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Abstract

To obtain an overall picture of the repair of DNA single and double strand breaks in a defined region of chromatin in vivo,
we studied their repair in a ~170 kb circular minichromosome whose length and topology are analogous to those of the
closed loops in genomic chromatin. The rate of repair of single strand breaks in cells irradiated with y photons was
quantitated by determining the sensitivity of the minichromosome DNA to nuclease S1, and that of double strand breaks by
assaying the reformation of supercoiled DNA using pulsed field electrophoresis. Reformation of supercoiled DNA, which
requires that all single strand breaks have been repaired, was not slowed detectably by the inhibitors of poly(ADP-ribose)
polymerase-1 NU1025 or 1,5-1QD. Repair of double strand breaks was slowed by 20-30% when homologous recombination
was supressed by KU55933, caffeine, or siRNA-mediated depletion of Rad51 but was completely arrested by the inhibitors of
nonhomologous end-joining wortmannin or NU7441, responses interpreted as reflecting competition between these repair
pathways similar to that seen in genomic DNA. The reformation of supercoiled DNA was unaffected when topoisomerases |
or ll, whose participation in repair of strand breaks has been controversial, were inhibited by the catalytic inhibitors ICRF-193
or F11782. Modeling of the kinetics of repair provided rate constants and showed that repair of single strand breaks in
minichromosome DNA proceeded independently of repair of double strand breaks. The simplicity of quantitating strand
breaks in this minichromosome provides a usefull system for testing the efficiency of new inhibitors of their repair, and since
the sequence and structural features of its DNA and its transcription pattern have been studied extensively it offers a good
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model for examining other aspects of DNA breakage and repair.
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Introduction

The molecular events implicated in repair of strand breaks in
DNA are becoming more clear (reviewed in [1-6]), but an overall
and quantitative picture of their repair in vivo which would
contribute to understanding the systems biology of repair and the
effects of inhibitors is not yet available. Current methods do not
allow simultaneous and precise quantitation of repair of single and
double strand breaks. Repair of double strand breaks, which are
believed to be the crucial lesions leading to cell death [7], is
commonly assayed by restoration of the normal length of genomic
DNA or restriction fragments using pulsed-field gel electrophoresis
(PFGE) [8-10]. Repair of single strand breaks, which may
contribute to loss of viability by relaxing superhelical stress in
genomic DNA loops and thus arresting transcription [11], cannot
yet be quantitated specifically by methods with comparable
precision.

As a model system to approach this question we are studying
the repair of strand breaks in vivo in a ~170 kb circular
minichromosome, the Epstein-Barr virus (EBV) episome, which
is maintained in the nuclei of Raji cells at 50-100 copies
localised at the periphery of interphase chromosomes [12-17].
Two features of this minichromosome make it an attractive
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model for genomic chromatin: it can be considered as a defined
region of chromatin in view of its canonical nucleosomal
conformation [13] and the well-studied sequence and properties
of its DNA [14], and its closed circular topology and length
resemble those of the constrained loops which genomic
chromatin forms in vivo [11,18,19]. After irradiating cells with
0Co y photons we assayed the repair of single strand breaks in
the minichromosome by quantitating the loss of nuclease Sl-
sensitive sites, and the repair of double strand breaks by PFGE
assays of the reformation of supercoiled DNA from molecules
which had been linearised. Circular molecules containing single
strand breaks could not be quantitated directly, and instead
their levels were calculated using a mathematical model
developed to fit the experimental data. We exploited the
possibility of quantitating repair in this system to examine the
implication of particular enzymes, particularly topoisomerases I
and II whose participation in repair has long been controversial
[20-24], poly(ADP-ribose) polymerase-1 (PARP-1) [25-32],
Rad51 [33], the catalytic subunit of DNA-protein kinase
(DNA-PKcs) [2-6,34], and ATM kinase [2-6,35,36]. New
features of the repair of strand breaks in vivo and of their
kinetics were revealed by mathematical modeling.
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Results

Strand Breaks in the Minichromosome in Irradiated Cells

The supercoiled minichromosome DNA [12] and the forms
which were expected to be produced in irradiated cells (linear,
linear fragments, and nicked circular; Figure 1A) were
quantitated by hybridising PFGE gels of total cell DNA with
a probe of EBV DNA, the linear form of the minichromosome
DNA [14] (Figure 1B). Nicked circular minichromosome DNA
formed by incubating deproteinised cells with the nicking
endonuclease Nb.BbvCI migrated diffusely between the sample
well and the supercoiled form (Figure 1B), probably as a result
of impalement on agarose fibres like other large nicked-circular
DNAs [37-39]. Molecular combing of DNA from this region
showed circular molecules 18111 kb in length (SEM from 30
molecules) with the conformation expected for nicked circles
(Figure 1C); these were not seen in DNA from untreated cells
and did not have the theta conformation characteristic of
replicating minichromosome DNA [40], while supercoiled DNA
does not bind to slides in these conditions ([41] and data not
shown). Because this region was diffuse and poorly separated
from the sample well and may also contain replicating DNA
molecules [37], we did not attempt to quantitate nicked circular
molecules directly and instead calculated their abundance by
mathematical modeling.

