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Abstract
O2- and O4-methylthymidine (O2-MdT and O4-MdT) can be induced in tissues of laboratory
animals exposed with N-methyl-N-nitrosourea, a known carcinogen. These two O-methylated
DNA adducts have been shown to be poorly repaired and may contribute to the mutations arising
from exposure to DNA methylating agents. Here, in vitro replication studies with duplex DNA
substrates containing site-specifically incorporated O2-MdT and O4-MdT showed that both lesions
blocked DNA synthesis mediated by three different DNA polymerases, including the exonuclease-
free Klenow fragment of Escherichia coli DNA polymerase I (Kf−), human DNA polymerase κ
(pol κ) and Saccharomyces cerevisiae DNA polymerase η (pol η). Results from steady-state
kinetic measurements and LC-MS/MS analysis of primer extension products revealed that Kf− and
pol η preferentially incorporated the correct nucleotide (dAMP) opposite O2-MdT, while O4-MdT
primarily directed dGMP misincorporation. While steady-state kinetic experiments showed that
pol κ-mediated nucleotide insertion opposite O2-MdT and O4-MdT is highly promiscuous, LC-
MS/MS analysis of primer extension products demonstrated that pol κ incorporated favorably the
incorrect dGMP opposite both lesions. Our results underscored the limitation of the steady-state
kinetic assay in determining how DNA lesions compromise DNA replication in vitro. In addition,
the results from our study revealed that, if left unrepaired, O-methylated thymidine lesions may
constitute important sources of nucleobase substitutions emanating from exposure to alkylating
agents.

Introduction
Low levels of N-nitroso compounds (NOCs) are present in a variety of sources including air,
beer, food, water, chewing tobacco and tobacco smoke. Many of these NOCs are known
carcinogens in both humans and laboratory animals and, after metabolic activation, they can
result in DNA alkylation.1 Alkylation at nitrogen atoms on nucleobases has been shown to
induce transversions, frameshift mutations, and small deletions.2 Alkylation at oxygen
atoms, albeit occurring to a lesser extent than N-alkylation,3,4 primarily produces point
mutations and is linked with the carcinogenic and mutagenic properties of many alkylating
agents.5 For larger alkylating agents, the reactivity of oxygen atoms in nucleobases differs,
with the O6 position of guanine being the most reactive, followed by the O2 and O4

positions of thymine, and then the O2 position of cytosine.3,6
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Different O-alkylated DNA lesions can be repaired with varying efficiencies. For instance,
O6-alkylguanine lesions are readily repaired, whereas the O-alkylpyrimidines are removed at
much lower rates. In this vein, Escherichia coli O6-methylguanine-DNA methyltransferase
(Ada) and mammalian O6-methylguanine-DNA methyltransferase (MGMT) repair O6-MdG
105 and ~103 times faster than O4-methylthymidine (O4-MdT), respectively.7–10 Various
alkylated purine and pyrimidine bases, including O2- and O4-alkylthymines, have been
found in tissues of rats treated with N,N-dimethylnitrosamine (DMN) or N-ethyl-N-
nitrosourea (ENU).11 Interestingly the amount of O4-ethylthymine in tissues was lower than
that of O2-ethylthymine, suggesting that the latter might be more resistant to repair.11 The
poor repair of O-alkylthymidines may render these lesions highly persistent in the genome,
thereby interfering with the cellular replication machinery.

To cope with unrepaired DNA lesions which stall DNA replication, cells are equipped with
a number of translesion synthesis (TLS) DNA polymerases capable of replicating past
damaged nucleobases.12,13 These specialized polymerases have lower fidelity and
processivity than replicative DNA polymerases, largely owing to their more spacious active
sites and lack of proofreading 3′→5′ exonuclease activities.14 However, in some instances
DNA synthesis mediated by TLS polymerases is both accurate and efficient. For example,
the DinB DNA polymerase (i.e., pol κ in mammalian cells and pol IV in Escherichia coli), a
Y-family polymerase conserved in all three kingdoms of life, is capable of bypassing
accurately and efficiently some minor-groove N2-substituted dG derivatives in vitro and in
cells.15–18 Polymerase η, another Y-family DNA polymerase, incorporates, with high
efficiency, the correct nucleotide opposite the cis-syn cyclobutane pyrimidine dimers
induced by UV light,19–22 The importance of TLS DNA polymerases is manifested by the
fact that mutational inactivation of pol η in humans leads to the variant form of xeroderma
pigmentosum,23,24 a genetic disease characterized by an elevated predisposition for
sunlight-induced skin cancers.25

