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DNA strand break yields after post-high LET irradiation
incubation with endonuclease-III and evidence for hydroxyl
radical clustering
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Abstract. After allowing for the limited di Ú usion of reactive
Purpose: To determine the increase in single- (SSB) and double- intermediates from the particle track under cellular
strand break (DSB) yields after post-high LET irradiation incuba- conditions (Nikjoo et al. 1999) , the conclusion is that
tion of plasmid DNA with the endonuclease-III (endo-III) of

multiple chemical modi� cations of DNA are expectedEscherichia coli.
in regions having dimensions of the order of 10 nm.Materials and methods: Plasmid DNA in aerobic aqueous solution

was irradiated with one of � ve radiation types: 137Cs c-rays (LET Because of the compact structural folding of DNA in
~ 0.3 keV mm Õ 1 ), 244Cm a-particles (140–190 keV mm Õ 1 ), 4He chromatin (van Holde 1988) , this physical distance
ions (97 keV mm Õ 1 ), 56Fe ions (143 keV mm Õ 1 ) or 197Au ions (nominally equivalent to ~30 base pairs) may corre-(1440 keV mm Õ 1 ). The irradiated samples were then incubated

spond to signi� cantly larger distances when mappedwith endo-III. SSB and DSB yields were quanti� ed by agarose
gel electrophoresis. along the DNA axis. There is experimental evidence
Results: Endo-III incubation produced an increase in the SSB to support the non-random distribution of DSB in
and DSB yields. The increases were in general lower after the cells subjected to high LET radiation (Löbrich et al.
high LET irradiation than after c-irradiation. This may re� ect

1996, Newman et al. 1997).inhibition of the activity of endo-III by the nearby DNA damage
Considerable e Ú ort has been devoted to identifyingexpected from high LET radiation. It can be shown that even if

the activity of endo remains unchanged, signi� cantly lower the nature and yield of the individual products of
increases in SSB and DSB yields would still be expected. DNA damage introduced by ionizing radiation.
Conclusion: The results provide evidence for clustered DNA These products include breaks in one or both strandsdamage after high LET irradiation.

(single-strand breaks, SSB, and DSB), and chemical
modi� cations of the bases. The relative yields vary

1. Introduction to some extent depending on the experimental condi-
tions (e.g. single-or double-stranded DNA substrate,It is widely accepted that DNA damage plays a
oxygen concentration), but the major products undercentral role in the biological e Ú ects of ionizing radi-
aerobic conditions are SSB, the 8-oxo derivatives ofation. One type of damage, the DNA double-strand
guanine and adenine, an oxazolone product derivedbreak (DSB), is correlated with the lethal e Ú ects of
from guanine degradation, the formamidopyrimid-irradiation. Some e Ú ort has been devoted to under-
ines derived from guanine and adenine, and thestanding the relationship (Blakely 1992) between the
glycols derived from thymine and cytosine (Fuciarellilinear energy transfer (LET) of the radiation and its
et al. 1990, Swarts et al. 1996, Cadet et al. 1997b).relative biological e Ú ectiveness (RBE) in terms of the
There is some concern about the artefactual forma-yields and types of DSB involved. The general con-
tion of some of these products (Cadet et al. 1997a).clusion is that the biological consequences are a
This concern is mainly restricted to low dose and inmuch stronger function of the complexity than of the
vivo situations where the products are formed in verynumber of DSB (Goodhead 1995) . Models of energy
low yield. Products containing two adjacent modi� eddeposition by ionizing radiation suggest that the

energy deposition events are not evenly distributed bases have also been detected (Box et al. 2000).
in space, and that this distribution is increasingly Biophysical models predict that DNA damage
non-random with increasing LET (Nikjoo et al. 1998). caused by ionizing radiation should include a signi-

� cant contribution from multiple modi� cations
*Author for correspondence; e-mail: jmilligan@ucsd.edu caused by multiple reactive intermediates at the
†Department of Radiology, University of California at San nanometer level (Ward 1981, Goodhead et al. 1994).Diego, La Jolla, CA 92093-0610, USA and ‡Department of

The severity of this so-called clustered or multipleRadiation Oncology, University of California at San Francisco,
San Francisco, CA 94103, USA. damage is expected to increase with increasing LET.
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Clustered damage is assumed to consist of collections 2.3. c-ray irradiation
of two or more of the individual products mentioned Aliquots of 5 ml were irradiated in 500 ml polyprop-above (Ward 1994) . The only combinations that are ylene tubes to one of 10 doses. The dose-rateeasily detected by commonly used assays are those (9.9 Ö 10 Õ

3 Gy s Õ 1 ) was determined with the Frickeinvolving two SSB in opposite strands located suæ - system (Spinks and Woods 1976) .ciently close to one another to result in the formation
of a DSB. In double-stranded DNA, SSB are formed
from �OH with a yield of 11–12% (LaVerne and 2.4. a-Particle and 4He ion irradiationPimblott 1993) . It is therefore probable that DSB

