e
ol

%{} HOKKAIDO UNIVERSITY
N

x‘

<\

Mutagenicity of oxidized DNA precursors in living cells: Roles of nucleotide pool sanitization and DNA repair

Title enzymes, and translesion synthesis DNA polymerases
Author(s) Kamiya, Hiroyuki
Citation Muta_tion Research/Genetic Toxicology and Environmental Mutagenesis, 703(1), 32-36
https://doi.org/10.1016/j.mrgentox.2010.06.003
Issue Date 2010-11-28
Doc URL http://hdl.handle.net/2115/48353
Type article (author version)

File Information

MR703-1_32-36.pdf

°

Instructions for use

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP



https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp

Mutagenicity of oxidized DNA precursors in living cells: Roles of
nucleotide pool sanitization and DNA repair enzymes, and translesion

synthesis DNA polymerases

Hiroyuki Kamiya*

Faculty of Pharmaceutical Sciences, Hokkaido University, Kita-12, Nishi-6, Kita-ku,

Sapporo 060-0812, Japan

*Corresponding author. Tel.: +81-11-706-3733; fax: +81-11-706-4879. E-mail address:

hirokam @pharm.hokudai.ac.jp (Hiroyuki Kamiya).



Abstract

The base moieties of DNA precursors in the nucleotide pool are subjected to oxidative
damage, and the formation of damaged DNA precursors is an important source of
mutagenesis. 8-Hydroxy-2'-deoxyguanosine 5'-triphosphate, also known by the name of
its keto-enol tautomer as 8-0xo-7,8-dihydro-2'-deoxyguanosine 5'-triphosphate, and
2-hydroxy-2'-deoxyadenosine 5'-triphosphate have been identified as the major products
of in vitro oxidation reactions. The mutagenicities of these damaged precursors in living
cells will be summarized in this review. In addition, the roles of the nucleotide pool
sanitization and DNA repair enzymes, and the translesion synthesis DNA polymerases

will be described.
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1. Introduction

DNA lesions are formed by reactive oxygen species (ROS), and the mutational
properties of many DNA lesions have been examined [1]. The formation of damaged
DNA bases is recognized as being related to mutagenesis, carcinogenesis,
neurodegeneration, and aging [2—4]. In addition to the base moieties of DNA, those of
DNA precursors (2'-deoxyribonucleoside 5'-triphosphates) in the cellular nucleotide pool
are also subjected to oxidative damage, and the formation of the damaged DNA
precursors is another source of mutagenesis [5,6]. In in vitro oxidation reactions, guanine
and adenine bases in dG(TP) and dA(TP), respectively, were more susceptible to
oxidation than those in DNA [7,8], and 8-hydroxy-2'-deoxyguanosine 5'-triphosphate
(8-OH-dGTP, 8-0x0-7,8-dihydro-2'-deoxyguanosine 5'-triphosphate) and
2-hydroxy-2'-deoxyadenosine 5'-triphosphate (2-OH-dATP) were identified as the major
products of dGTP and dATP oxidation, respectively (Fig. 1). Moreover, intracellular
DNA is bound with proteins, such as histones, and thus its reactivity would be lower than
that of the “naked” DNA used in the in vitro oxidation reactions. 8§-OH-dGTP was
reportedly present at a concentration of 1-10% relative to unmodified dGTP, a
remarkably high percentage, in the mitochondrial nucleotide pool [9].

The initial step of the mutation process by an oxidized DNA precursor is its
incorporation into DNA. Since it competes with the normal nucleotides, which are

present in much larger amounts in cells, its incorporation efficiency is very important.



The next step of the mutation process is insertion of a nucleobase opposite the damaged
base in the DNA during the next round of replication. The template base paired with the
damaged nucleotide (the first round of replication) and the nucleobase inserted opposite
the damaged base (the next round of replication) are possibly different. In such a case, the
oxidized precursor induces a mutation. For example, an A:T->C:G (A->C) mutation is
induced when 8-OH-dGTP is incorporated opposite A and dCTP is inserted opposite
8-hydroxyguanine (8-OH-Gua, 8-oxo-7,8-dihydroguanine), as described below. In
contrast, dUTP, formed from dCTP, is unlikely to be mutagenic, because dUTP is
exclusively incorporated opposite A, and dATP is exclusively inserted opposite U. Thus,
the kinds of DNA polymerases (pols) involved in the damaged nucleotide incorporation
and the damaged base bypass are the determinant factors since mispair formation depends
on natures of DNA pols.

