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In this study, the effects of high-LET radiation on DNA
were investigated and compared with the effects of y radia-
tion. Hydrated DNA samples at 77 K were irradiated with
argon-ion beams (®Ar or “Ar beam at energies between 60
and 100 MeV/nucleon). The individual free radicals formed
were identified and their yields were investigated by electron
spin resonance spectroscopy. Argon-ion irradiation resulted
in lower yields of baseion radicals and higher yields of neutral
radicals than vy irradiation. A hitherto unknown species was
assigned to the radical formed by C-O bond rupture at the
deoxyribose C3', resulting in a sugar carbon-centered radical.
A previously characterized phosphorus-centered radical was
also found. The formation of each of these species was accom-
panied by an immediate strand break. G values, k values, and
analyses for the individual yields of neutral radicals and ion
radical composition for argon-ion-irradiated hydrated DNA
are reported and compared to those found previously for y-
irradiated DNA. The lower G values and k valuesfor ion rad-
icals and the higher fraction of neutral radicals found for ar-
gon-ion-irradiated DNA are attributed to differencesin track
structure inherent in the two radiations.  © 2003 by Radiation Research
Society

INTRODUCTION

The processes of energy deposition by heavy ions and
the subsegquent damage to the DNA within living cells have
received considerable attention. However, the study of the
chemical events that follow heavy-ion irradiation of DNA
itself is still an emerging effort. For direct-type effects (1,
2), which are the sums of the direct and quasi-direct effects
(3), clear differences between the effect of low-linear en-
ergy transfer (LET) radiation on DNA and the higher-LET
radiation provided by heavy ions have been reported (4, 5).

First, the G values of radicals stabilized in hydrated DNA
samples irradiated at low temperatures are lower with high-
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LET radiation than with v radiation. In addition, the frac-
tion of neutral radicals in the radical cohort is higher for
heavy-ion radiation than for lower-LET radiation. These
differences were attributed to the greater recombination of
ion radicals (relative to neutral radicals) in the densely ion-
ized heavy-ion track which consequently results in the sta-
bilization of fewer ion radicals in DNA exposed to high-
LET radiation than in DNA exposed to low-LET radiation
DNA (4, 5). In addition, ESR spectra of samples irradiated
with heavy ions show the presence of a phosphorus-cen-
tered radical (ROPO;*) in yields of about 0.1% of the total
radicals present, whereas ESR spectra of +y-irradiated hy-
drated DNA show the same radical but in much lower
yields (about 0.01% at the same dose) (4). In this work, we
continued our investigation of the effects of heavy-ion ir-
radiation of hydrated DNA using Ar®* beams. A recent
report of the total yield of radicals in low-temperature,
heavy-ion irradiated DNA hydrated to I' = 2.5 (H,O mol-
ecules/nucleotide) is in substantial qualitative agreement
with the yields obtained by Becker et al. (4) using oxygen-
ion beams (5).

We have classified the radicals observed based on their
ESR dose saturation behavior and spectral breadth. The rad-
icals G, C(N3H)' and T— are DNA base radicals and are
characterized by a small ESR spectral breadth and a clear
plateau in yield at high dose. C(N3H)" is the cytosine anion
radical reversibly protonated at N3. C(N3H)', G~ and T~
are designated as ‘“‘base ion radicals.” The C1’, C3', C4/,
C5’ and C3,,, radicals al have spin density largely on a
single carbon and possess multiple hydrogen hyperfine cou-
plings, these factors typically lead to ESR spectra of greater
breadth than those of the base ion radicals. The C1’, C3',
C4', C5" and C3' 4 radicals are all designated as ** neutral
sugar radicals.” TH* and UCH;, are designated as ‘‘ neutral
base radicals.”

MATERIALS AND METHODS

Sample Preparation

Salmon testes DNA purchased from Sigma Chemical Company was
used without further purification. Samples (about 150 mg as received
from Sigma) were hydrated in closed systems over saturated H,O or D,O
solutions of NaCl or KCI (6). Samples were then pressed into cylinders
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Radicals Considered in this Work

(0.4 cm diameter X ~1 cm height) or rectangular parallelepipeds (0.3
cm X 0.4 cm X ~1 cm) under a N, atmosphere using an aluminum die
and press and were immediately frozen in liquid N,. The actua hydration
level in samples were determined by weighing the samples immediately
after warming to room temperature and then again after pumping on a
vacuum line overnight or after desiccation over Drierite (anhydrous
CaS0,) for 24—48 h; both methods of drying gave the same results. Dried
samples are assumed to have a residual 2.5 water molecules per nucle-
otide (I' = 2.5) which are not removed by our drying procedure (7). The
hydration levels we report are averages over the whole sample and have
relative uncertainties of =1 D,O/nucleotide.

Heavy-lon Irradiation

Samples were irradiated at 77 K at the National Superconducting Cy-
clotron Laboratory at Michigan State University. Argon-36 and “Ar
beams with specific energies of 60, 75, 80 and 100 MeV/nucleon were
used; for the end points we investigated, all the beams gave similar results
(within experimental error). The beam passed through approximately 5
cm of air and 1 cm of Styrofoam before encountering the sample. As an
example, a 100 MeV/nucleon “Ar, beam retained a total energy of 3.88

GeV at the sample and resulted in a range of 6.80 mm in DNA hydrated
to I' = 15; for an *Ar beam (75 MeV/nucleon) with energy 2.49 GeV
at the sample, the range was 3.64 mm. Since the samples used had a
maximum depth of 4.5 mm, the first sample would not contain the Bragg
peak and the second would. In this work, four samples contained the
Bragg peak and three did not. The color development and radical for-
mation in a single sample of 1 cm length was consistent, to within =1
mm, with the ranges given by the TRIM program (Transport of lons in
Matter, Ziegler, IBM).

