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ABSTRACT: The oxidative stress products malondialdehyde and base propenal
react with DNA bases forming the adduction products 3-(2′-deoxy-β-D-erythro-
pentofuranosyl)pyrimido[1,2-a]purin-10(3H)-one (M1dG) and N6-(oxypropen-
yl)-2′-deoxyadenosine (OPdA). M1dG is mutagenic in vivo and miscodes in vitro,
but little work has been done on OPdA. To improve our understanding of the
effect of OPdA on polymerase activity and mutagenicity, we evaluated the ability
of the translesion DNA polymerases hPols η, κ, and ι to bypass OPdA in vitro.
hPols η and κ inserted dNTPs opposite the lesion and extended the OPdA-
modified primer to the terminus. hPol ι inserted dNTPs opposite OPdA but failed
to fully extend the primer. Steady-state kinetic analysis indicated that these
polymerases preferentially insert dTTP opposite OPdA, although less efficiently than opposite dA. Minimal incorrect base
insertion was observed for all polymerases, and dCTP was the primary mis-insertion event. Examining replicative and repair
polymerases revealed little effect of OPdA on the Sulfolobus solfataricus polymerase Dpo1 or the Klenow fragment of Escherichia
coli DNA polymerase I. Bacteriophage T7 DNA polymerase displayed a reduced level of OPdA bypass compared to unmodified
DNA, and OPdA nearly completely blocked the activity of base excision repair polymerase hPol β. This work demonstrates that
bypass of OPdA is generally error-free, modestly decreases the catalytic activity of most polymerases, and blocks hPol β
polymerase activity. Although mis-insertion opposite OPdA is relatively weak, the efficiency of bypass may introduce A → G
transitions observed in vivo.

Cellular production of reactive oxygen species poses a
significant threat to genomic stability by inducing DNA

damage, a contributing factor in carcinogenesis.1 Endogenous
DNA damage can be induced directly by the oxidation of DNA
bases or by secondary mechanisms in which cellular targets are
oxidized to products that subsequently damage DNA.1 Lipids
represent a major target for oxidant attack, leading to fatty acid
breakdown and the formation of α,β-unsaturated aldehydes,
including malondialdehyde (MDA) and acrolein.2 Reactive
oxygen species also react with the DNA backbone, leading to
the formation of base propenal, which further modifies DNA
bases.3 The reaction of MDA or base propenal with DNA leads
to the formation of a variety of adducts, including 3-(2′-deoxy-
β-D-erythro-pentofuranosyl)pyrimido[1,2-a]purin-10(3H)-one
(M1dG), N6-(oxopropenyl)-2′-deoxyadenosine (OPdA), and
N4-(oxopropenyl)-2′-deoxycytidine (OPdC) (Figure 1).2,4,5

M1dG is the major product of MDA and base propenal DNA
modification, whereas OPdA and OPdC are minor products.6

M1dG is a ring-closed, exocyclic DNA adduct, whereas OPdA
and OPdC represent ring-opened DNA adducts (Figure 1).
DNA adducts can induce mutations and impair the activity of

proteins important in genomic maintenance. When M1dG is

present in duplex DNA opposite dC, the exocyclic ring opens,
forming N2-(oxopropenyl)-2′-deoxyguanosine (N2-OPdG)
(Figure 1).7 Comparison of the in vitro replication of the
ring-closed and ring-opened adducts by the Klenow fragment
(exonuclease deficient) of DNA polymerase I (Kf−) has
demonstrated insertion of dT opposite M1dG and dC opposite
N2-OPdG, indicating M1dG has greater miscoding potential
than N2-OPdG.8 These results predict that ring-opened
adducts, such as OPdA, may be less miscoding than exocyclic
adducts such as M1dG. To test this hypothesis and ascertain
potential contributions to mutagenesis in cells, we have
analyzed the ability of polymerases from different subfamilies
to perform translesion synthesis on templates containing
OPdA.
We first employed several members of the Y-family of

translesion polymerases. These enzymes play a critical role in
the tolerance of DNA damage, but their low fidelity and
efficiency have the potential to induce mutations within the
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genome.9,10 Furthermore, the induction of A→ G transitions in
Escherichia coli on replication of MDA-modified M13MB102
absolutely requires induction of the SOS response, suggesting
the importance of error-prone polymerases such as E. coli Pol
IV or Pol V in the mutagenic response.11 Five translesion
bypass polymerases have been identified in humans, four
belonging to the Y-family of DNA polymerases (hPol η, hPol ι,
hPol κ, and Rev112,13) and the fifth (hPol ζ) belonging to the
polymerase B-family.14 Recent reports have shown that hPol θ
also has lesion bypass properties.15 For our analyses, we
employed hPol η, hPol ι, and hPol κ. In addition to translesion
polymerases, we examined the bypass efficiency of two repair
polymerases, Kf− and hPol β, and two replicative polymerases,
the bacteriophage T7 DNA polymerase and Dpo1, a B-family
polymerase from Sulfolobus solfataricus.
As the chemical instability of OPdA would complicate its in

vivo mutagenic potential by site-specific methods, we explored
its induction of mutations using in vitro approaches. To this
end, we developed a postoligomerization route for the
introduction of oxopropenyl adducts in DNA and used it to
prepare a template containing OPdA at a defined position.16

We then used this synthetic template to determine the ability of
human translesion polymerases to bypass the OPdA adduct, as
well as to quantify their bypass fidelity. Our studies reveal that
human Y-family polymerases are able to correctly insert dTTP
opposite OPdA. However, the frequency of insertion of dTTP
opposite OPdA was reduced compared to the frequency of
insertion of dTTP opposite unmodified dA. The effect on

nontranslesion polymerases was also examined, and OPdA was
found to significantly reduce T7 DNA polymerase activity and
to completely block catalysis by hPol β. These results support
the hypothesis that the ring-opened DNA adducts, such as
OPdA, are likely to be less mutagenic than ring-closed adducts,
although they can decrease and/or completely block polymer-
ase activity.