In addition to their poor repair, several studies have shown that O4- and O2-alkylthymidine
are both blocking and miscoding during DNA replication in vitro and in vivo. O4-
alkylthymidines have been shown to primarily induce T→C mutations.2,6,10,26–30 The
minor-groove lesion, O2-ethylthymidine was found to be highly blocking to the
exonuclease-free Klenow fragment of E. coli DNA polymerase I (Kf−) and the lesion directs
the polymerase to incorporate both dA and dT.31 In addition, O2-methylthymidine (O2-
MdT) and O2-[4-(3-pyridyl)-4-oxobut-1-yl]thymidine (O2-POB-dT) are strongly blocking to
replication mediated by Kf− and Dpo4 in vitro and the replication machinery of E. coli
cells.32–35 Moreover, both lesions exhibit strong miscoding potential in these experimental
systems. 32,33

Herein we investigated how O2-MdT and O4-MdT perturb DNA replication by three
purified polymerases in vitro. These included the Kf− and two Y-family polymerases,
Saccharomyces cerevisiae DNA polymerase η (pol η) and human DNA polymerase κ. We
chose these polymerases because Kf− is a widely used model DNA polymerase for
examining how DNA lesions perturb DNA replication, pol η is capable of bypassing another
major-groove O-alkyl product, O6-methylguanine,36 and pol κ can accurately and efficiently
bypass a number of minor-groove N2-dG lesions.15,17,18

Materials and Methods
Materials

All enzymes and chemicals unless otherwise specified were purchased from New England
Biolabs (Ipswich, MA) or Sigma-Aldrich (St. Louis, MO). Unmodified
oligodeoxyribonucleotides (ODNs) used in this study were purchased from Integrated DNA
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Technologies (Coralville, IA). [γ-32P]ATP was obtained from Perkin Elmer (Piscataway,
NJ). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was purchased from TCI America (Portland,
OR). The phosphoramidite building block of O4-MdT, conventional phosphoramidites of
unmodified nucleosides, and other reagents for solid-phase DNA synthesis were obtained
from Glen Research (Sterling, VA). Kf− and human DNA polymerase κ were from New
England Biolabs (Ipswich, MA) and Enzymax (Lexington, KY), respectively.
Saccharomyces cerevisiae DNA polymerase η was expressed and purified following
previously published procedures.37,38

Preparation of Lesion-containing Substrates
The O2-MdT phosphoramidite building block was synthesized following previously
published procedures.39 ODNs containing a site-specifically incorporated O2-MdT or O4-
MdT [17mer, d(CCATGGCAXGAGAATTC), X = O2-MdT or O4-MdT] were synthesized
on a Beckman Oligo 1000S DNA Synthesizer (Fullerton, CA). The ODNs were cleaved
from the controlled pore glass (CPG) support, deprotected by treatment with 10% 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) in methanol in the dark at 23°C for five days and
purified by 20% denaturing polyacrylamide gel electrophoresis (PAGE). The structures of
the ODNs were confirmed by electrospray ionization-mass spectrometry (ESI-MS) and
tandem MS (MS/MS) analyses (Figure S1). The 28mer substrates,
d(CCATGGCAXGAGAATTCTATGGTCCTAG) (‘X’ = dT, O2-MdT or O4-MdT) were
obtained by ligating the above-described 17-mer ODNs with a 5′-phosphorylated
d(TATGGTCCTAG) in the presence of a template ODN following previously published
procedures.40 The desired lesion-containing 28mer ODNs were purified using PAGE and
desalted by ethanol precipitation. The purity of the product was further confirmed by PAGE
analysis.

Steady-state Kinetic Measurements – Nucleotide Insertion
In-vitro replication experiments were performed following previously described
procedures.41,42 Briefly, the 28mer template,
d(CCATGGCAXGAGAATTCTATGGTCCTAG) (‘X’ = dT, O2-MdT or O4-MdT, 20 nM),
was annealed with a 5′-32P-labeled 20-mer primer, d(GCTAGGACCATAGAATTCTC) (10
nM) for steady-state kinetic measurements of nucleotide insertion opposite the lesions and
unmodified dT. For Kf−, the reactions were carried out in a buffer containing 50 mM Tris-
HCl (pH 7.5), 20 mM MgCl2, 2 mM EDTA, 1.6 mM β-mercaptoethanol, and 5 μg/mL
BSA. For pol η and pol κ, the reactions were conducted in a buffer containing 10 mM Tris-
HCl (pH 7.5), 5 mM MgCl2, and 7.5 mM DTT.

