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Abstract

Background: The genome is constantly assaulted by oxidation
reactions which are likely to be associated with oxygen metabo-
lism, and oxidative lesions are generated by many types of
oxidants. Such genotoxin-induced alterations in the genomic
message have been implicated in aging and in several pathophy-
siological processes, particularly those associated with cancer. The
guanine base (G) in genomic DNA is highly susceptible to
oxidative stress due to having the lowest oxidation potential.
Therefore, GWCCTWA and GWCCCWG transversion mutations
frequently occur under oxidative conditions. One typical lesion of
G is 8-oxo-7,8-dihydro-guanine (8-oxoG), which can pair with A.
This pairing may cause GWCCTWA transversion mutations.
Although the number of GWCCCWG transversions is rather high
under specific oxidation conditions such as riboflavin photosensi-
tization, the molecular basis of GWCCCWG transversions is not
known.

Results : To determine which oxidative products are responsible
for GWCCCWG transversion mutations, we photooxidized 5P-
d(AAAAAAGGAAAAAA)/5P-d(TTTTTTCCTTTTTT) using
either riboflavin or anthraquinone (AQ) carboxylate under UV
irradiation. Prolonged low-temperature (4³C) enzymatic digestion
of photoirradiated sample indicated that under both conditions
the amount of 8-oxo-7,8-dihydro-2P-deoxyguanosine (8-oxodG)
initially increased with decreasing amounts of 2P-deoxyguanosine
(dG), then decreased with the formation of 2-amino-5-[(2-deoxy-L-

D-erythro-pentofuranosyl)amino]-4H-imidazol-4-one (dIz), sug-
gesting that nascent 8-oxoG was further oxidized to 2,5-
diamino-4H-imidazol-4-one (Iz) in duplex DNA. Photoirradiation
of an AQ-linked oligomer with a complementary strand contain-
ing 8-oxoG indicated that 8-oxoG residues were oxidized to Iz.
These results indicate that Iz is formed from 8-oxoG through long-
range hole migration. Primer extension experiments using a
template containing Iz demonstrated that only dGTP is specifi-
cally incorporated opposite Iz suggesting that specific IzWG base
pairs are formed. The `reverse' approach consisting of DNA
polymerization using dIzTP showed that dIzTP is incorporated
opposite G, further confirming the formation of a IzWG base pair.

Conclusions: HPLC product analysis demonstrated that Iz is a
key oxidation product of G through 8-oxoG in DNA photo-
sensitized with riboflavin or anthraquinone. Photoreaction of
AQ-linked oligomer confirmed that Iz is formed from 8-oxoG
through long-range hole migration. Two sets of primer exten-
sion experiments demonstrated that Iz can specifically pair with G
in vitro. Specific IzWG base pair formation can explain the
GWCCCWG transversion mutations that appear under oxidative
conditions. ß 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The genome, which stores all information of life, is con-
stantly assaulted by endogenous and exogenous oxidative
stress. Independent of the source, reactive species are po-

tent genotoxins that attack DNA and generate oxidative
lesions [1]. These genotoxin-induced alterations in the ge-
nomic message have been implicated in aging and in sev-
eral pathophysiological processes, particularly those asso-
ciated with cancer [2]. From bacteria to humans, various
types of repair enzymes maintain the integrity of the ge-
nome. Many studies have demonstrated the importance of
DNA repair in the prevention of diseases such as cancer.
Therefore, considerable e¡ort has focused upon under-
standing the mechanisms of oxidative DNA damage and
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repair [3,4]. G is highly susceptible to oxidative stress in
the genome, as it has the lowest redox potential [5]. A
typical lesion is 8-oxo-7,8-dihydro-guanine (8-oxoG)
(Fig. 1), which is formed under various oxidative condi-
tions. Thus, the biological impact of 8-oxoG has been
extensively investigated [4,6^12]. Since 8-oxoG can pair
with A in the Hoogsteen mode (Fig. 1), 8-oxoGWA base

