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Abstract

Isolated calf thymus DNA in buffered solutions has been exposed to 0—-150 Gy of «- and +y-radiation. The effects
of a- and vy-radiation on the thermal stability and electrophoretic mobility of the DNA molecules have been studied
by UV spectroscopic ‘melting’ and Pulsed Field Gel Electrophoresis (PFGE), respectively. The observed thermal
denaturation parameters were fitted to the energy propagation descriptive model. The experimental results for the
samples exposed to relatively low (low) doses indicate an increased thermal stability and a reduced mobility over that
of the controls. The expected overall degradation of the DNA molecules was confirmed for the samples exposed to
high doses. Our results are in good agreement with the predictions of the energy propagation model, which now is
also tested in the low dose region and for an additional type of ionising radiation (a-particles). Our findings are
consistent with conformational changes at low doses resulting in a DNA form characterised by localised alterations,
which affect the energy flow along the DNA molecule. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction wide range of relatively high doses of y-radiation.
The possible dependence of all the derived
In a recently published paper [1] a model of the parameters (related to thermal stability, T,, num-

1t1 N+1
thermal transition of macromolecular DNA was ber of disrupted base pairs/grad, \/c_’, and

described and tested for samples exposed to a
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energy propagation along the DNA molecule, N)
on the type of ionising radiation and the radia-
tion-induced changes of the DNA structure had
to be further investigated.

It is known [2-5] that exposure of the DNA
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molecule to any kind of ionising radiation may
result in a single or multiple lesions such as base
or sugar damage, alkali labile sites, cross-linking,
single strand breaks (SSBs) and double strand
breaks (DSBs), the latter considered as the most
lethal lesion for the cell in vivo and in vitro [4,6].
The study of the possible effects of relatively low
(low) doses of ionising radiation on isolated DNA
in solution has been restricted mainly to gamma
rays as reviewed in [7]. Although no definite con-
clusions about the possible alterations occurring
on the DNA double helix at low doses and low
dose rates can be drawn so far, it seems possible
that the radiation effects are restricted to confor-
mational changes of the DNA double helix. They
would result from localised damages mainly on
the sugar phosphate backbone and from possible
changes of DNA stacking as stated in a review
paper by Wheeler [7]. It has been shown for
double stranded oligonucleotides that any acci-
dental change on the B-conformation of the DNA
double helix such as variation of twist angles or of
base conformation leads to changes in the coun-
terion distribution around the helix [8]. This af-
fects the counterion uptake and release and has
significant effects on the stacking between the
neighbouring bases of each strand. Any change in
base stacking will affect, positively or negatively,
helix stability [8,9]. On the other hand it has been
shown, by applying DNA melting measurements
on +vy-irradiated polynucleotides in buffered solu-
tions, that helix thermal stability seems to have a
marked dependence on the bases involved in the
structure [10,11]. Ward and Urist [10] and later
Rafi et al. [12] explained the initial ‘lag’ in base
destruction, observed at low doses, by suggesting
that at relative low doses the double helical struc-
ture, which still exists partially intact, protects
bases which lie in the interior and only when high
doses cause a breakdown of the B-form, base
destruction occurs. The fact that at low doses
single strand breaks, SSBs, dominate over double
strand breaks, DSBs [3,13], has led many re-
searchers to the conclusion that at low doses the
reduced formation of SSBs and the destruction of
nearby base molecules permits sections of the
double helix to un-zip [14]. Conformational
changes of the B-DNA structure induced by a

relatively small number of SSBs (mainly local
opening and destabilization) are suggested [7].

The stability of the DNA molecule depends on
several parameters, mainly base composition,
ionic strength and molecule size. It is known [15]
that the most stable regions are the G-C regions,
thus DNA molecules with higher G-C content
show increased thermal stability, as revealed with
UV ‘melting’. The dependence of the DNA dou-
ble helix to single coil thermal transition (melt-
ing) temperature, T,,, on G-C content and salt
concentration are sufficiently described in a sim-
ple equation given by Schildkraut and Lifson [16].
The molecular size dependence of the melting
temperatures is described in a formula given by
Britten et al. [17] but only for a certain range of
ionic strength. Concerning the radiation effects
on the thermal stability of DNA, only a few
results have been published so far [18-21]. All of
them confirm that high doses of - or X-rays
result in an decreased helix stability due to the
accumulating strand breaks and to the conse-
quent increasing disruption of DNA base stacking
and hydrogen bonding. This instability is revealed
by the monotonous decrease of the 7,, values as
a function of dose. Very limited data exist on low
dose (< 10 Gy) effects on the thermal stability of
DNA [20-22]. Uyesugi and Trumbore [20,21], at-
tribute the observed increased stability of samples
exposed to low doses to a statistical important
radiation-induced (metal-ion assisted) B- to Z-
DNA conversion. However, concerning o-radia-
tion, no relevant data are available in the litera-
ture.

