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Abstract

The presence of DNA double-stranded breaks in a mammalian cell typically activates the Non-Homologous End Joining
(NHEJ) pathway to repair the damage and signal to downstream systems that govern cellular decisions such as apoptosis or
senescence. The signalling system also stimulates effects such as the generation of reactive oxygen species (ROS) which in
turn feed back into the damage response. Although the overall process of NHEJ is well documented, we know little of the
dynamics and how the system operates as a whole. We have developed a computational model which includes DNA Protein
Kinase (DNA-PK) dependent NHEJ (D-NHEJ) and back-up NHEJ mechanisms (B-NHEJ) and use it to explain the dynamic
response to damage induced by different levels of gamma irradiation in human fibroblasts. Our work suggests that the
observed shift from fast to slow repair of DNA damage foci at higher levels of damage cannot be explained solely by
inherent stochasticity in the NHEJ system. Instead, our model highlights the importance of Ku oxidation which leads to
increased Ku dissociation rates from DNA damage foci and shifts repair in favour of the less efficient B-NHEJ system.
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Introduction

DNA Double-strand breaks (DSB), arguably the most danger-

ous kind of DNA damage, are caused by reactive oxygen species

(ROS) which are produced as a by-product of cellular respiration

as well as various environmental stresses. DSBs are repaired by

either Homologous Recombination (HR) or Non-Homologous

End Joining (NHEJ). HR, the more accurate of the two processes,

is used when a sister chromatid is present to act as a template for

rebuilding the damaged DNA, whereas NHEJ is used when this is

not the case, as for example in the G1 phase of the cell cycle [1]. In

mammalian cells NHEJ is thought to be the more important of the

two mechanisms [2] given the slower cell cycle compared to other

eukaryotes such as yeast. NHEJ uses two competing pathways: the

faster and more accurate repair pathway, DNA-PK Dependent

NHEJ (D-NHEJ), mediated by Ku, DNA-PKcs and Ligase IV [3]

(Figure 1A); and the recently identified slower, more inaccurate

Backup NHEJ system (B-NHEJ) [4,5] mediated by PARP-1 and

Ligase III (Figure 1B), which are better known as key components

of single strand DNA break repair [6].

Correct handling of DNA damage is essential for a cell’s

survival. Cell lines have previously been observed to inaccurately

repair 20% to 25% of their DSBs depending on whether the

breaks are simple or complex [7]. This faulty repair, potentially as

a result of the error prone nature of B-NHEJ [4,7,8], can lead to

genome instability, which in turn can lead to cell death or the

onset of cancer [9] either directly in the affected cell or in its

progeny [10]. However, the role that NHEJ plays in the

promotion or avoidance of genome instability is not yet entirely

understood, and it is possible that factors traditionally linked to

accurate repair, such as Ku, may also be linked to mis-joining of

breaks [10].

Whilst ROS can produce DSBs, the DNA damage response

(DDR) can result in the production of more ROS inside a cell [11].

Moreover, although clearly a cause of damage to DNA (and

indeed all other biomolecules), it is becoming increasingly

apparent that ROS plays a much bigger role in cell biology as a

number of important cellular signalling pathways are redox

regulated [12], [13]. Therefore, the levels of ROS inside a cell can

have important effects on its activity. A number of key signalling

proteins such as PKA, PTP1B and MEKK1 have been identified

as being redox regulated through the oxidation of cysteine residues

[14]. Interestingly, the heterodimer Ku70/80 displays a dramatic

increase in dissociation rate from DNA when in an oxidising

environment [15] and it was hypothesised that oxidation of the

Cys-493 residue in Ku80 was the potential cause of this. However,

it was subsequently found that this residue played at best only a

minor role in the redox related binding and dissociation dynamics

of Ku [16], although the other cysteines were not tested and the

method by which Ku’s binding activity is modified in an oxidising

environment is still unclear.

Whilst much is known about the individual components and the

connections that make up NHEJ [1], we know much less of how

these components function together dynamically. This under-

standing can be achieved by dynamic computational modelling

using the growing body of experimental data that have become
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available from time course experiments and other sources [1].

Recently, it has been shown that a cell stressed by gamma

irradiation greatly increases its production of ROS [11]. This leads

to more DNA damage foci being formed (Figure 2) and a shift in

the early repair dynamics, with the number of short lived breaks

decreasing significantly after irradiation, as revealed by changes in

the ‘‘longevity’’ of recognizable DNA damage foci [17,18].

The cause of this shift in repair dynamics is currently unclear.

Since cellular systems are prone to stochastic effects [19,20], we

hypothesized that the stress-induced shift in distribution of focus

longevity is caused by the stochastic nature inherent in the system.

In this study, we use a combination of experimental and

computational approaches to investigate the cause of the early

repair shift. We show that the shift cannot be explained by a model

of NHEJ alone, but can by a stochastic model of NHEJ with a

redox sensitive D-NHEJ pathway. In addition, we use continuum

electrostatics calculations to investigate which of the Cysteine

residues in Ku 70/80 may be responsible for its redox regulation.

Results and Discussion

When a cell is in an unstressed state, damage foci still form

indicating that a cell undergoes some damage when at rest in its

typical environment (Figure 3). This is largely because whilst at

rest the cell is still subject to mild stresses from its environment and

ROS produced by the electron transport chain during respiration.