■ MATERIALS AND METHODS
Materials. Recombinant hPol η (amino acids 1−437), full-

length hPol κ, and the catalytic core of hPol κ (amino acids 19−
526) were purified as described previously.17−19 hPol β was a
kind gift from S. Wilson (National Institute of Environmental
Health Sciences, Research Triangle Park, NC) and was purified
as previously described.20 This enzyme displayed a specific
activity of ∼600 units/mg of protein, where 1 unit is the
amount of enzyme required to catalyze the incorporation of 1
nmol of dTMP in 1 min at 20 °C using poly(dA)/oligo(dT)20
as a template-primer.20 The catalytic fragment of hPol ι (amino
acids 1−420) was purified as described previously.21 Klenow
fragment exonuclease minus (Kf−),22 bacteriophage T7 DNA
polymerase exonuclease minus (exo−),23 and E. coli thioredox-
in24 were expressed and purified as described previously.
Exonuclease deficient S. solfataricus Dpo1 (exo−) was expressed
and purified as described previously.25 [γ-32P]ATP was
obtained from Perkin-Elmer. T4 polynucleotide kinase and
ultrapure grade solutions of dNTPs were purchased from New
England Biolabs (Beverly, MA). Unmodified oligonucleotides
were synthesized and purified by high-performance liquid
chromatography (HPLC) in the Vanderbilt DNA Core
(Nashville, TN). The OPdA-containing template oligonucleo-
tide was synthesized by a postoligomerization modification
strategy as described previously.16 The 21-mer template
sequence was 5′-TATCATGTCTGXTATCCCGGT-3′,
where X was dA or OPdA. For assays measuring insertion of
bases opposite the lesion, the 9-mer primer 5′-ACCGGGATA-
3′ was used. For assays measuring the ability of polymerases to
extend past the lesion, two 10-mer primers, 5′-ACCGGGAT-
AT-3′ and 5′-ACCGGGATAC-3′, were used.

HPLC Analysis of Oligonucleotides. Oligonucleotides
were analyzed on a Waters 2996 HPLC system with a
photodiode array UV detector using a Phenomenex Polar-RP
80 Å, 4 μm C18 column (150 mm × 2.00 mm). Separation was
achieved using a flow rate of 0.6 mL/min with the following
mobile phases: A, which consisted of 95% (v/v) 0.1 M TEAA
[triethylammonium acetate (pH 7.4)] and 5% (v/v) ACN, and
B, which consisted of 74% (v/v) 0.1 M TEAA, 13% (v/v)
ACN, and 13% (v/v) MeOH. Elution began at 0% B followed
by a 40 min linear gradient to 65% B, a 20 min isocratic period
at 65% B, and a 1 min equilibration to restore the initial
conditions.

Mass Spectrometric Analysis of OPdA-Modified
Oligonucleotides. Unmodified and OPdA-modified oligonu-
cleotides were digested at 37 °C for 3 h in 17 mM sodium
succinate, 8 mM CaCl2, 2 mM ZnSO4, and 50 mM MOPS (pH
6.0) with 4 × 103 gel units of micrococcal nuclease (New
England Biolabs) and 1.6 × 10−3 units of snake venom
phosphodiesterase (Sigma). Following this incubation, 5 units
of Antarctic Phosphatase (New England Biolabs) with 50 mM
BIS-TRIS propane, 1 mM MgCl2, and 0.1 mM ZnCl2 (pH 6.0)
was added, and reaction mixtures were incubated at 37 °C
overnight. Following incubation, samples were spun through 3
kDa molecular mass cutoff filters (Millipore) to remove

Figure 1. DNA damage from lipid and DNA peroxidation.
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digestion enzymes. Samples were then dried under nitrogen
and resuspended in 50 μL of HPLC grade water (Fisher
Scientific). Liquid chromatography−tandem mass spectrometry
(LC−MS/MS) analysis of samples was performed on a
Thermo Surveyor autosampler and MS pump in-line with a
Thermo Quantum triple-quadrupole mass spectrometer
(Thermo Fisher Scientific). The mass spectrometer was
equipped with an electrospray source and operated in positive
ion mode. The analytes were chromatographed on the
following reverse-phase gradient system: 5 to 60% B over 4
min, held at 60% B for 0.75 min, and returned to 5% B from
4.75 to 5 min. The column was then re-equilibrated at 5% B
from 5 to 8 min. Mobile phase A consisted of H2O and 0.1%
formic acid (v/v), and mobile phase B consisted of a 2:1
MeOH/ACN mixture and 0.03% (v/v) HCO2H. The flow rate
was 300 μL/min. A Phenomenex Polar-RP column [5.0 cm ×
0.20 cm, 3 μm (Phenomenex, Torrence, CA)] was used at 25
°C. Following chromatographic separation and injection into
the mass spectrometer, OPdA was detected with selected
reaction monitoring with the following transition, m/z 306 →
190, corresponding to the cleavage of the glycosidic bond and
neutral loss of the deoxyribose moiety (−116 Da), with the
positive charge remaining on the base. Neutral loss scans were
performed with the same chromatographic separation of
analytes and mass spectrometric detection of ions. To analyze
the neutral loss of 116 Da, data were acquired from m/z 150 to
400, and a collision energy of 13 eV was applied to induce
cleavage of the deoxyribose moiety, resulting in a 116 Da loss.
In Vitro Replication Assays. The 9-mer primer (100