The LET in a sample was determined by using the TRIM program to
estimate the energy deposited in the sample and dividing this energy by
the path length of the beam in the sample. With the sample configurations
used, typical LETs obtained were between 350 keV/pm and 800 keV/
pm. The LET (dE/dX) in a single sample can vary from about 300 keV/
pm at the beginning of the track to about 3800 keV/um in the Bragg
peak. For different samples in the same sample set, the average LETS, as
calculated, may vary by =25 keV/pm. All LETs reported here are round-
ed to the nearest =50 keV/um.

lon-Beam Dosimetry

The ion-beam dosimetry is approximate. The dose in grays delivered
per second in a sample (E) is given by
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FIG. 1. Benchmark base ion-radical ESR spectra used (with A in Fig.
2) to analyze observed DNA spectra. The origins of the spectra for G+,
C(N3H) and T~ are described in Wang et al. (8). In all figures, the three
vertical lines correspond to the Fremy’s salt resonances with g = 2.0056
and A, = 1.309 mT.
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where A is the beam current in electrical amps, N, is Avogadro’s constant,
f is the fraction of the beam area intercepted by the sample, |, is the
energy of the beam in gigaelectron valts, 1/1, is the fraction of the energy
of the beam deposited in the sample, F is the Faraday constant, mis the
mass of the sample in kilograms, and Z is the charge on the ion for which
Aisdetermined (+18 in these experiments). The beam areawas measured
from the color development in a glass cover dlip placed in the beam.
Before any irradiations were performed, the beam current at the sample
was determined by measuring, simultaneously, the current at the sample
position with a Faraday cup and the upstream current. During the sample
irradiation procedure, the upstream current was checked periodically;
with the assumption that the ratio of sample to upstream currents is con-
stant, the current at the sample can be calculated. The TRIM program
and sample geometry were used to determine |, the energy per ion de-
posited in the sample; |, and Z were determined directly by the cyclotron
settings. Typical values for these parameters, for a 0.2316-g cylindrical
sample, are: A = 15 nA, f = 047, I/l, = 0.34, |, = 3.37 GeV, Z = +18.
These numbers result in a dose rate of 2.0 X 10% Gy/s.

For cylindrical samples, the sample was positioned so that the ion-
beam path was perpendicular to the long axis of the sample. The dose
was obtained by calculating the energy (J) deposited in each of 20 slices
of the cylinder (slices whose planes were parallel to the cylinder axis and
ion-beam path) and dividing the sum of these energies by the total mass
(kg) of the sample.

v Irradiations

A U.S. Nuclear vy irradiator with dose rate of ~2 kGy/h was employed
for al v irradiations. Samples were irradiated under liquid nitrogen.

FIG. 2. Origin of benchmark composite A(* spectrum. A: ESR spec-
trum of hydrated DNA sample (D,O, I' = 14) irradiated with 370 kGy
(®¢Ar, 100 MeV/nucleon, LET = 400 keV/pum). B: ESR spectrum of
sample prepared and handled identically to that in A, except the dose is
35 kGy. The last spectrum, A, is obtained by computer subtraction of
0.45 B from A as described in the Materials and Methods.

Electron Spin Resonance

Spectra were generally recorded at 77 K at 45 dB (6.3 wW); for phos-
phorus radicals, power levels near 20 dB (2 mW) were typicaly used.
ESR spectra were digitized and stored in a 1000-point array with field
and g-value markers. A Varian Century ESR spectrometer operating at
9.2 GHz with an E-4531 dual-cavity, 9-in. magnet and low-temperature
accessory was employed. Fremy’s salt, with Ay, = 1.309 mT and g =
2.0056, was used for field calibration and hyperfine splitting measure-
ments; the three calibration marks shown on the spectra are the three
Fremy’s salt hyperfine resonances. Spectral analysis was done using pro-
grams developed in our laboratory (ESRADSUB, ESRPLAY). Spectral
simulations were done with SimFonia and WINEPR (Bruker).

Computer Analysis of DNA Spectra

The low-temperature ESR spectra of irradiated, hydrated DNA samples
result from the overlap of the spectra from a number of free radicals;
computer deconvolution of the composite ESR spectra that result is re-
quired for the correct determination of G values (vide infra). Three of
the four benchmark ESR spectra used for deconvolution are shown in
Fig. 1. These base ion radical spectra [G**, C(N3H):, T~ were obtained
from experimental spectra, as described earlier (8). While the base ion
radicas have a relatively small spectral breadth, the fourth benchmark
spectrum (), shown in Fig. 2, does not. It arises largely from a mixture
of neutral radicals of generally larger hyperfine couplings and larger spec-
tral breadth. In ion-beam-irradiated DNA, a substantial number of the
radicals responsible for A" are likely to be carbon-centered radicals on
the sugar moiety, such as the C1’, C3', C4’ and C5’' (4) and a radical
which is newly proposed in this work, a C3’'-dephosphorylation radical
(Csl;ephos)'

