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The DNA lesions enforced by the collision of the radiation field with the cell nucleus involve a
variety of local, mostly reversible, mutations of the DNA template. Yet, the double strand break
(DSB) of the DNA backbone is reckoned to be the most detrimental outcome of cell irradiation,
bearing a non-negligible likelihood of chromosomal aberrations and cell apoptosis from the failure of
the DNA damage response (DDR) machinery. In the early stages of the evolution of a DSB lesion,
the DNA moieties likely drift from a metastable, bound state, thereby achieving a fracture of the
helical layout: arguably, the thermal disruption of the residual interactions at the interface of a DSB
lesion drives the rupturing process, despite its kinetics being poorly characterized both in vitro and
in silico. Here, we address the characterization of the mechanical fracture of DSB motifs by means of
molecular dynamics, employing a coarse-grained DNA model. The setup involves a steered 3855-bp
DNA filament, resembling an optical tweezing experiment. Strand breaks are enforced within a
range of distances between 0 and 4 base pairs, and the subsequent dislocation of the broken DNA
moieties is tracked, accounting for the molecular details and the characteristic timescales of the
rupturing process. A linear correlation is observed between the DSB distance (i.e. between strand
breaks of the DNA backbone) and the height of the internal energy barrier of the process, separating
the bound and fractured states of the DNA filament. Moreover, we infer an exponential dependence
of the average fracture times with the DSB distances, thus allowing us to model the DSB event
as an activated process following an Arrhenius-Kramers law. This work lays the foundations of a
detailed, mechanistic assessment of DSB lesions in silico, as well as of a direct benchmark between
numerical simulations and data from single molecule experiments.

I. INTRODUCTION

DNA holds the hereditary information required by cells
to replicate and carry out their biological activity. Cells,
however, are constantly threatened by a variety of toxic
agents, of both endogenous, i.e. naturally associated
with a cell life-cycle, e.g. as by-products of metabolic
stresses [1] and DNA replication [2], and exogenous ori-
gin, such as chemicals and ionizing radiations (IR) [3, 4].
In fact, IR accounts for a variety of chemical and mechan-
ical lesions of the DNA molecule, involving a wide range
of resolution and time scales, which are mediated by a
cascade of inelastic collisions and radiolytic reactions [5].
Amongst the plethora of radiation-enforced DNA lesions,
however, the disruption of the phosphoester backbone
over both DNA strands, or double strand break (DSB),
is arguably the most toxic [3]. In fact, DSBs account for
major cytotoxic effects, and critically so at sites of highly-
condensed lesions within localized DNA volumes [6, 7];
indeed, lesion clustering is a striking lethal feature of IR
at high linear energy transfer regimes, i.e. associated
with a massive release of energy at the microscale [8, 9].
The processing, and subsequent repair, of DNA lesions
add a further layer of complexity: cross-regulated cell de-
fense mechanisms are deployed as a DNA lesion is sensed,
thereby recruiting a dedicated enzymatic framework in
situ via a cascade of signaling pathways, overall referred
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to as the DNA damage response (DDR) [3, 10, 11]. In
the context of the DDR, eukaryotic cells employ two ma-
jor, competitive responses to tackle DSBs: a homology-
dependent pathway, which is active in the pre-mitotic
stage of the cell-cycle (or the homologous recombination,
HR), and a ubiquitous, homology-independent pathway
(or the non-homologous end joining, NHEJ). The choice
between HR and NHEJ (as well as alternate minor
routes) reflects directly upon the kinetics and outcome
of the DDR activity, and might underlie collateral pro-
cessing errors affecting its accuracy [10, 12–14]. In fact,
a negative outcome from the repair of a DSB lesion is
associated with several detrimental and cytotoxic conse-
quences, such as modifications in the expression of genes
and gene mutations, chromosomal aberrations, genomic
instabilities, and apoptosis.

Numerical simulations have offered key insights on the
behavior of DNA lesions at all significant scales of the
chromatin framework, detailing the process at high-
resolution levels mostly inaccessible by conventional ex-
perimental techniques in vitro and in vivo. The radial
distribution of the events of energy release about a ra-
diation track is assessed in silico by means of Monte
Carlo track structure (MCTS) codes, which depict the
event-by-event evolution of the physical and chemical in-
teractions between a radiation carrier and the target tis-
sue [15–18]. Moreover, effective criteria have been de-
veloped to associate the layout of the radiation track to
the occurrence of local DNA modifications within sig-
nificant sub-cellular volumes, thereby providing a static
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picture of the early distribution of DNA lesions at the
micro- and nanoscale [17, 19–21]. In a few cases, real-
istic cell-like scenarios involve the kinetics of the DDR
activity [22–24], to achieve system-specific rates that re-
flect the average signaling and processing by the enzymes
involved with a given pathway. Overall, these methods
tackle the description of the outcomes from the irradia-
tion of cells via a mean field approach, whereby various
realisations of the track path and/or of the cell response
are averaged. Yet, a mechanistic framework of the lo-
cal dynamics of chromatin, at the earliest stages of the
(radiation-enforced) DNA damage, is critical in the con-
text of the DDR.