pmol) was 5′-32P-end-labeled with 10 units of T4 polynucleo-
tide kinase and [γ-32P]ATP (>6000 Ci/mmol, 250 μCi) in 50
mM NaPi (pH 7.4), 10 mM MgCl2, and 5 mM dithiothreitol
(DTT) for 1 h at 37 °C. The labeled primer strand was
annealed (1:1 molar ratio) to the 21-mer template strand
containing either dA or OPdA in the presence of 40 mM NaCl
at 95 °C for 3 min and then slowly cooled to room
temperature. The standard DNA polymerase reactions for
both unmodified or OPdA-containing substrates were
performed at 37 °C in 20 μL of buffered solutions containing
50 mM NaPi (pH 7.4), 5 mM MgCl2, 5 mM DTT, 100 μg/mL
bovine serum albumin (BSA), 10% (w/v) glycerol, 50 nM
DNA substrate, an individual dNTP or all four (dATP, dCTP,
dGTP, and dTTP) at 500 μM, and 5 nM hPol η (amino acids
1−437), hPol κ (full-length), hPol ι (amino acids 1−420), T7
DNA polymerase (exo−), Kf−, Dpo1 (exo−), or hPol β.
Reactions were terminated by the addition of 36 μL of loading
buffer [10 mM EDTA, 95% (w/v) formamide, 0.03% (w/v)
bromophenol blue, and 0.03% (w/v) cyanol blue] to a 4 μL
aliquot of the reaction mixture before resolving products on a
20% (w/v) polyacrylamide gel containing 7 M urea. The
radioactive products were then visualized using a Phosphor-
imager (Bio-Rad) equipped with Quantity One software for
quantification. The percentage of extension was determined by
comparing total extension products to unextended primer using
the following relation: (intensity of extension products/total
radioactivity in well) × 100. To quantify the full-length 21-mer
product, densitometry was performed on the final 21-mer
product following T7 (exo−) polymerase extension and applied
to the following relation: (intensity of final 21-mer)/(final 21-
mer + 9-mer) × 100.
Analysis of Steady-State Kinetics. Steady-state kinetic

reactions were performed in 50 mM NaPi buffer (pH 7.5)
containing 5 mM DTT, 5 mM MgCl2, 100 μg/mL BSA, 5%

glycerol, 50 nM annealed 5′-32P-end-labeled duplex DNA
primer-template, 5 nM polymerase [hPol η (amino acids 1−
437), hPol κ (amino acids 19−526), or hPol ι (amino acids 1−
420)], and varying concentrations of individual dNTPs (0−800
μM). For both unadducted and OPdA-adducted substrates,
samples were incubated at 25 °C for specified time intervals
(0−190 min). Reactions were terminated by addition of 36 μL
of loading buffer (96% formamide, 20 mM EDTA,
bromophenol blue, and xylene cyanol), and products were
separated on a 20% polyacrylamide (w/v)−7 M urea gel. The
intensity of each gel band was quantified using a Phosphor-
imager (Bio-Rad) equipped with Quantity One software for
quantification. The means and standard errors were determined
from three individual experiments. Estimates for the turnover
numbers (kcat) and Michaelis constant (KM,dNTP) were obtained
by fitting the data to the Michaelis−Menten equation, using
nonlinear regression curves [one-site hyperbolic fits in
GraphPad Prism (GraphPad, San Diego, CA)].

■ RESULTS
Synthesis and Characterization of OPdA-Containing

Oligonucleotides. To examine the impact of OPdA on
polymerase activity, we synthesized and characterized a
template oligonucleotide containing this lesion. Synthesis was
performed using a postoligomerization modification strategy,
resulting in the addition of one OPdA lesion at position 12
within the 21-mer (sequence in Materials and Methods).16 A
control template containing dA at position 12 was also
synthesized. Characterization of the synthesized oligonucleo-
tides by HPLC revealed that the unmodified and OPdA-
modified templates eluted at 29 and 32 min, respectively
(Figure 2). The purity of the OPdA-modified oligonucleotide
was estimated to be ∼95% as evidenced by its chromatographic
profile (Figure 2B). The OPdA-modified oligonucleotide
exhibited an absorbance at 320 nm, characteristic of
oxopropenyl amine chromophores (Figure 2C).26 To confirm
the presence of OPdA, both unmodified and OPdA-modified
oligonucleotides were digested and analyzed using LC−MS/
MS. The LC−MS/MS method utilized selected reaction
monitoring to analyze the transition from m/z 306 to 190,
which corresponds to the OPdA precursor (m/z 306) and the
loss of deoxyribose (−116 Da to yield a product of m/z 190).
The chromatographic profiles of ions that contain the transition
from m/z 306 to 190 are displayed in Figure 3A. The top panel
corresponds to a synthetic OPdA standard and displays a
retention time of 3.2 min. The middle panel is the digested
unmodified template, which does not display a peak at 3.2 min,
indicating no OPdA is present in this sample. The bottom
panel corresponds to the digested OPdA-modified template
and a peak with a retention time of 3.2 min, indicating the
presence of OPdA in this sample. Further confirmation of the
presence of OPdA in the synthetic oligonucleotide was
achieved by employing neutral loss mass spectrometric
examination of digested unmodified and OPdA-modified
templates, which monitored the loss of 116 Da (deoxyribose)
(Figure 3B,C). This analysis results in the identification of
precursor ions that lose 116 Da following application of a
collision energy of 13 eV. Analysis of ions present in the
digested unmodified oligonucleotide sample that elute between
0.5 and 4 min revealed four major ions, which corresponded to
dA, dC, dG, and dT (Figure 3B). Similarly, the examination of
ions in the digested OPdA-modified oligonucleotide sample
that elute between 0.5 and 4 min displayed precursor ions that
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corresponded to dA, dC, dG, and dT, but this sample also
exhibited an ion that corresponded to OPdA (Figure 3C).
These data confirm the presence of OPdA in the synthetically
modified template.
Examination of Translesion DNA Polymerase Activity

past dA and OPdA. Following confirmation of the presence
of OPdA within the synthesized template, in vitro extension
experiments were conducted to determine the effect of the
lesion on DNA polymerase activity. These studies were
initiated using the human translesion polymerases, hPol η
(residues 1−437), hPol κ (full-length and catalytic core,
residues 19−526), and hPol ι (residues 1−420), as their ability
to bypass a range of DNA adducts makes them likely candidates
for bypassing OPdA.27,28 In addition, these polymerases are
relatively error-prone and may be responsible for OPdA-
induced mutations.28

