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DNA damage is believed to play a significant role in the cytotoxic 5-d(GAG CTA GCT CGA GCXys 2Y,7A GGA CCT GCA GCT)
effects ofy-radiolysis, which is a common treatment for cancer. 3-d(CTC GAT CGA GCT GGA  AA T CCT GGA CGT CGA)
The chemistry of DNA damage resulting from ionizing radiation gffdﬂ:fﬂ
is very complex and manifests itself by the formation of direct strand 10 X=T,Y=dU
breaks and a multitude of base and sugar modifications, many of = A | Duplox ! B. I 2uplox I
which are alkali-labilé.Clustered damage and the subset of tandem 8980980809809 8 10 810 8 10 & 10 8 10

. . . hv = = = = 4+ 4+ + + + + hv = s s s+ 4+ o+ o+ o+ o+

DNA lesions have attracted attention recently due to the possible  naoH+ 4 - - - = + + - - NaOH & 4 - - - - + + - -
biological effects of these speci#%.Tandem lesions attributable Pip - - &4+ - - - -+ + Pi -
to initially formed nucleobase radicals have been detected following WIOl' m.m...

enzymatic digestion of irradiated DNA and in model systems.
However, it is not known what fraction of induced damage these
lesions represerit® We have studied the chemistry of a nucleobase
radical () independently generated in DNA and report the

surprising observation that alkali-labile tandem lesions account for
the majority of damage emanating from this reactive intermediate.
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O O~ o Figure 1. Gel electrophoresis analysis of aerobic photolyses (10 mM pH
7.5 phosphate, 100 mM NaCl), followed by indicated treatment' G#%
When monomeric pyrimidine nucleosides are exposegta- (A) or 3-32P (B) labeled DNA containin@. Independently synthesized

diolysis, the formal addition of HOor He to the C5-position  oligonucleotides are used as markers.
accounts for as much as 80% of the reactive intermediates produced ;. 1.
The large preference for forming nucleobase radicals is evident in 8—10

DNA as well and is a unique aspect of DNA damage resulting

Quantitative Analysis of Observed Strand Scission in

[ b .
from y-radiolysis! Although nucleobase radicals have been impli- duplex site® ,\,‘.ﬂ(/)o,_?f o Clea;;g:ridine ';';;Vl;ﬁ'f,i,fgﬁ
cated in tandem lesion formation, most studies have focused on 53%pg T 3715 2015 33114
their transformation into direct strand breaks and modified nucle- 1(2) 63+ 2 52+ 2 24405
otides! We recently described the generation and reactivity of a 3.3%pg %g 3347 %-.gi %:3 0.834+ 0.10
member of this family of nucleobase radicals, 5,6-dihydro-2 1(2) 67+7 51+ 4 2.9+05
deoxyuridin-6-yl (), from 2.7 In the present study, the radical 5.3%p.g gll-I7T15 74492 %iz 14401
precursor 2) was incorporated into oligonucleotides-7 via 1(2 26+3 38+ 4 2.8+04
phosphoramidite3. The oligonucleotides were characterized by 4 554 %; s0+14 e ot 90406
HPLC analysis of the nucleosides liberated upon enzymatic 1(2) 51414 54+ 4 39+12
digestion and by ESI-MS. dUy7 8.0+ 4
21(2) describes the position in duplex DNA where radit# generated
% from 2. P Values are calculated on the basis of total alkali-labile lesions.
N 5-d(GAG CTA GCT CGAC‘ZT 2TA GGA CCT GCA GCT) Each value is determined from a minimum of two experiments carried out
ouTo Og\),\j\(t-su 5-d(GAG CTA GCT cesA )?C)f:l ﬂA GGA CCT GCA GCT) in triplicate. _ _
w 0 5-d(GAG CTA GCT COA GOT 2XA GGA COT GCA e T'reat_m_ent of photolyzates Wl_th NaOH (0.1 M, 3, 20 min) or
3 6X=dU piperidine (1 M, 90°C, 20 min) shows cleavage atsland the
O\T/O\/\CN Sa(TAT CCT2TA CTA) original site of1 (Table 1). Labeling the complementary strand of
N(iPr), 8 reveals only trace amounts of alkali-labile lesions, indicating that