For steady-state kinetic measurements monitoring the nucleotide insertion opposite the
lesion, the primer-template complex was incubated with Kf− (0.7–7 nM), human pol κ (1–5
nM) or yeast pol η (7.5 nM) in the presence of an individual dNTP at varying
concentrations. The reaction was continued at 23°C (pol κ) or 37°C (Kf− and pol η) for 10
min in the same reaction buffers as described above, and terminated by adding a 2-volume
excess of formamide gel-loading buffer. The buffer contained 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 using a Typhoon 9410
variable-mode imager (Amersham Biosciences Co.) and ImageQuant version 5.2
(Amersham Biosciences Co.). The dNTP concentration was optimized for different insertion
reactions to allow for approximately 20% primer extension.43 The observed rate of dNTP
incorporation (Vobs) was plotted versus the dNTP concentration, and the apparent steady-
state kinetic parameters (Km and Vmax) for the incorporation of the correct and incorrect
nucleotides were determined by fitting the rate data with the Michaelis-Menten equation:
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The kcat values were then calculated by dividing the Vmax values with the concentration of
the polymerase used. The efficiency of nucleotide incorporation was determined by the ratio
of kcat/Km, and the fidelity of nucleotide incorporation was gauged by the frequency of
misincorporation (finc), which was calculated using the following equation:44

Steady-state Kinetic Measurements - Nucleotide Extension Mediated by Human pol κ
The dT-, O2-MdT-, or O4-MdT-containing templates (20 nM) were incubated with a 5′-32

P-21 mer primer d(GCTAGGACCATAGAATTCTCN) (10 nM), where N is an A or G. The
primer/template complex was incubated in the above-described buffer with pol κ (1–5 nM)
and varying concentrations of the correct dTTP at 23°C for 10 min. The reaction was again
terminated with formamide gel-loading buffer. The efficiency of extension was calculated
by taking the ratio of kcat/Km, while the frequencies of mis-extension were determined by
dividing the kcat/Km values for the extension with the incorrect nucleotide over that with the
correct nucleotide.

Primer extension assays monitored by gel electrophoresis
For primer extension assays, all four dNTPs and varying concentrations of a DNA
polymerase, as indicated in the figures, were subsequently added to the duplex mixture and
incubated for 60 min. The reaction was terminated by adding a 2-volume excess of
formamide gel-loading buffer. 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 and ImageQuant
version 5.2.

Primer extension assays monitored by LC-MS/MS
The primer and lesion-containing templates (0.50 μM each) were annealed and incubated
overnight in a 50-μL solution with pol κ (0.16 μM) at 23°C, and with pol η (0.24 μM) and
Kf− (55 nM) at 37°C. The reactions were conducted in the presence of all four dNTPs (1
mM each) in the same buffers as described above. Two additional primer extension
reactions were carried out for the O4-MdT-containing substrate using pol η under the same
conditions except that lower concentrations of dNTPs (50 μM each) or a shorter reaction
time (6 hrs) was employed. Each replication reaction was subsequently terminated by
chloroform extraction and the aqueous layer dried using a Speed-Vac. The resulting
replication products were cleaved sequentially with two restriction enzymes as shown in
Scheme 1. In this regard, the replication mixture was first incubated with NcoI (40 U) in a
buffer containing 50 mM NaCl, 10 mM Tris-HCl (pH 7.9), 10 mM MgCl2, and 1 mM DTT
for 4 hrs. The NcoI was subsequently removed by chloroform extraction and the aqueous
layer dried using a Speed-Vac. EcoRI (50 U) and shrimp alkaline phosphatase (20 U) were
then added to the reaction mixture and incubated at 23°C for overnight in a buffer containing
50 mM NaCl, 10 mM Tris-HCl (pH 7.9), 10 mM MgCl2, and 1 mM DTT. The proteins in
the mixture were again removed by chloroform extraction, and the aqueous layer dried using
a Speed-Vac. The dried residue was reconstituted in 50-μL H2O, and a 10-μL aliquot was
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injected for LC-MS/MS analysis on an Agilent Zorbax SB-C18 column (0.5 × 250 mm, 5
μm in particle size). The gradient for the HPLC elution was 5-min of 5–20% methanol
followed by 35-min of 20–50% methanol in 400 mM HFIP (pH adjusted to 7.0). The
temperature for the ion-transport tube was maintained at 350°C to minimize the formation of
HFIP adducts of the ODNs.

To identify the replication products, samples were first analyzed in the data-dependent scan
mode, where the most abundant ion found in MS was chosen for fragmentation in MS/MS.
The fragment ions found in the MS/MS were manually assigned and the sequences of the
ODNs determined. The mass spectrometer was subsequently set up for monitoring
specifically the fragmentation of the precursor ions for the extended fragments of the primer
strand.

To correct for the varied ionization efficiencies of different ODNs, we constructed
calibration curves using mixtures with varying concentrations of the standard synthetic
ODNs identified in the reaction mixtures and a constant amount of the d(AATTCTCATGC)
(11A, which represents the fully extended, unmutated product). Areas were determined for
the peaks found in the selected-ion chromatogram (SIC) for monitoring the formation of
three abundant fragment ions for each ODN. The peak areas of individual ODNs were then
normalized to that of the 11A and plotted against the molar ratios of these ODNs over 11A
to give calibration curves (Figure S2). The corresponding normalized ratios for the
replication samples were also determined, from which we measured the molar ratios for
each extended product over 11A based on the calibration curves. The percentage of each
product was then calculated based on the molar ratios of all products detected in the
replication mixture.

