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ABSTRACT: G[8-5m]T, a guanine-thymine intrastrand cross-link lesion where the C8 of guanine is
covalently bonded to the neighboring 3′-thymine through its methyl carbon, was previously shown to
form in an aqueous solution of duplex DNA upon exposure toγ- or X-rays and in calf thymus DNA
treated with Fenton reagents. Here, we employed LC-MS/MS and demonstrated for the first time that
this lesion could be induced in a dose-dependent manner in human Hela-S3 cells upon exposure toγ-rays.
We further carried out in vitro replication studies on a substrate containing a site-specifically incorporated
G[8-5m]T, and our results showed that the Klenow fragment ofEscherichia coliDNA polymerase I
stopped synthesis mostly after incorporating the correct nucleotide dAMP opposite the 3′-thymine moiety
of the lesion. On the other hand, yeastSaccharomyces cereVisiaeDNA polymeraseη (pol η) was able to
replicate past the cross-link lesion, but with markedly reduced efficiency in nucleotide incorporation opposite
the 5′-guanine of the lesion. Steady-state kinetic analyses for nucleotide incorporation by yeast polη
showed that the 5′-guanine portion of the lesion also decreased pronouncedly the fidelity of nucleotide
incorporation; the insertion of dAMP and dGMP was favored over that of the correct nucleotide, dCMP.
The above results support the conclusion that oxidative intrastrand cross-link lesions, if not repaired, can
be cytotoxic and mutagenic.

Excess generation of reactive oxygen species (ROS)1 in
vivo can result in DNA damage (1-3), which includes a
multitude of single-nucleobase lesions (4) and a number of
intrastrand cross-link lesions (5-17). In this respect, Bellon
et al. (10) found that some intrastrand cross-link lesions,
including G[8-5m]T, where the C8 of guanine is covalently
bonded to the methyl carbon of its neighboring 3′-thymine
(structure shown in Figure 1), can be induced in an aqueous
solution of duplex DNA upon exposure toγ-rays. In addition,
our recent study demonstrated that G[8-5m]T could be
generated from calf thymus DNA upon treatment with Fenton
reagent, Cu(II)/H2O2/ascorbate, under aerobic conditions (18).

Previous studies revealed that intrastrand cross-link
lesions are initiated from a single pyrimidine radical
(6-8, 10, 12-14). In this respect, the hydroxyl radical (•OH)
can abstract a hydrogen atom from the 5-methyl group of
thymine (19), leading to the formation of the methyl radical
of the nucleobase, which may attack its neighboring guanine
base to yield G[8-5m]T (10). In light of this underlying
mechanism for the formation of the intrastrand cross-link

lesions and the previous results from the treatment of calf
thymus DNA with Fenton-type reagents (18), we reasoned
that the G[8-5m]T cross-link lesion might be induced in
genomic DNA of eukaryotic cells upon exposure to ROS.

Cells have developed various strategies to minimize the
deleterious effects of DNA lesions by an intricate DNA repair
system and certain mechanisms to tolerate unrepaired or
highly repair-resistant DNA lesions during DNA replication
(20, 21). However, the presence of DNA lesions in replicat-
ing DNA may lead to the stalling of DNA replication, which
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FIGURE 1: (Top) Structure of the G[8-5m]T intrastrand cross-link.
(Bottom) Substrates used for in vitro replication studies. The
sequence was chosen because the corresponding in vitro replication
study for the structurely related G[8-5]C intrastrand cross-link was
carried out with the lesion situated in the same sequence context
(17, 29).
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may cause cell death. Moreover, lesions may give rise to
mutations and result in numerous pathological conditions
including cancer and aging (20). Other than some frequently
observed single-base substitutions emanating from ROS-
induced DNA lesions, e.g., Cf T transitions and Gf T
transversions (22), CCf TT and mCGf TT tandem double
mutations were shown to be induced by ROS generated from
a variety of systems (22-25). It has been suggested that
ROS-induced intrastrand cross-link lesions formed between
adjacent nucleotides might contribute to the tandem muta-
tions (23, 24). In addition, both G[8-5]C and G[8-5m]T
cross-link lesions could be substrates for the nucleotide
excision repair (NER) pathway (26, 27).