Nucleotide pool sanitization and DN A repair function as defense systems against
the mutagenesis caused by damaged nucleotides. Specific degradation of the oxidized
DNA precursors by the nucleotide pool sanitization enzyme(s) could prevent their
incorporation by DNA pols. Removal of the base damage derived from the damaged
precursor by DNA repair machinery could restore the DNA to the status before the
incorporation of the oxidized DNA precursor.

In vitro experiments using purified DNA pols, nucleotide pool sanitization

enzymes, and DNA repair proteins have provided quite useful data on the possibilities of



their stimulatory and suppressive roles in the mutation process. Experiments with
synthetic 2'-deoxyribonucleoside 5'-triphosphates in living cells could provide direct
evidence for their roles in the process. In this review, the author will summarize the
mutagenicity of oxidized DNA precursors in living cells, and the roles of the nucleotide
pool sanitization and DNA repair enzymes, and the translesion synthesis (TLS) DNA

pols.

2. Mutations induced by oxidized DNA precursors in living cells

2.1. Induced mutations in bacterial cells

The mutational properties of 8-OH-dGTP and 2-OH-dATP in Escherichia coli
cells were examined by the direct introduction of these damaged DNA precursors into
bacterial cells treated with CaCl, and the isolation of lacl/lacO° and rpoB mutants [10,11].
The introduction of oxidized dGTP and dATP increased the occurrence of substitution
mutations, in contrast to the treatments with unmodified dGTP and dATP. An A:T=>C:G
transversion was the substitution mutation found most frequently in the
8-OH-dGTP-induced mutants [10,11]. The most frequent substitution mutation was a
G:C>T:A transversion in the case of 2-OH-dATP. The A:T->C:G and G:C>T:A
transversions observed for 8-OH-dGTP and 2-OH-dATP, respectively, would be initiated

by their misincorporations opposite A and G (Fig. 2). These interpretations are supported



by the results of in vitro incorporation experiments using E. coli DNA pol III, the
replicative DNA pol [12-14].

In addition, A:T->C:G and G:C->T:A transversion mutations are spontaneous
mutations found in an E. coli strain lacking superoxide dismutases and a repressor for
iron-uptake systems, and Nunoshiba et al. concluded that these mutations would be
caused by 8-OH-dGTP and 2-OH-dATP [15]. Thus, the 8-OH-dGTP and 2-OH-dATP
formed in the nucleotide pool are suggested to be important sources of the mutations
induced by ROS in bacterial cells.

The mutational properties of other damaged DNA precursors produced by ROS
and reactive nitrogen species have been reported [16,17]. In addition, Fapy-dGTP,
N°-(2-deoxy-a,B-D-ribofuranosyl)-2,6-diamino-5-formamido-4-hydroxypyrimidine
S'-triphosphate), another oxidation product of dGTP, is nonmutagenic in E. coli (Kamiya

et al., unpublished results).

2.2.  Induced mutations in mammalian cells

The mutagenicity of 8-OH-dGTP in mammalian cells was examined by the
introduction of 8-OH-dGTP plus shuttle plasmid DNA containing the supF gene into
simian COS-7 and human 293T cells [18,19]. The oxidized form of dGTP induced
A:T->C:G substitution mutations in mammalian cells, as in E. coli cells. In contrast, we

did not detect significant mutation induction by the introduction of 2-OH-d ATP (Satou et



al., unpublished results). Thus, the mutagenic potential of the oxidized form of dATP is
limited in mammalian cells. In agreement with these results, the mutagenicity of
2-OH-d ATP was substantially lower than that of 8-OH-dGTP in in vitro DNA replication

with a HeLa cell extract [20,21].

3. Roles of Y-family DNA polymerases in mutation induction

The initial step of the mutation process by an oxidized DNA precursor is its
incorporation into DNA, and DNA pols play important roles in induced mutation
formation. The TLS DNA pols, including E. coli DNA pol IV (DinB) and human DNA
pols m (XPV) and , reportedly incorporate 8-OH-dGTP opposite A with quite high
frequencies in vitro [22-24]. The incorporation of 2-OH-dATP opposite T and G also
occurs with similar efficiencies by the TLS DNA pols [22-24]. These results suggest that
TLS pols are involved in the misincorporation of 8-OH-dGTP and 2-OH-dATP in cells.
To examine this possibility, these oxidized nucleotides were introduced into E. coli
strains deficient in the TLS DNA pols, DNA pols IV and V (UmuD’,C). Moreover,
8-OH-dGTP was introduced into human 293T cells, in which the TLS DNA pols were
knocked-down by siRNAs.

