 10−1

c 552.28 245.949 1.56× 100

Using the above listed constants, the yield of isolated backbone
and base damages were obtained as a function of LET, shown in Fig-
ure 39a. In order to determine the change in sensitive fraction, the
expected number of base damage is calculated. The ratio of base to
backbone damage was used inform this change, i.e. for every back-
bone damage it is expected that there will be some number of base
damages (as shown in Figure 39b). We can observe that with increas-
ing LET value; the isolated BD and Backbone damages are either de-
creasing or not varying much. So a value with optimal base damage
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and backbone damage was used (Nbackbone = 539 and Nbase =
252); which was around 4 keV/µm. This change in the code converts
a certain number of backbone damages produced to base damages.
This results in a lower yield of SSB and DSBs. To maintain the DSB
and SSB yield, more energy depositions must be accepted as occur-
ring in DNA volumes. This was achieved by increasing the "sensitive
fraction" of the modeled nucleus - the parameter that represents the
likelihood of an energy deposition occurring in DNA. The simulated
cell was uniformly irradiated with 100 protons at 10 MeV. The sensi-
tive fraction was varied to reproduce the BD predicted by Equation
6. The SSB yield was assessed against the expected yields from the
nominal sensitive fraction (0.141328) Table 4 shows the number of
different damages obtained with varying sensitive fraction.

Table 4: Sensitive fraction vs Damages

Sensitive Fraction No: of BD No: of SSBs No: of DSBs

0.141328 (default) 0 81 3

0.182657 49 63 5

0.152657 35 48 2

0.162657 36 52 4

0.158814 37 55 1

0.218574 82.4 83.6 7.2

0.214679 89.25 83 8.75

0.213088 86 80 10

0.213357 85.75 81 9.75

A sensitive fraction of 0.213357 reproduces the SSB yields expected
from the nominal sensitive fraction of 0.141328. The number of DSBs
has increased 3 fold compared to the nominal case. This implies
that the above approach is an oversimplification, since both SSB and
DSB yield cannot be maintained whilst producing the correct yield
of BD. However, since the work is mainly concerned with BD and
SSB processing (no DDR to DSBs is included here) the simplifica-
tion was deemed to be acceptable. With this modification, the MC
damage model is capable of predicting BD whilst maintaining the
expected SSB yield. This finalises the DNA damage model parame-
ters. This "clusBD" is an important characterisation when considering
DDR and the direction of damages to suitable repair pathways. For
this purpose, 3 assumptions were made:

1. All isolated base damages and backbone damages are consid-
ered as "isoBD" and "SSBs" respectively

2. All backbone damages which are less than 10 bp (3.14 nm) apart
and are on opposite strands of same chromosome are consid-
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Figure 39: a) Quantity of isolated backbone damages and isolated base damages with increasing
LET value b) Probability of base damage per backbone damage c) Pie chart illustrating
the quantity of different type of damages obtained

ered as DSBs and are clustered together (This type of damage is
not considered in the following work, due to the over prediction
of DSBs (Table 4)).

3. All base damages which are less than 6 bp (2.04 nm) apart are
clustered together and are termed as "clusBDs" [84].

These 3 assumptions simplify the choice of repair pathways and
will be explained in the next section. The damage model uses an im-
plementation of the DBSCAN (Density-based Spatial Clustering of
Applications with Noise) algorithm following the simulation of DNA
damage [221]. This algorithm searches for all the nearby points/that
are closely packed which satisfy the 2nd and 3rd assumptions and
clusters each of them accordingly giving rise to 2 types of clusters.
All the points that are not packed together are considered as isolated
damages. The system was simulated with the above mentioned pa-
rameters. With a sensitive fraction of 0.213357, 100 protons of 10MeV
and LET of 4.47 keV/µm; resulted in average of 88.75,89.75,2.5 and 2

of "isoBD", "SSBs", "clusBDs" and "DSBs" respectively. Altogether, the
most of the energy is being transferred into creating more of SSBs
and base damages. The slight increase in the SSB formation observed,
is logical considering the relative target size of a DNA backbone com-
pared to a base. The relatively low yield of DSBs is explained by the
proton energy, and resulting LET of 4.47 keV/um. However, the yield
of DSB predicted by this modified damage model is irrelevant given
the results of Table 4. Whilst this energy is low, representing end of
proton range, the LET is not sufficiently high to create a large num-
ber of SSB clusters. Out of all the base damages only 2% of them are
placed very close to each other, which is potentially risky to the cell.
The rest of the isolated damages, depending upon their position in
the chromosome, can be easily repaired.

It is noteworthy to speculate that, the amount of out-of-field dose
during proton therapy is due to secondary neutrons; whose LET is
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much lower compared to primary proton. The LET value for primary
protons within the Bragg region and can go up to 8-12 keV/µm. If con-
sidering the out of field LET is less than that observed in the targeted
volume [222, 223], LET value of 4 keV/µm, which could correspond
to out-of-field regions. Hence the above results, could primarily mean
that lower LET is associated with higher number of SSBs than DSBs
or clustered base damages; consistent with the findings Goy et.al in
[13, 220]. Even though their study, investigated DNA damage pat-
terns using X-rays, which are low LET radiation. While their findings
highlight an increased number of SSBs compared to DSBs at lower
LETs, applying these insights to proton therapy requires caution. Pro-
tons have a distinct LET profile, with lower LET values in out-of-field
regions (e.g., 4 keV/µ m in our study) and higher LET values in the
Bragg peak. Despite these differences, the trend of lower LET leading
to more SSBs remains consistent and could also be a speculation for
future studies.

5.3.4.2 Recruitment kinetics of SSB repair proteins

Various literature studies exploring the kinetics of different proteins
involved in the SSBR pathway were collected and the data was ex-
tracted from the graphs. Table 5 highlights the different literature
utilized in this study and the related R2 value between the model
and the experimental dataset. This collated data is used to compare
against model predictions. All of the experiments used laser micro ir-
radiation to generate SSB in the cells, which predominantly resulted
in the accumulation of sensor proteins (such as PARP-1, Lig-3α) and
repair proteins at the damage site. The breaks induced by proton radi-
ation, included a large number of isolated backbone damages; which
requires short-patch BER/SSBR pathway to repair them (see Figure
10) [116].

Authors Radiation type Cell-type Protein R2

Abdou et al. [224] Laser micro-irradiation (405 nm) HeLa Cells PARP-1 0.697

Lan et al. [225] Laser micro-irradiation (365 nm) HeLa Cells XRCC1 0.85822

Abdou et al. [224] Laser micro-irradiation (405 nm) HeLa Cells XRCC1 0.80187

Lan et al. [225] Laser micro-irradiation (365 nm) HeLa Cells Lig-3α 0.64018

Abdou et al. [224] Laser micro-irradiation (405 nm) HeLa Cells Lig-3α 0.627381

Horton et al. [226] Laser micro-irradiation (355 nm) Mouse Embryonic fibroblasts PNKP 0.8373

Godon et al. [227] Laser micro-irradiation (405 nm) HeLa Cells Repair kinetics 0.90

Table 5: The different literature used to validate DaMaRiS Model and their
R2 value considered.

The recruitment kinetics of each protein was used to determine the
time constant required for them to associate with the damage site.
This was performed by changing the time constant parameter till the
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Figure 40: (a-f) Recruitment kinetics of PARP-1 with different time constants τ fit with the experi-
mental data from Abdou et.al. [224]. The table shows the R2 value obtained for DaMaRiS
model fitted to experimental data. With R2 value maximum for τ = 0.85s, it was finalized
for further simulations. Using similar approach, the time constant for each protein was
finalized and is reported in table 5

fit between the experimental data and the model yields a R2 value
close to 1. For instance, to finalize the τ value of PARP-1, an optimal
value around 0.6 was chosen, followed by calculating the R2 value.
This is followed by increasing the τ value to 10% unless the R2 value
value close to obtained. The figure 40 depicts the plots obtained for
different τ value and the associated R2 value.

