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Abstract
Purpose: To measure the yield of DNA strand breaks and clustered lesions in plasmid DNA irradiated with protons, helium
nuclei, and g-rays.
Materials and methods: Plasmid DNA was irradiated with 1.03, 19.3 and 249 MeV protons (linear energy transfer = 25.5, 2.7,
and 0.39 keV mm–1 respectively), 26 MeV helium nuclei (25.5 keV mm) and g-rays (137Cs or 60Co) in phosphate buffer
containing 2 mM or 200 mM glycerol. Single-and double-strand breaks (SSB and DSB) were measured by gel
electrophoresis, and clustered lesions containing base lesions were quantified by converting them into irreparable DSB in
transformed bacteria.
Results: For protons, SSB yield decreased with increasing LET (linear energy transfer). The yield of DSB and all clustered
lesions seemed to reach a minimum around 3 keV mm–1 . There was a higher yield of SSB, DSB and total clustered lesions
for protons compared to helium nuclei at 25.5 keV mm–1. A difference in the yields between 137Cs and 60Co g-rays was also
observed, especially for SSB.
Conclusion: In this work we have demonstrated the complex LET dependence of clustered-lesion yields, governed by
interplay of the radical recombination and change in track structure. As expected, there was also a significant difference in
clustered lesion yields between various radiation fields, having the same or similar LET values, but differing in nanometric
track structure.

Introduction

Ionizing radiation is known to cause many different

types of lesions in DNA, most importantly base

oxidations, abasic sites, strand breaks and DNA

protein cross links (Ward 1988). An additional level

of complexity is added by the fact that these lesions

are not randomly distributed but are clustered both

at the local DNA level (within 10 – 20 base pairs) and

at the regional level of higher-order chromatin

structures (Rydberg 2001). These clustered lesions

are believed to be difficult to repair and may,

therefore, be responsible for mutations and cell

death (Belli et al. 1996, Pastwa et al. 2003).

For our basic understanding of radiation interac-

tion with DNA it is essential to study in detail how

the frequency and complexity of DNA lesions

depends on radiation quality. Our current knowledge

on this subject is mostly based on experimental

studies of strand breaks and base damage yields in

cells and DNA model systems as a function of linear

energy transfer (LET) for various forms of ionizing

radiation as well as on theoretical biophysical

models.

Experimental results of the LET dependence of

the yield of double-strand breaks (DSB) in eukar-

yotic cells have been controversial. Most

experimental studies reported either a relatively weak
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or no dependence of the DSB yield on LET,

depending on the method used (Prise et al. 1998,

2001; Belli et al. 2002). Thus the reported LET

dependence for DSB induction has been much lower

than that for cell killing. It is now believed that

current techniques of DSB measurement in cells

underestimate the true yield of DSBs (Prise et al.

2001), which may at least partially explain this

discrepancy.

Over the last three decades, simple experimental

model systems of viral or plasmid DNA have been

used to study the LET dependence of DNA lesion

formation. Some studies, performed in highly

protective solutions to simulate the high free radical

scavenging capacity of the cellular environment,

reported a reduction of single-strand break (SSB)

yields with increasing LET, while the yield of DSB

increased up to a maximum at around 500 keV

mm7 1 (Christensen et al. 1972; Taucher-Scholz

1992). Other studies were typically performed at low

scavenging concentrations to avoid the problem of

large doses and long irradiation times needed for

high scavenging conditions. These studies, which

generally showed. a decreasing efficiency of both

SSB and DSB production with LET (Roots et al.

1990; Taucher-Scholz 1992, 1999) are not necessa-

rily representative for the highly protective cellular

environment.

More recently, several investigators have studied

the increase in the number of SSB and DSB after

incubation of naked DNA irradiated in low-scaven-

ging solutions with base excision repair enzymes

(Prise et al. 1999; Milligan et al. 2000, 2001;

Sutherland et al. 2001; Gulston et al. 2002). These

studies have clearly indicated that many SSB (and

also probably DSB) are associated with additional

base damage and, therefore, constitute clustered

lesions that are more complex than simple SSB or

DSB. In addition, these studies have shown that

there are clustered lesions consisting only of

damaged bases. Clustered lesions are formed by

both low-and high-LET radiation, and non-DSB

clusters appear to be more common than DSB

clusters, in particular for low-LET radiation (Suther-

land et al. 2001).

In the last 20 years, many Monte Carlo (MC)

studies have been performed simulating the interac-

tion of electrons, protons, alpha particles, and ultra-

soft X-rays with DNA in various configurations

(Nikjoo et al. 1999, 2001, 2002a, 2002b; Bernhardt

et al. 2002; Watanabe and Saito 2002; Friedland et

al. 2002, 2003). The results of these studies indicate

that DNA lesions may vary widely in their degree of

local clustering, ranging from isolated to multiple

lesions occurring over a distance of about 10 bp.

Moreover, these studies have shown that besides the

average ionization density, represented by LET,

track structure influences the number and complex-

ity of different lesion types.

We present here the results of our experimental

studies of strand breaks and clustered lesions

(including damaged bases) in plasmid DNA. Plas-

mids were irradiated with protons in the LET range

of 0.39 – 25.5 keV mm–1, with helium nuclei of

25.5 keV mm7 1,as well as with 60Co and 137Cs g-
rays. We performed irradiation under both low and

high scavenging conditions (2 mM and 200 mM

glycerol).

Materials and Methods

Plasmid purification

Plasmid DNA pHAZE (Lutze and Winegar 1990)

was propagated in E. coli XL2-Blue MRF’ bacteria

and purified using Qiagen tip7 500 columns (Quia-

gen, Valencia, CA, USA) followed by a 60 – 72 h

density gradient centrifugation at 112, 504 g with 1 g

cesium chloride and 0.1 ml ethidium bromide per ml

plasmid solution. Plasmid DNA was dialyzed against

TE buffer (10 mM Tris-HCl, 1 mM EDTA (ethy-

lene diamine tetra-acetic acid), pH 8), and further

purified by gel filtration chromatography with

Sephacryl S1000 Superfine (Amersham-Pharmacia,

Piscataway, NJ, USA) in TE/1 M sodium chloride

buffer. Plasmid DNA was then subjected to diafiltra-

tion with 10 mM phosphate buffer, pH 7, using

Centriplus-YM 100 ultrafiltration units (Amicon,

Millipore, Bedford, MA, USA).

