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1.1. Research Objective:

The objective of this project was to characterize the difference between damage to DNA caused by alpha
particles and by low LET radiation.

1.2. Relevance to Risk Assessment:

Estimation of the risk posed by exposure to high LET radiation (such as that from radon) relies at present
on epidemiological data, and is therefore largely empirical. This empiricism is evident from the concepts
of ‘quality factor’ or 'RBE' that find use for describing the biological effects of high LET radiation. We argue
that some effort should be made to address the mechanisms of DNA damage by high and low LET forms
of radiation, and how these mechanisms might relate to the biological endpoints. This report summarizes
the results of our investigations and our current understanding of these mechanisms.

2, Method:

Using the genome of the virus SV40, we developed a system with which to model the effect of ionizing
radiation on both DNA and chromatin. The DNA from this virus can be isolated in the form of a double
stranded supercoiled molecule (znalogots to a plasmid), and also associated with histones arranged in 20 -
25 approximately equally spaced nucleosomes. This so called minichromosome is our model for the
chromatin of mammalian cells, These DNA subsirates were prepared and purified by modifications of a
literature procedure. Alpha particle irradiations were performed in our laboratory using a 840 pCi *‘Cm disc
source. Helium-4 ion irradiations were performed either at the Super HILAC, Lawrence Berkeley
Laboratory, or at the RARAF van der Graaff accelerator, Nevis Laboratory, Columbia University.

Afler irradiation, the DNA substrate adopts one of three forms: 1, supercoiled or form | (undamaged); 2,
open circle or form Il (containing at least one single strand break [SSB]); and 3, linear or form Ill (containing
one double strand break [DSB]). These three forms can be separated on an analytical scale using agarose
gel electrophoresis. The amounts of the three forms can be estimated from the fluorescence of ethidium
bound to the DNA. Fluorescence was quantified using imaging equipment constructed in this laboratory
from commercially available components. The fluorescence image was aquired with a monochrome CCD
o
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video camera, digitized by a frame grabbber board, and processed with a PC/AT compatible computer. The
software needed to perform these operations was developed in this laboratory.

3. Results

3.1. General

Using the assay procedure described above, we have quantified for alpha particle (or ‘He ion) irradiation
both SSB and DSB yields in both naked SV40 DNA and the SV40 minichromosome. In order to investigate
the radiation chemical processes involved in DNA damage, it was essential that these yields were
determined at various scavenger concentrations and also with various particle energies (i.e. at various

LETs). The results were then compared with those for low LET radiation (gamma rays), for which we have
large quantities of data.

3.2. Alpha particle and ‘He ion irradiations

Originally we had intended to carry out the “He ion irradiations at Lawrence Berkeley Laboratory. During
the course of the project, however, the accelerator became unavailable. Therefore we arranged to make
use of the Radiological Research Accelerator Facility at Columbia University, courtesy of Dr. E. J. Hall.
While using the RARAF accelerator, we found it necessary to redesign the irradiation chambers. In our
hands, the gold plated chambers that we used at Berkeley frequently gave rise to irreproducible results.

We speculate that this problem is related to the need to inject the sample into the chamber through a
narrow gauge needle.

We subsequently made use of 3.5 cm diameter stainless steel rings with a mylar membrane glued to them
with epoxy resin. The DNA solution is spread over the mylar by placing a 2.5 cm x 2.5 cm glass cover slip
directly on top of the liquid sample. The thickness of the sample is thus determined by its volume and the
surface area of the cover slip (4.8 pl having a thickness of 10 pm). These ring chambers are superior to
the gold plated chambers, since they are much less expensive, trivial to assemble, and the solutions can
be quickly loaded into and recovered from them. Relatively high DNA concentrations were required so that
the small volumes contained sufficient DNA for our assay procedure, but this posed no serious difficulty.

In addition to the accelerator ‘He ion beams, we also have two in house isotopic alpha particle disc sources.
Both of these contain **‘Cm protected by a thin gold layer. These sources have several disadvantages for
quantitative work, since they can only accomodate one sample at a time; the alpha particles are
uncollimated and as a consequence the dose rate and attenuation of dose with depth are uncertain; and

the dose rates are relatively low, irradiation times are therefore lengthy, and as a consequence the aqueous
samples tend to dry out.

3.3. SSB formation

The hydroxyl radical yield decreases both with increasing particle energy (i.e. increasing LET, due to an
increased frequency of reactions within the track) and also with decreasing scavenger concentration (i.e.
increasing lifetime). These yields are known for low LET radiation, and more recently have also been
measured for ‘He ions at various energies and lifetimes. In all cases we found that the SSB yield was
proportional to the hydroxyl radical yield. This suggests that the mechanism of SSB formation is
straightforward, with the SSB yield simply being a consequence of the competition for the hydroxyl radical
between the DNA substrate and any scavengers that are present in solution, The nature of this competition
is complicated to some extent by the phenomenon of non homogeneous kinetics (or time dependent rate

constants), since one of the species involved (the DNA substrate) is a macromolecule. A fixed fraction of
those hydroxyl radicals that react with the DNA then go on to form a SSB.




3.4. DSB formation

For ‘He ions, we found that the DSB yield decreases with increasing scavenging capacity (as for the SSB
yield). However, the DSB yield was observed to increase slightly with increasing LET (the DSB yield
increases by ca. 2 fold ~~ the LET increases from that of '¥’Cs gamma rays to that of a 5 MeV 4He ion),
which is the opposite of the case for SSBs. This second observation implies that with increasing LET there
is an increase in the DSB yield per hydroxyl radical. Therefore the mechanism of DSB formation is more
complex than that described above for SSB formation, presumably with more than one hydroxyl radical
attack being required to lead to DSB formation. Presumably the higher density of hydroxyl radicals in high
LET patticle tracks is responsible for the increasing efficiency of DSB formation with increasing LET.

3.5. Protection by histone proteins

Both SSB and DSB vyields in the minichromosome were lower than in naked DNA, although the difference
was smallest at the highest scavenger concentrations. We interpret these observations in terms of a
physical protection of the DNA by the histones against hydroxyl radical attack. At high scavenger
concentrations, a significant fraction of DNA damage is due to the direct effect, and it is not unexpected
that histones are unable to protect the DNA against damage arising as a consequence of direct ionization.
In this respect, alpha particle and ‘He ions behave very similarly to gamma rays.

3.6. Effect of scavenging capacity

For ‘He ion irradiation, the ratio of the SSB:DSB yield remained constant as the scavenging capacity was
varied. This observation is not consistent with the decrease in this ratio with increasing LET, since both
increasing LET and decreasing radical lifetime (increasing scavenger concentration) would be expected to
have superficially the same effect, that being 1o increase the radical density within the charged particle
track. Further and more sophisticated qualitative investigations may resolve this issue, since DSBs (as
detected by our assay procedure) are expected {o represent a variety of DNA damage structures.

3.7. Biological Significance

The slight increase in DSB yield with increasing LET (referred to above) is significantly smaller than the
quality factors generally applied to high LET radiations. This suggests that it is not simply the increase in
DSB vyield that is responsible for the greater biological effectiveness of high LET radiation, but that the

DSBs produced by it are more biologically active. This supports the argument for qualitative investigations
of the structure of DSBs produced by alpha particles and ‘He ions.
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