The recruitment kinetics of key SSBR pathway proteins, as modeled
by DaMaRiS, demonstrate good agreement with experimental data as
reported in the literature Figure 41 a–d). The damage sensor proteins
are usually quickly recruited to the the damage site without any de-
lay. Hence, a very short time constant like less than 1s is alloted for
PARP-1 recruitment. The experiments were conducted in HeLa cells
for both Abdou et.al [224] and Reber et al. [228]. DaMaRiS model
rapidly recruits , such that it reaches 50% of the maximum within ap-
proximately 2–3 seconds and 80–90% by 10 seconds. Similarly, XRCC1

recruitment (Figure 41b) aligns well with data from Lan et al. [225],
Abdou et al.[224], and Reber et al.[228], with saturation occurring by
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Figure 41: a)Recruitment kinetics of each protein recruited to the damage site validated with ex-
perimental data from various literature. a)PARP-1 b)XRCC1 c)Lig-3α, d) PNKP

100 seconds. Lig3α recruitment (Figure 41c) exhibits slower kinetics
compared to upstream proteins, consistent with experimental data
from Lan et al., Abdou et al., and Mortusewicz et al. [218], reaching
maximum levels around 300 seconds. For PNKP recruitment (Figure
41d), the DaMaRiS model captures the trends reported by Abdou et al.
and Horton et al. [226], with recruitment saturating at approximately
150 seconds. Out of the 3 or 4 studies used to validate the model,
we chose the one with right R2 value, as pointed out in the table 5

and the corresponding chosen time constants are given in the figure
37. Overall, the DaMaRiS model effectively reproduces the temporal
dynamics of SSBR protein recruitment observed in experimental sys-
tems. Although, the kinetics of Pol-β recruitment is not shown due
lack of experimental data corresponding to SSBR pathway; thereby
the parameters were tuned such that the final quantity of repaired
SSBs can be accounted, i.e. the SSB yield after 30 minutes of repair
matches the yields as explained in section 5.3.4.3.

5.3.4.3 Overall SSB Repair Kinetics

To check whether the model could successfully orchestrate the pro-
teins and bring about SSB repair, overall repair kinetics were calcu-
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lated. SSB repair kinetics are normally quantified by performing a
comet assay. The comet assay is a popular technique based on the
fact that, when an electric field is applied, the damaged DNA frag-
ments in the gel migrate towards the anode; creating a shape of the
comet, hence the name [229]. Other than comet assay, accumulation
kinetics of repair proteins like XRCC1, which are exclusively seen
during BER/SSBR pathway [116]. To fit the model to the experimen-
tal data, experimental studies on SSB repair by protein after radiation
treatment of cells. The studies include data obtained from Godon et.al
[227] and Reynolds et.al. [230].

Figure 42: SSB repair kinetics for the simulated model. Entire damage population is repaired by
30mins. They were fitted with the experimental data observed by Anna et al. [231],
Godon et al. [227] and Reynolds et al. [230]. Each of them having a R2 value of 0.78,0.90,
and 0.71 respectively.

As seen in Figure 42 the model agrees well with the experimen-
tal result. Both the model and the experimental results shows that
the overall repair lasts up to 30 mins. One interesting thing to note
is the rapidity of repair protein recruitment, e.g. XRCC1/ are com-
pletely recruited in seconds. Despite this rapid recruitment, the final
step of repair process slows down and takes around 30 minutes to
completely repair the damaged DNA as seen in Figure 41 resulting
from a much, relatively, slower processing time of the damage site.

In conclusion, the model effectively simulates the orchestration of
proteins involved in the SSB repair process, closely matching experi-
mental observations. The repair kinetics demonstrate that while pro-
tein recruitment, such as XRCC1 and , occurs rapidly, the final stages
of repair are significantly slower, requiring up to 30 minutes for com-
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plete DNA restoration. This highlights the complexity and sequential
nature of the BER/SSBR pathway. The strong agreement with experi-
mental data underscores the model’s reliability and its potential as a
tool for further exploring DNA repair dynamics.

Although the model successfully predicted the dynamics of the
SSBR pathway, it has certain limitations. Incorporating DNA geom-
etry into the system would provide a more accurate representation
of the experimental scenario, capturing the spatial constraints that
influence repair efficiency. Additionally, exploring the cross-talk be-
tween SSB and DSB repair under different radiation types could offer
deeper insights into therapy outcomes. X-ray radiation, which gener-
ates a high number of SSBs, predominantly activates the SSBR path-
way, potentially leading cells either toward repair or senescence. This
could be a disadvantage in cases where senescent cells contribute
to tumor progression or therapy resistance. In contrast, proton ther-
apy induces more DSBs, which are inherently more lethal, rendering
SSBR less effective in these contexts. A comparative study of these ef-
fects could aid in optimizing radiation therapy strategies tailored to
specific cancer types. Expanding this analysis to include the role of in-
hibitors, such as PARP inhibitors, could provide a mechanistic under-
standing of post-radiation therapeutic interventions. By modeling the
duration of trapping, it is possible to estimate the persistence of SSBs
and their potential conversion into complex DSBs, ultimately leading
to cell death. A similar approach could be applied to out-of-field radi-
ation effects, where senolytics—rather than PARP inhibitors—could
be explored to selectively eliminate senescent cells and improve ther-
apeutic efficacy. This integrated modeling framework could serve as
a powerful tool for refining radiotherapy and combination treatment
strategies.

5.4 summary and outlook

In this Chapter, I investigated the role of mathematical modeling and
MC simulations in understanding the DNA damage repair pathway,
particularly SSBR pathway in the out-of-field area and in the tar-
geted volume during the radiation therapy. We employed two com-
plementary approaches to enhance our understanding. The the single-
strand break repair (SSBR) pathway triggered by out-of-field radia-
tion exposure was mathematically modeled using COPASI software.
The model effectively simulates the complex biochemical cascades
of the SSBR pathway, highlighting the critical decision-making steps
influenced by different kinetic equations. Time-course simulations re-
vealed key dynamics, such as the impact of reactive oxygen species on
availability and the recruitment behavior of XRCC1, consistent with
experimental observations [13]. The model also highlights the prefer-
ential activation of the p16 pathway over the p53 pathway, leading to
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senescence rather than apoptosis, which is experimentally observed
in fibroblasts. Additionally, the sensitivity of the model to kinetic
equations and parameter values emphasizes the need for accurate
parameter estimation in future studies.

The deterministic approach to depict how cell decisions can be
affected by changing the concentrations of each protein species in
the pathway, but still the lack of experimental setup was a disad-
vantage to get meaningful results. Therefore a complementary ap-
proach for modeling the SSBR pathway was performed using the
GEANT4-TOPAS framework. At first, the number of single strand
breaks and base damages induced in the chromatin were quantified,
using assumptions which segregated isolated backbone damages as
SSB, isolated base damages, double strand breaks and clustered base
damages. Running clustering algorithms using DBSCAN in Geant-4
DNA, we observed that lower LETs are linked to a higher number of
single-strand breaks compared to double-strand breaks or clustered
base damages. Once quantified, the focus was shifted to introducing
the SSBR pathway to the SSBs produced within the system. Therefore,
the recruitment kinetics of key SSBR pathway proteins were studied.
The recruitment kinetics of key SSBR pathway proteins, as modeled
by DaMaRiS, showed good agreement with experimental data, with
proteins like , XRCC1, and Lig3α being recruited at varying time
points, thus highlighting the sequential nature of the repair process.
The DaMaRiS model effectively reproduced the temporal dynamics
observed in experimental systems, validating its reliability for explor-
ing DNA repair dynamics. In summary, the model successfully simu-
lates the orchestration of proteins involved in the SSBR process, with
rapid recruitment followed by slower final repair stages. This compre-
hensive analysis highlights the complexity of the SSBR pathway and
its sensitivity to modeling parameters.





6
C O N C L U S I O N S A N D F U T U R E P E R S P E C T I V E S

The thesis titled "Computer Simulation and Experiments of Radio-
induced Cell Senescence" is a work that entirely focuses on exploring
the connections between cellular senescence and DNA damage. The
state-of-art of this work presented in the Chapter 1 gives a compre-
hensive overview on how the presence of single-strand breaks (SSB)
triggers the SSBR/BER pathway, and how the unrepaired fraction of
SSB can lead the cell to make critical decisions between apoptosis or
cellular senescence. The crucial decisions are associated majorly with
the identification of the DNA break in the upstream, and processing
of the break in the downstream of the triggered pathway (see Fig-
ure 34). Hence, this work revolves around three main aspects of the
DNA damage repair pathway: (i) intricate dynamics between the SSB
damage and the PARP-1 protein, notably, how the protein identifies
the damage; (ii) influence of DNA damage on chromatin structure
and dynamics; and, (iii) decision-making process in SSBR pathways.
I approached items (i) and (ii) by utilizing all-atom molecular dynam-
ics (MD) simulations, and item (iii) by mathematical modeling and
Monte Carlo (MC) simulation, supported with experimental results
wherever possible.

