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A supercoiled plasmid of 7300 base pairs was isolated and exposed in an

aqueous environment to ^Co y rays and JANUS 0.85 MeV fission-spectrum

neutrons. Dose responses for the production of single-strand breaks (SSBs).

double-strand breaks (DSBs) and alkali-labile sites (ALSs) were compared with

computations made from the conversion of the supercoil to its r Saxed and

linear forms. The relative biological effectiveness (RBE) for production of SSBs

and DSBs was similar to that previously measured in the cellular environment.

The RBE for destruction of genetic transforming activity of M13 viral DNA

followed that for DNA damage. This is in contrast to the situation for biological

effects such as lethality, mutagenesis, and cellular transformation measured in

mammalian cells, where the RBE values are reversed. The role of hydroxyl (OH)

radical in DNA damage induction by neutrons was investigated by exposure of

plasmid in the presence of known quenchers of this species. Of four

quenchers tested, all were able to reduce the yields of both SSBs and DSBs.

These findings are consistent with a model for SSB and DSB induction by high

linear energy transfer that involves OH radical mediation.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United Stales Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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1. INTRODUCTION

High-energy densely-ionizing neutrons are well known to be more

efficient per unit absorbed dose at killing cells than are sparsely ionizing, low

linear energy transfer (LET) radiations such as y or x-rays, reviewed by Field

(1976). More recent papers are quoted by Spotheim-Maurizot et aL (1990).

There is strong evidence supporting the hypothesis that an important critical

molecular target for ionizing radiation cellular lethality is DNA (Painter 1980).

If this is correct, the well-known low yields of measured DNA damage caused

by neutrons relative to y rays (discussed by van der Schans et aL 1983, who

also quote other literature) are enigmatic. For instance, we measured a

relative biological effectiveness (RBE) of 0.2 (neutrons/y rays) for induction of

single-strand breaks (SSBs) in human P3 and rodent V79 cells (Peak et aL

1989), whereas we measured RBEs of about 3 and 4 respectively for lethality

in these cell types (Hill et aL 1988). One explanation for the high RBE of

neutrons in cell killing is that the DNA damages produced by neutron

exposures are more biologically effective than those produced by y rays. Also,

neutrons may be more efficient at producing double-strand breaks (DSBs),

thought to be critical radiation-induced lesions (Spotheim-Maurizot et aL

1990). We and others have shown that neutrons are efficient at producing

DSBs in cellular DNA: the RBE for DSB induction is 1. compared with O.2 for

SSBs (Grdina et aL 1989, Peak et aL 1991). We have also shown that DNA

damages induced by neutrons, both SSBs (Peak et at 1989) and DSBs (Peak et
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aL 1991) as measured in cells by elution techniques, are less easily repaired

than those induced by y rays. The reasons for the difference in repairability of

these lesions is not clearly understood. One possibility, discussed previously

(Peak et aL 1991), is that neutrons, because of their track structure, are more

likely to produce clusters of damage unlike the more isolated lesions caused by

y rays; such damage is likely to be more difficult to repair (Ward 1985, 1988).

The question has also been raised as to whether the high RBE of

neutrons is related to the preponderance of direct effects in neutron

interactions with target molecules, in contrast to the indirect effects that

involve the products of water radiolysis (Watt 1988, Spotheim-Maurizot et aL,

1990). However, the role of direct versus indirect events due to high-LET

neutrons has yet to be thoroughly addressed. Spotheim-Maurizot et aL (1990)

showed that ethanol inhibits DNA. breakage by neutrons in a supercoil

relaxation assay, evidence for a role of OH radical. In recent years,

measurement of DNA damage in a model in vitro system was develped through

analysis of radiation-induced relaxation of supercoiled plasmid DNA by gel

electrophoresis and densitometric scanning methods (Povirk et aL 1977, van

der Schans 1978, van Touw et aL 1985, Hempel and Mildenberger 1987,

Spotheim-Maurizot et aL 1990). By using such a model system, the exposure

environment can be manipulated in a way that is not possible with cellular
4

systems. In particular, the role of reactive species such as OH radical (indirect

