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ABSTRACT: G[8—5m]T, a guaninethymine intrastrand cross-link lesion where the C8 of guanine is
covalently bonded to the neighboringtBymine through its methyl carbon, was previously shown to
form in an aqueous solution of duplex DNA upon exposurert@r X-rays and in calf thymus DNA
treated with Fenton reagents. Here, we employed-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 exposays.to

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 fragmenEs¢herichia coliDNA polymerase |
stopped synthesis mostly after incorporating the correct nucleotide dAMP oppositethlyenthe moiety

of the lesion. On the other hand, ye&stccharomyces cerisiae DNA polymerase; (pol i) was able to
replicate past the cross-link lesion, but with markedly reduced efficiency in nucleotide incorporation opposite
the B-guanine of the lesion. Steady-state kinetic analyses for nucleotide incorporation by yeast pol
showed that the 'Eguanine portion of the lesion also decreased pronouncedly the fidelity of nucleotide
incorporation; the insertion of JAAMP 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 (R@®S) 0 o)
vivo can result in DNA damagel{-3), which includes a HN o \H
multitude of single-nucleobase lesio &nd a number of HzN%N E\/ z PY
intrastrand cross-link lesion§<{17). In this respect, Bellon N
et al. L0) found that some intrastrand cross-link lesions, ﬁ Joﬁ
including G[8-5m]T, where the C8 of guanine is covalently 0
bonded to the methyl carbon of its neighborirgi8/mine +o 0-P-0 ot
(structure shown in Figure 1), can be induced in an aqueous o
solution of duplex DNA upon exposure ferays. In addition, G[8-5m|T
our recent study demonstrated that GBn]T could be
generated from calf thymus DNA upon treatment with Fenton Crosslink: 5-ATGGCG[8-5m]TGCTATGATCCTAG-3'
reagent, Cu(ll)/HO,/ascorbate, under aerobic conditioh8)( Control:  5-ATGGCGTGCTATGATCCTAG-3'

Previous studies revealed that intrastrand cross-link 14 mer Primer: 5-GCTAGGATCATAGC-3’
lesions are initiated from a single pyrimidine radical 15 mer Primer: 5-GCTAGGATCATAGCA-3’

(6-8, 10, 12—14). In this respect, the hydroxyl radicaOH) FiIGURE 1. (Top) Structure of the G[85m|T intrastrand cross-link.

can abstract a hydrogen atom from the 5-methyl group of (Bottom) Substrates used for in vitro replication studies. The

thymine (19), leading to the formation of the methyl radical ~sequence was chosen because the corresponding in vitro replication

of the nucleobase, which may attack its neighboring guanine Study for the structurely related G{$]C intrastrand cross-link was

base to yield G[85m]T (10). In light of this underlying carried out with the lesion situated in the same sequence context
. e . . 17, 29).

mechanism for the formation of the intrastrand cross-link ( )

t This work was supported by the National Institutes of Health lesions and the previous results from the treatment of calf

(Grants RO1 CA96906 and ROL CA101864). thymus DNA with Fenton-type reagentsg], we reasoned
* To whom correspondence should be addressed. Phone: (951) 827that the G[8-5m]T cross-link lesion might be induced in
279% Fax: (95? |8T27'.471|3- Eéma('j'i yt'”sg‘e”g-wang@ucr-ed“- genomic DNA of eukaryotic cells upon exposure to ROS.
E DQ{,‘;?{:,?;?,T f;‘f C%)gfn?S??yY raduate Frogram. Cells have developed various strategies to minimize the

1 Abbreviations: ROS, Reactive oxygen species:pglolymerase deleterious effects of DNA lesions by an intricate DNA repair
17; NER, nucleotide excision repair; XP-V, variant form of xeroderma system and certain mechanisms to tolerate unrepaired or

pigmentosum; ODN, oligodeoxyribonucleotide; TLC, translesion syn- |, raci i ; i~ati
thesis; SIC, selected-ion chromatogram; thymidine glycol, 5,6-dihy- highly repair-resistant DNA lesions during DNA replication

droxy-5,6-dihydrothymidine; 8-oxodG, 8-0xo-7,8-dihydree2oxygua- (20, 21). However, the presence of DNA |eSi(_3nS_in repli_cat—
nosine. ing DNA may lead to the stalling of DNA replication, which
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may cause cell death. Moreover, lesions may give rise to after the exposure, the cells were harvested by centrifugation
mutations and result in numerous pathological conditions and the nuclear DNA was isolated by phenol extraction

including cancer and agin@(@). Other than some frequently

following previously published procedure33)j.