Helium-4 ions and a-particles with kinetic energyyields underestimate the yields of clustered damage.
in the 5–10 MeV range travel ~50–100 mm in water.Consequently it is desirable to detect base damage
Special precautions are therefore required to ensurein close proximity to a SSB. In principle it is possible
that the sample thickness is less than this value soto do this by exploiting the activity of base excision
that the entire sample is irradiated. Described previ-repair enzymes. These endonucleases have the prop-
ously was the use of chambers in the form of anerty of removing certain modi� ed bases and then
annular steel ring 40 mm in diameter � tted at oneintroducing SSB at the resulting abasic sites. The
end with a 6 mm-thick Mylar window ( Jones et al.increase in the SSB yield after incubation with a
1993). A 4.8 ml drop of the plasmid solution wasbase excision endonuclease provides an estimate of
placed on the Mylar membrane, and forced by thethe yields of those modi� ed bases that are its sub-
application of a glass cover slip to assume the formstrates (Epe and Hegler 1994) . Depending upon the
of a rectangular prism 22 mm square and thereforeSSB assay, this may be signi� cantly more sensitive
10 mm thick. An additional drop of the solvent wasthan chromatographic methods. A post-incubation
placed on top of the cover slip, and the chamberincrease in the DSB yield provides a way to detect
sealed with Para� lm to prevent evaporation of theclustered damage involving a much wider range of
sample. These chambers were irradiated either withDNA damage than just two SSB in complementary
4He ions or a-particles.strands (Sutherland et al. 2000a, b). Here is reported

Helium-4 ion irradiation was undertaken at thethe increases in the SSB and DSB yields after E. coli
RARAF van de Graa Ú accelerator (Nevis Laboratory,endonuclease-III (endo-III) incubation of plasmid
Columbia University). Dosimetry involved an ioniza-DNA irradiated with c-rays or one of four high LET
tion chamber also � tted with a 6 mm-thick Mylarparticles.
window. The LET was determined with a counter
of 6 mm thickness again � tted with a 6 mm-thick Mylar
window. These two devices were used to characterize

2. Materials and methods the beam before and after the irradiation of several
samples (typically 1 h apart). During irradiation, the2.1. Preparation of DNA substrate and E. coli
dose-rate was assumed to be proportional to theendonuclease-III
beam current. The mean LET within the sample

The procedures used for the preparation and was 97 keV mm Õ
1 , with dose-rates in the range

puri� cation of plasmid pEC (10.8 kb) have been 0.9–1.1 Gy s Õ 1 .
described by Milligan et al. (1993) . Endo-III of E. coli For a-particle irradiation, the chambers were
was generously provided by R. P. Cunningham, State placed directly above an isotopic a-particle (5.8 MeV)
University of New York at Albany. The puri� cation source consisting of a circular disk 40 mm in diameter
procedures for endo-III have been described by coated with 244Cm (Isotope Products Laboratories,
Asahara et al. (1989). Burbank, CA, USA) and protected with a layer of

gold (0.24 mm). The LET and particularly the dose-
rate from the isotopic source are diæ cult to estimate
with precision, because the a-particles are emitted2.2. Plasmid DNA solution
isotropically by the source, and no precautions were

Solutions contained sodium phosphate (10 Õ
2 taken to collimate them. By comparison with previous

mol dm Õ
3 , pH 7.0), sodium formate (10 Õ

4 results, we have obtained with accelerated 4He ions
mol dm Õ

3 ), and plasmid pEC at 1000 mg ml Õ 1 . They using identical chambers ( Jones et al. 1993, Milligan
were irradiated at room temperature in equilibrium et al. 1996a), and estimated the a-particle dose-rate
with air. The �OH scavenging capacity of this solu- to be of the order of 10 Õ

1 Gy s Õ 1 . The Aldose
tion is ~3 Ö 105 s Õ 1 , which corresponds to an �OH software package (Turner and Huston 1991) sug-

gests an LET range within the 10 mm sample ofdi Ú usion distance of ~100 nm.
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140–190 keV mm Õ
1 , after allowing for energy loss in 3. Results

the intervening gold and Mylar layers. Note that the 3.1. SSB yield dose plotabsolute SSB and DSB yields for a-particle irradi-
ation are unimportant, because we are principally Figure 1 shows the results of two typical experi-

ments. In these two cases, plasmid pEC was irradiatedconcerned with relative yields (the ratio of after to
before enzyme incubation; see Discussion). with either c-rays or Fe ions. In both cases, as the

radiation dose increases, the fraction of supercoiled
(SSB free) plasmids decreases. In both cases, incuba-
tion of the plasmid after irradiation but before elec-2.5. Heavy ion (Fe and Au) irradiation
trophoresis results in a more rapid loss with dose of