effects resulting from water radiolysis) can be examined by use of specific
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quenchers of these species (Blazek and Peak 1988). The current study used

the supercoiled plasmid model system to compare DNA damages, as well as

biological inactlvation (loss of genetic transforming activity), caused by JANUS

fission-spectrum neutrons (0.85 MeV. Marshall and Williamson 1985) and ^Co

Y rays, and investigates the role of OH radical in DNA breakage caused by

these radiations. The method applies our use of specific OH radical scavengers

in direct proportion to their rate constants for quenching OH radical

(Farhataziz and Ross 1977).

2. MATERIALS AND METHODS

2.1 DNA

A 7300-base-pair plasmid, pBR322, with an insert derived from the myc

oncogene was isolated and purified using hydroxyapatite exchange

chromatography as described by Blazek and Peak (1988). After the final

dialysis step, the plasmid was stored in 1 mM sodium phosphate buffer, pH

7.1, containing 0.1 mM EDTA. M13mn8 phage DNA was purchased from New

England Biolabs (Beverly, MA).
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2.2 Radiation Exposure

Samples were irradiated in polyallomer microcentrifuge tubes.

Supercoiled plasmid DNA was irradiated at a concentration of 25 ng/ml in

storage buffer (1 mM sodium phosphate. pH 7.1, containing O.lmM EDTA). To

test the protective effects of the OH radical quenchers acetate, formate, azide

and mannitol, these compounds were added to the DNA. before the start of the

irradiation so that they would be present during irradiation at concentrations

selected to be inversely proportional to the value of the rate constant for OH

radical quenching (Blazek and Peak 1988, Peak and Peak 1990). M13 DNA

was irradiated in water at a concentration of 20 /jg/ml. Samples were kept at

ice temperature during irradiation. ^Co y radiation was from an Atomic

Energy of Canada Gammabeam Model 650 irradiator; the dose rate was 0.5 Gy

per min. The source of neutrons was the high-flux room of the JANUS reactor

at Argonne National Laboratory; the dose rate was 0.44 Gy per min. These

sources of radiation have been described previously (Hill et ah 1988, Peak et ah

1989).

2.3 Measurement of DNA Breakage

Separation of the supercoiled, relaxed, and linear topological forms of the

pBR322 plasmid by agarose gel electrophoresis, quantitative scanning of the

gel, and correction for the lower ethidium bromide fluorescence of the
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supercoiled form were all as described by Blazek and Peak (1988). Assay for

alkali-labile sites (pH 11.7) by gel electrophoresis was as described by

Churchill et aL (1990). The average number of SSBs and DSBs per plasmid

DNA molecule were determined from the fractional abundances as described

by Spotheim-Maurizot et aL (1990).

2.4 Measurement qfM13 Genetic Transforming Activity

Preparation of competent Escherichia coli (JM107) and measurement of

genetic transforming activity was as described by Ito et aL (1988) based on the

methods described by Messing (1983). For preparation of competent cells, a

culture was grown to early exponential phase, rapidly chilled on crushed ice,

harvested by gentle centrifugation, resuspended in ice-cold 0.1 M MgC^,

harvested immediately by gentle centrifugation, and resuspended in ice-cold

0.1M CaClj for at least 1 h. Competent cells were exposed to 10 ng of DNA at

0 °C, then heat pulsed for 40 sec at 42 °C (instead of 2 min) with shaking.

50 /A Xgal (2%) and 10 /A IPTG (100 mM) were added, and the cells were plated

as overlays on YT plates. Blue plaques were counted after overnight

incubation at 37 °C.



