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Deranged oxidative metabolism is a property of many tumour cells.
Oxidation of the deoxynucleotide triphosphate (dNTP) pool, as well
as DNA, is a major cause of genome instability. Here, we report that
two Y-family DNA polymerases of the archaeon Sulfolobus solfatari-
cus strains P1 and P2 incorporate oxidized dNTPs into nascent DNA
in an erroneous manner: the polymerases exclusively incorporate 8-
OH-dGTP opposite adenine in the template, and incorporate 2-OH-
dATP opposite guanine more efficiently than opposite thymine. The
rate of extension of the nascent DNA chain following on from these
incorporated analogues is only slightly reduced. These DNA
polymerases have been shown to bypass a variety of DNA lesions.
Thus, our results suggest that the Y-family DNA polymerases pro-
mote mutagenesis through the erroneous incorporation of oxidized
dNTPs during DNA synthesis, in addition to facilitating translesion
DNA synthesis. We also report that human DNA polymerase η, a
human Y-family DNA polymerase, incorporates the oxidized dNTPs
in a similar erroneous manner.
EMBO reports 4 269–273(2003)

doi:10.1038/sj.embor.embor765

INTRODUCTION
The recently identified Y-family DNA polymerases comprise pro-
teins from different species, including members of the Bacteria,
Eukarya and Archaea (Ohmori et al., 2001). The most distinct
feature of this family of enzymes is their ability to bypass various

lesions, such as ultraviolet light photoproducts, in template DNA
(Friedberg et al., 2002). Some bypass reactions catalysed by these
enzymes are error prone, whereas others are error free (Wang,
2001). Thus, this family of DNA polymerases seems to be in-
volved in mutagenesis and DNA-damage tolerance. Structural
analyses of two Y-family DNA polymerases from the archaeon
Sulfolobus solfataricus strains P1 (Sso P1 DNA pol Y1, also known
as Dbh) and P2 (Sso P2 DNA pol Y1, also known as Dpo4) reveal
that these proteins have the same overall right-hand shape found
in other DNA polymerases, but have several distinct features.
These include the presence of a little-finger domain and a sol-
vent-accessible base-pair-binding pocket, which might enable the
polymerases to bypass lesions (Ling et al., 2001; Silvian et al.,
2001; Zhou et al., 2001). We, and others, have shown that the
archaeal Y-family DNA polymerases bypass a variety of DNA
lesions (Gruz et al., 2001; Boudsocq et al., 2001).

Because the error rates of Y-family DNA polymerases are ex-
tremely high, and they seem to have active sites that are large
enough to accommodate bulky lesions, we postulated that they
might incorrectly incorporate structurally altered DNA precursors,
such as oxidized deoxynucleotide triphosphates (dNTPs), into the
nascent DNA strand. The dNTP pool and DNA itself are continu-
ously exposed to various exogenous and endogenous damaging
agents, including reactive oxygen species (ROS), and the incorpo-
ration of oxidized dNTPs into DNA is a major source of sponta-
neous mutagenesis and carcinogenesis (Ames & Gold, 1991).
Indeed, the frequency of A:T to C:G transversion mutations
increases more than a thousand-fold over the wild-type level in
Escherichia coli mutT mutants, which are deficient in the ability to
hydrolyse oxidized dGTP (8-OH-dGT, also known as 7,8-dihydro-
8-oxo-dGTP) (Fig. 1A; Yanofsky et al., 1966; Maki & Sekiguchi,
1992). In agreement with this observation, 8-OH-dGTP leads to an
A:T to C:G mutation when it is incorporated opposite adenine in
the template (Cheng et al., 1992; Inoue et al., 1998; Kamiya &
Kasai, 2000). In addition, spontaneous tumorigenesis in lung, liver
and stomach is enhanced in mice that are deficient for MTH1, a
mammalian homologue of E. coli MutT (Tsuzuki et al., 2001).
MTH1 hydrolyses 2-OH-dATP (oxidized dATP; Fig. 1B) as well as

Erroneous incorporation of oxidized DNA precursors
by Y-family DNA polymerases
Masatomi Shimizu1,5, Petr Gruz1, Hiroyuki Kamiya2, Su-Ryang Kim1*, Francesca M. Pisani3,
Chikahide Masutani4, Yusuke Kanke 5, Hideyoshi Harashima2, Fumio Hanaoka4 & Takehiko Nohmi1+

1Division of Genetics and Mutagenesis, National Institute of Health Sciences, Tokyo, Japan, 2Graduate School of Pharmaceutical

Sciences, Hokkaido University, Sapporo, Japan, 3Istituto di Biochimica delle Proteine, Consiglio Nazionale Ricerche, Napoli, Italy,
4Graduate School of Frontier Biosciences, Osaka University and CREST, Osaka, Japan, and 5Otsuma Women’s University,

Tokyo, Japan



scientific report

EMBO reports VOL 4 | NO 3 | 2003 ©2003 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

Incorporation of oxidized dNTPs by Y-family DNA polymerases
M. Shimizu et al.