Results
Primer extension assay monitored by PAGE

To examine the effects of O2-MdT and O4-MdT on DNA replication, we performed in vitro
replication studies using three DNA polymerases, the exonuclease-free Klenow fragment of
E. coli DNA polymerase I, human DNA polymerase κ and S. cerevisiae DNA polymerase η.
The results showed that, while full-length products were observed with the use of high
concentrations of the enzymes, O2-MdT and O4-MdT are moderately blocking to all three
polymerases (Figure 1).

Steady-state Kinetic Studies
Steady-state kinetic parameters for Kf−-, pol κ- and pol η-mediated nucleotide incorporation
opposite O2-MdT, O4-MdT and corresponding unmodified dT in the above substrates were
determined. Relative to the unmodified substrate, the efficiencies for Kf− to incorporate the
correct dAMP opposite O2-MdT and O4-MdT were reduced, with the kcat/Km values being
140, 5.7, and 2.0 × 10−2 μM−1 min−1 for substrates containing dT, O2-MdT and O4-MdT,
respectively (Table 1, Figure S3). Thus, methylation at the O2- and O4-positions of
thymidine confers a reduction in efficiency for dAMP insertion by approximately 25 and
7000 folds, respectively. The magnitude of the reduction in efficiency for dAMP insertion
opposite O2-MdT relative to unmodified dT is less than what was previously reported,34

which may be attributed to the different sequence contexts used for this and previous
studies; sequence context is known to affect the efficiencies of nucleotide insertion.29 Kf−

incorporates the other three nucleotides opposite O2-MdT at much lower efficiencies than
dAMP, i.e., 200 times lower for dCMP and dTMP, and 3 orders of magnitude lower for
dGMP (Table 1). On the other hand, we found that Kf− incorporates dAMP, dCMP and
dTMP opposite O4-MdT at similar efficiencies, though the polymerase displays a much
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stronger preference (by ~100-fold) for incorporation of dGMP over dAMP (Table 1).
Together, Kf− preferentially inserts the correct dAMP opposite O2-MdT, but the incorrect
dGMP opposite O4-MdT.

Relative to the unmodified substrate, the efficiencies for human pol κ to incorporate the
correct nucleotide, dAMP, opposite O2-MdT and O4-MdT were diminished by ~270 and
460 fold, respectively, with the kcat/Km values being 210, 0.77, and 0.46 μM−1 min−1 for
dT, O2-MdT, and O4-MdT, respectively (Table 2 and Figure S4). The efficiencies for human
pol κ to incorporate three other nucleotides, i.e., dGMP, dCMP, dTMP opposite unmodified
dT were much lower than that for dAMP insertion (Table 2). Incorporation efficiencies for
the O2-MdT- and O4-MdT-containing templates displayed only slight decreases, i.e., by 2–5
fold, for the other three nucleotides (Table 2). On the other hand, the efficiencies for the
insertion of dCMP and dTMP opposite O4-MdT were 2 fold lower than that for dAMP
incorporation. These results demonstrate that human pol κ-mediated nucleotide
incorporation opposite O2-MdT and O4-MdT is error-prone.

The efficiencies for yeast pol η to incorporate the correct nucleotide, dAMP, opposite dT,
O2-MdT, and O4-MdT were 180, 0.34, and 7.6×10−3 μM−1 min−1, respectively (Table 3 and
Figure S5). Interestingly, yeast pol η inserts dGMP (0.57 μM−1 min−1) opposite O4-MdT
~80 times more efficiently than dAMP (7.6×10−3 μM−1 min−1, Table 3); the incorporation
efficiencies for dCMP and dTMP were, however, 2–3 times lower than that for dAMP
insertion. By contrast, we observed lower efficiencies for the incorporation of incorrect
nucleotides opposite O2-MdT; relative to dAMP insertion, the efficiency was approximately
10 times lower for dGMP and 20–30 times lower for dCMP and dTMP (Table 3). These
results support that yeast pol η-mediated nucleotide incorporation opposite O2-MdT in the
template strand is accurate, whereas the template O4-MdT primarily directs dGMP
misincorporation.

Primer extension studies with the use of LC-MS/MS
The above steady-state kinetic analysis provides useful information about how O2- and O4-
MdT direct DNA polymerases to insert nucleotides opposite these lesions. However, such
analysis may not reflect faithfully the nucleotide incorporation conditions in cells where
DNA synthesis occurs in the presence of all four canonical nucleotides. Additionally, the
primers carrying the correct or wrong nucleotide opposite the lesions may be extended at
different efficiencies.45 Thus, we employed LC-MS/MS to interrogate the extension
products following previously described methods with some modifications.46,47 In this
regard, primer extension reactions were conducted using the same primer/template complex
as described above except that the primer was not radiolabeled. Instead of employing a
uracil-containing primer, which can be subsequently cleaved using uracil DNA glycosylase
followed with hot piperidine treatment,46,47 we digested the reaction mixtures with two
restriction enzymes to give shorter extension products for LC-MS/MS analysis (Scheme 1).