9220 8

3 . RESULTS

3.1. Interconversion Between Topological Forms of DNA

Both radiations induce single-strand and double-strand breaks in the

plasmid DNA that cause supercoil relaxation and lead to production of relaxed

circular and linear plasmid species. The typical patterns of interconversion

between topological DNA forms after radiation exposure, shown in figure 1 for

0.85-MeV JANUS fission-spectrum neutrons, have been described previously

by others (e.g. van Touw et aL 1985, Hempel and Mildenberger, 1987,

Spotheim-Maurizot et aL 1990). From data such as that shown in figure 1, the

yields of SSBs and DSBs were calculated, using the method described by

Spotheim-Maurizot et aL (1990). Dose responses for break induction by '"Co y

rays and JANUS neutrons are shown in figure 2. Experimental points were

fitted by a linear relationship for both SSB and DSB induction. As we

observed previously in the cellular situation (Peak et aL 1989, Peak et aL

1991), neutrons induced far fewer SSBs per unit dose than did y rays, but

production of DSBs after neutron exposure was quite similar to that from y

radiation as shown by the slopes of the dose response curves.

Table 1 lists the relative biological effectiveness (RBE) of ̂ Co y rays and

fission spectrum neutrons for production of SSBs and DSBs in our pBR322

plasmid and shows the close correspondence between these RBEs and those
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which we measured previously in human cells. Similar, but not identical,

results were recently obtained by Spotheim-Maurizot et aL (1990) who

compared the effects of ̂ Co yrays and fast neutrons from the CERI cyclotron

on the 4362-base-pair pBR322 plasmid. Exposure to this neutron beam

produced fewer SSBs but slightly more (a factor of 1.5) DSBs than were

measured after exposure to y radiation.

Use of the supercoiled plasmid model system also permits frank strand

breaks to be distinguished from alkali-labile sites (damage that is converted

into a backbone break when irradiated DNA is subsequently exposed to alkali)

as discussed by Churchill et aL (1990). Exposure of the y-irradiated plasmid to

a pH of 11.7 before gel electrophoresis revealed a small but significant

population of alkali-labile sites (there was no overlap in the standard errors of

the dose response). No such sites were detected after exposure to neutrons

(data not shown).

3.2. Inactivation of Genetic Activity ofM13 Viral DNA

Figure 3 shows the comparison of inactivation of the DNA genetic

transformation by ^Co y radiation and fission-spectrum neutrons. The results

paralleled those for SSB induction in that neutrons inactivate the genetic

activity of the DNA much less efficiently than do y rays. The RBE for

inactivation of transformation is 0.23, close to that for induction of SSBs both
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in intact cells and in the plasmid model system (table 1). However, very much

smaller doses were required for inactivation of transforming activity than for

plasmid relaxation. Whereas a neutron dose of 20 Gy caused approximately

50% relaxation, only 20c Gy was required to inactivate transformation to less

than 1% of the control activity (figure 1).

3.3. Effects of OH Radical Scavengers on Break Induction by Neutrons

Figure 2 also shows the induction of SSBs and DSBs in the 7300-base-

pair plasmid exposed to neutron radiation in the presence of 100 mM sodium

acetate, a known scavenger of OH radicals (Farhartaziz and Ross 1977, Blazek

and Peak 1988). Production of both SSBs and DSBs was suppressed when

acetate was present during the irradiation. As in previous studies (Blazek and

Peak 1988, Peak and Peak 1990), we compared the protection afforded against

break induction by four known OH radical quenchers, sodium acetate, sodium

azide, sodium formate, and mannitol, present during irradiation at

concentrations selected to be in inverse proportion to their rate constants for

quenching. Dose responses for induction of SSBs and DSBs demonstrated

protection in all cases. Dose reduction factors (DRFs: the ratio of the dose

required to induce n DNA breaks in the absence to the presence of the

quencher) were calculated from the dose responses. Table 2 lists DRFs

measured for the induction of both SSBs and DSBs by neutrons compared

with those previously measured for SSB induction by y rays. As was seen in
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the previous studies, despite differences in quencher concentration of more

than two orders of magnitude and their disparate chemistry, JRFs for

neutrons are closely similar and varied by less than a factor of 2.5.