A" is generated by computer subtraction of the spectrum of a 35-kGy-
irradiated sample (Fig. 2B) from that of a 370-kGy-irradiated sample (Fig.
2A) to obtain a difference spectrum judged visually to be relatively free
of ion-radical components. The optimum subtraction required that 45%
of the intensity of the lower-dose spectrum be subtracted from 100% of
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FIG. 3. A: Experimental ESR spectrum of DNA, at 77 K, hydrated to
I' = 12, irradiated with 150 kGy using an “°Ar beam with energy 60
MeV/nucleon. The LET of the radiation was 800 keV/pm. B: Simulated
spectrum of that shown in A, constructed using 25% G*, 19% C(N3H),
18% T, and 38% . C. Difference between the two previous spectra,
B — A.

the higher-dose spectrum. Because the fraction of each ion radical in a
composite spectra varies as a function of dose, A" may be slightly con-
taminated with the differences in ion-radical spectrain the central region.
However, most of the signal intensity of the A" lies in the wings, which
are unencumbered by this difficulty. Furthermore, the A" spectra from
other subtractions at lower doses show the same spectral shape as those
at higher doses, indicating that the relative contributions of the various
wing components in A" remain approximately constant throughout the
dose range. In addition, A’ gives a linear dose response to the highest
dose used, whereas the ion radicals dose-saturate readily. For this reason
the separation of signas is made facile.

A least-squares fitting technique was used to find the best fit of the
sum of the four benchmark spectra [G*, C(N3H),, T, A['] to each ex-
perimental spectrum. A detailed description of this procedure is given in
ref. (8) and references therein. The error measure (err) used to indicate
the goodness of fit was calculated as shown below, in which Y is the
spectral intensity and the summation is evaluated over the 1000-point
array used to store the experimental and simulated spectra.

2 (Ysinulaled - Ya(perin’mlal)z
2 (Yexperimermad)2

Typical experimental and simulated (reconstructed) spectra are shown in
Fig. 3. Spectrum A shows the experimental spectrum obtained with a
DNA sample at I' = 12 and irradiated with 150 kGy “°Ar. Spectrum B
shows the simulated spectrum constructed using the deconvolution data
obtained. In this particular case, the reconstructed spectrum contains 25%
G*, 19% C(N3H)", 18% T, and 38% A(". Spectrum C is the difference
of the two spectra, B — A and, for this analysis, err = 0.11. For the
reconstructions used in this work, err2 varied from 0.0016 to 0.012, giv-
ing err values from 0.04 to 0.11. The radical fractions obtained are re-
producible to within a few percent, but the absolute accuracy is likely to
be substantially less (~10%) and may change as our understanding of
these systems improves. It should be noted that computer analysis of
overlapped ESR spectra was performed with D,O-hydrated DNA because

ar? =
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y radiation

FIG. 4. ESR spectra of argon-ion-irradiated and v-irradiated, hydrated
DNA at 77 K. Beam descriptions and hydration levels are shown in the
figure. The LET and dose for each beam/sample combination are: I' =
7, 600 keV/um, 56 kGy; T' = 9, 650 keV/um, 57 kGy; I = 14, 400
keV/um, 33 kGy; v radiation, 0.23 keV/um, 40 kGy.

the improved resolution (relative to H,O hydration) allows for more ac-
curacy in the results of the deconvolution.

Calculation of G and k Values

Using the deconvolution results, it was possible to obtain dose—re-
sponse relationships for each of the radicals/benchmark spectra used, that
is, the individual base ion radicals and A(*. For each of the three base ion
radicals, the dose response followed relationship (1) (7, 9, 10), in which
Y is the yield of radicals in wmol/kg, G is the low-dose yield in wmol/J,
k is the destruction constant in Gy, and D is the dose in Gy. G/k equals
the plateau yield, Y., in pmol/kg.

Y = (GK)(1 — e*0). @

In this work, unless otherwise stated, the G reported for an overall mix-
ture of radicals is the sum of the individual G values obtained by com-
puter deconvolution of ESR spectra followed by individual determination
of each radical G value. This was necessary because the destruction con-
stants for the various radicals differ considerably; specifically, the de-
struction constant for A" is much smaller than that of the ion radicals.

RESULTS

Figure 4 shows the ESR spectra of DNA, at various hy-
drations, irradiated with argon beams or with v radiation.
The LETs for the beams used are shown in Table 1. The
overall appearance of the spectra for the argon-ion-irradi-
ated samples is similar to that obtained from vy-irradiated
samples at similar hydration and dose (7, 8); however, there
is a noteworthy difference between the different irradia-
tions. The argon-ion-irradiated samples show spectral com-
ponents in the wings of the spectra that are present in much
higher relative intensities than in y-irradiated samples at the
same dose. The wing components increase in intensity as
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TABLE 1
G and k Values for Argon-lon-Irradiated DNA

LETe T (H,O/ G(G*")" G(C(N3H))> G(T-)> GA)P
Beam (keV/um) nucleotide) ke ke ke ke G(AO)»  G(total)?