pairs are believed to cause GWCCTWA transversion muta-
tions [9]. Although the frequency of GWCCCWG transver-
sions is considerably high under oxidative stress [13^27],
the oxidative lesion which causes GWCCCWG transversions
is unknown. Cadet et al. reported that 2-amino-5-[(2-de-
oxy-L-D-erythro-pentofuranosyl)amino]-4H-imidazol-4-one
(dIz) (Fig. 1) and its hydrolysis product 2,2-diamino-4-
[(2-deoxy-L-D-erythro-pentofuranosyl)amino]-5(2H)-oxazo-
lone (dOz) are major oxidation products of 2P-deoxygua-
nosine (dG) [28,29]. We recently demonstrated that dIz is
a key UV detectable product formed in double stranded
DNA during the photooxidation with ribo£avin and we
proposed that 2,5-diamino-4H-imidazol-4-one (Iz) forms
base pairs with G to induce GWCCCWG transversion mu-
tation (Fig. 1) [30].

2. Results

2.1. Formation of Iz from G in photooxidized DNA with
ribo£avin or anthraquinone (AQ)

Iz is formed from G under various oxidative conditions
such as Q-radiation, photosensitization with ribo£avin and
Mn-TMPyP/KHSO5 [28^32]. Cadet et al. investigated the
mechanism of the formation of dIz from dG was and
found that Type I photosensitization mechanism is pre-
dominant for ribo£avin with minor contribution of the

Fig. 1. Oxidative products of guanine and proposed scheme for
GWCCTWA and GWCCCWG transversion mutations caused by 8-oxoG
and Iz, respectively.

Fig. 2. HPLC analysis (254 nm) of photooxidation of 5P-AAAAAAGGAAAAAA-3P/5P-TTTTTTCCTTTTTT-3P with photosensitizer, ribo£avin after
(a) 10 and (b) 60 min photoirradiation. Quantitative analysis of the enzymatic digestion of reaction mixture with (c) ribo£avin or (d) AQ. Oxidized olig-
omer was digested with nuclease P1 and alkaline phosphatase. The amount of deoxyguanosine (black circles), 8-oxoG (open circles) and Iz (black
squares) are shown after incubation periods of 0, 2, 5, 10, 20 30 and 60 min.
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type II mechanism (1O2) [28,33]. However, the mechanism
of Iz formation from G in duplex DNA is not well under-
stood. Thus, we analyzed the products of photoirradiated
5P-d(AAAAAAGGAAAAAA)/5P-d(TTTTTTCCTTTTTT)
in the presence of ribo£avin or AQ carboxylate. After
various UV irradiation periods, photooxidized oligomers
were digested with P1 nuclease and alkaline phosphatase
at 4³C for 12 h and analyzed by HPLC. Under these
prolonged low-temperature digestion conditions the unde-
sired decomposition of dIz was reduced 6 10% as de-
scribed in a previous report [30]. Typical HPLC pro¢les
of enzymatic digestion of the reaction mixture and the
results of the quantitative analysis are shown in Fig. 2.
We found that the amount of 8-oxo-7,8-dihydro-2P-deoxy-
guanosine (8-oxodG) initially increased with decreasing
dG, then decreased with dIz formation in both cases.
The yield of dIz with respect to the degradation of dG
was 5^10% which roughly corresponds to 50% of 8-oxo-
dG.

2.2. Formation of Iz from 8-oxoG during photoirradiation
of AQ-linked oligomer

To investigate whether or not Iz is formed from 8-oxoG
through long-range hole migration, we photoirradiated an
AQ-linked oligomer with a complementary oligomer con-
taining 8-oxoG. In this system, the contribution of type II
mechanism (1O2) is negligible. Fig. 3 shows the HPLC
analysis of enzymatic digest of the AQ-linked oligomer
before and after UV irradiation. The results showed that
dIz formed from 8-oxodG under irradiation conditions.

2.3. Estimation of the strength of the IzWG base pair

We estimated the stabilization energy of an IzWG base
pair by ab initio molecular orbital (MO) calculations using
a SCRF method (O of water) at a level of 6-31G*. In
agreement with the preliminary MO calculation in vacuo
[30], the stabilization energies of the IzWG base pair were
comparable or slightly less than that of a CWG base pair in
water. The estimated distance between C1P^C1P of the
IzWG base pair was 11.7 Aî , which is slightly larger than
that of the CWG base pair (10.6 Aî ). The electrostatic po-
tential surface of IzWG and CWG base pairs and stabilization
energies shown in Fig. 4 indicate that the likelihood of Iz
forming a base pair with G is very high.