4. DISCUSSION

We have used an in vitro model system to compare DNA damage caused

by low-LET y ray photons and high-LET neutrons. It has been known for

decades that these two types of radiation produce both SSBs and DSBs in

DNA. However, previous studies have indicated that the nature of these

lesions produced by neutrons may be different from those resulting from

exposure to y radiation in that a proportion of the breaks, both SSBs and

DSBs, produced by neutrons are more difficult for cells to repair (Peak et oL

1989, 1991). For instance, in the case of DSBs induced in human P3 cells,

about 10% of those due to neutrons are refractory to repair. The reason for

the differences may lie in the different mechanisms by which breaks are

inflicted by the two types of radiation. For ins^ince, in the case of y radiation,

the damage has long been considered to be largely of the indirect type in which

OH radicals randomly formed by the radiolysis of water surrounding the DNA

are thought to play a major role (Blok et al 1967, Chatterjee and Magee 1985).

Recent experiments in our laboratory have confirmed the overwhelming role in

DNA breakage played by OH radicals generated from free bulk water that
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surrounds the DNA in an aqueous environment (Ito etaLin press). The

breakage of DNA by neutrons, on the other hand, has been considered to be

largely direct, caused by the interaction of the dense column of ionizations set

in motion by neutrons with the DNA itself (Hall 1978).

In the current in vitro studies, we have confirmed previous findings in

whole cells (Hill et al 1988. Peak et al 1991) regarding the kinetics c: break

induction. Far fewer SSBs were induced m the plasmid by neutrons than by y

rays (figure 1), and the RBE for SSB induction (0.20) was identical to that

measured in the cellular environment (table 1). The same relationship held for

the in vitro inactivation of transforming DNA; neutrons were significantly less

efficient per unit dose than y rays at reducing genetic transformation by

single-stranded M13 phage (figure 3), and the RBE was closely identical to that

reported for SSB induction both in vivo and in vitro (table 1). This provides

new evidence that when immediate damage to DNA (even a so-called "biological

event" such as genetic transformation) is estimated directly either in vitro or in

intact cells, neutrons apparently inflict less damage per unit dose than do y ray

photons. This is opposite to the RBE pattern for other biological endpoints,

such as the killing of cells, mutagenesis, and neoplastic transformation, which

are measured long (sometimes several weeks) after the initial radiation insult is

delivered and for which RBEs in the region of 3-5 have been measured (Field

1976, Han and Elkind 1979, Hill et al 1988). This further supports the notion

that at least some of the lesions inflicted by neutron irradiation must be
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different in nature from those caused by y irradiation, and although they are

fewer in number, they have much harsher effects on the cell. It is noteworthy

that the M13 phage DNA that was used for the assay of genetic transformation

was single-stranded so that the lesions could be considered to be analogous to

SSBs rather than DSBs.

In the case of DSB induction in the plasmid, the situation was different.

DSB yields per unit dose of y rays or neutrons were more closely similar than

were the SSB yields (figure 1) resulting an RBE of 0.68 (table 1). This

seemingly paradoxical result also mimics DSB induction in the cellular

situation for which RBEs close to 1.0 have been reported for DSB induction

(Sakai et aL 1987, Grdina et aL 1989, Peak et aL 1991).

It has long been known that the DNA. breaks produced by y and x-ray

photons, formed mainly by the action of the random OH radicals resulting

from the radiolysis of water, are reduced in number when irradiation is carried

out in the presence of OH radical scavengers such as alcohols (Blok et aL

1967, Roots and Okada 1972, von Sonntag 1987 and references therein). In

fact, this modification by radical scavengers is the basis on which Baverstock

and Will (1989) distinguish between the indirect action and the direct action of

ionizing radiation on the DNA itself. Previously we showed that in the case of y

rays, the reduction in yield of SSBs in aqueous solutions in the presence of a

series of OH radical scavengers was closely proportional to their rate constants

for quenching these radicals (Blazek and Peak 1988). This is consistent with
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the hypothesis that radioprotection by the agents used is due to their

preferential reaction with OH radicals rather than with DNA. Other trivial

explanations, such as that the findings are just a coincidence, do not seem

plausible because of the varied chemical natures of the four quenchers as well

as the broad range of concentrations used. Thus the system can be used as a

diagnostic tool for characterizing events that involve the action of OH radicals.