The SSB damage produced during cancer radiotherapy treatments
usually ends up with removing an entire nucleotide from the DNA
sequence, leaving the broken ends with 3 ′-OH 5 ′-dRP terminations.
These unprocessed ends are identified by damage sensor proteins like
PARP-1. There are numerous structural and experimental studies on
PARP-1 identifying SSB damage. However, there is scarce literature
on understanding the intricate dynamics behind this identification
process. Hence, in Chapter 2 and 3, I investigated the interaction of
Zinc-finger domains Zn1-Zn2 of PARP-1 protein with SSB, in a DNA
hairpin loop as used in several experiments, and in a mononucleo-
some including full histone tails, respectively. The MD simulations in
the DNA hairpin revealed that its conformational flexibility, driven
by thermal fluctuations, allows for significant bending and gap open-
ings independent of direct PARP-1 contact. Zn2 was found to bind
to the 3 ′ end of the SSB preferentially, initiating DNA bending and
gap widening, followed by Zn1 interacting with the 5 ′ end, leading
to the final kinked structure, nearly coincident with the experimen-
tally observed state. Hence, the experimental complex was confirmed
as a global thermodynamic minimum, supporting the reliability of
our simulation protocol. However, direct docking of Zn1-Zn2 on a
SSB on a straight, still closed hairpin was less effective due to ad-
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ditional protein-DNA contacts preventing sufficient hairpin bending.
The study also explored whether PARP-1 functions as a monomer or
dimer, showing Zn2’s higher affinity for SSB ends and its critical role
in initiating interactions, with Zn1 playing a secondary role. Addi-
tionally, spontaneous fluctuations of the DNA hairpin before PARP-1
binding likely enhances the observed binding affinity, providing a
qualitative support to the idea of a ’bend-then-bind’ mechanism, in
which the damage site spontaneously exposes itself to the action of
the repair enzyme. This is a seminal idea that we have been exploring
in our research groups, in the attempt at unraveling alternative mech-
anisms by which proteins can rapidly and effectively identify their
target, in the vast complexity of the genome.

Facing a more realistic condition that could approach the context of
nuclear chromatin, the next study was performed on a whole nucle-
osome with multiple Zn-finger domains of PARP-1 interacting with
multiple SSB break sites. The leading idea was to highlight the role
of mechanical deformation of the damage site, as a way for the dam-
age to become ’easily’ visible to the repair enzyme. Hence, I focused
on the nucleosome structural deformation and the interactions of his-
tone tails with the PARP-1 protein and the damage site. The findings
reveal that SSBs induce localized DNA openings, with fluctuations in
the width of the break ("gap-opening") driven by both thermal and
mechanical effects. The presence of Zn1-Zn2 significantly enhances
these openings, particularly at the damaged sites. These interactions
enable critical contacts, such as Leu-151 proximity to the 3

′ end, and
hydrogen bonding with the DNA backbone, facilitating SSB recog-
nition. While achieving the "trademark" interactions of PARP-1 ob-
served in hairpin experiments proved challenging in the nucleosomal
context, the interactions of Zn1-Zn2 with histone tails and the DNA
backbone effectively opened the DNA at the break site. These results
suggests that Zn1-Zn2 may not solely be responsible for SSB identifi-
cation in complex nucleosomal assemblies, but additional interactions
from histone tails and DNA backbone fuels the identification process
efficiently. Furthermore, Zn1-Zn2 presence prompted structural reor-
ganization in the nucleosome, increasing the splitting between adja-
cent gyres of the DNA near the SSB, and highlighting its role in chro-
matin remodeling. Altogether, this part of the study underscored the
unique structural contributions of Zn1-Zn2 in nucleosomal remodel-
ing, and its pivotal role in facilitating PARP-1’s function in recogniz-
ing and responding to DNA damage, offering valuable insights into
the molecular mechanisms underlying genome stability and repair.

In a further step of this work, I moved to study the evolution of
SSB and DSB within the chromatin structure, as another aspect of
the main question, namely, which mechanism(s) may possibly help
the repair proteins to quickly identify the damage sites, as opposed
to the inefficient, purely randomly search along the DNA sequence.
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By studying damage in the DNA linkers joining two nucleosomes,
this work is among the first to demonstrate how complex defects
within linker DNA can induce significant structural alterations in nu-
cleosomal architecture. The results revealed that SSBs in the linker
DNA, under just a minimal force to induce a nucleosome relative
displacement, induce a pronounced bending and kink defects at the
break site, whereas linker DNA without damage remained mechani-
cally resilient under the same conditions. Notably, linker of different
lengths including SSBs exhibited extensive mechanical deformation,
suggesting that a minimum linker length (>22-24 bp) is necessary
for inducing the mechanical instability. Even more interestingly, the
presence of a DSB in the same dinucleosome structures caused dra-
matic bending and structural changes, driven solely by thermal fluctu-
ations, with the final conformations remaining stable. These findings
suggest that the complexity of the defect directly correlates with the
degree of structural deformation. From a biological perspective, such
structural alterations in damaged linker DNA may serve as "mark-
ers", exalting (and greatly accelerating) damage recognition by repair
enzymes, such as Ku70/80, glycosylases, or PARP-1, which could
preferentially target regions of structural instability rather than con-
ducting an exhaustive search, randomly spanning back and forth all
the chromatin DNA. Furthermore, the results raise compelling ques-
tions about the cumulative effects of clustered DNA damage within
chromatin, where multiple defects might drive extensive chromatin
remodeling events, potentially influencing gene expression, replica-
tion, or repair pathways. These structural disruptions could act as
triggers for cellular outcomes such as senescence or apoptosis, as
explored in the final chapter of this thesis. The interplay between
damage-induced chromatin remodeling and cellular responses under-
scores the broader implications of this work, highlighting the neces-
sity of further studies to unravel how molecular damage propagates
to higher-order chromatin organization and influences critical biolog-
ical processes. Insights from these investigations could ultimately in-
form the development of targeted therapies for DNA repair-related
diseases, including cancer.

Finally, in Chapter 5, I explored the role of mathematical model-
ing and Monte Carlo (MC) simulations in understanding the DNA
damage repair pathway, particularly the single-strand break repair
(SSBR) pathway, both within and outside the targeted volume during
radiation therapy. Using COPASI software, I developed a mathemat-
ical model of coupled differential equations, to simulate the SSBR
pathway triggered by out-of-field radiation exposure, capturing the
complex biochemical cascades and decision-making steps influenced
by kinetic equations. Time-course simulations revealed key dynamics,
such as the impact of reactive oxygen species on PARP-1 availabil-
ity and XRCC1 recruitment, aligning with experimental observations.
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The model also highlighted the preferential activation of the p16 path-
way over p53, leading to senescence rather than apoptosis, consistent
with fibroblast studies. However, the results remain purely theoreti-
cal because of the present lack of experimental data to validate the
model.

In a second part, I introduced the SSB-repair model in the GEANT4-
TOPAS simulation environment, for which a large amount of exper-
imental data about PTV irradiation with energetic particles is avail-
able. This framework quantified single-strand breaks (SSBs) and base
damages in chromatin, revealing that lower linear energy transfer
(LET) radiation induces more SSBs than double-strand breaks or clus-
tered base damages. Furthermore, the recruitment kinetics of SSBR
proteins, modeled using DaMaRiS, matched experimental data, with
proteins like PARP-1, XRCC1, and Lig3α recruited sequentially, re-
flecting the repair process’s temporal dynamics. The model success-
fully simulated the orchestration of SSBR proteins, showing rapid re-
cruitment followed by slower repair stages, and underscored the path-
way’s complexity and sensitivity to modeling parameters. Together,
these approaches provided a comprehensive understanding of SSBR
dynamics and its response to radiation-induced damage.

This thesis paves the way for a broad spectrum of future inves-
tigations, encompassing both experimental and computational ap-
proaches. The current work focused on DNA, nucleosome and (small-
scale) chromatin dynamics and mechanics in the presence of DNA
damage, providing a foundation for further exploration. A particu-
larly intriguing direction would be to investigate the effects of PARP-
1 binding to DNA damage sites in the dinucleosome, elucidating
the mechanisms of interaction and the extent of linker DNA bend-
ing under varying lengths and damage conditions (SSB/DSB). Ad-
ditionally, it would be valuable to examine how the presence of a
damage sensor protein influences local chromatin structure and re-
modeling processes. Furthermore, comparative studies involving var-
ious damage sensor proteins could yield significant insights. Research
has demonstrated that damage sensor proteins involved in mismatch
repair (MMR), nucleotide excision repair (NER), and single-strand
break repair (SSBR) induce DNA bending or kinking during their
recognition and repair activities [232, 233]. Comparing these mecha-
nisms across different repair pathways could reveal common or unique
structural and dynamic features at the basis of damage recognition.
The complexity of such studies could range from analyzing single
DNA defects to more complex damage scenarios. These investiga-
tions would enhance our understanding of the efficiency with which
damage sensor proteins recognize DNA lesions, providing critical in-
sights into the molecular basis of DNA repair. Such knowledge could
ultimately inform the design of targeted protein inhibitors, such as
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PARP-inhibitors, which are used to disrupt repair pathways in cancer
cells, thereby improving therapeutic strategies for cancer treatment.