Similar as what we reported previously,48 the LC-MS/MS results showed a detection limit
of ~10 fmol for the 7mer, 8A, 8G, 10 Del, 11T, 11C, and 11G at a signal-to-noise ratio
greater than 20. Generally, when operated in the data-dependent scan mode, the LC-MS/MS
method allows for the detection of species present at 1% or above when a 10-pmol reaction
mixture was injected for LC-MS/MS analysis.

LC-MS/MS analysis of the extension products for both O2-MdT- and O4-MdT-containing
substrates revealed the presence of the unextended or incompletely extended primer along
with full-length replication products. Here we use the human pol κ-catalyzed primer
extension of the O2-MdT-carrying substrate as an example to illustrate how we employ LC-
MS/MS for the identification and quantification of replication products. The total-ion
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chromatogram (Figure S6) reveals the 7mer unextended primer d(AATTCTC), the +1
products (8A and 8G), the 10mer deletion product, and the full-length extension products
(including 11C, 11T, 11A and 11G) eluting at 17.9, 19.2, 19.9 and 20.6 min, respectively
(Figure 2). The digested damage-containing template d(CCATGGCAXGAG), where ‘X’ is
O2-MdT, and the 5′ portion of the original primer d(GCTAGGATCATAG) also elute at
20.6 min (ESI-MS averaged from this retention time is shown in Figure S6, and the
sequences for the identified products are listed in Table 4). The identities of the
aforementioned ODNs were established from ESI-MS and MS/MS analyses (MS/MS shown
in Figures S7 and S8). Using the same LC-MS/MS analysis, we were able to identify the
replication products arising from the other eight in vitro replication reactions (Table 4, and
selected-ion chromatograms are shown in Figures S9–S11). It is worth noting that the LC-
MS/MS results revealed that only ~5% of the O2-MdT was degraded to the corresponding
unmodified dT-containing substrate, supporting that the damage-containing substrate
remains largely intact during the primer extension and restriction digestion conditions
(Figures S12 and S13).

Extension products arising from replication by all three DNA polymerases opposite the
undamaged template resulted in, as expected, a single extension product with the insertion of
the correct nucleotide (i.e., dAMP) opposite the unmodified dT (Table 4). On the other hand,
LC-MS/MS analysis of primer extension products for substrates containing O2- and O4-
MdT revealed the presence of unextended primer, incompletely extended primer (+1
product), and full-length extension products.

O4-MdT was blocking to the DNA polymerases; the total amount of unextended primer and
+1 product (8G) accounted for 12%, 8%, and 29% of all products identified in mixtures
arising from replication by Kf−, yeast pol η, and human pol κ, respectively. Full-length
DNA synthesis mediated by Kf−, yeast pol η and human pol κ resulted in the incorrect
dGMP being predominately incorporated opposite O4-MdT, with 11G accounting for 80%,
83% and 58% of all the identified replication products, respectively (Table 4). Extension
products with the correct dAMP opposite O4-MdT represent a relatively small proportion of
full-length products from reactions with Kf − (7%), yeast pol η (9%) and human pol κ (8%).
Consistent with our steady-state kinetic results, pol κ also induced full-length extension
products with incorporation of dCMP (2%) and dTMP (3%) opposite O4-MdT.

O2-MdT was blocking to DNA synthesis mediated by all three DNA polymerases studied,
which is reflected by the presence of more unextended primer and +1 extension products
(8A and 8G, Table 4) than replication opposite O4-MdT; the total amounts of unextended
primer and +1 extension products represent 15%, 15%, and 23% of all products arising from
replication by Kf−, yeast pol η, and human pol κ, respectively. However, all three
polymerases were capable of producing full-length extension products. Kf− predominately
yielded full-length product with the correct dAMP (77%) being inserted opposite O2-MdT,
while misincorporation of dGMP (7%) occurs at a moderate frequency. Yeast pol η also
preferentially extended the primer with the correct dAMP (45%) opposite O2-MdT, though
full-length products with dCMP (5%), dTMP (6%) and dGMP (27%) being incorporated
opposite the lesion were also observed. Nevertheless, human pol κ predominately produced
full-length products with the incorrect dGMP (46%) being inserted opposite O2-MdT,
followed by dAMP (26%), dCMP (5%) and dTMP (1%). Interestingly, replication mediated
by yeast pol η and human pol κ also resulted in a −1 deletion product at frequencies of 1%
and 3%, respectively, where the polymerase skipped the O2-MdT site and continued
replication past the damaged nucleoside (Table 4, Figures 2 and S10).