3Ar, 75 MeV/nucleon 600 7 0.010 0.007 0.011 0.011 0.010 0.049
0.49 1.8 0.58 0.82 —

3Ar, 80 MeV/nucleon 650 9 0.037 0.020 0.028 0 0.021 0.106
14 0.55 1.9 — —

“Ar, 100 MeV/nucleon 350 12 0.046 0.036 0.034 0 0.032 0.148
28 1.9 33 — —

3Ar, 75 MeV/nucleon 600 12 0.043 0.032 0.029 0 0.032 0.136
11 0.68 1.6 — —

“Ar, 60 MeV/nucleon 800 12 0.018 0.014 0.013 0 0.018 0.063
0.73 0.69 0.94 — —

3Ar, 100 MeV/nucleon 400 14 0.030 0.033 0.039 0 0.037 0.139
11 1.2 25 — —

“Ar, 80 MeV/nucleon 500 16 0.064 0.050 0.035 0 0.062 0.211
16 0.88 1.6 — —

a +50 keV/um.
b umol/J; estimated error in G is +35%.
¢ X10°, Gy~%; estimated error in k is £50%.

dose is increased and are also clearly visible in the high-
dose spectrum shown in Fig. 2A (arrows). Asin our earlier
work with oxygen-ion beams (see Discussion) (4), we at-
tribute these wing components, which are also clearly as-
sociated with the benchmark spectrum A’ (Fig. 2), to neu-
tral, carbon-centered radicals located primarily on the de-
oxyribose sugars. In Fig. 5, we show the dose—response
curves for al the samples presented in this work. Each
point plotted in this figure represents a single sample; for
example, for the data shown for a hydration of I' = 7, the
three points shown result from three different samples pre-
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=14, 400 keV/um
2% 1047
r=12, 600 keV/um
e r=16, 500 keV/um _
%‘3 1.5 x 104 r=12,800 keV/um
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FIG. 5. Dose responses of all samples presented in this work. Each
individual curve was generated by irradiating a series of identically pre-
pared samples with different doses (see the Materials and Methods). A
general, but not inviolate, trend of increasing yields with increasing hy-
dration and decreasing LET is evident. Lines are drawn for the eye only.
The experimental curve (dashed) for y-irradiated DNA (I' = 14), is from
ref. (7) and is shown for comparison purposes. It shows a higher initial
yield but a lower yield at high doses, owing to the production of fewer
neutral radicals.

pared and handled in an identical fashion, but irradiated
with different doses. Two approximate trends are evident
in this figure. As the hydration level increases, the concen-
tration of radicals stabilized at 77 K increases. Also, higher
LETs lead to alower concentration of stabilized radicals at
77 K. Thelinesdrawn in Fig. 5 show the total radical yields
with dose. G and k values were determined using individual
radical yields (see Materials and Methods). A significant
feature of the argon-ion dose-yield curvesin Fig. 5 is that
the curves show no plateaus; in contrast, a clear plateau is
found in the dose-yield curves for y-irradiated DNA sam-
ples (7, 8). As can be seen, the yields at high doses for
argon-ion-irradiated samples far exceed those for the y-ir-
radiated sample even though the G values for ion radicals
are lower for argon-ion-irradiated samples. This is ex-
plained by the substantially larger G value for neutral rad-
icalsin argon-ion-irradiated samples relative to y-irradiated
samples, combined with low destruction constants for neu-
tral radicals for both radiations. The increased formation of
radiation insensitive neutral radicals in DNA samplesirra
diated with argon ions is then a fundamental characteristic
of the heavy-ion beams.

Figure 6 is an example of the dose response obtained for
each of the benchmark base ion radicals [G*™, C(N3H)", T—]
and for the composite spectrum A(*, obtained after computer
analysis of a composite ESR spectrum. The data shown are
for aset of samplesat I' = 14, irradiated with a 100 MeV/
nucleon Ar beam, resulting in an LET of 400 keV/pm
(open squares in Fig. 5). The overall appearance of the
response is quite typical of that found in argon-ion-irradi-
ated samples. The base ion radical yields reach a plateau;
their behavior can be fitted using Eq. (1), which gives the
G values reported in Table 1. As can be seen, however, the
composite spectrum A" yield displays a linear dose re-
sponse up to the highest dose used; other samples behaved
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FIG. 6. Results of analysis, for individual radicals, of a hydrated DNA
sample set, at 77 K, hydrated to I' = 14, and irradiated with an 3°Ar
beam, resulting in an LET of 400 keV/um (open squares in Fig. 5), using
benchmark spectra shown in Fig. 1 and A’ from Fig. 2. The base ion
radicals reach a plateau in yield; the lines for each are the fit to Eq. (1).
The mix of radicals represented by A" does not reach a plateau and is
fitted to a straight line. The G value and k value obtained for each base
jon radical and the G value obtained for A, from the line fits shown, are
given in Table 1. The curve for y-irradiated DNA is calculated (using
Eq. 1) from G and k values for al ion radicals for aDNA sample hydrated
toI' = 14 (ref. 7).

similarly. For A, the G values obtained as the slopes of
the observed dose—response lines are also given in Table 1.
Table 1 also includes the destruction values, k, obtained for
each base ion radical obtained from the fit of the dose—
response datato Eq. (1). The k values obtained from argon-
ion-irradiated DNA generally follow the trend observed
with y-irradiated DNA; C(N3H) has the smallest k, G** the
next largest, and T the largest. However, the k values ob-
served with argon-ion irradiation are typically smaller than
those observed with v irradiation. Thisis likely due at least
in part to the partition of energy between the high-energy-
density region and the y-radiation-like region of the track.
Using Eq. (1) and typical measured G values for A(", the
maximum possible value of k for A" was estimated to be
4 X 107 Gy %; larger values result in noticeable curvature
in the dose—response curve calculated from Eqg. (1), a cur-
vature not present in the observed data (Fig. 6).

