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ABSTRACT: The coexistence effects of multiple kinds of oxidized deoxyribonucleotides were examined
using an SV40 origin-dependent in vitro replication system with a HelLa extract. Oxidized dGTP and
dATP, 8-hydroxy-2-deoxyguanosine'8riphosphate (8-OH-dGTP) and 2-hydrox{+oxyadenosine'5
triphosphate (2-OH-dATP), were used in this study. The mutation frequency synergistically increased
when the two oxidized deoxyribonucleotides were together in the reaction. 2-OH-dATP enhanced the
mutagenicity of 8-OH-dGTP, since the induced mutations wefleA C-G transversions. The contribution

of the highly error-prone DNA polymerasgwas unlikely, since similar results were observed with an
XP-V cell extract. The possible involvement of 2-hydroxyadenine in the complementary (template) strand
was excluded on the basis of experiments using plasmids containing 2-hydroxyadenine as templates in
the reactions with 8-OH-dGTP. 2-OH-dATP suppressed hydrolysis of 8-OH-dGTP, suggesting that the
inhibition of the MTH1 protein played the major role in the enhancement. These results highlight the
importance of specific hydrolysis of 8-OH-dGTP for the suppression of its induced mutation.

Reactive oxygen species (RO&)e generated by aerobic base and using a single oxidized deoxyribonucleotide4ref
metabolism and environmental exposure to ionizing radiation and references cited therein). However, it is likely that
and chemicals. Cellular DNA and its precursor nucleotides multiple oxidative lesions are present in DNA and in the
are at high risk of being oxidized by ROS, and structurally nucleotide pool. Clustered DNA damage has been focused
diverse forms of oxidative damage are induced. The oxidation on recently —7). The mutagenicity of a DNA lesion is
of DNA and DNA precursors seems to result in spontaneousinfluenced by other lesions present in neighboring areas in
mutagenesis or cell death and, consequently, in various agevarious manners. At the same time, multiple kinds of
related diseases such as cancer and neurodegenerBtion (oxidized deoxyribonucleotides are expected to be formed by
2). Among the various types of oxidative damage, 8-hy- RQS in the nucleotide pool. One damaged nucleotide might
droxyguanine (8-OH-Gua) and 2-hydroxyadenine (2-OH- aiter the biological effects of another nucleotide. Thus,
Ade), oxidized forms of guanine and adenine, have been gxamining the effects of the coexistence of multiple kinds
shown to pair with incorrect bases during DNA replication o oxidized deoxyribonucleotides might be important to
(3). Thus, the formation of 8-OH-Gua and 2-OH-Ade is g\ gluate their mutagenic potentials.

considered to be one of the spontaneous causes of mutagen- .
esis P g 8-OH-dGTP and 2-OH-dATP are damaged deoxyribo-

To our knowledge, most of the studies on mutagenicity nucIeotideS formed by in vitro oxidation re_actior&—(lO):
have been performed using DNA containing a single oxidized Nunoshiba et al. reported that the mutations found in an
Escherichia colistrain lacking superoxide dismutases and a

T This work was supported in part by Grants-in-Aid from the Japan repressor for iron-uptake systems were€TA—~ C-G and
Society for the Promotion of Science and by a fellowship and grant G.C — T-A transversions and concluded that these

fsrgirgnigs;a}r(cg Fellowships of the Japan Society for the Promotion of mutations would be caused by 8-OH-dGTP and

* To whom correspondence should be addressed. F8lL-11-706- 2-OH-dATP, respectively, on the basis of various experi-
3733. Fax: +81-11-706-4879. E-mail: hirokam@pharm.hokudal.ac.jp. ments (1). Their conclusion suggests that the two deoxyri-
Hokkaido University. bonucleotides are important as mutagenic, oxidized deox-

§ University of Occupational and Environmental Health. . . . . .
Il Osaka University. yribonucleotides in cells. In agreement with this interpreta-

L Abbreviations: 8-OH-dGTP, 8-hydroxy-Bleoxyguanosine 's tion, 8-OH-dGTP and 2-OH-dATP are mutagenic when

triphosphate; 2-OH-dATP, 2-hydroxy-Bleoxyadenosine "riphos- djrectly introduced intdE. coli cells (12). Moreover E. coli
phate; ROS, reactive oxygen species; 8-OH-Gua, 8-hydroxyguanine; . . . Lo
2-OH-Ade, 2-hydroxyadenine; 2-OH-dADP, 2-hydroxyedzoxyad- yeasp.and human cells contain enzymatic hydrolysis activities
enosine 5diphosphate; pol, polymerase. specific for 2-OH-dATP as well as 8-OH-dGTRI-17),
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indicating that both are potentially harmful deoxyribonucle-
otides present in cells.

The SV40 origin-dependent in vitro replication system is
a good model for replication in living cells. All of the factors
required for bidirectional replication of double-stranded
DNA, except for the SV40 large T antigen, are provided by
the host cell extractl®, 19). HeLa extracts are frequently

Satou et al.

monium sulfate and was centrifuged for 30 min at 2600
The precipitates were dissolved by dialysis overnight
against extract buffer 20 mM Hepe&OH (pH 7.4), 0.1
mM EDTA, 50 mM NaCl, 10% glycerol, 2 mM dithiothrei-
tol, 0.5 mM phenylmethanesulfonyl fluoride] in an
ice—water bath. After the removal of insoluble materials by
centrifugation, the dialysate was stored-&80 °C as a cell-

used as a source of replication enzymes. The extract containdree extract.

many DNA polymerases (pols). Replicative DNA pols, such
as DNA polsa. andd, and specialized DNA pols, including
DNA pol » (the XPV protein) 20), are present in the extract.
Previously, 8-OH-dGTP and 2-OH-dATP were shown to be
mutagenic in this in vitro replication syster®l( 22). Thus,
the effects of the coexistence of 8-OH-dGTP and 2-OH-
dATP in this replication system would be quite interesting.
We now report that 2-OH-dATP enhanced the mutage-
nicity of 8-OH-dGTP and AT — C-G transversion mutations
were increased during in vitro replication with a Hela

Construction of VectorsThe following oligodeoxyribo-
nucleotides were synthesized and chemically phosphorylated
on the support: A,'sdGGCAGATTTAGAGTCTGCTCCC;
AOH-94, 5-dGGCAGATTTAGA*GTCTGCTCCC; AOH-

96, 3-dGGCAGATTTA*GAGTCTGCTCCC; where A*
represents 2-OH-Ade. The single-stranded form of pS-
VKAM189/M13R was obtained as describegD). Double-
stranded (ds) DNAs containing Ade or 2-OH-Ade at a
predetermined site were constructed as describ@d After
protein removal by passage through a Micropure EZ device

extract. The major reason for this enhancement was inhibition (Millipore, Billerica, MA), the DNA was purified by ethanol

of degradation of 8-OH-dGTP by MTH1(-like proteins).
These results highlight the importance of specific hydrolysis
of 8-OH-dGTP for the suppression of its induced mutation.