Iron (56Fe26 + ) and gold (197Au79 + ) ion irradiation the supercoiled form. It is possible to estimate radi-
was provided at the Alternating Gradient ation chemical yields (G) for SSB formation (hereafter
Synchrotron (AGS) at Brookhaven National G(SSB)) from the slopes of the straight lines � tted to
Laboratory (Zeitlin et al. 1998) . Aliquots (10 ml) of the data in yield dose plots of the form of � gure 1
the plasmid solution were irradiated in 0.5 ml polyp- (Milligan et al. 1993). G(SSB) for incubation in the
ropylene tubes placed in the path of the ion beam. absence of endo-III is denoted by G0(SSB). For the
For Fe ions, the kinetic energy was 1.1 GeV per c-irradiation results plotted in � gure 1, G0(SSB) 5
nucleon for a dose average LET 5 143 keV mm Õ

1
5.98 Ö 10 Õ

2 mmol J Õ
1 and G(SSB) 5 1.14 Ö 10 Õ

1

(with ~10% of the dose deposited at lower values mmol J Õ
1 ; for the Fe ion irradiation, G0(SSB) 5

by fragmentation products) at a dose-rate of 1.16 Ö 10 Õ
2 mmol J Õ

1 and G(SSB) 5 1.82 Ö 10 Õ
2

~2.5 Ö 10 Õ
2 Gy s Õ 1 (determined with three ioniza- mmol J Õ

1 .
tion chambers upstream of the sample during the The factor by which the yield of breaks increases
irradiation). For Au ions, the corresponding values as a result of endo-III is equal to the ratio
are kinetic energy 5 11 GeV per nucleon, LET 5 G(SSB)/G0(SSB). From the data in � gure 1, this factor
1400 keV mm Õ

1 and dose-rate 5 ~7 Ö 10 Õ
4 Gy s Õ 1 . is equal to 1.14 Ö 10 Õ

1 /5.98 Ö 10 Õ
2 5 1.91 for c-

irradiation, and to 1.82 Ö 10 Õ
2 /1.16 Ö 10 Õ

2 5 1.57
for Fe ion irradiation. In the absence of endo-III

2.6. Enzyme incubation incubation, the SSB yield for Fe ions is lower than
that for c-rays by a factor of 5.98 Ö 10 Õ

2 /After irradiation, samples were incubated with
1.16 Ö 10 Õ

2 5 5.2.endo-III. Control incubations in the absence of any
added enzyme were also included. The DNA solu-
tions were diluted by a factor of 10 to a DNA 3.2. DSB yield dose plot
concentration of 100 mg ml Õ 1 with a solution con-

Figure 2 shows the formation of the linear form oftaining tris(hydroxymethyl)aminomethane (Tris,
the plasmid under the same conditions as � gure 1.10 Õ

2 mol dm Õ
3 , pH 8.0) and sodium chloride (10 Õ

1

The fraction of linear plasmid increases with increas-mol dm Õ
3 ), and then 1 mg (i.e. 10 ml) aliquots were

ing radiation dose. This increase is greater afterincubated for 30 min at 37 ß C with 1 ml of a solution
incubation with endo-III. In the same manner as forcontaining endo-III at one of several concentrations
� gure 1, the slopes of the straight lines � tted to the(1–5 mg ml Õ 1 ). The enzyme reaction was halted by
data in � gure 2 can be used to estimate the G valuesdilution with a loading bu Ú er and followed immedi-
for DSB formation (hereafter G(DSB)). G(DSB) afterately by electrophoresis. To minimize experimental
incubation in the absence of endo-III is symbolizederrors, unirradiated aliquots of DNA solutions that
by G0(DSB). For c-irradiation, G0(DSB) 5 1.45 Ö 10 Õ

3
had been irradiated with one of the four high LET

mol J Õ
1 and G(DSB) 5 4.82 Ö 10 Õ

3 mmol J Õ
1 ; for theparticles (244Cm a-particles, 4He2 + ions, 56Fe26 + ions,

Fe ion irradiation, G0(DSB) 5 4.61 Ö 10 Õ
4 mmol J Õ

1
197Au97 + ions) were also subjected to c-rays, and

and G(DSB) 5 9.86 Ö 10 Õ
4 mmol J Õ

1 .both of these samples were incubated with aliquots
The factor by which the yield of breaks increasesof the same diluted solution of the enzyme at the

as a result of endo-III is equal to the ratiosame time.
G(DSB)/G0(DSB). From the data in � gure 2, for c-
irradiation this factor is equal to 4.82 Ö 10 Õ

3 /
1.45 Ö 10 Õ

3 5 3.32, while for Fe ion irradiation it is2.7. Electrophoresis and determination of SSB and DSB equal to 9.86 Ö 10 Õ
4 /4.61 Ö 10 Õ