270

8-OH-dGTP (Fujikawa et al., 1999). Thus, it is of great interest to
investigate the specificity of Y-family DNA polymerases incorpo-
rating oxidized dNTPs to the nascent DNA strand.

Here, we analyse the fidelity of Sso P1 DNA pol Y1 and Sso P2
DNA pol Y1 to incorporate 8-OH-dGTP and 2-OH-dATP into the
nascent DNA strand. These enzymes were chosen because their
crystal structures have been solved, as described above, and
because hyperthermophiles such as S. solfataricus continuously
face heat-induced damage to DNA and to the dNTP pool (Lopez-
Garcia & Forterre, 2000). The spontaneous mutation rate in 
S. solfataricus is high, mainly because of the presence of an active
transposable element (Martusewitsch et al., 2000). We refer to the
polymerases as Sso P1 DNA pol Y1 and Sso P2 DNA pol Y1 based
on the nomenclature system for DNA polymerases from Sulfolobus
(Edgell et al., 1997). Strikingly, these two DNA polymerases incor-
porated oxidized dNTPs in an erroneous manner: they exclusively
incorporated 8-OH-dGTP opposite adenine in the template, and
incorporated 2-OH-dATP opposite guanine more efficiently than
opposite thymine. In addition, human DNA polymerase η (hDNA
pol η), a member of the human Y-family DNA polymerases
(Masutani et al., 1999), also showed a similar specificity. These
findings suggest the possible involvement of Y-family DNA poly-
merases in oxidative mutagenesis through misincorporation of
altered nucleotides during DNA synthesis.

RESULTS
Exclusive incorporation of 8-OH-dGTP opposite adenine  
We analysed the incorporation of 8-OH-dGTP during in vitro DNA
synthesis by S. solfataricus strains P1 and P2 Y1 DNA polymerases. We
also analysed 8-OH-dGTP incorporation by hDNA pol η, the Klenow
fragment of E. coli DNA polymerase I (KF exo−), which lacks 3′ to 5′
exonuclease activity, and Sso P2 DNA polymerase B1 (pol B1), which
is responsible for the chromosomal replication of S. solfataricus strain
P2. Incorporation of 8-OH-dGTP was analysed using primer exten-
sion assays, as described in the Methods section. Primers annealed to
template 1A, which has adenine in the template N position, were
elongated efficiently by P1 DNA pol Y1 and P2 DNA pol Y1 in the
presence of 8-OH-dGTP (Fig. 2A and B). Similar results were obtained
with hDNA pol η (Fig. 2C). No incorporation of 8-OH-dGTP was
observed opposite cytosine, guanine or thymine residues. In contrast,
the primers annealed to template 1A or template 1C were elongated
by KF exo− and pol B1 (Fig. 2D and E). These results show that P1 and
P2 DNA pol Y1 and hDNA pol η exclusively incorporated 8-OH-GTP

opposite adenine, whereas KF exo− and pol B1 incorporated it oppo-
site adenine and cytosine. The same results were obtained when
another primer–template combination (template 2 and primer 2) was
used (data not shown).

Next, we examined whether primers with 8-OH-dGMP at their
termini could be extended by P1 and P2 DNA pol Y1 in the pres-
ence of other dNTPs. Primer 2 (an 18-base oligonucleotide) was
elongated by these polymerases to yield 19-base oligonucleotides
in the presence of 8-OH-dGTP (Fig. 3, lane 2 in both panels). The
primers were elongated efficiently to produce 20-base oligonu-
cleotides in the presence of 8-OH-dGTP and dGTP (Fig. 3, lane 3
in both panels), and further elongated to 22- and 23-base oligonu-
cleotides in the presence of dCTP, dGTP and 8-OH-dGTP (Fig. 3,
lane 4 in both panels). The primers could not be elongated to pro-
duce oligonucleotides longer than 23 bases when two adenines
were present in the template strand (Fig. 3, lane 5 in both panels).
These results show that a single incorporation of 8-OH-dGTP did
not block further elongation by the polymerases, although incor-
poration of two 8-OH-dGTPs might have an inhibitory effect.