MATERIALS AND METHODS

precipitation. The ds DNA containing 2-OH-Ade was then
treated with Dam methylase (New England Biolabs, Beverly,
MA; 40 units), at 37°C for at least 6 h, to methylate the
N6-position of adenine in the'&5ATC-3 sequences (to
restore the bacterial methylation pattern) in the DNA. The
DNA was purified by passage through a Micropure EZ

Materials. The FPLC-grade nucleoside triphosphates used device and by ethanol precipitation.

in the replication reactions were from GE Healthcare Bio-

In Vitro DNA ReplicationThe plasmid with thesupFgene

Sciences (Piscataway, NJ). 2-OH-dATP, 2-OH-dADP, and and the SV40 origin (pSVKam189 and the constructed
8-OH-dGTP were prepared from dATP, dADP, and dGTP, plasmids containing 2-OH-Ade) was replicated with the
respectively, and were purified by HPLC as describ28l (  Hela extract by an established method, as descriBéd (

24). The purified nucleotides yielded the same ultraviolet 32). The ds plasmid (40 ng) was replicated by the HelLa

spectra as those of the corresponding deoxyribonucleosidesxtract (~250 ug) in a buffer (total 25:L) containing 30

in the literature 25, 26), and each eluted as a single peak in

mM Hepes (pH 7.5), 7 mM MgG] 0.5 mM dithiothreitol,

both reverse-phase and anion-exchange HPLC (data no#%4 mM ATP, 100uM each of dATP, dGTP, dCTP, and dTTP,

shown). Their purities were estimated to be more than 99%.

The SV40 large T antigen and the Hela extract were
purchased from CHIMERXx (Milwaukee, WI). Oligodeox-
yribonucleotides containing 2-OH-Ade and Ade for vector
construction were purified as describ&¥), Other oligode-
oxyribonucleotides were from Hokkaido System Science

50 uM each of GTP, CTP, and UTP, 40 mM phosphocre-
atine, 0.625 unit of creatine phosphokinase, apd df large
T antigen, with or without oxidatively damaged nucleotide-
(s). The mixture was incubated at 3 for 4 h, and the
reaction was terminated by the addition of EDTA to a final
concentration of 15 mM. The proteins were removed by

(Sapporo, Japan) and Sigma Genosys Japan (Ishikari, Japargxtractions with phenetchloroform (twice) and chloroform,

in purified forms. The pSVKAM189/M13R plasmid was
previously constructed2@). The E. coli strain KS40 [ac-
Z(am), CA7070Q lacYl, hsdR hsdM A(araABC-ley7679,
galU, galK, rpsL, thi, gyrAl/pOF105 @9) was provided by
Dr. Tatsuo Nunoshiba, of Tohoku University, and was used
as an indicator strain of theupF mutants.

Preparation of the XP-V ExtrackKP-V cell extracts were
prepared as described previousBo). Briefly, XP2SA-SV
cells, grown in 10 roller bottles at 37C in Dulbecco’s

and the DNA was precipitated with ethanol in the presence
of 10 ug of tRNA. The recovered DNA was treated with
Dpnl to digest the unreplicated plasmids. After the removal
of proteins by passage through a Micropure EZ device, the
DNA was purified by ethanol precipitation. Replication
reactions were carried out similarly, with 12§ of the XP-V
cell extract.

Mutagenesis Experiment§he DNAs obtained after the
in vitro replication reactions were transfected irio coli

modified Eagle’s medium supplemented with 10% fetal KS40/pOF105 cells by electroporation, using a Gene Pulser
bovine serum, were harvested by gentle scraping and low-Il transfection apparatus with a pulse controller Il (Bio-Rad,
speed centrifugation. After a wash with phosphate-buffered Hercules, CA). The mutant frequency was calculated ac-

saline, the cells were suspended in four-packed cell volumescording to the number of colonies on a LuriBertani agar

of hypotonic buffer 20 mM HepeskKOH (pH 7.4), 1.5 mM
MgCl,, 5 mM KCI, 2 mM dithiothreitol, 0.5 mM phenyl-
methanesulfonyl fluoride, 0.2g/mL aprotinin, 0.2ug/mL

leupeptin, 0.Jug/mL antipain, and 5@M EGTA] and were

plate containing nalidixic acid (5@g/mL), streptomycin (100
ug/mL), ampicillin (150xg/mL), and chloramphenicol (30
ug/mL) and the number of colonies on an agar plate
containing ampicillin and chloramphenicol, as descritg).

disrupted in an all-glass Dounce homogenizer. The suspen- The nucleotide sequences of igpFgene were analyzed
sion was adjusted to contain 0.2 M NacCl, and an extract by sequencing as described previous3g)( using an ABI

was obtained by centrifugationrfd h at10000@. Then,

the supernatant was brought to 70% saturation with am-

PRISM big dye terminator cycle sequencing kit and an ABI
model 377 DNA sequencer (Applera, Norwalk, CT).
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Table 1: Mutant Frequencies after Replication in HeLa Extracts

no. of colonies

oxidized nucleotides added no. of replications total mutant mutant frequeri€yY)
none 6 33216500 1280 3.9
200uM 2-OH-dADP 3 25559400 701 2.7
200uM 2-OH-dATP 4 21416311 1329 6.2
200uM 8-OH-dGTP 3 10625500 3300 31.1
200uM 8-OH-dGTP+ 200uM 2-OH-dADP 3 7057254 6839 96.9
200uM 8-OH-dGTP+ 200uM 2-OH-dATP 3 6850730 9319 136.0
100uM 8-OH-dGTP 3 5671800 205 3.6
100uM 8-OH-dGTP+ 100uM 2-OH-dATP 3 2117200 353 16.7
400uM 8-OH-dGTP 3 307000 914 297.7
400uM 8-OH-dGTP+ 400uM 2-OH-dATP 3 715400 7230 1013.5