observed single-base substitutions emanating from ROS- The DNA was digested with four enzymes (nuclease P1,

induced DNA lesions, e.g., € T transitions and G—= T
transversions2?), CC— TT and mCG— TT tandem double

calf spleen phosphodiesterase, alkaline phosphatase, and
snake venom phosphodiesterase) to release the intrastrand

mutations were shown to be induced by ROS generated fromcross-link lesions as dinucleoside monophosphates following

a variety of systems2Q—25). It has been suggested that

previously described procedure®l). The digestion mixture

ROS-induced intrastrand cross-link lesions formed betweenwas passed through a YM-10 Centricon membrane (Milli-
adjacent nucleotides might contribute to the tandem muta- pore, Billerica, MA) to remove the enzymes. The amount
tions @3, 24). In addition, both G[8-5]C and G[8-5m]T of nucleosides in the mixture was quantified by UV absorp-
cross-link lesions could be substrates for the nucleotide tion spectroscopy. To the mixture was then added isotopically
excision repair (NER) pathway26, 27). labeled d(G[8-5m]T) (18), which carried twd>N atoms and

It was proposed that, when a high-fidelity replication fork & deuterium on the thymidine portion.
is arrested at the sites of DNA damage, translesion synthesis HPLC Enrichment The HPLC enrichment of d(G[8
(TLS) polymerases can take over from replicative poly- 5m]T) from the digestion mixture of cellular DNA was
merases temporarily to bypass synthetically the templatesperformed with a 4.6< 50 mm Luna reversed-phase C18
with lesions. This process can be either error-free or error- column (5um in particle size, Phenomenex, Torrance, CA).
prone @8). Our previous in vitro replication studies on Gf8 A gradient of 5 min of 6-2% acetonitrile followed by 55
5]C showed that it can either stall DNA replication performed min of 2—5% acetonitrile in 10 mM ammonium formate (pH
by some high-fidelity replicative polymerases, such as T7 6.3) was employed, and the flow rate was 0.60 mL/min. The
DNA polymerase and HIV reverse transcriptase, or lead to fractions were collected in a wide retention time range to
mutagenesis by a translesion synthesis polymerase, yeasgnsure that the cross-link product was completely collected.
polymerase; (17, 29). The collected fractions were dried in the SpeedVac, redis-

In this study, we demonstrated, for the first time, that the Solved in 15uL of H:0, and injected for LEMS/MS
G[8-5m]T cross-link lesion could be induced, in a dose- analysis. . o
dependent manner, in cultured human cells upon exposure LC—MS/MS for the Detection and Quantification of G[8
to y-rays. In addition, we measured the steady-state kinetic >M/T- A 0.5 x 150 mm Zorbax SB-C18 column (particle
parameters during DNA replication in vitro with a replicative  SiZ€ 5¢m, Agilent Technologies, Palo Alto, CA) was used
DNA polymerase, the Klenow fragment (KF) BEcherichia for the separation of_the DNA hydroly3|s samples, a_nd the
coli DNA polymerase |, and a member of the “Y” super- flow rate was 8.Q«L/min, which was delivered by an Agilent
family of polymerases, yeast DNA polymerageThe latter 1100 capillary HPLC pump (Agilent Technologies). A 60
is the gene product of Rad30 in budding ye&stcharo- min gradient of 6-30% acetonitrile in 20 mM ammonium

