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Abstract

The mutation/deletion of the hereditary material in the cell nuclei is a
chronic biochemical hazard; in fact, nuclear DNA faces tens of lesions from
metabolic intermediates, hydrolytic reactions and external vectors a minute.
The canonical lesions of DNA involve the DNA backbone as well as the nu-
cleic bases, and are mostly associated with elemental chemical aberrations.
However, the radiation �eld from a beam of accelerated ions accounts for a
critical streak of local inelastic collisions in cell nuclei, whereby the radiation
massively excites/oxidizes the DNA molecule (direct e�ect) and releases toxic
radiolytic radicals (indirect e�ect), and achieves exotic clusters of elemental
lesions.
Double strand breaks (DSB), i.e. the twofold cleft of the DNA backbone,
are hazardous fractures of the chromatin fold associated with the radiation
�eld and underlie cytotoxic and aberrant chromosomal outcomes. Eukaryotic
cells, however, rejoin double strand breaks via an apt enzymatic machinery,
or the DDR. Prior to the deployment of enzymatic e�ectors, host enzymesen-
sorsengage the DSB termini in reversible supramolecular assemblies, which
requires that the fractured DNA moieties be fully exposed.
Eukaryotic cells stock the nuclear DNA as a hierarchically layered framework,
or chromatin. At the basis of chromatin are extended arrays of supramolec-
ular assemblies, ornucleosomes , where a 147-nucleotides stretch of DNA
winds a core histone octamer in 1.67 superhelical gyres. In chromatin, tens
of thousands of nucleosome beads are threaded and intercalated by linear
stretches of 20 to 70 nucleotides, or DNAlinkers, and thus folded into
mesoscale �bers. The histone octamer of nucleosomes involves a core bundle
of interwoven � -helixes, which the DNA holds onto, and erratic, misfolded
terminal tails, which extend from the nucleosome core and between adjacent
nucleosomes and chromatin �bers.
Nucleosomes take on a broad mechanical and biochemical role in the chro-
matin framework; in fact, both the helix fold and the tails describe an active
contact network, whereby the access to the DNA and the recruitment of
chromatin factors are modulated locally via tailored mutations. However,
the earliest mechanical role of nucleosomes in the context of DNA lesions is



controversial.
The microdosimetric theoretical frameworks (on the noxious e�ects of the ra-
diation �eld in cells) bene�t from the in silico assessments of the distribution
of lethal DNA lesions at the micro- and nanoscale. In this concern, advanced
Monte-Carlo track structure (mcts ) codes de�ne as double strand breaks
any closely associated, local inelastic collisions of the radiation �eld with the
DNA backbone (to a certain likelihood), by means of coarse distance criteria.
However, the diverse DSBmotifs (i.e. where the twofold cleft of the DNA
backbone is distanced by zero to several nucleotides) account for a di�erent
dynamics of the DNA. Moreover, we reckon that in the absence of excess ex-
ternal stimuli, short-distanced DSB motifs alone elicit the thermal fracture
of the nucleosome fold, as observed earlierin silico.

In this thesis elaborate, we tackle thein silico assessment of the earliest
frames of the thermal dissociation ofblunt double strand breaks, and of the
local strain exerted by DSBs on the DNA helix and on the nucleosome fold.
The outline of the thesis is as follows.

Chapter 1 is devoted to a brief introduction to the DNA helix and the
chromatin fold. In Chapter 2 , we broadly describe the lesions from the
irradiation of DNA and the microdosimetric theoretical framework of cell
survival.

In Chapter 3 , we carry out a systematicmcts assessment of the early
spectraof double strand breaks over a nucleosome tetramer (chromatin-like)
framework, enforced by accelerated hydrogen ions (H+ ) at a Bragg peak-
relevant energy range (500 keV - 5 MeV). We account for the overalldirect
e�ect of the radiation �eld, i.e. the local oxidation/excitation of DNA from
the inelastic collisions of the radiation carriers. We infer that event-by-event
mcts cannot discern the local morphological variance of the chromatin lay-
out, and that track structure assessments at the nanometric scale are likely
biased from statistical artifacts. We thus conclude that a Poisson �t describes
the spectrum of double strand break motifs in a chromatin-like framework
and, notably, we observe a bias towards short-distanced,staggeredDSBs.
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Chapter 4 is dedicated to the theoretical framework underneathmolecular
dynamics(md) and the PyInteraph work�ow, for the dynamical extraction of
connected networks across macromolecular frameworks frommd trajectories.

Prior to the md assessment of blunt double strand breaks, inChapter 5
we benchmark an extension of thePyInteraph toolkit to treat nucleic acids.
We employ the nucleosome fold as a case scenario, and thus broadly infer
on the mechanical and allosteric role of the terminal tails of histones in the
nucleosome fold.