The existing models for DNA thermal denatu-
ration might be divided in two major groups. The
models of the first group consider the molecule as
a static one-dimensional structure. All the predic-
tions are based on the statistical confrontation of
the melting behaviour of a certain DNA region
and on the fact that the A-T rich regions melt
earlier than the G-C regions [23,24]. These mod-
els are essentially Ising-like, where a base pair is
considered as a two-state system, which is either
closed or open. Approaches like these cannot
reproduce the full dynamics of the denaturation,
which is a highly cooperative phenomenon. In the
second group, several dynamic approaches exist
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for describing the thermal transition of a DNA
molecule. Some of them are limited to the de-
scription of simple DNA systems of low molecular
weight [25] or valid only for certain temperature
regions (mainly the pre-melting region). The sec-
ond-order self-consistent phonon theory results
deviate significantly from the experimental ones,
pointing to the fundamental role of non-linear
processes in DNA denaturation [26]. Most of these
investigations have focused on the formation and
the propagation of solitary wave excitations along
the double helix. On the other hand, no other
attempts have been made to produce a compre-
hensive theory capable of correlating thermal
transition phenomena with radiation effects based
on experimental results.

In this paper, we test the model proposed by
Kalfas et al. [1] for two different types of ionizing
radiation, y-(photon radiation) and a-(particle ra-
diation) and in various irradiation conditions in-
cluding the low dose range. Analytical results
about the region of low doses are presented. The
radiation effects at low and high doses on the
apparent molecular size seem to correlate with all
the parameters introduced in the model. Further-
more, an effort is made to explain the enhanced
stability at low doses revealed in our data.

2. Materials and methods
2.1. Preparation of DNA samples

The experimental work was performed using
buffered aqueous solutions of calf thymus DNA
(Type D from Sigma Chemical Co, repeatedly
deproteinised. For the preparation of the DNA
solutions exposed to a- and vy-radiation, 16 mg of
pure DNA were dissolved in 1 ml of 0.1 X SSC
buffer (0.1 X saline sodium citrate: 1.55 X 1072 M
sodium chloride, 1.5 X 1073 M sodium citrate) for
24 h in 4°C at neutral pH. The concentration of
the solutions was 5X 107> M in DNA-(P) as
determined spectrophotometrically measuring the
A, UV-absorbance at room temperature.
Aliquots of these solutions (7-pl volume) were -
and +y-irradiated at room temperature. Immedi-
ately after the irradiations, the samples were di-

luted in 0.01 X SSC to a final concentration of
7 X 1073 M in DNA-(P). All buffers were dearated
before use applying a moderate vacuum for 45
min.

2.2. DNA UV melting

All the DNA thermal transition measurements
were carried out at the concentration of 7 X 107>
M DNA-(P). The thermal double helix to single
coil transition (denaturation) and the reverse
transition, ie. the coil-to-helix transition (re-
naturation) were studied by monitoring the A,
UV-absorbance of the dearated solutions while
increasing or decreasing the temperature at a
rate of 1°C/min in the temperature range
25-90°C [42]. The above rate offers a satisfactory
alignment of complementary strands while in the
renaturation process. On the other hand, it
minimises the probability of generating single
strand breaks (SSBs) in DNA due to the extended
exposure of the sample to high temperatures. To
ensure that the renaturation process is not de-
pendable and kinetically controlled — under the
conditions applied here (DNA size, concentration
and ionic strength) — by the chosen rate of
1°C/min, we performed a series of additional
measurements applying a lower rate of 0.5°C /min
for three characteristic doses (0, 3.9 and 150 Gy
of ~y-rays). Our results didn’t show any statisti-
cally important differentiation except for the dose
of 150 Gy where the renaturation capability of
the irradiated DNA samples was found to be
~12% reduced due to the expected (as men-
tioned above) increase in the number of SSBs.
The changes in UV-absorbance at 266 nm, A,
vs. temperature, were recorded using a GBC 918
UV-VIS spectrophotometer with a fully auto-
mated Peltier temperature controller of the mul-
tiple cell holder, on line with a PC. For the fitting
process applied to the sigmoidal thermal transi-
tion curves of the DNA samples, the MINUIT
code [27] was used.

2.3. Irradiation of DNA samples

The v-irradiation of the DNA samples were
performed with a ®“Co source from Atomic
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Canada Ltd. The dose rate at the irradiation
position was (6.4 + 0.2) cGy/s. For a-irradiation,
a simple exposure apparatus was constructed,
which allows uniform irradiation of the liquid
samples at various dose-rates and assures reliable
dosimetry [28]. A **!Am surface source
(Amersham) of 25 MBq nominal activity emitting
in vacuum, was used. The liquid samples were
placed on 7-pm Mylar foil, stretched over the exit
window. For a-dosimetry the experimental proce-
dure described by Zarris et al. was followed. The
a-dose rate at the Mylar—liquid interface was
(0.55 + 0.04) cGy s~ ' [22].

