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ABSTRACT: 8-Oxo-2′-deoxyguanosine (OdG) is a prom-
inent DNA lesion produced from the reaction of 2′-
deoxyguanosine (dG) with reactive oxygen species. While
dG directs the insertion of only dCTP during replication, OdG
can direct the insertion of either dCTP or dATP, allowing for
the production of dG → dT transversions. When replicated by
Klenow fragment-exo (KF-exo), OdG preferentially directs the
incorporation of dCTP over dATP, thus decreasing its
mutagenic potential. However, when replicated by a highly related polymerase, the large fragment of polymerase I from
Bacillus stearothermophilus (BF), dATP incorporation is preferred, and a higher mutagenic potential results. To gain insight into
the reasons for this opposite preference and the effects of the C2, N7, and C8 positions on OdG mutagenicity, single-nucleotide
insertions of dCTP and/or dATP opposite dG, OdG, and seven of their analogues were examined by steady state kinetics with
both KF-exo and BF. Results from these studies suggest that the two enzymes behave similarly and are both sensitive not only to
steric and electronic changes within the imidazole ring during both dCTP and dATP incorporation but also to the presence of
the C2-exocyclic amine during dATP incorporation. The difference in incorporation preference opposite OdG appears to be due
to a somewhat increased sensitivity to structural perturbations during dCTP incorporation with BF. Single-nucleotide extensions
past the resulting base pairs were also studied and were not only similar between the two enzymes but also consistent with
published ternary crystallographic studies with BF. These results are analyzed in the context of previous biochemical and
structural studies, as well as stability studies with the resulting base pairs.

8-Oxo-2′-deoxyguanosine [OdG (Chart 1)] is a common DNA
lesion that arises from the exposure of 2′-deoxyguanosine (dG)
to reactive oxygen species (ROS) that include hydroxy radical
(•OH), peroxides (H2O2), and superoxide (O2

•−).1,2 ROS are
produced by environmental carcinogens, during exposure to
radiation, and during the conversion of O2 to H2O in metabolic
respiration.3−8 While OdG lesions do not serve as either
replication or transcription blocks, they are a known
promutagen. In vivo studies have shown that OdG has a
0.7−4% mutation rate, with the vast majority being dG → dT
transversions.9,10 It is believed that these mutations may be
responsible for the known link between OdG lesions and
aging,11−13 as well as numerous diseases, including cancer.14−17

OdG can exist in different tautomeric states, but the 6,8-
diketo form predominates at physiological pH.18,19 In this state,
the hydrogen bonding pattern of the imidazole ring is
considerably different from that in dG. In OdG the hydrogen
at N7 can act as a hydrogen bond donor and the oxygen at C8
can accept a hydrogen bond, while in dG, the N7 can only
accept hydrogen bonds and there is no hydrogen bonding
ability at C8. Additionally, the presence of the oxygen at C8
imparts additional steric bulk off the imidazole ring, which

causes OdG to prefer a syn conformation about the glycosidic
bond, as compared to dG, which prefers an anti conforma-
tion.18,19 Together, these changes in base conformation and
hydrogen bonding are believed to be responsible for the ability
of OdG to form stable base pairs to both 2′-deoxycytidine (dC)
and 2′-deoxyadenosine [dA (Chart 2)].20 When in the syn
conformation, OdG can use its Hoogsteen edge to form a
relatively stable base pair with dA that structurally mimics an
unmodified dT:dA base pair.21,22 However, OdG can also adopt
the anti conformation and form a more standard base pair with
dC,23,24 though OdG:dC base pairs are less stable than dG:dC
base pairs.20