In Chapter 6 , we thus enforceblunt double strand breaks over both short
DNA linkers and the nucleosome fold, and evolve their subsequent dynamics
via classical, all-atom molecular dynamics. We observe the fracture of the
DNA linkers, as well as a notable variety in the dislocation dynamics of the
blunt � -stack interface. Moreover, we assess mild nuances in the behavior of
the lesion sites, modulated by the choice of the DNA termini.
Conversely, the nucleosome fold exerts a kinetic barrier towards the thermal
dislocation of DSB lesions (which we reckon enforces a �latency lapse� of
the enzymatic machinery), in spite of the excess strain of the wound DNA
layout, mediated by the contact interface between DNA and the histone fold.

In conclusion, we remark that in the absence of further data from assess-
ments in vitro and in vivo, the inferences about the thermal and mechanical
resilience of the DNA lesions are as reliable as the molecular mechanics force
�elds underneath. In fact, it is debated whether all-atom force �elds and
water models overestimate the forces between� -stack contacts and over-
stabilize folded layouts.
We reckon that diverse layers of the chromatin fold are apt formcts / md
assessments of DNA lesions, and that further e�orts shall be attempted to
establish a shared, multi-scale framework.
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Chapter 1

DNA and chromatin

DNA neither cares nor knows. DNA just is. And we dance to its music-
Richard Dawkins , British evolutionary biologist

1.1 The DNA helix

Life spawns across all realms of nature upon a shared, narrow alphabet of
elemental blocks - all in all, a few dozens of amino acids, nucleotides, carbo-
hydrates and lipids. Within this �limited� variety, nucleotides - and their
macromolecular assemblies, ornucleic acids (DNA, RNA) - are the back-
bone of all major (metabolic, structural, hereditary) activities in the life-cycle
of cells.
Akin to an amino acid, a nucleotide associates i) abackbonemoiety, which
combines acarbohydrate1 and one to a fewphosphatebeads, and ii) anu-
cleic base, i.e. one of �ve aromatic heterocycles and derivatives of either
purine (adenine, guanine) or pyrimidine (cytosine, thymine, uracil).
In nucleic acids, the nucleotides are threaded via twofold, phosphoesteric
bonds that join the 5' and 3' hydroxyl termini 2 of adjacent monomers. In
cells, the sequential assemble of nucleotides as �elemental letters� overall
de�nes its hereditary content. Indeed, by thecentral dogma of molecular
biology, nucleic acids encode all instructions that are recursively and sub-

1It is (a derivative of) ribose in nucleic acids and metabolic vectors, such asatp
2A nomenclature is associated to nucleotides whereby atoms of the ribose moiety are

indexed by a ' mark.
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sequently transcribed from DNA to RNA, and translated into sequences of
amino acids, which mediate the balanced biosynthetical framework of all the
factors involved with a cell life-cycle.
DNA (deoxyribonucleic acid)3 is the helical, supramolecular assemble of two
strands of nucleotides, where nucleic bases are coupled via a conserved, bi-
nary scheme that strictly associatesade with thy and cyt with gua - or
the Watson-Crick rules. This double-helical framework is right-handed in
the 5' ) 3' verse of each strand, and revolves with a stride of� 10 nu-
cleotides (3.4 nanometers) about a core helical axis. Moreover, both the
ade � � � thy and cyt � � � gua base pairs 4 (bp) enforce a consistent distance
of � 1.1 nanometers between C1' ribose atoms of the two strands, and are
but slightly tilted ( � 6°) from the helical cross-section, so that the double
helix of DNA is associated with a constant width of about 2 nanometers.

About the helical axis of DNA, twofold and threefold hydrogen bonds hold the
Watson-Crick edgesof each of theade � � � thy and cyt � � � gua base pairs re-
spectively. Thus, two hollow grooves �ank the DNA helix at either side of the
core network of hydrogen bonds, and expose theHoogsteen(major groove )
and sugar edges(minor groove ) of the aromatic nucleic bases (fig. 1.1).
Yet, it is not the supramolecular network of hydrogen bonds alone to elicit the
double-helical layout of DNA; after all, the nucleic bases establish hydrogen
bonds with nucleotides and water alike. In fact:

ˆ nucleic acids bear a physiological electrostatic imbalance, which is shielded
e�ectively by mono- and divalent salts;

ˆ adjacent nucleotides coalesce by means of� -stack contacts, which are
mediated by the exclusion of intercalated water molecules between nucleic
bases and van der Waals forces.

These synergistic electrostatic and hydrophobic forces, and the steric hin-

3The one that follows is a description of the canonical, or B-conformation, of DNA,
and is a virtually idealized depiction of the helical layout. In fact, the local structural
variance of DNA is modulated by the sequence of the nucleic bases, the state of hydration,
and the class and concentration of the electrolytes - up to the existence of alternate (A,
Z) conformations of DNA, not described here.

4The � � � mark is associated with hydrogen bonded moieties.
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drance of the nucleotides, restrain the torsional freedom of the double helix,
so that DNA is sti� and scarcely �exible overall.

Figure 1.1: (A) The threefold hydrogen bond holds the Watson-Crick edgesof cyt and
gua about the core helical axis of DNA. The Hoogsteenand sugar edgesof the nucleic
bases are exposed at the hollow major and minor grooves of DNA (B) respectively.