Another compelling computational aspect is the exclusive integra-
tion of out-of-field, dose-induced SSBR within the Geant4-TOPAS
framework. Incorporating a detailed DNA geometry would enhance
the accuracy of the model, by accounting for spatial constraints that
influence repair efficiency. Additionally, investigating the interplay
between SSB and DSB repair across different radiation types (pho-
tons, charged particles) could provide deeper insights into therapeu-
tic outcomes. X-ray radiation, which generates a high number of SSBs,
primarily activates the SSBR pathway, potentially leading to either re-
pair or senescence. This could be detrimental in cases where senes-
cent cells contribute to tumor progression or resistance to therapy.
Conversely, proton therapy induces more DSBs, which are inherently
more lethal, making SSBR less effective in these scenarios. A compar-
ative study of these effects could help refine radiation therapy strate-
gies tailored to specific cancer types.

Expanding this analysis to include the role of inhibitors, such as
PARP inhibitors, could offer a mechanistic understanding of thera-
peutic strategy. For example, by modeling the duration of PARP-1
trapping, it would be possible to estimate the persistence of SSBs and
their likelihood of transforming into complex DSBs, ultimately lead-
ing to cell death. This integrated modeling framework could be a
valuable tool for optimizing radiotherapy and combination treatment
strategies. It could provide critical insights into whether out-of-field
radiation doses, typically encountered during radiotherapy, induce
SSBs and DSBs in the surrounding tissue. By quantifying the amount
and fraction of breaks, the model could help unravel the mechanisms
behind cellular responses to radiation – particularly why cells ex-
posed to out-of-field dose tend to favor senescence over apoptosis
[13]. Ultimately, these findings should be further validated through
experimental data, strengthening the correlation between simulation
outcomes and biological responses.
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A
S U P P L E M E N TA RY F I G U R E S

Figure A1: (a) RMSD values of isolated DNA hairpin in configuration 1 over
2µs MD simulation. (b) RMSF values on a residue-by-residue
basis. (c) Superimposed structure of the hairpin loop best cluster
after 2µs simulation (gold), and the initial structure (cyan).
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Figure A2: Contact maps of the PARP1-DNA hairpin assembly (Zn1 blue,
Zn2 red) including an SSB (missing nucleotide at position 46).
Arrow-color intensity according to increasingly close bonds. (a)
Docking + MD of PARP-1 Zn1 and Zn2 domains against a DNA
hairpin in the NMR experimental configuration 1. (b) Docking
+ MD PARP-1 Zn1 and Zn2 domains against the straight DNA
hairpin configuration 2. (c) After MD of PARP-1 manually fitted
by CHIMERA to the straight DNA hairpin 2.
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Figure A3: (a) Zn2 and Zn1 interaction with the straight hairpin, after the
bare docking protocol followed by 0.5 µs MD. (b) Zn2 interact-
ing with the T23 (unpaired nucleotide) via Leu-151 and Gln-150,
while Ser-41 interacting closely with 5 ′ (DG1) end.
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Figure A4: (a) Best cluster obtained after 200ns-MD simulation with manu-
ally adjusted Zn1-Zn2 starting from the straight hairpin. Notice
Zn2 (red) interacting with both SSB ends, and Zn1 (blue) lock-
ing the bent DNA conformation. (b) Snapshot of DNA bending
during the simulation. (c) Snapshot of Arg-18 and Arg-122 pen-
etrating into the minor groove of DNA and imposing the bend-
ing. (d) Evolution of SSB gap opening (blue, C4 ′-C4 ′ distance);
red,green=distance between Zn2’s Lys-148 and the 5 ′ or 3 ′ ends
throughout the 200-ns simulation. (e) Evolution of DNA bending
angle over the same 200 ns.
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Figure A5: (a) Superimposed structure of the best cluster of Zn1-Zn2 inter-
acting with DNA after 0.5 µs MD simulation, with (gold) vs.
without (cyan) the 13-aa linker joining the zinc fingers. (b) RMSD
trajectories of DNA, and (c) of Zn1-Zn2, purple= with linker,
green= without linker. (d) RMSF of DNA by residue, with and
without linker. (e,f) RMSF of Zn1-Zn2 with vs. without linker.
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Figure A6: Interactions between Zn1-Zn2 and the hairpin in the orientation
(2). (a) Overview with Zn1 and Zn2 in blue and red ribbons,
DNA in ochre (ochre sticks). Main residues interacting at 3 ′ and
5 ′ ends are highlighted in licorice representation. (b) Electro-
static interaction between Zn2 and the 3 ′ hairpin end; Zn1 is
represented by blue ribbons in foreground. (c) Arg-122 from the
loop 119-122 penetrating into the minor groove, and making H-
bonds with C23 and C42. (d) Gln-150 penetrating deep into the
SSB gap, and interacting with C22 and the unpaired T23 (Zn1

loops removed for clarity; the SSB ends, G1 and G45, are shown
in orange sticks).
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Figure A7: Docking Zn12 at a single stand break site with PydockDNA. The
conformation obtained is the first ranked configuration obtained.
The software couldn’t replicate the same interactions even after
giving specific residues for interaction for our input structure.
The best configuration obtained had Zn1 close to 3 ′ end and Zn2

behind the Zn1.

Figure A8: RMSD of end nucleotides in the break site 3
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Figure A9: (a) High-resolution structure of the nucleosome core particle. Hi-
stones and DNA are shown in surface and cartoon representa-
tions, respectively. H2A, H2B, H3, H4, and DNA are colored ma-
genta, yellow, blue, green, and grey, respectively. (b) The superhe-
lical locations (SHLs) of the nucleosome. The nucleosomal DNA
is left-handedly wrapped around the histone octamer surface.
The nucleosomal dyad (center) position is numbered as SHL 0.
Each SHL location is numbered as SHL -1 to -7 and SHL +1 to +7

from SHL 0, with ∼10 base-pair periodicity. The figure is taken
from [234].

Figure A10: Position and numbering of the SSB introduced in the DNA
wrapped around the nucleosome for H-bond analysis.
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Figure A15: Mechanical instabilities in an axially compressed rod. The first
bending instability (Euler) is encountered at small initial load:
the axial symmetry is spontaneously broken by fluctuations,
and the rod falls in a "mexican-hat"-shaped potential well. As
the applied load increases the approximately circular DNA
cross section may turn elliptic (or squeezed) at some point. This
induces a second instability (Brazier), in which the rod develops
a sharp kink. A bifurcation toward a twist-bend deformation
mode can alternatively develop: for twisting to occur as a result
of simple bending, the structure must have different bending
stiffness along (at least) two directions not parallel to its main
axis.The figure is taken from [141]
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Figure A16: Evolution of distance between the two nucleosomes over time,
under the applied force to their center of mass. The straight
lines identify the linear-drag regime.

Figure A17: Probability distribution histogram of the gap-opening distance
of the second strand break in DSB
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LET (keV/µm) Isolated Backbone Isolated Base nBases per Backbone Damage

1 548.9271 247.5059 0.45089

2 545.6036 248.9812 0.45634

3 542.3097 250.3751 0.46168

4 539.0452 251.6875 0.46691

5 535.8102 252.9183 0.47203

6 532.6046 254.0677 0.47703

7 529.4286 255.1356 0.48191

8 526.2820 256.1220 0.48666

9 523.1649 257.0269 0.49129

10 520.0773 257.8504 0.49579

11 517.0192 258.5923 0.50016

12 513.9905 259.2527 0.50439

13 510.9913 259.8317 0.50849

14 508.0216 260.3291 0.51244

15 505.0814 260.7451 0.51624

16 502.1706 261.0795 0.51990

17 499.2894 261.3325 0.52341

18 496.4376 261.5040 0.52676

19 493.6153 261.5940 0.52996

20 490.8224 261.6025 0.53299

21 488.0591 261.5295 0.53586

22 485.3252 261.3750 0.53856

23 482.6208 261.1390 0.54109

24 479.9459 260.8215 0.54344

25 477.3004 260.4226 0.54562

26 474.6845 259.9421 0.54761

27 472.0980 259.3801 0.54942

28 469.5410 258.7367 0.55104

29 467.0134 258.0118 0.55247

30 464.5154 257.2053 0.55371

31 462.0468 256.3174 0.55474

32 459.6077 255.3480 0.55558

33 457.1981 254.2971 0.55621

34 454.8180 253.1647 0.55663

35 452.4673 251.9508 0.55684

36 450.1461 250.6554 0.55683

37 447.8544 249.2785 0.55661

38 445.5922 247.8201 0.55616

39 443.3594 246.2803 0.55549

40 441.1562 244.6589 0.55459

Table 6: LET values and corresponding damage metrics
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P R O T O C O L S

b.1 molecular simulation protocols

b.1.1 Molecular construction of the DNA hairpin

The blueprint of a 45-nucleotide long RNA, with the same experimen-
tal DNA sequence of Ref.[128] and all thymines replaced by uracils,
was submitted to the ROAD interactive website (RNA-Origami Au-
tomated Design tool (ROAD), a computer-aided design software to
build automated 3D-structures of nucleic acids [133]). Then we sub-
stituted back uracils with thymines in the resulting 3D-structure, us-
ing CHIMERA [235]. The hairpin DNA structure comprises a missing
nucleotide at the center, mimicking an SSB (see Figure 4d in Chapter
2), flanked at 3′ and 5′ by Guanine in positions 1 and 45, and an
unpaired Thymine in position 23 facing the missing SSB nucleotide.
We also made sure that the DNA forms a closed loops with 2 un-
paired nucleotides in positions 11, 34 and 35, at both hairpin ends.
This DNA structure was then utilized as a starting configuration, in
parallel to the experimental one fro RCSB PDB 2N8A, to elucidate the
first steps of the PARP-1 Zn-finger interactions with the DNA. While
there could be minor differences between RNA 3D structure and the
putative ssDNA folded into hairpin, based on previous studies fol-
lowing this same protocol in our group [236] we are confident that
the subsequent equilibration by MD at finite temperature is able to
wash out any structural instability, and produces a stable DNA folded
structure.