Because OdG:dC and OdG:dA base pairs both mimic natural
base pairs and have similar stabilities, polymerases can have
trouble distinguishing between them. Consequently, a polymer-
ase may pair a template OdG lesion with either dCTP or dATP
during replication.21 While insertion of dCTP should cause no
harm to the cell, if a dATP is inserted, subsequent rounds of
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replication will yield the aforementioned dG → dT trans-
version. Thus, the potential for OdG to cause a mutation is
heavily influenced by the polymerase used to replicate it. If a
polymerase preferentially pairs OdG with dCTP, the mutagenic
potential of OdG would be limited. However, if a polymerase
prefers an OdG:dATP pairing, an increased mutagenic potential
would result. Polymerases are known to have widely varying
incorporation preferences opposite OdG, with some strongly
preferring dCTP incorporation,25−28 several having only a
slight preference for dCTP,29−31 and others strongly preferring
dATP incorporation.21,32,33 Though it may be expected that
DNA polymerases from different families would have very
different incorporation preferences opposite OdG, it is
somewhat surprising that contrary preferences are found even
within the same family. For example, the A family polymerase
Klenow fragment from Escherichia coli DNA polymerase I (KF)
that lacks the 3′-exonuclease site (KF-exo) prefers to insert

dCTP ∼4-fold over dATP opposite OdG,30 while a highly
related A family polymerase, the large fragment from Bacillus
stearothermophilus (BF), prefers dATP incorporation by ∼9-
fold.34 In the B family of DNA polymerases, human pol α
prefers dATP insertion by ∼200-fold,21 while the replicative
DNA polymerase from bacteriophage RB69 (RB69) prefers
dCTP incorporation by ∼20-fold.26 Other examples exist, as
well.27,32

To gain insight into the reasons for these opposite
incorporation preferences within the same polymerase family,
we set about testing the activity of dCTP and dATP
incorporation opposite numerous dG/OdG analogues with
both KF-exo and BF. These two A family polymerases were
chosen because they show strong structural and sequence
homology,35,36 replication past OdG and its analogues has been
extensively studied with KF-exo,30,37−41 and there are
numerous crystal structures of BF available.34,42,43 The
analogues examined vary from dG/OdG at N7 and C8 (the
two sites that differ between dG and OdG), as well as at C2,
and include (i) 8-chloro-2′-deoxyguanosine [CldG (Chart 1)]
and 8-bromo-2′-deoxyguanosine (BrdG), which contain steric
bulk at C8 similar to that of OdG but otherwise mimic dG, (ii)
9-deaza-2′-deoxyguanosine (CdG) and 8-thio-2′-deoxyguano-
sine (SdG), which contain the N7-hydrogen used when pairing
to dA but differ from OdG in their steric and electronic
properties at C8, and (iii) 2′-deoxyinosine (dI), 8-oxo-2′-
deoxyinosine (OdI), and 8-thio-2′-deoxyinosine (SdI), which all
lack an C2-exocyclic amine but otherwise mimic dG, OdG, and
SdG, respectively. Studies of the incorporation opposite and
extension past these analogues in comparison to OdG with
both KF-exo and BF should yield more information about not
only how the various steric and electronic properties of C2, N7,
and C8 influence the mutagenic potential of OdG but also why
highly related polymerases can have widely differing incorpo-
ration preferences opposite OdG. Only by understanding the
specific properties and interactions that dictate the mutagenic
potential of OdG can we fully understand its potential to cause
mutation and disease.

■ EXPERIMENTAL PROCEDURES
All chemicals were purchased from Sigma-Aldrich unless
otherwise noted. KF-exo (20000 units/mg) and BF (120000
units/mg) were purchased from NEB. Oligonucleotide syn-
thesis was conducted at the Biomolecular Research Facility at
the University of Virginia (CldG, CdG, and SdG) or by
Midland Inc. (OdI and SdI). Matrix-assisted laser desorption
ionization time-of-flight mass spectrometry analysis was
conducted at the Mass Spectrometry Facility at the University
of California (Riverside, CA). Preparative reverse phase high-
performance liquid chromatography (RP-HPLC) was per-
formed using a Beckman Ultrasphere ODS C18 column (10
mm × 250 mm) run at 3 mL/min; HPLC solvents A and B
were 0.1 M triethylammonium acetate (TEAAC) (pH 7) and
acetonitrile, respectively.
8-[2-(Trimethylsilyl)ethyl]thio-2′-deoxyinosine (2). 8-