1.2 The chromatin �ber

The whole chromosomal DNA in the nucleus of a diploid human cell (3.2
billion bp) unravels to a contour size little short of one meter. Yet, DNA is
stocked rationally within micrometer-sized, crowded nuclei via an elaborate,
hierarchical and hybrid framework, orchromatin .
At the basis of chromatin is thenucleosome , a discoid bundle of an octamer
of small (102 - 135 amino acids)histones , wound by a short DNA stretch
(145 - 147bp) in 1.67 left-handed wraps (section 1.3). In fact, a molecule
of DNA threads over dozens of thousands of nucleosome �beads� within a
chromosome5 to achieve a 10-nanometer �ber, where a linear texture of nu-
cleosomes is intercalated with variably sized stretches of DNA, orlinkers .
The layout of the subsequent hierarchical layer of chromatin has been a mat-
ter for controversy [1]. In fact, the ever-accepted idea that the 10-nanometer

5Chromosomesare but chromatin territories , which coalesce at cell division.
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nucleosome �ber coalesces consistently into a 30-nanometer �berin nucleo6

[2] does not tally with a depiction of nuclear chromatin as an active substrate:

ˆ silent chromatin has been associated with evenly spaced, ill-located nu-
cleosome beads, whereasactive, transcribed loci exhibit a chaotic nucleo-
some layout, which is nevertheless often phased downstream oftranscrip-
tion start sites and regulatory sequences (such as transcriptionenhancers).
The dynamic modulation of the nucleosome occupancy of DNA is medi-
ated both by sequence a�nity and (overridden) by ATP-fueledchromatin
remodelers.

ˆ chromatin itself describes a continuum of local, reversible functional states,
modulated by histone variants and chemical modi�cations (ptm ), and
linker histones- which both enhance/shield inter-nucleosome (electrostatic)
contacts and recruit chromatin factorsin situ.

The actual chromatin �ber in nucleo is thus reckoned to be aptly described
by a dynamical variety of local motifs and elemental clusters of nucleosomes7.

1.3 The nucleosome fold

The nucleosome core particle (ncp ) is the invariant, elemental block of
the hierarchical framework of chromatin, across the eukaryotic domain8. In
the nucleosome fold, a stretch of double stranded DNA (147bp) winds about
a discoid, helical spool ofhistones in 1 3=4 left-handed rounds. This frame-
work involves four conserved histones (H3, H4, H2A and H2B), which are
replicated about a twofold rotational axis that crosses the nucleosome at the
dyad - or superhelical location9 (SHL) 0; thus, two juxtaposed layers of the

6The 30-nanometer �ber layout of chromatin was achievedin vitro from reconstituted
nucleosomes about tandem 5S or 601 DNA stretches (associated with an elevated nucleo-
some a�nity), or from dilution of native chromatin, at a low concentration of chromatin
and of divalent salt.

7The subsequent hierarchical levels of the chromatin framework, that is the tertiary
fold of the chromatin �ber, will not be dwelt upon here.

8We refer the reader to Cutter and Hayes 2015 as an e�ective review of the structure
and dynamics of nucleosomes [3].

9The superhelical location (shl ) nomenclature of nucleosomal DNA de�nes the dis-
tance from the dyad site in e�ective units/helical twists. The dyad, or SHL 0, lies at
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four core histones are pseudo-symmetrically related in the octameric fold of
the ncp .

Figure 1.2: Frame of the contact interface between dimers of histones in the nucleo-
some fold, mediated by the assemble of intertwined bundles of hydrophobic� -helices
between histones H3/H3' (blue) and between histones H4/H2B (yellow, silver). All
core histones share a threefoldtertiary motif of alternate � -helices and loops, whose
binary association elicits a helical �ramp� of conserved contact sites with the DNA
fold (SHL ± 0.5 to SHL ± 6.5).

In fact, the supramolecular association of histones at physiological salt ac-
tivity ( � 150 mM) accounts for the stable assemble of a (H3/H4)2 tetramer
and H2A/H2B dimers, whereas the octameric fold is achieved either via the
further association of DNA or at� 2M salt (both of which shield the excess
electrostatic imbalance exerted by the basic residues at the amino-termini
of histones -vide infra). H2A/H2B dimers thus bind either �ank of the

an inward major groove of the DNA, that is where the groove faces thencp . Thus, all
subsequent inward major/minor grooves are associated with integral/semi-integral SHL
intervals respectively (fig. 1.2).
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(H3/H4) 2 tetramer via hydrophobic �bundles� of core� -helical motifs (which
stabilize the (H3/H4)2 tetramer alike - fig. 1.2), and establish further an-
cillary contacts therein.
In spite of low sequence homology, all histones in thencp share a coreter-
tiary motif , whereby two short (� 1, � 3) helices bracket an extended (� 2)
helix via coiled L1 and L2 loops, which overall de�ne thehelix fold domain.
Moreover, the binary association of� 1-helices and of L1/L2 loops in the four
histone dimers elicits a helical �ramp� of conserved, evenly spaced contact
sites between the helix fold and DNA, hereaftercanonical sites , whereby
each histone dimer holds a stretch of DNA of about 30bp (section 5.3.3).
Structure-less amino-termini, enriched in basicarg / lys residues, thus leak
from the helix fold domain and de�ne the tails of the core histones (sec-
tion 5.3.1). Histone tails amount to 25-30% of the overall mass of the core
histones and are hosts to reversibleptm s, whereby nucleosomes actively re-
cruit the diverse chromatin factorsin situ and modulate the local chromatin
framework [4�6].