It is worth noting that, in order to obtain a relatively large amount of full-length replication
products and enable their facile identification by LC-MS/MS, the above primer extension
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reactions were carried out with relatively high concentrations of dNTPs (1 mM each) and for
a relatively long period of time (overnight), which may deviate from cellular DNA
replication conditions. To assess whether the dNTP concentration and reaction time affect
significantly the distribution of reaction products, we also conducted the corresponding
experiments for the pol η-mediated replication of the O4-MdT-bearing substrate where the
individual dNTP concentrations were lowered to a more biologically relevant level (50 μM
each) or the reaction time was shortened to 6 hrs. Similar to what were observed for the
reaction conditions described above, the use of 50 μM dNTPs or a 6-hr incubation time
mainly yield full-length products with the misincorporation of dGMP opposite the lesion at
73% and 62%, respectively (Table S1). On the other hand, both reaction conditions resulted
in higher proportions of unextended primer, which represent 17% and 35% (for 6-hr
reaction) of all identified products for the reactions with lower dNTP concentration and
shorter reaction time, respectively (Table S1 and Figure S14). Together, these results
suggest that the primer extension conditions described above are suitable for revealing the
miscoding potential of the DNA lesions under investigation.

Differences in Preferences for Nucleotide Insertion as Revealed by Steady-state Kinetic
Assay and LC-MS/MS Analysis of Primer Extension Products

The above results obtained from the steady-state kinetic assay and LC-MS/MS analysis of
primer extension reaction mixture revealed some notable differences for pol κ-mediated
replication of O2-MdT- and O4-MdT-containing substrates, and for pol η-mediated
replication of O2-MdT-bearing substrate (Tables 2–4). For instance, steady-state kinetic
assay showed that human pol κ preferentially inserted dAMP over dGMP opposite O2-MdT
(by ~4.8 fold) and O4-MdT (by ~3.8 fold, Table 2). LC-MS/MS data, however, showed that
the full-length replication products carry mainly a dGMP opposite the two lesions; 46% 11G
and 26% 11A were observed for the O2-MdT-containing substrate, while 58% 11G and 8%
11A were found for the substrate harboring an O4-MdT (Table 4). Choi et al. 49 made a
similar finding for pol η-mediated replication of an O6-methylguanine-housing substrate;
steady-state kinetic experiment shows a slightly more preferential incorporation of dCMP
over dTMP, but LC-MS/MS analysis of extension products revealed that dTMP is inserted
opposite the lesion 3 times more preferentially than dCMP.

We reason that several factors may contribute to these differences. As stated previously, the
steady-state kinetic experiments were performed in the presence of a single nucleotide,
whereas replication reactions for LC-MS/MS analyses were performed in the presence of all
four natural nucleotides. The selectivity in nucleotide insertion under the latter reaction
condition may not be faithfully recapitulated in steady-state kinetic assay where there is an
absence of competition for the insertion of different nucleotides. Second, the primer with
dAMP or dGMP being inserted opposite the lesion may be extended at different efficiencies.
To assess the degree to which the second factor contributes to the differences in findings
made from the two different assays, we conducted steady-state kinetic experiments for pol κ
to insert the correct nucleotide, dTMP, opposite the adjoining 5′ nucleoside of the lesion
(dA). It turned out that the primer with dG being placed opposite O2-MdT is extended 1.4
times more efficiently than the corresponding primer with a dA opposite the lesion, whereas
the primer with dG being situated across O4-MdT is extended at an efficiency that is 5.2 fold
more than the corresponding primer with a dA (Table S2 and Figure S15). Thus, the
difference in extension efficiency alters the distribution of full-length products, which,
however, does not fully account for the differences observed from the LC-MS/MS and
steady-state kinetic assays. On the basis of this observation, we may also conclude that the
relative efficiencies for nucleotide incorporation opposite a lesion, as revealed by steady-
state kinetic assay, may not reflect faithfully the selectivity in nucleotide insertion opposite
the lesion in cells where all four natural nucleotides are simultaneously present.
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Discussion
Alkylating agents are known to react extensively with DNA, producing mutagenic and
carcinogenic adducts in a variety of prokaryotic and eukaryotic organisms.26 O2-MdT and
O4-MdT can be produced in cellular DNA upon treatment with the carcinogenic N-methyl-
N-nitrosourea.6 Despite representing a small percentage of the observed products (~0.1% of
total alkylation in vivo), O2-MdT and O4-MdT are not easily repaired in vivo6,10 and
therefore might contribute significantly to the observed nucleobase substitutions and
deletions induced from exposure to DNA methylating agents.