The DNA rupture, whereby the disjointed DNA termini
drift from the lesion site, unfolds by a sub-diffusive dy-
namics, i.e. the mean square displacement of the DSB
moieties is associated with a non-linear dependence with
time [25]. This regime is accounted for by the effective
constraints enforced by both the nuclear milieu and the
supramolecular association of DDR enzymes, such as the
Ku heterodimer or the RAD51 recombinase [26, 27]. The
sub-diffusion of DNA termini has been depicted in silico
(in the framework of MCTS codes) by biasing the Brow-
nian dynamics of the broken DNA moieties in a continu-
ous, effective medium [24, 28, 29]. However, the theoret-
ical framework underneath MCTS overlooks the dynam-
ical detail to characterize DSBs at the molecular level,
i.e. the forces driving the dynamics of DNA are involved
implicitly by means of empirical coefficients.

A complementary insight might be offered by molecu-
lar dynamics (MD) techniques, evolving the dynamical
behavior of DSBs over single DNA molecules, and even-
tually laying the groundwork to correlate the features
of the DSB motifs and the choice of the DDR pathway.
Landuzzi and co-workers [30] have assessed the thermal
and forceful fracture of DSBs on a short 31-bp DNA se-
quence depicting a DNA linker (that is, the exposed, lin-
ear DNA stretch between nucleosomes in a chromatin
fiber) via atomistic MD. Notably, they inferred that the
direct observation of fractures in the DNA backbone be-
yond a DSB distance of 3-bp is unlikely within the time
scales associated with the activity of the DDR. How-
ever, it is broadly acknowledged that atomistic force
fields of nucleic acids might over-estimate the strength
of the non-covalent forces holding the DNA molecule
(such as π-stacking contacts) [31, 32], thus slightly bias-
ing the equilibrium dynamics of DNA assemblies. More-
over, atomistic MD assessments are bound by a signifi-
cant numerical overhead, so that the accessible dynam-
ics of biological systems is restricted to a few microsec-
onds and/or a few replicas. These limitations may be
circumvented by exploiting coarse-grained (CG) models,
where groups of atoms are specifically mapped into a
lower resolution description of the system. The CG sites
interact by means of effective potentials, derived from
either top-down or bottom-up approaches [32]; remark-
able examples of CG models of DNA are MARTINI [33],
3SPN [34] and oxDNA [35]. Notably, the oxDNA force-

field has been widely acknowledged to reliably depict sys-
tems that are relevant in DNA nanotechnology, such as
DNA origami [36], for extended timescales.
In this work, we assessed the rupturing process of DNA
driven by double strand break lesions, described at a
CG level via the oxDNA force field. To this aim, we
enforced DSBs of the DNA backbone (or T1-DSBs, as
defined by Schipler and Iliakis [3]), at distances rang-
ing between 0 and 4 bp, on a 3855-bp DNA molecule,
depicting the optical-tweezing (OT) experimental setup
of Wang and co-workers [37]. We performed extensive
MD simulations, tracking the dynamics of the fractured
DNA moieties and the kinetics of the subsequent ruptur-
ing process, which is driven by the disruption of all resid-
ual contacts holding the helical framework. In all DSB
scenarios, we kept the DNA molecule at varied steered
end-to-end distances by a coaxial force. Moreover, ex-
tra care was dedicated to the definition of time in CG
dynamics, by effectively scaling the observed fracturing
kinetics upon the diffusion coefficients of DNA - as esti-
mated from experimental and computational assessments
of freely-diffusing DNA molecules. We thus modeled the
DSB fracturing event as an activated process, thereby
following an Arrhenius-Kramers law: we estimated the
activation free energies associated to different DSB mo-
tifs and established an effective correlation with the aver-
age rupture times. Lastly, we extrapolated the kinetics of
the dislocation of DSBs at distances between 5 to 10-bp,
which is hardly accessible in silico at the level of theory
of the oxDNA force field.