We expected that the lack of a TLS DNA pol would result in fewer mutations
induced by 8-OH-dGTP and 2-OH-dATP, if the DNA pol was involved in their

misincorporation. In agreement with this speculation, the mutation induced by



2-OH-dATP occurred less frequently in the dinB E. coli strain than in the wild-type (wt)
strain, suggesting the involvement of DNA pol IV in the mutagenesis by 2-OH-dATP
[25]. Meanwhile, the DinB-deficiency had no effect on the mutagenesis by 8-OH-dGTP.
Unexpectedly, in the case of DNA pol V, both 8-OH-dGTP and 2-OH-dATP induced
mutations more efficiently in the umuDC strain than in the wt strain [25]. When
additional pol V was expressed from a plasmid in the wt strain, fewer mutations caused
by 8-OH-dGTP and 2-OH-dATP were detected. These results suggested that pol V
suppressed the mutagenesis induced by these oxidized 2'-deoxyribonucleotides.
Interestingly, the DNA pol activity was not required for the suppressive effects of DNA
pol V. These results suggested that E. coli DNA pol IV is involved in the mutagenesis by
2-OH-dATP, and that the wumuDC gene products play suppressive role(s) in the
mutagenesis by both 8-OH-dGTP and 2-OH-dATP. DNA pol IV seems to facilitate the
mutagenicity of 2-OH-dATP through the misincorporation of 2-OH-dATP [25]. However,
the possibility that DNA pol IV is involved in the incorporation of dTTP opposite
2-hydroxyadenine (2-OH-Ade) and/or the extension from the 3'-terminal 2-OH-Ade
residue during the second round of replication remains to be determined.

To examine the effects of the knock-downs of specialized DNA pols in human
cells, we treated 293T cells with siRNAs against DNA pols m, t, and C, and REV1, and
introduced 8-OH-dGTP into the knocked-down cells [19]. The knock-downs of DNA

pols m and T, and REV1 decreased the frequency of A:T->C:G mutations caused by



8-OH-dGTP. In contrast, the 8-OH-dGTP—-induced mutations were not affected by the
knock-down of DNA pol .. When DNA pols 1 plus € and REV1 plus DNA pol T were
knocked-down (double knock-down experiments), the A:T->C:G mutations induced by
8-OH-dGTP were further reduced. In contrast, the induced mutation frequency was not
decreased by the double knock-down of DNA pol ) plus REV1. These results suggested
that DNA pols m and T, and REVI1, but not DNA pol i, are involved in the
misincorporation of 8-OH-dGTP opposite A, and that REV1-DNA pol 1) and DNA pol C
work in different steps.

Alternatively, these DNA pols might contribute to the insertion of dCTP opposite
8-OH-Gua after 8-OH-dGTP is incorporated into DNA (Fig. 2). To examine this
possibility, we introduced plasmid DNA containing an 8-OH-Gua:A pair, an intermediate
in the mutagenic process of 8-OH-dGTP, into cells with knocked-down TLS DNA pols.
The knock-down of DNA pol m only slightly decreased the frequency of mutations
induced by 8-OH-Gua:A [26]. Moreover, minor, if any, effects were observed for the
knock-downs of DNA pol T and REV 1. Thus, the human DNA pols 1 and T, and REV1

were suggested to be involved in 8-OH-dGTP incorporation into the nascent strand.

4. Prevention of induced mutagenesis by nucleotide pool sanitization enzymes
The specific degradation of damaged DNA precursors (2'-deoxyribonucleoside

S'-triphosphates) is the first defense system against their induced mutagenesis. In 1992,
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Maki and Sekiguchi found that the E. coli MutT (NudA) protein specifically catalyzed
the hydrolysis of 8-OH-dGTP to the corresponding 5'-monophosphate [12]. E. coli and
mammalian cells possess multiple MutT-type enzymes that contain the *“MutT
signature/phosphohydrolase module/Nudix box” [27-29], and their hydrolytic activities
for oxidized DNA precursors have been observed in vitro. The E. coli MutT and Orf17
(NudB) proteins degrade the 2'-deoxyribonucleoside 5'-diphosphates, as well as the
S'-triphosphates, to the 5'-monophosphates [30,31]. The human NUDTS protein catalyzes
the hydrolysis of damaged 2'-deoxyribonucleoside 5'-diphosphates to the monophosphate
derivatives, while the hydrolysis of the 5'-triphosphates is only weakly catalyzed by the
NUDTS protein [32,33].