The behavior of the base ion-radical dose responses with
argon-ion irradiation is qualitatively similar to that ob-
served with v-irradiated DNA (8). The yield of these rad-
icals reaches a plateau at relatively low doses; in addition,
the plateau yields of base radicals for argon-ion-irradiated
samples and for y-irradiated samples, at the same hydration
levels, are the same, within experimental error (estimated
to be =30%). In Fig. 6 we compare the yield of base ion
free radicals for y- and argon-ion-irradiated DNA at the
same hydration level (I' = 14). These results indicate that
the DNA base ion radical saturation yield appears to be
independent of the LET of the radiation; this would be ex-
pected if the ion radical production and destruction were

TABLE 2
Comparison of Argon-lon and
y-Irradiated Samples

I (HO/ LET G(overdl, Fraction
nucleotide)  (keV/um) argon)2  G(overal, y)2b (A, argon)e
7 600 0.049 0.156 0.20
9 650 0.106 0.172 0.20
12 350 0.148 0.207 0.22
12 600 0.136 0.207 0.24
12 800 0.063 0.207 0.29
14 400 0.139 0.234 0.27
16 500 0.211 0.267 0.29
a umol/J; estimated error in G is +35%.
b Ref. (7).

cG(AC, Ar)/G(overall, argon).

largely from the low-LET component of the high-LET
beam, i.e., the & rays, which extend from the track core.

In addition, at the same hydration level, the composition
of the ion radical cohort is similar in y-irradiated samples
and argon-ion-irradiated samples. For example, at I' = 9
(3%Ar, 80 MeV/nucleon), the fractional amount of each ion
radical found (in the whole ion radical cohort, not including
neutral radicals) at low dose, as determined by G values,
is G+, 0.44; C(N3H), 0.24; and T--, 0.33. For ~y-irradiated
samples at the same hydration, the fractional amounts are:
G+, 0.42; C(N3H), 0.28; and T, 0.30 (8). These values
are reproducible to within 0.05 fractional units. Thus the
three ion radicals are formed in about the same relative
amounts by v and argon-ion irradiation. A similar corre-
spondence between y and argon-ion irradiation was found
for each of the sample sets investigated at the various hy-
dration levels used, within the +30% estimated experimen-
tal error.

The Neutral Radicals

Whereas the ion radical plateau yields for argon-ion- and
v-irradiated DNA are the same within experimental error,
the yields of neutral radicals are significantly higher for
argon-ion-irradiated samples than for similar y-irradiated
samples. Thisisillustrated by the curves for DNA hydrated
to I' = 14 shown in Fig. 6. The curve shown for y-irra-
diated DNA (7) shows far lower total yield at high doses
because ion radicals dominate the y-irradiated DNA spec-
trum; on the other hand, neutral radicals (A", which are
less susceptible to radiation destruction, dominate the spec-
trum of argon-ion-irradiated DNA at high doses. In argon-
ion-irradiated samples, the fraction of neutral radicals found
(using fraction = G, ./G,) increases from 0.20 at I' = 7
to 0.29 a I" = 16 in the LET range 350-650 keV/pm
(Table 2); one data set with LET = 800 keV/pm at I' =
12 gave a fraction of 0.29. In typical y-irradiated samples,
neutral radicals (as designated by a composite spectrum
similar to A) make up about 0.07 of the initia yield of
radicals in low-dose samples hydrated to I = 16 (4).

In Fig. 7 we show the benchmark spectrum used for A(*
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FIG. 7. A is the benchmark ESR spectrum as shown in Fig. 2. C3dR
is the ESR spectrum of 2', 3'-dideoxy-3-acetylribose in 8 M NaClO,
glass, obtained at 77 K after photolysis for 45 min with a Hg-Xe UV
lamp filtered at 320 nm and warming to eliminate O—. The outer two
line components in each wing (arrows) are attributed to C3dR". The inner
part of the spectrum arises from both the inner lines of C3dR', as well
as from other radicals formed by the photolysis (and by O~ attack on 2’,
3’-dideoxy-3-acetylribose). The expanded spectrum is obtained by digi-
tally multiplying the origina spectrum by 10; the downfield single peak
expansion was obtained after further warming. The bottom spectrum is a
computer-simulated ESR spectrum of C3;,,,, using parameters given in
the Results. The outer two line components in each wing correspond to
those visible in A’ and in the C3dR" spectrum.

