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ABSTRACT

The signature DNA lesion induced by ionizing radi-
ation is clustered DNA damage. Gamma radiation-
induced clustered DNA damage containing base
lesions was investigated in plasmid DNA under cell
mimetic conditions and in two cell lines, V79-4
(hamster) and HF19 (human), using bacterial endo-
nucleases Nth (endonuclease III) and Fpg (formami-
dopyrimidine DNA glycosylase). Following
irradiation with 60Co g-rays, induction of double-
strand breaks (DSB) and clustered DNA damage,
revealed as DSB by the proteins, was determined in
plasmid using the plasmid-nicking assay and in
cells by either conventional pulsed ®eld gel electro-
phoresis or a hybridization assay, in which a 3 Mb
restriction fragment of the X chromosome is used
as a radioactive labeled probe. Enzyme concentra-
tions (30±60 ng/mg DNA) were optimized to minimize
visualization of background levels of endogenous
DNA damage and DSB produced by non-speci®c
cutting by Fpg and Nth in cellular DNA. 60Co g-
radiation produces a 1.8-fold increase in the yields
of both types of enzyme sensitive sites, visualized
as DSB compared with that of prompt DSB in plas-
mid DNA. In mammalian cells, the increase in yields
of clustered DNA damage containing either Fpg or
Nth sensitive sites compared with that of prompt
DSB is 1.4±2.0- and 1.8-fold, respectively. Therefore,
clustered DNA damage is induced in cells by spar-
sely ionizing radiation and their yield is signi®cantly
greater than that of prompt DSB.

INTRODUCTION

Ionizing radiation causes a spectrum of biological effects
in cells. Damage produced within DNA may lead to
mutations and cancer in mammals. Ionizing radiation

produces a variety of DNA lesions through direct and
indirect effects, such as single-strand breaks (SSB),
double-strand breaks (DSB), AP sites (either apyrimidinic
or apurinic), DNA±DNA and DNA±protein cross-links
along with a plethora of base modi®cations (1±3). Many
endogenous DNA lesions, formed as by-products of
oxygen metabolism in cells, are chemically identical to
the individual lesions induced by ionizing radiation (4).
These endogenously induced lesions are mainly isolated.
Although many of the lesions induced by ionizing
radiation are isolated, radiation also induces clustered
DNA damage, which represent two or more lesions
formed within one or two helical turns of DNA and is
in part responsible for the biological effects of ionizing
radiation. This type of damage includes not only prompt
DSB, but also non-DSB clustered damage such as a SSB
formed in close proximity to additional breaks or base
lesions on both strands. It has been shown that as the
ionizing density of radiation and hence the yield and
complexity of clustered DNA damage increases, the
repairability of DSB in cells decreases (5±7). From
biophysical modeling (8), it was hypothesized that clus-
tered DNA damage induced by radiation is less readily
repaired than individual lesions. The cytotoxic, mutagenic
and carcinogenic effects of ionizing radiation may be
caused by clustered DNA damage.

The majority of studies have focused on DSB and less
so on non-DSB clustered DNA damage containing a
combination of base lesions or SSB. It is important to
consider the contribution that base lesions within clustered
DNA damage make to the biological severity of damage
induced by ionizing radiation. The majority of cells
maintain the integrity of the genome by repairing isolated
lesions in DNA using base excision repair and strand
break repair pathways (4,9,10). However, there is evidence
which shows that non-DSB clustered DNA damage
containing base lesions and/or SSB may compromise the
ef®ciency of eukaryotic DNA damage repair by reducing
the ability of glycosylases to excise base lesions and AP
endonucleases to incise AP sites within a clustered
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damage (11±19). There is also evidence in prokaryote
systems that non-DSB clustered damage is present and
may, in part, be converted into DSB post-irradiation (20).

It is also possible to detect non-DSB clustered lesions by
converting them into DSB using bacterial endonucleases,
which recognize and remove modi®ed DNA bases leaving AP
sites that are then converted into strand breaks by an
independent or associated glycosylase activity. The resulting
DSB can be detected in cells using pulsed ®eld gel
electrophoresis (PFGE) and in plasmid by constant ®eld gel-
electrophoresis. Previous studies have used bacterial enzymes
to detect base lesions induced in naked DNA (21,22). In this
study, Nth (endonuclease III) and Fpg (formamidopyrimidine
DNA glycosylase) were used to cleave oxidized pyrimidines
or oxidized purines, respectively, and convert the resulting AP
site into a SSB since each enzyme has associated AP lyase
activity (23). Both Nth and Fpg enzymes caused non-speci®c
cutting of non-irradiated DNA at high concentrations.
Therefore it was important to carry out titrations of enzyme
concentration versus DSB yield for each enzyme to ®nd the
optimum concentration for maximal speci®c cutting of base
lesions and minimal non-speci®c cutting. The plasmid-nicking
assay permits detection of SSB, DSB, base damage and non-
DSB clustered lesions in plasmid DNA. PFGE allows
detection of DSB and non-DSB clustered damage within the
whole genome of mammalian cells and the hybridization assay
allows detection of these types of damage in a smaller, gene
sized, fragment of the genome (24).