2.4. Speci¢c incorporation of G opposite Iz

To test the hypothesis of base pairing of Iz with G, we
performed a primer extension assay to determine which
nucleotides are incorporated into DNA opposite Iz. A
14-mer template containing Iz (Fig. 5a) was prepared by
photooxidation of 5P-d(CCCAGTTCAAAATC) and puri-
¢ed by HPLC. The structure was characterized by enzy-
matic digestion and electro-spray mass spectrometry (ESI-
MASS). Primer extension was performed by DNA poly-
merase I (pol I) having 5PC3P exonuclease activity at 37³C
for 10 min using 5P-Texas red-labeled 9-mer primers and
the 14-mer template. The results of polyacrylamide gel
electrophoresis are shown in Fig. 5b. HPLC analysis in-
dicated that 98% of the template containing Iz remained
under these conditions. Control experiments consisted of

Fig. 3. Photooxidation of AQ-linked oligomer, 5P-AQ-d(TTTTTTCTTTTTT), with complementary strand, 5P-d(AAAAAA8OGAAAAAA). HPLC analy-
sis (254 nm) of enzymatic digestion mixture after (a) no and (b) 2 min of irradiation.
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templates containing C (X = C) (lanes 1, 3, 5. 7 and 9) and
containing Iz (X = Iz) (lanes 2, 4, 6, 8 and 10). We also
compared the incorporation of adenine opposite 8-oxoG
(lanes 12 and 14). Extension in the presence of a single
dNTP (lanes 1^8) indicated that only G is incorporated
opposite both Iz and C. Even in the presence of the Kle-
now fragment of pol I (Kf) lacking 5PC3P exonuclease
activity, G was incorporated opposite Iz (data not shown).
Lanes 9 and 10 show that after G incorporation opposite
Iz, pol I continued to extend 27% of the oligomer to its
full length (14-mer), which roughly corresponds to that
when A is opposite 8-oxoG (lanes 13 and 14).

2.5. Kinetic parameters of G insertion

We measured the kinetic parameters of G insertion. The
Michaelis constant, Km, the maximum rate of the reaction,
Vmax were determined using pol I and Kf (Table 1). The
frequency of incorporation of G opposite Iz was 4.2%
compared with that incorporated opposite C, and this fre-
quency was comparable to that of A incorporation oppo-
site 8-oxoG [10]. However, the chain extension of T from
an IzWG pair was only 6% of that of an 8-oxoGWA pair.

2.6. DNA polymerization using dIzTP

To con¢rm the formation of speci¢c IzWG pairs, we poly-
merized DNA using dIzTP, a 50-mer template and 5P-
Texas red-labeled 20-mer primers (Fig. 6a). dIzTP was
prepared from dGTP by photosensitization with ribo£a-
vin, puri¢ed by HPLC and structurally characterized by
ESI-MASS and enzymatic dephosphorylation. The prod-

ucts of the primer extension reaction using Kf resolved by
polyacrylamide gel electrophoresis are shown in Fig. 6b.
In the absence of dIzTP, polymerization stopped at the T
immediately before the ¢rst C, and G was not incorpo-

Table 1
Steady-state kinetic parameters for dGTP or dATP insertion opposite X
in templates using pol I and for dTTP chain extension using Kf

Fig. 4. Electrostatic populations and energies of (a) proposed IzWG and (b) Watson^Crick CWG base pairs.
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rated opposite G under these conditions (lane 2). How-
ever, the primer was extended to produce fragments of
nearly full length in the presence of dIzTP (lane 3). These
fragments migrated slightly faster than those of the full
length containing normal nucleotides (lane 1). These re-
sults indicated that dIzTP is incorporated opposite G in
the same manner as dCTP. Moreover, in the presence of
an appropriate ratio of dIzTP to dCTP (250:1), the con-
trol primer was fully extended (lane 4). Heating with pi-
peridine (90³C, 20 min) degraded the faster migrating frag-
ments into four new bands that appeared at all G sites
(lane 5). These results are consistent with those of previous
reports indicating that sites containing Iz are quantita-
tively cleaved by hot piperidine [30,32] and demonstrate
that dIzTP was speci¢cally incorporated opposite G. In
contrast to dIzTP, 8-oxodGTP is incorporated opposite
C and A with comparable frequency [7].