II. MATERIALS AND METHODS

A. The oxDNA coarse-grained model

We simulated a 3855-bp, double-stranded DNA fil-
ament in the B-conformation employing the oxDNA2
coarse-grained (CG) force field, which has been ac-
knowledged to reproduce faithfully both mechanical and
thermodynamic properties of DNA [35, 38, 39]: it im-
proves on the earlier oxDNA model, introducing effective
temperature- and sequence-dependent stacking and elec-
trostatic interactions, thereby refining the behaviour of
DNA in implicit solvent and different ionic concentra-
tions, down to physiological conditions [40]. Moreover,
the level of resolution associated with oxDNA2 is ade-
quate to detail the local dynamical features of DSB le-
sions while lowering the numerical overhead of the atom-
istic force fields, hence covering time-frames that are bio-
logically significant [32, 41]. It is worth noting that, while
the oxDNA2 force field is benchmarked upon experimen-
tal, equilibrium properties of DNA, as well as higher-
resolution calculations, we hereby assess non-equilibrium
processes - so that its validity has to be verified a poste-
riori.
OxDNA2 employs Lennard-Jones (LJ) reduced units
and, despite the conversion between units being straight-
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forward [41], specific care has to be paid to the defini-
tion of time. In fact, it is well-acknowledged that CG
models accelerate the dynamics of physical processes in
a non-trivial manner [42]; we require a rule to recover the
proper definition of time, which will be further discussed
throughout this work. We will thus denote with τ the
LJ time units associated with the CG dynamics of DNA,
while keeping the classical SI notation to refer to the
properly rescaled characteristic times of the dynamical
processes.

B. Molecular dynamics simulations

MD simulations were carried out on the LAMMPS
software platform [43, 44]. The dynamics of the DNA
molecule was assessed in the NVT ensemble at T = 310
K and a monovalent ionic strength of 0.15 M, to match
a physiological environment. All simulations were per-
formed employing the rigid-body Langevin-type integra-
tor (Langevin C) [45], which solves the equations of mo-
tion accounting for an implicit solvent background. This
integrator has shown enhanced performances, in con-
trast with the standard LAMMPS Langevin algorithm
for DNA simulations, allowing a stable integration of the
equations of motion at larger time steps [41, 46] - which
we set to ∆t = 5 × 10−3 τ , together with a damping
coefficient of the Langevin thermostat ζ of 10 τ . Un-
less specified otherwise, this choice was employed in all
simulations.

C. Simulation setup

The exact size of the 3855-bp double-stranded DNA fil-
ament has been chosen to roughly match those employed
in the experimental, optical tweezing-setup of Wang and
co-workers [37]. Thus, we enforced a step-wise thermal-
ization protocol as follows: i) we let the DNA molecule
relax at T = 273 K, until reaching a plateau of the to-
tal energy of the system; ii) we heated the system to
the working temperature of T = 310 K in a quasi-static
manner, by performing a single run of 1.6× 105 τ in the
NVT ensemble, associated with a damping coefficient ζ
of 10 τ ; iii) we ran a 3.3×105 τ simulation employing an
underdamped Langevin thermostat (ζ = 100 τ), to relax
the molecule into an equilibrated conformation.
To achieve a configuration representative of an OT setup,
we carried out several instances of steered MD simula-
tions, thereby relaxing the DNA molecule at different
elongation ratios: specifically, we set the end-to-end dis-
tance at Ree = 1000, 1100, 1200, 1300 nm, to cover the
behavior of the DNA chain about the mid-high region
of the force-extension curve [37]. These conformations
were obtained by employing two harmonic potentials re-
straining the termini of the chain, with associated elastic
constants of k1 = 5.7 N/m and k2 = 2.3× 10−3 N/m re-
spectively, and by setting ζ = 10 τ . This combination of

parameters allowed us to slowly stretch the thermalized
DNA molecule into each of the target end-to-end dis-
tances. Upon reaching the desired DNA conformation,
we performed two equilibration stages of i) 4.9 × 104 τ
with ζ = 100 τ , and ii) 5.8 × 105 τ with ζ = 10 τ . The
four elongated configurations of DNA served as initial
frames for a set of production runs aimed at assessing
the early effects of DSBs.
As the radiation-enforced lesions of DNA bear sev-
eral levels of complexity, varying upon the resolution
scale [3, 17], a simplified, effective framework to assess
DNA fractures is adopted that both depicts the process
faithfully and is computationally feasible. In view of this,
we focused on the T1-DSB type of damage, as described
by Schipler and Iliakis [3], whereby IR simply induces the
disruption of the phosphoester bonds of the DNA back-
bone. We thus neglected all modifications that involve
the nitrogenous bases and only allowed thermal fluctua-
tions to separate the DNA moieties. We hereby define
the distance between breaks of the DNA backbone on
complementary strands bd (or DSB distance), as the
amount of intact base pairs in-between the twofold break-
age associated with a DSB lesion (Fig. 1). To enforce a
DSB, we removed the covalent bonds between adjacent
nucleotides on both DNA strands at distances bd = 0,
1, 2, 3 and 4, about half-way of the DNA filament, to
assess different DSB motifs. For each value of bd, dif-
ferent replicas were run, starting from the same initial
configurations but associated with different thermostat
seeds, i.e. with different velocities of the CG beads. We
remark that no prior minimisation/thermalization proto-
col of the DSBs was carried out, to depict the subsequent
dynamics of a DNA molecule broken abruptly by the ra-
diation field. A snapshot of an MD simulation of a DSB
at bd = 1 is reported in Fig. 1.

