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Ionizing radiation produces primarily deletion mutations In exposed mammalian
cells (Breimer, 1988; DeMarini et al, 1989: Sankaranarayanan, 1991). The kinetics of
gene and chromosome mutation induction and the nature of the genetic changes suggest
that these mutations develop from the recombination of two DNA double-strand breaks.
Recombination requires DNA double-strand breaks to be in close spatial and temporal
proximity. As chromosome structure will determine the proximity of DNA sequences, it
should influence the types of recombinations that can occur. In addition, recent studies
suggest that chromosome structure, and in particular, DNA supercoiling, will also
influence recombination frequency.
Inherent Radiation Sensitivity and DNA Supercoil Unwinding
The DNA in chromosomes is organized in many different levels (Nelson etal, 1986).
At one level of organization, the DNA exists as a supercoiled loop attached to a protein
structure, the DNA-nuclear matrix. When breaks are induced in this supercoiled loop,
the loop relaxes and unwinds. Analyses of many different rodent and human cell lines
(including Chinese hamster V79 cells [Olive. 1992: Gordon et al, 1990], mouse L5178y
cells [Kapiszewska et aL, 1989], human tumor cell lines [Schwartz and Vaughan, 1989],
cell lines from patients with ataxia telangiectasia [Taylor et al,

1991], and the

radiosensitive Chinese hamster ovary [CHO] cell line xrs-5 [Schwartz et al, 1990, in
press]) have shown an association between inherent radiation sensitivity and the ability
of these loops to relax and unwind. The evidence for this association comes from DNA
neutral filter elution, alkaline unwinding, and nucleoid-based assays of DNA damage
(reviewed in Olive. 1992).
The neutral filter elution assay (Bradley and Kohn, 1979) measures the amount of
DNA which elutes from cells lysed on a filter. It is used to estimate DNA double-strand
break frequency. The assumption is that the rate at which DNA elutes depends on the
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size of DNA fragments and therefore on DNA break frequency. After low dose exposures,
radioresistant cell lines show reduced rates and extents of DNA elution as compared to
radiosensitive cells (Schwartz et aL, 1991; Olive, 1992). suggesting that radioresistant
cells are more resistant to DNA double-strand break induction than sensitive cells.
However, no difference in break induction is seen after high dose exposures, and other
independent measures of DNA double-strand break induction usually fail to detect
differences between radioresistant and radiosensitive cell lines in DNA break induction
(Olive. 1992). Wlodek and Olive (1990) have suggested that the reduced rate of DNA
elution seen after low dose exposures in radioresistant cell lines is due to some residual
protein structure which limits DNA unwinding and therefore DNA elution under the
conditions used in the assay. This model is supported by the observation that differences
between resistant and sensitive cells in elution rates can be seen even in unirradiated
samples (Schwartz etaL, 1991).
Evidence for constraints to DNA unwinding in radioresistant cells is also seen with
the alkaline unwinding assay. In the alkaline unwinding assay (Ahnstrom, 1973), the
amount of single-stranded DNA that forms when cells are lysed and denatured under
alkaline condition is quantified. Single-stranded regions of the genome form when the
DNA unwinds at sites of single-strand breaks. The relative amount of single-stranded
DNA should therefore be directly related to the number of DNA single-strand breaks.
Following radiation exposure, less single-stranded DNA is found in radioresistant cells
than in radiosensitive cells (Olive et aL, 1986; Olive, 1992; Schwartz et aL, 1992) which
would suggest fewer induced breaks. However, as mentioned above, other independent
assays of DNA breaks find that sensitive and resistant cells do not differ in radiationinduced break frequencies (Olive, 1992). Therefore the reduced amounts of single-
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stranded DNA in radioresistant cells must reflect some constraint to DNA unwinding in
these cells. This constraint is also seen in unirradiated cells (Schwartz et al. 1992).
Perhaps the best evidence for an association between radiation sensitivity and DNA
supercoil unwinding comes from studies with nucleoids. Nucleoids are nuclei isolated
such that most of the proteins have dissociated from the cell and what remains are intact
supercoiled DNA loops attached to the nuclear matrix (Cook and Brazell, 1975: Cook
et a]., 1976). DNA strand breaks induce relaxation and unwinding of the supercoils.
which are seen as increases in nucleoid size. This can be detected by sedimentation
assay (Cook and Brazell, 1975), microscopic analysis (Roti Roti and Wright. 1987). or flow
cytometric analysis (Milner et al, 1987). Smaller increases in nucleoid size are seen in
radioresistant cell lines following ionizing radiation exposure than in radiosensitive cell
lines (Gordon et al. 1990; Kapiszewska et al, 1989; Milner et al, 1987; Vaughan et al,
1992). Because radiosensitive and resistant cell lines are equally sensitive to break
induction, the smaller increase in nucleoid size must reflect some constraint to
unwinding in resistant cells. The structure responsible for the attachment of DNA to the
nuclear matrix, the matrix attachment region (MAR), may be the structure controlling the
extent of DNA unwinding, as differences in the nature of the MAR in resistant and
sensitive cells have been reported (Schwartz and Vaughan, 1989; Vaughan et al, 1991).
DNA-Nuclear Matrix Attachment and DNA/Chromosome Break Repair
Limiting DNA unwinding may facilitate the repair of DNA strand breaks by keeping
broken ends in closer proximity for a more rapid and accurate rejoining.