Unstressed MRC5 cells showed a focus emergence rate of 0.53 foci

per hour. Over 60% of the foci were repaired in two hours or less

(Figure 4) and only 7% survived more than 8 hours of which only a

few (3 out of 10) were resolved.

48 hours after treatment with 20 Gy of gamma irradiation the

focus rate emergence more than doubled to 1.28 foci per hour and

there was a dramatic shift in repair times with 20% of the foci

resolved in less than 2 hours and 55% surviving beyond 8 hours

Figure 1. Repair Mechanisms of Non-Homologous End Joining. (A) The primary repair pathway of DSB repair by NHEJ is mediated by a
hetrodimer DNA-PK which is made up of Ku70, Ku 80 and DNA-PKcs and is commonly named DNA-PK Dependant Non-Homologous End Joining (D-
NHEJ). Once the DNA-PK has formed a complex with the site of the DSB the break is readied for repair by ligation from the Enzyme LiIV which is in
complex with XRCC4. (B) A second NHEJ pathway called Backup Non-Homologous End Joining (B-NHEJ) mediated by PARP-1 also exists. Once the
break is primed by the formation of the DSB-PARP complex, the broken ends are ligated by the LiIII/XRCC1 complex.
doi:10.1371/journal.pone.0055190.g001
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(Figure 4) of which only 15% resolved (5 out of 33). Although the

number of foci with a lifetime less than 8 hours was greatly

reduced in stressed cells, the mode of the distribution in these short

lived foci remains the same, favouring repair within 2 hours of the

foci forming. Previous work within our labs has shown that cells

treated with lower levels of gamma irradiation result in similar

damage foci repair dynamics as those treated with 20 Gy but with

lower rates of damage foci induction [21,22].

Since very few damage foci fully resolve once they have lasted

more than 8 hours we view them as permanent damage foci.

However if our understanding of the NHEJ system as a whole is

correct all foci should eventually be resolved. The fact that they

are not suggests that either these DSB are irreparable telomeric

breaks [23] or there is a downstream effect that feeds back into the

NHEJ causing permanence. Transient foci were observed in both

resting and stressed live cells although stressed cells had a higher

fraction of transient foci on average (Figure 5).

Using the parameters calculated from work within our labs and

the data available in published literature the model of the Ku

mediated D-NHEJ pathway and the PARP-1 mediated B-NHEJ

pathway was found at rest to produce very similar results to the

live MRC5 cells with over half the breaks being resolved in less

than 2 hours (Figure 6A) and the majority of remaining foci being

resolved within 8 hours. Our model not only matched the short

term foci dynamics, but also the long term dynamics (those of foci

lasting longer than 8 hours) (Figure 6C). Cox regression

comparison of simulated and experimental short lived foci survival

curves yielded a p-value of 0.65, indicating no significant

difference between the model and experiment. Since the focus

longevity data was not used in the calculation of the kinetic rates of

the model, the matching of the live cell data to the simulation is a

positive validation of the unstressed model.

However, increasing ROS production of the unstressed model

to represent the stressed state of a live cell 48 hours after being

treated with gamma radiation yielded different short term (less

than 8 hours) focus longevity distributions than those experimen-

tally observed in the stressed cells and instead appeared to have the

same dynamics as the unstressed model (Figure 6B and 6C). From

this we can conclude that the change in foci dynamics in stressed

cells is not brought about by an increase in the amount of damage

alone.

Figure 2. Signalling of DNA double strand breaks is done by
the phosphorylation of the histone H2AX and the formation of
a Damage Focus around the DSB. Phosphorylation of H2AX is
caused by autophosphorylation of ATM and DNA-PKcs at the site of
damage.
doi:10.1371/journal.pone.0055190.g002

Figure 3. 53BP1 Damage Foci induction in human MRC5 fibroblasts. Images of unstressed (A) and stressed (B) cells expressing the fusion
protein AcGFP-53BP1c. Scale bar represent 10 mm. See Video S1 and Video S2 for examples foci formation and resolution over time in unstressed and
stressed MRC5 fibroblasts respectively.
doi:10.1371/journal.pone.0055190.g003

Systems Model of Redox Regulation in NHEJ
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Figure 4. Foci Longevity of live MRC5 cells observed for 30 hours.
doi:10.1371/journal.pone.0055190.g004

Figure 5. Percentage of transient Foci. These are foci that disappeared and then reformed rather than shrunk to a small size and then regrew.
Ten unstressed cells (53 Foci) and 6 stressed cells (135 Foci) were observed in total. Results are presented as mean 6 SD.
doi:10.1371/journal.pone.0055190.g005
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To what, then, could it be attributed? The Ku heterodimer had

previously been shown to have a major shift in dissociation rate

from DNA when oxidised [15]. To test whether Ku oxidation had

an effect on the dynamics of the model we increased its rate of

dissociation from the DSB tenfold in the stressed version of the

model [15]. The number of breaks repaired in less than two hours

dropped significantly and the number of breaks taking more than

8 hours to repair rose to become similar to stressed live cells

(Figure 7A). Cox regression analysis produced a p-value of 0.88

indicating that there is no significant difference in the resolution

times of short-lived foci (Figure 7B). This indicates that Ku’s

increased dissociation from a DSB, altering repair dynamics due to

its redox sensitivity, is enough to explain the observed shift in short

term foci dynamics when cells are stressed with gamma radiation.