To address the contribution of the nucleotide pool sanitization enzymes to the
prevention of mutations induced by 8-OH-dGTP and 2-OH-dATP, E. coli cells deficient
in MutT and Orf135 (NudG) were treated with these damaged nucleotides. Exogenous
8-OH-dGTP induced mutations more efficiently in an mutT strain than in the wt strain
[11], providing the first direct evidence that the MutT protein suppresses the mutations by
8-OH-dGTP in vivo. Meanwhile, the frequencies of the mutations caused by 2-OH-dATP
were similar in the mutT and wt strains, in agreement with the fact that MutT does not act
on 2-OH-dATP in vitro [34]. The Orf135 protein catalyzes the hydrolysis of 2-OH-dATP,
and that of 8-OH-dGTP somewhat less efficiently, [35]. In line with these in vitro results,

exogenous 2-OH-dATP caused mutations more efficiently in an orf135 strain than in the
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wt strain [36]. Conversely, the 8-OH-dGTP—induced mutations were similar in both
strains. The importance of the phosphohydrolase activity, particularly the 2-OH-d ATPase
activity, was shown by the expression of various Orf135 mutants in the orfl35 strain
[37,38]. Thus, the MutT and Orfl35 proteins primarily degrade 8-OH-dGTP and
2-OH-dATP, respectively, in E. coli cells.

The Orfl7 protein, another E. coli MutT-type enzyme, catalyzes the hydrolysis
of 8-OH-dATP, and those of 8-OH-dGTP and 2-OH-dATP less efficiently [31]. Plasmid
DNA containing the orfl7 gene in the antisense orientation was introduced into E. coli
cells [39], due to the severe growth inhibition caused by the destruction of the orfl7 gene.
When 8-OH-dGTP and 2-OH-dATP were introduced, their mutagenicities were slightly,
but insignificantly, higher in the knock-down cells than in the control cells (Hori et al.,
unpublished data).

The mammalian MTH1 (NUDT1) and MTH2 (NUDTI15) proteins catalyze the
hydrolysis of 8-OH-dGTP in vitro [40—42]. The human NUDTS5 protein hydrolyzes
8-hydroxy-2'-deoxyguanosine 5'-diphosphate (8-OH-dGDP,
8-0x0-7,8-dihydro-2'-deoxyguanosine 5'-diphosphate) to the 5'-monophosphate derivative,
while it hydrolyzes 8-OH-dGTP only at very low levels [32,33]. To examine the roles of
the three MutT-type proteins in human cells, we treated 293T cells with siRNAs against
MTHI1, MTH2, and NUDTS5, and introduced 8-OH-dGTP into the knocked-down cells

[43]. The knock-downs of all of the MutT-type proteins enhanced the A:T->C:G
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substitution mutations. These results suggested that the three MutT-type enzymes act as a
defense against the mutagenesis induced by oxidized dGTP and exhibit mutually
complementary roles in its elimination from the nucleotide pool. Although the biological
significance of the unique activity of NUDTS is still open to debate, our results indicated
its contribution to nucleotide pool sanitization. 8-OH-dGTP and 8-OH-dGDP are
interconvertible in cells [44], and the removal of either nucleotide may contribute to
mutation prevention to similar degrees. Tsuzuki et al. reported that greater numbers of
tumors were spontaneously formed in the lungs, livers, and stomachs of MTH1-deficient
mice, as compared with wt mice [45]. It would be interesting to examine the phenotypes

of animals deficient in MTH2 and NUDTS.

5. Roles of DNA repair proteins

As described above, the nucleotide pool sanitization enzymes function as the first
defense against the mutagenesis by damaged DNA precursors. Alternatively, DNA repair
enzymes may prevent the mutagenesis by the oxidized 2'-deoxyribonucleotides after their
incorporation into DNA.