To analyze polymerase extension past OPdA, a 9-mer primer
was annealed to either the unmodified 21-mer control template
or the OPdA-modified template, and the resulting substrates
were incubated with one of the translesion polymerases in the
presence of all four dNTPs. As seen in Figure 4A, human Pol η
(residues 1−437) (termed hPol η throughout) extended the
primer completely to the terminus of the oligonucleotide and,

by 15 min, displayed no obvious difference in the bypass of dA
compared to that of OPdA. However, a slight decrease in the
degree of extension across OPdA at the shortest time point (5
min) prompted analysis of the degree of extension over a
shorter time frame (0.25−5 min), which revealed a reduced
level of polymerase action opposite OPdA (Figure 4B). Similar
to hPol η, full-length hPol κ was found to bypass the OPdA
lesion to produce an extension product of 21 bases, and a slight

Figure 2. HPLC analysis of OPdA-modified oligonucleotides.
Oligonucleotides were analyzed by HPLC as described in Materials
and Methods. (A) HPLC analysis of the unmodified 21-mer
oligonucleotide (retention time of 29 min). (B) HPLC analysis of
the OPdA-modified 21-mer oligonucleotide (retention time of 32
min). (C) Comparison of the UV spectra of unmodified and OPdA-
modified 21-mer oligonucleotides. The solid line (spectrum I)
corresponds to the unmodified 21-mer and the dashed line (spectrum
II) to the OPdA-modified 21-mer. Sequences of oligonucleotides are
listed in Materials and Methods.

Figure 3. Mass spectrometric analysis of OPdA-modified oligonucleo-
tides. Unmodified and OPdA-modified oligonucleotides were digested
and analyzed using MS. (A) Selective reaction monitoring of the
transition for OPdA (from m/z 306 to 190), representing the loss of
deoxyribose, was employed. The top panel shows data for the OPdA
standard, the middle panel data for the unmodified oligonucleotide,
and the bottom panel data for the OPdA-modified oligonucleotide.
(B) A neutral loss scan of unmodified oligonucleotide was performed
as described in Materials and Methods. The top panel represents the
reconstructed ion chromatogram, and the bottom panel demonstrates
m/z ions present at retention times from 0.5 to 4 min. (C) Analysis of
the OPdA-modified oligonucleotide as described for panel B.
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decrease in the level of product formation at 5 min was also
observed (Figure 5A). Shorter time course analysis revealed
stalling of full-length hPol κ and a decrease in polymerase
activity upon extension past OPdA (Figure 5B).
The extremely low processivity of hPol ι (residues 1−420)

(termed hPol ι throughout) has been demonstrated previously;

extension is typically limited to one to three nucleotides.29,30

Therefore, it was not surprising in this analysis that hPol ι
generated a final extension product of only 13 bases upon
replication past dA over a time course of 60 min (Figure 6).
Extension of hPol ι past OPdA revealed an even shorter
product of only 11 bases, consistent with insertion of a dNTP

Figure 4. Primer extension by hPol η opposite dA and OPdA. (A) hPol η (5 nM) was incubated in the presence of either unmodified or OPdA-
modified 9/21-mer radiolabeled substrate (50 nM) and four dNTPs (500 μM) as described in Materials and Methods. Reactions were performed
over increasing amounts of incubation time as indicated. The quenched (EDTA) samples were analyzed by 20% (w/v) denaturing polyacrylamide
gel electrophoresis, and the amount of product formed was visualized using a phosphorimager. (B) Reactions were performed as described for panel
A on a shorter time course. Data were quantified as described in Materials and Methods and represent the average of three independent experiments.

Figure 5. Primer extension by hPol κ opposite dA and OPdA. (A) hPol κ (5 nM) was incubated in the presence of either unmodified or OPdA
modified 9/21-mer radiolabeled substrate (50 nM) and four dNTPs (500 μM) as described in Materials and Methods. Reactions were performed
over increasing amounts of incubation time as indicated. The quenched (EDTA) samples were analyzed by 20% (w/v) denaturing polyacrylamide
gel electrophoresis, and the amount of product formed was visualized using a phosphorimager. (B) Reactions were performed as described for panel
A on a shorter time course. Data were quantified as described in Materials and Methods and represent the average of three independent experiments.

Biochemistry Article

dx.doi.org/10.1021/bi401103k | Biochemistry 2013, 52, 8766−87768770



opposite OPdA followed by extension of a single dNTP (Figure
6).
Steady-State Kinetic Analysis of Translesion DNA

Polymerase Activity. Although hPol η and full-length hPol κ
were able to bypass OPdA with full primer extension, our
preliminary results suggest that the lesion negatively impacts
the catalytic efficiency of these enzymes. To more fully
characterize this effect and to probe the potential of each
enzyme for nucleotide mis-incorporation, we examined the
kinetics of base insertion opposite OPdA. Steady-state kinetic
analysis of the insertion of single nucleotides opposite OPdA
and dA by each polymerase was performed utilizing 9-mer
primers annealed to the appropriate 21-mer templates
incubated in the presence of each dNTP individually under
steady-state conditions. From the dNTP insertion kinetics, the
kcat and KM,dNTP values were obtained by fitting the data to the
Michaelis−Menten equation using nonlinear regression (Tables
1−3). This methodology allows a comparison of the catalytic
efficiency (kcat/KM,dNTP) of insertion of a correct (dTTP) versus
incorrect nucleotide opposite OPdA and dA, providing an
assessment of mis-insertion frequency for each polymerase
tested.
Examination of incorporation of a single nucleotide by hPol η

revealed preferential insertion of dTTP opposite both dA and
OPdA. The efficiency of incorporation of dTTP opposite