3. Discussion

Oxidative guanine damage in double helical DNA pre-

dominantly causes GWCCTWA and GWCCCWG transver-
sion. Therefore, the biological impact of oxidation prod-
ucts of the G residue in DNA has been extensively
investigated [10,34]. Since 8-oxoG is the most typical ox-
idation product of G, it can be used as a convenient
marker of cellular oxidative stress. Because 8-oxo-G is
chemically stable and can be electrochemically detected
at high sensitivity [4,6^12]. DNA polymerase extension
using a template containing 8-oxoG has demonstrated
that dATP is incorporated opposite 8-oxoG [10]. In fact,
structural studies have demonstrated that 8-oxoG can pair
with A in the Hoogsteen mode and 8-oxoGWA base pairs
are believed to cause GWCCTWA transversion mutations
[9]. Since dGTP is not incorporated opposite 8-oxoG,
8-oxoG is not responsible for GWCCCWG transversion.
The frequency of GWCCCWG transversions is considerably
higher under oxidative stress [13^26], and GWCCCWG
transversions are found in important genes. For example,
the GGTCCGT mutation is frequent at codons 12 and 13
of the ras gene [35,36]. In contrast to GWCCTWA trans-
versions, the oxidative lesion that causes GWCCCWG trans-
versions is not known.

Fig. 5. Primer extension assay to identify nucleotides opposite Iz incorporated by pol I. (a) Sequences of template and primer were 5P-d(CCCAXTT-
CAAAATC)-3P and 5P-Texas red-d(GATTTTGAA)-3P, respectively. (b) Concentration of triphosphate was 0.8 WM (¢nal) and the amount of pol I was
0.5 U. Lanes 1, 3, 5, 7 and 9, template 1 (X = C); lanes 2, 4, 6, 8 and 10, template 2 (X = Iz); lanes 11 and 13, template 3 (X = T); lanes 12 and 14,
template 4 (X = 8-oxoG). Lanes 1 and 2, dCTP; lanes 3 and 4, dGTP; lanes 5 and 6, dTTP; lanes 7 and 8, dATP; lanes 9 and 10, dGTP and dTTP;
lanes 11 and 12, dATP; lanes 13 and 14, dGTP, dTTP and dATP.
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Cadet et al. identi¢ed thermally unstable dIz (t1=2 = 147
min at 37³C) and dOz as oxidation products of dG [28,29].
The same group demonstrated that Oz induces dATP in-
sertion during DNA synthesis, suggesting that Oz can
cause GWCCTWA transversions [34]. In addition to Oz
they also demonstrated that oxaluric acid and cynuric
acid can also cause GWCCTWA transversions [37,38]. Inde-
pendently, we demonstrated that oxidative DNA damage
is localized at the 5P-GG-3P site [39] and that Iz is formed
at 5P-GG-3P sites in double helical DNA [30]. Based on
this observation we proposed the notion that Iz forms
base pairs with G to induce GWCCCWG transversions. In

fact, MO calculation suggests that the IzWG base pair pos-
sesses comparable or slightly less stability relative to that
of a Watson^Crick CWG base pair in water. The electro-
static potential surface of Iz shows donor and acceptor
abilities of H bonding closely resemble to C.