myces cergsiae (30) and the variant form of xeroderma acetate was employed for the analysis of HPLC-enriched
pigmentosum (XP-V) in humans{). 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
Chemicals and Enzyme&ll unmodified oligodeoxyribo- the labeled and unlabeled d(Gf8m]T).
nucleotides (ODNs) used in this study were purchased from  preparation of Substrates for in Vitro Replication Studies.
Integrated DNA Technologies (Coralville, IA)y{*?P]ATP The G[8-5m]T-containing ODN for in vitro replication
was obtained from Amersham Biosciences Co. (Piscataway,studies was prepared following procedures described in a
NJ). Other chemicals were purchased from Sigma-Aldrich previous paper26). Briefly, a dodecameric lesion-bearing
(St. Louis, MO). Nuclease P1 and alkaline phosphatase weresypstrate, d(ATGGCG[85m]TGCTAT), was obtained from
procured from MP Biomedicals (Aurora, OH) and Sigma- the 254 nm irradiation of a 5-[(phenylthio)methyl}-2
Aldrich (St. Louis, MO), respectively. Snake venom phos- deoxyuridine-containing ODN. The lesion-bearing substrate
phodiesterase and calf spleen phosphodiesterase were olwas ligated with the 'Sphosphorylated d(GATCCTAG) in
tained from US Biological (Swampscott, MA). The Klenow  the presence of a template ODN, d(CCGCTCCCTAGGAT-
fragment (3— 5' exo") of E. coli DNA polymerase | was ~ CATAGCACGCCAT) (17). The desired lesion-containing
purchased from New England Biolabs, Inc. (Ipswich, MA). 20-mer ODN was purified by using 20% denaturing poly-
Yeast polymerasey (pol 77) was expressed and purified acrylamide gel electrophoresis (PAGE) and desalted by
following previously published procedure82). Hela-S3  ethanol precipitation. The purity of the product was further
cells were obtained from the National Cell Culture Center confirmed by PAGE analysis.
(Minneapolis, MN). Primer Extension AssayThe 20-mer lesion-containing
Treatment of Hela-S3 Cells witirRays and Enzymatic  template or the normal template (20 nM) with GT in lieu of
Digestion of DNAHela-S3 cells were centrifuged to remove G[8—5m]T was annealed with d-8P-labeled 14-mer primer
the culture medium and resuspended in phosphate-buffered10 nM). To the duplex mixture were added a mixture of all
saline. The cell suspension (1€ells/mL) was exposed to  four dNTPs and a DNA polymerase. The reaction was carried
y-rays delivered by a Mark ¥’Cs irradiator (JL Shepherd out at 37°C in a buffer containing 10 mM TrisHCI (pH
and Associates, San Fernando, CA). The dose rate was/.5), 5 mM MgC}h, and 7.5 mM DTT for 60 min. The
maintained at 2.8 Gy/min, and irradiation was continued until concentrations of the polymerases are indicated in the figures.
a certain total dose of exposure was reached. ImmediatelyThe reaction was terminated by adglia 2 volume excess

MATERIALS AND METHODS
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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 contaigi8 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 MeasuremenfBhe steady-state
kinetic analyses were performed as described previo@sly (
36). In this measurement, the primetemplate duplex (10
nM) was incubated with either Klenow fragment (0.1 unit)
or yeast polymerase (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 86). The observed rate of dNTP incorporation
(Vobsg Was plotted as a function of dNTP concentration, and
the appareni,, andVnax 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:

v VnoldNTP]
obsd K, + [ANTP]

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

_ (Vmale)incorrect
e (Vma>! Km)correct

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[85m]T) was built from
d(GT) by employing standard B-DNA parameters and
optimized with the semiempirical PM3 methogl7j.

RESULTS

Identification and Quantification of GE85m]T in Hela-
S3 Cells Exposed te-Rays Encouraged by the findings that
G[8—5m]T could be induced in ODNs from exposure to
y-rays and in calf thymus DNA treated with Fenton reagents
under aerobic conditiond.Q, 18), we set out to examine the
formation of this type of lesion in human cells. To this end,
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FiGure 2: SICs for monitoring thenz 570— 472— 276 (a, for

unlabeled d(G[85m]T)) andm/z573— 475— 278 (b, for labeled

d(G[8—5m]T)) transitions in ther-ray-treated DNA after enzymatic

digestion. Shown in the insets are the M&sults for the unlabeled

and labeled d(G[85m]T).

Our LC—MS results revealed that Gf&m]T could be
induced in cultured human cells upon exposure/t@ys.
In this context, we observed a peak in the selected-ion
chromatogram (SIC) for thevz 570 — 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 ofiVz 472 (Figure S1), which is attributed
to the elimination of a 2-deoxyriboséd§). Corresponding
analysis of DNA samples obtained from control cells without
y-ray exposure revealed that G{8m]T was not detectable.
In this respect, we chose to employ positive-ion ESI-MS for
assessing the formation of GISm]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 ionrofz 472 to obtain
a product-ion spectrum, i.e., MSof high quality (Figure
2). In this respect, collisional activation of the ion wfz

we exposed cultured Hela-S3 cells to a series of doses of472 results in the formation of a dominant fragment ion of

y-rays, isolated the nuclear DNA immediately after the

m/z 276, which is attributed to the protonated species of the

exposure, and digested the DNA by using four enzymes (seecross-linked nucleobase component. Moreover, the MS?

the Materials and Methods). This digestion method was
proven to be efficient in liberating both single-nucleobase
and intrastrand cross-link lesiongj. We then added the
isotope-labeled d(GE85m]|T) to the digestion mixture,
removed most unmodified nucleosides by HPLC, and
subjected the d(GB5m]T)-containing HPLC fractions to
LC—MS/MS and LCG-MS/MS/MS (MS) analyses.

