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In thisinvestigation of the radical formation and the reac-
tion of radicals in y-irradiated DNA, we report the isolation
of putative neutral radicals by the scavenging of holes by
Fe(CN)&- and of electrons by Fe(CN)2-. Experiments are per-
formed under conditions that emphasize direct and quasi-di-
rect effects (collectively called direct-type effects) Samples
containing Fe(CN)4- show effective scavenging of holes and
the ESR spectra obtained arise principally from DNA anion
radicals and neutral radicals. On the other hand, for samples
containing Fe(CN)2-, electron scavenging is highly efficient,
and theresulting spectra arise principally from guanine cation
radicals and neutral radicals. When both Fe(CN)¢- and
Fe(CN)g~ are present, a near complete scavenging of cation
radicals and anion radicalsis observed at 77 K, and the ESR
spectra that result originate predominantly with neutral rad-
icals which are assigned predominantly to radicals on the sug-
ar phosphate backbone. A notable finding is the presence of
spectral components that indicate the formation, through the
rupture of the C3'-O bond, of a neutral deoxyribose radical;
a concurrent strand break must accompany formation of this
radical. This radical was previously reported in argon-ion-
irradiated DNA and now, for the first time, is reported in
DNA irradiated with low-LET radiation. © 2005 by Radiation Re-
search Society

INTRODUCTION

It is generally recognized that the biologically unrepair-
able double-strand break is acritical component of the dam-
age to irradiated DNA (1, 2). In light of this, the nature of
the reaction mechanisms that lead to strand breaks has be-
come a topic of intense interest in DNA radiation chemis-
try. Free radicals located on the deoxyribose moiety are the
likely precursors to strand breaks; the C1" leads to an aba-

1 Current address: Plant Molecular Biology, International Centre for
Plant Genome Research, New Delhi-110067, India.

2 Address for correspondence: Department of Chemistry, Oakland Uni-
versity, 2200 N. Squirrel Rd., Rochester, M|l 48309; e-mail: sevilla@
ouchem.chem.oakland.edu.

591

sic site (3) and the C3"*, C4'- and C5'* lead to prompt strand
breaks (4). ESR studies of irradiated DNA at low temper-
ature indicate that about 85-90% of free radicals stabilized
at 77 K are localized predominantly on the DNA bases (5—
7). Because so few of the radicals stabilized are located on
the sugar phosphate backbone, they have been difficult to
identify and characterize.

Some of the earliest work on the radicals present in ir-
radiated DNA at 77 K did not find evidence of deoxyribose
sugar radicals (8, 9 and references therein). A few years
later, Wang and coworkers suggested the possible existence
of sugar radicals in y-irradiated hydrated DNA at elevated
radiation doses (5). More recently, increasing evidence for
these radicals has been uncovered. Using ESR spectroscopy
at 77 K, the C1’ and, possibly, the C4" or C5’ sugar radicals
were reported in y-irradiated hydrated DNA (6). The first
clear ESR spectrum of the C1"* in a DNA double helix was
reported by Razskazovskii et al. (10); in this work, C1"
was formed by attack of a radiation-produced hydrogen ab-
stracting agent. A nicely isolated spectrafor C1'* in double-
stranded DNA at 77 K results from photoexcitation of pre-
viously stabilized guanine cation radicals, G* (11). A ten-
tative identification of the C3'* (or C4™) at 77 K in oxygen-
16 ion-irradiated hydrated DNA was made by Becker et al.
(12). The C3'* was also reported in DNA by Weiland and
Huttermann (13) after X irradiation and ion-beam irradia-
tion. Very recently, C3"* was reported to be 4.5% of the
total radical population in a duplex oligonucleotide
[d(CTCTCGAGAG)] X-irradiated and studied at 4 K (14).
The ESR spectra for the putative C3'* presented previously
(13, 15) are similar to each other but differ from that re-
ported for d(CTCTCGAGAG); the reason for this differ-
ence is yet to be determined. Two other sugar-phosphate
backbone radicals have been identified through ESR spec-
troscopy. A phosphate radical of the type ROPO;* has been
clearly identified in oxygen-ion-irradiated (12), argon-ion-
irradiated (15), and y-irradiated (15) DNA. This radica
originates with P-O bond cleavage, likely through disso-
ciative electron attachment. A complementary sugar moiety
radical resulting from rupture of the C3'—O bond was aso
reported in argon-ion-irradiated and ~v-irradiated hydrated
DNA (15). Both these radicals are important because each
is the direct product of a strand break.
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There are a number of mechanisms through which sugar
radicals can be formed through direct-type effects on hy-
drated DNA samples. In y-irradiated hydrated DNA sam-
ples, more than 50% of the ionizations occur on the sugar-
phosphate backbone (direct effect) and adjacent waters of
solvation. The first hydration layer rapidly transfers holes
to the sugar-phosphate backbone (quasi-direct effect). Be-
cause the cation radical thereby formed on the sugar moiety
is expected to have a very low pKa, deprotonation of the
sugar radical cation is considered to be a principal mech-
anism by which neutral sugar radicals are formed (6, 11,
16, 17). Other mechanisms and possibilities do exist. For
example, as just noted, radicals reported from ESR studies
support dissociative electron attachment as a likely path for
formation of C3j,.. Furthermore, it has been clearly
shown that visible light excitation of the guanine cation
radical in DNA results in formation of the C1’ sugar radical
(11). In model compounds such as nucleotides and nucle-
osides, it has been shown that hydrogen atoms abstract hy-
drogen from the sugar moiety to form neutral sugar radicals
(18). Thus it is conceivable that excited states of neutral
bases or sugar moieties in DNA could undergo homolytic
bond cleavage to result in hydrogen atoms and, by their
reaction, sugar radicals. In addition, if this process were to
occur in the sugar group, a neutral sugar radical would
directly form. However, there is no evidence, as yet, for
either of these processes in hydrated DNA exposed to low-
LET radiation at 77 K. Thus, in this work, we assume that
deprotonation of sugar cation radicals is the dominant
mechanism by which sugar radicals form under the condi-
tions employed.