To date, non-DSB clustered DNA damage has been shown
to be induced in cells by heavy ion radiation (25). In this study,
the ®rst evidence that non-DSB clustered DNA damage is
induced in high abundance relative to prompt DSB in cells
even by sparsely ionizing (low LET) radiation is presented.
The yields of clustered DNA damage induced in cells has been
compared with that in plasmid DNA under conditions where
the mean diffusion distance of the water radicals are compar-
able with that in cells (cell mimetic conditions). For reasons
stated earlier, it is important to quantify the relative yields of
radiation induced lesions to the endogenous levels within
mammalian cells.

MATERIALS AND METHODS

Plasmid

Plasmid pUC18 (2686 bp) was prepared in its mainly (>95%)
supercoiled form using the caesium chloride preparation
method (26).

Cell culture

HF19 cells are non-transformed human ®broblasts derived
from the lung of a female fetus (27). V79-4 cells are ®broblasts
derived from the Chinese hamster ovary (CHO) cell lines.
Both cell types were grown as monolayers as described
previously (5). Brie¯y, cells were maintained at 37°C in 95%
air, 5% CO2, in Eagle's minimal essential medium (MEM,
Sigma), supplemented with 10% fetal calf serum (Mycoplex/
PAA), 0.1% penicillin/streptomycin (Gibco) and 0.1% L-
glutamine (Gibco).

Determination of radiation-induced DNA damage in
plasmid DNA

Plasmid nicking assay

Plasmid DNA (1.5 mg in 5 ml) was irradiated with 60Co g-rays
at 4°C, pH 7.5 in aqueous aerated solution containing 0.2 M
Tris as a scavenger to provide cell mimetic conditions. The
irradiations were carried out at a dose rate of ~50 Gy min±1.
After irradiation, the DNA was precipitated with ice cold
ethanol and resuspended in 40 ml endonuclease reaction buffer
(40 mM HEPES, pH 7.9, 100 mM potassium chloride, 0.5 mM
EDTA and 0.2 mg/ml BSA). Control, non-irradiated plasmid
was treated in the same way. Each sample was split into two
20 ml volumes, one for treatment with enzyme and one for
mock treatment without enzyme. Optimal concentrations of
Nth and Fpg enzymes were determined by titration (data not
shown) so that there is no signi®cant non-speci®c cutting of
non-irradiated plasmid DNA. Nth and Fpg enzymes (stored in
buffer containing 50% glycerol, 100 mM potassium phos-
phate, pH 6.6, 100 mM DTT and 0.005% Triton X-100) were
used at a ®nal concentration of 2.6 and 42 ng/mg DNA,
respectively. Mixtures were incubated at 37°C for 30 min
(Nth) or 60 min (Fpg) and the reaction was stopped by the
addition of 5 ml 0.5 M EDTA, pH 8.0. Samples were stored on
ice before addition of 10 ml of loading buffer [0.1%
bromophenol blue, 30% sucrose in 13 TBE (89 mM Tris,
89 mM boric acid and 2 mM Na2EDTA)]. Samples (20 ml)
were loaded onto a 1% agarose (Sigma type 1A) gel in 13
TBE at pH 7.1 and run at 74 mV/cm, 6 mA for 17 h at 4°C. The
resulting gel was subsequently stained in 600 ml 0.5 mg/ml
ethidium bromide in 13 TBE for 1 h at 4°C. DNA was
visualized on a UV transilluminator. An image of the gel was
captured through a CCD linked to a computer supporting
Quantity One (Bio-Rad laboratories) software and the relative
proportions of supercoiled, relaxed and linear plasmid were
determined. Ethidium bromide has a lower binding ef®ciency
to supercoiled form than to linear or relaxed DNA; intensities
of the supercoiled band were therefore multiplied by a factor
of 1.4 (28).

Determination of strand break yield. The SSB yield (SSB/Gy/
Da) was calculated using the following equation.

SSB yield = 1/(D37 3 2686 3 650) 1

Where D37 is the dose (Gy) required to give, on average, 1
SSB per plasmid molecule (assuming a Poisson distribution of
breaks), 2686 is the number of base pairs per plasmid
molecule and 650 is the molar mass of 1 base pair.