It was proposed that, when a high-fidelity replication fork
is arrested at the sites of DNA damage, translesion synthesis
(TLS) polymerases can take over from replicative poly-
merases temporarily to bypass synthetically the templates
with lesions. This process can be either error-free or error-
prone (28). Our previous in vitro replication studies on G[8-
5]C showed that it can either stall DNA replication performed
by some high-fidelity replicative polymerases, such as T7
DNA polymerase and HIV reverse transcriptase, or lead to
mutagenesis by a translesion synthesis polymerase, yeast
polymeraseη (17, 29).

In this study, we demonstrated, for the first time, that the
G[8-5m]T cross-link lesion could be induced, in a dose-
dependent manner, in cultured human cells upon exposure
to γ-rays. In addition, we measured the steady-state kinetic
parameters during DNA replication in vitro with a replicative
DNA polymerase, the Klenow fragment (KF) ofEscherichia
coli DNA polymerase I, and a member of the “Y” super-
family of polymerases, yeast DNA polymeraseη. The latter
is the gene product of Rad30 in budding yeastSaccharo-
myces cereVisiae (30) and the variant form of xeroderma
pigmentosum (XP-V) in humans (31).

MATERIALS AND METHODS

Chemicals and Enzymes. All unmodified oligodeoxyribo-
nucleotides (ODNs) used in this study were purchased from
Integrated DNA Technologies (Coralville, IA). [γ-32P]ATP
was obtained from Amersham Biosciences Co. (Piscataway,
NJ). Other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO). Nuclease P1 and alkaline phosphatase were
procured from MP Biomedicals (Aurora, OH) and Sigma-
Aldrich (St. Louis, MO), respectively. Snake venom phos-
phodiesterase and calf spleen phosphodiesterase were ob-
tained from US Biological (Swampscott, MA). The Klenow
fragment (3′ f 5′ exo-) of E. coli DNA polymerase I was
purchased from New England Biolabs, Inc. (Ipswich, MA).
Yeast polymeraseη (pol η) was expressed and purified
following previously published procedures (32). Hela-S3
cells were obtained from the National Cell Culture Center
(Minneapolis, MN).

Treatment of Hela-S3 Cells withγ-Rays and Enzymatic
Digestion of DNA. Hela-S3 cells were centrifuged to remove
the culture medium and resuspended in phosphate-buffered
saline. The cell suspension (107 cells/mL) was exposed to
γ-rays delivered by a Mark I137Cs irradiator (JL Shepherd
and Associates, San Fernando, CA). The dose rate was
maintained at 2.8 Gy/min, and irradiation was continued until
a certain total dose of exposure was reached. Immediately

after the exposure, the cells were harvested by centrifugation
and the nuclear DNA was isolated by phenol extraction
following previously published procedures (33).

The DNA was digested with four enzymes (nuclease P1,
calf spleen phosphodiesterase, alkaline phosphatase, and
snake venom phosphodiesterase) to release the intrastrand
cross-link lesions as dinucleoside monophosphates following
previously described procedures (34). The digestion mixture
was passed through a YM-10 Centricon membrane (Milli-
pore, Billerica, MA) to remove the enzymes. The amount
of nucleosides in the mixture was quantified by UV absorp-
tion spectroscopy. To the mixture was then added isotopically
labeled d(G[8-5m]T) (18), which carried two15N atoms and
a deuterium on the thymidine portion.

HPLC Enrichment. The HPLC enrichment of d(G[8-
5m]T) from the digestion mixture of cellular DNA was
performed with a 4.6× 50 mm Luna reversed-phase C18
column (5µm in particle size, Phenomenex, Torrance, CA).
A gradient of 5 min of 0-2% acetonitrile followed by 55
min of 2-5% acetonitrile in 10 mM ammonium formate (pH
6.3) was employed, and the flow rate was 0.60 mL/min. The
fractions were collected in a wide retention time range to
ensure that the cross-link product was completely collected.
The collected fractions were dried in the SpeedVac, redis-
solved in 15µL of H2O, and injected for LC-MS/MS
analysis.

LC-MS/MS for the Detection and Quantification of G[8-
5m]T. A 0.5 × 150 mm Zorbax SB-C18 column (particle
size 5µm, Agilent Technologies, Palo Alto, CA) was used
for the separation of the DNA hydrolysis samples, and the
flow rate was 8.0µL/min, which was delivered by an Agilent
1100 capillary HPLC pump (Agilent Technologies). A 60
min gradient of 0-30% acetonitrile in 20 mM ammonium
acetate was employed for the analysis of HPLC-enriched
d(G[8-5m]T). The effluent from the LC column was
coupled to an LTQ linear ion-trap mass spectrometer
(Thermo Fisher Scientific, San Jose, CA), which was set up
for monitoring the fragmentation of the [M+ H]+ ions of
the labeled and unlabeled d(G[8-5m]T).