OPdA was approximately 34% of that observed for template dA
(Table 1). Incorrect base insertion by hPol η was also observed
for both dA and OPdA. Interestingly, dATP was the primary
mis-insertion event opposite dA, whereas dCTP was primarily
mis-incorporated opposite OPdA (Table 1). The fidelity of
hPol η is somewhat improved for OPdA-containing templates.
Insertion of dTTP opposite dA is ∼56-fold more efficient than
mis-insertion of dATP, whereas insertion of dTTP opposite
OPdA is ∼230-fold better than the mis-insertion of dCTP.
For hPol κ (residues 19−526), the catalytic efficiency for

insertion of dTTP opposite OPdA was approximately 26% of
the efficiency for insertion of dTTP opposite dA (Table 2).
This polymerase also inserted all four dNTPs opposite both dA
and OPdA; however, hPol κ (residues 19−526) was found to
be slightly more accurate than hPol η in the insertion of a
nucleotide opposite OPdA (Table 2 compared to Table 1).
Mis-insertion of dCTP opposite OPdA was the most frequent
mis-insertion event, as was seen for hPol η (Table 2), but there
was an ∼1000-fold preference for accurate insertion by hPol κ
(residues 19−526), as opposed to an only ∼230-fold preference
for accurate insertion by hPol η.
hPol ι catalyzed the formation of a two-nucleotide extension

product when replicating past OPdA, which is typical for this
very nonprocessive enzyme (Figure 6). The catalytic efficiency
of insertion was approximately 29% of the efficiency observed
for the insertion of dTTP opposite dA (Table 3). hPol ι was
able to insert all four dNTPs opposite dA; however, only dTTP
and dCTP were inserted opposite OPdA (Table 3). The
specificity constant defining insertion of dTTP opposite OPdA
by hPol ι was ∼36-fold greater than that for mis-insertion of
dCTP.
In summary, although hPol η and full-length hPol κ extended

the primer to the template terminus, the efficiency for insertion
of the correct nucleotide opposite the lesion of hPol κ (residues
19−526) and hPol η is reduced ∼3-fold compared to that of
dA. A similar reduction in catalytic efficiency was also observed
for hPol ι, which was accompanied by truncated primer
extension. All three Y-family polymerases preferentially
incorporated the correct nucleotide (dTTP) opposite OPdA,
with hPol κ (residues 19−526) displaying the greatest fidelity
opposite the lesion and the highly error-prone hPol ι showing
the least faithful copying of OPdA.

Steady-State Kinetic Analysis of Next-Base Extension
by Y-Family Human DNA Polymerases. To examine
polymerase extension past the OPdA lesion, 10-mer primers
were synthesized to position dT opposite OPdA or dA. The
template sequence contains a dG residue 5′ to OPdA or dA,

Figure 6. Primer extension by hPol ι opposite dA and OPdA. hPol ι (5
nM) was incubated in the presence of either unmodified or OPdA
modified 9/21-mer radiolabeled substrate (50 nM) and four dNTPs
(500 μM) as described in Materials and Methods. Reactions were
performed over increasing amounts of incubation time as indicated.
The quenched (EDTA) samples were analyzed by 20% (w/v)
denaturing polyacrylamide gel electrophoresis, and the amount of
product formed was visualized using a phosphorimager.

Table 1. Steady-State Kinetic Parameters for Insertion of a Single Nucleotide by hPol η opposite dA and OPdAa

DNA substrate incoming nucleotide kcat (min−1) KM,dNTP (μM) kcat/KM (μM−1 min−1) f (relative insertion frequency)

insertion opposite dA dTTP 0.74 ± 0.03 1.4 ± 0.5 0.53 1
5′-ATA dATP 0.15 ± 0.01 16 ± 7 9.5 × 10−3 0.019
3′-TATXGTCTG-5′ dCTP 0.03 ± 0.01 11 ± 9 3 × 10−3 0.005
X = dA dGTP 0.02 ± 0.01 10 ± 2 2 × 10−3 0.004
insertion opposite OPdA dTTP 0.62 ± 0.08 3.5 ± 2 0.18 0.34
5′-ATA dATP 0.005 ± 0.001 83 ± 73 6 × 10−5 0.0001
3′-TATXGTCTG-5′ dCTP 0.015 ± 0.001 19 ± 12 7.9 × 10−4 0.0015
X = OPdA dGTP 0.007 ± 0.001 33 ± 22 2 × 10−4 0.0004

aFor determination of steady-state kinetic values, graphs of product formation vs dNTP concentration were plotted using nonlinear regression
analysis (one-site hyperbolic fit) in GraphPad Prism. The mis-insertion frequencies were calculated relative to insertion of dTTP opposite control
(dA) primer-templates as the (kcat/KM,dNTP)/(kcat/KM,dTTP) ratio.
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Table 2. Steady-State Kinetic Parameters for Insertion of a Single Nucleotide by hPol κ opposite dA and OPdAa

DNA substrate incoming nucleotide kcat (min−1) KM,dNTP (μM) kcat/KM (μM−1 min−1) f (relative insertion frequency)

insertion opposite dA dTTP 0.60 ± 0.06 0.4 ± 0.2 1.5 1
5′-ATA dATP 0.003 ± 0.001 11 ± 9 3 × 10−4 0.0002
3′-TATXGTCTG-5′ dCTP 0.008 ± 0.001 33 ± 29 2 × 10−4 0.0001
X = dA dGTP 0.004 ± 0.001 6.5 ± 3.5 6. × 10−4 0.0004
insertion opposite OPdA dTTP 0.59 ± 0.06 1.5 ± 0.8 0.39 0.26
5′-ATA dATP 0.010 ± 0.004 15 ± 110 6.6 × 10−5 0.00004
3′-TATXGTCTG-5′ dCTP 0.009 ± 0.001 23 ± 16 4 × 10−4 0.0003
X = OPdA dGTP 0.010 ± 0.002 58 ± 51 1.7 × 10−4 0.00011

aFor determination of steady-state kinetic values, graphs of product formation vs dNTP concentration were plotted using nonlinear regression
analysis (one-site hyperbolic fit) in GraphPad Prism. The mis-insertion frequencies were calculated relative to insertion of dTTP opposite control
(dA) primer-templates as the (kcat/KM,dNTP)/(kcat/KM,dTTP) ratio.