Preferential incorporation of 2-OH-dATP opposite guanine
2-OH-dATP is another mutagenic dNTP generated from dATP in the
presence of oxygen radicals (Kamiya & Kasai, 1995). It pairs with gua-
nine residues in the template, and induces G:C to T:A mutations (Inoue
et al., 1998; Kamiya & Kasai, 2000). 2-OH-dATP was predominantly
incorporated opposite guanine and thymine by P1 and P2 DNA pol
Y1, and the frequnecy of incorporation opposite guanine was greater
than or similar to that of incorporation opposite thymine (Fig. 4A and
B). A similar incorporation pattern was observed with hDNA pol η
(Fig. 4C). In contrast, KF exo− and pol B1 predominantly incorporated
2-OH-dATP opposite thymine (Fig. 4D and E). In particular, pol B1
almost exclusively incorporated 2-OH-dATP opposite thymine. The
results for KF exo− are consistent with those of Kamiya et al. (2000).
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Fig. 1 | Structures of oxidized deoxynucleotide triphosphates (dNTPs) used in

this study. The structures of 8-OH-dGTP (A) and 2-OH-dATP (B) are shown.

P, phosphate group.
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Fig. 2 | Incorporation of 8-OH-dGTP by DNA polymerases. The

incorporation of 8-OH-dGTP into DNA by the following enzymes was

assayed: P1 DNA polymerase Y1 (A), P2 DNA polymerase Y1 (B), hDNA

polymerase η (C), KF exo− (D) and DNA polymerase B1 (E). Cy3-labelled-

primer 1/template 1 (0.1 µM) was incubated with P1 DNA polymerase Y1

(200 nM), P2 DNA polymerase Y1 (25 nM), hDNA polymerase η (1 nM),

DNA polymerase B1 (25 nM) or KF exo− (0.02 units) in the presence of

50 µM 8-OH-dGTP. The samples were analysed as described in the 

Methods section.
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We then examined the extension by the archaeal polymerases
of primers with 2-OH-dAMP at the termini. As P1 and P2 DNA pol
Y1 incorporate 2-OH-dATP opposite guanine and thymine, we
used a version of template 2 with guanine at the N position fol-
lowed by the sequence CAT (reading in the 3′ to 5′ direction.
Primer 2 (18 bases) was first elongated to a 19-base oligonu-
cleotide by the incorporation of 2-OH-dATP opposite guanine
(Fig. 5, lane 2 in both panels). These primers were elongated to 20
bases in the presence of 2-OH-dATP and dGTP (Fig. 5, lane 3 in
both panels), and further elongated to 24 or 25 bases in the pres-
ence of dTTP, dGTP and 2-OH-dATP (Fig. 5, lane 4 in both panels).
When 2-OH-dATP and all dNTPs except for dCTP were present,
the primers were elongated up to 31 or 32 bases when runs of
three guanine residues were present in the template strands (Fig. 5,
lane 5 in both panels). These results indicate that primers with 
2-OH-dAMP at the termini could be elongated by these poly-
merases, although incorporation of two or three 2-OH-dATPs
might have inhibitory effects.

rNTP and oxidized dNTP incorporation by the F12A mutant
It is proposed that the phenylalanine residue at position 12 
(Phe 12) in the P1 DNA pol Y1 protein functions to discriminate
against ribonucleotide triphosphate (rNTP) incorporation by acting
as a ‘steric gate’ that would obstruct a 2′-OH group on an incom-
ing nucleotide (Zhou et al., 2001). We examined whether Phe 12
also affects the incorporation of 8-OH-dGTP and 2-OH-dATP.
Although no detectable incorporation of rNTP was observed with

the wild-type enzyme, a mutant form of P1 DNA pol Y1 with a sub-
stitution of Phe to Ala at position 12 (F12A) efficiently incorporated
and extended rNTP, even in the absence of Mn2+ ions (Fig. 6A and
B). However, the mutation did not substantially affect the specifici-
ty of incorporation of oxidized dNTPs (Fig. 6C and D). These
results suggested that Phe 12 senses the 2’-OH group on the
nucleotide, but not OH groups on purine bases.