Irradiation setup

Before irradiation, plasmid DNA was diluted to

1 mg/ml. We have measured DNA damage yields in

plasmids irradiated in a solution containing

200 mM glycerol which has a scavenging capacity

of 3.86 108 s7 1 (Klimczak et al. 1993), similar to

that of the cellular environment. Glycerol was used

as a scavenger rather than DMSO (dimethyl

sulfoxide) since secondary radicals derived from it

are unreactive with DNA (Milligan et al. 1996a). In

these conditions, the contribution of the direct

effect is about 35% of the total effect (Chapman et

al. 1973). We also irradiated plasmids in a low

scavenging capacity environment, i.e., in the pre-

sence of 2 mM glycerol (scavenging capacity of

3.86 106s7 1, Klimczak et al. 1993) where the

indirect effect (mediated mostly through the pro-

duction of OH radicals) contributes approximately

99% of the total damage. The relative contribution

of the indirect effect was estimated by comparing

the SSB yields due to the direct effect: 26 107 10

Gy7 1Da7 1 (Milligan et al. 1993), with the yields

obtained for 1 or 100 mM DMSO (which corre-
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sponds to the scavenging capacity of 2 and 200 mM

glycerol): 1.36 107 8 Gy71 Da7 1 and 66 107 10

Gy7 1 Da7 1, respectively (Milligan et al. 1996b,

Figure 4).

For irradiation at different doses, plasmid DNA

was divided into aliquots of 5 ml except for 1.03 MeV

proton irradiations that were done with 3 ml samples

to reduce the sample thickness and minimize energy

degradation of the beam within the sample. Gamma

irradiations as well as high-energy proton (249 MeV)

irradiations of 5 ml DNA samples were performed in

1.5 ml polypropylene tubes. For lower energy proton

and helium nuclei irradiations we have constructed

an irradiation setup based on the one described by

Bashkirov and Schulte (2002), consisting of an air-

filled parallel plate ionization chamber (ICRU 1998)

for beam dosimetry and a dedicated sample holder

(Figure 1). The sample holder enabled spreading the

plasmid solution to a thin film (approximately 10 mm
sample thickness for 1.03 MeV proton irradiations

and 16 mm thickness for 19.3 MeV protons and 26

MeV helium nuclei) between a quartz disc of 2 cm

diameter and a foil (Mylarof
1

6 mm or Teflon
1

of

12.7 mm thickness). The sample holder, containing

some buffer droplets, was sealed to prevent sample

evaporation during long irradiations. All irradiations

were performed at 20 – 228C.

Dosimetry for the ion irradiations was performed

using an air-filled ionization chamber (1 mm thick

aluminized Mylar electrodes, 1.6 mm gap) operated

without gain but at sufficiently high voltage (300 V)

to efficiently collect all charges formed within it. The

dose in the sample was calculated according to ;the

guidelines in ICRU 1998, taking into account the

area of the beam (about 4 cm), which was slightly

smaller than that of the chamber but larger than that

of the DNA sample. The current generated in the

ionization chamber (typically 3nA) was integrated

using a calibrated digital current integrator (EG&G

Ortec model 439) connected to a scaler. Different

chambers and charge integrators were used at

Weizmann Institute of Sciences (WIS) (1.03 and

19.3 MeV protons as well as the helium nuclei) and

at Loma Linda University Medical Center

(LLUMC) (250 MeV protons).

Dosimetry for g-irradiation was performed with a

Fricke dosimeter. Aliquots of 5 ml of freshly prepared
solution (107 3 M ferrous sulfate, 107 3 M sodium

chloride and 0.4 M sulfuric acid) were irradiated in

the same conditions as the samples. Aliquots were

combined and optical density at 304 nm was

measured at 258C immediately after irradiation.

The dose absorbed by the sample was calculated

using equation 3.31 in Spinks and Woods (1976).

For 137Cs irradiation, the dose rate was also

measured with an ionization chamber and a current

flow across a PN junction (diode). Both measure-

ments were in agreement with the Fricke dosimetry.

For 60Co irradiation, the dose rate measured with the

Fricke dosimeter were 10% higher than the dose rate

measured with an ionization chamber. The values

from the Fricke dosimetry were chosen because the

irradiation setup was the same as that used for DNA.

The 1.03 MeV proton irradiations were performed

with the 2.5 MV Van de Graaff accelerator and the

19.3 MeV protons and helium nuclei irradiations

were performed with the 14UD Pelletron, both at the

Weizmann Institute of Science’s accelerator labora-

tory. The 249 MeV proton irradiations were

performed with the proton synchrotron of the Loma

Linda University Medical Center. Gamma irradia-

tions were performed with 60Co (Gamma Cell 150,

MDS Nordion, Canada) at WIS and with 137Cs

(Shepherd MarkII) at the University of California at

San Diego (UCSD). The maximal average dose rate

was 10 Gy min7 1 (with momentary fluctuations up

to a factor of two for the accelerator irradiations).

The dose rate was kept low in order to prevent

oxygen depletion. For g-irradiation, samples were

reoxygenated every 400 Gy. Samples for 249 MeV

proton irradiation were irradiated in a tube as well

but not reoxygenated. For the 19.3 and 1.03 MeV

protons and for the helium nuclei measurements we

expect little oxygen depletion due to the large surface

area of the plasmid sample and the fact that we

flowed dry air over it. It should be noted that Jones et

al. (1993) did not see oxygen deprivation for long

exposures using a device similar to the device we

used for the latter irradiations. In the case that

despite our precautions, samples underwent partial

oxygen depletion at high doses (this possibility is

discussed in paragraph 4.2.) the effect on damages

yield should be small since the presence of glycerol

Figure 1. Schematic of the DNA sample holder for irradiation with

protons and helium nuclei. The plasmid solution is spread

between a foil (Mylar
1

or Teflon
1

) and a quartz substrate. A few

buffer droplets maintain humidity in the atmosphere around the

plasmid solution. The accelerated charged particles traverse a thin

vacuum window (12.7 mm Kapton
1

), cross an ionization-chamber

(IC) dosimeter and irradiate the DNA through the thin Mylar
1

or

Teflon
1

foil.
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minimizes the difference in damage yield between

oxygenated and anoxic conditions (Jones et al. 1993;

Milligan and Ward 1994; Ayene et al. 1995). Since a

source of systematic error could be the fact that

irradiations were performed at different institutions,

irradiated samples were shipped from one institution

to the other and their analysis was repeated. This

double analysis gave very similar results. Moreover

the irradiation with 60Co was repeated at the Loma

Linda University Medical Center and the results (not

shown) were very similar.