DNA achieves an overly bent and �attish layout10, and is overall under-
twisted about the ncp (10.2 v. 10.5bp/helical twist of free DNA), which
is accounted for by the recursive texture of conserved canonical sites and by
the contact interface with the histone fold.
The thermal dynamics of nucleosomal DNA at the short (microsecond, mil-
lisecond) timescale is described by i) the reversible,impromptu detachment of
the outer DNA stretches, i.e. at the entrance/exit sites of DNA into thencp ,
from the histone core, or DNAbreathing, and ii) the relaxation/translocation
of local twist-defective states. These modes underlie theunwrapping and
sliding of the nucleosome fold at a slower scale, whereby nuclear DNA is
made accessible and/or translocated across loci. Likewise, nucleosomes may
be forcibly evicted, relocated and unraveled by means of ATP-fueled enzymes,
such as chromatin factors and remodelers.

10The nucleosomal DNA is associated with excessroll and mild excessslide of adjacent
base steps v. free DNA.
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Chapter 2

DNA lesions and the radiation
�eld

The biochemical hazard that is associated with the non-reversible mutation
and/or deletion of nucleic material in cells is ubiquitous, and arises from both
internal - such as metabolic intermediates - and external vectors.
A radiation �eld, from a beam of accelerated ions or an electromagnetic
(em) ray, strikes a live cell nucleus and thereby collides stochastically with
the water medium and with DNA. Two toxic outcomes are thus bound to
follow:

ˆ the electronic excitation or oxidation of DNA, which accounts for a local
deterioration of the double helix, or thedirect e�ect of radiation;

ˆ about the �rst solvation shell of DNA, the radiation �eld spawns reactive
species from the radiolytical decay of water molecules (such as hydrogen
and hydroxyl radicals, and solvated electrons), which mediate the further
chemical lysis/modi�cation of the DNA molecule, or theindirect e�ect of
radiation.

The whole of DNA is exposed to the radiation �eld, so that collectively a
plethora of noxious DNA lesions is achieved by i) the extraction/deletion of
nucleic bases, ii) the manifold chemical and electrochemical modi�cations of
the nucleic bases as well as of the DNA backbone, iii) the (twofold) covalent
fracture of the DNA backbone, or (double ) strand break (DSB ).
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Moreover, the radiation �eld from such vectors as accelerated (heavy) ions at
elevatedlinear energy transfer(let ) rates is associated with a massive release
of dose1 over localized volumes of a cell nucleus, as well as a critical amount
of electrons and radicals from the subsequent collision cascade, whereby �ex-
otic�, hardly reversible clusters of elemental DNA lesions are achieved (vide
infra).

2.1 The DDR

Yet, live cells tolerate most classes of noxious DNA modi�cations and thou-
sands of lesions a nucleus. In fact, (eukaryotic) cells enable substrate-selective
recovery cascades, which are set o� by an enzymatic framework that senses
the DNA lesions and restores the double helical layout - collectively involved
with the DNA damage response, or DDR [7]. Both the activity and the out-
come of the DDR are modulated by the status of the cell and of the cell-cycle
[8], which may imply that a cell i) is able/unable to recover from a DNA le-
sion or an aberration of the chromatin framework, and ii) enters an alternate
apoptotic (death) or senescence track, or bears toxic DNA mutations.
It has been widely acknowledged thatdouble strand breaksof DNA are a
detrimental outcome of the radiation �eld in cells [9]. While DSBs are not in-
herently critical, the �awed recovery from a DSB lesion underlies the chances
that aberration and mutations of the chromatin fold arise, via the deletion of
ssDNA ends and/or the misjunction of native non-consecutive DNA termini.
In fact, eukaryotic cells deploy two major, competitive cascades to tackle
DSBs:

ˆ in non-homologous end joining (nhej ), the two fractured DNA moi-
eties are involved with a short-range synapse and (optionally) subject to
manifold takes of synthesis/lysis, whereby the DNA termini are eventually
ligatable (this may be established by limited microhomology).nhej may
thus account for a �awed misjunction of double strand break lesions - yet,
it is reckoned to be the default choice in the eukaryotic cells. Auxiliary

1The dose de�nes the energy absorption in the unit mass [J� kg� 1], whereas thelet
is associated with the local release of energy about a radiation track, within adx layer of
the medium [keV � � m� 1].
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sub-routes that require extended DNA resection (lysis) and microhomol-
ogy between the annealed DNA strands may take over as the canonical
nhej track fails [10].