We examined this possibility by introducing 8-OH-dGTP into E. coli cells
deficient in the mutY, nth, and nei genes encoding DNA glycosylases, and analyzing the
mutations in the chromosomal rpoB gene (we did not examine the corresponding mutM

strain, due to its significant growth delay as compared to the wt strain) [46]. Exogenous
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8-OH-dGTP increased the rpoB mutant frequency more efficiently in the nth strain than
in the wt strain. In agreement with the results of the 8-OH-dGTP introduction
experiments, the spontaneous mutant frequency in an mutT/nth strain was 2-fold higher
than that in the corresponding mutT strain. Our data suggested that endonuclease III (Nth)
functions as the second defense against 8-OH-dGTP, and are consistent with the previous
report that endonuclease III excises 8-OH-Gua in DNA containing an 8-OH-Gua:A pair
in vitro [47]. In contrast, the mutations induced by exogenous 2-OH-dATP were similar
in all of the strains tested. Thus, the E. coli MutY protein and endonucleases III and VIII
do not seem to act as the defense against the mutagenesis by 2-OH-dATP.

The E. coli UvrA and UvrB proteins, which are involved in nucleotide excision
repair, enhanced the mutations induced by 8-OH-dGTP and 2-OH-dATP by an unknown
mechanism(s) [48].

To examine the roles of DNA glycosylases in the mutagenesis by 8-OH-dGTP in
human cells, we introduced 8-OH-dGTP into 293T cells, in which the target DNA
glycosylases, OGG1, MUTYH, NTHI1, or NEIL1, were knocked-down by siRNAs [49].
The mutations induced by 8-OH-dGTP were reduced by the knock-down of MUTYH, but
the knock-downs of the other glycosylases had no effect on the mutation frequencies.
This result suggests that the 8-OH-Gua: A pair is efficiently converted to the G:C pair by
the excision of the A opposite 8-OH-Gua by MUTYH. This speculation is supported by

the finding that an 8-OH-Gua:A pair in plasmid DNA induced the A:T->C:G mutation
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two-fold less frequently in the MUTYH-knocked-down cells than in the control cells.
Thus, human OGG1, NTHI, and NEIL1 do not act as a defense against the mutagenesis
by 8-OH-dGTP. Conversely, MUTYH enhances mutations by 8-OH-dGTP in the

nucleotide pool.

6. Conclusions

Damaged DNA precursors formed in the nucleotide pool by the action of ROS
contribute to mutation induction in living cells. Some TLS DNA pols are involved in the
incorporation of the oxidized nucleotides (Table 1). The nucleotide pool sanitization
enzymes function as the first defense against the damaged DNA precursors, and most of
the DNA repair enzymes do not prevent the induced mutations. A thorough
understanding of the roles of these proteins is necessary to clarify the effects of oxidized

DNA precursors.

Conflict of interest statement

The author declares that there are no conflicts of interest.

Acknowledgements
The author wishes to thank the collaborators who participated in the experiments

described in this paper. Work in our laboratory was supported in part by Grants-in-Aid



15

from the Japan Society for the Promotion of Science, and the Ministry of Education,
Culture, Sports, Science and Technology of Japan, the Takeda Science Foundation, the

Research Foundation for Pharmaceutical Sciences, and the Radiation Effects Association.



16

References

1

H. Kamiya, Mutagenic potentials of damaged nucleic acids produced by reactive
oxygen/nitrogen species: approaches using synthetic oligonucleotides and
nucleotides, Nucleic Acids Res. 31 (2003) 517-531.

B.N. Ames, Dietary carcinogens and anticarcinogens, Science 221 (1983)
1256-1264.

B.N. Ames, L.S. Gold, Endogenous mutagens and the causes of aging and cancer,
Mutat. Res. 250 (1991) 3-16.

D. Harman, The aging process, Proc. Natl. Acad. Sci. U.S.A. 78 (1981) 7124-7128.
M. Sekiguchi, T. Tsuzuki, Oxidative nucleotide damage: consequences and
prevention, Oncogene 21 (2002) 8895-8904.

H. Kamiya, Mutations induced by oxidized DNA precursors and their prevention by
nucleotide pool sanitization enzymes, Genes Environ. 29 (2007) 133-140.

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

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

Z.F. Pursell, J.T. McDonald, C.K. Mathews, T.A. Kunkel, Trace amounts of



10

11

12

13

14

15

17

8-0x0-dGTP in mitochondrial ANTP pools reduce DNA polymerase replication
fidelity, Nucleic Acids Res. 36 (2008) 2174-2181.

M. Inoue, H. Kamiya, K. Fujikawa, Y. Ootsuyama, N.Murata-Kamiya, T. Osaki, K.
Yasumoto, H. Kasai, Induction of chromosomal gene mutations in Escherichia coli
by direct incorporation of oxidatively damaged nucleotides, J. Biol. Chem. 273
(1998) 11069-11074.