Table 3. Steady-State Kinetic Parameters for Insertion of a Single Nucleotide by hPol ι opposite dA and OPdAa

DNA substrate incoming nucleotide kcat (min−1) KM,dNTP (μM) kcat/KM (μM−1 min−1) f (relative insertion frequency)

insertion opposite dA dTTP 0.66 ± 0.06 7.0 ± 3.0 0.094 1
5′-ATA dATP 0.060 ± 0.008 190 ± 70 3.2 × 10−4 0.0034
3′-TATXGTCTG-5′ dCTP 0.020 ± 0.002 180 ± 50 1.1 × 10−4 0.0012
X = dA dGTP 0.010 ± 0.003 150 ± 80 6.7 × 10−5 0.00071
insertion opposite OPdA dTTP 0.60 ± 0.09 22 ± 19 0.027 0.29
5′-ATA dATP − − − −
3′-TATXGTCTG-5′ dCTP 0.070 ± 0.010 94 ± 40 7.4 × 10−4 0.0079
X = OPdA dGTP − − − −

aFor determination of steady-state kinetic values, graphs of product formation vs dNTP concentration were plotted using nonlinear regression
analysis (one-site hyperbolic fit) in GraphPad Prism. The mis-insertion frequencies were calculated relative to insertion of dTTP opposite control
(dA) primer-templates as the (kcat/KM,dNTP)/(kcat/KM,dTTP) ratio.

Table 4. Steady-State Kinetic Parameters for Next-Base Extension by hPol η past dA and OPdAa

incoming nucleotide DNA substrate kcat (min
−1) KM,dNTP (μM) kcat/KM (μM−1 min−1) f (relative insertion frequency)

dCTP:dG dT:dA 0.66 ± 0.01 0.30 ± 0.08 2.2 1
dC:dA 0.070 ± 0.002 0.40 ± 0.1 0.18 0.080

dCTP:dG dT:OPdA 0.40 ± 0.09 12 ± 8 0.033 0.015
dC:OPdA 0.02 ± 0.01 0.8 ± 0.6 0.02 0.01

aFor determination of steady-state kinetic values, graphs of product formation vs dNTP concentration were plotted using nonlinear regression
analysis (one-site hyperbolic fit) in GraphPad Prism. The mis-insertion frequencies were calculated relative to insertion of dTTP opposite control
(dA) primer-templates as the (kcat/KM,dNTP)/(kcat/KM,dCTP) ratio.

Table 5. Steady-State Kinetic Parameters for Next-Base Extension by hPol ι past dA and OPdAa

incoming nucleotide DNA substrate kcat (min
−1) KM,dNTP (μM) kcat/KM (μM−1 min−1) f (relative insertion frequency)

dCTP:dG dT:dA 0.56 ± 0.02 13 ± 3 0.043 1
dC:dA − − − −

dCTP:dG dT:OPdA 0.33 ± 0.05 11 ± 8 0.030 0.70
dC:OPdA − − − −

aFor determination of steady-state kinetic values, graphs of product formation vs dNTP concentration were plotted using nonlinear regression
analysis (one-site hyperbolic fit) in GraphPad Prism. The mis-insertion frequencies were calculated relative to insertion of dTTP opposite control
(dA) primer-templates as the (kcat/KM,dNTP)/(kcat/KM,dCTP) ratio.

Table 6. Steady-State Kinetic Parameters for Next-Base Extension by hPol κ past dA and OPdAa

incoming nucleotide DNA substrate kcat (min
−1) KM,dNTP (μM) kcat/KM (μM−1 min−1) f (relative insertion frequency)

dCTP:dG dT:dA 1.3 ± 0.1 3.0 ± 1.0 0.43 1
dC:dA 0.80 ± 0.09 5.6 ± 2.9 0.14 0.33

dCTP:dG dT:OPdA 1.3 ± 0.1 1.7 ± 0.8 0.76 1.8
dC:OPdA 0.05 ± 0.01 10 ± 7 0.005 0.01

aFor determination of steady-state kinetic values, graphs of product formation vs dNTP concentration were plotted using nonlinear regression
analysis (one-site hyperbolic fit) in GraphPad Prism. The mis-insertion frequencies were calculated relative to insertion of dTTP opposite control
(dA) primer-templates as the (kcat/KM,dNTP)/(kcat/KM,dCTP) ratio.
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presenting this base as the next available template base for
polymerase insertion. The annealed product was then
incubated with dCTP to determine rates of insertion from
the dA:dT or OPdA:dT base pair. Analysis of hPol η-catalyzed
extension past the lesion displayed a dramatic reduction (98%)
in efficiency with the dT:OPdA base pair compared to that with
the dT:dA base pair substrate (Table 4). hPol ι also displayed a
reduced efficiency of extension (30%) of the dT:OPdA base
pair as compared to the dT:dA base pair (Table 5). In contrast,
hPol κ (residues 19−526) displayed a 1.8-fold increase in the
efficiency of insertion of dCTP opposite dG upon extension
from the dT:OPdA base pair as compared to dT:dA (Table 6).
Because dCTP was the base primarily mis-inserted opposite