Bromo-2′-deoxyinosine (1, 300 mg, 0.90 mmol)44 and 600 mg
of K2CO3 (4.3 mmol) were suspended in 4 mL of dry N,N-
dimethylformamide (DMF) before the addition of 420 μL (2.7
mmol) of 2-(trimethylsilyl)ethanethiol. The mixture was stirred
under argon at 60 °C for 20 h before being concentrated in
vacuo. The resulting residue was washed twice with hexane,
dried, and dissolved into methanol. The solid was filtered, and
the filtrate was dried to yield 420 mg of impure 2 as a yellow

Chart 1. Structures and Abbreviations of Nucleotides Used
in This Study

Chart 2. Structures of OdG:dC and OdG:dA Base Pairs
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solid. Though the impure product was used in the subsequent
step to make compound 3, compound 2 could be purified by
reverse phase C18 column chromatography using a 0 to 40%
CH3CN gradient in water to yield 130 mg (0.34 mmol, 38%
yield) of pure 2 as a white solid: 1H NMR (300 MHz, DMSO-
d6) δ 7.99 (s, 1H), 6.21 (t, 1H), 5.31 (b, 1H), 4.95 (b, 1H),
4.41 (m, 1H), 3.84 (m, 1H), 3.63 (dd, 1H), 3.50 (dd, 1H), 3.28
(m, 2H), 3.03 (m, 1H), 2.14 (ddd, 1H), 1.01 (m, 2H), 0.061 (s,
8H); 13C NMR (300 MHz, DMSO-d6) δ 156.4, 149.9, 147.7,
145.6, 125.5, 88.5, 84.8, 71.5, 62.5, 40.9, 40.6, 40.3, 40.0, 39.8,
39.5, 39.2, 37.8, 29.2, 17.2, −1.2; HR-ESI (MH+) for
C15H25N4O4SiS expected 385.1360, found 385.1365.
5′-O-Dimethoxytrityl-8-[2-(trimethylsilyl)ethyl]thio-

2′-deoxyinosine (3). Impure 2 (436 mg) was coevaporated
three times with pyridine to remove any associated water before
addition of 1.35 g (3.97 mmol) of dimethoxytrityl chloride and
7 mg (0.057 mmol) of 2-(dimethylamino)pyridine. The
mixture was covered with argon, and 8 mL of anhydrous
pyridine and 316 μL (2.27 mmol) of triethylamine were added.
After being stirred at 35 °C for 8 h, the mixture was
concentrated, and the resulting oil was purified by silica gel
chromatography using a 0 to 4% methanol gradient in
chloroform to yield 239 mg of compound 3 (0.327 mmol,
36% yield over two steps from compound 1) as an orange
foam: 1H NMR (500 MHz, CDCl3-d6) δ 7.76 (s, 1H), 7.43 (d,
2H), 7.41−7.24 (m, 7H), 6.78 (dd, 4H), 6.36 (t, 1H), 4.84 (m,
1H), 4.11 (m, 1H), 3.78 (s, 3H), 3.77 (s, 1H), 1.50 (dd, 1H),
3.44 (m, 2H), 3.38 (dd, 1H), 3.30 (m, 1H), 2.34 (ddd, 1H),
1.01 (m, 2H), 0.089 (s, 8H); 13C NMR (500 MHz, CDCl3-d6)
δ 158.5, 158.5, 158.3, 150.8, 150.3, 149.8, 144.7, 142.7, 136.1,
136.0, 135.9, 130.1, 130.0, 128.2, 127.8, 126.9, 125.3, 123.8,
113.1, 86.4, 85.7, 84.3, 73.1, 64.0, 55.2, 37.5, 29.3, 16.6, −1.7;
HR-ESI (MNa+) for C36H42N4O6NaSiS expected 709.2487,
found 709.2495.
5′-O-Dimethoxytrityl-8-[2-(trimethylsilyl)ethyl]thio-