The LET values and ranges in water for the

radiation qualities used in this study are given in

Table I; LET values for protons and helium nuclei

were taken from the PSTAR and ASTAR (proton-

and alpha-particle stopping and range) databases,

(Berger 1995) respectively. The mean LET values

for the 60Co and 137Cs irradiations were estimated by

dividing the mean energy of secondary electrons

(586 keV and 252 keV, respectively) by their range

in liquid water (2194 mm and 637 mm, respectively),

using the data from the NIST (National Institute of

Standards and Technology) ESTAR (electron stop-

ping and range) database (Berger 1995). The mean

energy of secondary electrons was calculated by

dividing the mass energy absorption coefficient

(NIST) by the mass attenuation coefficient (NIST)

and multiplying by the photon energy.

Plasmid DNA was irradiated at ten to twenty

different doses, ranging from 0 to 1000 Gy for 2 mM

glycerol solutions and from 0 to 5000 Gy for

200 mM glycerol solutions.

Gel electrophoresis assay

Plasmid DNA was kept at 48C and analyzed within a

few hours to a few days after irradiation by standard

agarose gel electrophoresis for the relative amount of

supercoiled (SC), open-circular (OC), and linear (L)

forms. The fragmented (F) form could not be

reliably quantified. Diluted samples of 100 ng

plasmid (5 ml) were mixed to loading buffer 6 6

(36 TBE buffer, 60% glycerol, 0.6% sodium

dodecyl sulfate, 0.06% bromophenol blue). Gels

were run at 30 V/cm in 0.7% agarose gel in TBE

buffer (89 mM Tris-borate, 2 mM EDTA, pH 8)

during 18 – 24 h at room temperature. In these

conditions, break yields included prompt strand

breaks and breaks resulting from labile sites (Jones

et al. 1994). Gels were stained in TBE buffer

containing 0.5 mg/ml ethidium bromide for 1h and

destained for 1h in TBE buffer. Gel images were

quantified with a fluor-S
1

Multimager (Bio-Rad,

Hercules, CA, USA). Background was calculated as

the average background above and below each DNA

band. The amount of supercoiled DNA was cor-

rected by a factor of 1.4 for the less-efficient

incorporation of ethidium bromide into this plasmid

form (Milligan et al. 1993). Relative amounts of the

three DNA forms (supercoiled, relaxed, and linear)

were calculated for each dose.

Bacterial survival assay

Plasmid DNA was analyzed for its efficiency to

transform ampicillin-sensitive E. coli XL2-Blue

MRF’ (recA1) cells (Stratagene, La Jolla, CA,

USA). Intact plasmids confer ampicillin resistance

to the bacteria. Bacteria were made competent using

the Calcium/ MOPS method (Strike et al. 1979).

They were transformed by the plasmids (kept at 48C)

within a few hours to a few days after irradiation. For

each dose point, 50 ng plasmid (10 ml) was added to

a 15 ml plastic tube which contained 150 ml of

75 mM CaCl2 and 200 ml competent bacteria.

Tubes were incubated for 45 min on ice and heat-

shocked for 2 min at 428C. Bacteria were allowed to

recover for one hour at 378C after addition of LB.

For each dose, two repeats of three dilutions were

plated on LB plates containing 40 mg/ml ampicillin.

The next day, colonies on each plate were counted.

In most cases, plates containing between 50 and 300

colonies were used for further analysis.

Estimation of strand break yields

Reliable estimation of the yield of DSB requires

irradiation at very high doses. At these high doses,

multiple track effects (i.e. two lesions formed on the

same plasmid by independent tracks) become

important and the dose response curves become

non-linear. In order to extract the yield of SSB and

single-hit DSB, we fitted the relative amounts of

supercoiled (SC), open-circular (OC) and linear (L)

plasmid forms (measured with gel electrophoresis

over a broad range of doses) to a mathematical

model previously described by Cowan et al. (1987).

As we could not reliably quantify the fragmented (F)

plasmid form, we renormalized the model prediction

without it. The original model contained as para-

Table I. Characteristics of the radiation types used in this study.

Irradiation type Energy [MeV] LET [keV

mm7 1]

Range in H2O

[cm]

60Co 1.17, 1.33 0.267a 2.26 107 2c

137Cs 0.662 0.395a 6.46 107 3c

Protons 249 0.39 3.86101

Protons 19.3 2.7 4.06 107 1

Protons 1.03 25.5+ 2.3b 2.66 107 3

Helium 26 25.5 5.86 107 2

aMean LET of secondary electrons, brange of LET due to energy

degradation within the approximately 10 mm thick sample. range

of secondary electrons of average energy produced by g-rays.

44 C. Leloup et al.
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meters the yields of SSB (m) and DSB (f) created by

independent action of nicking (SSB forming) and

cleaving (DSB forming) enzymes, respectively. As

pointed out by Cowan et al. (1987), this model can

also be used to determine the yields of SSB and DSB

induced by ionizing radiation. The model distin-

guishes the DSB formed by single projectiles from

those formed by the independent action of multiple

projectiles (inducing multiple SSB on opposite

strands at a distance of less than b6 plasmid length

base pairs apart). The model also takes into account

multiple strand breaks occurring within the same

plasmid where only one is detected (e.g. a second

SSB in a relaxed plasmid will not cause it to change

conformation). From this model we get the following

predicted yields for the various plasmid forms

irradiated to a dose of D:

SCðm;f; b;DÞ ¼ efDe�mD

OCðm;f; bn;DÞ ¼ e�fDð2emD=22emD þ mDXÞ
Lðm;f; b;DÞ ffi e�fD

�
mD

2�bmD ðmDX ��þ e�mD=2 � e�mDÞ
þfDðe�mD þ ð2emD=2 � 2emD þ mDXÞÞ

�
Fðm;f; b;DÞ ¼ 1� SCðm;f; b;DÞ �OCðm;f; b;DÞ�

Lðm;f; b;DÞ

8>>>>>>>><
>>>>>>>>:

ð2aÞ

with

X ¼
Xb1=bc
k¼1

e�mDð1¼kbÞ=2 ½1
2
mDð1� kbÞ�2k�1

2k!