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{Bm]T lesion

is approximately 0.050 (lesion/i@ucleosides)/Gy, which

is approximately 200 times lower than what we recently
found for the rate of the formation of 5-formyl-Beoxyuri-
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— — FIGURE5: 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
- <21 undamaged GT site (bottom panels). Exdlenow fragment (0.1
- .. . <20 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

Lt 0.5-0.6.
- . o
-+ R <15 However, a considerable number of short replication products
- . -t .‘ <14 with the addition of one or two nucleotides opposite the
lesion site were also found (Figure 4b).

o . o i Next, we determined the steady-state kinetic parameters
Ficure 4: Primer extension assays for nucleotide incorporation

opposite a G[8-5m]T-bearing subsrate and its control undamaged [0 Nucleotide incorporation opposite the damaged nucleo-
substrate with exoKlenow fragment (left two panels) and yeast bases in the G[85m]T lesion-containing substrate and G
pol 7 (right two panels). The sequences for the control and-G[8 and T in the undamaged substrate as a control by both

5]T-bearing templates are listed in Figure 1, aﬁd%’]-labeled Klenow fragment and yeast pQ| (Figure 5 and Figure S3

d(GCTAGGATCATAGC) was used as the primer. KF (ex@r ; . . ) o
yeast poly with the indicated concentrations was incubated with in the Supporting Information). The steady-state kinetic

10 nM substrate and 208Vl dNTPs at 37°C for 60 min. parameters for nucleotide incorporation mediated by the two
polymerases are summarized in Tables 1 and 2.

dine (0.011 (lesion/10 nucleotides)/Gy) under identical Relative to that for the unmodified substrate, the efficiency

exposure conditions3@). for Klenow fragment to incorporate the correct nucleotide,

In Vitro Replication Studies of the GFSm]|T Cross-Link ~ dAMP, opposite the '3thymine moiety of G[8-5m]T was
Lesion The G[8-5m]T-bearing 12-mer ODN substrate was reduced by only 2-fold. Decreased incorporation efficiencies,
obtained from the 254 nm irradiation of a 5-[(phenylthio)- i.e., by 2-10 times, were also found for the other three
methyl]-2-deoxyuridine-containing ODN following previ-  nucleotides. Thus, the incorporation of dAMP is still much
ously reported proceduref@). This lesion-carrying ODN  more preferred over those of the other three nucleotides in
was further ligated with a'Sphosphorylated 8-mer ODN to  the presence of the lesion (Table 1). However, when we
construct a 20-mer lesion-containing substrate as a templateattempted to measure the steady-state kinetic parameters for
for in vitro replication studies (Figure 1). nucleotide incorporation opposite theduanine moiety of

First, we performed primer extension assays on the-G[8 the lesion with the Klenow fragment, we either could not
Sm]T_bearing substrate with Klenow fragment and yeast p0| detect any nucleotide incorporation or failed to derive valid
5. The results with the Klenow fragment showed that, in kinetic parameters within the applicable concentration range
the presence of all four dNTPs, the synthesis stopped mostly(<2 mM) of dNTPs. The results indicate that, although one
after the incorporation of the first nucleotide opposite the Nucleotide can be incorporated opposite thel 3noiety,

3-T of the lesion. A small portion of the reaction product DNA synthesis is blocked mostly at théG moiety of the
carried an additional nucleotide opposite tHeG5of the ~ G[8—5m]T lesion. This result is consistent with results
lesion, and only a trace amount of full-length products could obtained from the primer extension assay (vide supra).