It was initially thought that Ku’s redox sensitivity and shift in

dissociation was a result of the Cys-493 being oxidised; however

after mutagenesis experimentation it was concluded that Cys-493

only had a small effect on Ku binding activity [16]. Because the

irradiation of cells causes production of large amounts of ROS it is

highly plausible that Ku becomes oxidised at the same time that a

cell’s DNA is damaged during the treatment. The Cysteine amino

acid has a pKa of 8.7 when isolated in solution [24] and a shift in

pKa to a value less that 7 suggests that a cysteine residue in a

protein is ionisable and therefore a viable target for oxidation [25].

The calculated pKa shifts for Cys-493 in Ku 80 when bound to

DNA and unbound show a pKa shift from 8.7 to 9.06 and 7.97

respectively (Table 1). As neither is below 7 our calculations

support the findings of [16] in that Cys-493 does not play a

significant part in oxidation of the Ku heterodimer. The only

Figure 6. Damage foci longevities in live cells and simulations. (A) Longevities of foci recorded in unstressed MRC5 cells and the unstressed
D-NHEJ and B-NHEJ model simulations. (B)Longevities of foci recorded in unstressed MRC5 cells and the stressed D-NHEJ and B-NHEJ model
simulations with ROS production increased 2.5 times. Simulated data shows no change other than an increase in the number of breaks produced. (C)
Survival curves of short lived foci (8 hours and less) for resting and stressed MRC5 cells (dotted lines) and resting and stressed simulated data (solid
lines).
doi:10.1371/journal.pone.0055190.g006
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surface cysteine to show a large enough drop in pKa to be

ionisable is Cys-249 (Figure 8) for which the calculated pKa values

are 5.59 and 4.39 when unbound and bound to DNA respectively.

Moreover, it is close to the DNA binding site. This, together with

the lowered pKa values suggest that the residue could be oxidised

with a concomitant effect on DNA binding and is therefore the

potential cause of Ku’s observed increase in dissociation from

DNA when placed in a oxidising environment [15].

Overall our results suggest that the cause of the shift in short

term focus dynamics seen in stressed cells is not due to natural

stochastic behaviour within a biological system but rather due to

an increased rate of dissociation of the heterodimer Ku70/80 from

a DSB caused by the oxidising environment within the stressed

cell. This increased dissociation alters the competition between Ku

and PARP for binding to the DNA, causing the latter to take place

more often than it does in an unstressed cell.

Although the apparent competition between D-NHEJ and B-

NHEJ can explain the short term NHEJ dynamics it does not

explain those of the foci that last longer than 8 hours. We can

speculate that the cause of the maintained long lived foci is the

result of downstream pro-survival and pro-apoptotic pathways

triggered by the presence of the DSB through signalling pathways,

such as the p53/p21 signalling that feeds back into the damage

repair mechanism further altering how it responds to damage over

longer periods of time. When damage is caused, ATM phosphor-

ylates H2AX, which then also influences the p53, p21 and Chk1

pathways which go on to stall the cell cycle and/or trigger

apoptosis. At the same time, whilst Ku70 is being used to repair

double stranded breaks it is no longer suppressing Bax and its

apoptotic function [26,27], and is no longer inhibiting FOXO4’s

cell cycle arrest pathway [28]. In the future we intend to expand

our model to take into account these downstream responses and

their feedback; and as our model is already The proposed arrays

and sets package of SBML level 3 (www.sbml.org), or similar

features of rule-based modelling or kappa calculus [29], could be

viable ways of carrying this extension out.

Throughout this investigation we have treated D-NHEJ and B-

NHEJ as competing systems due to the observed competition

between DNA-PK and PARP for binding to a DNA end [30,31].

However Mitchell et al. (2009) hypothesised that PARP and Ku

work co-operatively to repair DSBs with 59 overhangs. The

obvious way in which this system would function is that PARP is

utilised to loosen the chromatin around the damage site to allow

the repair proteins greater access to the site of damage to allow

repair to take place. Recent work has also produced evidence of

DNA-PK and PARP forming a complex [32] that can bind to the

site of damage at the same time. Either way, preliminary

modelling of the co-operation of Ku and PARP (results not

Figure 7. Effects of Ku70/80 redox on NHEJ. (A) Increasing Ku70/809s and DNA-PK’s dissociation from DNA in line with observations from the
literature (15) results in a decrease in short lived foci similar to that of stressed live cell. (B)Survival curves of short lived Foci (8 hours and less) for
resting and stressed MRC5 cells (dotted lines) and resting and stressed simulated data (solid lines). Stressed data was collected from the model with
increased Ku70/80 dissociation from DNA DSBs.
doi:10.1371/journal.pone.0055190.g007

Table 1. Pka shift calculation results for the Cysteine residues
on the surface of the DNA-PK component Ku 80.