The yield of DSB was determined from the linear depend-
ence of the percentage linear plasmid on dose. The number of
DSB present at a dose corresponding to the D37 was calculated
after ®tting the D37 value to the linear regression analysis. The
yield of base lesions was calculated by subtraction of the yield
of SSB in plasmid that had received only mock enzyme
treatment from the yield of SSB in plasmid following enzyme
treatment. The yields of non-DSB clustered damage were
determined from the difference in yields of DSB determined in
the presence and absence of enzymatic treatment of irradiated
DNA.
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Determination of radiation-induced DNA damage in
mammalian cells

The fraction of activity released (FAR) assay

The FAR assay allows detection of induced DSB in the whole
genome of cells. A 24 h subculture of cells (2.5 3 105 cells) in
T25 ¯asks (Falcon) was labeled with tritiated [3H]thymidine.
Brie¯y, 5 ml of normal growth medium was replaced with
5 ml medium containing 92.5 ml PBS, 2.5 ml (1 mg/ml)
thymidine and 5 ml (37 MBq/ml) [3H]thymidine (Amersham
International). One hour before g-irradiation, the cells were
`chased' with unlabeled thymidine (0.1 mM) at 37°C and then
equilibrated at 4°C prior to g-irradiation. Aerated ¯asks were
irradiated with ~1 Gy/min 60Co g-radiation at 4°C as described
in (5). After irradiation, cells were trypzinized on ice to
minimize DSB rejoining and centrifuged at 150 g for 10 min at
4°C. The pellet was resuspended in 0.8% low gelling
temperature agarose (Sigma, type VII) (at 35±40°C) at a cell
density of ~0.25 3 106 cells/ml. A total of 100 ml of
agarose±cell mixture was immediately transferred into moulds
to form cell plugs that were placed on ice to set the mixture. In
this way, repair of damage was minimized during preparation
of the cell plugs.

Two different lysis conditions, namely proteinase-K lysis
and salt lysis, were used for determination of DNA damage
using the FAR assay. During proteinase-K lysis, cells are held
at 37°C for a prolonged period of time, whereas during salt
lysis, cells remain at 4°C. It should be noted that the percent
DNA extracted following salt lysis is lower than that following
proteinase-K lysis.

Proteinase-K lyse. Plugs were placed in 10 ml of buffer A
containing proteinase-K (0.05%), N-Lauroyl sarcosine (2%)
and 0.5 M EDTA at pH 7.5 for 1 h at 4°C, followed by 24 h at
37°C.

Salt lyse. Plugs were transferred into 30 ml ice cold buffer B
(10 mM Tris±HCl, pH 7.6, 140 mM NaCl, 1 mM MgCl2).
After 10 min on ice, the buffer was replaced with fresh buffer
B supplemented with 0.5% Triton X-100. After 20±30 min the
plugs were washed three times in buffer B to remove residual
detergent. Plugs were incubated at 4°C for 1 h in buffer B
containing 2 M NaCl and this was replaced with fresh buffer B
containing 2 M NaCl for continued incubation overnight. This
method of lysis of the cells maintained the DNA at 4°C
throughout.

Treatment of cells with Fpg and Nth. Plugs were washed at
least six times for 45 min each in TE buffer (10 mM Tris±HCl,
1 mM EDTA, pH 7.5) at room temperature. Prior to treatment
with Nth or Fpg proteins, plugs were suspended in 400 ml
1.253 endonuclease reaction buffer for 1 h at room tempera-
ture. For treatment and mock-treatments, plugs were sus-
pended in fresh 1.253 endonuclease reaction buffer
containing the optimum concentration of Nth or Fpg enzymes
(see Results). Reactions were incubated at 37°C for 60 min.

The yields of DNA DSB were measured using PFGE (Bio-
Rad model CHEF DR11). A 0.8% agarose (Ultrapure, Gibco)
gel was prepared in 0.53 TBE buffer. The yeast molecular
weight markers Schizosaccharomyces pombe (3.5±5.7 Mbp)

and Saccharomyces cerevisiae (0.2±2.2 Mbp) were used to
determine the exclusion size of the DNA. The conditions of
the PFGE run were 45 V with 60-min pulse times for 96 h at
pH 8.3 and 16°C. After electrophoresis, the gel was stained for
1 h with 0.5 mg/ml of ethidium bromide. DNA within the gel
was viewed over a UV transilluminator and the lanes of gel
containing the DNA were sectioned into 3±4 mm pieces.
Sections were placed into individual glass scintillation vials
with 200 ml of 1 M HCl to prevent re-gelling of the agarose,
and the mixture was heated to melt the gel. When the vials had
cooled, 3 ml of liquid scintillant (Optiphase Hisafe 3) was
added to each vial and mixed thoroughly by vortexing. The
activity of 3H in each vial was determined using a scintillation
counter (Beckman LS6500).

Determination of FAR. The yield of DSB after irradiation was
determined from the amount of DNA extracted from the well.