In the current study, we have used the same strategy to investigate the

role of OH radicals in DNA breaks caused by neutrons and have extended our

measurements to include DSBs as well as SSBs. As shown in table 2, these

experiments demonstrated protection against both SSBs and DSBs in plasmid

DNA by the four quenchers, and it was also found that, as described above for

the y ray study, the dose reduction factors (DRFs) for the quenchers were

closely similar despite the wide range of concentrations employed.

Furthermore, the protection afforded against neutron radiation by these OH

radical scavengers was the same for DSBs and SSBs. These results strongly

suggest that a component of the DNA breaks (both SSBs and DSBs) caused by

these particles are mediated by scavengeable OH radicals.

These findings might appear inconsistent with the generally accepted

notion that neutron damage is by direct action (Hall 1978) and that this type of

action is not subject to modification by radical scavengers. However, results

similar to ours were seen by Spotheim-Maurizot et at (1990) who observed
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complete inhibition of SSBs due to both neutron and y-ray exposures in the

presence of 0.1 mol dm'3 ethanol, and they concluded that all SSBs formed

after both neutron and y ray irradiation are a result of the action of OH

radicals. For neutron-induced DSBs, by contrast, the protection was

incomplete, whereas in our experiments LET was found to influence the

induction of SSBs. The DRF values in the case of neutrons was larger (i.e.,

less protection) than that measured for y rays at the same quencher

concentrations (table 2). indicating that not all neutron-induced SSBs are

mediated by scavengeable OH radicals.

All these data, as well as our previous findings on induction and repair

of DNA breaks by intact cells are consistent with the following models for the

mechanism of strand break induction by ionizing radiation. Whereas y-ray

photons induce SSBs and DSBs in DNA by different mechanisms, in the case

of neutrons induction of both these lesions is by the same route. The majority

of SSBs produced in DNA by y rays in an aqueous environment are due to the

action of randomly produced OH radicals and thus are readily quenched by

OH radical scavengers. Roots and Okada (1972) estimated that 65% of DNA

damage in cells was caused by OH free radicals: this was confirmed by Ward

et aL (1990). The rest of the breaks may be described as directly inflicted and

may possibly result from OH radicals formed in the water sheath bound to the
«

DNA itself (Ito et aL 1893). Radicals formed in such close proximity to the

DNA can only be scavenged at very high scavenger concentrations (von
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Sonntag 1987). These breaks are all single damage events in the DNA (such as

backbone nicks or damaged bases) and as such are readily repaired and not

effective in cell killing (Ward 1985. Ward et aL 1990).

By contrast, the majority of SSBs produced by neutrons differ

qualitatively from those produced by y rays, and the action of randomly

produced OH radicals does not predominate, thus the protection afforded by

OH radical quenchers is smaller than in the case of y rays, as shown in

table 2. The mechanism of SSB induction by neutrons may be the same as

that for DSB induction (described below), but only one strand of the double

helix is affected. This can produce in effect an overkill for SSB induction by

neutrons consistent with the lower yield of SSBs caused by neutrons when

compared with y rays. The difference in reparability of y- and neutron-induced

SSBs that was observed previously is also consistent with this hypothesis and

reinforces the possibility that the lesions that are measured as SSBs by

sedimentation or elution techniques may include lesions of different types

(Peak et aL 1989).

On the other hand, the mechanism of DSB production by neutrons and y

rays is essentially the same: a multiple, structured, OH-radical-mediated

damage over the two strands. For neutrons, the damage is inflicted by the

proton track and for y rays, by a track end of secondary electrons. This is

essentially the hypothesis proposed by Ward (Ward 1985, Ward et aL 1990),
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that the DSB is actually a multiply damaged site. Because many clustered

radicals can be produced in a single track, more than one radical may interact

with the DNA at one time, producing a cluster of damage that may include

other types of lesions such as damaged bases as well as strand breaks, and

therefore produce a locally multiply damaged site. The linear induction

kinetics seen in this study and others supports the idea that the lesions

measured as DSBs result from a single ionization event (Chatterjee and Magee

1985, Spotheim-Maurizot et al 1990).