D. Derivation of the characteristic times of the
DSB rupture

The characteristic time associated with the drifting of
the DNA moieties from the lesion site, or breaking time
τbd , was estimated for each (bd, Ree) DSB scenario via a
two-step procedure. First, we employed a geometrical,
heuristic criterion to unequivocally characterize the DSB
(Fig. 1B - see details in the Supplementary Data); the
specific choice was corroborated by the visual analysis
of the MD trajectories, so that we could concentrate on
a time interval about the fracturing event. Thus, we
derived τbd from the internal energy profile of the nu-
cleotides involved with the residual contact interface of
a DSB motif: Fig. 2 shows the internal energy contri-
bution of the contact nucleotides of a DSB at bd = 0,
within a time span involving the fracture of the DNA
molecule. By assuming that the internal energy barrier
dividing the two thermodynamic basins is symmetrical
at the peak, we performed a sigmoidal fit on the internal
energy profile and derived the characteristic time of the
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FIG. 1: (A) Snapshot of the 3855-bp B-DNA molecule, associated with an end-to-end distance of Ree = 1000 nm,
damaged by a double strand break at distance bd = 1, shown in detail in the inset B. (C) Schematic representation
of a DNA double strand break. Covalent bonds of the DNA backbone are represented as solid lines, hydrogen bonds

between DNA strands as dotted lines. To enforce a DSB, covalent bonds are removed from both DNA strands.

DSB rupture, corresponding to the flex of the sigmoidal
curve. Moreover, we estimated the internal energy bar-
rier (∆U) of the process as the energy difference between
the flex point and the energy plateau of the bound state,
which we will later associate with the transition state
of the DNA rupture (∆U‡). Additional and technical
details about the fitting procedure are reported in the
Supplementary Data.

E. Correlation between physical time and
simulation time in CG models

It is well acknowledged that CG models enhance the
dynamics of systems with respect to their all-atom coun-
terparts [32, 42, 47]. This is inherent to the integration of
several degrees of freedom, whereby the coarse-graining
procedure smoothens the free energy landscape, thus fa-
voring the transition between local minima. Further-
more, CG models are typically employed in MD simula-
tions in implicit solvents, which lack a proper character-
ization of the hydrodynamic effects associated with the
collective motion of the solute particles nearby [38, 48].
These limitations only marginally affect the depiction of
the structural features of a system at equilibrium [37, 49].
However, they become critical in the assessment of time-
dependent, non-equilibrium kinetic observables. Under

the assumption that the modifications induced by the
coarse-graining procedure are reducible to a global redef-
inition of the characteristic times of a system [42], these
issues may be tackled by rescaling the time steps of the
CG simulation to match the outcome from a reference
scenario, such as all-atom MD or wet lab experiments.
In this view, we related the timescales of the physical
(experimental) process and those of its in silico (CG)
depiction via the ratio of diffusion coefficients of DNA,
Γ(ζ) as:

t = Γ(ζ) tCG =
DCG(ζ)

DEXP
tCG (1)

where t is the best estimate of the physical time, tCG is
the CG simulation time, and DCG(ζ) and DEXP are the
coarse-grained and the experimental diffusion constants
respectively.
To estimate the value of DCG(ζ) of the 3855-bp DNA
molecule, we performed 8 independent simulations of
4.7 × 105 τ starting from the equilibrated 1000 nm-
conformation of DNA (from the steering protocol) in the
NVT ensemble at T = 310 K, employing a friction coef-
ficient ζ = 10 τ , where the DNA molecules were allowed
to diffuse freely. DCG(ζ) was thus inferred from a lin-
ear fitting of the average mean-squared displacement ver-
sus time (see Supplementary Data), whereby we achieved
DCG = 2.04× 10−10 µm2/τ .
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FIG. 2: Profile of the local internal energy contribution
associated with the dislocation of a DSB motif, at
distance bd = 0 and steered end-to-end distance
Ree = 1000 nm. The lesion destabilizes the helical

layout, thus allowing the DNA molecule to undertake a
transition from a bound (metastable) to a dislocated
(stable) state. The moving average of the potential

energy profile (blue line) is fitted via a sigmoid curve
(red line), whereby we assess the characteristic time and

internal energy barrier of the DSB fracture.

