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ABSTRACT

We found that single-stranded DNA oligomers
containing a 7,8-dihydro-8-oxoguanine (8-oxo-G) residue
have high reactivity toward KMnO 4; the oxidation of
8-0x0-G induces damage to the neighboring nucleotide
residues. This paper describes the novel reaction in
detall, including experiments that demonstrate the
mechanism involved in the induction of DNA damage.
The results using DNAs of various base compositions
indicated that damaged G, T and C (but not A) sites
caused strand scissions after hot piperidine treatment
and that the damage around the 8-0x0-G occurred at G
sites in both single and double strands with high
frequency. The latter substrates were less sensitive to
damage. Further, kinetic studies of the KMnO 4 reaction
of single-stranded oligomers suggested that the
reactivity of the DNA bases atthe site 5 ’'-adjacentto the
8-0x0-G was in the order G > A>T, C. This preference
correlates with the electron donating abilities of the
bases. In addition, we found that the DNA damage at
the G site, which was connected with the 8-oxo-G by a
long abasic chain, was inhibited in the above order by
the addition of dG, dA or dC. On the other hand, the
damage reactions proceeded even after the addition of
scavengers for active oxygen species. This study
suggests the involvement of a redox process in the
unique DNA damage initiated by the oxidation of the
8-ox0-G.
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Figure 1. Modified residues in the DNA used in this stuglglesignates P.

selectively detected with an electrochemical detectprThe

high reactivity of 8-oxo-G towards oxidationvitro suggests that

it may be also be sensitiveitovivo oxidation. Our investigation

with permanganate was designed to explore some of the potential
consequences of further oxidation. We found that an 8-oxo-G
residue in DNA is more sensitive to oxidation by permanganate
than thymine and the other common ba8gsThe sensitivity of
8-0x0-G, as the nucleoside or in DNA, to singlet oxygghd)

or triplet-excited carbonyll(l,12) has been reported, but there
have been no reports on the fate of the nucleotide residues next
to or near the 8-oxo-G after oxidation of the modified base. Here
we report full details of the damage to the bases of neighboring
nucleotides that occurs when the single 8-0xo-G residue in single-

One of the most common forms of oxidative damage to DNA or double-stranded oligodeoxynucleotides is oxidized with
vivo is the generation of 7,8-dihydro-8-oxoguanine (8-oxo-Gpermanganate. Also, we describe several experiments, including

also referred to as 8-hydroxyguanine, Ejgirom guanine. This

the use of oligomers with abasic site analogue(s) or hexa(ethylene

damage may lead to mutatiods?), which play a significant role glycol) linker(s) (Fig.1), to examine the nature of the damage
in cancer {) and agingg), as well as some other human diseasearound the 8-oxo-G. The data suggest that a redox (electron
(4,5). 8-Oxo-G is a better electron donor than any of the naturtdansfer) reaction participates in the induction of the DNA
nucleosides ), which allows its presence in DNA to be damage.
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Table 1.Sequences, cleavage positions and percentagésarf®end-labeled single straritls

Compound Sequence Cleavage yield (%)
1 5 ' GCGCCEGCGGTG3 ! 48  71329) (47)
2 5 'GCGCCGGCGGTG3 ! 53 32(80) (4.8)
3 5 ' GCGCGGGCGETG3 ' 2.7 13 26 28(58) (9.8) (3.4)
4 5 ' GCGCCAGCGGTG3 ' 79  6357) (8.0) (10) (4.1)
5 5 'GCGCCTGCGGTG3 ' 4.3 20 47(62) (11) 9.7
6 5'GCGCCCGCGGTGS ! 15 54
7 5 ' ATGACGGAATAT3 ' 16 44 18(64)
8 5 ' TTTTCGTTCCTT3 ' 15 18 6.6 28(56) (27) (0.4)
9 5'TTTTTTGTTTTTT3 ' 20 9.0 77 18 20(39) (5.5) (2.5 24 (1.3)
3b 5 ' GCGCGGECGGTG3 ! 2.7 13 26 32
8b 5 ' TTTTCGTTCCTT3 ' 14 19 5.9 26

aAll reactions were performed under the conditions described in Materials and Methart$.b@ld letters refer

to 8-0x0-G and cleavage sites, respectively. Cleavage yields in parentheses were obtained from the experiments with
3'-end-labeled oligomers. Cleavage percentages correspond to those for siteswv@teHown at the left and the
underlined percentages are for 8-0xo-G residues. Cleavage yields at the Ts of the 8-0x0-G-containing strands after
the KMnQy oxidation were corrected by subtraction of the cleavage yields at the Ts of the control strands. Also, the
cleavage yields (4—8%) at the 8-oxo-G site upon hot piperidine treatment alone (see Text) were subtracted from
those for the 8-oxo-G-containing strands after the oxidation.

bThe cleavage yields were obtained from the experiment with an oxygen-free buffered solttimddéBeled or 7.