ˆ in homologous recombination (hr ) - which is restricted to the S and
G2 (pre-mitotic) phases of the cell-cycle - majorly resected 3' ssDNA over-
hangs are loaded with recombinase enzymes and a search for the homol-
ogous DNA sequence over a sister chromatid (which new DNA is synthe-
sized upon) is commenced. Provided that the template chromatid is not
corrupted, hr faithfully restores the native chromatin sequence.

The balance betweennhej and hr - and alternate minor routes - is medi-
ated within a faceted framework that involves the cell-line, the status of the
cell-cycle, the expression of DDR enzymes and co-factors, the local layout of
the chromatin fold and texture of histoneptm s, as well as the amount and
class of the DNA lesions.

In spite of - and on account of - their inherent cytotoxicity, radiations have
been employed as an alternate and/or in synergy with the chemical ther-
apy of cancerous tissues. The controlled irradiation by accelerated ions is a
state-of-the-art and convenient route to convey exceptional spurs of energy
to deep cancerous tissues, thereby mostly sparing healthy tissues from the
toxic by-e�ects associated with conventional (x-rays) therapies.

2.2 The theoretical framework of cell survival

The survival rate of cell lines exposedin vitro to a radiation �eld is de�ned
as the ratio of cells to outlive a radiation dose, over the total of irradiated
cells. It has been described - over �fty years now - by an exponential �t of
the radiation dose as:

S = e� �D � �D 2
(2.1)

or the Linear-Quadratic model(lqm ) [11], with � and � associated with the
inherent radiosensitivity of a cell line. In fact, the radiosensitivity of cells is
describedde facto by the curvature of the survival fall-o� and by the � / �
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ratio, i.e. the dose where the twofold exponential contributions to cell death
- at �rst and second order in the dose - are equal. (fig. 2.1).

Figure 2.1: The twofold contribution to the survival rate of a cell line in the lqm
is associated with the score of lethal DNA lesions, at �rst (1-hit) and second order
kinetics (2-hit) in the radiation dose. The � / � ratio ( vertical dashed line), i.e. the dose
where the exponential contributions to cell death are equal (� D = � D2), describesde
facto the radiosensitivity of cells - adapted from McMahon 2018 [11] under CC-BY
3.0 license.

While � and � are strictly empirical factors, the theoretical/mechanistic
framework that underlies their behavior is faceted [11]. In fact, it was soon
established that critical DNA lesions accounted for the basic noxious action
of the radiation �eld in live tissues, such as cell annihilation and the muta-
tions/aberrations of the chromatin fold. A layered scenario thus arose, as it
was further observed that a cell radiosensitivity is modulated by bothintrin-
sic and extrinsic factors, which involve: i) the status of the cell cycle, and
thus the access to thehr cascade to rejoin double strand breaks; ii) the (ex-
cess) score of non-reversible DNA lesions and/or of non-viablechromosomal
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aberrations2; iii) the balance between alternate cell death routes, and with
cell senescence; iv) the carriers, let and fractionation rates of the radiation
�eld; v) the levels of dissolved oxygen in the tissue, and further enhancement
factors driven by the cellular micro-environment, such as thebystander ef-
fect3.
Nevertheless, these e�ects overall fall loosely within thelqm framework and
accounts for its broad use in the clinical scenario [11].

2.3 The RBE

The earliest theoretical framework of the cell survival via thelqm relied upon
extensive datasets from x-rays irradiationsin vitro ; thus, a revision of the
basic framework was invoked with the advance of accelerated ion beams in
the clinical facilities. In fact, the dose is delivered by x-rays and accelerated
ions with remarkable di�erences at the macro- and nanoscale (fig. 2.2):

ˆ x-rays are associated with a di�use radiation �eld and a slow, exponential
fall-o� of the dose within the medium. Hence, a massive �ux of x-rays
shall strike a cell nucleus to achieve an e�ective dose release (about the
order of 1 Gy/nucleus) and sparse layout of lethal DNA lesions;

ˆ the local release of dose from a beam ofaccelerated ions is coaxial with
the core of the radiationtrack and radially correlated within a few nanome-
ters4. At the macroscale, accelerated ions unleash a major dose fraction
within a localized volume and depth in the cell, or theBragg peak, where
critical, exotic DNA lesions are achieved.

2The radiation-enforced aberrations of chromosomes are (mostly) associated with the
structural abnormalities that arise via the �awed misjunction of DSBs, such as truly de-
fective (dicentric, acentric) and/or mutated chromosomes, from the translocation/deletion
of loci. Notably, �viable� lesions of the chromatin fold (which contribute to the survival
rate of the cell line) may bear cancerous DNA mutations [12].

3The bystander e�ect describes the lethal/detrimental outcomes observed in cells that
have not been struck by the radiation directly, and �conveyed� from closely associated,
irradiated cells [13].