Methods other than ESR spectroscopy have been used to
explore the connection between sugar radicals and strand
breaks. An analysis of base damage and undamaged base
release in room-temperature ~y-irradiated hydrated DNA
concluded that about 35% of total ionizations result in sugar
radicals and subsequent base release (17). Since each ion-
ization also forms an electron that adds to the DNA bases,
these results suggest that about 17% of all radicals at low
temperatures should be sugar radicals, which is close to the
estimates from recent ESR work. A recent report on oli-
gonucleotides examines the relationship between the yields
of base release and those of free radical formation and con-
cludes that the yields of released bases are 10-20% of the
total free radicals trapped in crystalline oligonucleotides at
4 K (19). An extensive literature exists regarding the pri-
mary indirect effect, the attack of hydroxyl radicals and
hydrated electrons on DNA and the sugar moiety in DNA
(2, 4, 20, 21). However, this current work is concerned
primarily with direct-type effects.

A variety of experimental techniques have been used to
obtain the ESR spectra of sugar moiety radicals, which, as
stated earlier, normally constitute a small fraction of the
radical cohort formed in y-irradiated DNA. Because they
are neutral in charge, they are more resistant to destruction
by radiation than are ion radicals (5, 12, 15). Thus high

doses tend to result in a larger fraction of neutral radicals
relative to ion radicals (5, 6, 15); in DNA, it appears that
most of the initially formed neutral radicals are sugar moi-
ety radicals; thus high doses will emphasize the sugar rad-
icals. It has also been observed that high-LET radiation
produces larger fractions of neutral radicals than low-LET
radiation (12, 13, 15); thusion-beam irradiation can be used
to advantage to investigate the presence and properties of
DNA sugar radicals. Last, in an elegant experiment, the
electron scavenger K,Fe(CN), was used to greatly reduce
the concentration of anion radicals stabilized at 77 K in
irradiated DNA and thereby focus on the oxidative path (6).
Since most of the sugar moiety radicals stabilized at 77 K
appear to result from deprotonation of cation radicals, this
increased the relative concentration of these radicals and
permitted qualitative computer isolation of their ESR spec-
tra (6). In thiswork, we expand on that technique by adding
both an electron scavenger and a hole scavenger to DNA
samples to better investigate the sugar moiety radicals in
irradiated, hydrated DNA at 77 K. This work is directed
toward a better understanding of the chemical nature and
the distribution of sugar radicals formed by radiation-in-
duced damage to DNA.

MATERIALS AND METHODS
Preparation of DNA Solution

Salmon testes DNA (sodium salt, 57.3% AT and 42.7% GC) was ob-
tained from Sigma Chemical Company and used without further purifi-
cation. Potassium ferrocyanide, K,Fe(CN),, potassium ferricyanide,
K;Fe(CN),, and D,O (99.9%) were obtained from Aldrich Chemica
Company. DNA solutions, at concentrations of up to 150 mg/ml, were
prepared in D,O that had been flushed with N,. These solutions were
alowed to stand overnight at 4°C to form a homogeneous solution. Scav-
enger solutions [K,F&(CN), or K,Fe(CN), or both] were prepared in D,O
at the concentrations required to prepare the desired scavenger/nucleotide
ratio. Approximately 1 ml of the DNA solution and an equal volume of
the scavenger solution were mixed to prepare complexes in which one
scavenger ion per 10 bp was present. Thus samples contained one
K,Fe(CN); per 10 bp, or one K,Fe(CN), per 10 bp, or, in samples in
which both scavengers were present, one K,Fe(CN), per 20 bp and one
K;Fe(CN), per 20 bp. A study of samples in increasing scavenger:base-
pair ratios from 1/200 bp to 1/10 bp showed that scavenging was virtually
complete at 1/20 bp. Higher scavenging ratios did not increase the amount
of scavenging, probably as a result of uneven distribution of the scav-
enger.

Preparation of DNA ““Ice” Samples

DNA “‘ice” samples were prepared using the method described earlier
(22). Aqueous solutions, flushed with N,, of DNA and DNA with the
desired scavengers were drawn into a glass tube with an inner diameter
of 4 mm and frozen in liquid nitrogen. The outside of the glass was then
quickly warmed just enough to alow the resultant ice plug to be pushed
out into liquid nitrogen. The samples were prepared in a nitrogen atmo-
sphere in a glove bag.

Preparation of Hydrated DNA Samples

DNA and DNA/scavenger frozen solutions in D,O were vacuum-dried
to remove water. These samples were then equilibrated over a saturated
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KCI/D,0O solution for 6 days under a nitrogen atmosphere. The hydrated
samples were then pressed into cylinders (0.4 cm X 1 cm height) under
a nitrogen atmosphere using an aluminum dye and press and immediately
placed in liquid nitrogen.

Irradiation

Samples were v-irradiated with ©Co v rays with a dose of 1 to 160
kGy at 77 K; the dose rate was about 1.5 kGy/h. DNA ice samples were
annealed at 130 K for 10 min to remove the ESR signa from hydroxy!
(OH) redicas in the crystaline ice phase. This annealing results in a
slightly larger yield of neutral radicals (vide infra) than that found in
comparable y-irradiated hydrated DNA samples (with and without scav-
engers) that do not contain significant amounts of “OH and that were
therefore not annealed.