In irradiated cells the minichromosome DNA was converted to
a form whose length, measured by interpolation from markers,
was 17010 kb (SEM from three independent experiments), a
value not significantly different from that of full-length linear DNA
(~172 kb) (Figure 1B, lane 50 Gy). The amount of this DNA was
not significantly different from that when minichromosome DNA
was cut at its single Pacl site (p=0.45 from three replicate
experiments) (Figure 1D). FISH on combed linear DNA molecules
[42] from irradiated cells showed that their extremities were in
variable positions with respect to two specific probes (Figure 1E).
Together, these results show that the minichromosome DNA was
converted quantitatively to full-length linear DNA in irradiated
cells by one double strand break whose position was not specific
[43]. Minichromosome DNA molecules which had been linearised
by a double strand break were cleaved to shorter fragments by the
single strand-specific nuclease S1 [44,45] and therefore contained
multiple single strand breaks (Figure 1F). The mean length of the
S1 nuclease fragments did not decrease further when the
concentration of nuclease was increased (data not shown).

Repair of Strand Breaks

To quantitate repair rates precisely, the maximum conversion of
minichromosome DNA to the linear form was desirable and cells
were irradiated with 50 Gy, a dose similar to those commonly
used to study repair of genomic DNA (for example [46,47]). In the
conditions used for repair, irradiated cells continued to synthesise
DNA (Figure 2A). The single strand breaks in linear minichromo-
some DNA were repaired progressively (Figure 2B, C). Immedi-
ately after irradiation essentially all these molecules were cut by S1
nuclease to fragments of average length ~20 kb, consistent with
an average of 8 to 9 single strand breaks in each ~172 kb
molecule, while after 2 h of repair ~50% of the molecules had
been converted to the full-length linear form resistant to this
nuclease and therefore contained no single strand breaks

(Figure 2C).
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Repair of Double Strand Breaks and Recircularisation of
Minichromosome DNA

During incubation for repair, supercoiled DNA accumulated
progressively in parallel with a decrease of the linear form
(Figure 3), showing that the double strand breaks by which linear
molecules had been formed were religated. The sum of the linear
and supercoiled forms decreased during incubation, consistent
with an increase of the number of molecules which had been
recircularised but still contained single strand breaks and were not
quantitated directly. There was no evidence that minichromosome
DNA was lost due to cleavage by endogenous or apoptotic
nucleases during the repair period (see Discussion). Linear dimers
of minichromosome DNA which would have been formed by
incorrect end-joining were not detected (Figure 3A).

Effect on Repair of Inhibiting Topoisomerases | and Il

The question if topoisomerases I and/or II are implicated in the
repair of DNA strand breaks remains unresolved [20-24,48]. We
approached this question by inhibiting topoisomerases with
inhibitors of the catalytic type which trap a noncovalent reaction
intermediate and do not lead to cleavage of DNA after
deproteinisation. To inhibit topoisomerase II we employed
ICRF-193 [49-52] (100 uM), which was as efficient as etoposide
in trapping reaction intermediates in cells [53] (Figure 4A);
ctoposide traps all cellular topoisomerase II at the concentration
employed here [54]. The epipodophylloid F11782 [55-57] was
used to inhibit both topoisomerases I and II; its efficiency in
trapping enzyme-DNA reaction intermediates cannot be assayed
[55] and we used a concentration of 1 mM which 1s >50-fold and
>500-fold the I1C;5( for inhibition of human topoisomerases I and
II, respectively, and >500-fold the IC5 for inhibition of growth of
V79 cells [53].

Neither ICRF-193 nor F11782 had a significant effect on the
evolution of the levels of linear and supercoiled minichromosome
DNA during repair (Figure 4B, C). For supercoiled DNA the p-
values for the difference in level after 2 h in the presence or
absence of an inhibitor were 0.51 for ICRF-193 and 0.88 for
F11782, and for linear DNA 0.71 and 0.51 respectively.