From our data, it is clear that the cluster of OH radicals, probably in a

spur overlapping the DNA molecule, is scavengeable to a certain extent, and if

SSBs and DSBs are produced by neutrons by this same mechanism as we

propose, it is reasonable that the DRFs for quenching will be the same for the

two lesions (table 2). The RBE for DSB induction close to unity that is

observed both in vitro and in intact cells is also consistent with this model,

since in our model energy deposition structure by the track end of electrons is

assumed to be the same as that caused by a proton track of suitable energy in

the case of y rays. Some fraction of neutron-induced DSBs probably are not

OH-radical mediated but are the result of direct action by protons (Goodhead

and Nikjoo 1989). From their data on the quenching of DSBs by ethanol,

Spotheim-Maurizot et aL (1990) suggested that 15% of the DSBs induced by

neutrons are of this type.
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In previous studies on DNA repair in human P3 cells, we have confirmed

that the DSBs induced by neutrons are refractory to repair compared with

Y-ray-induced lesions (Peak et aL 1991). Although our current model supposes

that the basic mechanism for DSB induction by y rays and neutrons is the

same, large variations in the induced lesions could occur, depending upon the

quantity of energy deposition, namely LET, or more precisely, the track

structures actually crossing the double helix. The proton track is able to

produce much larger energy depositions than a track end of electrons

(Goodhead and Nikjoo 1989). It is therefore anticipated that more severe

damage will occur if more energy is imparted. Thus, higher LET radiation will

produce more complex lesions in DNA bases and sugars that are more difficult

to repair (Roots et aL 1990). The energy deposition across the double strand is

likely to involve both the DNA itself and its bound water layers (Ito et aL 1993)

which interaction increases the complexity of the lesions assayed as DSBs.
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Table 1. RBE values for SSB and DSB induction
and for inactivation of genetic transforming activity by
y rays and JANUS 0.85-MeV neutrons.

Lesion

SSB

DSB

Genetic
transformation

"Not applicable

P3 Cells

0.20

1.00

NA'

Plasmid DNA

0.20

0.68

0.23
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Table 2. Protection against radiation-induced DNA breakage by
scavengers of OH radicals

Scavenger

Acetate

Azide

Formate

Mannitol

Cone.
(mM)

100.00

4.00

2.06

0.46

yrays
(SSB2)

0.11

0.23

0.16

0.12

DRF1

Neutrons
(SSB)

0.22

0.44

0.40

0.47

Neutrons
(DSB)

0.19

0.46

0.36

0.43

'Dose reduction factor, dose required to produce n breaks in
absence of scavenger/dose required in presence of scavenger.

2Blazek and Peak, 1988.



' 9220 22

REFERENCES

BAVERSTOCK, K. F., and WILL. S., 1989, Evidence for the dominance of direct

excitation of DNA in the formation of strand breaks in cells following

irradiation. International Journal of Radiation Biology, 55, 563-568.

BLAZEK, E. R., and PEAK, M. J.. 1988, The role of hydroxyl radical quenching

in the protection by acetate and ethylenediaminetetraacetate of

supercoiled plasmid DNA from ionizing radiation-induced strand

breakage. International Journal of Radiation Biology, 53, 237-247.

BLOK, J., LUTHENS, L. H., and ROOS, A. L. M., 1967, The radiosensitivity of

bacteriophage DNA in aqueous solution. Radiation Research, 30, 468-

482.

CHATTERJEE, A, and MAGEE, J. L.f 1985, Theoretical investigation of the

production of strand breaks in DNA by water radicals. Radiation

Protection Dosimetry, 13, 337-340.