H. Kamiya, C. Ishiguro, H. Harashima, Increased A:T->C:G mutations in the mutT
strain upon 8-hydroxy-dGTP treatment: Direct evidence for MutT involvement in
the prevention of mutations by oxidized dGTP, J. Biochem. 136 (2004) 359-362.

H. Maki, M. Sekiguchi, MutT protein specifically hydrolyses a potent mutagenic
substrate for DNA synthesis, Nature 355 (1992) 273-275.

H. Kamiya, H. Maki, H. Kasai, Two DNA polymerases of Escherichia coli display
distinct misinsertion specificities for 2-hydroxy-dATP during DNA synthesis,
Biochemistry 39 (2000) 9508-9513.

H.Kamiya, H. Kasai, 2-Hydroxy-dATP is incorporated opposite G by Escherichia
coli DNA polymerase III resulting in high mutagenicity, Nucleic Acids Res. 28
(2000) 1640—-1646.

T. Nunoshiba, T. Watanabe, Y. Nakabeppu, K. Yamamoto, Mutagenic target for
hydroxyl radicals generated in Escherichia coli mutant deficient in Mn- and

Fe-superoxide dismutases and Fur, a repressor for iron-uptake systems, DNA Repair



16

17

18

19

20

21

18

(Amst.) 1 (2002) 411-418.

K. Fujikawa, H. Kamiya, H. Kasai, The mutations induced by oxidatively damaged
nucleotides, 5-formyl-dUTP and 5-hydroxy-dCTP, in Escherichia coli, Nucleic
Acids Res. 26 (1998) 4582-4587.

M. Hori, C. Ishiguro, H. Harashima, H. Kamiya, In vivo mutagenicities of damaged
nucleotides produced by nitric oxide and ionizing radiation, Biol. Pharm. Bull. 28
(2005) 520-522.

K. Satou, K. Kawai, H. Kasai, H. Harashima, H. Kamiya, Mutagenic effects of
8-hydroxy-dGTP in live mammalian cells, Free Radic. Biol. Med. 42 (2007)
1552-1560.

K. Satou, M. Hori, K. Kawai, H. Kasai, H. Harashima, H. Kamiya, Involvement of
specialized DNA polymerases in mutagenesis by 8-hydroxy-dGTP in human cells,
DNA Repair (Amst.) 8 (2009) 637-642.

K. Satou, H. Harashima, H. Kamiya, Mutagenic effects of 2-hydroxy-dATP on
replication in a HeLa extract: Induction of substitution and deletion mutations,
Nucleic Acids Res. 31 (2003) 2570-2575.

K. Satou, H. Kasai, C. Masutani, F. Hanaoka, H. Harashima, H. Kamiya,
2-Hydroxy-2'-deoxyadenosine 5'-triphosphate enhances Ae*T->CeG mutations
caused by 8-hydroxy-2'-deoxyguanosine 5'-triphosphate by suppressing its

degradation upon replication in a HeLa extract, Biochemistry 46 (2007) 6639-6646.



22

23

24

25

26

27

19

M. Shimizu, P. Gruz, H. Kamiya, S.-R. Kim, F.M. Pisani, C. Masutani, Y. Kanke, H.
Harashima, F. Hanaoka, T. Nohmi, Erroneous incorporation of oxidized DNA
precursors by Y-family DNA polymerases, EMBO Rep. 4 (2003) 269-273..

M. Yamada, T. Nunoshiba, M. Shimizu, P. Gruz, H. Kamiya, H. Harashima, T.
Nohmi, Involvement of Y-family DNA polymerases in mutagenesis caused by
oxidized nucleotides in Escherichia coli, J. Bacteriol. 188 (2006) 4992-4995.

M. Shimizu, P. Gruz, H. Kamiya, C. Masutani, Y. Xu, Y. Usui, H. Sugiyama, H.
Harashima, F. Hanaoka, T. Nohmi, Efficient and erroneous incorporation of
oxidized DNA precursors by human DNA polymerase 1, Biochemistry 46 (2007)
5515-5522.

K. Satou, M. Yamada, T. Nohmi, H. Harashima, H. Kamiya, Mutagenesis induced
by oxidized DNA precursors: roles of Y-family DNA polymerases in Escherichia
coli, Chem. Res. Toxicol. 18 (2005) 1271-1278.