Effect on Repair of Inhibiting PARP-1

PARP-1 has long been implicated in the sensing and repair of
single strand breaks, but the step in which it participates has not
yet been identified [25-32]. We inhibited PARP-1 by NU1025
[58] or 1,5-IQD [59] at a concentration of 200 uM; their 1Csq
values are 0.4 uM [58,59]. The characteristic immediate synthesis
of poly(ADP-ribose) (PAR) in irradiated cells was reduced by
>95% by these inhibitors (Figure 5A). No detectable inhibition of
repair of single strand breaks occurred since reformation of
supercoiled DNA, which can only occur when all single strand
breaks have been repaired, was not slowed (Figure 5B-D); the p-
value for the difference in the level of supercoiled molecules at
120 min in the absence or presence of an inhibitor was 0.71 for
NU1025 and 0.58 for 1,5-1QD.

Pathways for Repair of Double Strand Breaks

Double strand breaks in genomic DNA are repaired by two
major pathways, homologous recombination (HR) and nonho-
mologous end-joining (NHE]J). The HR pathway is initiated by
autophosphorylation of ATM on serine-1981 which initiates its
kinase activity [2—6]. The inhibitor of ATM kinase KU55933 [60]
reduced this phosphorylation in irradiated cells by ~95%, while
the mhibitor caffeine [61] reduced it by ~80% (Figure 6A). In
both cases, the rate of decrease of linear DNA showed a significant
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Figure 1. Strand breaks in minichromosome DNA in irradiated cells. (A) Supercoiled minichromosome DNA and forms which result from
strand breaks. (B) Minichromosome DNA separated by PFGE after incubating deproteinised cells with: lane C, no addition; lane Pacl, Pacl (100 u/ml,
3 h) which cuts minichromosome DNA at a single site; lane NbB, endonuclease Nb.BbvCl (100 u/ml, 1 h) which forms circular molecules containing
single strand breaks. Lane 50 Gy, cells irradiated (50 Gy) before deproteinisation; lane A, oligomers of A DNA. The gel was hybridised with a probe of
EBV DNA; for the gel images in this and following Figures the top includes the sample well and panels were assembled from lanes of the same gel. (C)
Representative DNA molecules believed to be relaxed circular minichromosome DNA containing single-strand breaks, extracted from the region close
to the origin of a gel of DNA from cells incubated with endonuclease Nb.BbvCl (panel B, lane NbB), stained with YOYO-1, and combed (see text). (D)
Quantitation of linear minichromosome DNA in irradiated cells compared with that after cleavage at its single Pacl site (100 u/ml, 3 h) in
deproteinised cells; error bars show SEM from three independent experiments. (E) Representative linear minichromosome DNA from irradiated cells
spread by molecular combing and hybridised with the two probes shown on the upper map; TR are the terminal repeat sequences by which the
minichromosome is circularised. The probes were labeled with biotin and detected with anti-biotin antibodies (green), and DNA was labelled with
BrdU and detected with anti-BrdU antibodies (red). The extremities of the molecules show the site of the double strand break; the probe positions
were aligned approximately considering the slightly variable stretching of DNA during combing. (F) Linear minichromosome DNA from irradiated
cells extracted from a gel, incubated without or with nuclease S1 (100 u/ml, 15 h), and subjected to PFGE.

doi:10.1371/journal.pone.0052966.9001

!

reduction of ~30% (Figure 6B) (p<<0.005 for KU55933, p<<0.01
for caffeine). This rate was reduced by ~26% in the presence of
mirin (Figure 6C) which indirectly inhibits the activation of ATM
without affecting its kinase activity [62,63], and by ~20% in cells
where Radb1, which participates uniquely in HR [33], was
depleted by ~90% by a specific siRNA (Figure 6D). Together,
these results are consistent in suggesting that 20-30% of the
double strand breaks in the minichromosome were repaired by

HR.
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Repair of double strand breaks by the NHE] pathway is
initiated by binding of Ku70/Ku80 to DNA extremities,
followed by recruitment of DNA-PKcs which is then activated
by phosphorylation on threonine-2609 [2-6]. This phosphory-
lation was inhibited essentially completely by wortmannin [64]
Pp=0.10 from two replicate experiments) and reduced by
~70% by NU7441 [65] (Figure 7A). Both of these inhibitors
completely arrested the repair of double strand breaks, as shown
by the constant level of linear minichromosome DNA
(Figure 7B-D) (p=0.55 for p=0.88 for

wortmannin,
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Figure 2. Repair of single strand breaks in linear minichromosome DNA. (A) DNA synthesis (incorporation of [14C]thymidine) in irradiated
and control cells in the conditions used for repair; error bars show SEM from three independent experiments. (B) Fragmentation by nuclease S1 of
linear minichromosome DNA isolated immediately after irradiation (50 Gy) or after repair for 2 h. Linear DNA was isolated from a gel of total cell DNA
and incubated without or with nuclease S1 for 15 h and the fragments produced were separated by PFGE. For these experiments sufficient linear
DNA could be conserved for 2 h only if repair of double strand breaks was arrested; this was achieved by including the DNA-PK inhibitor NU7441
during repair as described in the Section "Pathways for repair of double strand breaks". (C) Scans of the hybridisation signal from lanes in (B) (nuclease
S1 100 u/ml); the position of full-length linear molecules is indicated by the vertical dashed line.

doi:10.1371/journal.pone.0052966.g002

NU7441). The formation of supercoiled DNA continued,
reflecting ongoing repair of single strand breaks in circular
molecules. The relative contributions of HR and NHE] to the
repair of double strand breaks are considered in the Discussion.