2.4. DNA size determination

The average apparent size (and mean apparent
MWs) of the control DNA samples and those
exposed to ionising irradiation were estimated on
the basis of their electrophoretic mobility during
PFGE following the method previously described
[29]. Briefly, 5-10 pg of DNA embedded in 1%
low melting agarose (Sigma Chemical Co.) plugs
were loaded per gel lane. The 0.8% agarose gels
(Sigma Chemical Co.) were run in 0.25 X TBE
electrophoretic buffer (1 X TBE: 90 mM Tris, 838
mM boric acid and 2 mM EDTA, pH=28),
180120 V (5.7 V /cm logarithmically changing)
with a switch time changing from 60 to 10 s, over
15 h at a maximum of 13°C according to the
manufacturer of the sited Rotaphor Type V appa-
ratus (Biometra GmbH). Two micrograms of A\
Hind III DNA marker (New England Biolabs
Co.) also embedded in 1% low melting agarose
plugs, were loaded in each gel for size calibration.
After running, the gels were stained for 30 min
with 10 pg/ml ethidium bromide in 0.1 M am-
monium acetate buffer (pH = 7.5) and destained
by immersing them for 1 h in the same buffer
without ethidium bromide. The gels were then
photographed using short-length, UV irradiation.
The intensities of the fluorescence of the DNAs
in each lane were detected by scanning the films’
negatives (Polaroid 665) in 600 X 600 dpi resolu-
tion, using an Epson GT-8000 Scanner. The infor-
mation from each gel picture was then digitalised
(256 different gray values are attached to differ-
ent fluorescence intensities) and used with soft-

ware specially developed to measure the intensity
distribution of each lane. Using a multiple Gauss-
ian fit, for the intensity distribution of each lane,
the corresponding apparent average MWs, in
kilobase pairs, were estimated for the DNA sam-
ples on the basis of the intensity distribution
profile of the marker.

3. Results and discussion
3.1. Irradiation and melting curves

DNA samples were exposed to a wide range of
doses of «- and vy-radiation (0-150 Gy). The
effects of y- and a-irradiation in the thermal
transition of DNA samples are presented in Figs.
1 and 2, respectively. Each series of these experi-
ments was carried out within the same day to
minimise the effects of instrumental instability. In
these figures the corresponding thermal transition
(denaturation) and the reverse transition (re-
naturation) experimental data with their fitted
curves and their first derivatives are shown. The
experimental data were fitted according to the
proposed by Kalfas et al. [1] relationship between
the absorbance A(6) and the temperature 6:

N+1

_ C(e - 90)

A) = A, +A,(1—e” =52

for 6 > 0, (D

where A(6) is the A, absorbance at a given
temperature 8; A4,,, is the A, of the tight dou-
ble helical form at the threshold temperature 6,
for the helix to coil transition; A4,, is the increase
of A, corresponding to denatured DNA, i.e. the
cause of the hyperchromic effect; N is the expo-
nent related to the possible paths of energy prop-
agation along the DNA macromolecule and ¢ is a
proportionality constant. Based on the above
model, melting (sigmoidal) curves of the expected
A(6) values were fitted to the experimental data.
All the model parameters were calculated using
Eq. (1). The experimental data and the best-fit
curves are presented in Fig. 1 for +y-irradiation
and Fig. 2 for a-irradiation, respectively. A good
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Fig. 1. DNA ‘melting’ profiles for v irradiation: I denaturation and II renaturation curves. The solid lines for each figure correspond
to the best-fit curves of the experimental data and their first derivatives, respectively for the non-irradiated DNA samples (control)
and for the DNA samples irradiated with 1.6 (a), 3.9 (b), 8.7 (c), 37 (d) 74 (e) and 150 (f) Gy of y-rays. An overlay of the fitted curves
for selected doses is presented in (g). The error bars correspond to the mean +S.D.
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Fig. 2. DNA ‘melting’ profiles for « irradiation: I denaturation and II renaturation curves. The solid lines for each figure correspond
to the best-fit curves of the experimental data and their first derivatives, respectively for the non-irradiated DNA samples (control)
and for the DNA samples irradiated with 0.8 (a), 4 (b), 12 (¢), 9 (d), 56 (e) and 100 (f) Gy of a-particles. An overlay of the fitted
curves selected doses is presented in (g). The error bars correspond to the mean +S.D.
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agreement between theoretical and experimental
values of A(0) for both for y- and a-data has
been found as it can be seen in Fig. 1a—f and Fig.
2a—f. Selected melting overlays can be seen in
Figs. 1g and 2g.