CYS DxferGA DxferGHA pka shift

157 21.49 25.92 10.63

235 5.54 20.57 11.36

249 212.88 25.73 5.59

296 3.71 25.28 12.61

346 20.41 24.25 10.37

493 24.89 25.71 9.06

Cys 157,235, 249 296, 346 and 493 pKa shifts were calculated using the Ku 80
protein binding domain model 1JEQ from the RCSB Protein Data Bank.
doi:10.1371/journal.pone.0055190.t001

Figure 8. Crystal structure of Ku 80. Images of the front (top) and
back (bottom) of the Ku 80 protein displaying the DNA binding domain
(yellow), surface cysteines (blue), Cys-493 (red) and Cys-249 (pink).
doi:10.1371/journal.pone.0055190.g008
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shown) does not significantly alter the observed dynamics of

damage repair proposed in our model. We believe this is because

ultimately the ligation of the DSB can only be undertaken by a

single ligase enzyme, be it LiIII or LiIV. Given that PARP has

roles beyond repair of a DSB and is a potential target in cancer

therapy [33], knowing precisely how it functions in the DNA

damage response, and how this interaction is regulated, will be of

great importance for development of better therapies and is vital to

our understanding of how the various systems of DNA repair have

evolved.

What is apparent from our work is that DNA repair and, by

extension, cell survival is not a straightforward process: rather than

a single factor determining the outcome of the damage response, it

is more likely the interplay between various mechanisms and

processes influences the cell’s response and therefore its survival.

This capacity for interplay is clear when the system’s major players

and their roles are viewed as a whole.

Although individual components of the entire NHEJ DDR and

its downstream effects are quite well understood, how these

systems function as a whole is not. What is obvious is that the

classical approach to investigating these systems in isolation is not

enough; the systems biology approach and creation of large

computational models using experimentally derived data delivers a

capacity to monitor large scale interactions between known

systems that traditional experimentation alone cannot. Our model

is the first stochastic model of NHEJ that attempts to model both

the D-NHEJ and B-NHEJ pathways as well as the formation of the

damage foci and is the first step in producing a large scale systems

model of a cell’s response to DNA damage. It has allowed us to

rule out that the observed change in foci dynamics could occur

without a relative shift in the contributions of the two NHEJ

pathways, whilst showing that the redox sensitive change in Ku–

DNA binding affecting D-NHEJ provides a plausible mechanism

for it.

Materials and Methods

53BP1 Tagging and Live Cell Observation
DSB formation and resolution within a cell was followed by

tagging one of the proteins that make up the damage focus created

around the site of damage. A plasmid encoding the fusion protein

AcGFP-53BP1c was built and expressed in human diploid

fibroblast cell line, MRC5, as described previously [21]. For live

cell time-lapse microscopy, MRC5 cells were plated in Iwaki glass

bottomed dishes (Iwaki), either without treatment (unstressed cells)

or after exposure to 20 Gy gamma irradiation (stressed cells). Cells

were imaged on an inverted Zeiss LSM510 microscope equipped

with a Solent incubator (Solent Scientific) at 37uC with humidified

5% CO2, using a 4061.3 NA oil objective (details in [34], with Z

stacks obtained every 10 or 12 minutes for each field as described

previously (Passos et al., 2010) for 30 hours. Imaging of stressed

cells began 48 hours after treatment. Cells and AcGFP–53BP1c

foci were tracked manually using ImageJ (http://rsb.info.nih.gov/

ij/); when a focus was formed, the time was recorded and it was

tracked through the time course images until it resolved. Some foci

were seen to apparently resolve and then reappear at the same

position shortly after they disappeared. This dynamic growth and

disappearance is a result of the foci being extended by

phosphorylation of adjacent H2AX histones and recruitment of

flagging proteins such as 53BP1, being dephosphorylated and then

dismantled by the Protein Phosphatase2A (PP2A), and then

reforming because of the continued presence of the DSB to

maintain the signalling of the damage to the rest of the cell. If a

focus returned within 2 time frames (24 minutes or less) it was

considered a single transient focus rather than two individual foci.

In Silico Modelling
We first constructed a network of the known reactions of D-

NHEJ, B-NHEJ and the formation and flagging of Damage Foci

using CellDesigner [35]. SBML Squeezer [36] was then used to

generate differential rate equations for each reaction using mass

action kinetics. Simplified versions of these networks are shown in

Figure 1.

When a DSB occurs, typically the heterodimer Ku70/80 (Ku)

binds to the broken ends of the DNA followed by recruitment of

the DNA-dependent protein kinase catalytic subunit (DNA-PKcs),

which together form the complex called the DNA-dependent

protein kinase (DNA-PK) [37]. The Ku 70/80 heterodimer is

made up from a 70 kDa subunit, Ku70, and an 83 kDa subunit,

Ku80. The DNA-PKcs is a large 469 kDa kinase from the family

of kinases known as the phosphoinsitide 3 kinase-related protein

kinase (PIKK) family [38]. Ku70/80 has a toroid structure which

fits over the DNA chain [39] and is thought to provide a platform

that enhances the binding of DNA-PKcs to the damaged DNA

[40]. It has been shown that Ku70/80 is not always required for

the binding of DNA-PKcs [41] but we did not consider this in our

model. Following binding, Ku70/80 can either dissociate once

more, or form the DNA-PK complex by recruiting DNA-PKcs

[16]. The DNA-PK complex then makes a synaptic complex

between the two broken ends of DNA to prepare the DNA for re-

joining [42] and undergoes autophosphorylation. The break itself

is fixed by ligation of the two broken ends carried out by a

complex made up of DNA ligase IV and XRCC4 [43], after which

all components dissociate. The following equations describe the

reactions corresponding to the network connections shown in

Figure 1A, see Table S1 for a full list of reactions together with rate

parameters.