Modeling the Kinetics of Strand Break Repair

To compute the abundance of circular minichromosome DNA
molecules which contained single strand breaks which could not
be measured directly, a mathematical model was developed to fit
the kinetics of repair (Figure 8A). This model offered the further
advantage of providing rate constants for repair of strand breaks,
as well as several conclusions which were not immediately evident
from the experimental data (see Discussion). The interconversions
of different forms of minichromosome DNA during repair were
expressed by first-order kinetics; these require fewer parameters
than Michaelis-Menten kinetics and if too many parameters are
considered unique values cannot be calculated (the model is non-
identifiable) and inferences are not reliable (see Discussion).
Initially, the rate constants for repair of double strand breaks in
molecules containing only a double strand break or also single
strand breaks (k; and k;) and for repair of single strand breaks in
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molecules with only these breaks or also a double strand break (%,
and £, were assigned different values, but the fit to the data was
not better than when identical values were used and the calculated
parameters were too sensitive to the choice of starting point for
optimisation. Identical values were therefore adopted for £, and £
and for £, and £, The input data were the levels of linear and
supercoiled DNA both during normal repair and when repair of
double strand breaks was arrested by NU7441, when £, and £y
were set at zero. We underline that the calculated £ values refer to
the fraction of the total molecules transferred between compariments per hour
and not to the number of strand breaks repaired per hour, and that they
are therefore average values for molecules which contain single
strand breaks because the number of these breaks varies in
different molecules (Figure 2).

The calculated levels of the different forms of minichromosome
DNA and their satisfactory fit to the experimental data are shown
in Figure 8B and C. The estimated rate constant for complete
repair of molecules which contained single strand breaks was
ky=ky =0.21 (95% confidence interval (CI) 0.16-0.27) and that
for repair of molecules containing double strand breaks was

ki=kqss =0.74 (95% CI 0.59-0.92).

January 2013 | Volume 8 | Issue 1 | 52966



Repair of DNA Strand Breaks in a Minichromosome

M Linear
] Supercoiled

A

- ) Not i
Not _Repairtime (min) jrrad
Airrad 0 15 30 6090 120120 6.
w
Super €
- =1
- coiled >4
g
- z
8
= 4 £ 21
o - . Linear ¢
o=
0

0 15 30 60 90 120
Repair time (min)

Figure 3. Repair of double strand breaks shown by the conversion of linear to supercoiled minichromosome DNA. (A) Linear and
supercoiled DNA during repair; the arrowhead shows the calculated position of linear dimers which would have been formed by incorrect end-
joining. (B) Linear (black columns) and supercoiled (white columns) minichromosome DNA quantitated by hybridisation; error bars show SEM from

three independent experiments. The horizontal dashed line shows the level of linear plus supercoiled minichromosome DNA before repair.

doi:10.1371/journal.pone.0052966.g003

If it was assumed that the rate constants during the first 2 h
were maintained, the level of the different forms of minichromo-
some DNA could be predicted for a longer period of repair
(Figure 8D). The relative quantity of linear DNA without single
strand breaks was predicted to increase transiently while that of
linear DNA with single strand breaks decreased, reflecting ongoing
repair of these breaks. When repair of double strand breaks was
inhibited, linear DNA without single strand breaks was predicted
to accumulate as expected if the repair of single strand breaks
continued. The level of the circular form containing single strand
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Discussion

The simultaneous repair of single and double strand breaks in a
defined region of chromatin in vivo has not been studied
previously using quantitative methods, to our knowledge. The
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Figure 4. Conversion of linear to supercoiled DNA is not affected when topoisomerase Il or both topoisomerases | and Il are
inhibited. (A) Efficiency of ICRF-193 (100 uM) in inhibiting topoisomerase Il compared with that of the noncatalytic inhibitor etoposide (100 uM),
assayed by quantitating covalent enzyme-DNA reaction intermediates in lysates of [*H]thymidine-labeled cells 1 h before incubation for repair. (B)
Effect of ICRF-193 (100 uM) or F11782 (1 mM) on the conversion of linear to supercoiled DNA during repair. (C) Quantitation of linear and supercoiled
DNA during repair. All error bars show SEM from three independent experiments.

