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Clustered DNA damages—two or more closely spaced damages
(strand breaks, abasic sites, or oxidized bases) on opposing
strands—are suspects as critical lesions producing lethal and mu-
tagenic effects of ionizing radiation. However, as a result of the
lack of methods for measuring damage clusters induced by ionizing
radiation in genomic DNA, neither the frequencies of their pro-
duction by physiological doses of radiation, nor their repairability,
nor their biological effects are known. On the basis of methods that
we developed for quantitating damages in large DNAs, we have
devised and validated a way of measuring ionizing radiation-
induced clustered lesions in genomic DNA, including DNA from
human cells. DNA is treated with an endonuclease that induces a
single-strand cleavage at an oxidized base or abasic site. If there
are two closely spaced damages on opposing strands, such cleav-
age will reduce the size of the DNA on a nondenaturing gel. We
show that ionizing radiation does induce clustered DNA damages
containing abasic sites, oxidized purines, or oxidized pyrimidines.
Further, the frequency of each of these cluster classes is compa-
rable to that of frank double-strand breaks; among all complex
damages induced by ionizing radiation, double-strand breaks are
only about 20%, with other clustered damage constituting some
80%. We also show that even low doses (0.1–1 Gy) of high linear
energy transfer ionizing radiation induce clustered damages in
human cells.

Ionizing radiation may produce cancer, death, and loss of
neural function in humans and animals, and it may induce

killing, mutation, and chromosomal aberrations in cells (1).
Humans are exposed to low doses of radiation—during air
travel, from radon in homes, during space travel, or in areas of
low-level contamination, including former sites of nuclear
weapon production—and can encounter much higher radiation
doses in contaminated areas such as Chernobyl or during
radiotherapy (1–5). However, ionizing radiation induces a pleth-
ora of types of DNA damages (6), and the identity of specific
lesions responsible for the biological effects of radiation remains
uncertain. Understanding the long-term effects of low and high
doses of ionizing radiation on living organisms requires identi-
fication of critical radiation-induced DNA lesions, measurement
of their repairability, and determination of the consequences of
misrepaired or unrepaired persistent lesions.

Lethal and mutagenic effects of ionizing radiation result
principally from incompletely or incorrectly repaired DNA
lesions (7, 8). Ionizing radiation induces high levels of isolated
DNA lesions, including SSBs, damaged bases, and abasic sites,
located at a distance from other damages (6). Such isolated
damages are generally repaired efficiently, and their repair may
be increased by priming ionizing radiation doses (9).

Ionizing radiation also induces closely spaced lesions, includ-
ing double-strand breaks (DSBs)—two or more SSBs on oppos-
ing strands within about 10–20 bp (10, 11)—and has been
postulated to produce other clustered damages (12), composed
of other lesions on both DNA strands. Although such clustered
damages have been postulated to be significant lesions that
induce biological damage (7, 8, 13, 14), it has not been possible
to evaluate their biological impact by measuring their induction

and repair. Model system studies of oligonucleotides with de-
fined lesions at specific relative spacings on opposing strands
indicate that clusters may comprise nonrepairable, highly repair-
resistant, or premutagenic damages (15–17). Whether low doses
of ionizing radiation produce significant levels of clustered DNA
damages in cells—and, if so, their compositions and frequen-
cies—is not known.

We reasoned that clustered lesions could be identified by
treating irradiated DNA with lesion-specific enzymes—
endonucleases making single-strand nicks at oxidized bases or
abasic sites: at each cluster site such an enzyme produces two
closely spaced single-strand nicks on opposing strands, resulting
in a DSB. We could then determine the frequency of the induced
DSBs (each resulting from a damage cluster) by quantitative
nondenaturing agarose gel electrophoresis to determine the
mobility distribution of the DNA (18–20) and hence the number-
average molecular length (Ln) of the resulting DNA population
(21). To test our hypothesis, we determined whether g-irradia-
tion of DNA in solution induced levels of clustered lesions that
could be measured by this approach. We show in this paper that
ionizing radiation induces clustered DNA lesions at significant
levels in DNA irradiated in solution. Furthermore, we show that
clustered lesions are induced and can be detected by these
methods in human cells exposed to 0.1- to 1-Gy doses of high
linear energy transfer (LET) radiation, 1-GeV Fe261 particles,
doses that result in high cell survival.