For the comparison with straight DNA, I used CHIMERA[235] to
design a long stretch of free DNA with 100 bp long, with a missing
nucleotide in one strand at position 101 to represent the SSB. Like for
the hairpin, the break in this long DNA is also flanked by Guanine on
both 5′ − 3′ sides, along with Thymine facing the missing nucleotide.

b.1.2 Assembly of the Zn finger domains of PARP-1

Zinc-finger proteins are among the most abundant proteins in eu-
karyotic genomes. Their functions are extraordinarily diverse and in-
clude DNA recognition, RNA packaging, transcriptional activation,
regulation of apoptosis, protein folding and assembly, and lipid bind-
ing.[237]. The zinc-finger structure is maintained by a zinc ion, which
coordinates cysteine and histidine in different combinations. In clas-
sical C2H2 zinc-finger proteins, two cysteines in one chain and two
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histidines in another one are coordinated by a single zinc ion. Crystal-
lographic studies revealed that classical zinc-finger domains have two
β-sheets and one α-helix. The PARP-1 protein has three Zn-fingers,
with the structure variant CCHC; Zn1 and Zn2 have the typical sec-
ondary structure 2β-1α. The necessary parametrization to include Zn-
finger structures in AMBER is described below.

The structure of the Zn1-Zn2 finger region of PARP-1 was taken
from the experimental NMR data [128], deposited in the RCSB PDB
archive under the entry 2N8A. For the sake of comparison, we also
took the corresponding fragment from the AlphaFold2 repository,
entry P09874 (see Figure 4) [238, 239]. The structure obtained from
2N8A consists mainly of the Zn1-Zn2 fragment of PARP-1 (residues
1-201). AlphaFold2 instead predicted the entire structure of PARP-1
with all its domains: in the AlphaFold2 model, all major domains
of PARP-1 are comparable to the corresponding solution structure
obtained from NMR studies within a reasonable confidence interval,
except the disordered linker stretch of 13 amino acids connecting the
Zn1 and Zn2 domains.

b.1.3 Molecular structure of the mononucleosome

The initial molecular configuration of the nucleosome is taken from
the RSCB Protein Database, entry 1KX5 [56]. This is an x-ray structure
of the entire histone octamer with 147 DNA base-pairs resolved at an
average RMS of 1.94 Å, reconstituted from human nuclear extract
expressed in E. coli; only 6 histone residues were unidentified in this
experimental structure, with respect to the known histone sequences,
which was completed with the Swiss-Model utility of SwissProt [240]
to obtain a complete nucleosome including the full-length histone
tails. This 147-bp DNA is a palindromic sequence, originally chosen
to maximize the degree of ordering and increase the x-ray spatial
resolution; to obtain a model structure useful for the MD simulations,
I removed all the crystallization water molecules and ions from the
published structure; DNA bases are numbered from 1 to 147 in each
chain, one running clockwise and the other counter-clockwise, the
dyad being located at basis 74 of each chain.

DNA is wrapped left-handed about the histone core, making two
nearly complete turns that join at the dyad symmetry point; the two
DNA turns define two circles lying in two ideally parallel planes,
with a superhelical symmetry axis (SHL) perpendicular to the center
of the circles; the relaxed DNA double helix makes a complete twist
around its double-helical axis, about every 10.4 bp; correspondingly,
14 contact points between DNA and the histone core proteins can
be identified within the nucleosome structure, loosely situated at the
minor groove locations facing inwards. Based on these geometrical
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features, the sites where to place DNA damage in the form of either
a SSB or a DSB were defined, in structurally significant positions.

b.1.4 Molecular structure of the dinucleosome

I used two identical copies of the nucleosome 1KX5. One end of a nu-
cleosome was continued with a straight dsDNA of different lengths
(20, 24 and 42 bp), and was joined at the end of the other nucleosome
copy. All the adjustments to joining the DNA fragments together were
performed using PyMol and Chimera softwares. The linker-DNA bp
sequences are randomly chosen. Damage in the form of either a SSB,
or a DSB, was introduced approximately in the middle of each linker-
DNA, at the position at which a stretch of ds(TAAT) sequence is also
located.

b.1.5 Docking protocols

Docking of proteins and nucleic acids is still a rapidly evolving field
of research. We tested different methods available as online server
platforms: HADDOCK [241, 242], HDOCK [243] and the very recent
pyDockDNA [244]. In our analyses, only HADDOCK was capable of
providing consistent results comparable to the available experimental
information. This is evident in both the straight DNA hairpin and the
bent DNA extracted from the experimental NMR structure, especially
when assessed against the Zn1-Zn2 fragment of PARP-1. HADDOCK
bootstrap parameters were chosen such that we could typically aim
at the regions including the trademark interactions between Zn1/Zn2

and the SSB [128]. Best-fit clusters of candidate high-scoring poses
were taken from the docking process.

Furthermore, we performed interpolation morphing between the
straight and bent DNA conformations, using CHIMERA. Such mor-
phing simulations provided a preliminary look at how the protein
and DNA might change their conformations during the SSB recogni-
tion process. From the first step, it seems that no steric clashes are
prohibiting the rearrangement towards the final (experimental) con-
formation. However, the results of docking displayed a large variety
of candidate conformations, also including inverted contacts, that is
Zn1 close to the 3′ end and Zn2 close to the 5′ end of the hairpin, con-
trary to the experimental evidence. Hence, starting from the docked
configuration, we also tried to improve the contacts by refinement,
adjusting the contacts by minimal rigid-body translations and rota-
tions, with subsequently relaxing and cyclic annealing by MD of the
"post-docked" configurations. These adjusted conformations will be
also used in the following as candidate starting structures for the SSB
recognition.



136

b.2 amber14 forcefield parameters

The MD simulations performed in this thesis utilizes AMBER14 force
field, which already includes PARM-BCS1 extension for nucleic acids.
But, it lacked the parameters required for Zinc ion interaction with
the PARP1 protein. Also, the 5 ′ ends of the SSB gap is occupied by a
dRP molecule rather than Phosphate molecule. Hence, both of these
parameters were added to the forcefield file before running the sim-
ulation in GROMACS. The table below highlights the files that have
been changed and the parameters being added.

Zinc Chemistry from Macchiagodena et al.[245]: parameters added
to the non-bonded force field parameters file ffnonbonded.itp

Name Atomic Num Mass Charge Ptype Sigma Epsilon

NZ (Nitrogen) 7 14.01 0.0000 A 3.35000e-01 7.11280e-01

SZ (Sulphur) 16 32.06 0.0000 A 3.66359e-01 1.04600e+00

OZ (Oxygen) 8 16.00 0.0000 A 3.05992e-01 8.78640e-01

Zn (Zinc) 30 65.40 0.0000 A 2.59452e-01 5.23000e-02

Table 7: Atomic properties of different elements from Ref.[245]

5 ′ dRP residue: this special residue consists of a deoxyribose molecule
with a PO3−

4 at its terminus. To add this residue to the force field pa-
rameter, follow these steps:

1. Make a new set of parameters in the dna.rtp file (which is
residue type file for DNA) for the new nucleotide. Start by nam-
ing the nucleotide differently. For example, I modified Guanine
to contain a dRP end, thereby named as DGP.

2. Copy all the parameters in the [DG] set in the dna.rtp file and
paste it beneath the newly created [DGP] heading.

3. Now to add extra Oxygen to the PO3 specifications, add new
atoms in the atom section beneath [DGP]. Then utilize the value
for O1P and name it as O3P.

4. Next step is to add a hydrogen atom to saturate the oxygen,
make a new parameter namely H5P, which have same values as
any other hydrogen combined with Oxygen.

5. The next step is to create bonds between the added new atoms.
Those will include a bond P–O1P, P–O2P, P–O3P and O3P–H5P.