FAR = c.p.m. (lane)/[c.p.m. (lane) + c.p.m. (well)] 2

The percentage of activity released is given by FAR 3 100.
The value of FAR was converted into the yield of DSB/cell/Gy
using the following equation:

FRETAINED = exp[±hD(k/m)] {1 + ±hD(k/m) ´ [1 ± (k/m)]} 3

The experimentally determined FRETAINED = 1 ± FE, h is the
mean frequency of DSB per chromosome per unit dose, k is
the exclusion size of DNA able to leave the well (>5.7 Mbp),
m is the mean size of a chromosome. The value of m was taken
to be 245 Mbp for V79-4 cells and 130 Mbp for HF19 cells and
the number of chromosomes to be 22 for V79-4 cells and 46
for HF19 cells.

Hybridization assay

In this assay, induction of DSB is measured in a de®ned large
fragment of the genome (a 3 Mbp section of the X
chromosome) (24). Cells were irradiated as above and
suspended in agarose plugs as described for the FAR assay
(above), except that the cell density was ~2.5 3 106 cells/ml.

Cells were lysed in the plug with a solution of proteinase-K
(1 mg/ml), N-Lauroyl sarcosine (1%) and 0.5 M EDTA at
pH 8.0 for 1 h at 4°C, followed by 48 h at 50°C. Fpg and Nth
treatments were performed as described in the FAR assay.
Plugs were then washed twice in TE buffer and were
suspended in 1.253 NotI restriction enzyme buffer (7.5 mM
Tris±HCl, pH 7.9, 187.5 M NaCl, 7.5 mM MgCl2, 1.25 mM
DTT and 0.1 mg/ml BSA) for 1 h at room temperature. Each
plug was placed in fresh buffer containing 20 U NotI
restriction enzyme (Promega) and incubated at 37°C over-
night. The reaction was stopped by addition of 20 ml 0.5 M
EDTA, pH 8.0 and DSB yield was determined using PFGE
and Southern blotting as described by LoÈbrich et al. (24). An
agarose (Ultrapure, Gibco) gel was prepared at a concentration
of 0.8% in 13 TAE (0.04 M Tris±acetate, 0.001 M EDTA)
buffer. The yeast molecular weight markers S.pombe
(3.5±5.7 Mbp) and S.cerevisiae (0.2±2.2 Mbp) were also run
on each gel. The conditions of the PFGE run were 2 V/cm in
13 TAE buffer, pH 8.3 with 50±5000 s switch times for 72 h
at 12°C. After electrophoresis, the gel was stained for 1 h with
0.5 mg/ml ethidium bromide in TAE. DNA within the gel was

3466 Nucleic Acids Research, 2002, Vol. 30 No. 15



viewed over a UV transilluminator and photographed. The gel
was treated with 0.25 M HCl for 10 min to partially depurinate
the DNA therein. After rinsing in water, the gel was
transferred onto nylon membrane (Hybond-N+, Amersham)
with denaturing/transfer solution (0.5 M NaOH) using a
vacuum blotter for 90 min. The membrane was washed in 23
SSPE (150 mM NaCl, 10 mM sodium phosphate and 1 mM
sodium±EDTA, pH 7.4). Pre-hybridization was for at least 5 h
at 65°C, rotating in a hybridization oven (Hybaid) in buffer
containing 53 SSPE, 7.53 Denhardts, 3% SDS and 4 mg/ml
salmon sperm DNA. The probe speci®c for the 3 Mbp NotI
fragment of interest (ATCC 95474) was radioactively
labeled according to the manufacturer's recommendations
(Amersham rediprime II random primer labeling system) with
1850 KBq [a-32P]dCTP, speci®c activity 222 TBq/mmol.
Hybridization of the probe was performed overnight at 65°C
in pre-hybridization buffer. The membrane was washed,
wrapped in saran wrap and placed with a phosphorimager
screen for 1±5 days. The image was captured by phosphor-
imager (Bio-Rad molecular imager FX) and analyzed using
Quantity One (Bio-Rad) software. The yield of DSB (DSB/
fragment) was determined using equation 4, assuming a
Poisson distribution of DSB in the DNA. The equation
depends on the intensity of activity associated with the speci®c
3 Mbp band compared with the intensity of the whole lane,
relative to that in the control, non-irradiated DNA lane.

DSB yield = ±ln[(IBand/ILane)D/(IBand/ILane)control] 4

Where IBand is band intensity, ILane is intensity in the entire
lane, D is dose and control is non-irradiated DNA.

RESULTS

Plasmid

Figure 1 shows data from one experiment of the dependence of
the loss of closed circular plasmid DNA on radiation dose (at
4°C) after subsequent treatment with buffer at 37°C in the
absence and presence of Nth. The yields of SSB and base
damage, revealed as SSB following Nth treatment were
determined from the relative slopes of these dependencies.
The yield of base damage revealed by Fpg treatment was also
determined from dose dependencies (data not shown). The
yield of base damage (revealed as additional SSB by either
Nth or Fpg treatment) per SSB for plasmid DNA irradiated
under cell mimetic conditions is presented in Table 1 (column
2). Therefore substantial numbers of base lesions are induced
by Co60 g-radiation that are recognized by Nth and Fpg
enzymes. Treatment with both enzymes combined gave a
yield of base damage equivalent to that obtained by summa-
tion of individual yields of Fpg and Nth sensitive sites
(Table 1). Therefore these enzymes are effectively acting
additively and recognize only a minimum of the same
damaged sites [in accordance with Milligan et al. (29)]. The
number of strand breaks revealed by incubation with buffer at
37°C includes heat labile sites, consequently at 37°C an
additional 23% of SSB were observed compared with the yield
of SSB measured at 4°C.