� ¼
Xb1=bc
k¼1

e�mDð1¼kbÞ=2 2kþ 1

2
mDð1� kbÞ

� � ½1
2
mDð1� kbÞ�2k�1

2k!

8>>>><
>>>>:

ð2bÞ

The model-predicted yields of the various plasmid

forms, normalized to (SC+OC+L) = 100%, were

fitted to the measured ones (also normalized with-

out the fragmented fraction), taking the yield of

SSB (m) and DSB (f) as a fitting parameters and

b= (10 bp/ 10,327 bp), using the algorithm of

Marquardt (1963), implemented in the Matlab

software package (The MathWorks Inc., Natick,

MA). We corrected for SSB existing in the plasmid

pre-irradiation, by replacing mD with mD+ m0 where

m0 is an additional fitting parameter (the yield of

SSB at zero dose). The SSB and DSB yields

obtained from the fit are, therefore, the true single-

track induced yields.

Correct application of Cowan’s model requires

knowledge of the interaction distance between strand

breaks (b6 plasmid length is the maximum distance

between two SSB on opposite strands that will result

in a DSB). In our model calculations, we used an

interaction distance of 10 bp for DSB formation,

supported by the experimental values of 6 – 13 found

by Dianov et al. (1991), Hanai et al. (1998) and

D’Souza and Harrison (2003). However, we have

noted that the model yielded similar results for an

interaction distance of 20 bp; this indicates that the

formation of DSB by two independent SSB occur-

ring within 10 – 20 bp (3 – 6 nm) is a rare event over

the dose range investigated and could probably be

neglected.

Estimation of clustered lesion yields

We define clustered DNA lesions as those with at

least one SSB or damaged base on each of the two

complementary strands, occurring within a distance

of 10 bp. In-vitro, base excision repair of opposed

base damages at a distance 2 – 7 bp apart can result

in a DSB (for review see Blaisdell et al. 2001). In

order to quantify clustered-lesions containing da-

maged bases in-vivo, we have introduced the

plasmids into bacteria. As we worked with a recA –

bacterial strain, we assumed that the clustered

lesions converted into DSB were not repaired and

resulted in plasmid inactivation. This assumption is

supported by experimental work: two uracils on

opposed strands (1 – 12 base apart) are converted to

DSB at an efficiency of at least 80% by a bacterial

repair system, whereas single uracils are not (Dianov

et al. 1991; D’Souza and Harrison 2003).

Based on transformation experiments with two

different plasmids conferring resistance to different

antibiotics, we estimated that in our transformation

assay the fraction of transformed bacteria containing

more than one plasmid was less than 10%. In our

analysis, we assumed that the inactivation efficiency

of supercoiled and open circular plasmids was zero,

while that of linear plasmids, containing one or more

DSB, was one. Further, plasmids containing at least

one non-DSB clustered lesion were assumed to be

linearized inside the bacteria due to the action of base

excision repair enzymes. Since the number of lesion

clusters per plasmid is, in a good approximation,

described by a Poisson distribution, – ln(SF), where

SF is the survival fraction, was interpreted as the

average number of clustered lesions per plasmid.

The – ln(SF) values were fitted to the model of

Cowan et al. (1987), using the relation

SFðDÞ ¼ SCðDÞ þOCðDÞ
ðSC þOCÞzero dose

ð3Þ

where SF(D), SC(D) and OC(D) are respectively the

survival fraction, relative amount of supercoiled

plasmids and relative amount of open-circular

plasmids, at a given dose D. Using this mathematical

model, we estimated the yield of single-hit clustered

lesions.

It is interesting to note that the value of – ln(SF)

depends linearly on the yield of clustered lesions (fD
in the Cowan formalism) but nonlinearly on the yield

of isolated lesions (mD). This can be seen by inserting

equations 2 into equation 3:
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� lnðSFðDÞÞ / �ln½SCðDÞ þOCðDÞ�

¼ �ln

"
e�fDD�mD þ e�fD

 
2e�mD=2 � 2emD

þ mD
Xb1=bc
j¼1

e�mDð1þjbÞ=2
1
2
mDð1� jbÞ� �2j�1

2j!

!#

¼ fD�ln (complex function of mD but not of fDÞ

ð4Þ

This can also be understood intuitively, as a linear

dependence on dose corresponds to a single hit

mechanism, while a nonlinear dependence on dose

indicates that several particle traversals are required

to form the endpoint under study.

Fitting Cowan’s model to the log survival data as

a function of dose can be used for extraction of

both clustered-and single-lesion yields. The latter

(single damaged bases or strand breaks) obtained

from this model fit is particularly prone to errors

because, as shown above, the yield of clustered

lesions is manifested in the slope of the log survival

curves (see Figure 5) while the yield of single

lesions is manifested in its curvature. While the

former can usually be extracted even with a

relatively large spread of the data points, the

extraction of the latter is unreliable (due probably

to variability in the amount of recovered DNA).

We therefore do not present the single-lesion yield

data.

Results

Strand breaks yields

Figure 2A shows an example of a gel electrophoresis

of a DNA sample irradiated in 2 mM glycerol

solution with 25.5 keV mm7 1 protons, demonstrat-

ing the dose-variation of the main plasmid forms:

The supercoiled (SC) fraction corresponds to

plasmids without strand breaks, the open-circular

(OC) fraction to plasmids containing one or more

isolated SSB, and the linear (L) fraction to plasmids

containing one or more closely spaced DSB.

Multiple DSB in one plasmid result in the

fragmentation of the DNA, visible as a smear (F)

in the gel image.