RESULTS in Figure2A and B. Lanes 3 and 12 show the piperidine-induced
scission without oxidation at the 8-oxo-G positidd,{5) of
strands3 and8, which can be compared with the results for their
control strands (no scission, lanes 7 and 17). The minor cleavage
Various single-stranded oligodeoxynucleotides containing at the 8-oxo-G by the direct piperidine treatment may be due to
single 8-oxo-G residue in the middle of a 12mer (13me8)for the decomposition of the 8-oxo-G by aerobic oxidation under
were prepared (Tabl® according to the reported methdcBy, basic conditions, because the cleavage was inhibited in the
We first examined the susceptibility of the 8-oxo-G to permanganaesence of 2-mercaptoethanbb @nd our independent result).
oxidation using oligonucleotiddsand? (5'-end-labeled), which | anes 4, 13 and 14 represent the permanganate-induced damag
correspond to a part of the human c4dagene with a G-rich 5t the 8-0x0-G and its neighboring G and T residues, which can
sequence and a modified codon 12. Since the resul_ts showed @t qetected by piperidine-induced scission; no cleavage was
the reaction occurred not only at the 8-0x0-G site but alsgysened without piperidine treatment (lanes 5 and 15). The
unexpectedly, at thé-bipstream or’snext G position in the strands 4, 11346 of the control strands was found only as specific damage
(Tgblel), we next |nv§st|gated the base_- and reg'onTSp.eC'f'C't'eS Gt T sites (lanes 8 and 195(17). It should be noted that KMnO
this reaction. Stranlis an analog o with the substitution ofa . |aqqje reagent for the oxidation of double bonds in organic
gﬁgﬁgg gzsnedé?r i?iicgﬁgéo sthﬁ?a%(giﬁé(? (;(n;I) E'teavsvi'rt_]h IS molecules and the primary products from the oxidation of

Y g y oy 9 pyrimidine bases are 5,6-dihydroxy-5,6-dihydro derivati®&s (

base [adenine (A), thymine (T) and C, respectivehddsacent o .
to the 8-0x0-G. Strand corresponds to the sequence of codond N€ reactivity of the common bases in DNA toward permanganate

1-4 of the c-Haas gene, which is A, T-rich as compared with ©Xidation (37C and pH 9 for 19 h) occurs in the order T > C > G,
1-6 Strands8 and9 have pyrimidine sequences (T-tracts@pr and A is inert toward the oxidation). Figure2C shows the
on both sides of the 8-oxo-G. time-course of the reaction 8f which indicates early induction
Oligonucleotided—9and their control strands with G insteadand an increase in the damage of the neighboring nucleotide
of 8-oxo-G were 5 or 3-end-labeled with?2P, treated with residues. Tablé represents the damaged positions€8 as
KMnQ,4, and subjected to hot alkaline treatment followed byanalyzed by the strand scission and the cleavage yields. According
denaturing 20% polyacrylamide gel electrophoresis (PAGEJo the above observations, the cleavage yields at the 8-oxo-G and
Autoradiograms of the reaction products fr8iend8 are shown T positions were normalized.

Damage of single-stranded DNA detected by strand cleavage
analysis
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A The 8-ox0-G residue was highly reactive to the oxidation, as
expected, and the other damage was observed near the 8-0x0-G

KMo, . 2 2 3 5 ¢ T 3 SN0 (at both the Sand 3 sides of the 8-oxo-G). The results indicated

piperidine - - 4+ & - + o+ - that the reactivity of the common base residues was apparently in

the order G > T > C. For example, the G residiagdfacent to the
LS ) . — - e . 8-0x0-G in stran® was cleaved efficiently (53% yield) after
— - oxidation and piperidine treatment, whereas the corresponding T
site in5 and the corresponding C sitedigave cleavage yields of
20 and 15%, respectively. In addition, it appears that as the
position of G (or T) moves further away from the 8-oxo-G, the
cleavage at the G (or T) position becomes less efficient. The
tendency can clearly be seen in the case of the T-dominant
oligonucleotide9. On the other hand, a comparison between the
data for9 and its control strand with G instead of 8-oxo-G
indicates that their patterns of strand cleavage were quite different
and, in the latter case, the Ts of the middle part of the strand
were rather insensitive to the oxidatiorO) the intrinsic T
cleavage (%) of a part of the-&nd-labeled control strand
B (5-TTTIT2TSTAGTTTTTT-3): TL, 12; 2, 10; T, 8.3; T, 4.6.
112 13 14 15 16 17 18 19 20 The results described here demonstrate that this novel damage is
KMnO, - - + + + - - + + % initiated by the oxidative modification of 8-oxo-G (also see the
ppaidine - + + + - - - next section) and that it has base-selectivity.
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Damage of single-stranded DNA detected by nucleoside
composition analysis