Figure 2 shows the dependence of the yield of linear
plasmid DNA on radiation dose (at 4°C) after post-irradiation

treatment of the DNA with buffer at 37°C in the absence and
presence of Nth. The yields of DSB and non-DSB clustered
damage, converted to DSB by Nth treatment, were determined
from the relative slopes of these two dependencies. Similar
dependencies were determined with Fpg enzyme (data not
shown). Table 1 (column 3) presents the yields of DSB
revealed by treatment of irradiated DNA with Nth and/or Fpg
per DSB detected in the absence of enzyme treatments
following the same radiation dose. In this case, Fpg and Nth

Figure 1. Dependence of the loss of closed circular plasmid DNA on g-
radiation dose (at 4°C) after subsequent treatment with buffer at 37°C in the
absence (closed squares) and presence (open triangles) of Nth. This is an
example of data from one experiment.

Table 1. Yields of base damage per SSB and non-DSB clustered damage
per DSB, measured in plasmid DNA

Treatment Base damage Non-DSB clustered
damage

Nth 2.0 6 0.3a 0.8 6 0.3a

Fpg 0.9 6 0.2a 0.8 6 0.2a

Nth + Fpg 2.9 6 0.5a 1.6 6 0.5a

aMean of at least three repeat experiments.

Figure 2. Dependence of increase in linear plasmid DNA on g-radiation
dose (at 4°C) after subsequent treatment with buffer at 37°C in the absence
(open triangles) and presence (open squares) of Nth. This is an example of
data from one experiment.
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treatment both reveal 0.8 extra DSB per DSB (prompt and heat
labile). As these yields of DSB were measured at 37°C, heat
labile sites are included in this yield, which represents an extra
94% DSB compared with the yield measured at 4°C. The
combined treatment with Fpg and Nth gives a yield equal to
the sum of the yields from the individual treatments, implying
that the effect of the two enzymes is additive. These additional
DSB represent clustered DNA damage, converted into DSB by
enzyme treatment, but do not indicate the complexity of these
clusters, i.e. the number of lesions in the cluster.

The amount of damage detected in plasmid DNA has been
converted into a value of lesions/cell equivalent assuming 6 3
109 bp per human diploid genome. For SSB, the value is
2217.6 SSB/cell equivalent/Gy (5.6 3 10±10 SSB/Gy/Da in
pUC18). For base damage (recognized by Fpg and Nth
combined) the value is 6652.8 BD/cell equivalent/Gy (1.7 3
10±9 BD/Gy/Da in pUC18). For DSB the yield is 63 DSB/cell
equivalent/Gy (16 3 10±12 DSB/Gy/Da) and for non-DSB
clustered DNA damage the value is 101 lesions/cell/Gy
(25.5 3 10±12 BD/Gy/Da) (i.e. extra DSB after Nth and Fpg
treatment).

Induction of prompt DSB measured using the FAR
assay

Figure 3 shows the induction of prompt DSB, presented as %
FAR, in both HF19 and V79-4 cells as a function of 60Co g-
radiation dose. Based on % FAR per unit dose, almost twice as
many prompt DSB are induced in HF19 cells than in V79-4
cells by this type of radiation, consistent with data presented
by Foray et al. (30,31). They reported that HF19 cells
irradiated by g-radiation at 4°C produce FAR values of ~2%
FAR/Gy at low doses, whereas the majority of data (31±35) on
V79-4 cells give FAR values of ~1% FAR/Gy. Inserting
experimental data into equation 3 to convert the value of %
FAR into a yield of DSB, gave yields of 73.7 DSB/cell/Gy and
40.5 DSB/cell/Gy for HF19 and V79-4 cells, respectively.
These values are dependent upon the exclusion size used in
equation 3. If the value of the exclusion size is 10 Mbp, rather
than 5.7 Mbp, the resulting DSB yield would be: 40.7 DSB/
cell/Gy for HF19 and 22.6 DSB/cell/Gy for V79-4. The latter
yield in HF19 cells is consistent with the reported yield of 36
DSB/cell/Gy measured by Foray et al. (29) in HF19 cells
following g-radiation, using equation 3 and an exclusion size
of 10 Mbp.