The yield of the three fractions (SC, OC and L), as

quantified from the gel image in Figure 2A, is plotted

as a function of dose in Figure 2B. The amount of

strand break free plasmid (SC) drops exponentially

with dose as expected from Poisson statistics. The

observed trend in the quantity of the open circular

plasmid form (OC) is due to multiple hits on the

same plasmid. At low dose, this is exceedingly rare as

only a small fraction of the plasmids are damaged. As

the dose increases, plasmids containing a single SSB

acquire additional SSB, which does not lead to a

further increase of the OC fraction. On the other

hand, when a DSB is formed in a relaxed plasmid,

the latter is converted to L form. This explains the

observed increase of L forms accompanied by a

decrease of OC forms. Furthermore, if a second SSB

is formed close enough to an existing SSB (and on

the opposing strand), a DSB will result. As we are

interested only in single-track events, we have used

the model of Cowan et al. (1987) to extract the yield

of single-hit SSB and DSB from the relative

intensities of each band. This model (lines in Figure

2B) describes the experimental data (symbols in

Figure 2B) accurately. Using it, SSB and DSB yields

were estimated for all of the radiation fields listed in

Table I.

LET and track structure dependence of SSB yields.

Figure 3 shows the SSB yield in g-, proton-and

helium-nucleus-irradiated plasmids as a function of

LET in the range of 0.2 to 25.5 keV mm7 1 for low

(2 mM) and high (200 mM) glycerol scavenger

concentrations, the experimental uncertainties man-

ifest in the error bars of Figures 3 – 6 are explained in

the appendix.

As expected, due to the longer lifetime of OH

radicals at the lower scavenger concentration, the

low-scavenger yields were about an order of magni-

Figure 2. Evaluation of strand-break yields. (A) Migration pattern

of supercoiled (SC), open-circular (OC) and linear (L) plasmid

forms as function of the dose (25.5 keV/mm protons, 2 mM

glycerol). The smeared fraction F corresponds to fragmented

plasmids. (B) Fitting of the data (symbols) of (A) to the model of

Cowan et al. (1987) (lines) results in experimental SSB and DSB

yields of 2.5 1079 Gy Da7 1 and 2.5 10710 Gy71 Da7 1,

respectively. The circles correspond to the OC, the triangles to the

L, the squares to the SC fractions.
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tude higher than the high-scavenger yields. At both

glycerol concentrations, the SSB yield decreased

with increasing LET although the dependence on

LET was more pronounced at the lower scavenger

concentration (2 mM glycerol).

Despite similar or equal LET values, the SSB

yields for helium nuclei as well as that for the 60Co

were smaller than those for protons of 1.03 MeV and
137Cs, respectively.

LET and track structure dependence of direct DSB yields.

Figure 4 shows the DSB yield as a function of the

LET for g-, proton-and helium-nucleus irradiations.

Similar to SSB, the yield of DSB was about one

order of magnitude higher at the low scavenger

concentration.

At both glycerol concentrations, the DSB yield in

proton-irradiated plasmids decreased between 0.39

and 2.7 keV mm71, followed by a slight increase for

25.5 keV mm71 protons. The yield of DSB induced

by helium nuclei of 25.5 keV mm7 1 was about

twofold lower than that induced by protons of the

same LET. The yield of DSB induced by both 60Cs

and 137Co g-rays was also lower than that of DSB

induced by 0.39 keV mm7 1 protons, despite their

similar LET, at both glycerol concentrations.

Furthermore, at 2 mM glycerol, the DSB yield was

higher for 137Cs irradiated plasmid compared to

irradiation with 60Co.

Clustered-lesion yields

Figure 5 shows examples for the dose-dependence

of the negative natural logarithm of the survival

fraction, -ln(SF), of bacteria transformed with

plasmids irradiated with 25.5 keV mm7 1 protons

(1.03 MeV) (A) and 2.7 keV mm7 1 protons (19.3

MeV) (B).

Figure 3. SSB yields as function of LET for proton (p), helium

nuclei (He), 60Co (Co) and 137Cs (Cs). Open symbols correspond

to 2 mM glycerol and closed symbols to 200 mM. The protons

data are joined by a line to guide the eye. Data are the mean of 2 –

3 experiments except for 137Cs with 200 mM glycerol (one

experiment), calculated as explained in the appendix. The

calculation of the error bars is also explained in the appendix.

Figure 4. Yield of DSB as function of LET. Notations are the

same as in Figure 3.

Figure 5. Survival of transformed bacteria as function of the dose.

After irradiation in 2 mM glycerol solution with (A) 25.5 keV

mm7 1 protons, (B) 2.7 keV mm7 1 protons. The data are

presented as a negative natural logarithm for the survival fraction,

-ln(SF). The symbols correspond to the measurement and the line

to the model fit. The calculation of the error bars is explained in

the appendix.
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The shape of these curves affords some insight into

the mechanism of clustered lesion formation. If the

dose response is linear, clusters are formed by a

‘‘onehit’’ mechanism, i.e., they are caused by a single

projectile. If, however, the clusters are due to the

interaction of single lesions formed by several

independent projectiles, the dose dependence of

the yield is nonlinear with quadratic or higher-order

components. Indeed, we found that the dose

dependence of -ln(SF) for g-irradiation, 0.39 and

2.7 keV mm7 1 protons was nonlinear whilst for the

higher LET radiations (protons and helium nuclei of

25.5 keV mm7 1), where the lesions are more

clustered in nature, it was mostly linear.

Dose-survival data were fitted to Cowan’s model

(Cowan et al. 1987), as described in the methods

section, to determine the yield of inactivating lesions

(per Gray per Dalton) which were interpreted as

clustered lesions, for all of the radiation fields listed

in Table I (Figure 6).

In general, the LET dependence of the clustered

lesion yields (Figure 6) was similar to the LET

dependence of DSB yields, albeit the absolute yields

of clustered lesions were 2 – 8 times higher. The ratio

between low-and high-scavenger clustered lesion

yields was similar to that for DSB and SSB. The

clustered lesion yield reached a minimum for

2.7 keV mm7 1 protons. Again, at 25.5 keV mm7 1

the yield was higher for protons than for helium

nuclei of equal LET. On the low-LET end, 0.39 keV

mm7 1 protons were more effective (factor *2) in

producing clustered lesions than both 60Co and
137Cs g-rays, principally at high scavenger concen-

tration.

Discussion

LET dependence

SSB yields. It is well accepted that the LET

dependence of the yield of SSB depends on the

number of OH radicals escaping recombination.