(asin Fig. 2). The 2" spectrum contains line components
that coincide with those found in the C1’ spectrum (4, 11—
14), those expected in the C3' and/or C4’ spectrum (which
may be very similar to each other) (4, 11, 14, 15), and a
doublet that is associated with the C5’ radical (11, 16); this
suggests that the A" spectrum arises, in large part, from
radicals which are stabilized on the sugar moiety. The A
spectrum was also compared with a variety of spectra from
neutral radicals known to form on the DNA bases; for the
most part, these did not match the A spectrum as well as
the sugar moiety radicals. In addition, 2’* does not show
the outer line components of the TH/TD- spectrum (14, 17)
in any significant amounts. The thymine alyl radical
(UCH) (14, 18) displays some line components similar to

HOCH, NH,
H, H
H ° Hza
3 Hyp

C3’model(l)

the C1' radical spectrum; it may also be present in small
amounts in the A’ spectrum. In summary, A* appears to
contain substantial contributions from deoxyribose radicals
including a newly proposed deoxyribose radical (C3q.s)-

A Proposed New Sugar Radical in Irradiated DNA

The outer line components of A", 134 G in breadth (Fig.
7, outer arrows), do not correspond to any previously char-
acterized DNA sugar or base radical (3, 14, 16, 19, 20).
The considerable breadth of the ESR spectrum suggests a
radical with spin density localized on a single carbon atom
and hyperfine interactions with at least four hydrogen at-
oms, aradical formed by dephosphorylation at the C3' car-
bon of the deoxyribose (C3/,.s) IS a reasonable candidate
for such aradical.

A variety of experimental and theoretical tests were per-
formed to test our assignment of the outer spectral line
components to C3;,,... First, we performed a density func-
tional theory calculation on the model radical C3/ ()
which was optimized at the B3LYP 6-31G+(D) level
(Gaussian 98) from a B-DNA starting conformation that
was minimized by molecular mechanics. Optimizations
from other starting geometries (PM3 optimized structure,
forced planar structure) gave the same result, suggesting a
global minimum had been obtained. Hyperfine couplings
calculated at this level were 26.9 G (H2a), 49.1 G (H2b),
—23.4 G (H3), and 34.9 G (H4); the sum of the magnitudes
of these is 134 G. We have aso performed calculations on
the C3"* of a dCMP anaogue by replacing the NH, group
in the previously optimized model compound with cytosine
and the 5'-OH with a methyl phosphate anion. This struc-
ture, C3/,,.(I1), was alowed to undergo 10 additiona op-
timization iterations (not fully minimized). The resultant
conformation and hyperfine couplings [27.7 G (H2a), 48.0
G (H2b), —23.5 G (H3), 37.8 G (H4), sum = 137 G] were
similar to those found for the smaller model system, which
shows that the influence of the DNA base and phosphate
group on the couplings is modest. On the other hand, the
B-couplings should be very sensitive to the deoxyribose
conformation, and it would be expected that the local en-
vironment would perturb the structure about the global min-
imum and thus ater B-proton couplings somewhat. This
suggests that in DNA a variety of conformations could sub-
stantially broaden the line components of the C3;,,. radical.

NH,
0o o
! )1
H;C-0-P-0-CH, N
| _ o) H
0 H

C3 ’model(H)
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An ESR spectrum simulation carried out to second order,
without forbidden transitions, for C3/,,,s Using a single an-
isotropic hydrogen atom with a hyperfine coupling [Ax, Ay,
Az] of [-11 G, —23.4 G, —34 G] and three hydrogen
atoms with isotropic couplings of 26.9 G (1H), 34.9 G (1H)
and 49.1 G (1H), with g, = 2.0036, g, = 2.0023 and g, =
2.0044 and linewidth = 6 G results in the spectrum shown
in Fig. 7 (C3'55.9)- As can be seen, the four outer line
components of the simulation are a close match to those
visible in the spectrum of A(".

An experimental confirmation of the expected ESR spec-
trum was obtained by synthesis of a model of the C3;,
radical. UV photolysis of 2,3-dideoxy-3-acetylribose (syn-
thesis to be published) at 320 nm, in 8 M NaClO, results
in a-cleavage of the acetyl group-sugar bond (21) and a
radica (C3dR) similar in structure to the proposed
C3/enos radical. We note that this reaction has a low yield
in solid matrices, owing to cage effects which encourage
substantial recombination.

HOCH, o OH

. * HOCH, oH
. H —320 nm, H)j . Zé—l + 0=C—CH,
Pt H H
0" cH,

C3dRe

The spectrum of the radical obtained (C3dR) is shown
in Fig. 7. The outer spectral components of C3dR" are sep-
arated by ~134 G, as are those found in the spectrum of
AC; the next inner components of A, separated by ~83 G,
are aso clearly visible in the spectrum of C3dR" (Fig. 7).
The line shapes for the C3dR" do differ from that found for
AL, perhaps owing to the many different local environments
found in the DNA system. Furthermore, the sample was
annealed to remove the signal from O, resulting in alarge
background signal from the *CH,C(O)-R. Overall, these re-
sults lend support to our assignment of the outer spectra
components in A" to the C3,,, radical.

Figure 8A shows the experimental ESR spectrum of a
DNA sample, hydrated to I' = 9, irradiated with 170 kGy
with an 80 MeV/nucleon 3°Ar beam. The spectrum is taken
over awide field sweep (1600 G) to show the components
of a phosphorus-centered radical. This spectrum is, within
experimental limits, identical to that obtained with **O-ion-
irradiated DNA (4) and assigned to an ROPO;". Panel B
shows a simulated ESR spectrum, including second-order
effects, using phosphorus atom couplings of A, = A, =
775G, A, =A,=A,=610G, g, =9 = 2009, =
0, = 0, = 2.01 and a gaussian line shape with linewidth
12 G. This spectrum matches the experimental spectrum
well; the couplings are the same as found for *O-ion-irra-
diated samples (4). Using standard double integration tech-
niques, we estimate that there are approximately one or two
phosphoryl radicals per thousand radicals in this argon-ion-
irradiated sample. Previoudly, in *®O-ion-irradiated samples,
one phosphoryl radical per thousand was found.