doi:10.1371/journal.pone.0052966.9g004
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methods used to detect strand breaks in earlier studies, filter
elution or single-cell DNA electrophoresis, cannot provide
absolute numbers of breaks and the reported rates were variable
(for example [66,67]). We used two conditions to ensure that
strand breaks were quantitated accurately: for PFGE, DNA was
deproteinised at room temperature because extra strand breaks
are created at higher temperatures [68], and hybridisation was
carried out in dried gels because the transfer of large DNA
fragments onto membranes [9,10] is not quantitative [69]. In
another study [70] published while this manuscript was in
preparation, a significant amount of minichromosome DNA
remained in the sample well of PFGE gels and was interpreted
as nicked circles, but here little or no DNA remained in the wells
and nicked circular DNA migrated slowly into the gel, possibly
reflecting methodological differences. A Poisson distribution of
strand breaks was assumed in [70], but is not consistent with our
finding that only one double strand break is formed in
minichromosome DNA in irradiated cells (Figure 1 and [43]);
this assumption is not supported strongly by experimental evidence
and does not take into account the variable conformations and
microenvironments of chromatin in the nucleus. Single or double
strand breakage of minichromosome DNA by apoptotic or other
endogenous nucleases did not appear to be significant during
incubation of cells for repair. Supercoiled DNA in non-irradiated
cells showed no significant decrease in its level between 0 h and
2 h (Figure 3A). In irradiated cells its level remained identical to
that in control cells when topoisomerases or PARP were inhibited
(Figures 4, 5), but its stability in the presence of putative repair
inhibitors could not be measured since they influenced its
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Quantitation of linear and supercoiled DNA during repair; error bars show

reformation by repair pathways. The level of linear minichromo-
some DNA in irradiated cells remained constant when NHE] was
inhibited, with a p-value for the difference in level between 0 h
and 2 h of 0.55 for wortmannin and 0.88 for NU7441 (Figure 7).

To inhibit enzymes involved in repair of strand breaks, we used
chemical reagents whose specificity has been well established
because in most cases siRNA methodology did not provide
sufficient depletion of enzymes (for example, 50-60% depletion for
Ku70 and DNA-PKcs; data not shown). In other studies depletion
of PARP-1 [71,72], DNA ligases [73], and topoisomerase II [74]
was also less than complete and in some cases lethal [74].
Inhibitors of PARP-1 showed no effect on the repair of strand
breaks in minichromosome DNA. The precise step in which
PARP-1 intervenes in repair remains elusive; the current view is
that it is not indispensable for repair of single strand breaks in
genomic DNA [25-32,75-77] and its role appears to be indirect,
for example by binding to breaks and protecting them from further
degradation [78]. In another study using our experimental system
[70] published while this manuscript was in preparation,
knockdown of PARP-1 did not significantly affect repair of single
or double strand breaks.

A possible role for topoisomerases I or II in DNA repair has
been examined in several studies [20-24], but in some cases
noncatalytic topoisomerase inhibitors were employed which
themselves create strand breaks when DNA is deproteinised [49]
and therefore cannot provide evidence for a role of topoisomerases
in repair. Topological considerations predict that if nucleosomes
do not dissociate completely in the neighbourhood of a strand
break, the negative superhelicity which results from DNA
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with caffeine (10 mM) or KU55933 (20 uM), inhibitors of ATM kinase, or (C) with mirin (100 uM) which prevents activation of ATM without affecting its
kinase activity. (D) Repair in cells transfected with siRNA to silence expression of Rad51 or with a control siRNA; cells were irradiated 48 h later and
incubated for repair. Rad51 protein was detected in cell lysates by Western blot, with actin as a sample loading control. All error bars show SEM from

three independent experiments.
doi:10.1371/journal.pone.0052966.9006

wrapping on their surface would be conserved in the nicked
circular and linear forms. Thus after the repair of all breaks, the
religated circular form would recover the negative superhelicity of
the original circular minichromosome DNA. Our finding that the
conversion of linear to supercoiled minichromosome DNA
continues at the normal rate when topoisomerases I and II are
inhibited by catalytic inhibitors is consistent with this scenario.