To understand the mechanism of Iz formation, we in-
vestigated the photooxidation of various oligonucleotides
in the presence of ribo£avin or AQ. In agreement with
other observations, the amount of Iz formed was signi¢-
cant in duplex DNA. However, product analysis after var-
ious irradiation periods demonstrated that Iz formed by
the further oxidation of 8-oxoG. Burrows et al. have re-

Fig. 6. Primer extension assay to incorporate dIzTP opposite G using Kf. (a) Sequence of template is 5P-d(TTTGCTAGCCTTTTGCTCACATGT-
TATTTTCTGCGTTATCCCCTGATTCT)-3P and that of primer is 5P-Texas red-d(AGAATCAGGGGATAACGCAG)-3P. (b) Sequencing by the Sanger
method. The amount of Kf was 0.5 U. Lanes: 1, four normal dNTP (0.88 WM each); 2, dGTP, dTTP and dATP (0.88 WM each); 3, dIzTP (27 WM),
dGTP, dTTP and dATP (0.88 WM each); 4, dIzTP (27 WM), dCTP reaction (11 nM), dGTP, dTTP and dATP (0.88 WM each); 5, reaction mixture of
lane 4 heated with piperidine (1 M, 90³C, 20 min).
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ported that dGTP is incorporated opposite a further oxi-
dized product of 8-oxoG which is not Iz according to TOF
MASS and the structure of this product has not been
elucidated [27].

Long-range guanine oxidation through a DNA base Z-
stack has been observed using a range of tethered oxidants
[40^44] and 8-oxoG is a major oxidation product of this
system [43]. Since the redox potential of 8-oxoG is signi¢-
cantly lower than that of G [45], forming 8-oxoG would
be a better oxidative target than G in duplex DNA [27,44].
To examine whether forming 8-oxoG is oxidized through
long-range hole migration, we photoirradiated a cova-
lently AQ-linked oligomer with a complementary oligomer
containing 8-oxoG. Analysis by HPLC indicated that
8-oxodG is consumed, yielding dIz as the UV (254 nm)
detectable product. The present results clearly demon-
strated that Iz is produced from 8-oxoG through long-
range hole migration and suggest the possible role of Iz
in long-range oxidative DNA damage.

To test the hypothesis of IzWG base pair formation, we
performed two sets of DNA polymerizations. We initially
polymerized DNA using a template containing Iz. The
results shown in Fig. 5 demonstrate that only G was spe-
ci¢cally incorporated opposite Iz during primer extension
in vitro, suggesting that IzWG base pairs play a role in
GWCCCWG transversion mutations. The incorporation of
G opposite Iz was very speci¢c and there was no bypass
for Iz template. This ¢nding suggests that once Iz is
formed in template DNA, replication slows down to
wait for dGTP, thus increasing the frequency of
GWCCCWG transversions. This is in clear contrast to the
fact that considerable non-mutagenic C is incorporated
opposite 8-oxoG in addition to mutagenic incorporation
of A. Kinetic analysis indicated that the frequency of G
incorporation opposite Iz was comparable to that of A
incorporation opposite 8-oxoG. These results suggest
that IzWG is responsible for GWCCCWG transversions.
However, the amount of chain extension of T from an
IzWG pair was only 6% of that of an 8-oxoGWA pair. The
low e¤ciency of extension from IzWG pairs is probably due
to insu¤cient stacking interaction between Iz and T base
of dTTP relative to that of 8-oxoG and T, since the im-
portance of base stacking between the primer terminal and
incorporated nucleoside triphosphate are demonstrated in
the replication complex [46]. Presumably due to chemical
instability, the biological impact of Iz might be underesti-
mated. However, Ikeda and Saito recently reported that Iz
is stabilized in a double helical DNA structure and that
the half-life of Iz under this condition is about 20 h at
37³C which is signi¢cantly longer than that of dIz (mono-
mer) [47]. Therefore, DNA replication before hydrolysis to
Oz may cause GWCCCWG transversions.

We then performed the `reverse' experiment of the ¢rst
DNA polymerization using dIzTP and a natural DNA
template. Primer extension demonstrated that dIzTP is
speci¢cally incorporated opposite every G site. These ¢nd-

ings are in direct contrast to the ambiguous incorporation
of 8-oxodGTP into A and C templates [7] and further
support the notion of speci¢c IzWG base pair formation.
The biological role of Iz in mutagenesis and its repair
mechanisms should be addressed at the molecular and
cellular levels.