4However, delta electrons may branch radially, a few micrometers from the core of the
radiation track.
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It was soon established that the local variance oflet across a radiation
track (from the loss of momentum of the radiation in the medium) underlay a
modulation from the canonical survival fall-o� of the lqm framework - hence,
the de�nition of the relative biological e�ectiveness(rbe ) of a radiation
carrier r, as:

rbe =
Dx

D r

�
�
�
�
isoe�ective

=

= �
1

2D r

�
�
�

�

x

+ D � 1
r

s
1
4

�
�
�

� 2

x

+
� r

� x

�
�
�

�

x

D r +
� r

� x
D 2

r ; (2.2)

where thex and r subscripts de�ne the reference (takende facto as the x-
rays) and the new carrier, and theDx / D r ratio involves isoe�ective doses, i.e.
doses of the two radiations that achieve equal survival rates. Thus, variably
empirical formulations were elaborated that relate the (� , � ) radiosensitivity
factors of cells and thelet of the radiation [14]. As for light carriers such
as hydrogen ions (H+ ), it has been remarked that such empirical �ts are as
reliable as the irradiation datasets underneath, and have overall achieved a
variety of rbe estimates5. However, to describe therbe of heavier ions,
an advanced theoretical framework was elaborated, and dedicated treatment
codes at clinical facilities in Japan and Germany now rely on either of two
semi-mechanistic models [18�20].

2.3.1 Microdosimetric kinetic model

The microdosimetric kinetic model(mkm) [21, 22] is derived from the for-
malism of thedual radiation action of the clinical ion beam [23], where:

ˆ the radiation �eld accounts for eitherlethal or sub-lethal lesions of sensitive
DNA volumes in cell nuclei. Sub-lethal lesions thus either i) drift/evolve,
and achieve further lethal lesions, ii) are rejoined, or iii) are conserved
(harmless).

5In fact, the case of hydrogen ions is controversial: Hydrogen ions have been associated
with a �xed, conservative rbe = 1.1 in the clinical scenario, based on assessmentsin vivo
and clinical data [15]. However, this accounts for a mild misestimate of the radiationrbe
about a tumour volume, and is critical at the distal dose fall-o� [16, 17].
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ˆ cell nuclei are subdivided into localdomains, which are inactivated by
lethal DNA lesions, to lead to cell death.

The earliest formulations of themkm thus de�ned the survival rates of cell
lines as:

ln S = �h wn i = � (� 0 + z1D � )D � �D 2 (2.3)

with wn the score of lethal lesions in the cell nuclei;� 0 and � are lqm -
like factors, and are de�ned via the (kinetic, mechanistic) rates of the dual
radiation action framework; and:

z1D = hz2
1 i =hz1i =

R
z2

1f (z)dz
R

z1f (z)dz
(2.4)

describes the statistical dose release at a cell sub-domain by one irradiation
event (i.e. a radiation track), with z = � / m the microscopic energy release
over unit mass of the domain.
In the limit of D = 0 and low let radiation carriers, whereby lethal lesions
are Poisson distributed overz, the rbe :

rbe =
� 0 + �z 1D

� x
(2.5)

with � x of the reference radiation, and� (let ) = � 0.
Subsequent advancements of themkm have accounted for i) theoverkill arti-
facts of the model, by a saturation overhead toz1D [24], and ii) the stochastic
distribution of the dose across cell nuclei [25].

2.3.2 Local e�ect model

All formulations of the local e�ect model (lem ) share the native theoretical
framework of lem i [26], where:

ˆ the radial dose distribution about a radiation track is described via a three-
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fold formula, as:

D(r ) /

8
>><

>>:

let =r 2
min r < r min

let =r 2 r min � r � r max

0 r > r max

(2.6)

with r min on the order of a few nanometers and rmax / E, i.e. the energy
of the radiation carrier;

ˆ an equivalence is established between the local outcome of a radiation
track and that of a reference (x-ray) �eld, upon the basis that lethal/sub-
lethal DNA lesions are mediated by secondary electrons, from the inelastic
collisions of the radiation with the medium.

Thus, cell survival rates are de�ned by the (mean) score of lethal eventsn
over the volumeV as:

n =
Z

V
dV ln Sx [d(x; y; z)]V � 1 (2.7)

where d (x; y; z) is the local dose induction. Sx is associated with each of
the sensitive sub-voxels of the volume of a cell nucleus, and is described by
a lq -l (Linear-Quadratic-Linear) fall-o� of the survival rate:

S(D) =

8
<

:
e� � x D � � x D 2

D � D t

Ste� s(D � D t ) D > D t

(2.8)

i.e. a correction to the lqm , where St = S(D t ) and D t account for the
overestimate of the cell death rates in thelqm above a dose threshold [27] -
with s = � x + 2� xD t the limit slope, and � x and � x of the reference radiation
carrier. Thus:

ˆ lem ii [28] re�nes the late linear fall-o� of the survival rates, and accounts
for excess lethal events from the stochastic association of sub-lethal SSBs
to achieve additional DSBs. Moreover, the formula of the dose ineq. 2.6
is smeared/convoluted by a two-dimensional Gaussian �t of the radial dif-
fusion of hydroxyl radicals, to involve radical-enforced DNA lesions;

14



ˆ lem iii [29] rescales the lowerr min threshold of the radial dose formula by
the relative velocity of the radiation carrier;

ˆ lastly, lem iv [30] re�nes the radiation equivalence criteria, de�ned as
the �isoe�ective� layout of isolated and clustered DSBs (rather than the
microscopic dose release) from a radiation track and an equivalent dose of
reference radiation.