The study of the transitions (melting and re-
verse) at low temperatures (25°C) for the irradi-
ated samples and the control revealed a slight
increase at the A, as a function of dose. This
finding can be attributed to the fact that even at
low doses, certain sections of the DNA may be
altered. These alterations may include loose ends
caused by strand breaks or any other kind of
damage (sugar or base damage) directly corre-
lated with changes in base stacking [4]. Some
variations for this phenomenon have been re-
ported previously [18], when calf thymus DNA
was irradiated with y- or X-rays. On the other
hand, for high temperatures, a decrease in A, is
observed with the increase of dose. This decrease
can be attributed to extended base pair destruc-
tion with a resulting loss of chromophores at 266
nm [4]. A higher decrease is observed for the
samples exposed to high doses of +y-rays. This is
expected for +v-rays since it has been shown that
the total strand breaks induced by such doses are
much higher for y-rays than a-particles [30]. The
above fact would result to higher DNA degrada-
tion and destabilisation, something which has
been confirmed from our present results (see
Section 3.2).

At the low dose region (0-6 Gy for ~y-irradia-
tion and 0-32 Gy for a-irradiation) the higher
thermal stability of the samples is revealed
through a shift of the melting curves towards
higher temperatures (the increase of A, starts
at significantly higher temperatures) and a higher
reversibility. This higher reversibility is indicative
of an increase between complementary base pairs
which is preserved (up to an extent) even after
denaturation and therefore facilitates the reasso-
ciation of the two strands during the renaturation
process. The shift of the transition curves can be
also seen in the overlay Figs. 1g and 2g and also
in Fig. 3 and Fig. 4, where an overlay of the first
derivatives of selected melting curves is plotted as
a function of temperature. From the first deriva-
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Fig. 3. First derivaties of the best-fit melting curves for the

non-irradiated DNA samples (control) and DNA samples irra-

diated with 1.6 (a), 3.9 (b), 37 (d) and 150 (f) Gy of y-rays from
a % Co source.

tive analysis one can make two significant obser-
vations:

1. The maximum of the first derivatives is shifted
to higher temperatures for the samples ex-
posed to low doses (radiation-induced ther-
mal stability) and for the samples exposed to
higher doses the decrease of stability is con-
firmed through the significant shifting of the
maximum to Jower temperatures.
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Fig. 4. First derivatives of the best-fit melting curves for the
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diated with 4 (b), 12 (c), 56 (e) and 100 (f) Gy of «-particles
from *!Am source.
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2. The full width at half maximum height
(FWHM) for the samples exposed to low
doses, shows only a slight increase compared
with the control in contrast to the samples
exposed to high doses where a significant
increase is revealed. The increase at FWHM
is consistent with the presence of a larger
variety of DNA segments in the irradiated
samples. The slight increase at low doses
implies no statistically important degradation
of the DNA molecules, something that is
compatible with the mean MW’s analysis re-
sults presented in Section 3.2.

In the melting curves presented in Figs. 1 and 2
one observes that at Jow doses the total hyper-
chromicity of the samples is slightly higher com-
pared to that of the control while at higher doses
it is relatively smaller. This observation was also
verified by the estimation of the model parameter
A, (total hyperchromicity) which shows the same
dual behavior at the low and high dose region,
respectively (data not shown). A similar behavior
was found by Ward and Urist [10] for y-irradiated
polynucleotides. They have attributed the in-
crease of hyperchromicity at low doses to the
base shielding in the regular B-DNA native form.
Only when high doses of +vy-irradiation cause a
degradation of the double helix the hyper-
chromicity starts to decrease. Our results at low
doses could also be explained by a positive effect
on DNA base stacking. This hypothesis is compat-
ible with a previous work suggesting that at low
doses an intermediate B-DNA form may exist
[31]. This intermediate form of the double helix
would be characterised only by local changes in
the B-DNA structure and not by an overall degra-
dation which occurs only at high doses.

3.2. Molecular size analysis

The fluorescence intensity profiles of samples
exposed to low and high doses of a- and y-irradi-
ation are presented in Fig. 5 and Fig. 6, respec-
tively, as found from PFGE analysis. For the
samples exposed to low doses only a slight widen-
ing of the DNA distributions can be observed. At
higher doses, a significant widening of the dis-

tributions is observed due to the existence of a
wide variety of DNA fragments as a result of the
radiation-induced double strand breaks. These
findings are compatible with that of the melting
analysis (presented in Section 3.1) and all of them
suggest that at low doses, irradiation does not
affect significantly B-DNA structure. In addition,
the insignificant (statistically) number of
molecules with reduced size (in respect to the
control) at low doses and the significant (statisti-
cally) number of molecules of higher size (in
respect to the control) led to an increased mean
apparent MW for the samples exposed to low
doses of a- and +y-irradiation. The estimated ap-
parent MWs from the electrophoretic mobility
are presented in Fig. 7 for both a- and +y-irradia-
tion. The observed relative increase at low doses
might be related to the formation of higher sized
DNA molecules due to DNA-DNA interactions
of nearby strands. As it is known [32], nicked
DNA molecules are remarkably efficient in cap-
turing complementary DNA sequences at dilute
concentrations via ionic interactions. On a dif-
ferent approach, the observed decrease of the
electrophoretic mobility might also be related to
the different mobility of the samples exposed to
low doses due to moderate radiation-induced con-
formational changes. It is known from several
studies that DNA molecules with slightly differ-
ent conformations migrate quite differently in
polyacrylamide gels [33]. This conformation-de-
pendent change of mobility under a constant ex-
ternal applied field (standard agarose gel elec-
trophoresis) might be also occurring under the
pulsed field applied in PFGE.