OPdA, the ability of polymerases to extend past a dC mismatch
(dC:dA or dC:OPdA) was also investigated. The extension
efficiency of hPol η was reduced when either the dC:dA or
dC:OPdA base pair was present (92 or 99% decreased
efficiency, respectively, compared to that with dT:dA) (Table
4). These mismatches also decreased the extension efficiency of
hPol κ (residues 19−526), with 67 and 99% reduced levels of
extension for dC:dA and dC:OPdA mismatches, respectively,
compared to that for dT:dA (Table 6). hPol ι was unable to
extend the dCTP:dA or dCTP:OPdA mispair (Table 5).
Analysis of Nontranslesion DNA Polymerase-Cata-

lyzed Extension past OPdA. As described above, translesion
DNA polymerases exhibit a modest overall decrease in the
catalytic efficiency of insertion of dTTP opposite OPdA as
compared to dA, and OPdA decreased the final extension
length of primers extended by hPol ι (Figures 4−6 and Tables
1−3). The effect of OPdA upon mis-insertion frequency was

variable for the three Y-family polymerases, with hPol η
displaying a slightly increased fidelity opposite OPdA when
compared to dA and hPol ι and hPol κ (residues 19−526)
losing some ability in selecting the correct nucleotide during
insertion opposite OPdA. However, all of the Y-family
polymerases preferred insertion of dTTP opposite OPdA, and
though it lost some accuracy relative to template dA, hPol κ
(residues 19−526) actually exhibited the strongest ability to
select dTTP over mispairs when catalyzing insertion opposite
OPdA, preferring dTTP ∼1000-fold over dCTP. To determine
the specificity of these effects for translesion polymerases, we
next investigated the impact of OPdA on the activity of
nontranslesion polymerase (i.e., processive) DNA polymerases.
The ability of other polymerase families to bypass OPdA was

examined using the same template primers and experimental
conditions employed for the study of Y-family polymerases.
The model A-family polymerase, Kf−, was found to completely
extend the primer to the final oligonucleotide length of 21
bases with essentially the same efficiency regardless of the
presence of dA or OPdA (Figure 7A). These results indicate
that OPdA impacts Kf− activity in a manner similar to that
observed previously for N2-OPdG, demonstrating that ring-
opened DNA adducts do not act as a block to Kf− activity. It is
worth noting that the ring-closed form of N2-OPdG, M1dG,
blocks Kf− activity.8

We also examined the impact of OPdA on the B-family
polymerase Dpo1 (exo−) from S. solifataricus. Like the results
for Kf−, OPdA only minimally perturbed Dpo1 (exo−)
polymerase extension activity (Figure 7B). We next examined
a model C-family member, the bacteriophage replicative T7

Figure 7. Primer extension by Kf− and Dpo1 (exo−) opposite dA and OPdA. (A) Kf− (5 nM) was incubated in the presence of either unmodified or
OPdA-modified 9/21-mer radiolabeled substrate (50 nM) and four dNTPs (500 μM) as described in Materials and Methods. Reactions were
performed over increasing amounts of incubation time as indicated. The quenched (EDTA) samples were analyzed by 20% (w/v) denaturing
polyacrylamide gel electrophoresis, and the amount of product formed was visualized using a phosphorimager. (B) Extension experiments were
performed with Dpo1 (exo−) (5 nM) as described for panel A.
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(exo−) DNA polymerase. Interestingly, OPdA dramatically
decreased the activity of this polymerase compared to its
activity on unmodified DNA (Figure 8). The reduction in T7
(exo−) polymerase activity prompted us to investigate an
additional polymerase, hPol β, which is an X-family member
involved in base excision repair. Surprisingly, this polymerase
displayed a nearly complete lack of activity on an OPdA-
containing template-primer (Figure 9).

■ DISCUSSION
These studies demonstrate that OPdA only modestly decreases
the efficiency of the translesion polymerases hPol η, hPol κ
(full-length and residues 19−526), and hPol ι as well as Dpo1
(exo−) and Kf−, with stronger inhibition observed for the
replicative bacteriophage T7 (exo−) polymerase and the X-

family member hPol β. hPol η, hPol κ, and T7 (exo−)
polymerase fully extended the primer to the template terminus;
however, the efficiency of this extension was most noticeably
decreased for T7 (exo−). hPol ι extended the primer three or
four nucleotides when replicating past dA, but primer extension
past OPdA was limited to two nucleotides. Strikingly, the
activity of repair polymerase hPol β was nearly completely
blocked by the presence of OPdA.
It is interesting to compare the decrease in translesion

polymerase activity on OPdA-containing templates to previous
results with the exocyclic M1dG adduct.28 Previously, we found
that the efficiency of nucleotide insertion (kcat/KM) by hPol κ
(residues 19−526) was reduced ∼30-fold for insertion of dCTP
opposite M1dG, an impact larger than that observed for
insertion opposite OPdA compared to dA (4-fold).28 The
reduction in hPol ι insertion frequency opposite M1dG
compared to dG (10- or 25-fold, depending on the sequence
context) was also greater than that observed for OPdA opposite
dA (3-fold).28 Overall, these results indicate that, although both
adducts hinder polymerase activity, M1dG decreases polymer-
ase activity to a greater extent than OPdA. This finding is
consistent with the hypothesis that the exocyclic M1dG adduct
exerts a larger disruption to replication than ring-opened
adducts such as OPdA.
Changes in the specificity constants describing Y-family

polymerase activity on OPdA-containing substrates are
primarily driven by higher KM,dNTP values. The kcat for insertion
of dTTP opposite OPdA remains largely unchanged relative to
that for dA for all three Y-family members. Examination of the
KM,dNTP for the insertion of the correct base, dTTP, opposite
OPdA revealed 3.5-, 3-, and 4-fold increases compared to
insertion opposite dA for hPol η, hPol ι, and hPol κ (residues
19−526), respectively. The increase in KM,dNTP suggests these
polymerases require higher concentrations of dTTP to form
productive complexes when bypassing OPdA, which then
manifests as a decreased specificity constant. Comparatively,
insertion of dCTP opposite M1dG revealed a 5−10-fold
increase in KM,dNTP (depending on the sequence context).28