Methods
Irradiation and Enzyme Treatment of DNA in Solution. Bacteriophage
T7 DNA in 20 mM potassium phosphate buffer, pH 7.4, or in 10
mM TriszHCl, pH 8.0, was irradiated in plastic tubes with 137Cs
g rays (0.16–1.6 Gyymin) or 50-kVp x rays (5 Gyymin). Samples
were equilibrated with 70 mM Hepes–KOH, pH 7.6y100 mM
KCly1 mM EDTAy1 mM DTTy50 ng/ml BSA. They were then
treated with saturating levels (for reaction mixtures containing
500 ng of T7 DNA, from 0 to 100 Gy, Fpg protein, 60 ng; Nth
protein, 120 ng; and Nfo protein, 156 ng) of a lesion-specific
enzyme (Table 1) or without endonuclease for determination of
frank DSBs. After digestion was complete, traces of these
enzymes were removed by addition of proteinase K and EDTA
to final concentrations of 1.33 mgyml and 0.1 M, respectively,
and incubation at 37°C overnight. A neutral stop mixture
(0.125% bromphenol bluey0.5% sodium lauryl sulfate in 50%
glycerol) was then added to ensure dissociation of any persistent
DNA–protein complexes.

Damage Cluster Measurement. Samples were electrophoresed
along with molecular length standards (DNA from bacterio-

Abbreviations: DSB, double-strand break; LET, linear energy transfer; Mb and Mbp, mega-
base and megabase pair (one million bases or base pairs), respectively; SSB, single-strand
break.
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phages T4 and l and a HindIII digest of l DNA) in 0.4% agarose,
in Tris–acetate buffer, pH 8, using static field electrophoresis (30
V, 6°C, with buffer recirculation) for cluster frequencies more
than '30 sites per megabase pair (Mbp) or unidirectional
pulsed-field electrophoresis (22) (15 Vycm; 0.3-s pulse, 10-s
interpulse, 16 hr, 10°C with buffer recirculation) for lower cluster
frequencies. Gels were stained with ethidium bromide (1 mgyml)
and destained, and a quantitative electronic image was obtained
by using a charge-coupled device-based system (20). A DNA
dispersion curve (migration position on the gel vs. molecular
length) was constructed from the length standard DNA lanes.
DNA lane profiles (f luorescence from ethidium bromide bound
to DNA vs. migration distance) of the experimental samples
were determined and their Ln values were calculated. From these
Ln values, the frequencies of DSBs, fDSB, was calculated from
the equation (21):

fDSB 5 1yLn(1rad) 2 1yLn(2rad), [1]

where 1yLn(1rad) and 1yLn(2rad) are the reciprocals of the Lns
of irradiated and unirradiated samples. The frequencies of other
cluster sites, fC, (determined by treatment of samples subjected
to dose D, then subdivided; part was digested with Nfo protein,
Fpg protein, or Nth protein while the companion part was
incubated without enzyme), were calculated from the equation

fC 5 1yLn(1radD, 1enzyme) 2 1yLn(1radD, 2enzyme), [2]

where 1yLn(1rad, 1enzyme) and 1yLn(1rad, 2enzyme) are
reciprocals of Lns of sample pairs with and without enzyme,
respectively.

Clustered Damage Measurement in DNA from Irradiated Human Cells.
Human monocytes (ATCC CRL 9855) were grown on Iscove’s
modified Dulbecco’s medium (GIBCOyBRL) containing 10%
fetal bovine serum (HyClone) without antibiotics, and were
ascertained to be free of mycoplasma by periodic testing
(Bionique, Saranac Lake, NY). Cells in medium (1 3 106 cells
per 0.25 ml in small vials, chilled on ice), were exposed to low
doses (0–0.70 Gy, 0.1–1 Gyymin) of 1-GeVyatomic mass unit
(amu) Fe261 ions (LET, 149 keVyamu) from the Brookhaven
Alternating Gradient Synchrotron (23). Radiation doses were
monitored by ionization chambers and beam uniformity, by a
scintillatorycharge-coupled device camera system. Immediately
after irradiation, cells were harvested by immersion of the vial
into liquid N2 and stored in liquid N2 until processed. Each vial
of frozen cells was thawed rapidly, EDTA was added to 83 mM
final concentration, and the cell suspension was mixed with an
equal volume of 2% agarose (InCert; FMC), and formed into
plugs. The solidified plugs were treated with lysis solution [10
mM TriszHCly20 mM NaCly0.1 M EDTA, pH 8.3 (lysis buffer)