Preparation of Substrates for in Vitro Replication Studies.
The G[8-5m]T-containing ODN for in vitro replication
studies was prepared following procedures described in a
previous paper (26). Briefly, a dodecameric lesion-bearing
substrate, d(ATGGCG[8-5m]TGCTAT), was obtained from
the 254 nm irradiation of a 5-[(phenylthio)methyl]-2′-
deoxyuridine-containing ODN. The lesion-bearing substrate
was ligated with the 5′-phosphorylated d(GATCCTAG) in
the presence of a template ODN, d(CCGCTCCCTAGGAT-
CATAGCACGCCAT) (17). The desired lesion-containing
20-mer ODN was purified by using 20% denaturing poly-
acrylamide gel electrophoresis (PAGE) and desalted by
ethanol precipitation. The purity of the product was further
confirmed by PAGE analysis.

Primer Extension Assay. The 20-mer lesion-containing
template or the normal template (20 nM) with GT in lieu of
G[8-5m]T was annealed with a 5′-32P-labeled 14-mer primer
(10 nM). To the duplex mixture were added a mixture of all
four dNTPs and a DNA polymerase. The reaction was carried
out at 37°C in a buffer containing 10 mM Tris-HCl (pH
7.5), 5 mM MgCl2, and 7.5 mM DTT for 60 min. The
concentrations of the polymerases are indicated in the figures.
The reaction was terminated by adding a 2 volume excess
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of formamide gel-loading buffer [80% formamide, 10 mM
EDTA (pH 8.0), 1 mg/mL xylene cyanol, and 1 mg/mL
bromophenol blue]. The products were resolved on 20% (29:
1) cross-linked polyacrylamide gels containing 8 M urea.
Gel band intensities for the substrates and products were
quantified by using a Typhoon 9410 variable-mode imager
(Amersham Biosciences Co.) and ImageQuant version 5.2
(Amersham Biosciences Co.).

Steady-State Kinetic Measurements. The steady-state
kinetic analyses were performed as described previously (35,
36). In this measurement, the primer-template duplex (10
nM) was incubated with either Klenow fragment (0.1 unit)
or yeast polymeraseη (5 ng) in the presence of an individual
dNTP at various concentrations as indicated in the figures.
The reaction was carried out at room temperature with the
same reaction buffer as described for the primer extension
assays. The dNTP concentration was optimized for different
insertion reactions to allow for less than 20% primer
extension (36). The observed rate of dNTP incorporation
(Vobsd) was plotted as a function of dNTP concentration, and
the apparentKm andVmax steady-state kinetic parameters for
the incorporation of both the correct and incorrect nucleotides
were determined by fitting the rate data with the Michaelis-
Menten equation:

The efficiency of nucleotide incorporation was determined
by the ratioVmax/Km. The fidelity of nucleotide incorporation
was then calculated by the frequency of misincorporation
(finc) with the following equation:

Molecular Modeling. Molecular modeling was carried out
on a Silicon Graphics O2 workstation (SGI, Sunnyvale, CA)
with Spartan (SGI version 5.1.3, Wavefunction, Inc., Irvine,
CA). The initial geometry of d(G[8-5m]T) was built from
d(GT) by employing standard B-DNA parameters and
optimized with the semiempirical PM3 method (37).

RESULTS

Identification and Quantification of G[8-5m]T in Hela-
S3 Cells Exposed toγ-Rays. Encouraged by the findings that
G[8-5m]T could be induced in ODNs from exposure to
γ-rays and in calf thymus DNA treated with Fenton reagents
under aerobic conditions (10, 18), we set out to examine the
formation of this type of lesion in human cells. To this end,
we exposed cultured Hela-S3 cells to a series of doses of
γ-rays, isolated the nuclear DNA immediately after the
exposure, and digested the DNA by using four enzymes (see
the Materials and Methods). This digestion method was
proven to be efficient in liberating both single-nucleobase
and intrastrand cross-link lesions (18). We then added the
isotope-labeled d(G[8-5m]T) to the digestion mixture,
removed most unmodified nucleosides by HPLC, and
subjected the d(G[8-5m]T)-containing HPLC fractions to
LC-MS/MS and LC-MS/MS/MS (MS3) analyses.