It appeared paradoxical at first view that repair of double strand
breaks in the minichromosome was arrested completely by

PLOS ONE | www.plosone.org

inhibition of NHE], while 20-30% of the breaks appeared to be
repaired by HR as deduced from the effects of inhibiting activation
or activity of ATM kinase or depleting Rad51. These findings can
be interpreted plausibly by the mechanism which has been
proposed to understand similar observations on repair of double
strand breaks in genomic DNA, which is reported to be completely
inhibited when NHE]J is arrested by the DNA-PKcs inhibitor
wortmannin [79,80]; trapping of factors involved in NHE]J at
DNA extremities is suggested to prevent the access of factors
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doi:10.1371/journal.pone.0052966.9007

required for HR [5,81-83]. We underline, however, that the
particular pathway of double strand break repair which is arrested
when DNA-PKcs is inhibited does not influence the quantitative
outcomes of our model of repair kinetics. In genomic DNA the
fraction of double strand breaks repaired by HR varies in different
cell types [84-87] and is predominant in lower eukaryotes, whose
smaller genome may allow homologous chromosomes to find each
other more easily than those in higher eukaryotes [88]. Similarly,
HR may be favoured in the minichromosome due to the proximity
of numerous replicating and daughter DNA molecules in
replication compartments [16] whose limited volume would
facilitate finding a region of sequence homology in a neighbouring
molecule. Linear oligomers of minichromosome DNA were not
detected during repair, as also observed during repair of a 3 Mb
double-minute chromosome [46] and transfected plasmids [22],
reflecting juxtaposition of the extremities of the broken DNA by
Ku [2-6] and the RMX complex [89]; we propose that a further
important factor is the crowded macromolecular environment in
the nucleus [90] because crowding strongly favours DNA
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circularisation and ligation by ligases IIIb and IV-XRCC4 which
participate in NHE] [91].

Kinetic models of strand break repair can be constructed with
different degrees of complexity, but theory shows that the least
complex model is preferable to provide concrete predictions [92].
Our data were fitted well by using first-order kinetics (Figure 8A),
and we consider that this strategy was justified since other datasets
for DNA repair have been fitted satisfactorily by first-order kinetics
(for example [8,93]), which only deviate significantly from higher-
order models after two half-times (that is, after repair of 75% of the
strand breaks) [93]; further, theoretical arguments show that
“multiple processes (which are not neccessarily first-order) may
combine to produce kinetic behavior indistinguishable from first-
order and. are more likely to exist when reactions occur in a
complex environment” [94]. A number of conclusions which were
not directly apparent from the experimental data illustrated the
usefullness of modeling. First, when repair of double strand breaks
was arrested, the single strand breaks in linear molecules were still
repaired and circular molecules containing single strand breaks
were converted to supercoiled molecules at close to the normal
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rate (Figure 8B) showing that the systems which repair single and
double strand breaks operate independently, which has not been
demonstrated previously as far as we are aware. Second, the
calculated rate constants show that in an average linearised
minichromosome the double strand break was repaired three to
four times faster than all the single strand breaks, so that the rate-
limiting step for complete repair of minichromosomes was the
repair of single strand breaks. These repair rates cannot be
compaired directly with those reported for genomic DNA where
the methods used could not quantitate breaks directly, but
comparisons can be made in terms of the half-time for repair
which is independent of the radiation dose [95,96] and of the
length of the region considered [9]. In the minichromosome the
calculated half-time for repair of the double strand break in each
molecule was ~40 min, which is within the range of 20 to
110 min reported for genomic DNA [9,66,95]. For repair of single
strand breaks the half-time of ~140 min for repairing 8 to 9
breaks per molecule (Figure 2C) was equivalent to an average of
~16 min/break, which is within the range (10-30 min) reported
for genomic DNA [66,67,97-99].

This minichromosome offers an simple experimental system for
quantitative testing of potential inhibitors of repair of strand
breaks, and since the sequence and structural features of its DNA
and its transcription pattern have been studied extensively [14] it
provides a good model for examining other facets of DNA
breakage and repair, for example mapping strand breaks and
comparing repair in transcribed and nontranscribed regions. Such
studies may be relevant to the repair of DNA in genomic
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or when the repair of double strand breaks is arrested (dashed lines).

chromatin in view of the topological similarity of the minichromo-
some to chromatin loops and its position in regions of lower
chromatin density within the nucleus [15,17] where double strand
breaks in genomic DNA and sites of their repair are predomi-
nantly localised [100,101].

Materials and Methods

Cells, Irradiation, and Incubation for DNA Repair

Raji cells (an established cell line from L. Frappier, Department
of Molecular Genetics, Toronto [102]) were grown in RPMI-1640
with 2 mM L-glutamine and 10% heat-inactivated FBS. Growing
cells (0.5-1 x10°%) were washed in PBS, embedded in blocks of 1%
low melting-point (LMP) agarose for PFGE, immersed in growth
medium in closed 2 ml microtubes, and irradiated with *°Co vy
photons (Teratron, Atomic Energy of Canada) at 4.3 Gy/min on
ice. To follow DNA repair the blocks were transferred immedi-
ately into microplate wells containing growth medium at 37°C and
placed in a COy incubator. DNA synthesis was followed by adding
[methyl-'*C]thymidine (1.5 kBq/ml) and taking samples into 5%
TCA, collection on GF/B filters, washing with 5% TCA and 70%
ethanol, and liquid scintillation counting. For incubation with
restriction enzymes or endonuclease Nb.BbvCI (New England
Biolabs) cells were encapsulated in beads of 1% LMP agarose [19],
permeabilised in 10 mM Tris-HCI, 140 mM NaCl, 1 mM MgCl,,
pH 7.6, 0.5% v/v Triton X-100 (Sigma-Aldrich), and washed
3x30 min in this buffer without Triton X-100.
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Inhibition of Enzymes Involved in Repair