containing 1 mgyml proteinase K (Boehringer Mannheim) and
0.2% N-lauroylsarcosine] for at least 96 hr with daily changes of
lysis solution. Digested plugs were rinsed with TE (10 mM
TriszHCly1 mM EDTA, pH 8) to remove detergent, treated with
10 vol of TE containing 40 mgyml phenylmethylsulfonyl f luoride
(PMSF), and then rinsed twice (30 min each) with TE, stored in
L buffer (10 mM TriszHCl, pH 8.0y20 mM NaCly0.1 M EDTA).
DNA was digested with NotI for damage analysis (24); digestion
conditions were according to the supplier’s instructions (New
England Biolabs). The effectiveness of NotI cleavage of DNA
isolated by this method was determined by Southern blotting
using a 1.7-kb ClaI–EcoRI probe to the third exon of the c-myc
gene. Human DNA, along with molecular length standards, was
dispersed on a 1% PFGE (Amresco; Solon OH) or FastLane
(FMC) agarose transverse alternating field electrophoretic gel
(25) (TAFE; 30 min at 90 V with a 4-s switching time, then 16
hr at 190 V with a 60-s switching time; electrophoresis buffer, 10
mM Tris acetatey0.5 mM EDTA, pH 8). The human DNA
showed a single hybridizing band of 70 kb, the expected length
of this fragment.

For glycosylase treatment, duplicate plugs from each experi-
mental treatment were transferred to 70 mM HepeszKOHy100
mM KCly1 mM EDTA, pH 7.6, then to the same buffer
containing 1 mM DTT and 0.1 mgyml BSA. Plugs were then
treated with sufficient homogeneous, lesion-specific enzyme (for
one plug containing 500 ng of DNA, 1.2 mg of Nth protein) to
cleave at all substrate sites. To remove traces of these enzymes,
plugs were treated with proteinase K (1 mgyml), rinsed, and
equilibrated into electrophoresis buffer (10 mM Trisy87 mM
acetic acidy0.5 mM EDTA free acid, pH 8). Samples were
electrophoresed along with molecular length standard DNAs
(Saccharomyces cerevisiae chromosomes, l ladders) using neutral
TAFE (25). Gels were stained with ethidium bromide and
destained, and an electronic image was obtained. A DNA
dispersion curve was determined by using a spline-fitting pro-
cedure, the Lns of the experimental DNAs were calculated, and
cluster lesion frequencies (fC) in the 1.3-Mbp DNA populations
were computed according to Eq. 2 (19).

Results and Discussion
Fig. 1 shows the principles of identification of clustered damages
by this method. In A, DNA is either unirradiated or exposed to
ionizing radiation. In B, the left oval shows that unirradiated
DNA remains the same size, whereas the right oval shows that
radiation induces DSBs and clustered damages (closely opposed
damages on opposing strands—either an oxidized base opposite
a SSB or two closely apposed oxidized bases). C (block 1 vs. block
2) shows that treatment with a lesion-specific enzyme does not
affect the size of the unirradiated DNA. Block 3 of C shows that,
in the absence of lesion-specific enzyme treatment, the size of the

Table 1. Enzymes for identifying clustered and isolated damages and their substrates

Enzyme
Principal lesion
class recognized Lesions recognized*

Escherichia coli formamidopyrimidine-
DNA glycosylase (Fpg protein)

Oxidized purines FaPy, 2,6-diamino-4-hydroxy-5-N-methylformamidopyrimidine
FaPy-adenine, FaPy-guanine, C8-oxoguanine, some abasic sites,
C8-oxoadenine, and to a lesser extent, other modified purines (45–49)