CHURCHILL, M. E., SCHMITZ. A. M., PEAK, J. G.. and PEAK. M. J., 1990,

Photosensitized damage to suptercoiled plasmid DNA induced by 334-nm

radiation in the presence of 2-thiouracil consists of alkali- and



9220 23

piperidine-labile sites as well as frank strand breaks. Photochemistry and

Photobiology 52, 1017-1023.

FARHATAZIZ, and ROSS, A. B., 1977, Selected specific rate of reaction of

transients from water in aqueous solutions. III. Hydroxyl radical and

perhydroxyl radical and their radical ions. National Studies of Reference

Data System, 59, 1-113.

FIELD, S. B., 1976, An historical survey of radiobiology and radiotherapy with

fast neutrons. Current Topics in Radiation Research Quarterly, 11, 1-86.

GOODHEAD, D. T.t and NIKJOO, H., 1989, Track structure analysis of

ultrasoft x rays compared to high- and low-LET radiation. International

Journal of Radiation Biology, 55, 513-529.

GRDINA, D. J., SIGDESTAD, C. P., DALE, P. J.. and PERRIN. J. M., 1989, The

effect of 2-I(aminopropyl)amino] ethanediol on fission-neutron-induced

DNA damage and repair. British Journal of Cancer, 59, 17-21.

HALL, E. D., 1978, Radiobiology for the Radiologist, 2nd edition. (Harper and

Row, Hagerstown, MD.) »



9220 24

HAN, A., and ELKIND, M. M., 1979, Transformation of mouse C3H/1OT Vfe

cells by single and fractionated doses of X-rays and fission-spectrum

neutrons. Cancer Research, 39, 123-130.

HEMPEL, K.. and MILDENBERGER, E.f 1987, Determination of G-values for

single and double strand break induction in plasmid DNA. using agarose

gel electrophoresis and a curve-fitting procedure. International Journal of

Radiation Biology, 52, 125-138.

HILL, C. K., HOLLAND, J., CHANG-LUI, C. M., BUESS, E. M., PEAK, J. G., and

PEAK. M. J., 1988, Human epithelial teratocarcinoma cells (P3):

radiobiological characterization, DNA damage, and comparison with

other rodent and human cell lines. Radiation Research, 113, 278-288.

ITO, T., BAKER, S. C . SnCKLEY, C. D.. PEAK, J. G., and PEAK. M. J., in

press. Dependence of the yield of strand breaks induced by y rays in

DNA on the physical conditions of exposure: water content and

temperature. International Journal of Radiation Biology.

1TO. A., ROBB. F. T., PEAK. J. G., and PEAK. M. J., 1988. Base-specific

damage induced by 4-thiouridine photosensitization with 334-nm

radiation in M13 phage DNA. Photochemistry and Photobiology, 47,

231-240.



9220 25

MARSHALL, I. R. and WILLIAMSON. F. S., 1985, Microdosimetric spectra

measurements of JANUS-neutrons. Radiation Protection Dosimetry, 13,

111-115.

MESSING, J., 1983. New M13 vectors for cloning. In: Methods in Enzymotogy.

Edited by R. Wu, L. Grossman, and K. Moldave, Vol. 101, pp. 20-78

(Academic Press, New York).

PAINTER, R. B., 1980, The role of DNA damage and repair in cell killing

induced by ionizing radiation. In: Radiation Biology in Cancer Research,

Edited by R. E. Meyn and H. R. Withers, pp. 59-68 (Raven Press,

New York).

PEAK, M. J., PEAK, J. G., CARNES, B. A., CHANG-LIU, C. M. and HILL, C. K..

1989, DNA damage and repair in rodent and human cells after exposure

to JANUS fission spectrum neutrons: a minor fraction of single-strand

breaks as revealed by alkaline elution are refractory to repair.

International Journal ofRadiation Biology, 55, 761-772.