Source of Damage {{{{?
kass res

Source of DamagezROS

RoszDNA {{{{?
kass reb

DNA (Damaged)

DNA (Damaged)zKu {{{{?
kass ref

DNA (Dmaged):Ku

DNA(Damaged):KuzDNA� PKcs {{{{?
kass rej

DNA(Damaged):Ku:DNA� PKcs

DNA(Damaged):Ku:DNA� PKcs {{{{?
kass rek

DNA(Damaged):Ku:DNA� Pkcs(Phos)

DNA(Damaged):Ku:DNA� PKcs {{{{{{{{?
kdiss DNAPK

DNA(Damaged)zKuzDNA� PKcs

Systems Model of Redox Regulation in NHEJ
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DNA(Damaged):Ku:DNA� PKcs(Phos)zLilV {{{{?
Kass ren

DNA(Damaged):Ku:DNA� PKcs(Phos):LilV

DNA(Damaged):Ku:DNA� PKcs(Phos):LilV {{{{?
kass reo

DNAzKuzDNA� PKcszLilV

Instead of the DNA-PK complex binding to the site of damage

the enzyme Poly [ADP-ribose] polymerase 1 (PARP-1) can form a

complex with the double strand break [4,44] after which Ligase III

and XRCC1 are recruited to ligate the break. (Figure 1B, see

equations below).

Source of Damage {{{{?
kass rea

Source of DamagezROS

ROSzDNA {{{{?
kass reb

DNA(Damaged)

DNA(Damaged)zPARP-1 {{{{?
kass reas

DNA(Damaged):PARP-1

DNA(Damaged):PARP-1 {{{{?
kass-reat

DNA(Damaged)zPARP-1

DNA(Damaged):PARPzLiIII {{{{?
kass reaw

DNA(Damaged):PARP:LiIII

DNA(Damaged):PARP:LiIII {{{{?

kass reax
or

kass reay
DNAzPARPzLiIII

As the repair proteins are being recruited to fix the double

stranded break, the Signalling/Flagging system is activated to

signal the presence of the damage to a variety of cellular

pathways (Figure 2, see equations below). This signalling involves

formation of a Damage Focus made up of a number of proteins

[45]. It is thought that MRN, a complex of three proteins,

Mre11, Rad50 and Nbs1 localises to the site of DNA damage first

followed by the phosphoinsitide 3 kinase-related protein kinase

ATM (ataxia-telangiectasia mutated) [46]. Previous work has

implicated the apoptotic regulator protein Aven as a crucial

factor in the activation of ATM at the site of DNA damage [47]

which then autophosphorylates [48] and phosphorylates H2AX

histones around the DNA damage site [49] (the phosphorylated

form of H2AX is denoted as cH2AX). cH2AX then becomes the

centre of a focus to which proteins such as p53 binding protein 1

(53BP1), mediator of mammalian DNA damage checkpoint 1

(MDC1) and BRCA1 are recruited. The presence of these

proteins at the focus site can be detected after 1 minute. ATM

and MRN are also incorporated into the focus but not until about

30 minutes after a cell is damaged, however they are still present

at the site of the damage [50]. DNA-PKcs also causes

phosphorylation of H2AX in a similar manner to that of its

family member ATM [51].

ATMzMRN {{{{{{{{{?

kMRN
triggeredby
DNA(Damaged)

MRN=ATM Complex

H2AX {{{{{{{{{{{?

kass rez
triggeredby
MRN=ATMComplex

cH2AX

H2AX {{{{{{{{{{{{{{{{{{{{{?

kass reaa
triggeredby

DNA(Damaged):Ku:DNA�PKcs(Phos)
cH2AX

c2AX {{{{?
kass reac

Damage Focus

Damage Focus {{{{?
kass read

H2AX

Damage FocuszMRN=ATM Complex {{{{?
kass reae

Complete Damage Focus

Complete Damage Focus {{{{?
kass reaf

H2AXzATMzMRN

Following network construction the reaction rates were

estimated using data from a variety of sources including our

own experimentally determined rates of damage induction for the

unstressed/not irradiated cells. See Table S2 and Table S3 for

estimated molecule numbers, reaction rate constants and a

comprehensive list of sources of experimental data. For a large

number of individual reactions, kinetic rate constants were not

available in the literature so we used available experimental time

course data of recruitment and binding to calculate kinetic rate

constants. For example, from [52] we know the average amount of

Ku found in a eukaryotic cell (400000 molecules). We also know

that after a DSB is formed Ku shows maximal recruitment at 3

minutes [53]. Combined with data of Ku rate of binding and

dissociation to DNA [15,31] we could estimate all the kinetic rates

of Ku’s interaction with a DSB.

The model so far describes how a DNA double strand break at

a single DNA site is formed and resolved. To create the final

model we converted the single site model to SBML Shorthand

[54] and edited it using a Python script to repeat the repair

pathways and the flagging pathway multiple times to represent up

Systems Model of Redox Regulation in NHEJ
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to twenty sites of damage. This allowed us to simulate the

creation and repair of multiple individual DSBs and their damage

foci simultaneously. Twenty theoretical sites were chosen since in

the live cell observations no more than fifteen breaks appeared at

any one time. The SMBL Code of the model can be found in

Model S1.