E. coli Nth protein (endonuclease III) Oxidized pyrimidines Thymine residues damaged by ring saturation, fragmentation, or ring
contraction, including 5,6-dihydrothymine, thymine glycol, urea,
5-hydroxy-5-methyl hydantoin, DNA damaged at guanine sites, and
some abasic sites (48–51)

E. coli Nfo protein (endonuclease IV) Abasic sites Several types of abasic sites, including oxidized abasic sites, abasic sites
modified with alkoxyamines, and DNA containing urea residues (34, 52)

*5-Hydroxycyctosine and 5-hydroxy-29-deoxyuridine are substrates for Fpg protein and Nth protein, but neither is formed at significant levels during aerobic
irradiation.
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irradiated DNA is decreased by DSBs but not by clustered
damages. Block 4 of C shows that treatment with the lesion-
specific enzyme induces a de novo DSB at the site of each

clustered damage. D is a schematic representation of a neutral
pH agarose gel. Comparison of lanes 1 and 2 (containing DNA
from blocks 1 and 2 of C) shows that the lesion-specific enzyme
does not affect the size distribution of the unirradiated DNA.
Lane 3 (DNA from block 3 of C) shows that radiation-induced
DSBs reduce the size of the DNA, and lane 4 (DNA from block
4 of C) shows that action of the lesion-specific enzyme results in
a de novo DSB at the site of each clustered damage, further
reducing the size of the DNA.

Fig. 2 shows a representative neutral agarose gel for damage
cluster analysis. Lanes 1–10 contain T7 DNA exposed to 0–50 Gy
of 50-kVp x rays, and 11–20, T7 DNA exposed to 0–10 Gy of
137Cs g rays. The samples are paired at each dose, with the first
of each pair not treated with enzyme, and the second, treated
with Fpg protein. Inspection of lanes 1, 3, 5, 7, and 9 clearly shows
that x irradiation alone induces DSBs; likewise, lanes 11, 13, 15,
17, and 19 show induction of DSBs by g rays. Treatment of the
unirradiated DNA with Fpg protein (lanes 2 and 12) indicates
the presence of very few, if any, clustered sites in unirradiated
isolated T7 DNA. However, inspection of DNAs treated with
Fpg protein after irradiation—for x rays, lanes 4, 6, 8, and 10, and
for g rays, lanes 14, 16, 18, and 20—clearly shows that this
enzyme induces de novo DSBs, compared with those induced by
the radiation alone. These de novo DSBs represent sites of
clustered damage revealed by Fpg protein treatment.

Fig. 3 shows quantitative data resulting from such an analysis.
Irradiation of isolated DNA with 137Cs g rays produces at least
four classes of clustered damages. Fig. 3A depicts a frank DSB,
defined functionally as two or more SSBs on opposite strands
within '10–20 bp (10, 11), and the yields of DSBs induced by
irradiation of T7 DNA in solution under our conditions. Upon
electrophoresis in nondenaturing conditions, DSBs decrease the
average length of a population of DNA molecules; such changes
in average molecular length can be quantitated by number-
average length analysis (21). Data are presented on a log–log plot
to display both the full range of cluster yields and doses for
analysis of mechanism(s) of cluster production.

Fig. 1. Determination of clustered lesions. (A) DNA remains unirradiated
(Left) or is exposed to ionizing radiation (Right). (B) Unirradiated DNA is
unchanged in size (left oval), whereas radiation produces DSBs and clustered
lesions containing damaged bases or abasic sites at approximately equal
frequencies (right oval). (C) Treatment of unirradiated DNA with a lesion-
specific enzyme has little or no effect on the size of the DNA molecules (block
2 relative to block 1). Irradiated DNA contains both DSBs (which reduce the size
of the DNA) and clustered lesions (which do not reduce DNA size) (block 3);
however, lesion-specific enzyme treatment of irradiated DNA (through re-
lease of damaged bases and AP endonuclease action) generates de novo DSBs
at cluster sites (block 4). (D) DNA molecules from experimental samples, along
with molecular length standard DNAs (ML), are dispersed according to dou-
ble-strand molecular length by agarose gel electrophoresis under neutral
conditions. Ionizing radiation also produces isolated DNA damages (not
shown) that lesion-specific enzyme treatment converts to SSBs but not to
DSBs.