6. The finalized list of parameters beneath [DGP] looks like the
one in the table 9

7. Next step is to add the parameters in hydrogen database file
dna.htb, ffbonded.itp and ffnonbonded.itp parameter files. In
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dna.hdb add the 4 atoms that the new hydrogen have bonds
with, while the ffbonded.itp file will include the bond length,
dihedral values and angles between the newly created atoms.
The absence of any of one of these parameters can result in a
fatal error during running GROMACS commands. Hence, the
user must know the parameters that are missing and needed to
be added to the respective files. The parameters added to the
HDB files are given in the table 8.

8. The next step is to include the name of the nucleotide [DGP] in
the residuetypes.atp file as a DNA.

9. The last step is to modify the naming of the dRP containing nu-
cleotide I(in this case, one or more Guanine) in your pdb with
DGP. This makes sure that GROMACS considers the values cor-
responding to a DGP nucleotide while compiling.

DGP 9

1 2 H5P O3P P O2P

2 6 H5’ C5’ O5’ C4’

1 5 H4’ C4’ C5’ O4’ C3’

1 5 H1’ C1’ O4’ N9 C2’

1 1 H8 C8 N9 N7

1 1 H1 N1 C6 C2

2 3 H2 N2 C2 N1

1 5 H3’ C3’ C4’ C2’ O3’

2 6 H2’ C2’ C1’ C3’

Table 8: DGP parameters in dna.hdb file

b.2.1 Molecular dynamics simulations and analysis

All the MD simulations and most data analysis, were performed with
the GROMACS 2020.4 package [174, 175]. The Amber14 force-field
was used in the simulations [246], with extra parameters for Zn ion in-
teraction from Macchiagodena et al. [245]; notably, Amber14 already
includes the lastest PARM-BCS1 extension for nucleic acids [247]. To
ensure the primary stability of the post-docked configurations, we
first performed energy-minimization using a steepest-descent algo-
rithm, followed by {NVT}-{NPT} equilibration for 150ps, to bring the
systems at 310K and 1 bar pressure. The ensembles of DNA-proteins
were solvated in water boxes of different sizes, according to the model
systems used, along with Na+ and Cl− ions for neutralizing the sys-
tem charge and maintaining a physiological 0.1M salt concentration.

In some instances it was necessary to perform rapid annealing and
quenching cycles, to improve the mutual positions of protein and
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[atom]

P P 1.16590 1

O1P O2 -0.77610 2

O2P O2 -0.77610 3

O3P O2 -0.77610 4

H5P HO 0.44220 5

O5’ OS -0.49540 6

C5’ CI -0.00690 7

H5’1 H1 0.07540 8

H5’2 H1 0.07540 9

C4’ CT 0.16290 10

H4’ H1 0.11760 11

O4’ OS -0.36910 12

C1’ CT 0.03580 13

H1’ H2 0.17460 14

N9 N* 0.05770 15

C8 CK 0.07360 16

H8 H5 0.19970 17

N7 NB -0.57250 18

C5 CB 0.19910 19

C6 C 0.49180 20

O6 O -0.56990 21

N1 NA -0.50530 22

H1 H 0.35200 23

C2 CA 0.74320 24

N2 N2 -0.92300 25

H21 H 0.42350 26

H22 H 0.42350 27

N3 NC -0.66360 28

C4 CB 0.18140 29

C3’ CE 0.07130 30

H3’ H1 0.09850 31

C2’ CT -0.08540 32

H2’1 HC 0.07180 33

H2’2 HC 0.07180 34

O3’ OS -0.52320 35

[bonds]

P O1P

P O2P

P O3P

P O5’

O3P H5P

O5’ C5’

C5’ H5’1

C5’ H5’2

C5’ C4’

C4’ H4’

C4’ O4’

C4’ C3’

O4’ C1’

C1’ H1’

C1’ N9

C1’ C2’

N9 C8

N9 C4

C8 H8

C8 N7

N7 C5

C5 C6

C5 C4

C6 O6

C6 N1

N1 H1

N1 C2

C2 N2

C2 N3

N2 H21

N2 H22

N3 C4

C3’ H3’

C3’ C2’

C3’ O3’

C2’ H2’1

C2’ H2’2

[impropers]

C4 C8 N9 C1’

C5 N1 C6 O6

C6 C2 N1 H1

C2 H21 N2 H22

N9 N7 C8 H8

N2 N1 C2 N3

Table 9: DGP parameters in the dna.rtp file

DNA, for example after a manual adjustment necessary to remove
a steric clash. Each cycle was typically performed by ramping up the
temperature from 310K to 400K, and then back to 310K, in steps of
10K for 500 ps each. Usually, during the annealing cycle the DNA was
frozen in its conformation and only the protein was left free to adjust.
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Coulomb forces were summed with particle-mesh Ewald sum (PME),
using a real-space cutoff of 1.2 nm, equal to the cut-off radius of
shifted Van der Waals potentials. Rigid bonds for the water molecules
were used, which allowed integration of the equations of motion with
a time step of 2 fs for the thermal equilibration phases, and 1 or 2 fs
for production runs.

Trajectory clustering analysis was performed using a special sub-
program of GROMACS. The MD simulation stores ’frames’ contain-
ing the positions, velocities and forces of all particles in the system,
at prescribed intervals (typically every 10 to 50 ps, or longer: a 1 µs-
long MD run can store as much as 100,000 frames of about 2Mbytes
each, resulting in data files with size of hundreds of Gbytes); the
subprogram calculates a matrix of root-mean-squared displacements
(RMSD) between each pair of frames, by comparing the positions of
each atom in the pair; then, RMSD values are grouped according to a
cut-off criterion, and clusters of similar frames, typically separated by
a small enough RMSD, are detected. The cluster(s) with the highest
number of members, and those which are more frequently sampled
over the entire simulation time, provide an indication of the ’best-
average’ molecular configurations, thus allowing to bypass the noise
of the short-time atomic fluctuations.

Free energy analysis and contact surface calculations were esti-
mated by the PDBePisa web-based utility [248], by extracting a few
selected configurations in PDB format from the MD trajectory. The
resulting values are approximated, however they can provide a quali-
tative appraisal of the binding energies involved in the protein-DNA
interaction.

b.3 gromacs pull code

The GROMACS already has an existing pull-code with various option
to pull a group in the system, using various algorithms for force ap-
plication. The code applies a force or constraints on the user-defined
collective variables. These forces acts on a fictitious spring attached to
the to the pulling atom (that could be the center of mass of a whole
group).

With the "umbrella pulling" that was used in this work, a harmonic
potential (a "spring") is applied between the centers of mass of two
groups; therefore, the force is proportional to the displacement. It is
important to realize that in all cases, the moving end of the fictitious
spring has a displacement in time that does not necessarily coincide
with that of the pulled group of atoms. Namely, if the spring constant
is too large compared to the intrinsic elasticity of the atom group,
what is actually measured is the force-displacement relation on the
spring and not on the atoms; if, on the other hand, the spring constant
is too soft, the atoms’ movement will be erratic, and usually follow the
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displacement of the spring in sudden steps. The value of the pulling
spring constant and velocity must therefore be calibrated according
to each different situation.

The typical run of the pull code applied to our dinucleosome sys-
tem looks like the list given below (the "pbc atom" for each variation
changes according to the system); group 1 chain A and group2 chain
B correspond to the two whole nucleosomes, while group 3 chain C
corresponds to the linker DNA.

;Pull_code
pull = yes
pull-ncoords = 2

pull-ngroups = 3

pull-group1-name = Chain_A
pull-group2-name = Chain_B
pull-group3-name = Chain_C
pull-group1-pbcatom = 13315

pull-group2-pbcatom = 29055

pull-group3-pbcatom = 36752

pull-pbc-ref-prev-step-com = yes
pull-print-com = yes

;Pulling_first_nucleosome
pull-coord1-groups = 3 1

pull-coord1-type = umbrella
pull-coord1-geometry = direction
pull-coord1-vec = 0 1 0

pull-coord1-dim = N Y N
pull-coord1-rate = 0.0005

pull-coord1-k = 10

;Pulling_second_nucleosome
pull-coord2-groups = 3 2

pull-coord2-type = umbrella
pull-coord2-geometry = direction
pull-coord2-vec = 0 -1 0

pull-coord2-dim = N Y N
pull-coord2-rate = 0.0005

pull-coord2-k = 10
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b.4 COPASI: COmplex PAthway SImulator

COmplex PAthway SImulator is a software application designed by
Hoops et. al to simulate complex and elaborate biological networks
and its dynamics[197]. It addresses the growing need in the biological
community for software tools that allow access to diverse simulation
and modeling methods as well as support for the usage of these meth-
ods. The standard methods used in the field comprises mainly of:

• Deterministic approach - integration of ordinary differential equa-
tions (ODEs).

• Stochastic simulation of reaction networks[249].

• Computation of steady states and their stability (e.g: Comput-
ing elementary nodes)[250].

• Sensitivity analysis & Metabolic control analysis[251, 252]

• Optimization and parameter estimation.