2′-deoxyinosine-3′-yl-β-cyanoethyl-N,N-diisopropyl-
phosphoramidite (4). Compound 3 (184 mg, 0.26 mmol)
was coevaporated three times with pyridine to remove any
associated water before the addition of 41 mg (0.35 mmol) of
dicyanoimidazole. The flask was covered with argon, and 5 mL
of anhydrous methylene chloride and 100 μL (0.31 mmol) of
2-cyanoethyl N,N,N′,N′-tetraisopropylphosphorodiamidite
(Chemgenes) were added. The mixture was stirred for 30
min at room temperature, diluted with 10 mL ethyl acetate, and
washed twice with 10 mL of a saturating sodium bicarbonate
solution. The organic layer was dried with Na2SO4 and
concentrated in vacuo. The resulting solid was purified by silica
gel chromatography using a 6 to 20% acetone gradient and
0.1% triethylamine in methylene chloride that had been run
through alumina to yield 162 mg of compound 4 (0.18 mmol,
70% yield) as a white foam: 31P NMR (CDCl3) δ 148.9, 148.5;
HR-MS (MNa+) for C45H59N6O7NaSiPS expected 909.3565,
found 909.3580.
Oligonucleotide Synthesis. For the polymerase experi-

ments, template oligonucleotides were 5′-d(TCACXCTGC-
TGTCGG)-3′, where X is dG, BrdG, CldG, CdG, OdG, SdG,
dI, OdI, or SdI, while primer oligonucleotides used for the
incorporation experiments were 5′-d(CCGACAGCAG)-3′;
primers used for the extension experiments were 5′-d(CCGA-
CAGCAGY)-3′, where Y is either dC or dA. Oligonucleotides
used in the melting studies were 5′-d(CCATCXCTACC)-3′,
where X is dG, BrdG, CldG, CdG, OdG, SdG, dI, OdI, or SdI,
while the complements used were 5′-d(GGTAGYGATGG)-3′,

where Y is dC or dA. Unmodified oligonucleotides were
purchased from IDT DNA, while oligonucleotides containing
dI, OdG, and BrdG were purchased from Midland Inc.
Oligonucleotides containing SdG,45 CldG,46 CdG,47 and
OdI39 were synthesized as previously described. The
phosphoramidite derivative of OdI was a generous gift from
M. Greenberg.
Oligonucleotide Purification. All oligonucleotides were

purified by 20% denaturing polyacrylamide gel electrophoresis
(PAGE) before ultraviolet (UV) visualization. The slowest
running band was excised and soaked twice in water, in the
dark, for 24 h. The resulting solutions were then concentrated,
combined by resuspension in 1 mL of water, and filtered. The
oligonucleotides (except those containing SdG and SdI) were
then further purified by preparative RP-HPLC using a linear
gradient from 5 to 20% B in A over 30 min.
Oligonucleotides containing the protected SdG and SdI

derivatives were gel purified as described above before further
purification by preparative RP-HPLC using a linear gradient
from 5 to 60% B in A over 30 min. The collected fractions were
dried in vacuo before addition of 0.3 mL of 1.0 M TBAF in
THF to deprotect the sulfur. The solution was mixed well,
covered with argon, and wrapped in foil. After 30 min at room
temperature, the reaction was quenched with 0.3 mL of 1.0 M
TEAAC, and the THF was removed by concentration. The
samples were then purified with a NAP-5 column (Amersham).
Melting Studies. A solution with each oligonucleotide at