be detected (Figure 4a). This result is consistent with what We further measured the steady-state kinetic parameters
was recently observed by Bellon and co-worke38)(On for nucleotide incorporation catalyzed by yeast polWhen

the other hand, the primer extension assay with yeast pol the data for the lesion-containing and undamaged substrates
showed that this polymerase can partially bypass the-G[8 were compared, we found that the presence of the cross-
5 m]T intrastrand cross-link when all four ANTPs are present. link lesion diminished the insertion efficiencies of all four
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Table 1: Fidelity of Nucleotide Incorporation by Exd&lenow Fragment on a GEB85m]T Cross-Link-Containing Substrate and the
Undamaged Substrate As Determined by Steady-State Kinetic Measur&éments

dNTP Vmax (NM/min) Km (nM) Vimaxd Km finc
G[8—5m]T-Containing Substrate (14-mer PrimerGCTAGGATCATAGC-3)
dATP 0.22+ 0.004 0.714 0.02 0.31 1.0
dGTP 0.29+ 0.02 (6+1) x 17 5x 10 2x10°3
dCTP 0.28+ 0.01 (4.0£0.4) x 10 7.0x 107 2.3x10°
dTTP 0.24+ 0.004 (1.07+ 0.05) x 1C° 2.2x 10° 7.1x 105
Undamaged DNA Substrate (14-mer Primér(BCTAGGATCATAGC-3)

dATP 0.27+0.01 1.63+ 1.60 0.16 1.0
dGTP 0.17+ 0.04 (4+1) x 1¢° 4x10°° 2x 10
dCTP 0.16+ 0.01 (5.2+ 0.5) x 10* 3.1x10°® 19x 10°
dTTP 0.10+ 0.001 (3.0£0.3) x 10* 3.3x10°® 2.0x 10

aKm and Vinax are average values based on three independent measurements.

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

dNTP Vinax (NM/min) Km (nM) VimadKm finc
G[8—5m]T-Containing Substrate, 14-mer Prime-GCTAGGATCATAGC-3)
dATP 0.40+ 0.02 (3.3 0.5) x 1(? 1.2x 10°3 1.0
dGTP 0.45+ 0.06 (1.7£0.3) x 10° 2.7x 1078 2.3x 1078
dCTP 0.20+ 0.01 (8+2) x 1¢° 3x 10° 2x 1072
dTTP 0.38+ 0.07 (1.2+0.4)x 10° 3.1x 108 2.6x 1073
Undamaged Substrates, 14-mer PrimeiGETAGGATCATAGC-3)
dATP 0.23+ 0.02 36.1+ 0.6 6.4x 1073 1.0
dGTP 0.33+ 0.02 (5.9+ 0.5) x 10* 5.6x 1078 8.8x 104
dCTP 0.32+0.04 (4.1+£0.1) x 16° 7.8x 107 1.2x107?
dTTP 0.53+ 0.01 (1.1+£0.9) x 10° 4.6x 1078 7.2x 104
G[8—5m]T-Containing Substrate, 15-mer Prime-@GCTAGGATCATAGCA-3)
dATP 0.48+ 0.03 (5.0+ 0.6) x 10¢ 9.5x 1078 1.0
dGTP 0.32+ 0.01 (5.7 0.2) x 10* 5.6x 1076 0.59
dCTP 0.47+ 0.05 (2.3 0.2) x 10° 2.1x 107 2.2x 1072
dTTP 0.33+£ 0.02 6.2+ 0.4) x 10° 5.3x 1077 5.6 x 1072
Undamaged Substrate, 15-mer Primér@&ETAGGATCATAGCA-3)
dATP 0.97+0.08 (5.2+£0.3) x 10° 19x 10°® 48x 10°°
dGTP 1.57+0.01 (5.77£ 0.07) x 10° 2.7x 1076 7.0x 10°°
dCTP 0.36+ 0.04 9.2+ 25 3.9x 1072 1.0
dTTP 0.36+ 0.04 (1.8+0.3) x 10* 2.0x 10°® 5.1x 10

aKm and Vimax are average values based on three independent measurements.

dNTPs opposite the'd moiety of the lesion by nearly-15 nucleotide incorporation opposite theé-G dropped by
times (Table 2). As a result, po} still inserted dAMP approximately 4000 times. Therefore, the presence of the
opposite the 3T of the lesion most preferentially. The G[8—5m]T cross-link lesion decreases both the efficiency
incorporation efficiency of the correct nucleotide, dCMP, and the fidelity of nucleotide incorporation mediated by yeast
opposite the 5G, however, is markedly reduced, i.e., by pol ». In this context, it is of note that, the efficiency for
approximately 5 orders of magnitude, with the presence of nucleotide incorporation by yeast pplopposite an abasic
the cross-link lesion (a 15-mer primer with a dA at tHe 3  site was also reduced significantly, i.e., by 3 orders of
terminus was used for this measurement, Table 2). On themagnitude, in relation to the nucleotide insertion opposite
other hand, the efficiencies for the insertion of dJAMP and an undamaged sit8%). On the other hand, yeast pplnserts
dGMP opposite the'S5 of the lesion became slightly higher the correct nucleotide opposite the 5,6-dihydroxy-5,6-dihy-
than those for the incorporation of these two nucleotides drothymidine (thymidine glycol) and 8-oxo-7,8-dihydro-2
opposite an unmodified guanine. Consequently, the fidelity deoxyguanosine (8-oxodG), which are commonly observed
of nucleotide incorporation opposite the® moiety of the oxidative single-nucleobase lesions formed at thymidine and
lesion was significantly impaired. The insertion of JAMP  2'-deoxyguanosine sites, respectiveff),(41). In addition,