Although the strand cleavage analysis showed the presence of
damage to G, T and C, the damage to adenine residues could not be
elucidated by this analysis. To test the possibility that the
damaged A site is inert to piperidine-induced strand cleavage and
— — i o that for other bases there might also be types of damage not
in leading to strand scission, the nucleoside composition of the
oxidized oligomers was analyzed after the permanganate oxidation.
The analysis was carried out by enzymic digestion of the
oxidation products of, 7, 8 and their control strands with snake
venom phosphodiesterase and alkaline phosphatase, followed by
detection of the resulting nucleosides by reversed-phase HPLC.
. - ol am . The analysis showed that the 8-oxa@oxyguanosine (8-oxo-dG)
completely disappeared and that a large amadii@%) of the
2'-deoxyadenosine (dA) also disappeared after the oxidatibn of
(Fig. 3), although dA was intact in the control experiments with
the control strand. On the other hand, the reduction in the amounts
of dG, dC and dT did not exceed the degree of their damage, as
determined by the strand scission analyse4, @f and8. For
example, 21% of the entire amount of dG was found to be
damaged after the oxidation and this was comparable to the
degree (30%) of damaged G elucidated by the strand cleavage
analysis. In addition, new products detectable with a UV (254 nm)
monitor were not observed fdy 7 and8 under the same HPLC
Figure 2. Autoradiograms of reaction products frofreBid-labele (A) and conditions. These results, as well as the strand cleavage analysis,
8 (B), and their control strands after denaturing 20% PAGE. The KMnO jngjcated that the damage of the common nucleosides, except for
oxidation of3, 8 and the control strands, followed by the strand cleavage . - - . !
analysis of the products, was performed under the conditions described it dA residues, in 8-oxo-G-containing single-stranded DNAs
Materials and Methods. Lanes 1, 335tanes 2, 7-9: the control strand &r ~ would exclusively result in strand cleavage by the piperidine
lanes 11-158; lanes 16-20: the control strand &tanes 6, 10: Maxam-Gilbert  treatment. Also, the data that the strand scission'sesfoblabeled
A+G lanes for3 and the control strand, respectively. Lanes 13 and 18, and 140Iigomers were observed only at thestie region of the 8-ox0-G
and 19 have 28M and 120uM permanganate concentrations, respectively. . .
(C) Atime course of the strand cleavag@after oxidation and the following (for the B'enFj'labeled' at the-8ide region) (Tabl&) mean that_ the .
piperidine treatment. The numbers above each lane refer to the reaction tim@-0X0-G residue was always damaged whenever the neighboring
(min). G* designates G or 8-0x0-G. residues were damaged.
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reaction within the DNA chain. If a redox mechanism, which may
contribute to the damage migration, is involved in the reaction,
the entire reactivity of the 8-o0xo-G-containing oligomers should
depend on the electron donating activities of the DNA bases
(G>A>T>C) @223 around the 8-0xo-G residue [redox
potentials of DNA bases are as follows: guanine, +1.29; adenine,
+1.39; thymine, +1.49; cytosine, +1.64 (in V versus saturated
calomel electrode)2Q)]. In other words, the reactivities of the

\ | | oligomers would be higher when Gs exist near the 8-oxo-G, than
0 20 40 when pyrimidines are located near the modified base. In order to test
this hypothesis, we determined the pseudo-first-order rate constants
(kobg for the oxidation of seven oligomeks6and8 (Table?2).

dG

8-0x0-dG
T dA

dG
B Table 2. Pseudo-first-order rate constants for the KMrRidation
of 8-0x0-G- containing single strarfds
dC
Compound Sequence kobs (x 10-3s1)
dT dA
3 5 'GCGCGGECGGTGES ! 3.8
I | |

0 20 40 2 5'GCGCCGGCGGTE3 ' 33

retention time (min)
1 5 ' GCGCCGGCGETE3 3.2
4 5'GCGCCAGCGGTG3 ' 24

Figure 3. Reversed-phase HPLC chromatogram of the snake phosphodiesterase
and alkaline phosphatase digests of single sttdmafore A) and afterB) the

oxidation. Each nucleoside component was separated under the conditions 5 5'GCGCCTGCGGTGS ! 1.8
described in Materials and Methods.
6 5’ GCGCCCGCGGTG3 ! 1.7
8 5' TTTTCGTTCCTT3 ' 1.1

Possible mechanisms for neighboring nucleotide damage

To investigate the mechanisms of this reaction, a mixture of a non- apPseudo-first-order rate constants were determined on the basis of the
labeled strand( 7 or 8) and an excess of its con,tr(')4651d-labeled time course of the decrease of the substrate oligomers. The procedure
strand was treated with KMnQand then with piperidine The for this determination is described in Materials and Methods.

control strand was not cleaved at any of the G positions, and the e

resulting scissions at the T sites of the control strand were unchangedin€ results indicate that the rate constants may depend on the
in their positions and frequencies, as compared with the scission$|RCtron donating activities of the basedidnking the 8-oxo-G.

the absence of the 8-oxo-G-containing strand. Similarly, thetrand3, which has a continuous sequence of Galfacent to the
permanganate oxidation of the control strand in the presence§PX0-G was most reactivéos = 3.8x 10~7s) among the seven