Our LC-MS results revealed that G[8-5m]T could be
induced in cultured human cells upon exposure toγ-rays.
In this context, we observed a peak in the selected-ion
chromatogram (SIC) for them/z 570 f 472 transition for
the DNA sample obtained from the cells (Figure S1 in the
Supporting Information). Moreover, the product-ion spectrum
of the [M + H]+ ion of this fraction showed the presence of
the fragment ion ofm/z 472 (Figure S1), which is attributed
to the elimination of a 2-deoxyribose (18). Corresponding
analysis of DNA samples obtained from control cells without
γ-ray exposure revealed that G[8-5m]T was not detectable.
In this respect, we chose to employ positive-ion ESI-MS for
assessing the formation of G[8-5m]T because the sensitivity
for analyzing this compound is greater in the positive-ion
mode than in the negative-ion mode.

Other than the characteristic fragment ion found in the
MS/MS spectrum for the internal standard and the analyte,
ions from impurities were also present (Figure S1). To afford
unambiguous detection of the lesion, we set up the instrument
to monitor the further cleavage of the ion ofm/z472 to obtain
a product-ion spectrum, i.e., MS3, of high quality (Figure
2). In this respect, collisional activation of the ion ofm/z
472 results in the formation of a dominant fragment ion of
m/z 276, which is attributed to the protonated species of the
cross-linked nucleobase component. Moreover, the LC-MS3

results revealed the dose-dependent formation of this lesion
in Hela-S3 cells (Figure 3, and the calibration curve is shown
in Figure S2 of the Supporting Information). It is worth
noting that the rate for the formation of the G[8-5m]T lesion
is approximately 0.050 (lesion/109 nucleosides)/Gy, which
is approximately 200 times lower than what we recently
found for the rate of the formation of 5-formyl-2′-deoxyuri-

Vobsd)
Vmax[dNTP]

Km + [dNTP]

finc )
(Vmax/Km)incorrect

(Vmax/Km)correct

FIGURE 2: SICs for monitoring them/z 570 f 472 f 276 (a, for
unlabeled d(G[8-5m]T)) andm/z573f 475f 278 (b, for labeled
d(G[8-5m]T)) transitions in theγ-ray-treated DNA after enzymatic
digestion. Shown in the insets are the MS3 results for the unlabeled
and labeled d(G[8-5m]T).
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dine (0.011 (lesion/106 nucleotides)/Gy) under identical
exposure conditions (33).

In Vitro Replication Studies of the G[8-5m]T Cross-Link
Lesion. The G[8-5m]T-bearing 12-mer ODN substrate was
obtained from the 254 nm irradiation of a 5-[(phenylthio)-
methyl]-2′-deoxyuridine-containing ODN following previ-
ously reported procedures (26). This lesion-carrying ODN
was further ligated with a 5′-phosphorylated 8-mer ODN to
construct a 20-mer lesion-containing substrate as a template
for in vitro replication studies (Figure 1).

First, we performed primer extension assays on the G[8-
5m]T-bearing substrate with Klenow fragment and yeast pol
η. The results with the Klenow fragment showed that, in
the presence of all four dNTPs, the synthesis stopped mostly
after the incorporation of the first nucleotide opposite the
3′-T of the lesion. A small portion of the reaction product
carried an additional nucleotide opposite the 5′-G of the
lesion, and only a trace amount of full-length products could
be detected (Figure 4a). This result is consistent with what
was recently observed by Bellon and co-workers (38). On
the other hand, the primer extension assay with yeast polη
showed that this polymerase can partially bypass the G[8-
5 m]T intrastrand cross-link when all four dNTPs are present.

However, a considerable number of short replication products
with the addition of one or two nucleotides opposite the
lesion site were also found (Figure 4b).

Next, we determined the steady-state kinetic parameters
for nucleotide incorporation opposite the damaged nucleo-
bases in the G[8-5m]T lesion-containing substrate and G
and T in the undamaged substrate as a control by both
Klenow fragment and yeast polη (Figure 5 and Figure S3
in the Supporting Information). The steady-state kinetic
parameters for nucleotide incorporation mediated by the two
polymerases are summarized in Tables 1 and 2.