PEAK, M. J., and PEAK, J. G., 1990, Hydroxyl radical quenching agents afford

similar protection against DNA, breakage caused by 365-nm UVA or by

gamma radiation. Photochemistry and Photobiology, 51, 649-652.



9220 26

PEAK, M. J.. WANG. L.. HILL. C. K.. and PEAK, J. G.. 1991. Comparison of

repair of DNA double-strand breaks caused by neutron or gamma

radiation in cultured human cells. International Journal of Radiation

Biology, 60, 891-898.

POVIRK. L. F.. WUBKER. W., KOHNLEIN. W.. and HUTCHINSON, F.. 1977.

DNA double strand breaks and alkali-labile bonds produced by

bleomycin. Nucleic Adds Research, 4, 3573-3580.

ROOTS. R.. and OKADA, S., 1972. Protection of DNA molecules of cultured

mammalian cells from radiation-induced single-strand scissions by

various alcohols and SH compounds. International Journal of Radiation

Biology, 21 . 329-342.

ROOTS. R.. HOLLEY. W.. CHATTERJEE, A.. IRIZARRY, M., and KRAFT, G.,

1990. The formation of strand breaks in DNA after high-LET irradiation:

a comparison of data from in vitro and cellular systems. International

Journal of Radiation Biology, 58. 55-69.

SAKAI. K.. SUZUKI. S.. NAKAMURA N.. and OKADA. S.. 1987. Induction and

subsequent repair of DNA damage by fast neutrons in cultured

mammalian cells. Radiation Research, 110, 311-320.



9220 27

SPOTHEIM-MAURIZOT, M., CHARLIER. M., and SABBATIER. R, 1990. DNA

radiolysis by fast neutrons. International Journal of Radiation Biology,

57. 301-313.

VAN DER SCHANS, G. P., 1978, Gamma-ray induced double-strand breaks in

DNA resulting from randomly-inflicted single-strand breaks: temporal

local denaturation, a new radiation phenomenon? International Journal

of Radiation Biology, 33, 105-120.

VAN DER SCHANS. G. P.. PATERSON, M. C . and CROSS. W. G.. 1983. DNA

strand break and rejoining in cultured human fibroblasts exposed to fast

neutrons or gamma rays. International Journal of Radiation Biology, 44,

75-85.

VAN TOUW. J. H.. VERBENE. J. B.. RETEL. J., and LOMAN. H.. 1985,

Radiation-induced strand breaks in <|>X174 replicative form DNA: an

improved experimental and theoretical approach. International Journal of

Radiation Biology. 48. 567-578.

VON SONNTAG. C . 1987, The Chemical Basis of Radiation Biology (Taylor and

Francis, London).



9220 28

WARD, J. F.. 1985. Biochemistry of DNA lesions. Radiation Research, 110,

S103-S111.

WARD. J. F., 1988. DNA damage produced by ionizing radiation in

mammalian cells: identities, mechanisms of formation and repairability.

Progress in Nucleic Acid Research and Molecular Biology. 35, 95-125.

WARD. J. F., WEBB, C. F.. UMOLI, C. L.. and MILLJGAN, J. R, 1990. DNA

lesions produced by ionizing radiation: locally multiply damaged sites. In

Ionizing radiation damage to DNA: molecular aspects. Edited by: S. S.

Wallace and R. B. Painter, pp.43-50 (Wiley-Iiss. New York).

WATT. D. E., 1988. Absolute biological effectiveness of neutrons and photons.

Radiation Protection Dosimetry, 23. 63-67.



',' 9220 29

FIGURE LEGENDS

Figure 1. A typical experiment showing the disappearance of supercoiled

plasmid DNA (squares), and appearance of relaxed (circles) and

linear (triangles) forms as a function of JANUS-neutron dose.

Figure 2. Kinetics of the induction of SSBs (left hand graph) and DSBs (right

hand graph) by y rays (triangles), and neutrons in the absence

(circles) and presence of acetate (squares).

Figure 3. Inactivation of the genetic transforming activity of plasmid DNA by

neutrons (triangles) and y rays (circles).
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