a large excess (300-fold to the oligomer) of 8-oxo-dG did nogubstrates, whereas stréidhich contains only pyrmdmgs except
induce oligomer damage (data not shown). These results sugg@§the 8-0x0-G, had the smallest constégis(= 1.1x 10s).
that inter-molecular participation (diffusional contact) by the Itshould be noted that the present method for the determination
oxidation product(s) of the 8-0xo-G residue is not involved in th&f the rate constants, in principle, is not dependent on whether the
induction of the damage. The participation of diffusible oxidant§@mage sites are cleaved or not. The 8-oxo-G residue has beer
(hydroxyl radicals and singlet oxygens), which might be generatédways damaged whenever the damage is induced at the
by the oxidation of the 8-oxo-G residue, would be eliminate@€ighboring residues, and the damaged 8-0xo-G site is certainly
based on the results that the induction of the DNA damage wal§aved so as to lead to the consumption of the substrates. Thus,
not inhibited when the permanganate oxidation of the 8-oxdhe results from Tabl2indicate that the reactivity of the common
G-oligomers3 and 8 was carried out with a reaction buffer DNA bases in the present reaction would be in the order G > A
containing a large excess (500-fold to oligomer) of sodiunt 1. C. This trend is consistent with the order of the redox
formate (a hydroxyl radical scavenger) or sodium azide arfeptentials of the bases. Suph base-selectivity in the reaction, as
histidine (singlet oxygen quenchers) (data not shown). Thell as the analyses of the sites and the_frequenu_es ofthe (_jamage
superoxide anion is relatively unreactive with DN (but it ~ (Table1), suggests that redox mechanisms are involved in the
can cause DNA damage via the conversion to a hydroxyl radicalg.e”era“On of the DNA damage not only at the position next to the
Also, the 8-ox0-G-containing DNAs were insensitive to hydroge§-0X0-G, but also at the neighboring positions.

peroxide, as described later.

Measurement of the damage of double-stranded DNA

Kinetic studies of DNA damage We next studied the permanganate reaction of duplexes that

The base-selective DNA damage is induced by the oxidation obntain 5 or 3-end-labeled strands with 8-oxo-G 2, 4, 5 and?)
an 8-0xo0-G residue and would be caused by an intra-moleculand their complementary strand$, c2, ¢4, ¢5 andc7 (Table 3).
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Each duplex has an 8-oxo-G pair, and the reaction buffer C residues leads to strand scission upon piperidine treatment, as
contained 100 mM NaCl to allow the oligonucleotides to formin the case of the single-stranded DNAs. On the other hand,
duplexes. The scission at the 8-oxo-G and the neighborirathough no intact 8-oxo-dG was detected after the oxidation in
positions was diminished, as compared with the cases of ttiee duplexes, as well as in the single-strand@®)% of the
single strands (Tabl8); the cleavage yields of the 8-0x0-G substrate was not cleaved by the piperidine treatment (Fable
containing single strands were independent of the absenceTdrese results indicate the existence of uncleavable damage at the
presence of NaCl in the reaction buffer. However, it should b&oxo-dG site. Similarly, the decrease of dA in duglesd was
noted that whereas the degree of the damage at the T sites oféakamined, each strand had a dA residue. If the reactivity of the
control duplexes was very low (0-5%), the damage at the T sit8soxo-G-containing strand was similar to that of the single-
in their modified duplexeSec5 and7¢c7 was more frequent. In stranded}, and the dA near thé-Bnd ofc4 was insensitive to the
addition to these observations, a slight strand scission was foysetmanganate treatment, a decreasé86%6 in the amounts of
to occur at the C positiori-&djacent to the 8-oxo-G in strahd dA would be expected, because @f0% decrease has been
of the duplex, although the scission was not observed at tlibserved for the single-strandédThe fact that the amounts of
position on the single strant (Table 1). Furthermore, the dA were less diminished (12% decrease) than in the case of the
reactions of the'send-labeled complementary straodsc2, ¢4,  single strand suggests that the damage of the A residue is suppresse
c5andc7, without 8-0xo0-G in the duplexes, were also examinedn the duplex form, as in the cases of the other DNA bases.
In contrast to the lack of cleavagecdf a small amount of strand ~ We oxidized the duplexes containing strac@l&, c2T andc2G,
scission (2.3% yield) was detected at the fifth G position from thehich have A, T and G bases, respectively, opposite the 8-oxo-G
5'-end in the case @R Similarly,c4, c5andc7 were cleaved at contained in the complemente®y(Table3), and examined the G
the G and/or T sites close to the 8-0xo0-G residdeiand7.On  damage of the 8-oxo-G (9)@ore (3-GGC-3 » 3-CNG-5) in the
the other hand, strand scission at the A sites was not observeddaglexes. The damage2t the G (5) next to the 8-oxo-G, which
in the case of the single strands. was in a ‘mismatched base pair (N = A, T, G)', was higher than that
for the parent duplex2¢c?) with a ‘matched 8-oxo-&C base pair
Table 3.Sequences, cleavage positions and percentagésaf 5 (N=C). The r_eactmty_of the G site seemed to corrg[ate_ with the
3-end-labeled double strards electron donating activity of the N bases: the reactivity increased
according to the order G > A > T > C. On the other hand, the
damage in thec2 series occurred at the site opposite to the