Table 2: Spectra of Mutations Induced by Oxidized Nucleotides in HeLa Extracts
none 8-OH-dGTP 8-OH-dGT# 2-OH-dATP
cases found (%) MFX10-5)2 cases found (%) MFX10-5)2 cases found (%) MFX10-5)2

single-base substitutions

transitions
G:Cto AT 17 (16) 0.6 4(4) 1.3 0(0) 0.0
A-TtoGC 6 (6) 0.2 0(0) 0.0 1(1) 1.3
transversions
G:Cto CG 5(5) 0.2 0(0) 0.0 0(0) 0.0
G:Cto T-A 9(8) 0.3 1) 0.3 0(0) 0.0
A TtoCG 4(4) 0.1 78 (80) 25.0 95 (94) 127.9
A-TtoT-A 1) 0.0 2(2) 0.6 0(0) 0.0
one-base deletion
AA-T 10(9) 0.4 2(2) 0.6 2(2) 2.7
AG-C 34 (32) 1.2 4 (4) 1.3 2(2) 2.7
tandem base substitution
GG to AA 17 (16) 0.6 1) 0.3 0(0) 0.0
others 4(4) 0.1 5(5) 1.6 1) 1.3
total 107 (100) 3.9 97 (100) 31.1 101 (100) 136.0

aMF means mutation frequency.

Quantitation of 8-OH-dGTPThe amount of 8-OH-dGTP  purified, and then transfected into the indicator strain, KS40/
in a reaction mixture was determined by anion-exchange pOF105 29).
HPLC (17). Two hundred micromolar 8-OH-dGTP, 20M When only the four unmodified dNTPs were present in
8-OH-dGTP plus 20@M 2-OH-dADP, and 20(«M 8-OH- the reaction mixture, the observed mutant frequency was 3.9
dGTP plus 20uM 2-OH-dATP were incubated with the  x 1075 (Table 1). With the addition of 200M 8-OH-dGTP,
Hela extract at 37C, as described above, except that the the mutant frequency reached 31x1 10°5. The mutant
plasmid and the large T antigen were not included in the frequency also increased when 200 2-OH-dATP was
mixture. Reactions were terminated by the addition of ice- present during the DNA synthesis, although 2-OH-dATP was
cold EDTA to a final concentration of 15 mM. All samples |ess mutagenic than 8-OH-dGTP in this assay system.
were fractionated by a TSK-gel DEAE-2SW column (Tosoh, Remarkably, theupFmutant frequency was quite high4-
Tokyo, Japan), with isocratic elution by 75 mM phosphate fold) when 200uM 8-OH-dGTP was coexistent with 200
buffer (pH 7.0) and 20% acetonitrile at a flow rate of 0.8 ;M 2-OH-dATP (136.0x 1075, Table 1). These results
mL/min. The amounts of the nucleoside triphosphates and suggest that 8-OH-dGTP and 2-OH-dATP enhanced muta-
their hydrolyzed products were quantitated by measuring thetions in a synergistic manner. Similar enhancement was also
area of UV absorbance (at 300 nm). observed when the two oxidized deoxyribonucleotides were

included in the extract at 100 and 4@ concentrations

RESULTS (Table 1). The mutant frequencies for 100 and 400

Increase of Mutant Frequency by the Addition of 8-OH- 8-OH-dGTP were increased from 3.6 to 16<710° and
dGTP plus 2-OH-dATPThe mutagenic potentials of oxi- from 297.7 to 1013.5¢< 10°%, respectively, by addition of
dized deoxyribonucleotides, 8-OH-dGTP and 2-OH-dATP, the same concentrations of 2-OH-dATP.
have been examined by in vitro replication reactions using Mutation Spectrum of 8-OH-dGTP plus 2-OH-dAWe
a Hela extract as a good model for replication in living then analyzed the sequences of supFgenes obtained in
cells 21, 22). In this study, the two oxidized deoxyribo- the control (without an oxidized deoxyribonucleotide), 8-OH-
nucleotides were added in the same replication reactiondGTP, and 8-OH-dGTP plus 2-OH-dATP experiments (Table
mixture to examine the effects of their coexistence. Sing~ 2). 8-OH-dGTP induced A’ — C-G transversions, as
gene was chosen as the mutagenesis target, and the plasmigported previously 21). Almost all of the substitution
DNA containing the gene, pSVKAM18R(), was added  mutations found were also-A — C-G transversions in the
as the template to the replication reaction mixtures. The 8-OH-dGTP plus 2-OH-dATP experiment. Since 2-OH-
plasmid DNA was replicated with the Hela extract, dATP induces & — A-T and GC — T-A mutations in
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Ficure 1: Overall distribution of the point mutations detected in shipFgene. The sequence of the upper strand of the plasmid is shown.
The mutations obtained with 20M 8-OH-dGTP and those induced by 200 8-OH-dGTP plus 20&M 2-OH-dATP are shown above
and below the sequence, respectively. The symbodpresents a deletion. A tandem two-base substitution is shown in parentheses. The
symbolA above and below the midpoint of positions-686 represents the deletion of either of the G residues located at positiot§ 64
The symbolA above the midpoint of positions 989 represents the deletion of either of the A residues located at positier899The
symbolA above position 136 represents the deletion of either of the C residues located at positiod88.3@nesupFmutant colony (a)
obtained with the 8-OH-dGTP experiment contained twe~AC mutations at positions 90 and 97. CswpF mutant colony (b) obtained
with the 8-OH-dGTP experiment contained two—TG mutations at positions 96 and 124. GawF mutant colony (c) obtained with the
8-OH-dGTP plus 2-OH-dATP experiment contained twe-AC mutations at positions 81 and 90. OsigF mutant colony (d) obtained
with the 8-OH-dGTP plus 2-OH-dATP experiment contained twe-TG mutations at positions 102 and 129. GaupFmutant colony (e)
obtained with the 8-OH-dGTP plus 2-OH-dATP experiment contained twe T mutations at positions 115 and 133. The anticodon
corresponds to positions 997.