LaVerne (1989) measured the OH radical yields

produced by helium nuclei and showed that it

decreases with increasing LET due to intra-track

radical recombination. Using LaVerne’s data, Jones

et al. (1993) showed that the SSB yield was

proportional to the OH radical yield. At low

scavenger concentration, the vast majority of SSB

are caused by OH radicals. This explains the

relatively strong decline of SSB yields between

0.39 keV mm7 1 and 25.5 keV mm7 1 for 2 mM

glycerol (Figure 3). At the high scavenger concentra-

tion the influence of the indirect effect on SSB yields

is reduced, which explains the milder decline of SSB

yields.

A similar trend was found by Taucher-Scholz et al.

(1992) who irradiated SV 40 DNA in solution in the

LET range between 1 and 100 keV mm7 1 and

obtained decreasing SSB yields with a scavenging

capacity of 3.126 107 s7 1, a smaller decrease in

yields for a capacity of 66 108 s7 1, and no decrease

in yields for even higher scavenging capacities,

although their conclusions are based mainly on

extrapolations.

DSB and clustered lesion yields. We investigated the

LET dependence of both DSB and clustered lesions,

containing breaks and/or base damages, in the LET

range from 0.2 to 25.5 keV mm7 1. Over this LET

range, we observed a several-fold larger yield of all

clustered lesions compared to the yield of DSB,

although, the general LET dependence was very

similar for both yields. It should be noted that the

clustered lesions we measured were of various types,

ranging from 2 lesions (one SSB and one base

damage on opposite strands or 2 base damages on

opposite strands) to much more complex lesions

(Nikjoo et al. 2001) but the bacterial transformation

assay does not allow to differentiate between them.

The contribution of base damages to the formation

of clustered lesions and their several-fold higher yield

than that of apparent DSB has also been reported by

other investigators (Prise et al. 1999; Milligan et al.

2000, 2001; Sutherland et al. 2001; Gulston et al.

2002). In some cases, the transformation of base

damage or abasic site into strand break is not

effective, especially when the damages are one base

pair apart (Blaisdell et al. 2001). Some isolated

damages can also cause bacteria inactivation (Ventur

and Schulte-Frohlinde 1993; Wallace 1998). There-

fore the values we obtained for the clustered damage

yields are influenced by these factors. However it is

accepted today that the main contribution for

bacteria inactivation is from clustered damages and

DSB. Generally our SSB and DSB yields (see Table

II and Figure 7) are consistent with previous

reported data for 60Co (Roots et al. 1990; O’Neill

et al. 1997) and 137Cs (Krisch et al. 1991; Milligan et

Figure 6. Yield of clustered lesions as function of the LET.

Notations are the same as in Figure 3.
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al. 1993, 1996b). Compared to Roots et al. (1990)

and Taucher-Scholtz et al. (1999), our SSB yield for

irradiation with helium nuclei in presence of 2 mM

glycerol seems to be low. This needs to be further

investigated. To our knowledge, we are the first to

have systematically investigated the LET depen-

dence of DNA lesions in the range of 0.2 – 25 keV

mm7 1 for in-vitro irradiation.

The LET dependence of DSB, and clustered

lesions yields is determined by the following factors:

(1) the number of closely spaced radicals escaping

the recombination process, and (2) the overall level

of clustering of radicals and direct ionizations on the

DNA. These factors are modulated by the amount of

scavenger present in the irradiated solution. In all

radiation fields, DSB and other clustered lesions are

mainly formed by local regions of higher ionization

density. At low LET, these regions are widely spaced

and less frequent than at higher LET. As the LET

increases, they become more closely spaced and may

overlap, thereby increasing the size of ionization

clusters, and also of OH radical clusters. While the

first effect (closer spacing) favors OH radical

recombination and thereby reduces the yield of

DSB, the second effect (larger size of ionization

clusters) favors the production of DSB and clustered

lesions. The competition between these two phe-

nomena is probably responsible for the observed

concave LET dependence of the yield of DSB and

clustered lesions seen for protons.

Adequacy of the Poisson distribution. In our analysis, we

assumed that the number of lesions per plasmid

follows a Poisson distribution, however at high LET

this may be not the case. For a plasmid in

supercoiled shape, two regions of the double helix

Table II. SSB (single strand break), DSB (double strand break) and CL (clustered lesion) yields after irradiation.

2 mM Glycerol

irradiation type LET [keV mm71] SSB [1079 Gy7 1

Da7 1]

DSB [1079 Gy7 1

Da7 1]

CL [107 9 Gy7 1

Da7 1]

g 60Co 0.267 8.5+ 1.3 0.16+0.04 1.8+ 0.9

137Cs 0.395 18+ 2 0.31+0.05 2.1+ 0.5

Protons 0.39 29+ 6 0.52+0.06 2.3+ 0.4

2.7 7.7+3 0.16+0.04 0.58+ 0.25

25.5+2.3a 2.6+ 0.4 0.25+0.03 0.82+ 0.2

He nuclei 25.5 1.8+ 0.4 0.13+0.02 0.45+ 0.07

200 mM Glycerol

g 60Co 0.267 0.55+ 0.1 0.027+0.003 0.04+ 0.03
137Cs 0.395 1.04+ 0.14 0.020+0.002 0.07+ 0.05

Protons 0.39 1.41+ 0.3 0.045+0.009 0.27+ 0.04

2.7 0.61+ 0.14 0.017+0.006 0.057+ 0.03

25.5+2.3a 0.59+ 0.09 0.028+0.003 0.13+ 0.03

He nuclei 25.5 0.30+ 0.06 0.014+0.003 0.015+ 0.013

aRange of LET due to energy degradation within the approximately 10 mm thick sample.