O4-MdT was found to be highly mutagenic in vitro and in vivo, producing mainly T→C
transitions,2,6,10,27–30,50 and our results are in agreement with these previous observations.
Both Kf− and yeast pol η exhibited a strong preference for incorporating the incorrect
dGMP opposite O4-MdT. This is in line with our recent observation that O4-
carboxymethylthymidine (O4-CMdT) directed yeast pol η to insert preferentially the
incorrect dGMP.45 On the other hand, steady-state kinetic assay results showed that human
pol κ predominately incorporated the correct dAMP, followed by dCMP and dTMP,
opposite O4-MdT (Table 2). LC-MS/MS analysis of the primer extension results unveiled
that the full-length products yielded by all three DNA polymerases carry mainly a dG
opposite the O4-MdT (Table 4). This finding suggests that the placement of a dG opposite
the lesion renders efficient DNA synthesis beyond the lesion site.. This is particularly true
for human pol κ; although, among the four natural nucleotides, dGMP is inserted opposite
O4-MdT at the lowest efficiency (Table 2), LC-MS/MS analysis revealed that incorporation
of a dG opposite the lesion was the most favored (Table 4). The facile incorporation of
dGMP opposite O4-MdT may be attributed to the fact that thymine with a 4-alkyl group has
been proposed to adopt a wobble conformation with guanine, thus allowing O4-MdT to code
as a cytosine.51 Taken together, these results suggest that O4-MdT mainly induces T→C
transitions with all three DNA polymerases studied.

Jasti et al.33 showed recently that O2-MdT constitutes a strong block to DNA synthesis in E.
coli cells even under SOS conditions, and the lesion is capable of inducing targeted base
substitutions and, to a small degree, frameshift mutations. Our results revealed that
incorporation of nucleotides opposite, and extension past, O2-MdT is relatively inefficient
by Kf−, yeast pol η, or human pol κ. Additionally, base substitutions and, to a small degree,
a −1 deletion were observed for DNA synthesis mediated by both yeast pol η and human pol
κ opposite O2-MdT (Tables 2–4). This finding is in stark contrast with previous
observations that several minor-groove N2-substituted dG derivatives can be efficiently and
accurately bypassed by DinB family polymerases.15–18 X-ray crystal structure of the
catalytic core of human pol κ in complex with the primer/template and incoming nucleotide
revealed the lack of steric hindrance in the minor groove at the primer-template junction.52

This structure feature may permit pol κ to accommodate O2-MdT into the active site of the
polymerase. However, the unique hydrogen bonding property of O2-MdT may not favor its
base pairing with any of the four canonical nucleotides, thereby preventing efficient
incorporation of any nucleotide opposite the lesion. The ability of O2-MdT in stalling DNA
replication and in directing nucleotide misincorporation, in conjunction with the poor repair
of O2-alkylthymidine lesions,10,53,54 suggests that this lesion may bear significant biological
consequences.

Although O2-MdT and O4-MdT only constitute a small fraction of DNA lesions produced
by methylating agents, these lesions, if left unrepaired, may lead to mutations in the genome.
Further investigation is needed for addressing whether other O2-alkylthymidine lesions are
capable of inhibiting DNA replication and inducing mutations in vitro, and how these
lesions compromise DNA replication in cells.
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Figure 1.
Primer extension assays for O2-MdT- and O4-MdT-bearing substrates and the control
undamaged substrate with Kf− (A), human polymerase κ (B), and yeast polymerase η (C).
The sequences for the templates are d(CCATGGCAXGAGAATTCTATGATCCTAG) (‘X’
represents dT, O2-MdT or O4-MdT), and a 5′-[32P]-labeled
d(GCTAGGATCATAGAATTCTC) was used as the primer.
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Figure 2.
Selected-ion chromatograms obtained from the LC-MS and MS/MS analysis of the human
pol κ-induced replication products that have been treated with two restriction enzymes, NcoI
and EcoRI together with shrimp alkaline phosphatase. A 10-pmol replication mixture was
injected for analysis.
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Scheme 1.

Andersen et al. Page 15

Chem Res Toxicol. Author manuscript; available in PMC 2013 November 19.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Andersen et al. Page 16

Table 1

Efficiency and fidelity of E. coli Kf−-mediated nucleotide incorporation opposite undamaged dT, O2-MdT and
O4-MdT as determined by steady-state kinetic measurements.*

dNTP Kcat (min−1) Km (μM) Kcat/Km (μM−1 min−1) fInc

Undamaged dT-containing Substrate

dATP 2.6 ± 0.5 0.018 ± 0.001 140 1

dCTP 3.9 ± 0.3 160 ± 30 2.4 × 10−2 1.7 × 10−4

dGTP 5.5 ± 0.8 150 ± 20 3.7 × 10−2 2.5 × 10−4

dTTP 5.5 ± 0.6 490 ± 30 1.1 × 10−2 7.8 × 10−5

O2-MdT-containing Substrate

dATP 2.5 ± 0.3 0.44 ± 0.07 5.7 1

dCTP 2.9 ± 0.4 130 ± 50 2.2 × 10−2 3.9 × 10−3

dGTP 3.5 ± 0.8 24000 ± 2000 1.5 × 10−4 2.6 × 10−5

dTTP 5.0 ± 0.6 2300 ± 200 2.2 × 10−3 3.8 × 10−4

O4-MdT-containing Substrate

dATP 5.1 ± 0.4 260 ± 40 2.0 × 10−2 1

dCTP 2.6 ± 0.2 230 ± 10 1.1 × 10−2 0.58

dGTP 5.2 ± 0.3 1.9 ± 0.1 2.7 140

dTTP 3.3 ± 0.1 1100 ± 100 3.0 × 10−3 0.15

*
The Km and kcat were average values based on three independent measurements
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Table 2