Compound Seauence Cleavage yield () 8-0x0-G and/or at its'&mdjacent site. Comparison with the strand
cleavage efficiency at the G sitedsljacent to the N base in the
1 51 GCGCCERCEGTE3 ! 49 41200 (7 c2series indicated that the N bases opposite the 8-0xo0-G may also
ol 3 teaceaceaeeacs: affect the reactivity of the G site: the reactivity increased
2 5 ' GCGCCGECGGTGS ! 38 39(48) according to the order G, A>T, C.
c2 3 'CGCGGCCGCCACS! 2.3
4 S SeSecRacae, JLE G0 Effects of molecular oxygen and other oxidants on the
oxidation
5 5 ' GCGCCTGCGGTGS ! 6.4 39(45) (3.2)
<5 3 ' CGCGGACGCCACS ! 52 To examine the participation of molecular oxygen in the DNA
7 5 ' ATGACGGAATATS3 ' 4.1 2 2667 (7.1 damage, nitrogen gas was bubbled into the buffer solutions of the
<7 3 ' TACTGCCTTATAS 1o 12 single-stranded substrate}; 4 or 8) prior to the permanganate
2 5 "GCGCCEECGGTGE ! 15 28 oxidation. Analysis of the products showed that the cleavage
24 3 CGCEECAGCCACS ! 8.2 yields at the G, C and T residues in therfl-labeled strands énd
2 5 GCGCCEECGGTG3 ! 70 23 8) were unchanged, even after the removal of g@é&blel). Also,
c2r 3" COCGECTECCACS ! 3975 the degree of damage of the A residud was unchanged after
2 5'GCGOCGECGETES ! 2% 34 the exclusion of @(data not shown). Thus, the participation of
26 3'caeeaeeeceacs 81 64 O» in the generation of the DNA damage is ruled out.

We also tested oxidation using the oligomers listed in Table
with various oxidants that have different oxidizing abilities and
@Al reactions were performed under the conditions described in Materials either contain heavy metals (A) or not (B); (A) potassium
and Methods. @nd bold letters refer to 8-oxo-G and cleavage sites, respectively. ferricyanate, potassium perchromate, osmium tetraoxide, ferric
Cleavage yields in parentheses were obtained from the experiments Wi”bhloride, copper sulfate and cytochrome(B) sodium nitrate,
3'-end-labeled oligomers. Cleavage percentages correspond to those foﬁydrogen peroxide methylene blue, DDQ (2 3-dichloro-5.6-
sites with 5to 3 shown at the left, and the underlined percentages are for icvanobenzo uino,ne) and oxone (éKItSCHSé K-S0y !
8-0x0-G residues. The percentages for the damage of the T and 8-0xo-G sit h Y ; g iy 4°12 ’
are corrected values, as described in Table 1. e reactions were performed under conditions similar to those

for the permanganate treatment. However, little cleavage was

. . found with any of these oxidants at the 8-oxo-G and the
To examine the _possmmty thgit some damage that does ’Wéighboring residues, after piperidine treatment.
cause strand scission occurred in these duplexes, the nucleoside

compositions o2, 4 and the control strands were analyzed afte ffect of continuous base residues on the oxidation

the oxidation of the duplexes. The decrease in the amounts of the

nucleosides, dG, dT and dC, was comparable with those valuéthe electron transfer reaction participates in the generation and
obtained from the strand cleavage analysis (data not showthe migration of the damage, and it occurs mainly through

These results suggest that almost all of the damage of the G, T amelectrons within the continuous bases of an oligomer, the
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degree and the extent of the damage around the 8-0x0-G mayréspective yields of the cleavages at the damaged sites on the
decreased by the insertion of an abasic region at sites near $haide of the 8-0xo-G, as compared with the case of the [Zarent
8-0x0-G and the next base. To test the effects of the bases on$irece the results of the oxidations withs and their parer,

DNA damage, we synthesized DNA oligomers with substitutiong/hich contain A, T and G, respectively;riext to the 8-oxo-G

of the various normal residues of oligom2rg and8 with one  can also be explained in terms of whole damage deposition, the
or more tetrahydrofuran derivatives (Fs), which mimic theesults obtained from the F-substituted oligomers would not be
structure of an abasic site and we carried out the permangandte to structural changes of the substrates caused by the
oxidation (Tabled). The cleavage at the substituted sites wamtroduction of the F residue(s).

negligible (data not shown) and it seemed that the disappearance

of the damage at these sites was compensated for by thffect of poly (alkylether) linkers instead of the

appearance of damage at other sites; that is, there may be whalgar—phosphate backbone on the oxidation

damage deposition. In the case of strd8d which has the . L

sequence o with the substitution of F for the G-Banking the Ve next examined the possibility of the transfer of damage
8-0x0-G, the oxidation yielded new damage (6.0% yield) at th¢e-g. radical cation species, see Discussion) via a sugar—p_hosphate
G site four residues away from the 8-0xo-G. Also, for stighd dackbone 4,25). If the sugar—phosphate backbone is an
enhancement of the damage (16%) was observed at the G site fg$gential medium for the damage migration, the replacement of
residues away from the 8-oxo-G, as compared with the case of @Y & linker lacking a sugar—phosphate skeleton in the oligomer
parent7. For strandl8, which lacks Gs, the damage occurred™ay diminish the damage of the nucleotide (dG) joined with the
efficiently at the C site adjacent to the 8-0x0-G, and the cleava§e@X0-G residue via the linker. Thus, we carried out the synthesis
yield at the C was 21% (for the par@t6.6%). While these and the permanganate oxidation of oligomers, in which two
results indicate that continuous base alignment is not essential R§gomer fragments were linked with a hexa (ethylene glycol)

the generation of damage, they do not preclude damage migratigit (Hex) via two phosphodiested=2and19in Table4). Since
through continuous bases. the linker is three nucleotides long2Q A), the results of the

strand cleavage analysis were compared with those of sfrhnds
and 16 with three continuous F residues. The results shown in
Table 4.Sequences, cleavage positions and percentagésasf 5 Table4 indicated that the cleavage yields at the 8-ox0-G and the
3-end-labeled oligonucleotide derivatiges G sites were almost equal ft2 and11 and for19 and16. All of
our results argue against a direct role for the sugar—phosphate
Compound Sequence Cleavage yield (%) backbone in damage migration_
In order to test whether the damage migration occurs in DNA
oligomers linked by a long linker, we prepared subst2iesd