The

radioresistant cell lines mentioned above all rejoin DNA and chromosome breaks more
rapidly than sensitive cells (Schwartz et al, 1988; Schwartz and Vaughan, 1989). This
has been demonstrated with a variety of biochemical- and cytogenetic-based assays. The
effect is only on the kinetics of break rejoining, as there is no evidence for a reduced
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capacity to rejoin breaks in most of these radiosensitive cells. The rate of rejoining also
appears closely linked to the frequency of radiation-induced intra- and interchromosome
exchanges. Radioresistant cell lines show smaller frequencies of interstitial chromosome
deletions, dicentrics, and rings following radiation exposure. Thus, the constraint to DNA
unwinding is associated with faster rates of DNA/chromosome break rejoining and
reduced frequencies of intra- and interchromosomal exchanges: in radioresistant cells.
The repair of DNA double-strand breaks is a complex process involving both
exonuclease and DNA polymerase activities. One early event that follows break induction
is the modification of proteins near the break site, which opens up the chromatln
structure and initiates unwinding of DNA supercoiled loops. This unwinding may extend
to adjacent loops (Mullenders et oL, 1983).

An analogous situation is found in

transcribing regions of the genome where RNA polymerases drive DNA unwinding.
Recently, it has been shown that the MAR in actively transcribing regions of the
genome may exist in a base-unpaired or cruciform-like structure (Kohwi-Shigematsu and
Kohwi, 1990; Leonard and Patient. 1991: Bode et aL, 1992). This structure tends to be
more resistant to endonuclease digestion and has a greater affinity for the nuclear
matrix. It has been suggested that this structure insulates transcribing regions of the
genome from adjacent nontranscribing regions by preventing the unwinding of adjacent
loops. Their open loop structure may also provide sites for transcription factors and
polymerases to bind, and the torsional energy stored at these sites may be useful for
driving gene transcription.
This open loop MAR structure could also act to insulate a radiation-damaged loop from the rest of the genome, preventing the unwinding of adjacent loops and helping to
maintain DNA ends in closer proximity. The closer proximity might lead to faster break
rejoining and fewer intra- and interchromosomal exchanges. These open loop MAR
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configurations might also provide a recognition site at which repair proteins collect,
which would facilitate repair by placing the required proteins close to the damaged site,
and the torsional energy stored at this site could drive some of the enzymatic repair
reactions as well.
This model suggests that differences in radiation sensitivity should be associated
with alterations in gene expression. In fact, in the cell systems mentioned above,
radiation sensitivity is just one aspect of a complex phenotype that distinguishes
resistant and sensitive cell lines. Such a model also suggests that actively transcribed
regions of the genome should be more resistant to radiation-induced change than
nontranscribed regions. And, as the MARs are dynamic structures showing both tissuespecific and transformation-related alterations (Pienta and Coffey, 1992; Dickinson etaL,
1992), one would predict that tissue-specific and transformation-related alterations in
radiation sensitivity will reflect MAR alterations.

Conclusion
The association between inherent ionizing radiation sensitivity and DNA supercoil
unwinding in mammalian cells suggests that the DNA-nuclear matrix attachment region
(MAR) plays an important role in radiation response. In radioresistant cells, the MAR
structure may exist in a more stable, open configuration, limiting DNA unwinding
following strand break induction and maintaining DNA ends in close proximity for more
rapid and accurate rejoining.

In addition, the open configuration at these matrix

attachment sites may serve to facilitate rapid DNA processing of breaks by providing (1)
sites for repair proteins to collect and (2) energy to drive enzymatic reactions.
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