Wortmannin and caffeine (Sigma-Aldrich), NU1025 and 1,5-
1QD (Calbiochem), and NU7441, KU55933, and Mirin (Tocris)
were dissolved in DMSO. ICRF-193 (gift of J. Nitiss, Molecular
Pharmacology Department, St Jude Children’s Research Hospital,
Memphis) and F11782 (gift of J-M. Barret, Centre de Recherche
en Oncologie Expérimentale, Institut de Recherche Pierre Fabre,
Toulouse) were dissolved in DMSO and H,O, repectively.
Inhibitors were added to cultures 2 h before irradiation and to
the medium after irradiation. Inhibition of topoisomerase II was
assayed 1 h before incubation for repair in lysates of cells grown
for 48 h with [methyl-*H]thymidine (37 kBq/ml) [103]. Inhibition
of phosphorylation of DNA-PKcs or ATM was assayed using cells
cytospun onto polylysine-coated slides, fixed in 4% formaldehyde
in PBS for 15 min, permeabilised in PBS, 1% Triton X-100
(PBST) for 15 min, incubated in blocking solution (Boehringer) for
1 h and then with a mouse mAb recognising DNA-PKcs
phosphorylated on threonine-2609 (Abcam, 1:200) or ATM
phosphorylated on serine-1981 (Cell Signaling, 1:200) followed
by Alexa 488-goat anti-mouse (1:400). DNA was labeled with
DRAQ)S (20 uM, 10 min) (Invitrogen). Poly(ADP-ribose) forma-
tion was detected using a rabbit polyclonal antibody (Alexis, 1:50,
overnight at 4°C) followed by Alexa 594-goat anti-rabbit IgG
(1:200, 30 min at 37°C); DNA was stained with YOYO-1 (1 uM,
10 min). Antibody dilutions and washings were in PBST and slides
were mounted in SlowFade Gold (Invitrogen). Cells were imaged
(Nikon E800, 40x objective) and total pixel intensities and areas
were measured in 200 nuclei using MetaMorph 4.60 (Molecular
Devices).

Depletion of Rad51

Twox10® cells in 50 ul serum- and antibiotic-free RPMI
medium in wells of a 96-well dish were supplemented with 50 pl of
a preincubated mixture containing 0.8 pl Oligofectamine (Invitro-
gen) and 100 pmol siRNA for Rad51 (siGenome SMART pool,
Dharmacon) (this concentration of siRNA is required for efficient
depletion of enzymes in Raji cells [104]) and incubated overnight
at 37°C. Transfection efficiency was >85% as assayed using an
FITC-labeled nonsilencing siRNA (Cell Signalling). Cells were
irradiated after 48 h and incubated for repair. Rad51 protein was
quantitated by lysing cells in SDS/PAGE sample buffer, SDS/
PAGE, transfer to a nitrocellulose membrane, and probing with
anti-Rad51 antibody (H-92, Santa Cruz) and anti-actin (C2)
(Jackson ImmunoResearch) as loading control.