4 5 2.14. In theyields absence of endo-III incubation, the DSB yield for Fe
ions is lower than that for c-rays by a factor ofThese procedures have been described by Jones

et al. (1993) and Milligan et al. (1996a). 1.45 Ö 10 Õ
3 /4.61 Ö 10 Õ

4 5 3.1.
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Figure 1. Loss of supercoiled plasmid DNA with increasing radiation dose. Plasmid pEC in the presence of 10 Õ 4 mol dm Õ 3 sodium
formate in equilibrium with air was irradiated with either 137Cs c-rays (triangles) or with 56Fe26+ ions (circles) to the doses
indicated, and then incubated either with (100 mg ml Õ 1 , closed symbols) or without endo-III (open symbols). The fraction of
intact supercoiled plasmid DNA remaining after each dose and each incubation was determined by agarose gel electrophoresis.
The four data sets were � tted with least-mean-square straight lines of the form y 5 ce Õ mx . From the slopes m of these lines, D0

and SSB yields are: c-ray without endo-III (open triangle), 2.02 Gy (5.98 Ö 10 Õ 2 mmol J Õ 1 or 5.98 Ö 10 Õ 8 Gy Õ 1 Da Õ 1 ); c-ray
and endo-III (closed triangle), 1.15 Gy (1.14 Ö 10 Õ 1 mmol J Õ 1 or 1.14 Ö 10 Õ 7 Gy Õ 1 Da Õ 1 ); 56Fe26+ ion without endo-III (open
circle), 12.3 Gy (1.16 Ö 10 Õ 2 mmol J Õ 1 or 1.16 Ö 10 Õ 8 Gy Õ 1 Da Õ 1 ); 56Fe26+ ion and endo-III (closed circle), 7.30 Gy (1.82 Ö 10 Õ 2

mmol J Õ 1 or 1.82 Ö 10 Õ 8 Gy Õ 1 Da Õ 1 ).

Figure 2. Formation of linearized plasmid DNA with increasing radiation dose corresponding to the loss of supercoiled plasmid shown
in � gure 1 (the experimental conditions were identical). The fraction of linear plasmid was also determined by agarose gel
electrophoresis. The four data sets (symbols are identical) are � tted with least-mean-square second-order polynomials of the
form y 5 ax2 1 bx 1 c. From b (slope of a tangent to the line at zero dose), the DSB yields are be calculated as: c-ray without
endo-III (open triangle), 1.21 Ö 10 Õ 3 mmol J Õ 1 or 1.21 Ö 10 Õ 9 Gy Õ 1 Da Õ 1 ; c-ray and endo-III (closed triangle), 4.74 Ö 10 Õ 3

mmol J Õ 1 or 4.74 Ö 10 Õ 9 Gy Õ 1 Da Õ 1 ; 56Fe26+ ion without endo-III (open circle), 4.67 Ö 10 Õ 4 mmol J Õ 1 or 4.67 Ö 10 Õ 10

Gy Õ 1 Da Õ 1 ; 56Fe26+ ion and endo-III (closed circle), 9.98 Ö 10 Õ 4 mmol J Õ 1 or 9.98 Ö 10 Õ 10 Gy Õ 1 Da Õ 1 .
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Using the methods described above for � gures 1 G(SSB)/G0(SSB) (Milligan et al. 1996). As
G(SSB)/G0(SSB) (for c-rays) increases from 1.3 toand 2, SSB and DSB yields were determined after

irradiation under one of four conditions (a-particles, 2.4, G(SSB)/G0(SSB) (for the high LET particles)
increases to a slightly lower extent from 1.1 to 1.9.He ions, Fe ions, Au ions) followed by incubation

with di Ú erent concentrations of endo-III. The SSB These values are consistent with those determined
by Prise et al. (1999) for c- and a-irradiation underand DSB yields determined after incubation in the

absence of endo-III are listed in table 1 for c-rays, more eæ ciently scavenged conditions, followed by
endo-III incubation. Also plotted in � gure 3 are threeHe ions, Fe ions and Au ions. Absolute yields could

not be determined for the isotopic a-particle source curved lines representing the expected variation
of the ratio G(SSB)/G0(SSB) for three particularbecause of uncertainties in the dose-rate.
multiply-damaged sites (MDS) as a function of
G(SSB)/G0(SSB) for c-rays (see Discussion).3.3. Increase in the SSB yield

In � gure 3, G(SSB)/G0(SSB) for each of the four
3.4. Increase in the DSB yieldparticles is plotted against G(SSB)/G0(SSB) for c-rays.