Table 3: Mutant Frequencies after Replication in XP-V Extracts

no. of colonies

oxidized nucleotides added no. of replications total mutant mutant frequeridy )
none 6 1688200 246 14.6
200uM 2-OH-dADP 1 35480 8 22.6
200uM 2-OH-dATP 2 42960 10 23.3
200uM 8-OH-dGTP 5 1051040 369 35.1
200uM 8-OH-dGTP+ 200uM 2-OH-dADP 3 939400 1036 110.1
200uM 8-OH-dGTP+ 200uM 2-OH-dATP 5 722650 1570 217.3

this in vitro replication system2@Q), the observed A’ — 2-OH-dATP in highly erroneous manner34j. As shown
C-G transversions in the 8-OH-dGTP plus 2-OH-dATP in Tables 3 and 4, the effects of 8-OH-dGTP and 8-OH-
experiment suggest that 2-OH-dATP enhanced the mutage-dGTP plus 2-OH-dATP on the mutant frequencies and the
nicity of 8-OH-dGTP. mutation spectra during in vitro replication with the XP-V
Mutational hot spots were observed at positions 68, 96, extract were similar to those with the HelLa extract. Thus, it
97, 123, and 127 in the 8-OH-dGTP experiment (Figure 1). was unlikely that DNA poly played a major role in the
The major hot spot was present at position 96. On the othermutagenic effects of these oxidized deoxyribonucleotides.
hand, the distribution of the A — C-G transversion Possibility of Enhanced 8-OH-dGTP Incorporation by
mutations was slightly changed by the addition of 2-OH- 2-OH-Ade.We assumed that the effect of 2-OH-dATP on
dATP. These positions were also identified as mutational the mutagenicity of 8-OH-dGTP upon replication in the HeLa
hot spots, and position 96 was also the major hot spot in theextract might originate from 2-OH-Ad&-OH-Gua base pair
8-OH-dGTP plus 2-OH-dATP experiment. However, only formation. The base pair could be formed when supF
five colonies were found to have the A— C-G transversion  gene is replicated twice in the HelLa extract. Judging from
at position 97 for 8-OH-dGTP plus 2-OH-dATP (Figure 1). the mutation spectrum of 8-OH-dGTP plus 2-OH-dATP, this
Instead, position 68 seemed to be the second major hot spotputative base pair was expected to be formed-atgites in
DNA Pol# Is Not Involved in the Synergistic EffeciVe the wild-type supF gene. Thus, this base pair might be
next carried out in vitro replication reactions using an extract formed by the incorporation of 2-OH-dATP opposite T, and
of XP-V cells lacking a Y-family DNA pol, poly, since the subsequent 8-OH-dGTP insertion opposite the incorpo-
DNA pol # has been shown to incorporate 8-OH-dGTP and rated 2-OH-Ade base, during the next round of replication.
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Table 4: Spectra of Mutations Induced by Oxidized Nucleotides in XP-V Extracts

none 8-OH-dGTP 8-OH-dGTR 2-OH-dATP
cases found (%) MFx107%)2 cases found (%) MFx1075)2 cases found (%) MFX107%)2
single-base substitutions
transitions
G-Cto AT 39 (19) 2.8 6 (8) 2.8 7 (6) 12.6
A-TtoG-C 4(2) 0.3 0 (0) 0.0 1(1) 1.8
transversions
G-Cto CG 14 (7) 1.0 1(1) 0.5 3(3) 5.4
G-Cto T-A 36 (18) 2.6 4 (5) 1.9 2(2) 3.6
A-Tto CG 6 (3) 0.4 35 (47) 16.6 103 (85) 185.0
A-Tto T-A 9(4) 0.6 2(3) 0.9 0(0) 0.0
one-base deletion
AA-T 24 (12) 17 8 (11) 3.8 4(3) 7.2
AG-C 56 (28) 4.0 11 (15) 5.2 1(1) 1.8
tandem base substitution
GG to AA 4(2) 0.3 2(3) 0.9 0 (0) 0.0
others 12 (6) 0.9 4 (5) 19 0(0) 0.0
total 204 (100) 14.6 74 (100) 35.1 121 (100) 217.3
aMF means mutation frequency.
Table 5: AT to C-G Mutations Induced by 8-OH-dGTP at Position 96 of tupF Gené
control 94-A0H 96-A0OH
none 8-OH-dGTP none 8-OH-dGTP none 8-OH-dGTP
A-T to C-G at position 96 1(2) 25 (136) 0(0) 7 (34) 24 9 (56)
total AT to C:G 12 (24) 69 (375) 9 (21) 50 (240) 11 (24) 44 (278)

aCases found in sequencing experiments. Mutation frequengi&8 f)

are shown in parentheses.

5'- AAAGGGAGCA GACTCTAAAT CTGCCGTCAT -3'
3- TTTCCCTCGT CTGXGXTTTA GACGGCAGTA-5'

-

22 mer Lower

Ficure 2: Double-stranded plasmid DNAs containing 2-OH-Ade
in thesupFgene. A portion of the nucleotide sequence ofshpF
gene (nts 81110) is shown. The 22mer Lower corresponds to the
oligodeoxyribonucleotides described in the Materials and Methods
section. The X’s indicate the positions where either the 2-OH-Ade
or the unmodified Ade base was incorporated.

We examined this possibility by the replication of template
plasmid DNA containing a 2-OH-Ade base. Since position

Suppression of 8-OH-dGTP Degradatiorhe increased
mutation induction by 8-OH-dGTP plus 2-OH-dATP might
be due to a protective effect of 2-OH-dATP on 8-OH-dGTP
degradation. 8-OH-dGTP might be hydrolyzed by a non-
specific nucleotidase/phosphatase(s) in the extract. Although
we added 20@M CTP into the replication reaction mixture
containing 20QuM 8-OH-dGTP, the mutant frequency was
not increased (data not shown). Since much higher amounts
of nucleotides (in total) were included in the mixture (see
the Materials and Methods section), this possibility is
unlikely.