H. Kamiya, A. Yamaguchi, T. Suzuki, H. Harashima, Roles of specialized DNA
polymerases in mutagenesis by 8-hydroxyguanine in human cells, Mutat. Res. 686
(2010) 90-95.

Y. Nakabeppu, Molecular genetics and structural biology of human MutT homolog,

MTHI1, Mutat. Res. 477 (2001) 59-70.



28

29

30

31

32

33

34

20

M.J. Bessman, D.N. Frick, S.F. O'Handley, The MutT proteins or "Nudix"
hydrolases, a family of versatile, widely distributed, "housecleaning" enzymes, J.
Biol. Chem. 271 (1996) 25059-25062.

A.G. McLennan, The Nudix hydrolase superfamily, Cell. Mol. Life Sci. 63 (2006)
123-143.

R. Ito, H. Hayakawa, M. Sekiguchi, T. Ishibashi, Multiple enzyme activities of
Escherichia coli MutT protein for sanitization of DNA and RNA precursor pools,
Biochemistry 44 (2005) 6670-6674.

M. Hori, K. Fujikawa, H. Kasai, H. Harashima, H. Kamiya, Dual hydrolysis of
diphosphate and triphosphate derivatives of oxidized deoxyadenosine by Orfl7
(NtpA), a MutT-type enzyme, DNA Repair (Amst.) 4 (2005) 33-39.

T. Ishibashi, H. Hayakawa, M. Sekiguchi, A novel mechanism for preventing
mutations caused by oxidation of guanine nucleotides, EMBO Rep. 4 (2003)
479-483.

H. Kamiya, M. Hori, T. Arimori, M. Sekiguchi, Y. Yamagata, H. Harashima,
NUDTS hydrolyzes oxidized deoxyribonucleoside diphosphates with broad
substrate specificity, DNA Repair (Amst.) 8 (2009) 1250-1254.

K. Fujikawa, H. Kamiya, H. Yakushiji, Y. Fujii, Y. Nakabeppu, H. Kasai, The
oxidized forms of dATP are substrates for the human MutT homologue, the h(MTH1

protein, J. Biol. Chem. 274 (1999) 18201-18205.



35

36

37

38

39

40

41

21

H. Kamiya, N. Murata-Kamiya, E. Iida, H. Harashima, Hydrolysis of oxidized
nucleotides by the Escherichia coli Orfl35 protein, Biochem. Biophys. Res.
Commun. 288 (2001) 499-502.

H. Kamiya, E. [ida, N. Murata-Kamiya, Y. Yamamoto, T. Miki, H. Harashima,
Suppression of spontaneous and hydrogen peroxide-induced mutations by a
MutT-type nucleotide pool sanitization enzyme, the Escherichia coli Orf135 protein,
Genes Cells 8 (2003) 941-950.

H. Kamiya, E. lida, H. Harashima, Correlation between the phosphohydrolase
activity of the Escherichia coli Orf135 (NudG) protein and mutation suppression,
Genes Environ. 29 (2007) 63-66.

E. Iida, K. Satou, M. Mishima, C. Kojima, H. Harashima, H. Kamiya, Amino acid
residues involved in substrate recognition of the Escherichia coli Orf135 protein,
Biochemistry 44 (2005) 5683-5689.

M. Hori, T. Asanuma, O. Inanami, M. Kuwabara, H. Harashima, H. Kamiya, Effects
of overexpression and antisense RNA expression of Orfl7, a MutT-type enzyme,
Biol. Pharm. Bull. 29 (2006) 1087-1091.

J.-Y. Mo, H. Maki, M. Sekiguchi, Hydrolytic elimination of amutagenic nucleotide,
8-0xodGTP, by human 18-kilodalton protein: sanitization of nucleotide pool, Proc.
Natl. Acad. Sci. U.S.A. 89 (1992) 11021-11025.

K. Sakumi, M. Furuichi, T. Tsuzuki, T. Kakuma, S. Kawabata, H. Maki, M.



42

43

44

45

46

22

Sekiguchi, Cloning and expression of cDNA for a human enzyme that hydrolyzes
8-0x0-dGTP, a mutagenic substrate for DNA synthesis, J. Biol. Chem. 268 (1993)
23524-23530.

J.-P. Cai, T. Ishibashi, Y. Takagi, H. Hayakawa, M. Sekiguchi, Mouse MTH2
protein which prevents mutations caused by 8-oxoguanine nucleotides, Biochem.
Biophys. Res. Commun. 305 (2003) 1073-1077.