ROPO;
A
I
B
20.0 mT

FIG. 8. ESR spectra of phosphorus centered radical. A: Spectrum of
DNA hydrated to I' = 9 and irradiated with a 3°Ar-ion beam, 80 MeV/
nucleon (650 keV wm), with a dose of 170 kGy at 77 K. The spectrum
of a phosphoryl radical, ROPO;", is evident in the wings. B: Simulated
spectrum of ROPO;* using parameters given in the Results. The spectrum
is calculated to second order because of the large phosphorus hyperfine
coupling constants involved.

DISCUSSION
Yields, Destruction Constants and Track Structure

For heavy-ion-irradiated samples, relative to y-irradiated
samples, we attribute the differences in observed G values,
k values and radical formation to the different track struc-
tures of the respective radiations. There are a variety of
approaches to the theoretical description of heavy-ion track
structure (22-27), but al share the feature of positing two
distinct regions of energy deposition. In one region, models
suggest large individual energy depositions, high energy
densities, and formation of a track core; the core may be
fragmented or contiguous, depending on the LET. The high-
energy events in the core may involve multiple and/or prox-
imate ionizations, nuclear displacements and Coulomb ex-
plosions. The second region is formed by high-energy elec-
trons (3 rays) that travel away from the core and generate
aregion of non-overlapping, y-radiation-like spurs. Radical
formation processes in this region are similar to those found
in samples exposed to low-LET radiation. Both the energy
partition between the core and y-radiation-like regions, and
the different processes that occur in each are likely causes
of the different results observed with y-irradiated samples
relative to heavy-ion-irradiated samples.

Hydration and G Values

As the hydration level increases, the observed yields trend
upward (Table 1); a similar effect was observed in y-irra
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diated DNA in the same hydration range (7). This effect
likely has several origins. First, an increased amount of water
surrounding the DNA results in increased shielding of pri-
mary ion radicals from each other, thereby resulting in slow-
er recombination at al stages of radical development and
stabilization; this causes an increase in radical yield as hy-
dration increases. Second, as the number of waters of hy-
dration increases, steric interactions cause an increase in the
separation of each double helix from its neighbors; this de-
creases the rate of eectron tunneling from electron traps to
holes (28, 29), thereby decreasing the recombination of
charged radicals. Last, hydration waters provide basic sites
for the deprotonation of cation radicals to form neutral rad-
icas, thus, as hydration increases, more carbon-centered
neutral radicals are able to form and stabilize at 77 K. As
expected from this effect, G(A(") tends to increase with in-
creased hydration in argon-ion-irradiated samples (Table 1).

Radiation Quality and Radical Yields

Argon-ion irradiation results in a lower overal yield (G
value) of radicals and higher yields of neutral radicals than
v irradiation (Tables 1, 2). Other workers, using DNA and
DNA components, have also observed a diminution in the
overall G of free radicals stabilized at 77 K, relative to -
irradiated samples, with high-LET heavy-ion irradiation (5,
30). In the high-energy-density track core, electrons and
holes are formed very close to each other, and recombina-
tion, due to coulomb attractions, lowers the yield of trapped
primary ion radicals. In addition, in the core, the normally
stable (at 77 K) ion radicals [G* and T, and the reversibly
protonated C(NH3)] that do form are likely to be trapped
closer to each other than in y-irradiated samples; this per-
mits faster electron tunneling and more destruction of these
radicals than in low-LET-irradiated samples. We note that
previous work suggests that all electrons and holes trapped
within 3.5 nm will recombine (7, 8), so the number of ion
radicals that are trapped in our experimentsisvery sensitive
to the density of ionizations. As a consequence, trapped ion
radicals formed and stabilized by argon-ion irradiation at
77 K originate predominantly from the low-LET region of
the track. Both the similar saturation yields (Fig. 6) and the
similar composition of the ion-radical cohort found in -
irradiated samples and argon-ion-irradiated samples are
consistent with this assertion.

With the assumption that ion radicals are formed pre-
dominantly in the low-LET region of the argon-ion-irradi-
ation track, comparison of the relative G values of ion rad-
icals for argon-ion- and ~y-irradiated samples gives an es-
timate of the partition of energy between the track core and
the low-LET region. For the five samples with 9 = T' =
16 and LET = 650, G, ((AN/G,,.(y) isin the range 0.49
to 0.56, suggesting that roughly half of the energy in the
track is deposited in the core; for the remaining two sam-
ples (one at low hydration and one at high LET), G,,.(Ar)/
Gions(y) are near 0.25, indicating that about 75% of the en-

ergy is in the core. Thus our results suggest the energy
partitioned to the core lies in the range of 50% to 75% for
the conditions we have investigated.

The Neutral Radicals

Based on the foregoing arguments, we assign the major-
ity of neutral radicals found at 77 K (and represented by
the benchmark ESR spectrum A(") to the track core. In con-
sidering their formation, two distinct differences between
argon-ion irradiation and v irradiation exist. First, with
high-LET radiation, the high deposition of energy increases
the rate and proximity of a number of processes that nor-
mally occur more slowly and are dispersed in low-LET
processes; there also exist processes unique to high-LET
radiation such as nuclear knock-ons and coulomb explo-
sions (22).