an oxygen radical resulting from,Q@rapping of1, and not a dif-

A very small amount of direct strand scission is observed when fusible species, is responsible for the majority of alkali-labile prod-
aerobic solutions of duplex DNA (52P-8) are photolyzed at 350  ucts. Although the ratio of strand scission at these sites is dependent
nm (Figure 1A), and adventitious cleavage of alkali-labile lesions upon the method of base treatment (Table 1), enzymatic end-group
cannot be ruled out as its source. Similar alkaline lability is observed analysis reveals that all products contairpBosphate termirfi.
under degassed conditions, but control experiments with thiol The majority of lesions revealed upon NaOH treatment are
indicate that residual ©is responsible for strand damalye. presumably abasic sites, which are known to cleave under mild

13376 = J. AM. CHEM. SOC. 2003, 125, 13376—13378 10.1021/ja036629u CCC: $25.00 © 2003 American Chemical Society
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Scheme 1

Figure 2. Molecular models ofinti-6R-11 (A) and anti-6S-11 (B) in 8. Arrows indicate the position of peroxyl radicals.

conditions!®-12 Treatment of photolyzed'52P-8 with hydrazine 2-deoxyribonolactone using a set of reactions that convert this lesion
did not give rise to any of the pyridazine cleavage product that is to a characteristic set of cleavage products that are discernible by
characteristic of the Céxidized abasic sit& In contrast, experi- gel electrophoresis!?® Molecular modeling demonstrates that the

mental evidence is consistent with formation of the 2- deoxyri- above observations may be rationalized on the basis of DNA
bonolactone oxidized abasic site. This labile product has been Secondary structuré.The Cl_hydrogen atom and C6_positi0n of
observed as part of a tandem lesion generated by a nucleobaser,, are less than 2.5 A from the termindReroxyl oxygen atom
oxygen radical, and deuterium isotope effect experiments showed\yhen the nucleotide is in the anti-conformation (Figure 2A).
that the lesion is formed via Ghydrogen atom abstractiérC1'- Experiments using'32P-8 reveal strand damage at;land the
radi_cals yield 2_—de0xyribonolactone under agrobi; c_onditions fol- site of 1 (Figure 1B, Table 1). Although all products contaif 5
lowing O, ”app'”g a_nd subsequz_ant su_peroxnde eI|m|_naitﬁ)ﬁh_e phosphate termini, insignificant amounts of NaOH-labile lesions
occurrence of a similar process involvidd was examined using are formed at T, and a deuterium isotope effect is not observed
a chemically synthesized oligonucleotide in which one thymidine upon deuteratioh of the Gposition. The absence of reaction at
adjacent to a radical precurs@) (vas deuterated at C¥* A KIE o . . ) . .
(4.4 + 0.1), consistent with Cdhydrogen atom abstraction from the CI-position in 7 is consistent with molecular modeling, which
illustrates the effects of the helical twist in DNA. A model duplex

the B-adjacent thymidine by the oxygen radical, was observed in ) )
reveals that the terminal oxygen i1 and the T; C1'-hydrogen

NaOH treated samples (Scheme®1). A . .
Piperidine treatment enhances cleavage;atiid at the radical ~ a0m are~5.5 A apart (Figure 2B), but the hydrogen of the thymine

site in 5-32P-8 greater than 2-fold (Table 1), indicating that abasic methyl group is less tle2 A from the radical center. It is notable
sites are not the exclusive variety of DNA damage products. The that the respective methyl group insfis ~5.3 A from the terminal
possibility that piperidine-labile lesions were derived from addition Peroxyl oxygen atom in &11. The involvement of the methyl
to the double bond of {§ was explored by substituting 5,6- group in Tz on alkali-labile lesion formation was probed by
dihydrothymidine (dHT) at this site {§2P-9). Indeed, the yield of ~ photolyzing the respective duplex in which-doxyuridine was
NaOH-labile lesions increased at the expense of lesions cleavedsubstituted at this position(3?P-10, Figure 1B). Cleavage at d¥
only by piperidine treatment (Figure 1A, Table 1). The higher yield in 3-32P-10 was reduced by-80% relative to that observed at;T

of the NaOH-labile product enabled us to confirm its identity as in 3'-32P-8 (Table 1). This suggests that the majority of tandem

J. AM. CHEM. SOC. = VOL. 125, NO. 44, 2003 13377
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Figure 3. MALDI-TOF MS of photolyzed?. Product structures are shown
in Schemes 1 and 2.

lesions involving the 3adjacent nucleotide are derived from
hydrogen atom abstraction from the thymine methyl group.