2 μM, 100 mM NaCl, 10 mM MgCl2, and 10 mM PIPES buffer
(pH 7) was heated for 5 min at 90 °C before being slowly
cooled to room temperature for at least 30 min and then to 20
°C for at least 10 min. Melting temperatures were determined
on a Cary 100 UV−vis spectrophotometer with a Peltier
temperature controller. The absorbance at 260 nm was
monitored from 20 to 80 °C with the temperature increased
at a rate of 0.5 °C/min. Melting temperatures (Tm) were
determined by a computer fit of the first derivative of
absorbance with respect to 1/T.
Radiolabeling of Primers. Primers were radiolabeled

using Optikinase (USB) and [γ-32P]ATP (MP Biomedical)
and purified using mini Quick Spin Oligo Columns (Roche).
Insertion and Extension Experiments with KF-exo. Solu-

tions containing Tris-HCl, MgCl2, EDTA, β-mercaptoethanol,
BSA, template, and primer were heated at 90 °C for 3 min
before being slowly cooled to room temperature. KF-exo was
then added so that the final concentrations in the solution
were 50 mM Tris-HCl (pH 7.5), 20 mM MgCl2, 2 mM EDTA,
1.6 mM β-mercaptoethanol, 5 μg/mL BSA, 0.1 μM template,
0.1 μM 32P-radiolabeled primer (10mer for insertion or 11mer
for extension), and 0.37 nM KF-exo in 10% glycerol (except for
incorporation of dCTP opposite SdI and extension past
SdG:dC and SdI:dC base pairs, which each contained 3.7 nM
KF-exo). Five microliters of the solution described above was
incubated at 25 °C for 5 min and then added to 5 μL of a 2×
dNTP solution (that had also been incubated at 25 °C for 5
min) containing 100 mM Tris-HCl (pH 7.5), 20 mM MgCl2,
and the appropriate dNTP concentration. After the appropriate
time, reactions were stopped with 20 μL of a solution
containing 95% formamide, 20 mM EDTA, 0.0025%
bromophenol blue, and 0.0025% xylene cyanol.
It should be noted that some commercially purchased KF-

exo has contaminating pyrophosphate that can induce
pyrophosphorolysis.39,41 We saw little evidence of this in
control studies under our conditions. Additionally, qualitative
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controls in our lab showed that experiments with KF-exo that
had been pretreated with pyrophosphatase gave results similar
to those obtained with untreated KF-exo.
Insertion and Extension Experiments with BF. Solu-

tions containing Tris-HCl, MgCl2, DTT, BSA, template, and
primer were heated at 90 °C for 3 min before being slowly
cooled to room temperature. BF was then added so that the
final concentrations in the solution were 100 mM Tris-HCl
(pH 8), 10 mM MgCl2, 2 mM DTT, 5 μg/mL BSA, 0.2 μM
template, 0.4 μM 32P-radiolabeled primer (10mer for insertion
or 11mer for extension), and 1.3 or 0.25 nM BF in 10% glycerol
for insertion or extension, respectively (13 nM BF was used
during incorporation of dATP and dCTP opposite dI and SdG,
respectively, 33 nM BF for incorporation of dCTP opposite
SdI, and 2.5 nM BF for extension past SdI:dC base pairs). Five
microliters of the solution described above was incubated at
25 °C for 5 min and then added to 5 μL of a 2× dNTP solution
(that had also been incubated at 25 °C for 5 min) containing
20 mM NaCl and the appropriate dNTP concentration. After
the appropriate time, reactions were stopped with 20 μL of a
solution containing 95% formamide, 20 mM EDTA, 0.0025%
bromophenol blue, and 0.0025% xylene cyanol before the
mixtures were heated at 90 °C for 5 min.
Separation of Product and Michealis−Menten Ki-

netics. Product oligonucleotides were separated from starting
oligonucleotides using 20% denaturing PAGE. The resulting gel
was dried, exposed to a storage phorphor screen (Amersham)
overnight, and visualized using a Storm 860 Phosphorimager
(Amersham). Steady state kinetic experiments were conducted
under initial conditions where ≤20% of the reaction had
progressed and included seven different dNTP concentrations.
Reagent and product bands were quantified using ImageQuant
version 5.0. Michaelis−Menten curves were generated using
values obtained from the averaging of at least three replicates
and were repeated at least three times to ensure accuracy. kcat
and Km values were obtained directly from the Michaelis−
Menten curves using SigmaPlot version 9.0.