Induction of non-DSB clustered DNA damage containing
Fpg sensitive sites (Fpg SS) measured using the FAR
assay

Titration curves for induction of clustered DNA damage
which are converted into DSB by Fpg were determined using
the FAR assay in both V79-4 and HF19 cells (Figs 4 and 5).
It should be stressed that V79-4 cells in Figure 4
had undergone a salt lyse at 4°C, whereas HF19 cells in
Figure 5 were lysed with proteinase-K at 37°C. In both
cases there is a clear relationship between enzyme
concentration and % FAR achieved with these different
lysis conditions. In both cell lines, an increase in not only
the yield of clustered damage containing Fpg SS in
g-irradiated DNA, but also in control, non-irradiated
DNA was observed as the enzyme concentration was
increased. The optimal enzyme concentration maximises

Figure 3. Dependence of the induction of prompt DSBs, presented as %
FAR, in both HF19 (open circles) and V79-4 (closed circles) cells on dose
of 60Co g-radiation. Lysis of cells in the FAR assay was performed with
proteinase-K (see Materials and Methods). Error bars represent the SEMs
calculated from at least three experiments.

Figure 4. Dependence of the induction of DSBs, presented as % FAR, on
Fpg concentration in V79-4 cells either un-irradiated (closed triangles) or
irradiated by 20 Gy 60Co g-radiation (closed squares). Lysis of cells in the
FAR assay was performed with NaCl (see Materials and Methods). Error
bars represent the SEMs calculated from at least three experiments.

Figure 5. Dependence of the induction of DSBs, presented as % FAR, on
Fpg concentration in HF19 cells either un-irradiated (open triangles) or
irradiated by 20 Gy 60Co g-radiation (open squares). Lysis of cells in the
FAR assay was performed with proteinase-K (see Materials and Methods).
Error bars represent the SEMs calculated from at least three experiments.
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inclusion of radiation induced clustered DNA damage
containing Fpg SS, whilst minimizing the non-speci®c cutting
component seen in non-irradiated DNA. This enzyme con-
centration was determined at the point where the difference in
DSB yield between the non-irradiated and irradiated DNA was
the greatest and the contribution of non-speci®c cutting was
<5%. The optimum concentration of Fpg is ~30 ng/mg DNA
for HF19 cells (Fig. 5) and 60 ng/mg DNA for V79-4 cells
(Fig. 4). Under these conditions the yield of DSB detected in
un-irradiated DNA is ~170 DSB/cell in HF19 cells and ~355
DSB/cell in V79-4 cells; these DSB include endogenous
clusters containing Fpg SS and those produced by non-speci®c
cutting of the DNA. The FAR values were determined after
treatment at 37°C in the presence or absence of Fpg. These
data can be converted into actual numbers of DSB and non-
DSB clustered DNA damage detected per cell per Gy and the
yields are shown in Table 2.

From Table 2 the increase in the yield of DSB in HF19 cells
following Fpg treatment is an extra 0.4 DSB for each prompt
DSB (including heat labile sites) formed. In V79-4 cells, the
maximum increase in DSB yield following treatment with Fpg
enzyme reveals an extra 1.1 DSB for each prompt DSB
(including heat labile sites) formed by radiation.

Induction of DSB and non-DSB clustered DNA damage
containing Nth sensitive sites (Nth SS) measured using
the HYB assay

The induction of DSB was measured using the hybridization
assay. Following a 20 Gy dose of g-radiation in the absence of
post-irradiation treatment with the enzyme, Nth, 0.33 prompt
DSB/fragment are induced (Fig. 6), equivalent to 33 DSB/cell/
Gy. This value is similar to that obtained by LoÈbrich et al. (24)
who determined 37.8 DSB/cell/Gy in human SP3 cells
irradiated with X-rays using a hybridization assay with a 1.6
Mbp fragment. However, it is lower than the value
determined using the PFGE assay, equation 3 and an
exclusion size of 5.7 Mbp. Figure 6 presents titration
curves for induction of Nth SS in HF19 cells by g-radiation,
determined using the HYB assay. A clear relationship
exists between enzyme concentration and detection of
extra DSB revealed following a post-irradiation treatment
with Nth. Not only does the yield of non-DSB damage
containing Nth SS increase in irradiated DNA, but the yields
also increase in non-irradiated DNA as the enzyme concen-
tration is increased. It is not possible to differentiate between
non-irradiated and irradiated DNA at high enzyme concen-
trations. The optimum enzyme concentration of Nth is
between 30 and 60 ng/mg DNA, which is cognate with data
obtained using the conventional FAR assay and Fpg enzyme.
Under these conditions the yield of DSB detected in un-
irradiated DNA is ~500 DSB/cell in HF19 cells: these DSB
include endogenous clusters containing Nth SS and those
produced by non-speci®c cutting of the DNA. For g-irradiation
of HF19 cells, the maximum increase in yield of DSB in
irradiated DNA after Nth treatment reveals an extra 0.8 DSB
for each prompt DSB formed. This represents 25 non-DSB
clustered damage/Gy/cell revealed by Nth treatment. This
value is similar to that previously reported by us for the yield
of non-DSB clustered DNA damage containing Nth SS
induced by g-radiation in V79 cells (36).