10 5 ' GCGCCFECGETG3 * 6.0 45(51) (12) (8.6) (3.6) >
21 containing a long spacer composed of two and three

1 5’ GCGFFFGCGETE3 ! 93 continuous Hex residues, respectively. These linkers, ftdex)
12 5'GCG-Hex-GCGGTA3 ' 17 59 (Hex)s, are[#45 and 70 A long, respectively. The oxidation of the
13 5 ATGACFGAATAT3 ' 2 25 5'-end-labeled substrates revealed that the damage at the G site
1  ATGECGEARTATS & a1 joined with the 8-oxo-G via the linker was significant. Also, from

- - the results, it appears that as the length of the linker increases, the
15 5’ ATGAFFGAATATS ' “ 2z damage of the G becomes less efficient (Tdhl¢he cleavage
16 5 ATGFFFGAATAT3 51 16 yields at the G site of the substrat&d 0 and21) with (Hex),
. P —— 0 0 n 2 (Hex), and (Hex3 were 56, 45 and 28%, respectively.
18 ¥ TTTRCETTCCTTS w4 Inhibition of the DNA damage by nucleosides:
19 5'ATG-Hex-GAATAT3' 56 13 intra-molecular reaction versus inter-molecular reaction
20 5'ATG- (Hex) ,-GAATAT3 ' 45 26

We propose that the generation of the neighboring base damage
2 5'ATG- (Hex)3-GARTAT3' 28 32 involves an intra-molecular redox process. If the electron transfer
process is truly involved in the generation of the DNA damage,
8All reactions were performed under the conditions described in Materials then the.G damage in the modNed DNAs may b_e _decreased by
and Methods. @nd bold letters refer to 8-oxo-G and cleavage sites, respectively.the addition of deoxynucleosides, and the efficiency of the
Cleavage yields in parentheses were obtained from the experiment with thdnhibition would be in the order dG > dA > dC. These nucleosides
3-end-labeled oligomer. Cleavage percentages correspond to those for site@re inert to permanganate oxidation, whereas dT is not, under the
with 5 to 3 shown at the left, and the underlined percentages are for 8-oxo-Gpresent conditions.
residues. The percentages for the damage of the T and 8-oxo-G sites are correctedThusl we examined the effects of the additives (dG, dA and dC)
values, as described in Table 1. on the generation of the damage at the G sites of sttar@d.
The permanganate oxidation of the oligomers was carried out in
Further studies usingjl, 15 and16 (5'-end-labeled) showed the presence of various concentrations of the nucleosides and then
that as the numbers of F-substitutions increase in the regitime strand cleavage analysis was performed. Experiments with
between the G site to be damaged and the 8-oxo-G, the G siteand 19 containing a Hex linker indicated that none of the
becomes damaged more frequently, as shown in Fableese nucleosides [[150-fold excess to the G residue) inhibited the
results suggest that the bases intervening between the 8-oxaéheration of the damage at the G site (data not shown); that is, the
and the G suppress the damage of the G. On the other hand,itti@-molecular reaction was not inhibited by the additives and the
reaction of the ‘3end-labeled10 showed an increase in the inter-molecular (between DNA molecules) reaction is unlikely. As
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Figure 4. Inhibition of the damage migration within the 8-oxo-G-containing than that Of_the single strand (Tald)e The pathway involving

oligonucleotides with a long spac2@ (A) and21 (B), by the deoxynucleosides, redox chemistry for the double strand damage was suggested by

dG (O), dA (e ) and dC 4). Each derivative was labeled at thebd with32P the strand cleavage analysis of the damage to the 8-oxo-G-core

and was used in the KMnOreaction. The inhibition percentage was (5'-GGC-3' . 3’-CNG-5) in 2ec2 and the anak)gS The damage

determined by quantification of the resulting G scission after hot piperidine Iy . . - ) .