or dGMP was slightly favored over that of ACMP or dTMP. the nucleotide insertion opposite these two lesions is as
This result indicates that, during translesion synthesis by efficient as the corresponding nucleotide incorporation op-
yeast poly, the existence of the G{8&m|T intrastrand cross-  posite the undamaged counterpa#s, @1).

link lesion in the template may lead to the incorporation of

a dAMP or dGMP opposite the & moiety instead of the DISCUSSION

correct dCMP, thereby giving rise to & T and G— C By using LG-MS/MS with the standard isotope dilution
transversions. method, we demonstrated, for the first time, that-G§én]T

It is worth emphasizing that, even though yeastpcohn could be induced in Hela-S3 cells upon exposure-tays.
synthetically bypass both nucleobases of the cross-link lesion,This result, combined with our previous finding that the
in addition to the compromised fidelity, the efficiency for lesion could be generated in calf thymus DNA upon
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treatment with Fenton reagents under aerobic conditib8)s (  presence of the lesion is expected to have significant
underlies the biological significance of this type of lesion. biological consequences, especially for people suffering from
As reported previously, a photochemical approach enabledgenetic diseases associated with deficiency in NER, i.e.,
us to obtain well-characterized intrastrand cross-link-contain- xeroderma pigmentosum (XR)5). XP patients often exhibit
ing ODNs @6). In this context, ODN substrates bearing a a progressive, yet massive, neuron loss, which is ac-
structurally defined lesion for in vitro replication studies companied by mental deterioratiof6). The accumulation
facilitate us to understand the biological implications of these of oxidative intrastrand cross-link lesions may contribute to
lesions at the molecular level. Examining the behaviors of the pathophysiological symptoms of the XP patients.
both a replicative polymerase and a translesion synthesis The intracellular concentrations of iron and copper ions
polymerase during DNA replication provides us with a can be dramatically elevated under oxidative stress conditions
comprehensive view of the mutagenic properties of a DNA via the release of these ions from iron- or copper-storage
lesion. Our results revealed that both Klenow fragment and proteins 47, 48). In humans, genetic hemochromatosis and
yeast poly could incorporate the correct nucleotide, JAMP, Wilson's disease induce abnormal accumulation of iron and
opposite the 3T of the lesion with a relatively high  copper, respectively, in various organs. Bulky DNA lesions
efficiency. Thus, the hydrogen-bonding properties of thi€ 3~ were found in the liver of patients with Wilson’s disease
might be conferred during nucleotide incorporation by both and primary hemochromatosig9). On the grounds that
polymerases, though Klenow fragment belongs to the high- oxidative intrastrand cross-link lesions could be induced in
fidelity “A” family of DNA polymerases, which adopt = DNA by iron- or copper-mediated Fenton-type reactidt&; (
constrained active site#1Z, 43). On the other hand, the 50), we reason that this type of lesion may also play a role
efficiency for nucleotide incorporation by Klenow fragment in the pathological conditions associated with high intrac-
opposite the 5G was diminished markedly by the presence ellular concentrations of these transition-metal ions.
of the G[8-5m]T lesion. In addition, the'8G portion of
the cross-link lesion conferred a significant drop in efficien- ACKNOWLEDGMENT
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much more efficiently than the correct nucleotide, dCMP.
We reason that the presence of the cross-link lesion maySUPPORTING INFORMATION AVAILABLE

lead to a structural distortion to duplex DNA, which may ) .

render the hydrogen-bonding property of thegBanine _ LC—MS/MS data,_ primer extension assay results, anq PDB
portion not to be recognized by yeast paluring nucleotide il for the PM3-optimized structure of d(G{&m]T). This
insertion. Indeed, molecular modeling results with the material is available free of charge via the Internet at http://
semiempirical PM3 method37) predicted that theN- pubs.acs.org.
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