Electron Spin Resonance

All ESR spectra were recorded at 77 K using 6.3 wW power. Spectra
were digitalized and stored in computer memory. A Varian Century ESR
spectrometer operating at 9.2 GHz with an E-4531 dual-cavity, 9-inch
magnet, and low-temperature assembly was employed. Fremy’s salt (g =
2.0056 A, = 1.309 mT) was used for field calibration; the position of
the three Fremy salt resonances are indicated on the ESR spectra shown.
All spectra were recorded within a few minutes of irradiation.

Computer Analysis

The methods of computer analysis were similar to those described in
our previous work (22). Linear least-squares fittings of benchmark spectra
were employed to determine the fractional composition of radicals in
experimental spectra. Computer analyses were done with ESRADSUB
and ESRPLAY (both developed in our laboratory). The origin of the
benchmark spectra used is given in the Appendix.

Since a focus of this work is the fate of electron-gain and electron-loss
radicals, we have not presented separate analyses of the amounts of T~
and C(N3)H- as was done in earlier work (5). Thus these electron-gain
radicals are denoted together by the symbol DNA~. The principal elec-
tron-loss radical stabilized at 77 K is G* and is indicated as such. The
complex mixture of neutral radicals formed is denoted by the symbol
3N;; its actual composition, and therefore the form of its ESR spectra,
may depend on the conditions under which the mix of radicals is formed
and the manner in which the composite spectrum is derived. For this
work, the composite ESR spectrum derived for 2N; did not change sig-
nificantly with dose, and no change was detected in 3N; with different
loadings of scavenger, although some subtle changes might well be ex-
pected.

Calculation of G Values (Yields)

Except where noted, G and k values were obtained from aleast-squares
fit of data to Eq. (1),

C=C,.(1—e*), (€]

in which C is the radical concentration (wmol/kg) at dose D (Gy), C, .
(= GI/K) the maximum radical concentration at dose saturation, G the
radical yield at low dose (umol/J), and k the radiation destruction constant
(Gy~1). To determine G and k values, all data points up to 200 kGy were
fitted to the indicated equation.

In two samples (vide infra) in which adecrease in radical concentration
with increasing dose was observed, Eq. (1) is unable to properly represent
the dose response. Thus Eq. (2), which includes a term to describe such
a decrease, is used instead (5).

C = (Glk — K/K)(1 — e*o) + K'DIk. )

The constant k" originates with aterm (—k’'D) in the differential equation
that describes the change in concentration with dose. The specific mean-

ing of k depends on the mechanism by which the decrease in radical
occurs. Equation (2) predicts that if k' is positive, the concentration of
radicals will increase without limit with increasing dose; nonetheless, in
the limited dose ranges used in our laboratory, Eq. (2) has been very
successful in describing the observed dose—response data.

Terminology

In DNA, the pertinent known charged radicals are the pyrimidine anion
radicals, i.e. the thymine anion radical (T-~) and the reversibly protonated
cytosine anion radical [C(N3)H], and the guanine cation radical (G*).
Even though C(N3)H- is protonated from its base pair G, the CG base
pair itself remains an anion radical and is experimentally found to behave
as part of the charged cohort (21). Also, G* in double-stranded DNA
may partially deprotonate to its base pair C, but again the base pair
remains a cation radical (21). Because of coulombic attractions, charged
radicals are more susceptible to recombination from holes and electrons
produced by radiation than are neutral radicals. Thus we use the term
“neutral radicals’ to connote a cohort of radicals that are resistant to
radiation destruction. As indicated earlier, the concentration of neutral
radical(s) does not readily reach a plateau at high dose, and therefore, at
high dose, the concentration of neutral radicals increases with dose faster
than the concentration of charged species. As expected, charged radicals
are also far more susceptible to undergoing a reaction with one-electron
redox agents than are neutral radicals (vide infra).

The details of the structure of the ESR spectrum attributed to a‘‘ neutral
radical” cohort will depend on experimental conditions, such as the redox
agents employed; however, our current working hypothesis, which is ex-
plored in this work, is that the neutral radical cohort is made up predom-
inantly of deoxyribose sugar radicals. In this regard, it is possible that
small amounts of neutra base radicals are present in the neutral radical
cohort we observe. With the techniques available, we have not found
clear evidence for this at this time.

For readability, DNA samples containing the hole scavenger
Fe(CN)¢- are often denoted as *‘ Fe**/DNA"" samples and those containing
the electron scavenger Fe(CN)Z~ are given the symbol *‘Fe>*/DNA.”

RESULTS

v-Irradiated DNA in Presence of Electron and Hole
Scavengers

Figure 2A-D shows the ESR spectra of ice plugs of
DNA (75 mg/ml D,O) obtained at 77 K after -y irradiation
with a dose of 27 kGy at 77 K and annealing to 130 K.
The spectrum in Fig. 2A results from a sample with no
scavengers present and is indistinguishable from spectra
published earlier for D,O hydrated DNA samples (9, 11,
21). The spectrum in Fig. 2B originates with DNA in which
Fe(CN)&-, a hole scavenger, has been added at a ratio of
one Fe(CN)4~ per 10 bp. As expected, this sample contains
a considerably lower percentage of guanine cation radicals
than DNA without scavenger (Table 2), and the broad cen-
trally located singlet from G+ (Fig. 1A) is largely missing.
The remaining doublet spectrum in Fig. 2B results predom-
inantly from DNA anion radicals and neutral radicals. The
spectrum in Fig. 2C originates with DNA in which
Fe(CN)Z-, an electron scavenger, has been added at a ratio
of one Fe(CN)2~ per 10 bp. As expected, this sample con-
tains a considerably lower percentage of pyrimidine one-
electron-reduced radicals than DNA without scavenger (Ta-
ble 2). The loss of the pyrimidine one-electron-reduced rad-
icalsis seen in the diminution of the centrally located about
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1.6-1.8 mT doublet(s) (Fig. 1B and C) from the DNA spec-
trum. We attribute the spectrum that remains predominantly
to guanine cation radicals and neutral radicals. Figure 2D
is the spectrum of a DNA sample in which both the hole
scavenger Fe(CN)i~ and the electron scavenger Fe(CN)Z-
have been added, each at a 1:20 scavenger:bp ratio. Our
analysis indicates that the spectrum originates principally
with the neutral radical cohort and a small amount of
C(N3)H- (Table 2). Ascan be seen from Table 2, the neutral
radical cohort is present in al of the spectra shown in
Fig. 2.