treatment. at the two G sites |n_the core was influenced, according to the N
base residue opposite to the 8-oxo-G, and the damage of the Gs
increased in the order%A > T = C. The base selectivity for the

shown in Figure4, however, inhibition was observed in the 9@mage is similar to that for the single strand. _
examinations 00 and21 containing the longer spacers (Hex) From the above observation and results that reactive oxygen
and (Hex}, respectively. The G damageZ@was inhibited only ~ SPECIES and dioxygen may not participate in the neighboring base
by dG and the degree of the inhibition was 12% in the presenf@mage, we speculate a mechanism for the damage induction. It
of 74puM dG (150-fold excess to the G residue). Furthermore, if§ Well known thationizing radiatio@,27) and photoirradiation

the case of1, the inhibition occurred more efficiently with dG With photosensitizer2g-32) to DNA cause oxidative damage,
and a slight inhibition by dA was also observed. The reductiod§ainly at guanine sites. In the reactions, radical cations (often
in the damage were 41 and 7.0% in the presence . G and called positive holes) of the bases are formed, and they intra-
dA, respectively. As shown in FigusB, dC did not entirely molecularly migrate within smgle—strandgd DNA3(35) and
inhibit the damage. Thus the inhibitory effects of the nucleosidéiouble-stranded DNA3(,36,37) according to the electron

on the damage production (20 and 21) depended on the dO[rlatll’lg activities of the bases. Namely, the hoIeé*ofO'_ and
properties of the base moieties, and the effect was in the orde/G tend to transfer to G to producé*Glf such a reaction has

> A > C. This order is similar to that for the base-preference @ccurred in the present cases, a reactive species (oxidant) might
the present DNA damage and for the electron transfer rate Bf @ transient intermediate generated from the Kin@ation
deoxynucleosides as elucidated by fluorescence quenchiffythe 8-0xo-G residue, and the resulting residue might oxidize
experiments 46). The mechanism of the inhibition probably the neighboring inter- and intra-strand bases to afford the radical
involves inhibition, by dG and dA, of the intra-molecular redoxcations, which would react with3 and/or KMnQ. Recently, we
reaction in the DNA oligomer containing the spacer: inter-mol¢amied out the KMn@ reaction using SO-tert-butyldimethyl-
ecular electron transfer between the nucleoside and the DNpY-7,8-dihydro-8-oxo-2deoxyguanosine as a model. On the
leads to the inhibition. The results also demonstrate that ti&sis of the characterization of isolated three main products, each
inhibition of dG becomes effective as the distance (spaceff Which had an intact sugar residue, the products were
between the 8-0x0-G and the G residue is longer. In additioﬁ,ons'dered to be prqduced via oxidation of the purine 4,5-double
using oligome®1, we found that sodium formate, sodium azide?ond (the results will be published by M.Fukuekal (1998)

and histidine did not inhibit the generation of the DNA damagéYucleic Acids Symp. S&¥0.39). Similar reactivity of the double
bond has been observed in the reaction of an 8-oxo-guanosine

derivative with singlet oxyger8g). We envisioned the structure
DISCUSSION (or its deprotonated form) depicted in Fighies the intermediate
Mechanisms including redox chemistry in base damage descrlped above, which r_mght be produced by the double bond
oxidation followed by elimination of water molecule(s) and
From the results of various experiments for single-stranded DNAXxpected to have oxidizing ability. Its analogous structure has
we found that the reactivity of the common bases in thbeen proposed as an electrochemical oxidation intermediate of
permanganate oxidation of DNA oligomers with a singled-methyluric acid$9). Although the reason for the apparent low
8-0x0-G residue is in the order G > A>T, C (Talllasd2). The  reactivity of 8-oxo-G-containing duplexes to the neighboring
tendency is consistent with the order of the electron donatiritase damage as well as mechanisms of the damage formation is
activity of the base¢,23). This was also found for the inhibitory unclear, we could imagine the inaccessibility of attacking agents
effect of the common deoxynucleosides (dG > dA > dC) in th&KMnO4 or HO) to the bases (or holes), owing to the more
oxidation of the oligomer containing a long non-nucleotideanionic and more rigid character of double-stranded DNA.
spacer (Fig4). These results suggest that a redox mechanismMechanistic proposals to explain the observed redox chemistry
participates in the generation of the damage of single-strandedn be divided into two general classes: electron transfer
DNA. mediated by stacked bases and an intramolecular reaction with
In double-stranded DNA with the 8-oxo-G in one strandihe activated 8-oxo-G intermediate by direct contact. The former
inter-strand base damage as well as intra-strand base damagemashanism has been proposed in DNA-mediated photochemistry
observed at the bases close to 8-0x0-G, but with lesser efficien@6,37) and in oxidative DNA damage by ionizing radiati@n)(
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The relative importance of the two damage migration pathwaysnalysis of strand cleavage
is likely to be substrate-dependent. For example, the observation

of damage at a G site four bases away from the 8-oxo-G in t
double strand witfi (Table3) is most easily explained by electron
transfer through stacked bases since the double helix wo
prevent direct contact between these two bases. By contras
direct contact mechanism offers a more plausible explanation f
the damage migration observed for 8-oxo-G oligomers containi
abasic spacers.