As for DEXP, we relied on the experimental procedure
of Robertson and co-workers [50], who obtained the dif-
fusion coefficient of λ-phage DNA fragments of differ-
ent sizes, by coupling the action of the restriction en-
zyme HindIII (NEB) and gel electrophoresis. We thus
extrapolated the value of DEXP from the experimental
diffusion coefficients of longer DNA filaments, and cor-
rected it by the ratio of the temperatures adopted in
our simulations and in the experimental setup, obtain-
ing DEXP = 1.17 µm2/s and a time-scaling conversion
coefficient Γ(ζ) of 103.

III. RESULTS

We applied our proposed protocol to estimate the char-
acteristic times associated with the fracture of a T1-DSB,
assessing both the mechanical details and kinetics of the
rupturing event.

A. Analysis of the residual interactions at the
characteristic time of a DSB rupture

After a DNA molecule is nicked by a T1-DSB, the
residual, non-covalent interactions between DNA moi-
eties alone stabilize the helical layout, thereby prevent-
ing the further disruption of the molecule. In fact, the
twofold removal of covalent bonds at the DNA backbone

triggers the destabilization of the structure, driven by
the Coulombic repulsion between adjacent nucleotides at
the breakage interface; yet, the residual hydrogen bonds
and stacking contact interactions temporarily hold the
integrity of the DNA helix. However, as all non-bonded
interactions between DNA moieties are disrupted, a shift
in the internal energy of the system is observed (shown
in Fig. 2).
We thus tracked the behaviour of all binary distances ri,j
between the nucleotides involved at the DSB site (which
ultimately embed effective non-covalent interactions) by
means of three statistical estimators, and introduced ad
hoc matrices quantifying the status of all effective in-
teractions at the time of the fracturing event. The first
estimator, E1(ri,j), is defined as:

E1(ri,j) =

〈
ri,j(bd, Ree)|τbd

〉
〈ri,j(bd, Ree)〉∗

(2)

where we employ the average distance between i, j nu-
cleotide pairs at the fracture time at the numerator.
We refer to the plain 〈·〉 notation implying an averag-
ing procedure over all independent (bd, Ree) simulations,
whereas the 〈·〉∗ notation is limited to configurations
of the metastable, bound state. The second estimator,
E2(ri,j):

E2(ri,j) =

√〈[
ri,j(bd, Ree)|τbd − 〈ri,j(bd, Ree)〉

∗
]2〉

√〈[
ri,j(bd, Ree)− 〈ri,j(bd, Ree)〉∗

]2〉
(3)

quantifies the fluctuations of the binary distances be-
tween nucleotides at the rupturing times (numerator) and
in the bound state (denominator). Lastly, the third esti-
mator, E3(ri,j), is a combination of E1(ri,j) and E2(ri,j):

E3(ri,j) =

√〈[
ri,j(bd, Ree)|τbd − 〈ri,j(bd, Ree)〉

∗
]2〉

〈
ri,j(bd, Ree)|τbd

〉 .

(4)
Fig. 3 shows an example matrix collecting all binary esti-
mators associated with a DSB at bd = 1 and Ree = 1000
nm (the matrices of all combinations of DSB motifs and
end-to-end extensions are found in the Supplementary
Data). For all (bd, Ree) simulation sets, the data obtained
from Eq. 2 highlight that all binary distances increase
by the rupturing time, at least two times their average
value in the bound state. Overall, we observed that the
distances between nucleotides involved with stacking in-
teractions at the contact interfaces are always associated
with the highest scoring estimators.
Regarding Eqs. 3 and 4, the fluctuations of the binary
distances at τbd are generally larger than those of the
metastable state, as expected. Namely, hydrogen bonds
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FIG. 3: Matrices of the binary estimators detailing the effective interactions between nucleotides, associated with
the contact interface of a DSB motif at distance bd = 1 and steered end-to-end distance Ree = 1000 nm (an outline

of the DSB interface is shown on the left). In the sequence, results obtained from Eq. 2, 3 and 4 are reported
respectively (details in the text).

vary significantly about the rupture time in all DSB sce-
narios; in fact, the fluctuations of hydrogen-bonded nu-
cleotides in the bound state are about five times lower
than those of the stacking interactions. Lastly, the ma-
trix associated with E3(ri,j) highlights that the magni-
tude of the fluctuations of all binary distances is sig-
nificant and comparable to their average values in the
metastable state.