96 was a major hot spot, the 2-OH-Ade base was introduced Both 8-OH-dGTP and 2-OH-dATP are substrates of the

into this position (Figure 2). If 8-OH-dGTP is incorporated
into a template containing 2-OH-Ade more efficiently than
into one containing A, then the-A — C-G (2-OH-Ade—
C) transversion would be induced more frequently.
Alternatively, the presence of 2-OH-Ade might promote
a DNA pol switch, and the specialized DNA pol thus
recruited might be involved in the incorporation of 8-OH-
dGTP opposite A. The 2-OH-Ade base was introduced into
position 94, upstream of the major hot spot (position 96),
and this oxidized base might promote theTA— C-G (A
— C) transversion.

The plasmid DNAs containing 2-OH-Ade were constructed
by extension of a primer with 2-OH-Ade, as describ28) (
(Figure 2). They were added as the template for in vitro
replication reactions using the HelLa extract. As shown in

human MTH1 protein 17), and in the HelLa extract, this
protein may specifically hydrolyze these oxidized deoxyri-
bonucleotides during the incubation. Since 2-OH-dATP is
hydrolyzed more efficiently than 8-OH-dGTP by the human
MTHL1 protein, the hydrolysis of 8-OH-dGTP by MTHL1 in
the extract might be inhibited by the addition of 2-OH-dATP.
Indeed, the coexistence of 2-OH-dATP suppressed the
hydrolysis of 8-OH-dGTP catalyzed by the purified MTH1
protein in vitro (L7). Since 2-OH-dADP is a more potent
inhibitor of MTH1 than 2-OH-dATP, the addition of 2-OH-
dADP might increase the mutagenicity of 8-OH-dGTP, by
protecting it from degradation by MTHIY). Previously, it
was observed that the addition of 2-OH-dADP enhanced the
mutagenicity of 2-OH-dATP during replication reactions with
the extract, possibly due to inhibition of the MTH1 protein

Table 5, the presence of 2-OH-Ade did not cause an increasgand/or its functional homologue22). Thus, we added 200

in AT — C-G (A — C) transversions at either position 96
or at other positions. Thus, these results exclude the
possibility that 2-OH-Ade in the template DNA caused the

uM 2-OH-dADP into the replication reaction mixture with
200 uM 8-OH-dGTP. As shown in Table 1, 2-OH-dADP
actually enhanced the mutagenicity of 8-OH-dGTP [(31.1

enhanced mutation frequency. In addition, the results sugges96.9) x 10-5]. However, the enhancement seemed to be less
that 2-OH-Ade in the complementary strand did not suppressefficient than that obtained by the addition of the same

the removal of 8-OH-Gua in the extract (see Discussion).

concentration of 2-OH-dATP, although this difference is
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Ficure 3: Hydrolysis of 8-OH-dGTP in the Hela extract,
monitored by anion-exchange HPLC. (A) 2@M 8-OH-dGTP,

(B) 200 4M 8-OH-dGTP plus 20@:M 2-OH-dADP, and (C) 200
uM 8-OH-dGTP plus 20uM 2-OH-dATP were incubated with
the Hela extract at 37C for 30 min. The elution solution was
20% acetonitrile and 75 mM sodium phosphate buffer, pH 7.0
(isocratic). The triangles in panels B and C represent 2-hydroxy-
2'-deoxyadenosine’8nonophosphate. Abbreviations: 8-OH-dG,
8-hydroxy-2-deoxyguanosine; 8-OH-dGMP, 8-hydroxi+deox-
yguanosine Bmonophosphate.

statistically insignificant [mutant frequencies were 91.8
(£12.3) x 10°°for 8-OH-dGTP plus 2-OH-dADP and 119.6
(£17.4) x 10°° for 8-OH-dGTP plus 2-OH-dATP, when

Satou et al.

However, the inhibition of the MTHZ1(-like) protein could
not completely explain the effect of 2-OH-dATP since 2-OH-
dATP seemed to enhance mutagenicity of 8-OH-dGTP more
efficiently than 2-OH-dADP in the HeLa and XP-V extracts
(Tables 1 and 3).

DISCUSSION

We found that 2-OH-dATP enhanced the mutagenicity of
8-OH-dGTP in in vitro replication (Table 1). We used 200
UM 8-OH-dGTP and 2-OH-dATP in the experiments but
obtained similar results when the two oxidized deoxyribo-
nucleotides were included in the extract at 0@ concen-
trations as unmodified deoxyribonucleotides (Table 1). This
effect could be interpreted as (i) higher incorporation of
8-OH-dGTP, (ii) inhibition of the removal of incorporated
8-OH-Gua residues, and/or (iii) protection of 8-OH-dGTP
from (pyro)phosphatase(s).

The first hypothesis is that 2-OH-dATP enhances the
incorporation of 8-OH-dGTP into the growing DNA chain.
We assumed that the incorporation of 8-OH-dGTP would
occur opposite 2-OH-Ade in the template DNA strand and
examined this possibility with plasmid DNA containing
2-OH-Ade at position 96, the major hot spot of the induced
A-T — C-G mutations. Moreover, plasmid DNA containing
2-OH-Ade at position 94, two bases upstream, was also
prepared, under the assumption that an error-prone, special-
ized DNA pol would be recruited by the upstream 2-OH-
Ade residue. As shown in Table 5, however, the results
obtained with the plasmid DNAs containing a 2-OH-Ade
base did not support these possibilities. Alternatively, 2-OH-
dATP might act as a regulator of DNA pol(s). DNA synthesis
in a Xenopusgg lysate is delayed by 8-OH-dGTP through

mutant frequencies were calculated using those obtained inthe activation of protein kinase89). 2-OH-dATP might
each replication experiment and expressed as averagegeduce the fidelity of DNA pol(s) by direct and/or indirect

(+standard deviation? = 0.087].

mechanism(s) in extracts of human cells. Moreover, 2-OH-

We measured the concentration changes of 8-OH-dGTPJATP might enhance the pol switch, and an error-prone,

in the presence and absence of 2-OH-dATP/2-OH-dADP

specialized DNA pol might be recruited.