One of the key strengths of COPASI lies in its extensive range of fea-
tures, which cater to a wide array of biochemical network analyses.
The software supports both deterministic and stochastic simulations,
allowing researchers to select the most suitable method for their spe-
cific study. This dual capability is particularly valuable when dealing
with systems where either type of simulation might be appropriate
depending on the biological context. Additionally, COPASI includes
functionalities for parameter estimation, enabling users to refine their
models based on experimental data, and metabolic control analysis,
which helps identify control points within metabolic pathways. The
software also supports elementary flux mode analysis, providing in-
sights into the possible pathways through a biochemical network.
This versatility makes COPASI a highly adaptable tool for various
research needs in systems biology.

The user interface of COPASI is designed to be intuitive and ac-
cessible, lowering the barrier to entry for users with varying levels of
expertise in computational biology. The graphical user interface (GUI)
features drag-and-drop capabilities for constructing biochemical net-
works, along with visual tools for mapping and analyzing these net-
works. This visual approach not only simplifies the process of setting
up simulations but also aids in the interpretation of results. Com-
prehensive documentation and tutorials are provided to assist users
in maximizing the software’s potential, ensuring that researchers can
effectively leverage COPASI for their research.
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b.4.1 Kinetic Models in COPASI

Hill Kinetics: Hill’s equation realistically describes many transcrip-
tional level functions. It describes both activation and inhibition ki-
netics and is derived from considering the equilibrium binding of the
transcription factor to its promoter site. The function is dependent
on three parameters: K, the activation coefficient with units of con-
centration; β, the maximal promoter activity; and n the coefficient
governing the step-like input function, the larger n the more steep is
the sigmoid shape of the funciton [253].

If one considers a pathway leading from X → Y, the rate of produc-
tion of Y can be written as function, Y = f(X) taking the following
form:

f(X) = ±β ·
(

An

Kn +Xn

)
(6)

the ’+’ sign and A = X holding for activation, and the ’–’ sign, A = K

for inhibition. Typical values of the steepness coefficient are n = 1− 4.

Michaelis-Menten Kinetics: M.M. kinetics is a model of enzyme ki-
netics describing the relationship between enzyme and the substrate,
in an enzyme-catalyzed reaction. It also depends on two parameters,
Vmax, the maximum rate of the reaction; and Km, the M.M. constant.
Also, it assumes the reaction is at steady state.

The equation is derived from a reversible equation between en-
zyme, substrate, product, and their reaction rates: an enzyme E bind-
ing to a substrate S to form a complex ES, which in turn releases a
product P regenerating the original form of the enzyme, as

E+ S ⇌ ES → P+ E. (7)

The final expression for the reaction rate, depending on the sub-
strate concentration [S], is:

V0 = Vmax ·
(

[S]

Km + [S]

)
(8)

Mass-action kinetics: Describes the behavior of reactants and prod-
ucts in any chemical reaction, in which the rate of a chemical reaction
is directly proportional to the concentration of reactants. For example,
for a reaction A+B → C, for concentrations [A] and [B] it is:

Rate of reaction ∝ [A] · [B] (9)

d[C]

dt
= k[A][B] (10)
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b.4.2 Differential equations for the entire out-of-field dose-triggered SSBR
cascade pathway

1. Rate of Change of ROS:

d([ROS] · V1)

dt
= −V1 ·

(
k1(4) · [ROS]

)
+ V1 ·

(
k1(1) · [IR]

)
−

−V1 ·
(
k1(1.1) · ([ROS] − [ROS1])

)
− V1 ·

k(5) ·K(5)

K(5) + [ROS]

2. Rate of Change of SSB:

d([SSB] · V1)

dt
= +V1 ·

(
k1(4) · [ROS]

)
− V1 ·

(
k1(10) · [SSB]

)
−

−V1 ·
(
k(6) · [SSB] · [PARP1]

)
3. Rate of Change of Unrepaired SSBs:

d([SSBir] · V1)

dt
= +V1 ·

(
k1(10) · [SSB]

)
−V1 ·

(
k(13) · [SSBir] · [XRCC1]

)
4. Rate of Change of PARP1:

d([PARP1] · V1)

dt
= +V1 ·

k(7) · [Enz]
K(7) + [Enz]

− V1 ·
k(8) · [PARP1]

K(8) + [PARP1]
+ V1 ·

(
k(6) · [SSB] · [PARP1]

)
+

+V1 ·
k(5) ·K(5)

K(5) + [ROS]

5. Rate of Change of SSBir & XRCC1 complex:

d([SSBirXRCC1] · V1)

dt
= −V1 ·

k(14) · [SSBirXRCC1]
K(14) + [SSBirXRCC1]

+V1 ·
(
k(13) · [SSBir] · [XRCC1]

)
6. Rate of Change of XRCC1:

d([XRCC1] · V1)

dt
= +V1 ·

(
k1(12) · [PARS]

)
−V1 ·

(
k(13) · [SSBir] · [XRCC1]

)
7. Rate of Change of PARS:

d([PARS] · V1)

dt
= +V1 ·

k(9) ·K(9)

K(9) + [PARG]
+V1 ·

k(8) · [PARP1]

K(8) + [PARP1]
−V1 ·

(
k1(12) · [PARS]

)
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8. Rate of Change of Enzymes:

d([Enz] · V1)

dt
= −V1 ·

k(7) · [Enz]
K(7) + [Enz]

+ V1 ·
k(3) ·K(3)

K(3) + [IR]

9. Rate of Change of PARG:

d([PARG] · V1)

dt
= +V1 ·

(
k1(2) · [IR]

)
− V1 ·

k(9) ·K(9)

K(9) + [PARG]

10. Rate of Change of p38MAPK:

d([p38MAPK] · V1)

dt
= +V1 ·

k(14) · [SSBirXRCC1]
K(14) + [SSBirXRCC1]

− V1 ·
(
k1(15) · [p38MAPK]

)
−

−V1 ·
(
k1(16) · [p38MAPK]

)
11. Rate of Change of BAX:

d([BAX] · V1)

dt
= +V1 ·

(
k1(17) · [p53]

)
−V1 ·

(
k1(20) · [BAX]

)
−V1 ·

(
k(19) · [p16]

)
12. Rate of Change of p53:

d([p53] · V1)

dt
= +V1 ·

(
k1(15) · [p38MAPK]

)
−V1 ·

(
k1(17) · [p53]

)
13. Rate of Change of Apoptosis

d([Apop] · V1)

dt
= +V1 ·

(
k1(20) · [BAX]

)
14. Rate of Change of p16:

d([p16] · V1)

dt
= +V1 ·

(
k1(18) · [ROS]

)
15. Rate of Change of Rb:

d([Rb] · V1)

dt
= +V1 ·

(
k1(19) · [p16]

)
16. Rate of Change of Senescence:

d([Senescence] · V1)

dt
= +V1 ·

(
k1(21) · [Rb]

)
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b.5 SDD format for TOPAS

Field Value Notes Type

1 SDD version Version number of SDD definition String (“SDDv1.0”)

2 Software Program name, version, and access link if any String (free text)

3 Author Corresponding author, date, references String (free text)

4 Simulation details Description of simulation settings and parameters String (free text)

5 Source Description of source properties String (free text)

6 Source type Monoenergetic, distribution, phase space, GCR,
etc.

Int

7 Incident particles Definition of primary incident irradiation parti-
cle(s) in PDG code format

Int(s)

8 Mean particle energy Mean incident energy for each particle in MeV Float(s)

9 Energy distribution Full energy distribution specification String(s) + Floats

10 Particle fraction Fraction of fluence of each particle in field Float(s)

11 Dose or fluence Define dose or fluence in each exposure, or note
that the simulation was for a single track

Int + Float (+Float)

12 Dose rate Dose rate of irradiation field Float

13 Irradiation target Description of simulated cell or target (DNA) re-
gion and microenvironment

String (free text)

14 Volumes Shape parameter plus X, Y, Z extents (µm) 2×(Int + 6 Float)

15 Chromosome sizes Number and base pair size of chromosomes Int + (Int) Floats

16 DNA density Density of base pairs in volume (MBP/µm³) Float

17 Cell cycle phase Cell cycle phase index and progression Int + Float

18 DNA structure Additional field to define DNA structure 2 Ints

19 In vitro/in vivo Experimental condition Int

20 Proliferation status Proliferative or quiescent and status details Int + String (free text)

21 Microenvironment Temperature (°C) and molar O2 concentration 2 Float

22 Damage definition Define how types of damage were determined 1 Float + 1 Int + 1 Bool + 2

Float

23 Time Time point at which damages were recorded Float

24 Damage and primary
count

Number of distinct damage lesions scored and pri-
maries simulated

2 Int

25 Data entries Number of fields included in the data section 14 Bool

26 Additional informa-
tion

Field for additional relevant information String (free text)

27 ***EndOfHeader*** Empty field to mark end of header —

Table 10: Field by Field Summary of the Header Fields and their Type
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Field Value Notes Type Req?