Figure 7. SSB (A) and DSB (B) yields induced by 60Co, 137Cs and

helium nuclei irradiation. Comparison of DNA breakage yields

measured by a: Roots et al. (1990) for SV40 viral DNA irradiated

in 5 107 4 Tris-HCl, 107 4 MgCl2 (LET *16 keV mm7 1

according to Figure 3); b: our data; c: O’Neill et al. (1997) for

plasmid irradiated in 0.1 M ethanol or 0.2 M Tris-HCl; d:

Milligan et al. (1993) and e: Milligan et al. (1996b) for plasmid

DNA in 107 2 M sodium phosphate buffer and DMSO as

scavenger; f: Krisch et al. (1991) for SV40 DNA in 0.13 M sodium

chloride and 5 mM phosphate buffer with glycerol as scavenger; g:

Taucher-Scholz et al.(1999) for SV40 DNA in 107 2 M Tris-HCl,

107 3 M EDTA buffer (LET 26 keV mm7 1). *: DSB yields for
60Co is similar to DSB yields for the helium nuclei irradiation

(Roots et al. 1990).
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can be separated by only a few nanometers. The

exact shape of supercoiled DNA depends on several

factors, including ionic strength, and varies from

rosette-like where few regions of the double helix are

in tight contact with other regions to plectonemic

where the double helix interwinds for the whole

length of the plasmid (Lyubchenko and Shlyakhten-

ko 1997). The average distance between ionization

can be approximated by the ratio of the mean energy

expended per ionization (W value) and the LET.

This varies from 80 nm for 0.39 KeV mm7 1

protons, to 1 nm for 25.5 KeV mm7 1 protons and

helium ions. In this case, the chance for a second hit

of the plasmid by an individual 2.7 and 25.5 KeV

mm7 1 proton or helium nucleus may be higher than

predicted by Poisson statistics. By assuming a

Poisson distribution of the plasmid lesions, we may

have underestimated the lesion yields for these

irradiation fields possibly by a few tens of percent.

We plan to perform irradiation experiments with

fully relaxed and superhelical DNA and to adapt

Cowan’s model in order to address and quantify this

issue.

Track structure effect on damage yields

As expected, LET does not uniquely describe the

effectiveness of the various radiation fields; we

observed track structure effects for protons and

helium nuclei of same LET (25.5 keV mm7 1) as

well as for 249 MeV protons and g-rays having

similar LET values.

At 25.5 keV mm7 1 and for both glycerol concen-

trations, the DSB and total clustered-lesion yields

were higher for protons than for helium nuclei (see

Figures 4 and 6). This can be interpreted as a

manifestation of the (radially) denser track structure

of protons compared to that of helium nuclei

(Paretzke 1987), leading to denser ionizations and

radical formation, favoring clustered damage.

Although such a difference was observed for cell

death (Belli et al. 1989; Folkard et al. 1989, 1996;

Goodhead et al. 1992) and mutation induction (Belli

et al. 1992), this was not clearly shown for DSB yield

(Jenner et al. 1992) in irradiated cells.

At 25.5 keV mm7 1 and for both glycerol concen-

trations, the yield of SSB was twofold higher for

protons than for helium nuclei (see Figure 3). This

result may seem surprising, because one would

expect that the denser ionization track structure of

1.03 MeV protons would cause fewer isolated lesions

such as SSB. But we should remember that the gel

analysis cannot distinguish between isolated SSB

and lesion clusters containing an SSB and one (or

more) damaged bases. The yield of this kind of

clusters is indeed expected to be higher for protons

than for helium nuclei due to their denser track

structure. These clustered lesions are detected by the

gel assay as SSB, explaining the higher SSB yield we

found.

At low LET, we have compared DNA lesion yields

for g-rays from 60Cs and 137Co radioactive sources

and 249 MeV protons (0.39 keV mm7 1). Although

these radiation qualities are generally considered

equivalent low LET radiations, we found in some

cases differences in strand break and clustered lesion

yields. In general, the yields for 60Co g-rays were

lower than those for 137Cs g-rays and 249 MeV

protons. This may be explained by a difference in

track structure between 60Co g-rays, 137Cs g-rays and
249 MeV protons. Low-LET track structures are

mainly determined by the start energies of the

electrons ejected in inelastic events and by the

distance between subsequent inelastic collisions,

which is large compared to the range of most

secondary electrons. Thus, the influence of OH

radical recombination on break yields (apart from at

the electron track ends) should be negligible and

different damage yields should reflect differences in

the energy distribution of secondary electrons. The

secondary electron energy spectra of 60Co g-rays,
137Cs g-rays and 249 MeV protons are clearly

different. For example 60Co g-rays produce electrons
with energies greater than those due to 137Cs g-
radiation (e.g. Figure 3.5.b of Paretzke 1987). As

high-energy electrons are known to be less effective

in producing strand breaks and base damages than

lower-energy ones (Nikjoo 2002a), this results in

lower damage yields induced by 60Co g-rays com-

pared to 137Cs g-rays. For clustered lesions (at both

scavenger concentrations) and DSB yields (at high

scavenger concentration), the difference between
60Co and 137Cs is attenuated due the recombination

at the electron track ends.

Since the high damage yield caused by 249 MeV

protons compared to c-irradiation and to 19.3 MeV

protons and 60Cs could also be explained by oxygen

depletion for the 249 MeV proton irradiations,

further irradiations with protons of intermediate

energies (40 – 250 MeV) are underway.

As far as we know, this is the first time that a

radiobiological difference between the two g-ray
sources (60Co and 137Cs) and between the g-ray
sources and low LET protons has been quantified

with in-vitro DNA assays. In order to compare

between different groups, SSB and DSB yields

caused by irradiation with 60Co and 137Cs were

plotted as function of scavenging capacity on one

graph (Figure 7). We see that 137Cs gives higher SSB

yield than 60Co but that this trend is not apparent for

the DSB yields. Irradiating cells, Chen and Watt

(1986) have seen similar magnitude variations in the

reproductive survival of V79 and HeLa cells, by

comparing data from several sources of g-rays and

50 C. Leloup et al.
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heavy ion irradiations; track structure simulations

investigating this effect are under way (B. Gross-

wendt 2003).

Our findings demonstrate that the common notion

of all g-rays having the same relative biological

effectiveness (RBE) may be not accurate. In con-

sequence, one may need to take these differences

into account when using different g-rays as a

reference radiation in radiobiology experiments.

Summary and outlook

The yields of SSB, DSB and total clustered lesions

were assessed for plasmid DNA in solution irradiated

with 60Co and 137Cs g-rays, 1.03 – 249 MeV protons

and 26 MeV helium nuclei. Since most previous

irradiation studies with ionized particles occurred at

higher LET, our results contribute to the general

understanding of radiation-induced damage for

particles and in the LET range relevant for proton

therapy. Clustering of lesions became apparent at

various levels of the analysis and was dependent on

the LET of the radiation fields as well as on the track

structure variations between different radiation fields

of equal LET and between different g-ray energies.