Efficiency and fidelity of human polymerase κ-mediated nucleotide incorporation opposite undamaged dT,
O2-MdT and O4-MdT as determined by steady-state kinetic measurements.*

dNTP Kcat (min−1) Km (μM) Kcat/Km (μM−1 min−1) fInc

Undamaged dT-containing Substrate

dATP 5.9 ± 0.2 0.028 ± 0.002 210 1

dCTP 4.4 ± 0.1 0.66 ± 0.07 6.7 0.032

dGTP 4.3 ± 0. 4 6.0 ± 0.3 0.72 0.0034

dTTP 1.3 ± 0.2 63 ± 4 2.2 × 10−2 9.5 × 10−5

O2-MdT-containing Substrate

dATP 2.8 ± 0.1 3.7 ± 0.2 0.76 1

dCTP 4.1 ± 0.1 10 ± 1 0.41 0.54

dGTP 3.0 ± 0.2 19 ± 1 0.16 0.21

dTTP 3.8 ± 0.6 21 ± 3 0.18 0.24

O4-MdT-containing Substrate

dATP 1.8 ± 0.7 4.0 ± 0.1 0.45 1

dCTP 2.9 ± 0.1 15 ± 1 0.19 0.43

dGTP 4.0 ± 0.3 34 ± 2 0.12 0.26

dTTP 2.9 ± 0.7 14 ± 1 0.21 0.46

*
The Km and kcat were average values based on three independent measurements
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Table 3

Efficiency and fidelity of yeast polymerase η-mediated nucleotide incorporation opposite undamaged dT, O2-
MdT and O4-MdT as determined by steady-state kinetic measurements.*

dNTP Kcat (min−1) Km (μM) Kcat/Km (μM−1 min−1) fInc

Undamaged dT-containing Substrate

dATP 1.8 ± 0.2 0.01 ± 0.001 180 1

dCTP 1.2 ± 0.2 0.98 ± 0.03 1.2 6.7 × 10−3

dGTP 2.1 ± 0.2 5.3 ± 0.4 0.39 2.2 × 10−3

dTTP 3.0 ± 0.3 3.8 ± 0.3 0.80 4.4 × 10−3

O2-MdT-containing Substrate

dATP 2.6 ± 0.1 7.6 ± 0.2 0.34 1

dCTP 4.6 ± 0.1 230 ± 30 2.0 × 10−2 5.8 × 10−2

dGTP 8.5 ± 0.1 510 ± 10 1.7 × 10−2 4.9 × 10−2

dTTP 3.6 ± 0.1 310 ± 50 1.2 × 10−2 3.4 × 10−2

O4-MdT-containing Substrate

dATP 2.2 ± 0.1 290 ± 70 7.6 × 10−3 1

dCTP 2.5 ± 0.3 2100 ± 400 1.2 × 10−3 1.6 × 10−1

dGTP 0.85 ± 0.07 1.5 ± 0.03 0.57 75

dTTP 3.3 ± 0.4 840 ± 50 3.9 × 10−3 5.2 × 10−1

*
The Km and kcat were average values based on three independent measurements
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Table 4

Summary of the percentages of replication products produced for dT-, O2-MdT- and O4-MdT-containing
substrates as determined by LC-ESI-MS/MS experiments.

Name Sequence dT O2-MdT O4-MdT

Klenow Fragment (exo−)

7mer d(AATTCTC) 2 2 7

8mer d(AATTCTCA) 9

8mer d(AATTCTCG) 4 5

11A d(AATTCTCATGC) 98 77 7

11G d(AATTCTCGTGC) 7 80

Yeast Polymerase η

7mer d(AATTCTC) 4 6 6

8mer d(AATTCTCA) 2

8mer d(AATTCTCG) 6 2

10Del d(AATTCTCTGC) 1

11C d(AATTCTCCTGC) 5

11T d(AATTCTCTTGC) 6

11A d(AATTCTCATGC) 96 45 9

11G d(AATTCTCGTGC) 27 83

Human Polymerase κ

7mer d(AATTCTC) 1 6 11

8mer d(AATTCTCA) 6

8mer d(AATTCTCG) 8 18

10Del d(AATTCTCTGC) 3

11C d(AATTCTCCTGC) 5 2

11T d(AATTCTCTTGC) 1 3

11A d(AATTCTCATGC) 99 26 8

11G d(AATTCTCGTGC) 46 58

The template was d(CCATGGCAXGAGAATTCTATGATCCTAG), where ‘X’ represents dT, O2-MdT or O4-MdT.
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