3.3. Thermal stability

By differentiating the fit melting curves one can
estimate the 7,, for each sample as the tempera-
ture at which the first derivative (see Figs. 3 and
4) is maximum. The estimated mean T, values
for all samples exposed to low and high doses of
o- and ‘y-irradiation are shown in Fig. 8. The
presented values are corrected for fragment size
effect according to [17] and the presented error
bars correspond to S.D. of the mean values. The
T,, values were also determined in the classical
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Fig. 5. The distribution of fluorescent intensity on a PFGE gel
stained with ethidium bromide for four representative DNA
samples exposed to -y-rays from a ® Co source, as a function
of the migration distance. Control (0 Gy).

way, as the temperature at which 50% of the
maximum hyperchromicity is observed [1]. These
data are not shown since they were found to lie
within the standard error of the presented mean
values.

Figs. 1, 2 and 7 reveal the presence of two
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Fig. 6. The distribution of fluorescent intensity on a PFGE gel
stained with ethidium bromide for four representative DNA
samples exposed to a-particles from an 2*!Am source, as a
function of the migration distance. Control (0 Gy).
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Fig. 7. The estimated mean apparent MW values (in kilobase
pairs) based on PFGE as a fimction of dose, for samples
exposed to - and a-irradiation from a ®“Co and **!Am
source, respectively.

different dose regions as far as the ‘melting’ char-
acteristics and electrophoretic mobility of the
samples are concerned, the low and the high dose
region. The samples exposed to low doses for
both «a- and vy-radiation show an enhanced stabil-
ity towards the control samples and the samples
exposed to high doses while the variation of mean
apparent MWs as the function of dose shows
similar behaviour, i.e. an increase at low doses
followed by a gradual decrease at higher doses.
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Fig. 8. The estimated mean melting temperatures 7),s as a

function of dose, for samples exposed to y- and a-irradiation

from a ®*Co and **'Am source, respectively. Inset: A magnifi-
cation of the Jow dose region.
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Comparing Figs. 7 and 8 one observes that the
range of low dose region is different for a- and
v-radiation and a factor of ~ 5-6 seems to char-
acterise the higher extension for the case of a-
particles. The transition from the low to the high
dose region occurs for both types of radiations
when the number of SSBs/DNA molecule (and
the effective DSBs) increase to a level that pro-
duces an overall instability (7;, and MW values
start to decrease below those of the control).
Data in literature suggest a 4-10-fold higher SSB
yield /Gy for vy-rays towards a-particles, a value
which varies according to irradiation conditions
and type of DNA (plasmid or mammalian) [30,34].
This number is compatible with the differences
between the ranges of low dose regions for a-
and +y-radiation observed here. Exposure to low
doses of a- (0-32 Gy) and - (0—6 Gy) irradiation
is expected [30] to create about 1 SSB (or less)
per calf thymus DNA molecule in the moderate
scavenging conditions of our experiments, i.e. at
scavenging capacities ~ 125X 10° s™! due to
DNA and ~6x10* s! due to citrate taking
k(OH + Citrate) = 4.1 X 107 1/mol and k(OH +
DNA per nucleotide subunit) = 2.5 X 10* 1/mol.
The above fact implies that at the low dose
region, nicked DNA molecules mostly exist with
maximum 1-2 SSBs at their sequence. Many stud-
ies [33,35,36] with calf thymus DNA or short
DNA duplexes suggest that, in general, nicks (al-
tered bases or sugars and /or SSBs) do not either
affect the flexibility or significantly alter the over-
all conformation of the DNA molecule whereas a
more extended interruption does. In the case of a
nick changes in structure are small and localised
around the nick. The nicked DNA forms seem to
have conformations very close to the B-DNA
form with only small local differences relative to
the native B-form, if their number is not high.
Melting studies [36] indicate that nicked DNA
molecules can also exhibit ‘melting’ characteris-
tics identical to those of native molecules. The
enhanced thermal stability that we found for the
nicked molecules (low doses) is probably related
to the already verified [32,37] increased ability of
such molecules to form base stacking interactions
with other molecules in the solution.