Extension of the primer following insertion of a base
opposite OPdA was examined by analysis of insertion of dCTP
opposite dG located adjacent to an OPdA:dT or dA:dT base

Figure 8. Primer extension by T7 (exo−) polymerase opposite dA and OPdA. (A) T7 polymerase (exo−) (5 nM) was incubated in the presence of
either unmodified or OPdA-modified 9/21-mer radiolabeled substrate (50 nM) and four dNTPs (500 μM) as described in Materials and Methods.
Reactions were performed with increasing amounts of incubation time as indicated. The quenched (EDTA) samples were analyzed by 20% (w/v)
denaturing polyacrylamide gel electrophoresis, and the amount of product formed was visualized using a phosphorimager. (B) Quantitation of three
replicate extension experiments, a representation of which can be seen in panel A.

Figure 9. Primer extension by hPol β opposite dA and OPdA. hPol β
(5 nM) was incubated in the presence of either unmodified or OPdA
modified 9−21-mer radiolabeled substrate (50 nM) and four dNTPs
(500 μM) as described in Materials and Methods. Reactions were
performed with increasing amounts of incubation time as indicated.
The quenched (EDTA) samples were analyzed by 20% (w/v)
denaturing polyacrylamide gel electrophoresis, and the amount of
product formed was visualized using a phosphorimager.
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pair. Both hPol η and hPol ι displayed reduced efficiencies of
insertion of dCTP opposite dG from an OPdA:dT base pair
compared to a dA:dT base pair, exhibiting 100- and 1.4-fold
reduced insertion efficiencies, respectively. Interestingly, hPol κ
displayed a 1.8-fold increase in next-base extension activity
compared to extension from dA. From these data, hPol κ
(residues 19−526) is the most effective polymerase in
extending from the base-paired OPdA lesion and hPol η is
very inefficient, and hPol ι is slightly inhibited compared to
extension from a dA:dT base pair. These data are consistent
with previously published analysis of the catalytic core enzymes.
Although the examined translesion polymerases primarily

insert the correct base (dTTP) opposite OPdA, dCTP was
inserted second most frequently. This insertion event was
several hundred-fold less efficient than insertion of dTTP,
suggesting a low mutagenic potential for OPdA. Among the
translesion polymerases tested, hPol ι is the most error-prone
but extends the primer fully following base insertion.
Conversely, hPol κ (residues 19−526) performs more accurate
bypass of OPdA, and full-length hPol κ efficiently extends the
primer. hPol ι is also error-prone and is unable to fully extend
the primer to the terminus following base insertion. Insertion of
dCTP opposite OPdA would generate A→ G transitions in the
second round of replication, consistent with our previous
speculation that adenine adducts may be responsible for
generating A → G transitions that contribute to overall MDA
mutagenicity in E. coli.11

As our data demonstrate the minimal mutagenic potential of
OPdA, we sought to compare this to the mutagenicity of other
DNA adducts. Analysis of full-length hPol κ replication across a
variety of N2-guanyl adducts revealed varying degrees of mis-
insertions, which were generally ∼100-fold less likely to occur
than correct base insertion, comparable to the mis-insertion
frequency observed for OPdA.18 Examination of the mis-
insertion frequency of M1dG demonstrates a 5−20-fold
reduction in insertion frequency compared to that of dCTP,
depending on the sequence context and the base being
inserted.28 Mis-incorporation of bases opposite M1dG occurs
much more frequently than mis-insertion events observed
opposite OPdA, supporting our hypothesis that ring-opened
adducts such as OPdA are less mutagenic than the bulkier,
exocyclic adduct M1dG.
We expanded our investigation to determine the ability of

nontranslesion polymerases to replicate past OPdA. These
analyses revealed a decrease in T7 (exo−) polymerase activity
and a substantial block of hPol β activity with a minimal effect
on Kf− or Dpo1 (exo−) polymerase activity. Guanine-modified
DNA adducts, including 8-oxo-G, O6-methylG, and O6-
benzylG, have been shown to influence T7 (exo−) polymerase
activity, leading to error-prone bypass and a decrease in
polymerase efficiency.24,31 Interestingly, T7 (exo−) polymerase
can efficiently bypass N2-methylG, but it is strongly blocked by
N2-ethylG and N2-benzylG.32 The very substantial inhibition of
hPol β activity was interesting considering this polymerase has
been shown to efficiently bypass bulky cisplatin-induced DNA
adducts.33 Additionally, hPol β induces both substitutions and
frameshift mutations when replicating past propanodeoxygua-
nosine.34 OPdA, therefore, acts in a unique manner to block
hPol β replication.
This study represents the first characterization of the impact

of OPdA on DNA replication. The results suggest that bypass
of OPdA will be slightly error-prone when the adduct is
replicated by Y-family polymerase, but to a much lesser extent

than M1dG. hPol η is the least perturbed Y-family polymerase,
while hPol κ (residues 19−526) is the most accurate during
insertion opposite OPdA and the most efficient at extending
from the dT:OPdA base pair. These results suggest that among
the Y-family polymerases, hPol η and hPol ι could contribute to
error-prone bypass of OPdA while the catalytic subunit of hPol
κ (residues 19−526) is probably associated with accurate
bypass. Highly impaired T7 (exo−) DNA replicative polymerase
activity suggests the ability of OPdA to hinder normal
replication by some families of polymerases. Additionally, the
block of hPol β activity indicates this polymerase’s active site
has unique interactions with OPdA that result in inhibition of
enzyme activity. Taken together, these studies indicate that
OPdA is not highly mutagenic but may impair or block DNA
polymerase activity in vivo.
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