during DNA replication reactions. The assay was performed The second hypothesis is the inhibition of DNA repair and/
by anion-exchange HPLC, as described previousK).(To or proofreading. Recently, it was shown that the presence
reduce possible interruption of the detection by various of a DNA lesion suppressed the removal of another DNA
nucleotides and proteins included in the reaction mixture, lesion (refs5—7 and references cited therein). The incorpo-
the wavelength was set at 300 nm rather than 293 nm that israted 2-OH-Ade base might decrease the removal efficiency
Amax Of 8-OH-dGTP. When no 2-OH-dATP/2-OH-dADP was of 8-OH-Gua. This possibility was partially examined by the
added, 8-OH-dGTP was almost completely hydrolyzed to experiments with plasmid DNAs with 2-OH-Ade at positions
the monophosphate and nucleoside derivatives for 30 min94 and 96. After 8-OH-dGTP is incorporated at position 96,
(Figure 3A). This hydrolysis might be catalyzed by the a clustered DNA damage site is formed near position 96.
MTH1 protein. The 8-OH-dGTP degradation was suppressedHowever, as described above, the 2-OH-Ade bases in the
by addition of 2-OH-dADP and 2-OH-dATP (Figure 3B,C). plasmid DNAs did not increase the mutagenicity of 8-OH-
Nearly 50% of 8-OH-dGTP was present in these cases. ThusdGTP, excluding the possibility of reduced DNA repair
2-OH-dATP and 2-OH-dADP inhibited the hydrolysis of caused by 2-OH-Ade in the complementary strand (Table
8-OH-dGTP by MTH1(-like proteins). Unexpectedly, how- 5). Alternatively, 2-OH-Ade might suppress the 8-OH-Gua
ever, 2-OH-dATP but not 2-OH-dADP was detected when removal from the same DNA strand. OGG1 and OGG2 are
2-OH-dADP was added to the reaction mixture at 2 min after base excision repair proteins involved in the removal of
the incubation (data not shown). This conversion from 2-OH- 8-OH-Gua in DNA although OGG1 has a very weak activity
dADP to 2-OH-dATP was conducted by the extract and on 8-OH-GuaA that seemed to cause theelA— C:-G
creatine phosphokinase in the reaction (data not shown). Themutations observed in this study6—43). In addition,
half-life of 8-OH-dGTP was extended froml5 to~30 min mismatch repair might act as defense against 8-OH-Gua
by the addition of 2-OH-dADP or 2-OH-dATP (data not derived from 8-OH-dGTP44). Although the involvement
shown). Thus, both 2-OH-dATP and 2-OH-dADP suppressed of these repair proteins in 2-OH-Ade removal has not been
the hydrolysis of 8-OH-dGTP, and this would be the major reported, they might bind to 2-OH-Ade in DNA in the
reason of the enhanced mutagenicity of the oxidized dGTP. extract, thus suppressing the removal of 8-OH-Gua. We
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cannot disregard this possibility at this time. Another possible REFERENCES

mechanism for the removal of incorporated 8-OH-Gua is the
proofreading activity of DNA pols. However, it is difficult
to imagine that 2-OH-Ade in the growing DNA strand
inhibits the proofreading activity-catalyzed elimination of
8-OH-Gua.

The AT — C-G transversions could occur via-&OH-
Gua pair formation. The MYH (MUTYH) protein removes
the adenine base from the &OH-Gua pair 45—48). If the
removal occurred in the extract, then it would enhance the
A-T — C-G transversions. The MUTYH protein also
removes 2-OH-Ade from any base pair involving the
oxidized base48). Therefore, the presence of 2-OH-Ade
bases in DNA could reduce the adenine removal from
the A-8-OH-Gua pairs under certain conditions. Thus,
the suppression of the MYH activity toward-&OH-Gua
cannot explain the 2-OH-dATP effects observed in this
study.

We examined the third hypothesis by quantitation of
8-OH-dGTP in the reaction mixture. The MTHL1 protein, a
specific pyrophosphatase for 8-OH-dGTP, seems to be the
major hydrolysis enzyme for 8-OH-dGTP in the Hela
extract, since MTH1-null mouse embryo fibroblasts were
reportedly unable to hydrolyze 8-OH-dGTR9]. Addition
of 2-OH-dATP and 2-OH-dADP actually suppressed the
hydrolysis of 8-OH-dGTP by MTH1(-like proteins), and the
suppressive effects were similar for both deoxyribonucle-
otides (Figure 3). However, the enhancement of the mutations
by 8-OH-dGTP seemed to be larger for 2-OH-dATP than
2-OH-dADP (Tables 1 and 3). Thus, the inhibition of the
MTHZ1(-like) protein did not completely explain the effect
of 2-OH-dATP. Further studies are necessary for a full
understanding of the 2-OH-dATP effects observed in this
study.

Another interesting point is which DNA pol was involved
in the AT — C-G transversions induced by 8-OH-dGTP
(plus 2-OH-dATP). Previously, Shimizu et al. observed that
human DNA pol#, one of the specialized DNA pols,
incorporates 8-OH-dGTP and 2-OH-dATP in highly errone-
ous manners34). We examined this possibility by the use
of an extract prepared from XP-V cells lacking the functional
XP-V protein (DNA pol#). As shown in Tables 3 and 4,

we did not observe marked changes in the mutant frequencies 14

and the mutation spectra of the reactions with the XP-V cell
extract as compared to the replication with the HelLa extract.
Thus, DNA poly seemed to play a minor role, if any, in the
synergistic effects of 8-OH-dGTP plus 2-OH-dATP (in
addition to the incorporation of 8-OH-dGTP) in this in vitro
replication system.

In conclusion, we found that 2-OH-dATP enhanced the
mutagenicity of 8-OH-dGTP during in vitro replication using
a Hela extract. In the present study, the well-established,
SV40 origin-dependent in vitro replication system, which is
commonly used as a good model for replication in living
cells, was employed. Multiple kinds of oxidized deoxyribo-
nucleotides could be formed by the actions of ROS in the
nucleotide pool. As a similar situation, 8-OH-dGTP and
2-OH-dATP could coexist in a single cell. Thus, the effects
of the coexistence of the two oxidized deoxyribonucleotides
in mammalian cells are of great interest. Experiments along
this line are in progress.

1.

2

3.

9.

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

Ames, B. N. (1983) Dietary carcinogens and anticarcinogens,
Science 2211256-1264.

. Harman, D. (1981) The aging proceBsyc. Natl. Acad. Sci. U.S.A.

78, 7124-7128.

Kamiya, H. (2004) Mutagenicities of 8-hydroxyguanine and
2-hydroxyadenine produced by reactive oxygen spedsésl,
Pharm. Bull. 27 475-479.