3.4. Interpretation of the data based on the model
parameters

In Fig. 9 the average relative base pair disrup-
tion per unit increase in temperature (N + 1 root
of ¢) as described in [1], is plotted as a function of
dose for samples exposed to both «- and +y-irradi-
ation. According to the above model, N is related
to the possible paths through which energy is
conducted along the DNA molecule. In the same
figure, we observe that irradiation with low doses
facilitates the disruption of DNA base pairs al-
though it increases thermal stability. The maxi-
mum disruption is always observed for the sam-
ples, which show the higher thermal stability (Fig.
8). The fact that at low doses the disruption
increases is indicative of the widely accepted idea
that the conformation of intact DNA shields the
bases inside the double helix from radical attack
[12,38]. This protection decreases as the number
of SSBs and DSBs increases, resulting in the
‘unzipping’ of the helix and the onset of denatu-
ration [14]. As the radiation-induced denaturation
increases at higher doses, the percentage of bases,
which are exposed to the solution, increases dra-
matically. Taking into account the well known
high reaction rate constants of all DNA bases [39]
with 'OH radicals, as soon as they are exposed to

o
o
[}
R
1
I
-
o
o

T r T T T

80 100 120 140 160
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Fig. 9. The mean values of the parameter N + 1 root of c as a
function of dose, calculated using Eq. (1), for samples exposed

to y- and a-radiation from a ®*Co and ?*!Am source, respec-
tively. Inset: A magnification of the low dose region.
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a relative high dose (e.g. approx. 30-10 Gy for «
and ~v-irradiation as seen in Fig. 9) the destruc-
tion very quickly reaches a saturation point. When
thermodynamic parameters were estimated in our
laboratory [40] by applying inverse gas chro-
matography, it was found that the region of 0—-40
Gy of +y-irradiation at different concentration
conditions (4.5 X 107> M in DNA-P), is charac-
terised by a high efficiency in structural alteration
of the DNA molecules with a tendency for satura-
tion at higher doses. However, in the above men-
tioned work, no data exist for the low dose region
of 0-6 Gy. We believe that, the up to now un-
known dependence of the N+ 1 root of ¢ on
concentration and radiation dose, starts to reveal
itself and two tendencies seem to be apparent
from the present results and under the present
conditions. The first is that the saturation and
minimization region seems to occur at lower doses
with increasing DNA concentration and the sec-
ond is that between these specific low and high
LET radiations the saturation region occurs ear-
lier for the high LET radiation (a-particles). It
must be pointed out that the value of N + 1 root
of ¢ is higher for a-particles than +-irradiation
(at the dose of 12 Gy, where the higher thermal
stability is observed). This may explain why the
saturation region occurs at lower doses for this
type of radiation, considering also the earlier
discussion about the opening of the helix result-
ing in the exposure of bases to solution and the
important role of different stacking interactions
(and DNA conformations) for these two types of
radiation. It seems that the absolute number of
SSBs (which is higher for y-irradiation) is not the
only factor which regulates exposure of the DNA
bases to the bulk solution.

The dose region at which the saturation for the
disruption of base pairs occurs (see Fig. 9) coin-
cides with the dose region where the parameter N
is maximised as it can be seen in Fig. 10, where
the variation of N with dose is plotted for a- and
v-irradiation, respectively. At the low-dose region
the values of N, which according to the proposed
model are related to the possible pathways for
energy transduction across the DNA helix, show a
tendency to decrease with dose. In passing from
the low dose region to the high one, the exponent

—e—%co 4
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Fig. 10. The mean values of the parameter N as a function of
dose, calculated using Eq. (1), for samples exposed to y- and
a-radiation from a ® Co and 2*!Am source, respectively. Inset:
A magnification of the low dose region.

N increases significantly (as already described)
and for higher doses it decreases again to the
initial levels. This multi-phase behaviour of N is
highly related to the dose-dependence of base
pair disruption (described above) and the changes
in the molecular size (Fig. 7). To be more specific,
at low doses, as it is stated above, ionising radia-
tion is quite effective in the base pair disruption
mainly through localised opening (and denatura-
tion) of the helix without reducing the size of the
DNA molecule. This local disruption of base pair
stacking will disrupt the flow of thermal energy
along the long axis of DNA through solitary wave
excitations (see Section 1). The remaining modes
of thermal energy transfer are inaccessible [1,41].
Therefore the disruption of the thermal energy
flow would result in decreasing values of N as
found for the nicked molecules for the samples
exposed to low doses. The discussed difficulties in
the propagation of energy across the molecule
may explain the higher thermal energy quantities
required for the nicked molecules to denaturate.
Exposure to higher doses of irradiation leads to
the increase of N as suggested by Kalfas et al. [1].
This is probably related to the increasing produc-
tion of DSBs as revealed in Fig. 7 through the
decrease of MW for higher doses. The production
of DSBs tends to form DNA fragments of smaller
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size, resulting in a higher surface to volume ratio
for the fragments as compared to the intact DNA.
Therefore, N is expected to show a tendency to
increase again due to an increased conduction of
thermal energy from the solution to the DNA.
This increase is also verified in this work. This
facilitation of the energy propagation through the
smaller size segments is minimised at the high
dose region due to the extensive damage of the
specific segments which significantly perturbs en-
ergy propagation again, resulting in the decrease
of N in an asymptotical way. The specific asymp-
totical behaviour is directly related to the similar
variation of MW with dose at the same dose
regions (Fig. 7). As seen in Fig. 7, the decrease of
size tends asymptotically towards a lower constant
value, i.e. the number of effective DSBs which
lead to further fragmentation of the DNA
molecules is minimised.