Model Simulation and Analysis
The model was simulated using the Gillespie algorithm

implemented within the stochastic simulator Gillespie2 [54,55]

in an unstressed state (not irradiated) and a stressed state

(irradiated) 100 times each for 30 hours with 1 minute time

points. The stressed state model was represented by increasing the

rate of ROS production 2.5 times compared to the unstressed

model, in line with observations of the relative amount of ROS in

basal and stressed cells (The species ‘Source of Damage in the

model which had a fixed constant value and is used in the reaction

that produces ROS was increased 2.5 fold) [11]. After the initial

simulations were carried out the dissociation reaction of Ku was

modified to represent the observed change in Ku dissociation from

a break site when in an oxidising environment [15].

We used an R script to extract the data from the individual

simulation files and to calculate the longevity of individual damage

foci whilst adjusting the output to account for transient foci by

filling in time between a focus resolving and reforming if the

duration was 20 minutes or less, in the same way as was done

during the analysis of the live cell data.

To compare the live cell and in silico data sets we constructed

histograms and Kaplan-Meier curves and carried out Cox

Regression analysis (Type I error rate, alpha = 0.05).

Ku 80 pKa Shift Analysis
Cysteine residues that are ionised at physiological pH have an

increased susceptibility to oxidation and redox regulation [25]. To

determine whether any of the cysteine residues within Ku 80 had

this characteristic we carried out pKa shift calculations. Two PDB

files of the Ku70/80 heterodimer, one bound to DNA (PDB ID:

IJEY) and the other free (PDB ID: IJEQ ) [39] were obtained from

the RCSB Protein Data Bank (www.pdb.org) [56]. The X-ray

crystal structures within the files were protonated and had atomic

partial charges assigned using PDB2PQR [57,58]. The structures

were then used to calculate the free energy change of ionisation of

the cysteine residues 157, 235, 249, 296, 346 and 493 in the

protein environment and isolated in solution, using the Adaptive

Poisson Boltzmann Solver (APBS) [59]. The obtained energy

changes were then used to calculate each residue’s pKa shift using

the method described [60] and detailed on the APBS website

www.poissonboltzman.org.

Supporting Information

Table S1 Table of Reactions. The model considers a maximum

of 20 damage foci and the index i identifies species associated with

processes relating to individual foci; the addition of _2 is added to

accommodate modification of species, e.g. DNA-PK sDSB

Complexi_2 represents phosphorylated DNA-PK sDSB Com-

plex.’’ (PDF) Table S2 Calculated initial molecule number

for repair factors in the model with references.

(PDF)

Table S3 Table of kinetic rate constants used in model with

references.

(PDF)

Model S1 SBML code for the full model.

(XML)

Video S1 Damage foci formation and resolution in unstressed

MRC5 fibroblasts

(AVI)

Video S2 Damage foci formation and resolution in stressed

MRC5 fibroblasts.

(AVI)

Acknowledgments

We thank Professor Tom Kirkwood for his guidance and help in the

undertaking of this investigation, Professor Carole Proctor for her

assistance with the modelling and Professors Thomas von Zglinicki and

Nicola Curtin for sharing their extensive knowledge on DNA repair.

Author Contributions

Conceived and designed the experiments: DD GN GS DS. Performed the

experiments: DD GN GS. Analyzed the data: DD GN AZ GS DS.

Contributed reagents/materials/analysis tools: DD GN AZ GS DS. Wrote

the paper: DD GN AZ GS DS.

References

1. Symington LS, Gautier J (2011) Double-strand break end resection and repair

pathway choice. Annual review of genetics 45.

2. Karran P (2000) DNA double strand break repair in mammalian cells. Current

Opinion in Genetics & Development 10: 144–150.

3. Meek K, Gupta S, Ramsden D, Lees-Miller S (2004) The DNA-dependent

protein kinase: the director at the end. Immunological Reviews 200: 132–141.

4. Ahmed EA, de Boer P, Philippens MEP, Kal HB, de Rooij DG (2009) Parp1-

XRCC1 and the repair of DNA double strand breaks in mouse round

spermatids. Mutation Research/Fundamental and Molecular Mechanisms of

Mutagenesis 683: 84–90.

5. Singh SK, Wu W, Zhang L, Klammer H, Wang M, et al. (2011) Widespread

Dependence of Backup NHEJ on Growth State: Ramifications for the Use of

DNA-PK Inhibitors. International Journal of Radiation Oncology*Biology*-

Physics 79: 540–548.

6. Rothkamm K, Kruger I, Thompson LH, Lobrich M (2003) Pathways of DNA

Double-Strand Break Repair during the Mammalian Cell Cycle. Mol Cell Biol

23: 5706–5715.

7. Covo S, de Villartay J-P, Jeggo PA, Livneh Z (2009) Translesion DNA synthesis-

assisted non-homologous end-joining of complex double-strand breaks prevents

loss of DNA sequences in mammalian cells. Nucl Acids Res 37: 6737–6745.

8. Guirouilh-Barbat Je, Huck S, Bertrand P, Pirzio L, Desmaze C, et al. (2004)

Impact of the KU80 Pathway on NHEJ-Induced Genome Rearrangements in

Mammalian Cells. Molecular Cell 14: 611–623.

9. Valko M, Izakovic M, Mazur M, Rhodes CJ, Telser J (2004) Role of oxygen

radicals in DNA damage and cancer incidence. Molecular and Cellular

Biochemistry 266: 37–56.

10. Suzuki K, Kodama S, Watanabe M (2009) Role of Ku80-dependent end-joining

in delayed genomic instability in mammalian cells surviving ionizing radiation.