t}%e single-stranded oligonucleotides were labeled at'thar 5
'end with T4 polynucleotide kinase (Takara) plyS3P]ATP
ersham) or with terminal deoxynucleotidyl transferase
kara) plus ¢-32P]JddATP (Amersham), respectively. Solutions
0 ul) buffered to pH 7.0 (10 mM sodium phosphate) and
ntaining 0.5puM oligonucleotide (a mixture of 10 pmol
non-labeled strand and 0.1 pmol labeled strand) andui20
permanganate, were maintained at@3or 15 min and were
) guenched with Bl of allyl alcohol. Quenching of the reaction
Mechanism of strand cleavage with the other oxidants, except for cytochromevas performed
by ethanol precipitation of the oligomers from 0.3 M sodium
Since the ladders observed by the strand cleavage analysis acetate solution containing 0.1 mM EDTA and 0.0025% tRNA.
comparable to Maxam-Gilbert sequencing ladders, the inducd@the cytochromes was removed by extraction with phenol/
strand scissions may be due to the formation of an abasic sitechtoroform/isoamyl alcohol. Exclusion of molecular oxygen was
an intermediate. However, DNA cleavage did not occur upoearried out by bubbling Ninto the reaction buffer and the
heating without piperidine (data not shown). Therefore, @ermanganate solution. For duplex formation, the labeled single
‘regular’ abasic site and a furanone site, which is also sensitivegtrands were annealed with the complementary strands by heating
heating without piperidine, would not be considered as propéhne buffered DNA solution (pH 7.0, 10 mM sodium phosphate,
candidates for those remnants. It is also known that mo$00 mM NacCl) at 80C for 5 min. This DNA solution was slowly
oxidation-induced sugar damage affords sites leading to framlooled to room temperature and was used for the permanganate
strand scission or heat-labile siteésl){ the remnants should reaction; in the case of the single strands, all Klylractions
contain degraded bases. A ureido sugar is a plausible candidatere performed in buffer lacking salts such as NacCl, in order to
It is known to be produced by permanganate oxidation of DNAvoid the formation of higher ordered structures, such as a G
from T, C and G residues under certain conditions, and thistraplex DNA ¢1). The samples (28) were individually added
damage is labile to alkaline treatment and causes strand breakag25pl of 2 M piperidine, heated at 9C for 30 min, lyophilized
(19). Also, 8-oxo-G can be considered as a precursor of ta dryness, coevaporated with water j#& 3) and dissolved in
damaged G remnant, since 8-oxo-G can be generated by thet loading solution containing 5 M urea, 0.1% xylene cyanol and
reaction of G with HpO (15,28,29). However, it would not be 0.1% bromophenol blue. The samples were heated*td &6d
a direct precursor for strand scission at the G sites, becauselled quickly for 20% polyacrylamide gel (denaturing 7 M urea)
8-0x0-G in DNA yields only slight strand scission at the site upoelectrophoresis. The radioactivities of the fractionated, cleaved
piperidine treatment, and it is definitely permanganate-sensitivproducts on the gel were analyzed with a Bioimaging analyzer
In a biological sense, our results about neighboring bagEujix BAS 2000). The cleavage yield (%) was obtained from the
damage have important implications. If such DNA damagealculation: [radioactivity of each band/total radioactivity of the
involving 8-oxo-G occurs in cells, it would cause serious lesionisands including the band of the remaining substraie]0.
in living organisms. Therefore, it is worthwhile to examine
whether the damage migration can occur under conditions closer
to those that might be observed within cells subjected to oxidative
stress. This project and studies to confirm the redox process affalysis of the nucleoside composition of the oxidized DNA
to characterize the damaged base residues are in progress in our

laboratory. ) ) ) ) )
The single-stranded oligonucleotides were dissolved in 1.8 ml of

10 mM sodium phosphate buffer (pH 7.0) to a Q9
concentration. The double-stranded solutions were prepared
similarly, with 10 mM sodium phosphate buffer containing 100 mM
. NaCl. The permanganate reaction was carried out at a lKMnO
Materials concentration of 12QM at 25°C for 15 min. The oxidized
oligomers were desalted by gel filtration on Sephadex G-25
Nucleosides dG, dA and dC were from Yuki Gosei Kogyo Co(NAP-5, Pharmacia) and were then digested with snake venom
8-0x0-dG was prepared according to the published mefl8d ( phosphodiesterase and alkaline phosphatase according to the
with a slight modification. The common phosphoramidites foreported method4(). The resultant nucleoside mixture was
DNA synthesis were obtained from Applied Biosystems, andnalyzed by reversed-phase HPLC on an Inertsil ODS 2 column
tetrahydrofuran- and hexa(ethyleneglycol)-phosphoramidite@.6 x 250 mm) and was detected by UV absorption at 254 nm;
were from Glen Research. Oligonucleotides with or withouglution was performed with a linear gradient of acetonitrile (from
8-0x0-G were synthesized on an Applied Biosystems 394 DNAJto 7.5% in 50 min) in 0.1 M triethylammonium acetate, at a flow
RNA synthesizer using the standard solid-phase cyanoethyl phoate of 0.5 ml/min. The decreases in the percentages of the
phoramidite method, deblocked and purified as describeaalcleosides were calculated based on a comparison of the ratio of
(13,40). All solutions used in the study were made with watefpeak areas on the HPLC profile/molar absorption coefficients)
sterilized after prior purification by a Millipore Milli-Q water of each nucleoside before and after the oxidation of the
purification system. oligonucleotides.

MATERIALS AND METHODS



Reaction kinetics 14

The oxidation was performed with-&nd-labeled single strands 15
(0.5 puM) and KMnQy (120 uM) within 5 min of the reaction
initiation under the conditions described above, and in the straf#l
cleavage analysis, the remaining substrates (r.s.) were quantifi
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