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Abstract A study of the fragments of DNA irradiated with MeV ions is important for the understanding of the DNA

damage mechanism and the subsequent biological effects (induced by heavy ions). In this experiment, the products of

calf thymus DNA (CT DNA) irradiated with MeV fluorine ions were analyzed using agarose gel electrophoresis,

modified time-of-flight mass spectrometer (MALDI-TOF), and high-performance liquid chromatography (HPLC).

The results showed that the molecular mass of the fragments were concentrated around 831 bp with agarose gel elec-

trophoresis, there was no observable product in the range of 1,000 —30,000 (m/q) using MALDI-TOF, and small bio-

molecules were separated from the products. The results of this study indicated that the strand breaks of calf thymus

DNA induced by MeV fluorine ions were nonrandom.
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1 Introduction

In recent years, low-energy ion biotechnology has
attracted considerable attention because of its practical
applications in many fields such as botanic mutation
breeding and cancer therapy. With the development of
new experimental techniques, studies on the bioeffects
induced by low-energy heavy ions, especially on DNA
irradiation damage, are being carried out extensively
at the molecular level because the most critical initial
damage is believed to be responsible for subsequent
biological effects!!!. In the past decade, several results
on both base damage and DNA damage have been
reported!!"), for example, showing the saddle-type of
fluence-ssbs curve induced by keV ions®* and the
linear fluence-dsbs curve induced by higher energy
ions!?, which are different from those induced by
electrons, X-rays, and y-rays. The mechanism of DNA
irradiation damage is important but is not well under-

stood. Thus far, only little information has been re-
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ported about experimental studies on DNA irradiated
in vitro with MeV ions.

The objective of this study was to investigate
how heavy ions damage the solid state DNA in vitro.
Some preliminary results on CT DNA irradiated with
MeV fluorine ions were presented, and the relation-
ships among ion dose, energy, and irradiation product
were discussed.

2 Experimental

2.1 Samples preparation

Calf thymus DNA (10—15 million daltons) used
in the experiment was purchased from Sino-American
Company. It was dissolved in 0.01 mol-L"! KPB solu-
tion with the concentration of 2 mg'mL"!, and 0.2 mL
of the solution was then transferred using a mi-
croinjector (accuracy is +£0.1 uL) onto a special met-
al plate and allowed to dry naturally. Thus, a DNA
film with mass thickness of 0.127 mgecm? was
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formed.
After irradiation, the DNA was dissolved in
0.01 mol-L"! KPB solution again for analysis.

2.2 lrradiation

The irradiation was carried out using a
2x1.7MV tandem accelerator at Peking University.
During irradiation, the density of ion beam current
was kept lower than 4 nA-cm™ to ensure that the sam-
ple temperature was kept as low as possible. In this
experiment, 3MeV F* and 4 MeV F?>*, with dose of

11x10'2 and 30 x 10'2 cm, respectively, was used.

2.3 Sample analysis

2.3.1 Agarose gel electrophoresis assay

The irradiated sample was separated by agarose
gel electrophoresis. The gel containing 1% agarose
was run for 30 min at 7 V-m™! electric field and stained
by 1% ethidium bromide (EB, 5 uL-(100 mL)!). The
gel was finally subjected to UV radiation, and a fluo-
rescence image was recorded using a CCD camera. A
DNA ladder marker was used for calibration.
2.3.2 Modified time-of-flight mass spectrometer

(MALDI-TOF) measurement

A mass spectrum of the samples before and after
irradiation was taken with a BIFLEX III modified
(MALDI-TOF)
manufactured by American Bruker Company at Mass

time-of-flight mass spectrometer

Spectrum Center of Beijing. The sample spectrum was

measured in the range of 1,000 —-30,000 (m/q).

2.3.3 High-performance
(HPLC) measurement

Part of the samples after irradiation was deviated

liquid chromatography

using HPLC method. The detection of the compounds
was achieved using a UV —VIS variable wavelength
detector (at 254 nm). AC-18 (4.61 mm x 250 mm) an-
alytical column was purchased from Kromasil. The
solvent was a mixture of H>O and CH3OH at a ratio of
90:10 (V/V), the flow rate was 1.0 mL-min™.