M. Hori, K. Satou, H. Harashima, H. Kamiya, Suppression of mutagenesis by
8-hydroxy-2'-deoxyguanosine S'-triphosphate
(7,8-dihydro-8-oxo-2'-deoxyguanosine 5'-triphosphate) by human MTH1, MTH?2,
and NUDTS5, Free Radic. Biol. Med. 48 (2010) 1197-1201.

H. Hayakawa, A. Taketomi, K. Sakumi, M. Kuwano, M. Sekiguchi, Generation and
elimination of 8-oxo-7,8-dihydro-2'-deoxyguanosine 5'-triphosphate, a mutagenic
substrate for DNA synthesis, in human cells, Biochemistry 34 (1995) 89-95.

T. Tsuzuki, A. Egashira, H. Igarashi, T. Iwakuma, Y. Nakatsuru, Y. Tominaga, H.
Kawate, K. Nakao, K. Nakamura, F. Ide, S. Kura, Y. Nakabeppu, M. Katsuki, T.
Ishikawa, M. Sekiguchi, Spontaneous tumorigenesis in mice defective in the MTH1
gene encoding 8-oxo-dGTPase, Proc. Natl. Acad. Sci. U.S.A. 98 (2001)
11456-11461.

T. Suzuki, K. Yamamoto, H. Harashima, H. Kamiya, Base excision repair enzyme

endonuclease III suppresses mutagenesis caused by 8-hydroxy-dGTP, DNA Repair



47

48

49

50

51

23

(Amst.) 7 (2008) 88-94.

Y. Matsumoto, Q.M. Zhang, M. Takao, A. Yasui, S. Yonei, Escherichia coli Nth
and human hNTH1 DNA glycosylases are involved in removal of 8-oxoguanine
from 8-oxoguanine/guanine mispairs in DNA, Nucleic Acids Res. 29 (2001)
1975-1981.

M. Hori, C. Ishiguro, T. Suzuki, N. Nakagawa, T. Nunoshiba, S. Kuramitsu, K.
Yamamoto, H. Kasai, H. Harashima, H. Kamiya, UvrA and UvrB enhance
mutations induced by oxidized deoxyribonucleotides. DNA Repair (Amst.) 6 (2007)
1786—1793.

T. Suzuki, H. Harashima, H. Kamiya, Effects of base excision repair proteins on
mutagenesis by 8-oxo-7,8-dihydroguanine (8-hydroxyguanine) paired with cytosine
and adenine, DNA Repair (Amst.) 9 (2010) 542-550.

J. Sepiol, Z. Kazimierczuk, D. Shugar, Tautomerism of isoguanosine and
solvent-induced keto-enol equilibrium, Z. Naturforsch. 31C (1976) 361-370.

J. Seela, C. Wei, Z. Kazimierczuk, Substituent reactivity and tautomerism of

isoguanosine and related nucleosides, Helv. Chim. Acta, 78 (1995) 1843—-1854.



24

Figure Legends

Fig. 1. Structures of 8-OH-dGTP and 2-OH-dATP. The equilibrium between the keto
(left) and hydroxy (right) forms shifts to the keto form for 8-OH-dGTP. The proportion

of the two forms of 2-OH-d ATP is affected by the environment [50,51].

Fig. 2. Proposed models for mutations induced by (A) 8-OH-dGTP and (B) 2-OH-dATP.

G*, 8-OH-Gua; A*, 2-OH-Ade.
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Table 1. Cellular proteins affecting mutagenesis by oxidized DNA precursors

Oxidized DNA precursor (Organism)

Function
8-OH-dGTP (E. coli) 8-OH-dGTP (human cells) 2-OH-dATP (E. coli)
Degradation MutT MTHI1, MTH2, NUDT5 Orf135
Incorporation into DNA pol V (suppressive)? pol n, pol T, REV1 (stimulatory) pol IV (stimulatory)?
pol V (suppressive)?
Removal of incorporated oxidized base endonuclease I11 ? ?
Removal of adenine/guanine base ? MUTYH ?
opposite 8-OH-Gua/2-OH-Ade
Incorporation of dCTP/dTTP pol V (suppressive)? pol 1 (stimulatory) pol IV (stimulatory)?
opposite 8-OH-Gua/2-OH-Ade pol V (suppressive)?