4. Signi¢cance

Although the frequency of GWCCCWG transversions is
quite high under oxidative stress, the oxidative lesion that
causes GWCCCWG transversions is unknown. Primer exten-
sion indicated that only dGTP is speci¢cally incorporated
opposite Iz. DNA polymerization using a natural DNA
template demonstrated that dIzTP is incorporated oppo-
site G. These results suggest the speci¢c formation IzWG
base pairs in vitro. IzWG base pairs may cause GWCCCWG
transversion mutations.

5. Materials and methods

5.1. Calculations of base pairs

The base pairs were calculated using Gaussian 94 and Spartan
(version 5.0) programs on a Silicon Graphics O2 R10000. The
geometry of the base pairs and the isolated bases were con-
structed using the builder module in the Spartan program. All
the sugar backbones of complementary bases were removed ex-
cept for the 2P-deoxyribose C1P carbon and C1P H. Two H atoms
were then attached to the C1P methine to complete the N-meth-
ylated nucleobases. The geometry was optimized at the 6-31G*
level, and single point energy was corrected at the same level for
the zero-point vibrational energy (ZPE), the basis set superposi-
tion error (BSSE) and the reorganization energy [48,49]. The
calculated heat of formation of base pairs was de¢ned as:
vE = E(base pair complex `XWY')3[E(isolated base `X')+E(iso-
lated base `Y')]. To estimate energy in water (O= 78.54), we cal-
culated the self-consistent reaction ¢eld (SCRF) value using the
Onsager reaction ¢eld model.

5.2. Photoirradiation of oligonucleotides

A mixture containing oligomer (71.4 WM strand concentration)
with free or ODN-linked sensitizer in 50 mM sodium cacodylate
bu¡er (pH 7.0) was irradiated at 365 nm under aerobic conditions
at 0³C for the indicated periods from a distance of 5 cm. There-
after, the samples were digested with alkaline phosphatase (23
units/ml) and P1 nuclease (14 units/ml) at 4³C for 12 h [30].
Low-temperature enzymatic digestion of these samples was ana-
lyzed by HPLC using a 5C18-MS column (5 Wm, 150U4.6 mm,
elution with a solvent mixture of 50 mM ammonium formate, 0%
(isocratic) acetonitrile/0^5 min, 0^7%/5^27 min and 7% (iso-
cratic)/27^30 min at a £ow rate of 1.0 ml/min) and monitored
at 254 nm.
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5.3. Synthesis of AQ-linked oligonucleotide

The phosphoramidite of N-(2-hydroxy-ethyl)-2-anthraquinone
carboxamine (AQ) was synthesized from anthraquinone-2-car-
boxylic acid [41] and AQ-linked oligonucleotide was synthesized
on a Beckman DNA synthesizer. The concentration of these oli-
gonucleotides was determined by enzymatic digestion. These oli-
gonucleotides were identi¢ed by ESI-MASS (negative mode).
ESI-MASS, AQ-linked 5P-d(TTTTTTCTTTTTT): 4234.1
(4234.8, calculated). Enzymatic digestion of AQ-linked 5P-
d(TTTTTTCTTTTTT), provided AQ-dT, which was eluted at 8
min after dA on a 5C18-MS column (5 Wm, 150U4.6 mm using a
solvent mixture of 50 mM ammonium formate, 0^30% acetoni-
trile/0^20 min and 30%(isocratic)/20^22 min at a £ow rate of 1.0
ml/min). AQ-dT was identi¢ed by ESI-MASS (negative mode).
ESI-MASS, AQ-dT: 599.3 (599.5, calculated).