1 Classification Is damage associated with new primary particle
or new exposure? And event ID.

2 Ints Y, N

2 X, Y, Z Spatial X, Y, Z coordinates and extent (µm) 3×3 Floats *

3 Chromosome IDs ID of chromosome/chromatid where damage oc-
curred and on which arm (long/short) or specifi-
cation of non-nuclear DNA type.

4 Int *

4 Chromosome position Location of damage within chromosome Float *

5 Cause Cause of damage - direct or indirect and number 3 Int N

6 Damage types Types of damage at site (Base damage, SSB, DSB) 3 Int **

7 Full break spec Full description of strand break structure Special **

8 DNA sequence DNA Base Sequence around break site Special N

9 Lesion time Time of each damage induction (in ns) Special N

10 Particle types PDG list of particles Int(s) N

11 Energies List of kinetic energies for each particle (in MeV) Float(s) N

12 Translation Starting position of each particle (in µm) Floats N

13 Direction Starting direction of each particle (unit vector) Floats N

14 Particle time Starting time of each particle (in ns) Floats N

Table 11: Value by Value Definition of the Data Fields to Score DNA Dam-
ages

b.6 finalized time constant for ssbr pathway

The input text format of the entire SSBR pathway is given below:

i:Ch/DaMaRiS/numberOfConnections = 11

#Change 1

s:Ch/DaMaRiS/ProteinKinetic1/changeFrom = "DSBEnd"
sv:Ch/DaMaRiS/ProteinKinetic1/changeTo = 1 "DSBEnd_PARP1"
d:Ch/DaMaRiS/ProteinKinetic1/changeTime = 0.85 s
b:Ch/DaMaRiS/ProteinKinetic1/requireClean = "false"
b:Ch/DaMaRiS/ProteinKinetic1/cleanBackbone = "false"
b:Ch/DaMaRiS/ProteinKinetic1/cleanBase = "false"

#Change 2

s:Ch/DaMaRiS/ProteinKinetic2/changeFrom = "DSBEnd_PARP1"
sv:Ch/DaMaRiS/ProteinKinetic2/changeTo = 1 "DSBEnd_XRCC1"
d:Ch/DaMaRiS/ProteinKinetic2/changeTime = 5.95 s
b:Ch/DaMaRiS/ProteinKinetic2/requireClean = "false"
b:Ch/DaMaRiS/ProteinKinetic2/cleanBackbone = "false"
b:Ch/DaMaRiS/ProteinKinetic2/cleanBase = "false"
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#Change 3

s:Ch/DaMaRiS/ProteinKinetic3/changeFrom = "DSBEnd_XRCC1"
sv:Ch/DaMaRiS/ProteinKinetic3/changeTo = 1 "DSBEnd_Lig3"
d:Ch/DaMaRiS/ProteinKinetic3/changeTime = 10 s
b:Ch/DaMaRiS/ProteinKinetic3/requireClean = "false"
b:Ch/DaMaRiS/ProteinKinetic3/cleanBackbone = "false"
b:Ch/DaMaRiS/ProteinKinetic3/cleanBase = "false"

#Change 3

s:Ch/DaMaRiS/ProteinKinetic4/changeFrom = "DSBEnd_Lig3"
sv:Ch/DaMaRiS/ProteinKinetic4/changeTo = 1 "DSBEnd_Scaffold1"
d:Ch/DaMaRiS/ProteinKinetic4/changeTime = 0.0 s
b:Ch/DaMaRiS/ProteinKinetic4/requireClean = "false"
b:Ch/DaMaRiS/ProteinKinetic4/cleanBackbone = "false"
b:Ch/DaMaRiS/ProteinKinetic4/cleanBase = "false"

#Change 5

s:Ch/DaMaRiS/ProteinKinetic5/changeFrom = "DSBEnd_Scaffold1"
sv:Ch/DaMaRiS/ProteinKinetic5/changeTo = 1 "DSBEnd_APE1"
d:Ch/DaMaRiS/ProteinKinetic5/changeTime = 52.0 s
b:Ch/DaMaRiS/ProteinKinetic5/requireClean = "false"
b:Ch/DaMaRiS/ProteinKinetic5/cleanBackbone = "false"
b:Ch/DaMaRiS/ProteinKinetic5/cleanBase = "false"

#Change 6

s:Ch/DaMaRiS/ProteinKinetic6/changeFrom = "DSBEnd_APE1"
sv:Ch/DaMaRiS/ProteinKinetic6/changeTo = 1 "DSBEnd_Scaffold2"
d:Ch/DaMaRiS/ProteinKinetic6/changeTime = 0.0 s
b:Ch/DaMaRiS/ProteinKinetic6/requireClean = "false"
b:Ch/DaMaRiS/ProteinKinetic6/cleanBackbone = "false"
b:Ch/DaMaRiS/ProteinKinetic6/cleanBase = "false"

#Change 6

s:Ch/DaMaRiS/ProteinKinetic7/changeFrom = "DSBEnd_Scaffold2"
sv:Ch/DaMaRiS/ProteinKinetic7/changeTo = 1 "DSBEnd_Scaffold1"
d:Ch/DaMaRiS/ProteinKinetic7/changeTime = 5.0 s
b:Ch/DaMaRiS/ProteinKinetic7/requireClean = "false"
b:Ch/DaMaRiS/ProteinKinetic7/cleanBackbone = "false"
b:Ch/DaMaRiS/ProteinKinetic7/cleanBase = "false"

#Change 7

s:Ch/DaMaRiS/ProteinKinetic8/changeFrom = "DSBEnd_Scaffold1"
sv:Ch/DaMaRiS/ProteinKinetic8/changeTo = 1 "DSBEnd_PolB"
d:Ch/DaMaRiS/ProteinKinetic8/changeTime = 30.0 s
b:Ch/DaMaRiS/ProteinKinetic8/requireClean = "false"
b:Ch/DaMaRiS/ProteinKinetic8/cleanBackbone = "false"
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b:Ch/DaMaRiS/ProteinKinetic8/cleanBase = "true"

#Change 9

s:Ch/DaMaRiS/ProteinKinetic9/changeFrom = "DSBEnd_PolB"
sv:Ch/DaMaRiS/ProteinKinetic9/changeTo = 1 "DSBEnd_Scaffold3"
d:Ch/DaMaRiS/ProteinKinetic9/changeTime = 0.0 s
b:Ch/DaMaRiS/ProteinKinetic9/requireClean = "false"
b:Ch/DaMaRiS/ProteinKinetic9/cleanBackbone = "false"
b:Ch/DaMaRiS/ProteinKinetic9/cleanBase = "true"

#Change 10

s:Ch/DaMaRiS/ProteinKinetic10/changeFrom = "DSBEnd_Scaffold3"
sv:Ch/DaMaRiS/ProteinKinetic10/changeTo = 1 "DSBEnd_Scaffold1"
d:Ch/DaMaRiS/ProteinKinetic10/changeTime = 80.0 s
b:Ch/DaMaRiS/ProteinKinetic10/requireClean = "false"
b:Ch/DaMaRiS/ProteinKinetic10/cleanBackbone = "false"
b:Ch/DaMaRiS/ProteinKinetic10/cleanBase = "true"

#Change 11

s:Ch/DaMaRiS/ProteinKinetic11/changeFrom = "DSBEnd_Scaffold1"
sv:Ch/DaMaRiS/ProteinKinetic11/changeTo = 1 "DSB_Fixed"
d:Ch/DaMaRiS/ProteinKinetic11/changeTime = 150.0 s
b:Ch/DaMaRiS/ProteinKinetic11/requireClean = "false"
b:Ch/DaMaRiS/ProteinKinetic11/cleanBackbone = "true"
b:Ch/DaMaRiS/ProteinKinetic11/cleanBase = "false"

i:Ch/DaMaRiS/numberOfReactions = 3

#Reaction 1

sv:Ch/DaMaRiS/Reaction1/reactants = 2 "DSBEnd_XRCC1"
"DSBEnd_Lig3"
sv:Ch/DaMaRiS/Reaction1/products = 1 "DSBEnd_Scaffold1"
d:Ch/DaMaRiS/Reaction1/reactionRange = 25.0 nm

#Reaction 2 sv:Ch/DaMaRiS/Reaction2/reactants = 2 "DSBEnd_APE1"
"DSBEnd_Scaffold1"
sv:Ch/DaMaRiS/Reaction2/products = 1 "DSBEnd_Scaffold2"
d:Ch/DaMaRiS/Reaction2/reactionRange = 25.0 nm

#Reaction 3 sv:Ch/DaMaRiS/Reaction3/reactants = 2 "DSBEnd_PolB"
"DSBEnd_Scaffold1"
sv:Ch/DaMaRiS/Reaction3/products = 1 "DSBEnd_Scaffold3"
d:Ch/DaMaRiS/Reaction3/reactionRange = 25.0 nm
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