B. Fracture kinetics of the DSB motifs

As a subsequent step, we assessed the influence of the
DSB distance bd on the fracture kinetics of the T1-DSB
motifs, by estimating the average fracture time τ̄bd over
all independent simulations associated with a given (Ree,
bd) combination. Results are outlined in Table I, where
the characteristic times were scaled according to the pro-
tocol described earlier (see Materials and Methods). We
thus analyzed the dependence of the average rupture
times on the distance bd of the different DSB motifs, by
employing an exponential fitting law as:

τ̄bd = A exp [−Bbd] (5)

with A and B fitting coefficients - the results of the fitting
procedure are reported in Table II. Indeed, Fig. 4 hints
at the existence of an exponential relationship between
the two observables, in spite of the error bars being sig-
nificant at higher distances. This is in line with the work
of Sengar and co-workers, who simulated the dissociation
kinetics of duplexes 4-, 5- and 6-bp at 320 K, employing
an earlier version of the oxDNA force-field [41]. There-
fore, we focused on the relationship between the internal
energy barrier associated with the DSB fracturing pro-
cess and the DSB distance bd. We assessed DSB motifs

at distances shorter than the helical pitch of DNA (about
10 nucleotides), and performed a linear fitting procedure
as:

∆U(bd)

kBT
= αbd + β (6)

with α and β fitting coefficients - reported in Table III for
each Ree distance. In fact, the validity of this assump-
tion, i.e. the existence of a linear correlation between the
internal energy barrier of the fracturing process and the
DSB distance, is verified for all steered conformations, as
shown in Fig. 5.

C. Mechanistic inferences on the DSB fracture
kinetics

Once the structure of the DNA double helix has been
compromised by a DSB event, non-covalent interactions
hold the broken DNA moieties, thereby inhibiting the
transition from a bound to a fractured state. As a con-
sequence, the system is confined to a metastable state,
until the kinetic barrier associated with the dislocation
of the residual contact interface about the DSB site is
overcome by means of stochastic thermal fluctuations,
thus allowing the DNA molecule to reach a state of local
thermodynamic equilibrium. This is an activated pro-
cess, well described by the transition state theory [51–54]:
a system progresses between metastable conformational
basins, across a dynamical bottleneck enforced by the
transition state. The status of the process may thus be
tracked along a proper reaction coordinate, whereby re-
active (reversible) trajectories are typically sampled by
means of enhanced MD techniques.
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TABLE I: Average rupture times τ̄bd of the different DSB motifs and steered DNA extensions. Each τ̄bd is
determined by averaging over all independent simulations associated with a (bd, Ree) combination (whose amount is
reported in brackets). The characteristic times are scaled according to Eq. 1. In all cases, the standard deviations

are on the order of the average value.

Ree [nm] τ̄0 [ns] τ̄1 [ns] τ̄2 [µs] τ̄3 [µs] τ̄4 [µs]
1000 82 (928) 549 (793) 9.0 (80) 10 (49) 54 (4)
1100 75 (913) 424 (869) 8.0 (95) 13 (48) 110 (5)
1200 78 (922) 525 (888) 7.2 (91) 14 (61) 110 (7)
1300 62 (884) 334 (846) 3.1 (288) 3.5 (227) 16 (49)

FIG. 4: Average fracture times τ̄bd as function of the DSB distance bd (shown in semi-logarithmic scale in the right
panel). The solid and dashed lines correspond to the curves derived from the fitting protocol described by Eq. 5.

TABLE II: A and B coefficients from the exponential
fitting of the average rupture times on the DSB
distances (Equation 5) for each DNA extension.

Ree [nm] A [ns] B
1000 1.6 ± 0.3 125 ± 89
1100 1.8 ± 0.2 87 ± 62
1200 1.8 ± 0.3 97 ± 62
1300 1.3 ± 0.3 96 ± 70

TABLE III: α and β coefficients from the linear fitting
of the internal energy barrier of the DSB dislocation

upon the DSB distance, as described in Eq. 6, at
different steering regimes.

Ree [nm] α β
1000 6.0 ± 0.8 7 ± 2
1100 6.6 ± 0.6 7 ± 2
1200 6.0 ± 0.6 8 ± 2
1300 5.7 ± 0.7 8 ± 2

In this work, we pursued an alternative approach: in fact,
we propose a simplified depiction of the activated process
by taking advantage of the peculiarities of the system at
hand. Given ∆G‡ as the height of the activation free
energy barrier associated with the transition process from
the bound (metastable) to the dislocated (stable) state
(see Fig. 6), we have:

∆G‡ = ∆U‡ − T∆S‡ (7)

where T is the temperature, and ∆U‡ (or equivalently
∆U) and ∆S‡ define the internal energy and entropic
contributions, respectively. Since the steering protocol
enforces a restraint on the conformational freedom of the
DNA, it is reasonable to expect that the entropic con-
tribution be constant up to the peak of the free energy
barrier, thus leading to a cancellation of the entropic term
and reducing Eq. 7 to:

∆G‡ ≈ ∆U‡ (8)
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FIG. 5: Internal energy barriers associated with the
dislocation of DSBs as a function of the distance bd for
each Ree extension. The dashed curves are the results

of the fitting protocol.