. Kamiya, H. (2003) Mutagenic potentials of damaged nucleic acids

produced by reactive oxygen/nitrogen species: Approaches using
synthetic oligonucleotides and nucleotidssicleic Acids Res. 31
517-531.

. Dianov, G. L., O'Neill, P., and Goodhead, D. T. (2001) Securing

genome stability by orchestrating DNA repair: removal of
radiation-induced clustered lesions in DNBipEssays 23745~
749.

.Lomax, M. E., Gulston, M. K., and O’Neill, P. (2002) Chemical

aspects of clustered DNA damage induction by ionizing radiation,
Radiat. Prot. Dosim. 9963—68.

. Terato, H., and Ide, H. (2004) Clustered DNA damage induced

by heavy ion particlesBiol. Sci. Space 1806—-215.

. Kamiya, H., and Kasai, H. (1995) Formation of 2-hydroxydeoxy-

adenosine triphosphate, an oxidatively damaged nucleotide, and
its incorporation by DNA polymerases]. Biol. Chem. 270
19446-19450.

Murata-Kamiya, N., Kamiya, H., Muraoka, M., and Kasai, H.
(1997) Comparison of oxidation products from DNA components
by y-irradiation and Fenton-type reactionk, Radiat. Res. 38
121-131.

Frelon, S., Douki, T., and Cadet, J. (2002) Radical oxidation of
the adenine moiety of nucleoside and DNA: 2-hydroxy-2
deoxyadenosine is a minor decomposition prodecte Radical
Res. 36499-508.

Nunoshiba, T., Watanabe, T., Nakabeppu, Y., and Yamamoto, K.
(2002) Mutagenic target for hydroxyl radicals generated in
Escherichia colimutant deficient in Mn- and Fe-superoxide
dismutases and Fur, a repressor for iron-uptake systBiNg,
Repair 1, 411-418.

Inoue, M., Kamiya, H., Fujikawa, K., Ootsuyama, Y., Murata-
Kamiya, N., Osaki, T., Yasumoto, K., and Kasai, H. (1998)
Induction of chromosomal gene mutationssscherichia coliby
direct incorporation of oxidatively damaged nucleotidesBiol.
Chem. 27311069-11074.

Maki, H., and Sekiguchi, M. (1992) MutT protein specifically
hydrolyses a potent mutagenic substrate for DNA synthisitire

355 273-275.

Kamiya, H., Murata-Kamiya, N., lida, E., and Harashima, H.
(2001) Hydrolysis of oxidized nucleotides by tRecherichia coli
Orf135 proteinBiochem. Biophys. Res. Commun. 2889-502.
Nunoshiba, T., Ishida, R., Sasaki, M., lwai, S., Nakabeppu, Y.,
and Yamamoto, K. (2004) A novel Nudix hydrolase for oxidized
purine nucleoside triphosphates encoded by ORFYLR151c (PCD1
gene) inSaccharomyces carsiae, Nucleic Acids Res. 35339~
5348.

Mo, J.-Y., Maki, H., and Sekiguchi, M. (1992) Hydrolytic
elimination of a mutagenic nucleotide, 8-oxodGTP, by human 18-
kilodalton protein: sanitization of nucleotide podroc. Natl.
Acad. Sci. U.S.A. §911021-11025.

Fujikawa, K., Kamiya, H., Yakushiji, H., Fujii, Y., Nakabeppu,
Y., and Kasai, H. (1999) The oxidized forms of dATP are
substrates for the human MutT homologue, the hMTH1 protein,
J. Biol. Chem. 27418201-18205.

Waga, S., and Stillman, B. (1994) Anatomy of a DNA replication
fork revealed by reconstitution of SV40 DNA replicationeitro,
Nature 369 207—212.

Waga, S., Bauer, G., and Stillman, B. (1994) Reconstitution of
complete SV40 DNA replication with purified replication factors,
J. Biol. Chem. 26910923-10934.

Masutani, C., Araki, M., Yamada, A., Kusumoto, R., Nogimori,
T,. Maekawa, T., lwai, S., and Hanaoka, F. (1999) Xeroderma
pigmentosum variant (XP-V) correcting protein from HelLa cells
has a thymine dimer bypass DNA polymerase acti\iy|BO J.

18, 3491-3501.

Pavlov, Y. I., Minnick, D. T., lzuta, S., and Kunkel, T. A. (1994)
DNA replication fidelity with 8-oxodeoxyguanosine triphosphate,
Biochemistry 334695-4701.

Satou, K., Harashima, H., and Kamiya, H. (2003) Mutagenic
effects of 2-hydroxy-dATP on replication in a HelLa extract:



6646 Biochemistry, Vol. 46, No. 22, 2007

23.

24.

25.

26.

27.

28.

20.

30.

31.
32.

33.

34.

35.

36.

37.

induction of substitution and deletion mutatioMucleic Acids
Res. 312570-2575.

Cheng, K. C., Cahill, D. S., Kasai, H., Nishimura, S., and Loeb,
L. A. (1992) 8-Hydroxyguanine, an abundant form of oxidative
DNA damage, causes-&T and A—C substitutions). Biol. Chem.
267, 166-172.

Kamiya, H., and Kasai, H. (1995) Formation of 2-hydroxydeoxy-
adenosine triphosphate, an oxidatively damaged nucleotide, and
its incorporation by DNA polymerases]. Biol. Chem. 270
19446-19450.

Kasai, H., and Nishimura, S. (1984) Hydroxylation of deoxygua-
nosine at the C-8 position by ascorbic acid and other reducing
agentsNucleic Acids Res. 121372145.

Kazimierczuk, Z., Mertens, R., Kawczynski, W., and Seela, F.
(1994) 2-Deoxyisoguanosine and base-modified analogues: Chemi-
cal and photochemical syntheslselv. Chim. Acta 74 1742—
1748.

Kamiya, H., and Kasai, H. (1997) Substitution and deletion
mutations induced by 2-hydroxyadenine Escherichia coti
Effects of sequence contexts in leading and lagging strands,
Nucleic Acids Res. 25304-310.

Satou, K., Kasai, H., Harashima, H., and Kamiya. H. (2006)
Induction of substitution and deletion mutations by 2-hydroxy-
adenine during replication in a HeLa extraGgnes Eniron. 28,
92—-96.