Notably, both (mkm, lem ) frameworks rely upon an analytical formulation
of the radial dose, oramorphous track model, such as the formalism described
in eq. 2.6.

2.4 Geant4-DNA and Monte-Carlo track struc-

ture codes

The mechanistic estimates of the radiosensitivity of cell lines from both the
mkm and the lem bene�t from a detailed depiction of the radial dose decay,
and of the layout of lethal DNA lesions about a radiation track, down to the
nanometric scale. In fact, a manifold scenario modulates the outcome of cell
irradiation both in vivo and in vitro , and this is critical to accelerated ion
�elds, which are associated with a branched cascade of lethal and sub-lethal
events. However, the assessment of the cell-like scenarioin silico forces a
choice in scale and, beside actual limitations, there are diverse accessible lay-
ers of the hierarchical chromatin fold that relate to both the micro- and the
nanometric scale of the radiation track.

Gold standards of the (micro, nano) dosimetric assessmentsin silico, the
Monte -Carlo track structure (mcts ) codes evolve the stochastic decay
of radiation in a medium6, i.e. the cascade collisions of all carriers associ-
ated with the radiation �eld: Particles are attributed initial coordinates and
velocities, and their subsequent dynamics is described as an alternate se-
quence offree �ights and events. The latter are �drawn� stochastically from
a collection of (elastic, inelastic) interactions, associated with a (di�erential)

6That is, a water continuum in a cell-like scenario.
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Figure 2.2: (A), (B) Outlines of the (macroscale) dose-depth curves from di�erent radia-
tion carriers. Photons are associated with an exponential dose fall-o�, whereas accelerated
ions unleash a massive dose fraction within a localized depth in the medium (Bragg peak).
For the latter, the shape and depth of the curve is modulated by a variety of factors, such
as the mass and momentum of the radiation carriers - adapted from Mohamadet al. 2017
[31] under CC-BY 4.0 license. Bottom : the sparse and localized layouts of ionization
events in a 10 micrometer-wide cell nucleusin silico, from 1 Gy of (C) x-rays and (D)
helium ions (D) respectively - taken from Brzozowskaet al. 2020 [32] under CC-BY 4.0
license.

cross-section&as:

&(E) =
Z E

0
dE

Z �

0
2� sin#d#

d2&(E; W ; #)
dWd#

(2.9)

with E the kinetic energy, and W and # the subsequent energy loss and
scattering angle of the radiation carrier from the event. The new coordinates
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and velocities of the carrier7 are thus updated via a distribution function of
W and #:

P(E; W ; #) =
2� sin#

&(E)dWd#
�

d2&(E; W ; #)
dWd#

(2.10)

Historically, diverse mcts codes, such as Geant4 [33�35] and FLUKA [36],
have made use of acondensed historyformalism, whereby the collisions of
species below a threshold energy (1 keV) are coalesced into one �collective�
event. While this has o�ered a convenient trade-o� to track the whole evo-
lution of the radiation �eld at the macroscale, it lacks the essential detail of
the radial dose distribution at the nuclear and sub-cellular scale [37].

Thus, low-scale, state-of-the-art extensions tomcts codes were derived to aid
in the formulation of the microdosimetric frameworks [38]. Here, anevent-
by-event formalism is adopted, whereby the decay of all �low-rank� carriers
is evolved down to a few eV. Advanced codes further depict the subsequent
di�usion and reaction of species from the radiolysis of water, so that the
rational evolution of a cell-like scenario is detailed within a microsecond of
an ion collision8. In fact, the inelastic collisions of the radiation account for
the excitation/oxidation of water molecules, associated with diverse decay
channels and thereby spawning radiolytic radicals and molecules, such as
hydrated electrons (e�

aq), OH and H radicals and hydroxyl (OH� ) and hy-
dronium (H3O+ ) ions. An assumption is made that radiolytic species are at
thermal equilibrium, thus subject to Brownian di�usion, i.e. hRi / (D� t )1=2;
moreover, chemical recombination occurs as two species come into contact,
that is, within an e�ective radius de�ned upon their reaction rate.

The Geant4 -DNA toolkit [39�42], and low-scale extension to the Geant4
distribution, thus estimates the earliest layout of (sub)lethal lesions of DNA,
upon e�ective criteria and signi�cant sub-cellular volumes9 [43] (vide infra).

7The depth of the free �ight is estimated from the total cross-section, and the azimuthal
angle from the collision is drawn from a uniform distribution in (0, 2� ).