Relative to that for the unmodified substrate, the efficiency
for Klenow fragment to incorporate the correct nucleotide,
dAMP, opposite the 3′-thymine moiety of G[8-5m]T was
reduced by only 2-fold. Decreased incorporation efficiencies,
i.e., by 2-10 times, were also found for the other three
nucleotides. Thus, the incorporation of dAMP is still much
more preferred over those of the other three nucleotides in
the presence of the lesion (Table 1). However, when we
attempted to measure the steady-state kinetic parameters for
nucleotide incorporation opposite the 5′-guanine moiety of
the lesion with the Klenow fragment, we either could not
detect any nucleotide incorporation or failed to derive valid
kinetic parameters within the applicable concentration range
(<2 mM) of dNTPs. The results indicate that, although one
nucleotide can be incorporated opposite the 3′-T moiety,
DNA synthesis is blocked mostly at the 5′-G moiety of the
G[8-5m]T lesion. This result is consistent with results
obtained from the primer extension assay (vide supra).

We further measured the steady-state kinetic parameters
for nucleotide incorporation catalyzed by yeast polη. When
the data for the lesion-containing and undamaged substrates
were compared, we found that the presence of the cross-
link lesion diminished the insertion efficiencies of all four

FIGURE 3: Dose-dependent formation of G[8-5m]T in Hela-S3
cells upon exposure toγ-rays. The values represent the means(
SD from three independent exposure and quantification experiments.

FIGURE 4: Primer extension assays for nucleotide incorporation
opposite a G[8-5m]T-bearing substrate and its control undamaged
substrate with exo- Klenow fragment (left two panels) and yeast
pol η (right two panels). The sequences for the control and G[8-
5]T-bearing templates are listed in Figure 1, and 5′-[32P]-labeled
d(GCTAGGATCATAGC) was used as the primer. KF (exo-) or
yeast polη with the indicated concentrations was incubated with
10 nM substrate and 200µM dNTPs at 37°C for 60 min.

FIGURE 5: Steady-state kinetic measurements for the incorporation
of dAMP, dGMP, dCMP, and dTMP opposite the thymidine portion
of G[8-5m]T (top panels) or opposite the thymidine at an
undamaged GT site (bottom panels). Exo- Klenow fragment (0.1
U) was incubated with 10 nM DNA substrate at room temperature
for 10 min. The highest dNTP concentration is shown in the figure,
and the concentration ratio of dNTP between adjacent lanes was
0.5-0.6.

12760 Biochemistry, Vol. 46, No. 44, 2007 Jiang et al.



dNTPs opposite the 3′-T moiety of the lesion by nearly 1-5
times (Table 2). As a result, polη still inserted dAMP
opposite the 3′-T of the lesion most preferentially. The
incorporation efficiency of the correct nucleotide, dCMP,
opposite the 5′-G, however, is markedly reduced, i.e., by
approximately 5 orders of magnitude, with the presence of
the cross-link lesion (a 15-mer primer with a dA at the 3′-
terminus was used for this measurement, Table 2). On the
other hand, the efficiencies for the insertion of dAMP and
dGMP opposite the 5′-G of the lesion became slightly higher
than those for the incorporation of these two nucleotides
opposite an unmodified guanine. Consequently, the fidelity
of nucleotide incorporation opposite the 5′-G moiety of the
lesion was significantly impaired. The insertion of dAMP
or dGMP was slightly favored over that of dCMP or dTMP.
This result indicates that, during translesion synthesis by
yeast polη, the existence of the G[8-5m]T intrastrand cross-
link lesion in the template may lead to the incorporation of
a dAMP or dGMP opposite the 5′-G moiety instead of the
correct dCMP, thereby giving rise to Gf T and Gf C
transversions.

It is worth emphasizing that, even though yeast polη can
synthetically bypass both nucleobases of the cross-link lesion,
in addition to the compromised fidelity, the efficiency for

nucleotide incorporation opposite the 5′-G dropped by
approximately 4000 times. Therefore, the presence of the
G[8-5m]T cross-link lesion decreases both the efficiency
and the fidelity of nucleotide incorporation mediated by yeast
pol η. In this context, it is of note that, the efficiency for
nucleotide incorporation by yeast polη opposite an abasic
site was also reduced significantly, i.e., by 3 orders of
magnitude, in relation to the nucleotide insertion opposite
an undamaged site (39). On the other hand, yeast polη inserts
the correct nucleotide opposite the 5,6-dihydroxy-5,6-dihy-
drothymidine (thymidine glycol) and 8-oxo-7,8-dihydro-2′-
deoxyguanosine (8-oxodG), which are commonly observed
oxidative single-nucleobase lesions formed at thymidine and
2′-deoxyguanosine sites, respectively (40, 41). In addition,
the nucleotide insertion opposite these two lesions is as
efficient as the corresponding nucleotide incorporation op-
posite the undamaged counterparts (40, 41).