The approximately 2.0 mT central doublet splitting in
Fig. 2D is similar to but dightly larger than the approxi-
mately 1.6-1.8 mT found for the pyrimidine anion radicals
in the spectra shown in Fig. 1B and C; this creates some
difficulty in determining its assignment. However, the spe-
cies causing the remaining doublet is clearly not scaven-
geable, even at high loadings of scavenger, nor does it un-
dergo radiation destruction as the DNA anion radicals do;
thus it can be differentiated from the doublet(s) from the
DNA anion radicals, C(N3)H and T~. The inability to

scavenge the radical responsible for this doublet (Fig. 2D)
and its resistance to radiation destruction lead to the hy-
pothesis that it arises from a neutral radical.

Similar results are observed in hydrated (I' = 14 = 2
D.,O/nucleotide) DNA. Figure 3 presents the ESR spectra
of ~v-irradiated hydrated DNA samples. Because no hy-
droxyl radical is formed in these samples, they were not
annealed at 130 K as were the samplesin ice. The spectrum
in Fig. 3A for a sample with no scavengers present is in-
distinguishable from that presented earlier (22). Addition of
the hole scavenger Fe(CN)¢~ results in substantial loss of
the centrally located singlet from G* (Fig. 1A) as shown
by the improved resolution of the DNA'~ doublet in the
center of the spectrum (Fig. 3B). With the electron scav-
enger Fe(CN)Z~ present, the doublet(s) from DNA*~ (Fig.
1B and C) largely disappears (Fig. 3C). With both
Fe(CN)Z~ and Fe(CN)Z~ present, both G+ and DNA"~ are
largely scavenged, and the spectrum that remains is attri-
buted largely to a mixture of neutral radicals.

The wings of these spectra indicate that a spectrum from
the neutral radical cohort is present in al of the spectra
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C(N3)He

FIG. 1. ESR benchmark spectra used for analysis of spectra and data
in Figs. 2—6. The origin of these is described in the Appendix. A: Guanine
cation radical (G*). This radica is likely deprotonated in part from N1.
B: Cytosine anion radical, reversibly protonated at N3. C: Thymine anion
radical. D: Mixture of neutral radicals, SN, thought to be mostly sugar
radicals. The three hatch marks/small spectra in this and other figures
indicate the Fremy salt resonances with g = 2.0056 and A, = 13.09 G.

shown in Fig. 3. The amplified wing spectra were recorded
at a higher doses and at higher spectrometer gain than the
central spectra. As can be seen, the shape of the outer com-
ponents does not depend on the scavengers present.

Dose—response curves for two sets of hydrated DNA
samples are shown in Fig. 4; these are representative of the
dose responses found. For these and other analyses, the
benchmark spectra shown in Fig. 1 were used to determine
the composition of each composite spectrum at each dose
and the dose response of each component analyzed. Equa-
tion (1) was used to obtain al the fits (solid lines) shown
in the figure, except for G* in the Fe**/DNA sample (Fig.
4B), for which Eg. (2) was used.

The G values obtained in these analyses are shown in
Fig. 5 and Table 3. For DNA without scavenger present,
the values obtained were well within experimental error of
those obtained in a very extensive earlier investigation (5,

A DNA
X 1

B Fe?'/DNA
x 1.6 /V

C Fe*/DNA
x 25

Fe*IFe*/DNA

FIG. 2. ESR spectra of frozen ice DNA samples (75 mg/ml) y-irra-
diated with a dose of 27 kGy. The samples were annealed to 130 K for
10 min to remove the hydroxy! radical signal before recording the spec-
trum at 77 K. The relative spectrometer gain used for each sample is
indicated. A: DNA with no scavengers present. B: DNA with one
Fe(CN)z~ per 10 bp. C: DNA with one Fe(CN):~ per 10 bp. D: DNA
with one Fe(CN)Z~ per 20 bp and one Fe(CN)Z~ per 20 bp.

22). Thus we consider these G values to be good estimates,
especially for relative yields between samples with differ-
ing scavengers.

As expected, addition of the hole scavenger Fe(CN)4-
(“'Fe**/DNA”) results in a large decrease in the yield of
G stabilized at 77 K. The yield of reductive path radicals

TABLE 2
Analysis of Radical Composition for Spectra Shown
in Fig. 2
Percentage?

Sample G+ C(N3)H T SN;
DNA 40 38 10 12
DNA/Fe** 12 45 18 26
DNA/Fe** 43 9 0 48
DNA/Fe*/Fe?* 0 19 0 81

a Estimated relative error is =20%.
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DNA

Fe?*/DNA
x 1 /\/‘”‘

Fe’*/DNA

x 4 P

Fe?*/Fe3*/DNA

FIG. 3. ESR spectra at 77 K of y-irradiated hydrated (I' = 14 = 2)
DNA samples. A: DNA with no scavengers present. B: DNA with one
Fe(CN)¢~ per 10 bp. C. DNA with one Fe(CN) ¢~ per 10 bp. D: DNA
with one Fe(CN)Z~ per 20 bp and one Fe(CN)Z~ per 20 bp. The spectrum
in A is from a sample y-irradiated with a dose of 7 kGy; the spectra with
C-D are from samples y-irradiated with a dose of 12 kGy. The amplified
wing spectrain A-D are from the same samples, y-irradiated with a dose
of 38 kGy. The gain for each spectrum relative to the x1 for the unam-
plified spectrain A and B is indicated on each.