The values plotted against each other were deter- In � gure 4, G(DSB)/G0(DSB) for each of the four
mined at the same concentration of endo-III. For particles is plotted against G(SSB)/G0(SSB) for c-rays,
example, the values obtained from � gure 1 require a again where these values were determined at identical
symbol (open circle) for Fe ions with coordinates of endo-III concentrations. Again as an example, the
1.91 on the x-axis and 1.57 on the y-axis. For values obtained from � gures 1 and 2 require a symbol
irradiation under any given set of conditions, higher for Fe ions at 1.91 on the x-axis (as in � gure 3), and
concentrations of endo-III generally result in higher 2.14 on the y-axis. DSB data for c-rays is also plotted

in � gure 4 for the purposes of comparison, but note
Table 1. SSB and DSB yields after irradiation of plasmid pEC we have reported previously on the relationship

or pHAZE. between the increases in the SSB and DSB yields for
c-rays over a wider range of both irradiation andRadiation LET G (SSB) G(DSB)
incubation conditions (Milligan et al. 2000). For c-type (keV mm Õ 1 ) (Gy Õ 1 Da Õ 1 ) (Gy Õ 1 Da Õ 1 )
irradiation, increases in the ratio G(SSB)/G0(SSB)

c-ray # 0.3 5.98 Ö 10 Õ 8 1.45 Ö 10 Õ 9 from 1.1 to 2.2 correlate with increases in the
4He2+ 97 8.66 Ö 10 Õ 10 1.07 Ö 10 Õ 10

G(DSB)/G0(DSB) ratio of 1.1 to 4.2 (~2-fold greater).
56Fe26+ 145 1.16 Ö 10 Õ 8 4.67 Ö 10 Õ 10

For all four of the high LET particles, as the ratio197Au79+ 1440 1.81 Ö 10 Õ 8 3.83 Ö 10 Õ 10

G(SSB)/G0(SSB) increases from 1.3 to 2.4, the ratio

Figure 3. Correlation of increases in the SSB yields after post-irradiation endo-III incubation. The four di Ú erent particles used were
a-particles (closed square), He ions (open square), Fe ions (open circle) and Au ions (closed circle). Lines represent the expected
correlations for MDS of the form 1:0 (solid line), 2:0 (long dash) and 3:0 (short dash). See the Discussion for details.
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Figure 4. Correlation of increases in DSB yields with increases in SSB yields. The four di Ú erent particles used were a-particles (closed
square), He ions (open square), Fe ions (open circle) and Au ions (closed circle). c-ray data (closed triangle) are also included.
Lines represent the expected correlations for MDS of the form 1:1 (solid line), 2:1 (long dash), 3:1 (medium dash) and 2:2
(short dash). See the Discussion for details.

G(DSB)/G0(DSB) increases from 1.3 to 2.3 (i.e. by low (10 Õ
4 mol dm Õ

3 formate, equivalent to an �OH
di Ú usion distance of ~100 nm). These conditions areabout the same factor). Again, these values are

consistent with the observations of Prise et al. (1999) unrepresentative of biological systems, where the
intracellular di Ú usion distance is ~30-fold lowerat higher scavenging capacities. Four curved lines are

also plotted in � gure 4. They represent the expected (Roots and Okada 1975) . However, the very high
doses required at higher scavenging capacities (essen-relationships between G(DSB)/G0(DSB) for MDS of

four particular types and G(SSB)/G0(SSB) for c-rays tial to decrease the di Ú usion distance) could not be
delivered by the AGS (Fe and Au ions) or by the(see Discussion).

The reason for plotting the ratio G/G0 for SSB 244Cm source (a-particles) during exposure times that
were remotely practical. Similar diæ culties with lowand DSB yields obtained with the particles against

the ratio G/G0 for c-ray SSB (� gures 3 and 4) is that particle � uxes have also been reported by others in
the � eld (Taucher-Scholz and Kraft 1999) .the c-ray SSB data provide a convenient benchmark

for comparison. When plotted in this way, the e Ú ect
of endo-III activity is removed and it is the di Ú erences
between the radiation types that is emphasized. 4.2. SSB caused by c-irradiation

SSB and DSB yields after incubation in the absence In this discussion the individual products in DNAof any added endo-III are collected in table 1. that result from attack by a single �OH are referredBecause of the dependence of the �OH yield on to as lesions. A lesion is an individual strand breakscavenging capacity, LET and particle type (LaVerne or an individual damaged or chemically modi� ed1989a, b), it is diæ cult to compare the SSB yields base. It is well recognized that multiple lesions causedwith Fe and Au ions in table 1 with far more extensive by ionizing radiations may be present in close prox-data in the literature (Taucher-Scholz and Kraft imity. Such lesions are commonly described as being1999). The 4He ion results are consistent with those clustered, or as constituting a MDS. It is possible toreported for low scavenging capacities ( Jones et al. arrive at an estimate of the composition of a MDS1993, Milligan et al. 1996a). by consideration of the ratios G(SSB)/G0(SSB) and
G(DSB)/G0(DSB).