Many of the neutral sugar radicals of concern can be
formed by ionization of the deoxyribose sugar moiety
[S(H)] and deprotonation of the cation radical thus formed
(Scheme 1, path B); the yield of neutral radicals does in-
crease as the level of hydration increases, both for argon-
ion-irradiated (Table 2) and y-irradiated (8) DNA, suggest-
ing that sugar cation-radical deprotonation does play a part
in their formation. Product analyses for DNA v-irradiated
at room temperature suggests that approximately one-third
of the holes formed in the sugar moiety shown in Scheme
1 transfer to the bases (31); at 4 K, similar product analyses
suggest that about half do so (32).

SHFEA 1,0

S0+H3O+
S(H— S(H)<"~ B
(&
SH)*E> Se+He
Scheme 1

It is also reasonable to expect that excited states in com-
bination with sugar or base cation radicals would enhance
deprotonation reactions (Scheme 1, path A). Combinations
of excited states with cation radicals would be much more
likely to occur using high-LET radiation relative to low
LET and may explain in part the increased yield of neutral
radicals in high-LET processes relative to lower LET. We
note that deprotonation of excited-state cations has been
suggested in the radiolysis of solid-state hydrocarbons (33—
36). Excited states from recombinations of electrons and
holes on the sugar moieties or direct excitations that lead
to homolytic bond cleavage are other possible paths to sug-
ar radicals (path C).

The C3’ Radical from Dephosphorylation (C3{..)

Based on the known reactions of phosphodiesters, the
neutral C3/,,.s radical may result from scission of the C3'—
O bond by dissociative electron attachment (Scheme 2);
thus its formation is accompanied by an immediate strand
break.
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Scheme 2

This mechanism for reaction of phosphodiesters has been
well characterized (37-41). The attack by an electron leads
to one of two possible radical products depending on the
path taken, as shown in Scheme 2. In earlier work, we
reported formation of the phosphoryl radical (path A) in
oxygen-beam-irradiated DNA and recognized that the C3'
dephosphorylation radical should also be formed (4). Our
evidence suggests that both C3,,.s and ROPO; " are formed
in this work by high-LET radiation in accord with paths A
and B. It is pertinent to note that in irradiated agueous
DNA, it is well established that hydrated electrons do not
cause strand breaks (24, 42, 43). Nor do we expect elec-
trons trapped on the DNA bases to do so (3). In the process
pictured in Scheme 2, the electron is not solvated; rather,
it is non-thermal, perhaps possessing several electron volts
of energy. In fact, recent work has shown that resonant
absorption of low-energy (3—10 €V) electrons results in a
variety of damage to DNA, including single- and double-
strand breaks (44-46). We believe that these processes are
likely to be important in the dissociative electron attach-
ment reactions proposed in Scheme 2.

We estimate that C3/,,,, contributes approximately about
3 to 4% of total radicals compared to 0.1-0.2% for phos-
phorus-centered radicals. The more than one order of mag-
nitude greater yield of the C3,,,,, radical over the yield of
phosphorus-centered radicals suggests that path B greatly
dominates over path A (Scheme 2). We note similar results
are found in irradiated alkyl phosphates (37-41).

Radiation Quality and k Values

The k values obtained offer some insight into the track
structure of the argon-ion irradiation. k' is defined as D,,
the dose required to destroy 0.63, (1 — e 1), of the previ-
ously trapped radicals in a sample. Thus it is a measure of
the sensitivity of trapped free radicals to destruction by ra-
diation; a large k implies a high sensitivity to radiation de-
struction. For -y irradiation, some irregular variations in the

k value with hydration were found between I' = 6 and I’
= 18. The overal differences in these values for the dif-
ferent radicals were considered to be due to the charge state
of each respective radical; charged radicals (T—, G*) are
more likely to undergo combination reactions with radia
tion-produced electrons and holes than uncharged radicals
(C(N3H)"), and thus they are more susceptible to destruc-
tion by radiation.

In this current work, 22 different k values were deter-
mined for argon-ion-irradiated samples over a range of hy-
drations (I' = 7 to 16) and LETSs (350-800 keV/um) (Table
1). Uncertainty in the data does not permit rigorous corre-
lation to be made between the k values found and LET or
between k values and I'; however, some overall trends are
quite clear. The general trend in the k values found for v
radiation, kfC(N3H)] < k(G*™) < k(T—), was aso found
for argon-ion irradiation (Table 1); thisis to be expected if
the majority of radical destruction occurs by overlap of the
v-ray-like region of one track with the y-ray-like region of
a second. In addition, for 21 of the 22 values measured,
k(Ar) < Kk(y), that is, Do(Ar) > Dy(y). Thus much of the
of the energy deposited using argon-ion irradiation is in-
effective, relative to v irradiation, in destroying previously
trapped radicals. Even so, the steady-state ** plateau’” yields
of ion radicals are the same in the two radiations, suggest-
ing that the maximum ion radical concentrations are deter-
mined by the nature of DNA itself. The substantial differ-
ences in the yield of neutral radicals that have very small
destruction constants account for the larger overall high-
dose yields found in ion-beam-irradiated samples.
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