[DNA-] is only dlightly less than that found with no scav-
enger present. The slight decrease in neutra radical yield
is reproducible and suggests that Fe(CN)Z- scavenges only
small amounts of the neutral radicals or their putative cat-
ionic precursors. With the electron scavenger Fe(CN)Z-
present (‘‘Fe**/DNA"), a significant decrease in the yield
of the reductive path radicals occurs, as expected. There is
also a decrease in formation of G*; we attribute this to
formation of Fe(CN)i~ as Fe(CN)3~ scavenges electrons,
and scavenging of G* (or precursor holes) by the
Fe(CN)&~ thus formed. A substantial and reproducible in-
crease in the yield of neutral radicals is observed and likely
results from the fact that the capture of electrons (free or
from anion radicals) by Fe(CN)Z- prevents their recombi-
nation with the neutral radicals or their precursor cation
radicals (see Discussion). With both Fe(CN):~ and
Fe(CN)&~ present, the yields of G* and DNA"~ are quite

5000 >
1 +
LA Fe?*/DNA
o)
<
[=]
£
3
R
Q
>-
0- T 1 T T T T N
0 40 80 120 160 200
Dose (kGy)
5000 3
+
B Fe®*/DNA
4000 ZN;
5 ]
-
3 3000+
k=l O
2
=
2000
] DNA-"~
1000
+
Q) G
ok -
0 40 80 120 160 200
Dose (kGy)

FIG. 4. Representative dose-response curves for two of the four types
of hydrated DNA samples investigated. Analyses were completed using
the benchmark spectra in Fig. 1; the yield for DNA*~ is the sum of the
yields of C(N3)H" and T-~. Panel A: Dose response for radicalsin samples
with one Fe(CN)Z~ per 10 bp. The curve shown results from the fit of
each set of data to Eq. (1). B. Dose response of radicals in samples with
one Fe(CN)2- per 10 base pairs. The curve shown results from the fit of
each set of datato Eq. (1) (for N- and DNA"") or Eq. (2) (for G*). The
G vaue in Table 3 for each radical is given by these fits.

small, and the spectra obtained are attributed almost entire-
ly to neutral radicals. The yield of neutral radicals is about
the same as that found with only Fe(CN)2- present. Thisis
further evidence that Fe(CN)4~ is not effective in scaveng-
ing the holes or cation precursors to the neutral radical co-
hort and that the scavenging of electrons and/or anion rad-
icals results in larger yields of neutral radicals than would
otherwise occur.

Figure 6 shows the fraction of each type of radical pres-
ent as a function of dose. In viewing Fig. 6 it should be
remembered that the absolute yield of each radical gener-
aly (but not in every case) increases (or increases to a
plateau) with increasing dose.

In Fig. 6A, the fractions of each type of radical found in
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FIG. 5. Bar graph of G vaues of hydrated (I' = 14 = 2) DNA samples with and without scavengers. G values
were obtained from dose-response curves like those shown in Fig. 4; the scavenger ratios used are the same as those
cited in Fig. 4. This figure is a graphic representation of the values shown in Table 3.

v-irradiated hydrated DNA with no scavenger present are
shown. The results are similar to earlier analyses of irra-
diated DNA (5, 9) except that we are now better able to
characterize the fraction of neutral radicals present. With
the model that a large majority of the neutral radicals orig-
inates with the electron-loss path, the zero-dose extrapola-
tion is reasonably close to the 50:50 ratio expected between
electron-loss and electron-gain radicals and within the er-
rors inherent in these analyses. With increasing dose, the
percentages of the radiation-resistant neutral radicals in-
crease as those of the more radiation-sensitive charged rad-
icals decrease.

Figure 6B shows the results obtained when the hole scav-
enger Fe(CN)&- is added to an identically handled sample.
As expected, the initial percentage of G** (12% at the zero-
dose extrapolation) is far lower than that in samples with
no scavenger present. With increasing dose, the percentage
of radiosensitive G+ and of DNA"~ each falls dlightly,
whereas that of the radioresistant neutral radicals increases.

In Fig. 6C, which gives results for samples with the elec-
tron scavenger Fe(CN)Z~ present, there is very efficient sup-
pression of the electron-gain path at all doses. With increas-
ing dose, a point is reached in which the neutral radical
component appears to reach a plateau at about 82% of the
radicals and G+ at about 8%. The decreasing percentage

TABLE 3
G Values for Hydrated DNA Samples
G(mol/J)2
DNA Fe*/DNA  Fe*/DNA Fe*'/Fe**/DNA
DNA- 011 0.081 0.010 0.008
G+ 011 0.017 0.093 0.010
2N 0.034 0.029 0.049 0.042
Sum 0.25 0.13 0.15 0.060

a Estimated relative error is =20%.

of G likely results from scavenging of G+ and/or its pre-
cursors by Fe(CN)4- formed as Fe(CN)2~ scavenges elec-
trons.

In Fig. 6D, we display the results observed for DNA
samples with both the hole scavenger Fe(CN)4- and elec-
tron scavenger Fe(CN)Z~ present. At high dose, the per-
centage of G'* trends to zero and that of the neutral radicals
increases to about 90%; again, the actua yield of G+ de-
creases with increasing dose (not shown). It is possible that
the formation of additional (hole scavenger) Fe(CN)4- be-
yond that originally present, as Fe(CN)3~ scavenges elec-
trons, causes an actual decrease in the concentration of G.
A most important aspect of this particular experiment is
that, at high doses, the ESR spectrum obtained originates
almost entirely with neutral radicals.