Because of the presence of various damaged bases,4. Discussion
the SSB yield after enzyme incubation, G(SSB), is4.1. Scavenging capacity greater than the SSB yield in the absence of enzyme
incubation, G0(SSB). The amount by which G(SSB)The hydroxyl radical (�OH) scavenging capacity

(s(�OH)) used for these experiments was relatively is greater than G0(SSB) is equal to the yield of enzyme
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sensitive lesions (ESL, damaged bases which are occurs with twice the probability of the other two,
so its contribution must be doubled to account forrecognized by endo-III). The ESL yield which is

measured experimentally depends on: (1) the yields this. The DSB yield in the absence of enzyme
incubation is again G0(DSB). The DSB yield afterof the modi� ed bases that are recognized as substrates

by endo-III (Dizdaroglu et al. 1993) ; and also (2) on enzyme incubation, G(DSB), will be greater than this
because of the contributions made by the MDSthe activity of endo-III (Milligan et al. 1996b). The

yields of these bases are assumed to be a � xed containing one or two ESL. Assuming that the two
�OH attacks are independent of one another, thenfraction of the �OH yield, and therefore also of

G(SSB). Therefore at any given enzyme activity, the the yield of MDS containing one SSB and one ESL
is equal to the yield of MDS containing two SSByield of ESL is equal to G(SSB) multiplied by some

factor F. Factor F depends only on endo-III concen- (i.e. the DSB yield before enzyme incubation) multi-
plied by the same factor F as would be the case iftration (although see Section 4.6), with F 5 0 in the

absence of any endo-III. We have previously shown the SSB site in the complementary strand were not
present, i.e. F Ö G0(DSB). The yield of MDS con-that as the enzyme activity is increased to the level

where breaks start to be introduced non-speci� cally taining two ESL is therefore equal to F2 Ö G0(DSB).
Therefore, the total DSB yield after enzyme(i.e. in unirradiated plasmid), the ratio G(SSB)/

G0(SSB) increases to a maximum of ~2.5 for endo- incubation is equal to
III (Milligan et al. 1996b). This is consistent with the

G(DSB) 5 G0(DSB) 1 2 Ö F Ö G0(DSB)yields of oxidized bases in c-irradiated aqueous DNA
solutions as determined by GC-MS (Swarts et al. 1 F2 Ö G0(DSB) (3)
1996) and the known substrate speci� city of endo-III

Again, on rearranging this expression to calculate(Dizdaroglu et al. 1993) . The total yield of breaks
the ratio plotted in � gure 4measured after enzyme incubation includes the

breaks present before incubation, so that the relation- G(DSB)/G0(DSB) 5 1 1 2F 1 F2 (4)
ship between G(SSB) and G0(SSB) is given by

Comparison of equations (2) and (4) reveals for a 1:1
G(SSB) 5 G0(SSB) 1 F Ö G0(SSB) (1) MDS that (at any given enzyme activity) the expected

increase in the DSB yield is the square of the increaseRearranging this to calculate the ratio plotted in
in the SSB yield (i.e. (1 1 F )2 5 11 2F 1 F2 ). We� gures 3 and 4
have reported previously that this is supported by

G(SSB)/G0(SSB) 5 F 1 1 (2) experimental evidence (Milligan et al. 2000).
We wish to compare this ratio for SSB yields caused
by c-irradiation with that for both SSB and DSB 4.4. SSB caused by high LET radiationcaused by a-particle irradiation. In this way we can
interpret the results plotted in � gures 3 and 4. High LET radiation is expected to give rise in the

region of the particle track to a very high local �OH
density, and there may be a signi� cant contribution4.3. DSB caused by c-irradiation to SSB formation by lesions containing more than
one damaged site.We have previously reported on the e Ú ect of endo-

III incubation on DSB formation by c-irradiation Consider the case of a MDS containing two lesions
in the same strand, designated by ‘2:0’. Again, as(Milligan et al. 2000) . At the risk of repetition, the

situation is discussed again here in slightly di Ú erent with the 1:1 MDS, there are three possibilities: (1)
both damaged sites are SSB; (2) one site is a SSBterms because it is a special case that helps to clarify

the situation for the e Ú ect of endo-III incubation on while the other is an ESL; and (3) both sites are
ESL. Again, the contribution made by the secondSSB and DSB formation under the higher LET

conditions associated with particle irradiation. MDS must be multiplied by a factor of two. Because
the two lesions are both in the same strand, the e Ú ectAn expression for the ratio G(DSB)/G0(DSB) for

c-irradiation may be derived as follows. Assume that of these 2:0 MDS on the break yield after enzyme
incubation is di Ú erent from the 1:1 MDS. For thea DSB is formed by two �OH attacks, one on each

of the two complementary strands. Such a MDS may 2:0 MDS, the � rst two cases (in which at least one
SSB is present before enzyme incubation) give risebe represented by the symbol ‘1:1’. There are three

possibilities to consider for a 1:1 MDS: (1) a SSB is to a SSB before enzyme incubation. After enzyme
incubation, the contribution by the third site mustformed in both cases; (2) a SSB is formed in one

strand, and an ESL is formed in the other strand; or also be included. Again assuming the �OH attacks to
be independent of one another, we arrive at the(3) two ESL are formed. The second possibility
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following expression for the SSB yields before 2:2 are respectively (F 1 1)4 /(3F2 1 3F 1 1) and
(F 1 1)4 /(4F2 1 4F 1 1). Although the numerator(G0(SSB)) and after (G(SSB)) enzyme incubation
would be (F 1 1)m +n , it is not clear what form is takenG0(SSB) 5 G(2 SSB) 1 2 Ö F Ö G(2 SSB) (5)
by the denominator in the general term for a m:n
MDS. Together with the 1:1 MDS described above,G(SSB) 5 G(2 SSB) 1 2 Ö F Ö G(2 SSB)
the G(DSB)/G0(DSB) ratios expected for 2:1, 3:1 and