Fig. 2. Electronic image of a neutral unidirectional pulsed-field agarose gel for damage cluster analysis. Lanes 1–10 contain T7 DNA exposed to 0–50 Gy of
50-kVp x rays, and lanes 11–20, T7 DNA exposed to 0–10 Gy of 137Cs g rays. The samples are paired, with the first of each pair not treated with enzyme, and the
second, treated with Fpg protein. M lanes contain molecular length standards (l DNA and a HindIII digest of l DNA); unirradiated T7 DNA was also used as a
length standard in calculating the DNA dispersion function.
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In the absence of further treatment and under neutral con-
ditions, none of the other clustered lesions (Fig. 3 B–D) result in
a decrease of the length of double-stranded DNA molecules.
Although the frequencies of individual lesions composing the
clusters may be measured by treating DNA with a lesion-specific
endonuclease, followed by electrophoresis under denaturing
conditions (see, e.g., refs. 26–28), this measurement yields the
total lesion frequency, regardless of its configuration as an
isolated or clustered damage.

To determine cluster frequencies, we combined lesion-specific
DNA cleavage with subsequent analysis by quantitative neutral
agarose gel electrophoresis and electronic imaging. Fig. 3B
shows that abasic clusters—a damage cluster containing at least
one abasic site—are produced by g-irradiation (1–100 Gy) of
isolated T7 DNA, and can be measured by treatment with E. coli
Nfo protein, which cleaves the phosphodiester backbone prin-
cipally (Table 1) at abasic sites. Similarly, clustered lesions
containing at least one Fpg protein site (principally oxidized
purines) (Fig. 3C) are converted to frank DSBs by digestion with
Fpg protein, which has glycosylase activity and nicks at apurinic
sites by b-lyase activity. Likewise, radiation-induced clusters
containing at least one Nth protein site [principally oxidized
pyrimidines (Table 1), Fig. 3D] are revealed by treatment with
that enzyme. Clusters whose recognition requires cleavage by
two glycosylases were not measured routinely (e.g., an oxidized
purine opposite an oxidized pyrimidine, with no other sites
cleavable by these enzymes or SSBs nearby).

We used nonradioscavenging conditions (dilute DNA in phos-
phate buffer) to maximize damage yields and decrease the
irradiation times at our 137Cs g source for the largest doses from
hours to minutes. The range of ionizing radiation-induced
lesions depends strikingly on the level of scavengers, with SSBs
varying as much as 500-fold with high to low scavenger concen-
trations (29). Measurement of SSBs in the DNA samples shown
in Fig. 3 allows us to assess the level of scavengers in our DNA
solutions and to compare with the results of others. Milligan et
al. (29) obtained 66 SSBs per Mb per Gy in the absence of
scavengers, and '0.1 SSB per Mb per Gy in highly radiopro-
tective solution. Prise et al. (30) obtained 0.34 SSB per Mb per
Gy by irradiating DNA in Tris, indicating the radioprotective

nature of this solution. Brake (31) obtained 55–67 total and 30
frank breaks for DNA irradiated in phosphate buffer, and Chen
and Sutherland (32) obtained 36 frank breaks under similar
conditions. In phosphate buffer, we obtained 57 total breaks
(and calculated 32 frank breaks), in good agreement with
previous data. Similarly, the yields of DSBs depend strongly on
the scavenger levels; the yields of Prise et al. of 0.015 DSB per
Mbp per Gy reflect their highly radioprotective conditions, and
ours of 2.4 DSBs per Mbp per Gy, the result of the low level of
scavengers in our solutions. Similar DSB yields (2.1 DSBs per
Mbp per Gy) were obtained by Chen and Sutherland (32). We
also measured DSBs and other clustered damages in T7 DNA
irradiated with g rays under moderately radioprotective solution
(10 mM Tris, pH 8) and obtained yields of 0.07, 0.03, 0.03, and
0.08 site per Mbp per Gy for DSBs, oxidized pyrimidine clusters,
abasic clusters, and oxidized purine clusters, respectively (data
not shown), indicating much lower yields of all damages in the
presence of scavengers.