DISCUSSION
The Sugar Radicals

A principa purpose of this work is to gain insight into
the ESR spectral parameters and the concentrations of the
deoxyribose sugar radicals found in y-irradiated DNA. As
stated earlier, our current working hypothesis is that the
neutral radical cohort which gives rise to the largest com-
ponents of the spectra shown in Figs. 1D, 2D and 3D is
made up principaly of these deoxyribose radicals. In ad-
dition, we have concluded previously that deoxyribose rad-
icals from the direct effect result principally from depro-
tonation of sugar cation radicals (15); C3(,. Which has
been attributed to dissociative electron attachment (12, 15),
is the only previously known exception to this conclusion
for hydrated DNA irradiated at 77 K with low-LET radia-
tion.

As afirst step in understanding the makeup of the neutral
radical cohort, in Fig. 7 we compare discernible spectral
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FIG. 6. Percentages of each type of radical present in hydrated (I' = 14 += 2) DNA samples with and without
scavengers present. The scavenger ratios are the same as those cited in Fig. 4. Analyses were done on unannealed
samples for which the spectra were recorded at 77 K, using the benchmark spectra from Fig. 1.

components from a neutral radical cohort ESR spectrum
with a variety of experimental or simulated spectra of de-
oxyribose sugar radicals. The spectrum in Fig. 7A is from
a hydrated DNA sample irradiated with a relatively high
dose (152 kGy) with both Fe(CN)2~ and Fe(CN)Z~ present
each at a 1:20 scavenger:base-pair ratio. An analysis of the
experimental spectrum, using the neutral radical benchmark
spectrum from Fig. 1D and the C(N3)H- spectrum from Fig.
1B, indicates it is composed of about 87% of the spectrum
of 2N; and 13% of that from C(N3)H. Amplified wing
scans show the presence of spectral components that are
not present in the DNA base spectra from Fig. 1A-C. In
Fig. 7B, the spectra shown are those of Fig. 7A from which
the spectrum for C(N3)H- has been subtracted as 13% of
the integrated intensity. The neutral radical cohort spectrum
that results is similar to that shown in Fig. 1D (from a
lower-dose spectrum) and compares favorably to the neutral
radical cohort spectra derived from DNA samplesirradiated
with a high-LET argon-ion beam (15). The amplified wing
component spectrum in Fig. 7B is identical to that in Fig.
7A because the C(N3)H" spectrum has zero intensity in the
amplified wing region.

In Fig. 7C-G are shown the spectra of likely neutral
radicals that contribute to the composite spectrum in Fig.

7B; their origins are described in the Appendix. Qualita-
tively, the outer line components of the C3;,,.., C3" and
C1'- are visible in the spectra shown in Fig. 7B. The visible
line components from C3;,,. are denoted by asterisks (*);
the four proton hyperfine couplings present in this radical
place the outer line components 13.4 mT apart and clearly
are visible in the expanded wings of the composite neutral
radical spectrum. The outer line components of C3", 7.7
mT apart (denoted by daggers, 1), are aso visible in the
wings of both the amplified and unamplified spectrain Fig.
7B. Although these line components overlap inner com-
ponents from C3,,..., the intensity present in the composite
spectrum appears too large to be attributed to C3;,,., alone.
Narrower line components consistent with the outer com-
ponents of C1" are also present in the composite spectrum
in panel 7B (arrows, |); these are 5.2 mT apart.

The centrally located approximately 2.1 mT doublet in
Fig. 7B remains unassigned. Since the radical causing this
feature is not easily scavengeable and does not readily dose
saturate, we believe it is a neutral radical. Close has spec-
ulated that both the C4’* and C5"* in DNA may give rise to
an ESR doublet (27); however, the coupling in these radi-
calsisvery sensitive to the radical(s) environment and con-
formation, so it is not possible to definitively conclude that
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FIG. 7. ESR spectra of hydrated (I' = 14 = 2) DNA sample and
putative spectra of various deoxyribose sugar radicals. A: Experimental
spectrum from DNA sample containing both Fe(CN)2- and Fe(CN)¢~ at
the ratios cited in Fig. 4 and irradiated with a dose of 152 kGy. Analysis
of this spectrum using the benchmark spectra from Fig. 1 indicated that
it is a composite of 87% XN and 13% C(N3)H-. The amplified wing
spectrum is from the same sample, irradiated with a total dose of 169
kGy, and recorded at 25 times the spectrometer gain of the unamplified
spectrum. B: Spectra resulting from subtracting the spectrum of C(N3)H-
(Fig. 1B) as 13% of the total intensity from the spectrain A; the resulting
spectra represent a neutral radical cohort only. The significance of the
various symbols used in panel B are described in the narrative. C: Sim-
ulated ESR spectrum of C3j,,,,.. D: Simulated ESR spectrum of C3". E:
Experimental spectrum of C1'* in DNA (11). F: Simulated ESR spectrum
of a possible C5"; the C4"* spectrum may give a similar spectrum, as
noted. G: Simulated ESR spectra of C5,,,. using a hyperfine coupling
of 3.6 mT for the C4' hydrogen (dotted line) or a 2.0 mT coupling for
the same proton (solid line). The origins of spectra C—G are given in the
text and the Appendix.

the doublet in Fig. 7B is from C5* and/or C4":. The sim-
ulated spectrum shown in Fig. 7F is that from a C5'* with
the assumption of a m-spin density of about 0.85 on C5%’
and no resolvable B-couplings to the hydrogen atoms on
C4' (27). A C4'- with only one B coupling of about 2.2
mT might result in a very similar spectrum. We hasten to
point out that there are no experimental reports of the spec-
tra of either the C4"* or C5" in DNA; the spectrum in Fig.

7F is a conjecture based on the existence of the doublet
from an unscavengeable radical in Fig. 7A and the spectra
presented in ref. (27).