Mutation Research/Fundamental and Molecular Mechanisms of Mutagenesis

683: 29–34.

11. Passos JF, Nelson G, Wang C, Richter T, Simillion C, et al. (2010) Feedback

between p21 and reactive oxygen production is necessary for cell senescence.

Mol Syst Biol 6.

12. Kamata H, Hirata H (1999) Redox Regulation of Cellular Signalling. Cellular

Signalling 11: 1–14.

13. Poole LB, Nelson KJ (2008) Discovering mechanisms of signaling-mediated

cysteine oxidation. Curr Opin Chem Biol 12: 18–24.

14. Cross JV, Templeton DJ (2006) Regulation of Signal Transduction Through

Protein Cysteine Oxidation. Antioxidants & Redox Signaling 8: 1819–1827.

15. Andrews BJ, Lehman JA, Turchi JJ (2006) Kinetic Analysis of the Ku-DNA

Binding Activity Reveals a Redox-dependent Alteration in Protein Structure

That Stimulates Dissociation of the Ku-DNA Complex. Journal of Biological

Chemistry 281: 13596–13603.

16. Bennett S, Neher T, Shatilla A, Turchi J (2009) Molecular analysis of Ku redox

regulation. BMC Molecular Biology 10: 86.

17. Wu X-J, Kassie F, Mersch-Sundermann V (2005) The role of reactive oxygen

species (ROS) production on diallyl disulfide (DADS) induced apoptosis and cell

Systems Model of Redox Regulation in NHEJ

PLOS ONE | www.plosone.org 10 February 2013 | Volume 8 | Issue 2 | e55190



cycle arrest in human A549 lung carcinoma cells. Mutation Research/

Fundamental and Molecular Mechanisms of Mutagenesis 579: 115–124.
18. Xiao D, Herman-Antosiewicz A, Antosiewicz J, Xiao H, Brisson M, et al. (2005)

Diallyl trisulfide-induced G2-M[thinsp]phase cell cycle arrest in human prostate

cancer cells is caused by reactive oxygen species-dependent destruction and
hyperphosphorylation of Cdc25C. Oncogene 24: 6256–6268.

19. Shahrezaei V, Swain PS (2008) The stochastic nature of biochemical networks.
Current Opinion in Biotechnology 19: 369–374.

20. Perkins TJ, Swain PS (2009) Strategies for cellular decision-making. Mol Syst

Biol 5.
21. Nelson G, Buhmann M, von Zglinicki T (2009) DNA damage foci in mitosis are

devoid of 53BP1. Cell cycle (Georgetown, Tex) 8: 3379–3383.
22. Nelson G, Wordsworth J, Wang C, Jurk D, Lawless C, et al. (2012) A senescent

cell bystander effect: senescence-induced senescence. Aging Cell 11: 345–349.
23. Fumagalli M, Rossiello F, Clerici M, Barozzi S, Cittaro D, et al. (2012)

Telomeric DNA damage is irreparable and causes persistent DNA-damage-

response activation. Nat Cell Biol 14: 355–365.
24. Nielsen JE, Vriend G (2001) Optimizing the hydrogen-bond network in Poisson–

Boltzmann equation-based pKa calculations. Proteins: Structure, Function, and
Bioinformatics 43: 403–412.

25. Kim JR, Yoon HW, Kwon KS, Lee SR, Rhee SG (2000) Identification of

proteins containing cysteine residues that are sensitive to oxidation by hydrogen
peroxide at neutral pH. Anal Biochem 283: 214–221.

26. Amsel AD, Rathaus M, Kronman N, Cohen HY (2008) Regulation of the
proapoptotic factor Bax by Ku70-dependent deubiquitylation. Proceedings of

the National Academy of Sciences 105: 5117–5122.
27. Tapia PC (2006) Histone-deacetylase inhibitors may accelerate the aging process

in stem cell-dependent mammals: Stem cells, Ku70, and Drosophila at the

crossroads. Medical hypotheses 66: 332–336.
28. Brenkman AB, van den Broek NJF, de Keizer PLJ, van Gent DC, Burgering

BMT (2010) The DNA damage repair protein Ku70 interacts with FOXO4 to
coordinate a conserved cellular stress response. The FASEB Journal 24: 4271–

4280.

29. Bachman JA, Sorger P (2011) New approaches to modeling complex
biochemistry. Nat Meth 8: 130–131.

30. Paddock MN, Bauman AT, Higdon R, Kolker E, Takeda S, et al. (2010)
Competition between PARP-1 and Ku70 control the decision between high-

fidelity and mutagenic DNA repair. DNA Repair 10: 338–343.
31. Wang M, Wu W, Wu W, Rosidi B, Zhang L, et al. (2006) PARP-1 and Ku

compete for repair of DNA double strand breaks by distinct NHEJ pathways.

Nucl Acids Res 34: 6170–6182.
32. Spagnolo L, Barbeau J, Curtin NJ, Morris EP, Pearl LH (2012) Visualization of

a DNA-PK/PARP1 complex. Nucleic Acids Research.
33. Mason KA, Raju U, Buchholz TA, Wang L, Milas ZL, et al. (2012) Poly (ADP-

ribose) Polymerase Inhibitors in Cancer Treatment. American Journal of

Clinical Oncology Publish Ahead of Print: 10.1097/COC.1090-
b1013e3182467dce.