As the barrier is crossed, the DSB is dislocated and the
DNA moieties acquire a significant conformational free-
dom, thereby increasing the entropy of the system. Fig. 6
schematically illustrates this process. These assumptions
allow us to simplify the estimate of both the activation
free energy of the process (since the forward activation
barrier reduces to the internal energy difference provided
by the fitting protocol) and of the characteristic times of
the rupture of the DSB. In fact, the average rupture time
for a DNA molecule damaged by a DSB motif and the
activation free energy of the process are related via the
Arrhenius-Kramers law as:

τ̄bd = τ0 exp

[
∆G‡(bd)

kBT

]
≈ τ0 exp

[
η

∆U‡(bd)

kBT

]
(9)

where τ0 = τ0(Ree) is the characteristic timescale of the
activation process, which depends on the properties of
the scenario at hand, such as the steering force. The η
coefficient was here introduced to quantify the deviation
from the actual empirical law.
Indeed, we verified that the kinetics of the DSB fracturing
process is described by an exponential fit of the charac-
teristic rupture times upon the free energy barrier of the
dislocation, where τ0 and η are the fitting coefficients.
Fig. 7 shows the rupture time versus the activation free
energy for each steered conformation; all coefficients from
the fitting procedure are reported in Table IV.
Notably, the data shown in Fig. 7 corroborate the exis-
tence of an exponential correlation between τ̄bd and ∆G‡,
in spite of significant error bars. This is in line with ear-
lier in silico observations by Landuzzi and co-workers,
who inferred an equivalent law from all-atom MD assess-
ments [30]. Moreover, all (η, τ0) coefficients are approx-
imately equivalent, suggesting that the activation free
energy depends on the DSB distance and negligibly on
the steering protocol enforced (Fig. 5).

Ψ

ΔG‡

E
ne

rg
y

Free Energy ( )G
Entropy ( )TS
Internal Energy ( )U

FIG. 6: Schematic representation of the free energy
profile (yellow curve), associated with the rupturing

process of DNA, as a function of an effective reaction
coordinate Ψ. As a DSB of the covalent backbone is

enforced, the DNA filament lies in a metastable state.
Subject to a coaxial steering force of the DNA termini,
it is reasonable to assume that the local conformational
freedom of DNA is restrained: the main contribution to

the activation free energy of the process is thus
provided by the internal energy U (blue curve), while

the entropic contribution TS is approximately constant
(orange curve). This assumption holds up to the

transition state between the two thermodynamic basins,
separated by the activation energy ∆G‡: In fact, as the

DNA moieties are dislocated, several degenerate
conformations become available, associated with a
significant increase in the entropy of the system.

TABLE IV: Values of the η and τ0 coefficients for each
steered DNA conformation, as obtained by fitting the
kinetic observables associated with the dislocation of

the DSB motifs (∆G‡/kBT , τ̄) via the
Arrhenius-Kramers law (Eq. 9).

Ree [nm] η τ0 [ns]
1000 0.24 ± 0.04 26 ± 24
1100 0.27 ± 0.04 14 ± 13
1200 0.29 ± 0.05 12 ± 12
1300 0.23 ± 0.05 18 ± 20

Lastly, we extended the application range of the model
to extrapolate the properties of DSB motifs at distances
bd ≥ 5: Eqs. 6 and 9 were employed to infer the activation
free energies and associated rupture times, as shown in
Table V. By implying that the mechanical failure of DSBs
is a two-step process, driven by the abrupt disruption of
the residual contact interface between the DNA moieties,
we associate a wide kinetic span (from 100 ns up to 0.3
s) to the fracturing process of DSB motifs at bd = 0−10.
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FIG. 7: Data from the kinetic assessment of the dislocation of DSB motifs (∆G‡/kBT , τ̄) have been fitted by the
Arrhenius-Kramers law (Eq. 9), for each steered DNA conformation. Results are shown in both linear and

semi-logarithmic scale (the coefficients from the fitting protocol are listed in Table IV).

TABLE V: Extrapolated data of the activation free
energies and rupture times of DSB motifs at distances
bd > 4, enforced on a linear 3855-bp DNA molecule at

steered end-to-end distance Ree = 1000 nm.

bd τ̄ [s] ∆U‡/kBT
5 2 × 10−4 38
6 1 × 10−3 44
7 3 × 10−3 50
8 1 × 10−2 56
9 7 × 10−2 62
10 3 × 10−1 68

IV. DISCUSSION

In this work, we assessed the dynamical features of
DNA double strand break (DSB) events and inferred
the kinetics of the subsequent fracturing processes. As
shown in Fig. 5, the internal energy barrier separating
the bound (metastable) and fractured (stable) thermo-
dynamic states increases linearly with the DSB distance
bd, i.e. the distance between the strand breaks of the
DNA backbone. Moreover, the data show a negligible de-
pendence of the internal energy barrier upon the steering
protocol enforced on the DNA molecule. This assessment
extends to DSB distances bd = 0− 4; beyond this value,
we reasonably expect to observe an increasing deviation
from a linear dependence of the height of the free energy
barrier on the DSB distance.