A second possibility that is consistent with the spectrum
in Fig. 7B is that the central doublet results in part from
the presence of the C54,... A C5{,.s has been observed
at 77 K in asingle crystal of deoxycytidine 5’-monophos-
phate monohydrate (23). The hydrogen hyperfine couplings
derived were A(2H) = (—1.06, —2.04, —3.45) mT and
A(1H) = 3.6 mT. The simulated spectrum for this radical,
using these experimental couplings (Fig. 7G, dotted line),
does not match line components in the experimental spec-
trum in Fig. 7B very well. On the other hand, it is well
known that B-hydrogen hyperfine couplings are very sen-
sitive to the dihedral angle (6) between the B-hydrogen C—
H bond and the radical site p-orbital axis. A DFT B3LYP
optimization was performed on the C5;,,,,. model system
(Scheme 1) with the 6-31G(d) basis set followed by cal-
culation of radical EPR parameters using the EPR-I11 basis
set. This calculation results in hyperfine couplings [A(1H)
~ 3.7 mT, A(2H) = (—3.5, —2.2, —1.0) mT] very close
to the experimental values just cited; the calculation also
gave a dihedral angle of 43°. A calculation performed after
rotation of the CH; group by 20°, to a dihedral angle of
63°, results in a hyperfine coupling constant of 2.0 mT for
the C4’ hydrogen atom. A simulated ESR spectrum using
this coupling and the previously cited experimental cou-
plings for the two « protons results in a spectrum (Fig. 7G,
solid line) that nicely matches line components in the spec-
trum in Fig. 7B.

We finally note that high-level theoretical calculations
reported for the electron-induced cleavage of the O-C3’
and O—C5’ bonds in a model system indicate that cleavage
of each bond is equally probable (24). Thus it is expected
that roughly equal amounts of C5(,,,,. and C3g,,.. should
form in irradiated DNA, and therefore C5g,,, is expected
to be part of the neutral radical cohort found. Further work
will be needed to quantify this radical’s ESR spectrum and
its contribution to the neutral radical cohort.

We have estimated the fractional composition of sugar
radicals in the neutral radical cohort by subtraction of the
benchmark spectra in Fig. 7C-G from the neutral cohort
spectrum in Fig. 7B. This resulted in the following esti-
mates for percentages of each benchmark spectrum in the
neutral radical cohort: C1", 6%; C3jyne 8%; C3", 4%;
CSlepnes + C5”, =30%. We believe the estimates for CI,
C3lenes and C3™ are fairly reliable. Because the (very pre-
liminary) benchmark spectra for C5g,,,. and C5" are both

*CH,

O NH,
H QH
H H
OH H
SCHEME 1.
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dominated by an approximately 2.0 mT doublet, these two
spectra cannot be reliably distinguished from each other in
the subtraction process. At thistime, we have no firm insight
regarding the identity of the remaining radicals (about half
of the neutral radical cohort) that cause the composite spec-
trum that results after the sugar radicals are subtracted out.

We note that the (neutral) radical G(X)" (in which a non-
magnetic moiety X, such as —OH, is bonded to C8 on
guanine) can also give rise to a broad central ESR doublet.
However, the precursor to G(X) is G+ itself, a long-lived
radical that is readily scavenged by Fe(CN)&-. In addition,
the original spectrum of the sample from which Fig. 7A is
derived shows that no observable G* is present, likely as
a result of the scavenging and high dose. These factors all
mitigate against the doublet originating with the guanine
C8 addition radical.

As indicated earlier, the C3;,,., C3" and C1" have been
detected in low-temperature irradiated DNA through the use
of computer subtraction techniques. We believe thisis the first
example of the preparation of samples in which these radicdls,
as well as other possible sugar radicals, have been largely
isolated (as a group or radicals) through the use of eectron
and hole scavengers and the application of high doses.

Scavenging Processes

The electron and hole scavengers employed in this work
functioned well. As seen in Figs. 5 and 6, the hole scav-
enger Fe(CN)2- lowered the yield of G relative to samples
with no scavenger present, and the electron scavenger
Fe(CN)2- lowered the yield of the electron-gain radicals
(DNA) relative to samples with no scavenger present.

However, there were two unanticipated effects observed
with the scavengers. The first is that Fe(CN)Z~ does not
cause a significant diminution in the formation of the neu-
tral radical cohort. Since we believe, when dealing with the
direct and quasi-direct effect, that the precursors to the neu-
tral radicals are predominantly deoxyribose cation radicals,
it appears that Fe(CN)4~ does not efficiently scavenge
short-lived holes. For the cation radical precursor (DNA"+),
there is a competition between deprotonation to form a neu-
tral radical and hole transfer from the precursor to
Fe(CN)&- to repair the DNA (Scheme 2). On average, when

+

Suge
/ fast ug

DNAe"

|
AN

Fe(CN)¢+  Fe(CN)3-

SCHEME 2.

the scavenger:bp ratio employed is 10:1, any newly formed
hole is about 5 bp from a Fe(CN)g-, a distance of about
1.7 nm. This distance suggests that hole tunneling would
occur on atime scale of 1-100 s, far too slow to compete
with deprotonation, which likely occursin afew vibrations
(picoseconds). Thus deprotonation is expected to be the
dominant process, as is found.

A second interesting and unexpected observation is the
decrease in the absolute yield of G** as a function of dose
(Fig. 4B) and the concomitant decrease in its percentage
of the radicals observed (Fig. 6C, D) for two samples
(hydrated Fe**/DNA and hydrated Fe**/Fe3*/DNA); the
decrease in absolute yield is far larger than that earlier
observed for G** in scavenger-free samples (5) and in-
dicates that most previously stabilized G* radicals are
destroyed by irradiation. This is likely accomplished by
formation of the hole scavenger Fe(CN)é~ from
Fe(CN)?- by electron capture. However, the specific
mechanism by which a single ionization results in the net
destruction of one or more pre-existing G+ cation radi-
calsis not yet known, and several possibilities exist. For
example, it is clear that when Fe(CN)2- gains an electron
at 77 K, the Fe(CN)¢- that forms is not in its most stable
conformational/solvation state (its surrounding ionic at-
mosphere, for example, is that of a —3 ion). This likely
makes it more reducing than expected and thus would
potentiate any mechanism in which Fe(CN)¢- acts as a
reducing agent.