1 F2 Ö G(2 SSB) (6) 2:2 MDS are plotted as a function of F 1 1 in � gure 4.
The conclusion to be drawn from the lines plottedwhere G(2 SSB) is the (unknown) yield of MDS
in � gure 4 is much the same as the situation inconsisting of two SSB in the same strand. As before,
� gure 3. As the complexity of the damage increases,what is required is an expression for the ratio
the lines plotted in � gure 4 show that the increase inG(SSB)/G0(SSB), because this is what is plotted on
the DSB yield after endo-III incubation is expectedthe y-axis of � gure 3. Dividing equation (6) by equa-
to become less pronounced.tion (5) produces

G(SSB)/G0(SSB) 5 (F2 1 2F 1 1)/(2F 1 1) (7)

By following a similar although lengthier argument, 4.6. Reactivity of endo-III with MDS
an estimate of the ratio G(SSB)/G0(SSB) for a 3:0

The lines plotted in � gures 3 and 4 can beMDS consisting of three individual lesions may be
compared with the experimental data in quantitativeshown to be (F3 1 3F2 1 3F 1 1)/(3F2 1 3F 1 1). The
terms only if the normal excision and lyase activitiesmissing F3 term in the denominator represents the
of endo-III remain uninhibited by nearby lesions.exclusion of the one MDS containing three ESL,
These activities of endo-III have been examined forsince this is the only MDS which is not detected as
the lesion dihydrothymine in double stranded oligo-a SSB before enzyme incubation. The general term
nucleotides containing a modi� ed base, an abasicfor a n:0 MDS consisting of n lesions all in the same
sites, or a break in the complementary strandstrand is therefore [(F 1 1)n]/[(F 1 1)n Õ Fn ]. Similar
(Chaudhry and Weinfeld 1995, Chaudhry andexpressions have been derived for the radioprotective
Weinfeld 1997, Harrison et al. 1998) . A closely situ-e Ú ect of thiols (Michael et al. 1991, Milligan et al.
ated modi� ed base produces a signi� cant inhibition,1996a), which also decreases with increasing LET.
while breaks have a smaller e Ú ect. The particularThe G(SSB)/G0(SSB) ratios are plotted in � gure 3 as
product dihydrothymine is not a major product ofa function of the ratio G(SSB)/G0(SSB) expected for
irradiation under aerobic conditions (Swarts et al.c-irradiation (i.e. as a function of F 1 1, see
1996) . The major products that are substrates forSection 4.2) for n 5 1, 2, 3.
endo-III are pyrimidine glycols (Dizdaroglu et al.As the endo-III concentration increases, F also
1993, Cadet et al. 2000) . Nevertheless, these observa-increases. This is consistent with the observation that
tions still indicate that the precise predictions madethe ratio G(SSB)/G0(SSB) (for any one type of radi-
by the lines plotted in � gures 3 and 4 should beation) increases with endo-III concentration (closed
regarded with some caution. In quantitative terms,squares in � gure 3). However, the essential point is
these observations suggest that at identical endo-IIIthat this e Ú ect of endo-III in increasing the SSB yield
concentrations, a lower value for F applies to MDSis predicted to become less pronounced as n (the
than to single lesions. Therefore, the assumption thatnumber of lesions per cluster) increases. The general
F depends only on the endo-III concentration is nottrend of these lines in � gure 3 reveals that as the
strictly valid.number of individually damaged lesions per MDS

Note, however, that any attenuation of the activityincreases, there is a decrease in the ratio
of endo-III at complex MDS would tend to decreaseG(SSB)/G0(SSB) expected after enzyme incubation.
the ratios G(SSB)/G0(SSB) and G(DSB)/G0(DSB)
observed with high LET particles when compared4.5. DSB caused by a-particle irradiation with the ratios for c-irradiation. It has been shown
above that such decreases are expected at complexExpressions similar to equation (7) may be derived

for MDS containing more than one lesion in one or MDS even if endo-III remains uninhibited. For this
reason, it is argued that the decreases (comparedboth of the strands. These MDS result in DSB

formation after (and possibly also before) enzyme with c-irradiation) in G(SSB)/G0(SSB) (� gure 3) and
particularly in G(DSB)/G0(DSB) (� gure 4) observedincubation. For example, for a 2:1 MDS, the ratio

of DSB after and before enzyme incubation is given for several high LET radiations provide evidence for
DNA damage that consists of multiple lesions, evenby G(DSB)/G0(DSB) 5 (F 1 1)3 /(2F 1 1). The expres-

sions for the two quadruply damaged sites 3:1 and at the relatively low scavenging capacity of 10 Õ
4
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mol dm Õ
3 formate (�OH di Ú usion distance of Lawrence Berkeley National Laboratory) for the