DISCUSSION

By using LC-MS/MS with the standard isotope dilution
method, we demonstrated, for the first time, that G[8-5m]T
could be induced in Hela-S3 cells upon exposure toγ-rays.
This result, combined with our previous finding that the
lesion could be generated in calf thymus DNA upon

Table 1: Fidelity of Nucleotide Incorporation by Exo- Klenow Fragment on a G[8-5m]T Cross-Link-Containing Substrate and the
Undamaged Substrate As Determined by Steady-State Kinetic Measurementsa

dNTP Vmax (nM/min) Km (nM) Vmax/Km finc

G[8-5m]T-Containing Substrate (14-mer Primer, 5′-GCTAGGATCATAGC-3′)
dATP 0.22( 0.004 0.71( 0.02 0.31 1.0
dGTP 0.29( 0.02 (6( 1) × 102 5 × 10-4 2 × 10-3

dCTP 0.28( 0.01 (4.0( 0.4)× 104 7.0× 10-6 2.3× 10-5

dTTP 0.24( 0.004 (1.07( 0.05)× 105 2.2× 10-5 7.1× 10-5

Undamaged DNA Substrate (14-mer Primer, 5′-GCTAGGATCATAGC-3′)
dATP 0.27( 0.01 1.63( 1.60 0.16 1.0
dGTP 0.17( 0.04 (4( 1) × 103 4 × 10-5 2 × 10-4

dCTP 0.16( 0.01 (5.2( 0.5)× 104 3.1× 10-6 1.9× 10-5

dTTP 0.10( 0.001 (3.0( 0.3)× 104 3.3× 10-6 2.0× 10-5

a Km andVmax are average values based on three independent measurements.

Table 2: Fidelity of Nucleotide Incorporation by Yeast Polymeraseη on a G[8-5m]T Cross-Link-Containing Substrate and the Undamaged
Substrate As Determined by Steady-State Kinetic Measurementsa

dNTP Vmax (nM/min) Km (nM) Vmax/Km finc

G[8-5m]T-Containing Substrate, 14-mer Primer (5′-GCTAGGATCATAGC-3′)
dATP 0.40( 0.02 (3.3( 0.5)× 102 1.2× 10-3 1.0
dGTP 0.45( 0.06 (1.7( 0.3)× 105 2.7× 10-6 2.3× 10-3

dCTP 0.20( 0.01 (8( 2) × 103 3 × 10-5 2 × 10-2

dTTP 0.38( 0.07 (1.2( 0.4)× 105 3.1× 10-6 2.6× 10-3

Undamaged Substrates, 14-mer Primer (5′-GCTAGGATCATAGC-3′)
dATP 0.23( 0.02 36.1( 0.6 6.4× 10-3 1.0
dGTP 0.33( 0.02 (5.9( 0.5)× 104 5.6× 10-6 8.8× 10-4

dCTP 0.32( 0.04 (4.1( 0.1)× 103 7.8× 10-5 1.2× 10-2

dTTP 0.53( 0.01 (1.1( 0.9)× 105 4.6× 10-6 7.2× 10-4

G[8-5m]T-Containing Substrate, 15-mer Primer (5′-GCTAGGATCATAGCA-3′)
dATP 0.48( 0.03 (5.0( 0.6)× 104 9.5× 10-6 1.0
dGTP 0.32( 0.01 (5.7( 0.2)× 104 5.6× 10-6 0.59
dCTP 0.47( 0.05 (2.3( 0.2)× 106 2.1× 10-7 2.2× 10-2

dTTP 0.33( 0.02 (6.2( 0.4)× 105 5.3× 10-7 5.6× 10-2

Undamaged Substrate, 15-mer Primer (5′-GCTAGGATCATAGCA-3′)
dATP 0.97( 0.08 (5.2( 0.3)× 105 1.9× 10-6 4.8× 10-5

dGTP 1.57( 0.01 (5.77( 0.07)× 105 2.7× 10-6 7.0× 10-5

dCTP 0.36( 0.04 9.2( 2.5 3.9× 10-2 1.0
dTTP 0.36( 0.04 (1.8( 0.3)× 104 2.0× 10-5 5.1× 10-4

a Km andVmax are average values based on three independent measurements.
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treatment with Fenton reagents under aerobic conditions (18),
underlies the biological significance of this type of lesion.