DISCUSSION
Here, we provide evidence that some Y-family DNA polymerases in-
corporate oxidized dNTPs into DNA in an erroneous manner (Figs 2
and 4). The incorporation of single-oxidized dNMPs did not inhibit
further extension of the primer strands by archaeal DNA polymerases
(Figs 3 and 5). Because the genome of S. solfataricus is continuously
damaged by heat-induced ROS and depurination (Bruskov et al.,
2002), and Y-family DNA polymerases are thought to act at stalled
replication forks at DNA lesions (Friedberg et al., 2002), the archaeal
DNA polymerases are likely to access the primer/templates very
often. In addition, P2 DNA pol Y1 is about three times more abundant
than pol B1 in strain P2 (F.M. Pisani, unpublished data), and P1 DNA
pol Y1 is reported to become a processive enzyme on interaction with
proliferating cell nuclear antigen and replication factor C (Gruz et al.,
2001). Thus, we conclude that the erroneous incorporation of oxi-
dized dNTPs by P1 and P2 DNA pol Y1 is relevant to genome instabil-
ity in these organisms. To our knowledge, this is the first report that
suggests the involvement of Y-family DNA polymerases in oxidative
mutagenesis that proceeds through erroneous incorporation of 
8-OH-dGTP and 2-OH-dATP.

P1 and P2 DNA pol Y1 can bypass a variety of lesions, such as
abasic sites, 8-OH-guanine and a cis–syn thymine–thymine dimer,
in template DNA (Boudsocq et al., 2001; Gruz et al., 2001). In addi-
tion, their replication fidelities are fairly low (10–3 to 10–4), even in
the absence of DNA damage (Boudsocq et al., 2001; Silvian et al.,
2001; Kokoska et al., 2002). Thus, the Y-family DNA polymerases
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Fig. 3 | Primer extension by P1 DNA polymerase Y1 and P2 DNA polymerase

Y1. Cy3-labelled-primer 2/template 2 (0.1 µM) was incubated with P1 DNA

polymerase Y1 (200 nM) or P2 DNA polymerase Y1 (25 nM) in the presence of

50 µM each of dNTPs. The incubations were carried out in the presence of

different combinations of dNTPs (lanes 3–6, both panels). The reaction

mixtures were incubated for 30 min at 55 °C.
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Fig. 4 | Incorporation of 2-OH-dATP by DNA polymerases. The incorporation

of 2-OH-dATP into DNA by the following enzymes was assayed: P1 DNA

polymerase Y1 (A), P2 DNA polymerase Y1 (B), hDNA polymerase η (C),

KF exo− (D) and DNA polymerase B1 (E). Cy3-labelled-primer 2/template 2

(0.1 µM) was incubated with P1 DNA polymerase Y1 (200 nM), P2 DNA

polymerase Y1 (25 nM), hDNA polymerase η (1 nM), DNA polymerase B1 

(25 nM) or KF exo− (0.02 units) in the presence of 50 µM 2-OH-dATP.
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seem to promote mutagenesis through three distinct pathways: mis-
incorporation of the oxidized dNTPs during DNA synthesis; bypass
synthesis across DNA lesions in template; and spontaneous replica-
tion errors.

As the DNA-replication apparatus of the Archaea is closer to that
of the Eukarya than to that of the Bacteria, these findings could have
implications for higher organisms, including humans. In fact, hDNA
pol η was found to erroneously incorporate oxidized dNTPs into
DNA (Figs 2 and 4). Interestingly, the mutator effect associated with
human mismatch-repair deficiency is thought to be mainly a conse-
quence of oxidative damage (Colussi et al., 2002). The majority of
mutations in human cells that are deficient in mismatch repair do
not arise from spontaneous replication errors, but from the incorpo-
ration of oxidized dNTPs.

In this study, we have revealed the erroneous incorporation of
oxidized dNTPs into the nascent DNA strand by the Y-family DNA
polymerases, and we propose that the main mutagenic activity of
some Y-family DNA polymerases is incorporation of altered
nucleotides, rather than lesion bypass.

METHODS
Materials. KF exo− was purchased from New England Biolabs. DNA
pol B1, hDNA pol η and P1 DNA pol Y1 were purified as described
(Pisani et al., 1998; Masutani et al., 2000; Gruz et al., 2001). The
gene encoding the F12A mutant was constructed by site-directed
mutagenesis, and the protein was purified as described for wild-type
P1 DNA pol Y1 (Gruz et al., 2001). 8-OH-dGTP and 2-OH-dATP
were prepared as described (Cheng et al., 1992; Kamiya & Kasai,
1995) and no discernible impurities were detected by high perfor-
mance liquid chromatography (HPLC). FPLC-grade dNTPs and