The observation that the log–log plots in Fig. 3 of the DSB
frequency vs. the radiation dose fall close to straight lines implies
that the frequency of breaks is proportional to some power of the
dose and hence can be described by the equation:

f 5 aDx, [3]

where f is the frequency of DSBs induced either by irradiation
alone (Eq. 1) or by irradiation followed by enzymatic treatment
(Eq. 2), D is the radiation dose, a is a proportionality constant,
and x is an exponent indicating the degree of the power law
relationship. Experimentally, x is determined from the slope of
the log–log plot from the equation:

log f 5 x(log a 1 log D). [4]

The experimental result that x is close to unity for all the results
presented in Fig. 3 (DSBs, 1.00; abasic clusters, 1.05; Fpg
sitesyoxidized purine clusters, 1.05; Nth protein sitesyoxidized
pyrimidine clusters, initial slope 0.94) indicates a direct propor-
tionality between cluster lesion frequency and dose—i.e., f 5
aD and thus each cluster we measure results from a single
radiation track. The relative frequencies of various cluster sites

Fig. 3. Schematic representation of the configuration of clustered lesion classes in DNA and dose responses for their induction in isolated T7 DNA by exposure
to g rays. (A) DSBs. (B) Abasic clusters (abasic site opposite SSB, upper diagram, or abasic site, lower diagram) converted to a DSB by Nfo protein digestion. (C)
Oxidized purine clusters (oxidized purine opposite SSB, upper diagram, or oxidized purine, lower diagram) converted to a DSB by treatment with Fpg protein.
(D) Oxidized pyrimidine clusters (oxidized pyrimidine opposite SSB, upper diagram, or oxidized pyrimidine, lower diagram) converted to a DSB by treatment with
Nth protein. In B–D, levels of radiation-induced DSB are subtracted. Clusters of oxidized purine opposite oxidized pyrimidine, and of multiple lesions on opposing
strands are not considered. Symbols: small, results of 2–10 individual gels; large, averages; A–C, least-squares lines fit on a log–log plot of the averages of the
site frequencies as a function of the doses; D, least-squares line for 0- to 5-Gy data.
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per unit dose, a, are characterized on the log–log plots of Fig. 3
by the vertical displacement of the straight lines (see below).

In addition to frank strand breaks and damaged bases, ionizing
radiation also produces at least three kinds of abasic sites, with
only about 10% of the sites resulting from oxidation of deoxyri-
bose being ‘‘regular’’ abasic sites (the same as those produced by
DNA glycosylases). The rest are oxidized abasic sites, both 49 and
(less likely) 29, with a minor fraction of 19 sites (33). Because Nfo
protein cleaves oxidized abasic sites efficiently, and regular
abasic sites fairly well (34), it is likely that the abasic clusters we
measure contain regular as well as oxidized abasic sites. Since
Fpg protein is reported to cleave oxidized abasic sites poorly
(34), the clusters revealed by Fpg cleavage probably contain
largely oxidized purine sites, with a minority of radiation-
induced abasic sites. The Nth protein cleaves regular abasic sites
well, but seems to cleave oxidized abasic sites poorly (34); thus
the Nth-site clusters probably contain principally oxidized py-
rimidine sites and ionizing radiation-induced regular abasic sites.
Comparison of the cluster yields in Fig. 3 at a constant dose (e.g.,
1 Gy) shows that the frequencies of the different cluster classes
produced by g-irradiation of DNA in phosphate buffer vary:
normalized to the frequency of DSBs as 1, the ratios are 2
oxidized purine clusters to 1.5 abasic clusters to 0.56 oxidized
pyrimidine clusters.

Because the Nth and Fpg proteins have multiple substrates
(see Table 1), clusters revealed by treatment with these enzymes
will include all substrate lesions in clusters that are recognized
and DNA nicked under our conditions. In addition to the simple
configurations shown, clustered lesions (including DSBs) may
include other nearby damages. In model systems, clusters con-
taining very closely spaced opposing damages are cleaved poorly
or not at all by lesion-recognizing enzymes, and the identity of
the constituent partners and opposing bases can determine
susceptibility to cleavage (15–17). Additionally, in nondenatur-
ing electrophoresis, opposing lesions separated by more than
'10–20 bp would not be expected to produce a DSB and hence
under our conditions would not be detected as a cluster. Thus,
the cluster levels we measure may underestimate the total
frequencies of multiple lesion sites that produce biological
effects ascribed to clustered lesions. We also investigated
whether lower energy photons produce clustered lesions. We
found that 50 kVp x rays induced all four cluster classes in
isolated DNA (See Fig. 2), apparently producing somewhat
different ratios of frequencies of the classes (data not shown)
than are produced by g rays.