As reported previously, a photochemical approach enabled
us to obtain well-characterized intrastrand cross-link-contain-
ing ODNs (26). In this context, ODN substrates bearing a
structurally defined lesion for in vitro replication studies
facilitate us to understand the biological implications of these
lesions at the molecular level. Examining the behaviors of
both a replicative polymerase and a translesion synthesis
polymerase during DNA replication provides us with a
comprehensive view of the mutagenic properties of a DNA
lesion. Our results revealed that both Klenow fragment and
yeast polη could incorporate the correct nucleotide, dAMP,
opposite the 3′-T of the lesion with a relatively high
efficiency. Thus, the hydrogen-bonding properties of the 3′-T
might be conferred during nucleotide incorporation by both
polymerases, though Klenow fragment belongs to the high-
fidelity “A” family of DNA polymerases, which adopt
constrained active sites (42, 43). On the other hand, the
efficiency for nucleotide incorporation by Klenow fragment
opposite the 5′-G was diminished markedly by the presence
of the G[8-5m]T lesion. In addition, the 5′-G portion of
the cross-link lesion conferred a significant drop in efficien-
cies for nucleotide incorporation by yeast polη. Moreover,
yeast polη-mediated nucleotide insertion opposite the 5′-G
was error-prone, with dGMP and dAMP being incorporated
much more efficiently than the correct nucleotide, dCMP.

We reason that the presence of the cross-link lesion may
lead to a structural distortion to duplex DNA, which may
render the hydrogen-bonding property of the 5′-guanine
portion not to be recognized by yeast polη during nucleotide
insertion. Indeed, molecular modeling results with the
semiempirical PM3 method (37) predicted that theN-
glycosidic linkage of the 3′-nucleoside of the cross-link
assumes ananti configuration, whereas that of the 5′-
nucleoside is closer to asyn than ananti configuration
(Figure S4; coordinates for the optimized structure can be
found in the PDB file in the Supporting Information). Under
such circumstances, purine nucleotides can conceivably be
incorporated opposite the 5′-G more efficiently than pyri-
midine nucleotides because the former nucleotides exhibit a
stronger stacking interaction with the 3′-nucleotide of the
primer than the latter nucleotides (44). In this context, it is
worth noting that the efficiencies and specificities of nucle-
otide incorporation opposite G[8-5m]T by yeast polη are
consistent with our previous observations with the G[8-
5]C lesion (17).

The significant structure distortion as predicted by mo-
lecular modeling is consistent with the destabilizing effect
of the lesion on duplex DNA. Indeed thermodynamic
parameters derived from melting temperature measurements
revealed that G[8-5m]T destabilized the duplex, due to an
increase in free energy for duplex formation at 37°C, by
approximately 3.6 kcal/mol (26). In addition, the PM3-
optimized structure underscores that the structure distortion
of the 2′-deoxyguanosine portion of the intrastrand cross-
link is expected to perturb the stacking of this modified
guanine component with its neighboring unmodified 5′-
nucleobase.

G[8-5m]T could be recognized by theE. coli UvrABC
nuclease, suggesting that this lesion may be a good substrate
for the NER pathway in vivo (26, 27). Therefore, the

presence of the lesion is expected to have significant
biological consequences, especially for people suffering from
genetic diseases associated with deficiency in NER, i.e.,
xeroderma pigmentosum (XP) (45). XP patients often exhibit
a progressive, yet massive, neuron loss, which is ac-
companied by mental deterioration (46). The accumulation
of oxidative intrastrand cross-link lesions may contribute to
the pathophysiological symptoms of the XP patients.

The intracellular concentrations of iron and copper ions
can be dramatically elevated under oxidative stress conditions
via the release of these ions from iron- or copper-storage
proteins (47, 48). In humans, genetic hemochromatosis and
Wilson’s disease induce abnormal accumulation of iron and
copper, respectively, in various organs. Bulky DNA lesions
were found in the liver of patients with Wilson’s disease
and primary hemochromatosis (49). On the grounds that
oxidative intrastrand cross-link lesions could be induced in
DNA by iron- or copper-mediated Fenton-type reactions (18,
50), we reason that this type of lesion may also play a role
in the pathological conditions associated with high intrac-
ellular concentrations of these transition-metal ions.
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