PFGE, Probes, and Hybridisation

Agarose blocks were deproteinised in 1 ml 0.2 M EDTA, 1%
SDS, 1 mg/ml proteinase K (Roche) for 48 h with rocking at
~18°C; this procedure solubilised >99% of the 10% TCA-
precipitable radioactivity from cells containing **S-labelled pro-
teins (data not shown). PFGE was in 1% agarose in 0.5X TBE at
14°C using 190 v for 20 h with pulse time increased linearly from
50 to 90 sec. Single strand breaks in linear minichromosome DNA
were detected by excising the corresponding region from a gel,
washing with S1 nuclease buffer, and incubation with S1 nuclease
(Invitrogen) for 15 h at 37°C. Hybridisation was performed on gels
placed on 3 MM paper, covered with plastic film, and dried under
vacuum at 60°C for 1 h. Dried gels were incubated in 0.5 M
NaOH, 1.5 M NaCl for 30 min, rinsed 3x in H,O, neutralised in
0.5 M Tris, pH 8.0, 1.5 M NaCl for 30 min, rinsed with HyO,
and incubated in 6X SSC for 20 min, all at room temperature.
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Prehybridisation (30 min) and hybridisation (18 h) were in 6X
SSC, 5X Denhardt’s solution, 0.5% SDS, 0.5 pg/ml human Cot-1
DNA (Invitrogen) at 68°C. The hybridisation probe was DNA of
EBV virus (GenBank AJ507799) prepared from B95-8 cells (an
established cell line from P. de Campos-Lima, Cancer Research
Centre, Québec [105]) or a specific probe for marker lanes,
labeled with [0-**P]dCTP (3000 MBq/mM) using Megaprime kits
(Amersham). Hybridised gels were washed 3x30 min in 0.1X
SSC, 0.5% SDS at 68°C, sealed in plastic film, and exposed to
Phosphorlmager screens. Signals were imaged, quantitated, and
scanned using ImageQuant (Molecular Dynamics) and are shown
as (1077 x arbitrary intensity units) in the region of interest after
subtracting the mean background in two identical adjacent areas.
Samples from the same cell population without or with an
inhibitor were processed in parallel, separated in the same gel, and
when a central marker lane was excised the remaining parts of the
gel were hybridised together. Repair rates were quantitated in
replicate experiments and inhibition was expressed as the
difference in level of forms of minichromosome DNA between
cells with and without an inhibitor after 2 h. p-values were
calculated by the unpaired t-test.

Molecular Combing and Hybridisation of
Minichromosome DNA

Linear minichromosome DNA from cells grown with BrdU was
excised from PFGE gels in LMP agarose. The agarose was
incubated with YOYO-1 (5 uM) for 30 min, washed in TE,
incubated in B-agarase buffer for 30 min on ice, melted in 50 mM
MES, pH 5.7 at 65°C for 10 min, and solubilised by B-agarase
(New England Biolabs) at 42°C for 4 h. Four pl of DNA in the
same buffer (~2 pg/ml) were placed on a 3-aminopropyl-
triethoxysilane-coated microscope slide (Sigma-Aldrich) and cov-
ered with a standard cover glass, which was pulled horizontally
across the slide at ~300 um/sec after 2 min. Slides with well-
spread DNA molecules as seen by fluorescence microscopy (Nikon
E800, 100x objective) were dried at room temperature for 5 min,
overnight at 60°C, incubated in 0.6X SSC, 70% formamide for
3 min at 95°C, and then in cold 70%, 85%, and 95% ethanol
(2 min each). The probes were an 8.1 kb BamHI-Sall fragment of
cosmid cM301-99 and a 29 kb HindIII fragment of cosmid cMB-
14 (gifts from G. Bornkamm, Institute for Clinical Molecular
Biology and Tumor Genetics, Munich) excised from an agarose
gel, purified on a Microcon YM-100 (Qiagen), and labeled with
biotin-11-dUTP (Fermentas) by nick translation. Hybridisation
was in a humidified chamber at 37°C for up to 48 h. Probes were
detected with FITC-goat anti-biotin (Sigma-Aldrich) (1:50,
20 min) followed by Alexa 488-rabbit anti-goat antibody (Invitro-
gen) (1:50, 20 min), and DNA by subsequent incubation with rat
anti-BrdU (Abcam) (1:30, 20 min) followed by Alexa 594-goat
anti-rat antibody (Invitrogen, 1:50, 20 min). Antibody dilutions
and washing were in PBS, 0.05% Tween-20. Minichromosome
DNA molecules identified by signals from both probes were
imaged (Bio-Rad MRC1024 confocal) and their lengths were
calculated using the factor of 2.2 kb DNA/pum after minor
adjustment of images to normalise the distance between the two
probes, as described in [42].

Modeling Repair Kinetics

Four compartments each containing one form of minichromo-
some DNA were considered together with the four ordinary
differential equations:
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where:

[X] =fraction of total amount (hybridisation signal) of DNA in
form X.

(S =supercoiled, L =linear, LSSB =linear with single strand
breaks, CSSB = circular with single strand breaks);

ks=rate of repair of molecules containing only a double strand
break;

k,=rate of repair of molecules containing only single strand
breaks;

ks =rate of repair of the double strand break in molecules
containing both a double and single strand breaks;

ky=rate of repair of single strand breaks in molecules
containing both single and a double strand break;

simn = switch reflecting inhibition of double strand break repair: 1
for normal conditions, 0 when repair was arrested by the inhibitor
NU7441 (Figure 7D).
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The rationale for using first-order kinetics is considered in the
Discussion. Fitting to the experimental data depended on
estimating parameters and initial conditions in normal conditions
or when double strand break repair was inhibited, using a least
squares approach to minimise the sum of squared residuals
(differences between data and the model’s output). Calculations
were made in MATLAB.
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