Regarding the kinetics of the process, a few comments are
in order. First and foremost, we observed a significant
discrepancy between estimates of DSB rupturing times
from CG and atomistic force-fields, associated with the
dislocation of DSBs at distances bd ≥ 2 [30]. This might
arise from a misestimate of the strength of non-covalent
interactions by either model, accounting for slight arti-
facts in the depiction of nucleic acids by atomistic force-
fields [31, 32, 55]. Yet, we remark that all inferences of
the kinetics of the DSB rupturing process in silico are
inherently bound and biased by the steering protocol en-
forced, as well as by the rescaling factor of the CG time
step Γ(ζ). In cells, the dynamics of DSBs has been as-
sociated with a sub-diffusive regime, which is believed to
apply to the chromatin ends of a DSB alike [29]. This
fact suggests that a straightforward time rescaling pro-
tocol based on the ratio of the experimental and in silico
diffusion coefficients of DNA might not be appropriate to
depict the nuclear milieu. Nevertheless, these simulations
establish an extensive benchmark of a single-molecule ex-
perimental setup.

Finally, we observe that the fitting of the characteristic
times by the Arrhenius-Kramers law, Eq. 9, requires the
introduction of a parameter η < 1. The origin of this dis-
crepancy might lie in an overestimate of the height of the
free energy barrier ∆U‡(bd), and/or in the use of a top-
down CG force-field, parameterized on equilibrium data,
to assess an activated process: hence, we might reason-
ably expect that the timescales of the molecular dynam-
ics deviate from those obtained by equilibrium proper-
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ties. In fact, these results shine a spotlight on the quest
to develop CG models that adequately incorporate the
dynamical information to tackle the estimate of time-
related observables.

V. CONCLUSIONS

Double strand breaks (DSBs), i.e. the twofold, close
cleft of the DNA backbone on complementary strands,
are a likely and detrimental outcome of the radiation field
in cell nuclei. A dynamical characterisation of the local
mechanical breakdown of DNA is critical, as it sets the
stage for the subsequent cascade of events, involving the
activation of the DNA damage repair machinery and the
faithful or erroneous rejoining of the broken DNA moi-
eties.
In this work, we addressed the in silico assessment of the
early stages of the mechanical fracture of DNA as a con-
sequence of DSBs enforced on a tensioned DNA filament.
We performed extensive molecular dynamics simulations
by means of a coarse-grained model of DNA, which let
us cover biologically significant timescales, yet keeping a
proper level of detail of the molecular processes. Namely,
we established a robust, consistent protocol to estimate
the characteristic timescales and activation barrier of the
dislocation of the DSB motifs on DNA filaments ten-
sioned between anchoring sites, depicting an OT experi-
mental setup.
The internal energy barrier separating the bound
(metastable) and fractured states exhibits a linear depen-
dence with the DSB distance for all steered setups, sug-
gesting that the residual base pairing holding the DNA
moieties contributes to the contact energy in an additive
manner within the distance range under scrutiny - that
is bd = 0− 4; in fact, deviations from linearity might be
expected at larger DSB distances (bd ≥ 5) on account of
over-steering and/or over-twisting, long-range effects.
As for the kinetics of the DSB fracturing event, we ob-
served an exponential increase of the average rupture
times with the DSB distance, for all DSB motifs and
steered end-to-end setups. This supports the depiction
of the DSB-driven breakdown of a DNA filament as an
activated process, where the system transitions from a
metastable, bound state to a fractured state via the dis-
ruption of the residual interactions.
Building on these results, we estimated the free energy
barrier separating the two states at each DSB distance,
and associated their value to the average rupture times
according to the Arrhenius-Kramers law. While this as-
sumption overall holds, a deviation from the canonical
formulation of the Arrhenius-Kramers law was observed,
correcting the expected exponential behavior, likely ac-

counting for the limitations in the CG model employed,
either in the quantitative estimate of the energies in-
volved or in the description of out-of-equilibrium pro-
cesses - or both. This discrepancy calls for the devel-
opment of coarse-grained models tailored on the specific
characteristics of activated processes, and critically on
the mechanics of DNA.
In conclusion, in this work we have verified the capabili-
ties of simple and effective models of DNA in describing
the phenomenology of radiation-induced DNA lesions,
namely DNA double strand breaks, and acknowledged
the limits of their validity. While further scrutiny is in
order to fully characterise the early cascade of events fol-
lowing the collision of ionising radiation on cell nuclei,
arguably the tools at our disposal are reliable and solid,
paving the way for further developments.
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