The products were qualitatively characterized further by MALDI-
TOF MS analysis of photolyzed (Figure 3). Isolated lesions ob-
served include hydroperoxidd ), C6-hydrate 13), and a small
amount of 2-deoxyuridine {4, Scheme 1). The latter product could
result from radicatradical reactions during photolysis and elimina-
tion from 12 or 13 during postphotolysis handling. Several ions

Scheme 2
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amount of isolated lesions, we could estimate the percentage of
DNA damage due to tandem lesions. Tandem lesions involving
T15 and T;7 represent 32% and 33%, respectively, of the total
amount of alkali-labile damage.

A great deal of research has been carried out regarding the
formation of direct strand breaks and isolated lesions from
pyrimidine nucleobase radicalsOur results indicate that these
lesions account for a minor amount of the reactiong.cfandem
lesions, whose biological role are uncertain, are the major lesions
derived from1.217 Furthermore, independent generation of 5,6-
dihydro-2-deoxyuridin-6-yl () reveals that the distribution of
tandem lesions is dependent upon the local secondary structure of
DNA. The generality and biological relevance of these findings
remain to be addressed, but could be significant with respect to
how the effects ofy-radiolysis on DNA are interpreted.
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attributable to tandem lesions were observed. One of these containg,reparation 08. ESI-MS of4—7. HPLC analysis of the enzyme digest

2-deoxyribonolactone and C6-hydrats). The C6-hydrate com-
ponent is undoubtedly derived frofy but the mechanism of its
formation is uncertain. We cannot distinguish between hydrogen
atom abstraction by the alkoxyl radical produced from reduction
of 11 or reaction of the C6-hydrogen peroxides) after radical
reactions'é

Molecular ions corresponding to products containl2gand13
in tandem with formamide lesions are also obsendati 18, Figure
3). The formamide is attributed to initial oxygen radical addition
to the thymidine double bond (Scheme*$)6 The deoxyuridine-
containing lesion 19) may be attributed to decomposition of the
hydroperoxide 17) or hydrate 18).1:16 This is consistent with the
observation that the relative amountsl@f-19 were variablé.On
the basis of experiments usiBe 10 (Figure 1), literature precedent,
and molecular modeling, we suggest that formamide-containing
lesions result from oxygen radical addition to C6 and are the major
piperidine-labile products formed ats(Scheme 1%:°

Formamide formation at{f cannot be excluded. However, the
secondary structure of DNA and gel electrophoresis experiments
with 3'-32P-8 and 40 suggest a different family of tandem lesions
that is also observed by MS dominates reaction with tredgacent
nucleotide. Products corresponding to the addition of four and three
oxygen atoms td were observed. Bis-hydroperoxi@® and its
reduction product2l (Scheme 2) are consistent with the MS
observations and gel electrophoresis experiments.

MALDI-TOF MS affirms tandem lesion formation, but is not
informative with respect to the efficiency of these processes. The
amount of tandem lesions relative to isolated lesions derived from
1 was estimated from quantitative analysis of electrophoresis
experiments using® (Table 1)8 Tandem and isolated lesions
involving Tys give rise to strand breaks at this position IF%-8.
Similarly, tandem and isolated lesions involving; &ire observed
as strand breaks ir-32P-8. Isolated lesions are observed as strand
breaks at Ts in 3'-32P-8 and at T7 in 5'-32P-8. By subtracting the

13378 J. AM. CHEM. SOC. = VOL. 125, NO. 44, 2003

of 4. Additional MALDI-TOF MS of photolyzed?. Phosphor images

of KIE experiments, enzymatic end-group analysis, and fingerprint
reactions for detecting deoxyribonolactone. Description of analysis for
estimating the quantity of tandem lesions (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.
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