In Fig. 11 the variation of threshold tempera-
ture 6, with dose can be seen for each case of
radiation or concentration presented in the previ-
ous Figs. 8 and 9. The temperature 6, is a
measure of the remaining (after irradiation) dif-
ference in the stacking free energy between the
intact and the open states. The higher the stack-
ing of the helix the higher the temperature 6,
and of course the higher the amount of thermal
energy to pass from the native to the denaturated

60
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Fig. 11. The mean values of the parameter 6,, as a function

of dose, calculated using Eq. (1), for samples exposed to -

and a-radiation from a %Co and *'Am source, respectively.

Inset: A magnification of the low dose region.

form of the DNA. One can say that, this parame-
ter is analogous to the overall stacking existing in
the DNA molecule in the solution where the
measurement takes place. The results show (as
expected from all the previous analysis) that 6,
(and stacking) is maximised for the samples ex-
posed to low doses. This finding, according to our
opinion, is very crucial because it strengthens our
suggestion of a more positive (in relation to the
native DNA) total base stacking existing for the
nicked molecules of low doses. Based on Fig. 11
one can see that the decrease of stacking for
doses higher than 50 Gy for wy-irradiation does
not seem to reach a saturation point like in the
case of a-particles. This behaviour is in good
agreement with the variation of the overall stabil-
ity (T),) with dose and type of radiation seen in
Fig. 8. The known higher efficiency of +y-rays as
compared to a-particles to produce DNA damage
[34,43] is mirrored in these two figures and also in
Fig. 7 where it can be seen that at the same dose
region the size of vy-irradiated samples is signifi-
cantly lower for doses higher than 20 Gy. The
higher fragmentation of the y-irradiated samples
perturbs more severely and more persistently the
overall stability and stacking as it can be con-
cluded by the continuous decrease of the 7,, and
0, values. At last, the fact that in the case of the
N + 1 root of ¢ variation with dose we do find a
saturation region in all cases, is indicative that
the overall DNA stability and base stacking do
not depend only on the number of disrupted base
pairs i.e. the 7,, values are not linearly related to
the changes in the relative maximum numbers of
disrupted base pairs, a conclusion also reached by
Kalfas et al. [1].

4. Conclusions

In this work, we test the energy propagation
model proposed by Kalfas et al. [1] for the ther-
mal transition of a DNA macromolecule which
was exposed to two different types of ionising
radiation and under dilferent irradiation condi-
tions. We gave special attention to the region of
low doses in order to enlight this region which
from the early 1960s [12,18] appears to be a
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region characterised by a non-linear behaviour of
several parameters such as the radiation-induced
loss in hyperchromicity and the thermal denatura-
tion of the DNA double helix. These early sug-
gested ideas about the importance of the post-
irradiation conformational changes of the DNA
helix in determining radiation damage and the
observed non-linearity of DNA damage with dose
at the region of low doses can now be understood
in the framework of the energy propagation model
[1] and is probably related to the influence of the
localised damages in the ability of the molecule to
interact with neighbouring molecules via stacking
and in the propagation of thermal energy across
the molecule.

No specific mathematical correlation between
the parameters N and N+ 1 root of ¢ of the
model and radiation dose has yet been attempted.
In the present work, we are able to give the
general trend of these parameters with dose and
irradiation conditions. Furthermore, this is the
first attempt to correlate the effects of ionising
radiation of different quality (low and high LET
radiations) with the propagation of thermal en-
ergy, based on our results and the existing litera-
ture on the differences between the two applied
radiations.

In conclusion, the proposed theory of Kalfas et
al. [1] gives a very good quantitative and qualita-
tive description of the radiation-induced pertur-
bations in the thermal transition of the DNA
macromolecule especially in the region of low
doses where an enhanced stability was found. The
experimental and theoretical analysis leads to the
conclusion that the samples exposed to low doses
have no severe structural alterations towards the
native samples. The significance of these sug-
gested localised perturbations which were found
to affect negatively the energy flow across the
DNA molecule, may affect the recognition of the
DNA by proteins and may affect the packaging of
DNA in nucleosomes within the cell as also sug-
gested by other studies [44].
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Appendix A: With the permission of the authors,
the highlights of the energy propagation model of
Kalfas et al. [1] are given below