rNTPs were purchased from Amersham Pharmacia Biotech.
Oligonucleotides, including those labelled with a Cy3 conjugate,
were synthesized by BEX Corp., and were purified twice by HPLC.
Overexpression and purification of P2 DNA pol Y1. The P2 dbh
gene was amplified by PCR from the genome of S. solfataricus strain
P2 and cloned into the vector pET-43a (Novagen), which was trans-
formed into E. coli strain BL21-CodonPlus™ (DE3)-RIL (Novagen).
The soluble protein fraction was precipitated at 70 °C for 20 min.
After centrifugation, the protein was precipitated with ammonium sul-
phate (added to 58% saturation) and applied to a phenyl-sepharose
HP column (Amersham Pharmacia Biotech.). Subsequent steps were
identical to the method described previously (Wagner et al., 2000),
except that the final sample was dialysed against a buffer con-
taining 150 mM NaCl. The purity of the protein was confirmed by
SDS–polyacrylamide gel electrophoresis, followed by Coomassie
G250 staining.
Primer extension assay. Standard reaction mixtures (10 µl) con-
tained 30 mM potassium phosphate buffer (pH 7.4), 7.5 mM MgCl2,
1.25 mM β-mercaptoethanol, 5% glycerol, 50 µM dNTP(s), 200 nM
P1 DNA pol Y1 or 25 nM P2 DNA pol Y1, and 100 nM Cy3-
conjugated-primer annealed to the template in a 1:1 ratio. Reaction
mixtures were incubated for 30 min (P1 pol Y1) or 15 min (P2 pol
Y1) at 55 °C, unless otherwise indicated. When DNA pol B1 or 
KF exo− were used, the reaction was performed for 15 min at 55 °C,
or for 15 min at 20 °C, respectively. The reaction mixture for hDNA
pol η was the same as described (Masutani et al., 2000), except 
that 50 µM dNTP(s), 1 nM enzyme, 5 mM MgCl2 and 100 nM 
Cy3-labelled-primer/template were used. The reaction was per-
formed for 15 min at 37 °C. Oligonucleotide sequences were 5′-
Cy3-CGGAGCTCGGTCGGCGTCTGCGTC-3′ (primer 1, 24 bases); 
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Fig. 5 | Primer extension by P1 DNA polymerase Y1 and P2 DNA 

polymerase Y1. The reaction conditions are the same as those described

in the legend of Fig. 3.
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Fig. 6 | Incorporation of ribonucleotide triphosphates (rNTPs), 8-OH-dGTP

and 2-OH-dATP by P1 DNA polymerase Y1 and the F12A mutant. Cy3-labelled-

primer 2/template 2 (0.1 µM) was incubated with 200 nM of P1 DNA

polymerase Y1 (A) or 400 nM of the F12A mutant enzyme (B) in the presence 

of rNTPs for 10 min at 55 °C. Manganeseions (1.5 mM) were also added to the

reaction mixture containing 500 µM rNTP in the lanes labelled ‘Mn2+’. The

template/primer solution (0.1 µM) was incubated with the F12A enzyme 

(400 nM) in the presence of 50 µM 8-OH-dGTP (C) or 50 µM 2-OH-dATP (D)

for 30 min at 55°C.
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5′-AGCCGCAGGAGNGACGCAGACGCCGACCGAGCTCCG-3′
(template 1, 36 bases); 5′-Cy3-CGCGCGAAGACCGGTTAC-3′
(primer 2, 18 bases); 5′-GAAGGGATCCTTAAYACNGTAACCG-
GTCTTCGCGCG-3’ (template 2, 36 bases), where N represents either
A, C, G, or T, and Y represents either G or T. A combination of primer
2/template 2 was used throughout the study, except for the experi-
ments shown in Fig. 2. The reactions were terminated by adding 
10 µl stop solution (98% formamide, 10 mM EDTA). Samples were
heated at 100 °C for 10 min, separated on 15% denaturing poly-
acrylamide gels, and visualized using a Molecular Imager FX Pro
System (BioRad).
RNA polymerase assay. Reactions were carried out in 30 mM potas-
sium phosphate buffer (pH 7.4), 7.5 mM MgCl2, 1.25 mM β-mercap-
toethanol, 5% glycerol, 100 nM primer 2/template 2, all four rNTPs
(50–500 µM each), and either wild-type P1 Pol Y1 (200 nM) or the
F12A mutant enzyme (400 nM). The reactions were performed for
30 min at 55 °C and terminated by adding stop solution (composi-
tion as for that used in the primer extension assay).
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