8That is about the e�ective timescale for lethal and sub-lethal DNA lesions to unfold
9The layout of events of energy deposition (from the radiation track and the di�usion

of radicals) is juxtaposed to a DNA volume depicting a layer of the chromatin framework
- such as the DNA double helix or (arrays, �bers of) nucleosomes - and (sub)critical DNA
lesions are assessed therein.
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Chapter 3

The radiation track at the
nucleosome scale

Microdosimetric theoretical frameworks (sections 2.3.1 and 2.3.2), as well as
track structure assessments, bene�t from arbitrarily �coarse� criteria, which
describe as double strand breaks of the DNA backbone the closely associated,
twofold events of energy deposition i) beyond a �xed energy threshold, and
ii) within a �xed distance, to a certain likelihood [28, 44�46].
The balance of these low-scale criteria is hardly underlain by mechanistical
inferences; rather, it matches (indirectly) the outcome of the radiation �eld
at the local scale, i.e. the observed/estimated score of SSBs, DSBs and clus-
tered DNA lesions from assessmentsin vivo/ in vitro [47]. Yet, it is beyond
the level of theory of the microdosimetric frameworks to discern the likeli-
hood and scores of each DSBmotif , associated with a variable distance of
the twofold cleft of the DNA backbone, which are, in fact, overlooked.
We reckon, however, that the di�erent DSB motifs exert a distinct (kinetic,
micromechanical) strain of the DNA molecule, and that short-distanced DSBs
alone would crack by means of thermal forces - and e�ectively within mi-
croseconds to milliseconds of an ion collision. This was observed earlierin
silico [48] and inferred from theelectrophoretic assayof double strand breaks
in plasmid DNA.
In fact, the electrophoretic assay discerns between the supercoiled/intact,
circular/SSB- and linear/DSB-cleaved fractions of plasmid DNA, upon mi-
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gration in an agarose matrix and subject to an external electric �eld. To
enforce �controlled� DSB motifs, i.e. at a �xed distance and location over a
DNA molecule, either i)restriction endonucleases(which hydrolyze the phos-
phoester bonds of the DNA backbone), or ii)DNA glycolases/ AP endonucle-
ases(which subsequently excise the glycosidic bond of defective nucleic bases
and the associated ribose-phosphate moiety) have been employed1 [49�51].
Collectively, e�ective fractures of DNA from a DSB lesion have never been
achieved beyond a distance of 12bp. Moreover, it was remarked that the
cohesion of the DNA overhangs in-between of the twofold cleft is modulated
by the sequence of nucleotides.

In this work, we assess the radiation track structure of hydrogen ions (H+ )
of clinically relevant let 2 in silico, at the nanometric scale - i.e. over anu-
cleosome tetramer(chromatin-like) framework - and attempt to relate the
low-scale layout of lethal DNA lesions and the local morphology of the DNA
fold3.

3.1 Geant4-DNA and the nucleosome tetramer:

Materials and methods

The PDB4DNA extension [53] of the Geant4-DNA toolkit takes in a set of
C++ libraries, whereby users are allowed to de�netailored nanometric vol-
umes upon the atomic coordinates of DNA (or hybrid) molecules. Moreover,
DNA nucleotides are further classi�ed and labeled by a serial index, which
codi�es their location over the DNA sequence (that is, residues 1 to 694 of
the nucleosome tetramer framework referred to in this work -vide infra).
The 1zbb entry [54] of the RCSB Protein Data Bank [55] describes the dimeric
unit of the nucleosome tetramer [56], which we transformed to achieve the
tetrameric framework (694bp) associated with PDB4DNA4.

1In fact, D'souza and Harrison assessed the inhibition of the transcription activity of
plasmid DNA from double strand breaks [49].

2That is, at the base and distal edges of theBragg peak (fig. 2.2)
3This chapter has been adapted from Petrolliet al. 2020 [52] under CC-BY 4.0 license.
4The records of the edited PDB �le were �xed to comply with the format criteria of

the PDBlib reader - as detailed in Delageet al. 2015 [53].
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PDB4DNA thus describes a water volume cell upon the extrema of the nu-
cleosome tetramer framework (a 13.0Ö 15.2Ö 25.4 nanometer box), which
we will hereafter refer to asreference volume(fig. 3.1).

Figure 3.1: PDB4DNA describes a water volume cell upon the (x, y, z) extrema
of the nucleosome tetramer framework, orreference volume, and binds an isotropic
radiation source to its vertex coordinates. The blue and red lines are associated
with the trajectory of H + ions and secondary electrons respectively, and the events of
energy deposition are depicted asyellow dots.

The e�ective features of the nucleosome tetramer - that is, the atomic coor-
dinates and center of mass of all nucleotides - are extracted implicitly and
cached as instances of Geant4 classes. The reference volume (a G4Box in-
stance) is made of a continuum medium (G4_WATER, a material de�ned
from the NIST database5), and lies within a void environment of �Galactic�
vacuum.
The default analysis classes of PDB4DNA score the overall energy deposition
within the water cell, and the SSBs and DSBs over the nucleosome tetramer

5https://www.nist.gov/pml/atomic-weights-and-isotopic-compositions-relative-
atomic-masses
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