5.4. Synthesis of imidazolone containing oligonucleotides

A solution of 5P-d(CCCAGTTCAAAATC)-3P (18.7 WM) and
ribo£avin (50 WM) in sodium cacodylate bu¡er (50 mM, pH 7.0)
was irradiated with UV at 0³C for 20 min (365 nm). The corre-
sponding oligonucleotide 5P-d(CCCAIzTTCAAAATC)-3P con-
taining imidazolone (Iz) (2) was puri¢ed by passage through a
5C18-MS column (5 Wm, 150U4.6 mm) using a gradient of ace-
tonitrile (5^7%/0^30 min and 7% (isocratic)/30^40 min) in 50 mM
ammonium formate at a £ow rate of 1.0 ml/min). Oligonucleo-
tides were detected at 254 nm using a UV^visible spectrophotom-
eter and the yield of 2 was 38% of the consumed 14-mer, 5P-
d(CCCAGTTCAAAATC)-3P (1). Fractions containing Iz were
collected and acetonitrile was evaporated under reduced pressure.
The sample was loaded on the same column and desalted with
water at a £ow rate of 1.0 ml/min, then eluted with 50% aqueous
acetonitrile. The acetonitrile was evaporated under reduced pres-
sure, and the sample was lyophilized. The concentration of 2 was
determined by comparison with that of 1. The purity was s 92%
as judged by HPLC. The structure of 2 was elucidated by enzy-
matic digestion as described above and by ESI-MASS. Enzymatic
digestion of 2 provided dC:dIz:dT:dA = 5:1:3:5. ESI-MASS,
2 : 4152.0 (4152.8, calculated).

5.5. Polymerase reaction

Reactions catalyzed by pol I or Kf (Boehringer Mannheim)
proceeded in 50 Wl of 10 mM Tris^HCl (pH 7.4), 5 mM MgCl2,
7.5 mM DTT and 2.5 Wg BSA containing 1.5 pmol of the tem-
plate and 1.0 pmol of primer 5P end-labeled with Texas red. The
constituents were mixed at room temperature, then cooled to 0³C
for s 5 min. The DNA was polymerized using dNTP and poly-
merase at 37³C for 10 min. Details of the conditions are shown in
the legends to Fig. 5. Reactions were stopped by adding 2 Wl of
0.5 mM sodium EDTA. The samples (50 Wl) were dried or etha-
nol-precipitated, then dissolved in 10 Wl of loading dye (formam-
ide with fuchsin red). An aliquot (2 Wl) was resolved by electro-
phoresis on 20% polyacrylamide gels and sequenced (5500S DNA
sequencer, Hitachi). Fluorescent bands were analyzed using

FRAGLYS2 (version 2.2, Hitachi) and NIH image (version
1.61) on a Power Macintosh G3.

5.6. Steady-state kinetics

Steady-state kinetic parameters were established for dGTP in-
sertion opposite X (1 : X = C, 2 : X = Iz) in templates using pol I
and for dTTP chain extension from X:G pairs from the 3P primer
terminus using Kf. Enzyme and nucleoside triphosphate concen-
trations were adjusted for insertion or chain extension reactions
to allow 1^20% yields. The temperature of the 1 min reactions
was 25³C. The Michaelis constant (Km) and maximum rate of
reaction (Vmax) were obtained from Lineweaver^Burk plots of
the kinetic data (the average of two separate experiments). Fre-
quencies of insertion (Fins) and extension (Fext) were determined
relative to CWG base pairs according to the equation F = (Vmax/Km

[polymerase])�IzWG�/(Vmax/Km [polymerase])�CWG�. Steady-state ki-
netic parameters were checked for dATP insertion opposite X
(3 : X = T, 4 : X = 8-oxoG) in templates and for dTTP chain ex-
tension from XWA pairs originating at the 3P primer terminus as
controls. The Fins and Fext values of 8-oxoG were determined
relative to the TWA base pairs according to the equation
F = (Vmax/Km [polymerase])�8ÿoxoGWA�/(Vmax/Km [polymerase])�TWA�.

5.7. Preparation of dIzTP

A solution containing dGTP (50 WM) and ribo£avin (94.5 WM)
in sodium cacodylate bu¡er (50 mM, pH 7.0) was irradiated
with UV at 0³C for 20 min (365 nm). Deoxy-IzTP was puri¢ed
on a 5C18-ARII column (5 Wm, 150U4.6 mm) using a gradient
of acetonitrile (2^4%/0^20 min) in 100 mM triethylammonium
bicarbonate at a £ow rate of 0.9 ml/min). The oligonucleotides
were detected at 254 nm using a UV^visible spectrophotometer.
The structure of dIzTP was elucidated by enzymatic digestion
(calf intestine alkaline phosphatase) and by ESI-MASS dIzTP:
467.9 (468.1, calculated). The yield of dIzTP from dGTP was
31%.
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