DISCUSSION

Signi®cant yields of non-DSB clustered DNA damage have
been detected in mammalian cells after exposure to sparsely
ionizing, low LET g-radiation, through the use of Fpg and Nth
as probes. The observation of non-DSB clustered DNA
damage induced by low LET radiation con®rms qualitatively
the predictions of biophysical simulations that radiation
induces non-DSB clustered DNA damage. Previously it has
been shown that very densely ionizing charged particles
produce clustered DNA damage in cellular DNA (25).

Data obtained using plasmid DNA show that the effects of
Nth and Fpg in inducing additional breaks are additive,
con®rming previous reports (37) that the overlap of substrate
speci®city of radiation-induced lesions is small. Therefore the
yield of non-DSB clustered DNA damage sites in cells has
been obtained from the sum of the yields of non-DSB
clustered DNA damage measured following individual treat-
ment with Fpg or Nth. The additive yields of Fpg and Nth sites
predict that the yield of AP sites induced directly by g-
radiation is small. AP sites are recognized by both enzymes
and converted into strand breaks. A low yield of AP sites was
con®rmed by the AP endonuclease HAP1, which does not
cleave g-irradiated plasmid DNA to a great extent (Siobhan
Cunniffe, Medical Research Council, Harwell, personal
communication). In mammalian cells, the yields of non-DSB
clusters containing enzyme sensitive sites (ESS) per DSB
measured at 37°C is 0.6 for HF19 cells and 0.9 for V79-4 cells.
In this case, the measured number of induced DSB includes

Table 2. Yield (lesions/cell/Gy) of prompt DSB and non-DSB clustered
DNA damage containing Fpg and Nth sensitive sites induced by ionizing
radiation in cells

Cell line Assay DSB Fpg Nth

HF19 FAR 74a 26a ±
HF19 HYB 33 ± 25
V79-4 FAR 40a 44a 32a,b

aCalculated using equation 3, assuming a k-value of 5.7 Mb.
bJenner et al. (36).

Figure 6. Dependence of the induction of DSBs on Nth concentration in
HF19 cells either un-irradiated (open squares) or irradiated by 20 Gy 60Co
g-radiation (open circles) and measured using the hybridization assay. Error
bars represent the SEMs calculated from at least three experiments.
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not only prompt radiation-induced DSB since 50% of the DSB
measured at 37°C are due to heat labile sites (38), which may
include oxidized abasic sites, for example 2-deoxyribonolac-
tone (39). Therefore the yield of non-DSB clusters containing
ESS per prompt radiation-induced DSB is 2.2 for HF19 cells
and 2.8 for V79-4 cells. In other words, of the total number of
clustered DNA damage sites induced by g-radiation in
mammalian cells, ~80% are due to non-DSB clustered DNA
damage. Sutherland et al. (25) report similar ratios of non-
DSB clusters: DSB measured in genomic DNA following high
LET charged particle radiation.

The yields above are lower limits of the number of non-
DSB clustered DNA lesions induced by g-radiation. There are
several situations in which clustered DNA damage will be
undetected using these enzyme probes, leading to an under-
estimation of their yield: (i) when a SSB or a damaged base
has an associated base lesion on the same DNA strand; (ii) not
every type of base lesion is recognized byÐor accessible toÐ
Nth and Fpg enzymes, for example 5-formyluracil, a major
product induced by ionizing radiation (40) is excised from
human DNA by a speci®c DNA glycosylase activity (41) and
5-(hydroxymethyl)uracil, also formed by ionizing radiation
(42) is recognized by a speci®c 5-(hydroxymethyl)uracil DNA
N-glycosylase (43); (iii) there is evidence to show that the
cutting by Fpg and Nth enzymes can be inhibited by the
presence of closely associated DNA lesions (14±18); and (iv)
if two sites of clustered DNA damage are located close to each
other, they will not be detected as distinct clustered damage
sites using the assays employed, as has been discussed for high
LET induced DSB (25).

The yield of SSB induced by g-radiation in mammalian cells
is ~1000 SSB/cell/Gy, and we have shown that Fpg treatment
reveals 26 (HF19) and 44 (V79-4) non-DSB clustered damage
sites and Nth treatment reveals 25 (HF19) and 32 (V79-4) non-
DSB clustered damage sites. Therefore, 1 in 20 (HF19) and 1
in 13 (V79-4) SSB has an associated Fpg SS or Nth SS on the
opposite DNA strand if the main type of clustered damage
revealed contains a SSB opposite to a base lesion. In other
words, in mammalian cells 5±8% of SSB have at least one
base lesion associated with them on the opposite DNA strand
following g-radiation. If the base lesion is found on the same
strand near to a SSB, this type of damage would not be seen as
a DSB.