Obata, F., Nunoshiba, T., Hashimoto-Gotoh, T., and Yamamoto,
K. (1998) An improved system for selection of forward mutations
in an Escherichia coli supFgene carried by plasmidd, Radiat.
Res. 39263-270.

Kamiya, H., and Kasai, H. (2000) 2-Hydroxy-dATP is incorporated
opposite G byEscherichia coliDNA polymerase Il resulting in
high mutagenicityNucleic Acids Res. 28640-1646.

Li, J. J., and Kelly, T. J. (1984) Simian virus 40 DNA replication
in vitro, Proc. Natl. Acad. Sci. U.S.A. 86973-6977.

Li, J. J., and Kelly, T. J. (1985) Simian virus 40 DNA replication
in vitro: specificity of initiation and evidence for bidirectional
replication,Mol. Cell. Biol. 5 1238-1246.

Murata-Kamiya, N., Kamiya, H., and Kasai, H. (1997) Glyoxal,
a major product of DNA oxidation, induces mutations at G:C sites
on a shuttle vector plasmid replicated in mammalian cHllsleic
Acids Res. 251897-1902.

Shimizu, M., Gruz, P., Kamiya, H., Kim, S.-R., Pisani, F. M.,
Masutani, C., Kanke, Y., Harashima, H., Hanaoka, F., and Nohmi,
T. (2003) Erroneous incorporation of oxidized DNA precursors
by Y-family DNA polymerasesEMBO Rep. 4269-273.

Kai, T., Matsunaga, R., Eguchi, M., Kamiya, H., Kasai, H., Suzuki,
M., and lzuta, S. (2002) An oxidized nucleotide affects DNA
replication through activation of protein kinases¥enopusegg
lysate,Nucleic Acids Res. 3G69-573.

Aburatani, H., Hippo, Y., Ishida, T., Takashima, R., Matsuba, C.,
Kodama, T., Takao, M., Yasui, A., Yamamoto, K., Asano, M.,
Fukasawa, K., Yoshinari, T., Inoue, H., Ohtsuka, E., and Nish-
imura, S. (1997) Cloning and characterization of mammalian
8-hydroxyguanine-specific DNA glycosylase/apurinic, apyrimi-
dinic lyase, a functional mutM homologu@ancer Res. 52151
2156.

Bjoras, M., Luna, L., Johnsen, B., Hoff, E., Haug, T., Rognes, T.,

and Seeberg, E. (1997) Opposite base-dependent reactions of a

38.

39.

40.

41.

42.

43.

44,

46.

Satou et al.

human bese excision repeir enzyme on DNA containing 7,8-
dihydro-8-oxoguanine and abasic site&BO J 16, 6314-6322.
Rosenquist, T. A., Zharkov, D. O., and Grollman, A. P. (1997)
Cloning and characterization of a mammalian 8-oxoguanine DNA
glycosylaseProc. Natl. Acad. Sci. U.S.A. 92429-7434.
Radicella, J. P., Dherin, C., Desmaze, C., Fox, M. S., and Boiteux,
S. (1997) Cloning and characterization of hOGG1, a human
homolog of the OGG1 gene &accharomyces cerisiae, Proc.
Natl. Acad. Sci. U.S.A. 98010-8015.

Rolda-Arjona, T., Wei, Y.-F., Carter, K. C., Klungland, A.,
Anselmino, C., Wang, R.-P., Augustus, M., and Lindahl, T. (1997)
Molecular cloning and functional expression of a human cDNA
encoding the antimutator enzyme 8-hydroxyguanine-DNA gly-
cosylaseProc. Natl. Acad. Sci. U.S.A. 98016-8020.

Lu, R., Nash, H. M., and Verdine, G. L. (1997) A mammalian
DNA repair enzyme that excises oxidatively damaged guanines
maps to a locus frequently lost in lung cand@uyr. Biol. 7, 397—

407.

Arai, K., Morishita, K., Shinmura, K., Kohno, T., Kim, S.-R.,
Nohmi, T., Taniwaki, M., Ohwada, S., and Yokota, J. (1997)
Cloning of a human homolog of the yeast OGG1 gene that is
involved in the repair of oxidative DNA damag@ncogene 14
2857-2861.

Hazra, T. K., Izumi, T, Maidt, L., Floyd, R. A., and Mitra, S.
(1998) The presence of two distinct 8-oxoguanine repair enzymes
in human cells: their potential complementary roles in preventing
mutation,Nucleic Acids Res. 26116-5122.

Colussi, C., Parlanti, E., Degan, P., Aquilina, G., Barnes, D.,
Macpherson, P., Karran, P., Crescenzi, M., Dogliotti, E., and
Bignami, M. (2002) The mammalian mismatch repair pathway
removes DNA 8-oxodGMP incorporated from the oxidized dNTP
pool, Curr. Biol. 12, 912-918.

. Slupska, M. M., Luther, W. M., Chiang, J.-H., Yang, H., and

Miller, J. H. (1999) Functional expression of hMYH, a human
homolog of theEscherichia coliMutY protein,J. Bacteriol. 181
6210-6213.

McGoldrick, J. P., Yer, Y.-Solomon, C., M., Essigmann, J. M.,
and Lu, A.-L. (1995) Characterization of a mammalian homolog
of the Escherichia coliMutY mismatch repair proteiriViol. Cell.
Biol. 15, 989-996.

. Takao, M., Zhang, Q.-M., Yonei, S., and Yasui, A. (1999)

Differencial subcellular localization of human MutY homolog
(hMYH) and the functional activity of adenine:8-oxoguanine DNA
glycosylaseNucleic Acids Res. 28638-3644.

. Ohtsubo, T., Nishioka, K., Imaiso, Y., lwai, S., Shimokawa, H.,

Oda, H., Fujikawa, T., and Nakabeppu, Y. (2000) Identification
of human MutY homolog (hMYH) as a repair enzyme for
2-hydroxyadenine in DNA and detection of multiple forms of
hMYH located in nuclei and mitochondriéNucleic Acids Res.
28, 1355-1364.

9. Yoshimura, D., Sakumi, K., Ohno, M., Sakai, Y., Fruichi, M.,

Iwai, S., and Nakabeppu, Y. (2003) An oxidized purine nucleoside
triphosphate, MTH1, suppresses cell death caused by oxidative
stressJ. Biol. Chem. 27837965-37973.

BI062117R