We further note that in all samples, the diminution in the
percentage of G+ with increasing dose is larger than that
of DNA- (Fig. 6). We attribute this to the existence of an
overall reducing (in the chemical sense) environment in the
irradiated samples at 77 K. After early processes (such as
geminate recombination) are complete, about 20% of the
surviving holes end up as neutral radicals; these radicals
are unlikely to act as oxidizing or reducing agents owing
to their neutral charge and predicted reduction potentials
(25). However, electrons cause little neutral radical forma-
tion (at 77 K); the excess of surviving electrons over holes
results in an overall reducing environment. The loss of G*
in Fe#*/DNA samples (Fig. 4B) and Fe2*/Fe**/DNA sam-
ples (not shown) is likely a result in part of this reducing
environment. The positive reduction potential of
Fe(CN)z- [E, = +0.36 V] (26) would seem to mitigate
against this effect because Fe(CN)3- is a good oxidizing
agent. However, the aforementioned possibility of the
buildup of the concentration of a *‘high-energy” form of
Fe(CN)Z~ as a result of radiation at 77 K would certainly
lower this reduction potential so that a concentration of
more effective reducing agents would be produced with ra-
diation.

Further investigation of the scavenging processes and the
makeup of the neutral radical cohort is under way in our
laboratory.
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APPENDIX
Origin of Benchmark Spectra

The benchmark spectrum for G+ (Fig. 1A) is the same as that shown
in Fig. 7B of ref. (22), in which dGMP in 8 M LiCl containing the
electron scavenger Fe(CN)2-, is oxidized by Cl;-.

For C(N3)H" (Fig. 1B), the spectrum used is the same as that of Fig.
4D of ref. (22), except that wing baseline zeroing was done to eliminate
an irregular baseline. The original spectrum was obtained by subtraction
of the spectrum for G+ from that of irradiated poly[dG] poly[dC].

For T-- (Fig. 1C), the spectrum shown in Fig. 5B of ref. (22) was used,
with the exception that the somewhat irregular baseline was set to zero
intensity in the wings. This spectrum was derived by electron attachment
to TMPin 8 M LiCl at 100 K.

The benchmark spectrum (Fig. 1D) used for the putative neutral radi-
cals (EN;), was obtained by subtracting G+ as 15% and C(N3)H- as 13%
from a spectrum of hydrated DNA (I' = 14 = 2 D,O/nuclectide) con-
taining both K,Fe(CN), (1 per 20 bp) and K,Fe(CN), (1 per 20 bp) -
irradiated with a dose of 12 kGy at 77 K.

The C3/,,.s Was first described in DNA irradiated with an “Ar ion
beam (15). This radical is thought to form through dissociative electron
attachment and is thereby not part of the electron-loss path. The spectrum
for thisradical (Fig. 7C) is simulated using hyperfine and g-value param-
eters close to those from ref. (15): A, (1H) = 2.69 mT, A,,(1H) = 3.46
mT, Aio(1H) = 475 mT and A,,(1H) = (—1.10, —2.38, —3.40) mT, g
= (2.0044, 2.0023, 2.036), line width = 0.60 mT. These values provide
a slight improvement and minor correction (to the g factor) to those in
ref. (15).

The C3' sugar radical (Fig. 7D) is described in refs. (6, 11-13); the
simulation in Fig. 7D uses the hyperfine and g values given for the radical
in DNA (6): Aix(2H) = 3.0 mT, Ai(1H) = 1.7 mT, g = (2.0033, 2.0028,
2.0034) and line width = 0.50 mT. Using isotopic substitution in gua-
nosine, we have developed compelling evidence that the radical that gives
this spectrum, in which the outer line components are separated by 7.7
mT, is the C3" rather than the C4" (to be published).

The origin of the benchmark spectrum for the C1" (Fig. 7E) is given
in ref. (11).

The spectrum in Fig. 7F is simulated using parameters consistent with
a C5'" that possesses a single anisotropic hydrogen hyperfine coupling
and a spin density of about 0.85 on the o carbon: A(1H) = (—0.90,
—1.90, —3.00) mT, g = (2.0040, 2.0023, 2.0034), and line width = 0.50
mT. The spin density of 0.85 is within the range of spin densities (0.60—
0.88) cited by Close for the C5’ carbon in this radical in a variety of
model compounds (27), and it results in a spectrum that closely matches
the approximately 2.1 mT central doublet in Fig. 7B. However, it is con-
ceivable that one or more conformations of the C4’ sugar radical might
have a single isotropic coupling of about 2.1 mT which would give a
similar, abeit isotropic, doublet. The ESR spectrum for neither the C5'
nor C4"* has been reported in hydrated DNA, to the best of our knowl-
edge. Close has suggested that both of these radicals might yield a doubl et
for B-form DNA (27), athough with different hydrogen hyperfine cou-
plings than those proposed here. For C5},,.., two computer simulations
were performed. One used A(2H) = (—1.06, —2.04, —3.45) mT and
A(1H) = 3.6 mT (23) with g = (2.0038, 2.0023, 2.0034) and a 0.70 mT
Gaussian linewidth (Fig. 7G, dotted line); the solid spectrum uses the
same parameters except that the B-proton coupling to the C4 hydrogen
is A(1H) = 2.0 mT (Fig. 7G, solid line).
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