As in all theoretical approaches, DNA is con-
sidered as a quasi one-dimensional lattice com-
posed of N base pair units. Under ordinary con-
ditions, it forms a double helix (B form). This
double-stranded structure is held together by hy-
drogen bonds between complementary base pairs
(A-T or G-O) and stacking (hydrophobic) interac-
tions between nearest neighbour bases on same
strands. When the excitation modes of an individ-
ual nucleotide are considered, it is seen that the
energy required for a transition between the two
lowest S, and S, states is of the order of 80 kcal
mol ™', while transitions between vibrational lev-
els require energies of the order of 10 kcal mol !,
Therefore, thermal energies at room temperature
could only induce transitions between rotational
states of the individual nucleotides since the spac-
ing of their energy levels is of the order of 1 kcal
mol~!. In addition, the ‘stacking potential’ will
allow energy to be stored in the form of vibra-
tions between nearest neighbour bases at same
strands. However, it is difficult to visualise that
this part of the internal (thermal) energy of such
a structure could be stored in the form of coher-
ent vibrations covering the whole length of the
formation constituting a DNA molecule. As more
likely, local coherent vibrations covering a few
tens or hundreds of base pairs would prevail.
Each group of coherently vibrating stacked base
pairs along the DNA axis can constitute a ‘rod’.
An increase in temperature and, therefore in
internal energy, will result in an increase of the
vibrating amplitudes, eventually leading to un-
stacking and a subsequent weakening of the hy-
drogen bonding between the complementary base
pairs. This, will in turn, facilitate the disruption of
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the hydrogen bonds leading to the denaturation
or melting of DNA, forming single stranded
chains.

In the framework of this overall picture, one
can attempt to develop a quantitative description
of the behaviour of DNA under varying external
conditions, such as temperature, or when subject-
ing DNA to any form of ionising radiation, such
as gamma rays.

One of the most frequently used methods to
investigate the melting transition in DNA is the
measurement of the variation in the UV absor-
bance of a dilute DNA solution as a function of
increasing temperature. The basic assumption of
the cited theoretical description is that the
observed hyperchromicity (i.e. increased UV ab-
sorbance) in the melting transition of DNA is
directly proportional to the number of disrupted
base pairs. Thus, the UV absorbance and, conse-
quently, the number of disrupted base pairs can
be expressed in terms of a temperature function
y =f(0). In addition, it is assumed that the tem-
perature variation of y related to base pairs
disruption must depend on:

e The number of available stacked base pairs, as
expressed by the term k —y, where k is the
total number of base pairs;

The temperature of the solution 6; and

The difference in the stacking free energy
between the intact and the open states for
which a threshold temperature 6,, can be
assigned.

The functional form of the temperature depen-
dence can be derived from a reasoning based on
the energy flow from the aqueous solution to any
site on DNA and then along the overall structure
of DNA. From the definition of 6,, one can
suggest that the energy which propagates along
the overall structure and is available for base pair
disruption, must depend on 6 —6,. It is then
reasonable to assume that the base pair disrup-
tion is a power function of 6 — 6, (i.e. it has the
form of (6 —0,)") where the exponent N is re-
lated to the possible paths along which energy is
conducted. The power form is readily understood,

if each such path is considered as having an
independent contribution, while the overall effect
is the composite result. Bearing in mind that it is
generally assumed that DNA can be viewed as a
quasi one-dimensional lattice, N must be rela-
tively small, which is in contrast to the case of a
crystalline structure of any solid where N must
tend to infinity. Thus, in this model a special
importance is assigned to the variation in the
value of N when associated structural variations
are studied.

Expressing the above reasoning in quantitative
form, for 6 > 6,

& e (0- 0"k -y) (A1)

where ¢ is a proportionality constant.
By integrating

—In(k —y) = [c(6 — 0)"" ' /N +1] +

(A2)
k—y=h-e O 0"/ (N+D (A.3)
Making the substitution k=g +h
y=g+h-(1—e lcO-0" V(N+D) (A4)

where the physical meaning of g and # is derived
from the assumption that absorbance can be used
in place of the number of paired and disrupted
bases, respectively. Consequently, the expression
can be written as:

AO) =A, + A, {1 —e 1O 0" /(N+D)
for 6 > 6, (A5)

A(0)=A,, foro<6, (A.52)

where, A, is the UV absorbance of the tight
DNA helix, and A, is the hyperchromicity (i.e.
the increase in absorbance of a totally denatured
DNA molecule). The subscripts ‘st” and ‘u’ stand
for ‘stacked’ and ‘unstacked’, respectively.
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Working backwards, Eq. (A.1) can be re-written
by differentiating Eq. (A.4) in the form:

% =h-c-e (O VWD (g g )Y

(A.6)
One can define the melting point of DNA either
as the temperature at the maximum slope in the
melting curve (i.e. absorbance vs. temperature) or
as the temperature for which the population of
the stacked base pairs is reduced to 50% to its
original value. The first definition, [by equating to
zero after differentiating Eq. (A.6)] leads to

N+1
n-o+ X
C

while the second (which is traditionally used),
after equating the exponential term in Eq. (A.6)
to 0.5 leads to

N+1
T =6+ /(N—|—3) In2

The two slightly different definitions should not
be a source of confusion. In reality, their differ-
ence is less than a few percent. The first defini-
tion has the advantage of a graphical representa-
tion in a dy/d6 vs. 6 plot, while the second is the
traditionally accepted definition and is essentially
model independent.

(A7)

(A.8)
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