Furthermore, we observed two unexpected effects.

First, in the irradiation with protons, we observed a

decrease followed by an increase for DSB and

clustered damage yields as function of LET. Appar-

ently, for an LET value of a few keV mm71, the

effect of the cluster size per unit-energy deposited

overcomes the effect of radical recombination and

the DSB and complex-lesion yields slightly increase.

Second, we found a difference in the results obtained

with 60Co and 137Cs g-rays and with 0.39 keV mm7 1

protons, in the low-LET range of 0.2 – 0.4 keV

mm7 1, which may be explained by differences in

the energy spectrum of secondary electrons in this

LET range. However, these effects need to be more

accurately characterized and systematic measure-

ments of irradiating with protons at intermediate

LET, between 0.39 and 2.7 keV mm71, are under

way. The difference between the 60Co-and 137Cs-

induced damage yields can have consequences when

calculating RBE (relative biological effectiveness)

values for comparing the effects of other radiation

fields, since both 60Co and 137Cs radiation fields are

currently interchangeably used as references.

The results of this work may be used to validate

biophysical models of radiation-induced DNA le-

sions. In recent years, we have developed

nanodosimetry as an experimental method that

provides probability distributions of ionization clus-

ter sizes induced by radiation within a defined gas

volume, simulating a 10 – 50 base pair DNA segment

(Shchemelinin et al. 1996; Garty et al. 2002 and

references therein). The measured ionization cluster

size can be related to the clustering level of radiation-

induced DNA lesions using a biophysical model

(Garty 2004) that correlates ion event size and DNA

lesion size distributions; our data are currently used

for testing this model.
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Appendix A: Uncertainty analysis

The experimental uncertainties determining the

error bars of Figures 3 – 6 are due to several

factors. We evaluate the systematic uncertainties,

which arise form the dosimetry and the sample

analysis. The ‘‘stochastic’’ uncertainties were eval-

uated by repeating the experiment three times

under identical conditions and calculating the

standard error. Finally, we describe our method

for obtaining the uncertainty in the evaluated yield

of single-strand breaks, double-strand breaks and

clustered lesions.

Experimental uncertainties

Dosimetry. The principal uncertainty in the accel-

erator dosimetry is due to an uncertainty in the

thickness and pressure of the ionization chamber.

The ionization chamber thickness was 1.6+ 0.1mm

(6%). It was operated at atmospheric pressure,

which could vary by up to 5%. Other factors

included in the dose calculation (temperature, wi

value, beam area, etc) are known to better than 1%.

The uncertainty in the dose evaluation, determined

by the uncertainty in IC thickness and the gas

density, is therefore 8%.
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The uncertainty in the dosimetry of the c-irradiations

was quantified by comparing the slopes of the optical

density of an irradiated Fricke solution as a function

of the nominal dose. The standard deviation of 8

such slopes measured at different dates and using

different Fricke solutions was 9%.

Possible uncertainties stemming from the irradiation

protocol. A great effort was put to verify that our

irradiation protocol does not result in a significant

yield of damages to the irradiated DNA, beyond

those induced by the particle radiation field. In

particular we have seen that (a) the weak proton-

induced activation of the quartz substrate does not

induce a noticeable quantity of additional SSB or

DSB compared to an irradiation of the same

duration, by the same radiation field; (b) the storage

of the DNA as a thin film within the sample holder

for up to 8h (at room temperature) does not induce a

significant quantity of SSB or DSB.

Uncertainties in the gel analysis. The experimental

uncertainties inherent in the analysis of the gel data

are due to the quantification of the band intensity

and the varying binding efficiency of ethidium

bromide to the various forms of DNA. The band

intensity was calculated by subtracting the number of

expected background counts within the band area

from the number of counts in the band (Nband

=Ntot –NBG). The uncertainty in this number is ,

which in our case is about 1%. The binding

efficiency of ethidium bromide to supercoiled DNA

is 1.3 – 1.5 times smaller than to the other forms. We

have used an average value of 1.4; a change by + 0.1

affects the fitted values by less than 5%.

A free parameter in the Cowan model is the

distance between two SSB required to form a DSB

(b6 plasmid length), which was set equal to 10 bp. Its

variation by + 3 bp (corresponding to the values

given by Dianov et al. (1991), Hanai et al. (1998)

and D’souza and Harrison (2003)) resulted in a

variation of a few ø in the resulting fit parameters.

Uncertainties in the bacterial survival assay. The main

uncertainty in this assay is the reproducibility of the

amount of DNA recovered from the irradiation

holder and used in the transformation. This amount

was seen to be slightly different for each measured

dose-point, resulting in a poorer quality model fit as

compared to the gel data. The stochastic uncertainty

in the number of colonies on each dish was taken

into account by averaging the number of counts on

several dishes (weighted by the quantity 1/Hn) of

different dilutions. The error bars, shown in Figure

5, represent the average of 1/Hn of all dishes at the

same dose-point.

The total uncertainty

The uncertainty in the fitted model parameters,

resulting from the uncertainty in the experimental

quantities, was obtained by a Monte-Carlo error

propagation algorithm: For each irradiation experi-

ment (consisting of one repetition of 10 – 20 dose

points, as described in the text) 1000 data sets were

generated by overlaying a Gaussian experimental

error onto an actual data set. In the gel analysis we

took the standard deviation of this distribution to be

5% of the measured yield of supercoiled, relaxed or

linear DNA. In the analysis of the survival data we

took the error as described in the previous paragraph.

The fitting procedure was then performed to obtain

the various lesion yields (SSB, DSB or clustered

lesion) for each of the 1000 data sets. The experi-

mental value for each irradiation experiment was

taken as the average of these (1000) lesion yields; the

experimental uncertainty was taken as their standard

deviation.

The value plotted in Figures 3, 4 and 6 is the

average, over all repetitions (typically 2 – 3) of the

same radiation field, of the experimental value

calculated above. The error bars are obtained by

adding (in quadrature) the uncertainty in dose (8%),

the standard deviation of the three repetitions and

the experimental uncertainty, described in the

previous paragraph and averaged (also in quadra-

ture) over all repetitions of the same radiation field.
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