34. Nelson G, Paraoan L, Spiller DG, Wilde GJC, Browne MA, et al. (2002) Multi-
parameter analysis of the kinetics of NF-kB signalling and transcription in single

living cells. Journal of Cell Science 115: 1137–1148.
35. Funahashi A, Morohashi M, Kitano H, Tanimura N (2003) CellDesigner: a

process diagram editor for gene-regulatory and biochemical networks.

BIOSILICO 1: 159–162.
36. Drager A, Hassis N, Supper J, Schroder A, Zell A (2008) SBMLsqueezer: A

CellDesigner plug-in to generate kinetic rate equations for biochemical
networks. BMC Systems Biology 2: 39.

37. Smith GCM, Jackson SP (1999) The DNA-dependent protein kinase. Genes &

Development 13: 916–934.

38. Lieber MR, Ma Y, Pannicke U, Schwarz K (2003) Mechanism and regulation of

human non-homologous DNA end-joining. Nat Rev Mol Cell Biol 4: 712–720.
39. Walker JR, Corpina RA, Goldberg J (2001) Structure of the Ku heterodimer

bound to DNA and its implications for double-strand break repair. Nature 412:

607–614.
40. Downs JA, Jackson SP (2004) A means to a DNA end: the many roles of Ku. Nat

Rev Mol Cell Biol 5: 367–378.
41. Hammarsten O, Chu G (1998) DNA-dependent protein kinase: DNA binding

and activation in the absence of Ku. Proceedings of the National Academy of

Sciences of the United States of America 95: 525–530.
42. DeFazio LG, Stansel RM, Griffith JD, Chu G (2002) Synapsis of DNA ends by

DNA-dependent protein kinase. The EMBO journal 21: 3192.
43. Grawunder U, Wilm M, Wu X, Kulesza P, Wilson TE, et al. (1997) Activity of

DNA ligase IV stimulated by complex formation with XRCC4 protein in
mammalian cells. Nature 388: 492–495.

44. Iliakis G (2009) Backup pathways of NHEJ in cells of higher eukaryotes: Cell

cycle dependence. Radiotherapy and Oncology 92: 310–315.
45. Shiloh Y (2003) ATM and related protein kinases: safeguarding genome

integrity. Nat Rev Cancer 3: 155–168.
46. van den Bosch M, Bree RT, Lowndes NF (2003) The MRN complex:

coordinating and mediating the response to broken chromosomes. EMBO

reports 4: 844.
47. Gross A (2008) A new Aven-ue to DNA-damage checkpoints. Trends in

Biochemical Sciences 33: 514–516.
48. Falck J, Coates J, Jackson SP (2005) Conserved modes of recruitment of ATM,

ATR and DNA-PKcs to sites of DNA damage. Nature 434: 605–611.
49. Burma S, Chen BP, Murphy M, Kurimasa A, Chen DJ (2001) ATM

Phosphorylates Histone H2AX in Response to DNA Double-strand Breaks.

J Biol Chem 276: 42462–42467.
50. Cann KL, Hicks GG (2007) Regulation of the cellular DNA double-strand break

response. Biochemistry and Cell Biology 85: 663–674.
51. Stiff T, O’Driscoll M, Rief N, Iwabuchi K, Lobrich M, et al. (2004) ATM and

DNA-PK Function Redundantly to Phosphorylate H2AX after Exposure to

Ionizing Radiation. Cancer Res 64: 2390–2396.
52. Anderson CW, Carter TH (1996) The DNA-activated protein kinase – DNA-

PK. Curr Top Microbiol Immunol 217: 91–111.
53. Mari P-O, Florea BI, Persengiev SP, Verkaik NS, Brüggenwirth HT, et al.

(2006) Dynamic assembly of end-joining complexes requires interaction between
Ku70/80 and XRCC4. Proceedings of the National Academy of Sciences 103:

18597–18602.

54. Gillespie CS, Wilkinson DJ, Proctor CJ, Shanley DP, Boys RJ, et al. (2006) Tools
for the SBML Community. Bioinformatics 22: 628–629.

55. Gillespie DT (1977) Exact stochastic simulation of coupled chemical reactions.
The Journal of Physical Chemistry 81: 2340–2361.

56. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, et al. (2000) The

Protein Data Bank. Nucleic Acids Research 28: 235–242.
57. Dolinsky TJ, Czodrowski P, Li H, Nielsen JE, Jensen JH, et al. (2007)

PDB2PQR: expanding and upgrading automated preparation of biomolecular
structures for molecular simulations. Nucleic Acids Research 35: W522–W525.

58. Dolinsky TJ, Nielsen JE, McCammon JA, Baker NA (2004) PDB2PQR: an
automated pipeline for the setup of Poisson ‘‘Boltzmann electrostatics

calculations’’. Nucleic Acids Research 32: W665–W667.

59. Baker NA, Sept D, Joseph S, Holst MJ, McCammon JA (2001) Electrostatics of
nanosystems: Application to microtubules and the ribosome. Proceedings of the

National Academy of Sciences 98: 10037–10041.
60. Peters GH, Frimurer TM, Olsen OH (1998) Electrostatic evaluation of the

signature motif (H/V)CX5R(S/T) in protein-tyrosine phosphatases. Biochem-

istry 37: 5383–5393.

Systems Model of Redox Regulation in NHEJ

PLOS ONE | www.plosone.org 11 February 2013 | Volume 8 | Issue 2 | e55190