3 Results and discussion

3.1 Agarose gel electrophoresis

Fig. 1 shows the fluorescence image of the aga-
rose gel electrophoresis. Most of the CT DNA mole-

cules contain about 20,000 bp, which is consistent

with the real one (10—15 million daltons, that is ap-
proximately 15—22 kb). The lane of the control sam-
ple was scattered in a very wide range, which means
that a DNA molecule that was in vacuum for 1 hour
could be denatured. For irradiated samples, the frag-
ment’s mass was mainly about 831 bp. Compared with
lanes d and e, lanes f and g were weak, which indicat-
ed that the dose had an obvious influence on the
product. Moreover, the brightness of the lanes was
also dependent on the ion energies. The 4 MeV fluo-
rine ions were more efficient at producing the frag-
ments with molecular weight around 831 bp. It was
shown that the higher energy increased the amount of
the products whose molecular weight was around 831
bp. Besides the fragments of 831 bp and the original
CT DNA molecules, there were no other fragments
observed with agarose gel electrophoresis, indicating
that the damage to DNA molecules was nonrandom.

21227bp

831bp

125bp

Fig. 1 Fluorescence image using agarose gel electrophoresis.

a, DNA ladder marker; b, original sample; c, control sample;

d, e, sample irradiated with 3 MeV F* at the dose of 11 x 10'?
cm?; f, g, sample irradiated with 3 MeV F+ at the dose of 30 x
10'2 cm?; h, i, sample irradiated with 4 MeV F?* at the dose of
11x102 cm?.

3.2 Modified time-of-flight
(MALDI-TOF)

mass  spectroscopy

A mass spectrum of the sample irradiated with 3
MeV F+ at the dose of 11 x 10'> cm? is shown in Fig.
2. No obvious mass peak was observed, which implied
that the fragment mass was distributed randomly be-
tween 1,000 and 30,000, or the mass peaks did not
exist at all, which implied that the fragment mass was
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distributed nonrandomly.
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Fig. 2 Mass spectrum of CT DNA sample irradiated with 3
MeV F* at the dose of 11 x 10'2 cm™ using MALDI-TOF.

3.3 High-performance
(HPLC)

liquid chromatography
HPLC was used to detect the small fragment that
has a mass lower than 1,000. The results are shown in
Fig. 3. The spectrum of the sample irradiated at the
dose of 11x10'? cm? had a new peak at 2.7 min,
which was similar to the peak observed for retention
time of thymine; however, it is difficult to confirm that
this is really the thymine itself. At doses up to 30 x
10'? cm?, the peaks of small biomolecules were unde-
tected because the small biomolecules produced by
implanted ions were destroyed again®. The fact that
only one kind of small biomolecule was produced
showed that DNA molecules were not damaged at
random as pointed out by the results of agarose gel
electrophoresis.
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Fig. 3 HPLC spectrum of CT DNA sample irradiated with 3
MeV F*.

CK, control sample; 11, sample irradiated with 3 MeV F* at
the dose of 11 x 10'? cm?; 30, sample irradiated with 3 MeV
F+ at the dose of 30 x 10'2 cm™.

The possible reason for the nonrandom distribu-
tion of the products of DNA after irradiation is that the

energy that is mostly deposited by electron collisions
causes the vibration of the chemical bond in the DNA
molecule and transfers along the DNA chain, leading
to the breaking of the weaker chemical bond because
the energy deposition through electron collisions is
usually several eV and much smaller than bond
energy "I, This form of energy migration is multipli-
cate. Energy can be deposited directly on the DNA
molecule and migrate along the DNA chain, creating
ionized and excited states of various molecules (sugars,
bases, phosphates, etc). As a result, the distribution of
damage is nonrandom ® %!, However, after initial en-
ergy deposition, the liberated electrons with excess
kinetic energy are thermalized over a distance of
5-100 bp and randomly attached to purine and py-
rimidine bases in DNA molecules. Subsequent to their
attachment to DNA, electrons can then migrate to and
attack the bases having the highest electron affinity
and lowest ionization potential 1%,

In this experiment, the products were concen-
trated around molecular weights of 831 bp, as shown
by agarose gel electrophoresis, which showed that the
fragments whose molecular weights were 831 bp on
CT DNA might be a particular site that appears peri-
odically. As can be seen from the result obtained using
HPLC, certain bases and small biomolecules are vul-
nerable to the implanted ions.

4 Conclusion

Our experimental results show that low-energy
heavy ions do cause DNA damage. It was observed
that both dose and energy of implanted ions had an
effect on the amount but not on the type of the prod-
ucts. It is proposed that the process of DNA irradiation
damage is nonrandom: the products are concentrated
around the molecular weight of 831 bp and specifical-
ly small biomolecules such as thymine are induced.
But it is difficult to give an accurate description of the
structure and properties of the product. Further ex-
periments are needed to obtain systematic information
on the cellular response to the radiation-induced DNA
damage at phenomenological level and to further un-
derstand the damage mechanism of DNA molecules.
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