AGS ion beam dosimetry, and to R. Cunningham~100 nm).
(Department of Biological Sciences, State University
of New York at Albany) for a gift of endonuclease III.4.7. Composition of MDS produced by high LET radiation

The overall product distribution of singly damaged
Referencessites produced by the indirect e Ú ect of low-LET

radiation can be determined by chromatography and Asahara, H., Wistort, P . M., Bank, J. F., Bakerian, R. H.
simple break assays. It is generally agreed that the and Cunningham, R. P., 1989, Puri� cation and character-

ization of Escherichia coli endonuclease III from the clonedbreak yield per �OH is < 15% (LaVerne and Pimblott
nth gene. Biochem istry , 28, 4444–4449.1993) , with the remaining 85% being various modi-

Blakely , E. A., 1992, Cell inactivation by heavy charged� ed bases. An MDS consists of multiple lesions, but
particles. Radiation and Environmental Biophysics, 31,these are distributed between just two complementary 181–196.

strands of DNA. Therefore the probability that at Box, H. C., P atrzyc, H. B., Dawidzik, J. B., Wallace, J. C.,
Freund, H. G., Ijima, H. and Budzinski, E. E., 2000,least one of the strands contains a lesion that is a
Double bass lesions in DNA X-irradiated in the presencebreak is greater than 15%, even though the product
or absence of oxygen. Radiation Research, 153, 442–446.distribution that describes the individual lesions

Cadet, J., Berger, M., Douki, T . and Ravanat, J.-L., 1997b,remains unaltered. The e Ú ect of endo-III in produ- Oxidative damage to DNA: formation, measurement,
cing additional breaks must therefore decrease with and biological signi� cance. Reviews in Physiological and

Biochemical Pharmacology, 131, 1–87.increasing clustering (quanti� ed by equations 4
Cadet, J., Bourdat, A.-G., D’ Ham, C., Duarte, V.,and 7).

Gasparutto, D., Romieu, A. and Ravanat, J.-L., 2000,
Oxidative base damage to DNA: speci� city of base
excision repair enzymes. Mutation Research, 462, 121–128.5. Conclusions

Cadet, J., Douki, T . and Ravanat, J.-L., 1997a, Artifacts
associated with the measurement of oxidized DNA bases.Irradiation of plasmid DNA produces both SSB
Environmental Health Perspectives, 105, 1034–1039.and DSB. The yields of both types of break damage

Chaudhry, M. A. and Weinfeld, M., 1995, The action ofincrease if the plasmid is incubated after irradiation
Escherichia coli endonuclease III on multiply damaged siteswith the E. coli base excision enzyme endo-III. This in DNA. Journal of Molecular Biology, 249, 914–922.

increase is attributed to the conversion of damaged Chaudhry, M. A. and Weinfeld, M., 1997, Reactivity of
human apurinic/apyrimidinic endonuclease andbases into strand breaks. The increase in both
Escherichia coli exonuclease III with bistranded abasic sitesSSB and DSB yields is less pronounced for four
in DNA. Journal of Biological Chemistry, 272, 15 650–15 655.particle irradiations (5.8 MeV a-particles, 97 keV

Dizdaroglu, M., Laval, J. and Boiteux, S., 1993, Substrate
mm Õ

1 4He2 + ions, 145 keV mm Õ
1 56Fe26 + ions, speci� city of the Escherichia coli endonuclease III: excision

1440 keV mm Õ
1 197Au79 + ions) than it is for c-rays. of thymine and cytosine derived lesions in DNA produced

by radiation generated free radicals. Biochemistry , 32,Such an e Ú ect is expected for clustered DNA damage,
12 105–12 111.both because of the combinatorial properties of

Epe, B. and Hegler , J., 1994, Oxidative DNA damage: endonu-multiple lesions, and also because closely situated
clease � ngerprinting. Methods in Enzymology, 234, 122–131.lesions have been shown to have an inhibitory e Ú ect Fuciarelli, A. F., Wegher, B. J., Blakely, W. F. and

upon the activity of endo-III. The estimates of the Dizdaroglu, M., 1990, Yields of radiation induced base
products in DNA: e Ú ects of DNA conformation andcluster sizes (SSB with one to two damaged sites,
gassing conditions. International Journal of Radiation Biology,and DSB with two to four damaged sites) are only
58, 397–415.approximate, but they are consistent with previous

Goodhead , D. T., 1994, Initial events in the cellular e Ú ects ofestimates based upon the competition between ionizing radiations: clustered damage in DNA. International
chemical � xation and repair (Milligan et al. 1996a). Journal of Radiation Biology, 65, 7–17.
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