Fig. 3 shows that irradiation of DNA in solution induces
clustered damages. However, because the internal cellular milieu
contains radical scavengers, ionizing radiation induces lower
damage yields in intact cells than in isolated DNA (35). However,
the spatial condensation of DNA within cells compared with
isolated DNA in solution might increase the production of
clustered lesions. We asked whether measurable levels of dam-
age clusters were formed in cells irradiated with low doses of high
LET radiation. Fig. 4 shows that irradiation of human cells with
0–0.70 Gy of 1-GeV per nucleon Fe261 ions produces approx-
imately comparable levels of DSBs and oxidized pyrimidine
clusters. Thus, these data indicate that such clusters are formed
at significant levels in human cells, even at low doses corre-
sponding to cell survival .90%. Preliminary results indicate that
low LET radiation (137Cs g rays and 50-kVp x rays) also produce
at least one cluster class (oxidized purine clusters, recognized by
Fpg cleavage) at yields comparable to DSBs (data not shown).

Closely spaced abasic sites in DNA have also been detected
by a f luorescence energy transfer method (36), but the limit of
sensitivity of '1 per 17,000 bp would correspond to high
radiation doses ('400 Gy, cf. Fig. 3). Irradiation of plasmid
DNA with 900–10,000 Gy of neutrons produced short DNA
fragments consistent with clustered DSBs (37). Thermal de-

naturation and S1 nuclease analysis of g-irradiated l DNA
suggested production of bulky lesions (38). S1 nuclease and
gamma endonuclease treatment of l DNA irradiated with
2,000–8,000 Gy of g rays suggested the close proximity of
unpaired DNA regions and base damages (39), and S1 analysis
of human cells exposed to 100 Gy of g rays indicated closely
spaced damages, probably nicks and gaps (40). At these high
doses, clusters could include sites resulting from multiple
independent radiation hits. Lam and Reynolds (41) used
Micrococcus luteus endonuclease treatment of mammalian
DNA to show that ultraviolet radiation apparently produces
clustered pyrimidine dimers at extremely low frequencies at
physiological doses.

Clustered lesions are expected to constitute poorly repairable
lesions that could produce mutations, induce inaccurate tran-
scription, or constitute persistent lesions even in cells exposed to
low levels of radiation. The mechanisms of repair of lesion
clusters in cells are not yet clear, although studies with small
oligonucleotides suggest possible pathways (15, 16, 42). In the
cell, clusters may be subject to the same rejoining signals and
pathways as are frank DSBs. However, if one member of a cluster
were repaired independently of opposing lesions, the same
mechanisms that deal with isolated damages might prevail (43,
44). Further, the identity of the individual lesion in the cluster
may dictate the repair path and susceptibility to repair by that
path, and thus the severity of biological consequences of the
cluster.

Our results show that clustered damages involving abasic sites
and oxidized bases are induced in isolated DNA by ionizing
radiation, both photons and particle radiation, and that such
clusters constitute about 80% of the total complex damages, with
DSBs being only about 20%. We show that high LET radiation
produces oxidized pyrimidine clusters in human cells. Our
approach also provides a foundation for correlating clustered
lesions induced by ionizing radiation in cells, tissues, or organ-
isms with biological effects including survival, mutation, and
oncogenesis.
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Fig. 4. Induction of DSBs and oxidized pyrimidine clusters in human cells by
low doses of 1 GeVyatomic mass unit Fe261 nuclei, normalized to the average
frequency obtained for DSBs at 0.35 Gy (taken as 100%). Symbols: small,
individual data (F and r, DSBs;Œ and�, net Nth protein (oxidized pyrimidine)
clusters; large, averages (E, DSBs; h, net oxidized pyrimidine clusters). Least-
squares lines are shown.
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