Assuming that half of base damage sites are not detected
because they are on the same DNA strand as the initial lesion,
then it is inferred that at least 10±16% of SSB have an
associated ESS on either DNA strand. From biophysical
modelling, Nikjoo et al. (8) have calculated that 37% of all
SSB should have at least one base lesion on either strand
following g-radiation. In this study, 51 non-DSB clustered
DNA damage sites containing ESS per human cell/Gy,
revealed as an increase in the yield of DSB following g-
radiation and treatment with Nth and Fpg enzymes were
detected. Pouget et al. (44) reported that there are 576 Fpg SS
and 636 Nth SS per human cell/Gy g-radiation revealed as an
increase in SSB using the comet assay. These data, together
with the yield of SSB induced by g-radiation as 1000 SSB/cell/
Gy, mean that 2.3% (51/2203) of the yield of individual
lesions (SSB or Nth SS or Fpg SS) are non-DSB clustered
DNA damage.

Plasmid DNA investigations have allowed us to look more
closely at the formation of base lesions by g-radiation under
cell mimetic conditions. Many studies of base damage
induction in plasmid DNA by g-radiation have been conducted
under relatively low scavenging conditions (25,45). Under
these conditions, the majority of the damage comes from
interactions of isolated OH radicals with DNA. There are only
a few reports under cell mimetic conditions with high
scavenging capacities (46±48). The yield of base lesions per
SSB is 2.0 for g-irradiated plasmid DNA under cell mimetic
conditions (3 3 108 s±1). The base lesions were detected by
Nth and Fpg treatment. Prise et al. (47) report a higher yield of
2.7 base damage per SSB after g-radiation under these
conditions and Nth treatment of the plasmid DNA. Milligan
et al. (37) report 2.5 Nth SS per SSB and 3.0 Fpg SS per SSB
following g-irradiation of plasmid DNA under high scavenger
conditions. The yield of non-DSB clustered DNA damage per
DSB in plasmid DNA following g-radiation and treatment
with Nth and Fpg enzymes is 1.6. The DSB component
includes heat labile sites, which represent ~94% extra DSB to
the yield of DSB detected at 4°C. Therefore, the yield of non-
DSB clustered DNA damage per prompt DSB becomes 5.7.

What is the signi®cance of radiation-induced clustered
DNA damage when compared with the steady state levels of
spontaneously induced DNA damage? Many endogenous
oxidized base lesions in mammalian DNA are caused by
cellular respiration. These individual lesions are chemically
similar to those induced by ionizing radiation, but they occur
in isolation. An important consideration is that radiation
induced lesions are not only isolated but also occur as clusters
of lesions. A wide spectrum of oxidized base lesions have been
characterized in isolated DNA (49), however estimates of
background levels of oxidative DNA damage reported in the
literature vary widely. 8-oxoG is commonly used as a marker
for oxidative DNA damage and estimates of the value of
8-oxoG per 106 guanines differ depending on the assay used to
measure it. For example using HPLC to measure 8-oxoG in
cells, ®gures between 4 and 50 per 106 guanines
(4800±60 000/cell) (2,50±53) were determined. With the gas
chromatography±mass spectrometry (GC/MS) method, a
value of 300 per 106 guanines (360 000/cell) (54,55) was
obtained and, more recently, using the comet assay or alkaline
unwinding techniques together with endonucleases, values of
between 0.4 and 0.6 per 106 guanines (480±640/cell) were
determined (45,53). These discrepancies in yield may re¯ect
the differences in techniques used, due to artifactual oxidation
of DNA during processing. Recently, Pouget et al. (44) used a
chaotropic NaI method of DNA extraction coupled with the
high-performance liquid chromatography±electrochemical
detection (HPLC±EC) assay to determine a background
level of 0.2 8-oxoG/106 bases (2400/cell). All of these
estimates are in the range of 400±60 000 8-oxoG per cell
and it may be that the lower levels are more reliable for the
reasons mentioned above. Values of g-radiation-induced
non-DSB clustered damage determined in this study are
between 50 and 75 per cell per gray. Therefore at environ-
mental levels of low LET radiation, the number of non-DSB
clusters is low compared with the higher levels of endogenous
lesions present. However, these are not individual damaged
bases, but are in non-DSB clustered lesions associated with a
SSB or another damaged base in close proximity. Cells
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contain well-de®ned repair enzymes for individual lesions, but
it is not clear how clustered DNA damage is dealt with. Recent
evidence indicates that processing of lesions within clustered
DNA damage may be inhibited (11±19). Although radiation
induced non-DSB clustered lesions are rare they may be
biologically signi®cant if they are converted into DSB during
their repair or if their lifetime is extended within a cell through
stalled processing. The biological consequences of clustered
DNA damage may be signi®cant even at low doses since there
is a ®nite chance of a clustered DNA damage being formed in
a cell by a single radiation track.
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