■ RESULTS
Synthesis of SdI Phosphoramidite. The phosphorami-

dite derivative of SdI (compound 4), which is required for solid
phase DNA synthesis, has not been previously reported. To
generate this compound, we used chemistry similar to that
previously developed for the synthesis of SdG.45 After 8-bromo-
2′-deoxyinosine (compound 1)44 was prepared from 8-bromo-
2′-deoxyadenosine,48 essentially as previously reported, it was
reacted with 2-(trimethylsilyl)ethanethiol to yield the protected
SdI derivative 2 (Scheme 1). While this compound could be
purified through reverse phase chromatography, crude material
was used in the subsequent step where the 5′-hydroxyl was
protected as a dimethoxytrityl (DMTr) ether. The 3′-hydroxyl
was then activated as a phosphoramidite through standard
chemistry to yield the solid phase synthesis ready SdI derivative
4. The phosphoramidite coupled with 95% efficiency under
standard conditions.
Oligonucleotide Synthesis. Oligonucleotides containing

dG, BrdG, OdG, and dI are commercially available, while
oligonucleotide incorporation of CldG, CdG, SdG, and OdI
and their subsequent purification have been previously
reported.39,45−47 Oligonucleotides containing the protected
SdI derivative were synthesized, purified, and deprotected
according to procedures developed for oligonucleotides
containing SdG.45

Base Pair Thermal Stabilities. UV melting studies of 11-
nucleotide duplexes were used to compare the thermal base
pair stability of the OdG analogues opposite dC or dA. Because
all duplexes were melted under the same conditions and
contained the same sequence except at the one base pair, the
stabilities of the varying base pairs can be compared directly.
The results in Table 1 are similar to those previously reported

and further confirm that (i) the removal of the C2-exocyclic
amine and the presence of a large atom off C8 of dG each
destabilize base pairs with dC,39,46,49 (ii) OdG:dC (and
SdG:dC) base pairs show destabilization beyond what is
expected solely on the basis of the atomic size off C8,46 possibly
because of electronic differences within the imidazole ring,50

(iii) the increased atomic size off C8 of OdG has little to no
effect on the stability of OdG:dA base pairs,45 and (iv) removal
of the C2-exocyclic amine may have a small stabilizing effect on
OdG:dA base pairs.39 Additionally, it is well-known that dI can
form relatively stable base pairs with dA where the dI is in an
anti conformation, and the dA can adopt either a syn or anti
conformation.51,52 Though one can imagine OdI and SdI
adopting similar pairings with dA, these structures would be
highly unlikely because of the oxygen or sulfur at C8, which
would significantly destabilize the required anti conforma-
tion.46,53 Because OdI:dA and SdI:dA base pairs are more
thermally stable than a dI:dA pair, as well as OdI:dC and
SdI:dC pairs, it is much more likely that both OdI and SdI

Scheme 1. Synthesis of the Phosphoramidite Derivative of
SdI

Table 1. Melting Temperatures (Tm, °C) of DNA Duplexesa

X Y = dC Y = dA

dG 54.8 ± 0.5 40.1 ± 0.4
CldG 49.1 ± 0.1 35.0 ± 0.4
BrdG 47.0 ± 0.4 36.6 ± 0.4
CdG 51.4 ± 0.5 43.5 ± 0.4
OdG 50.3 ± 0.4 44.9 ± 0.2
SdG 43.7 ± 0.3 44.6 ± 0.4
dI 48.0 ± 0.6 44.6 ± 0.3
OdI 43.5 ± 0.5 45.8 ± 0.5
SdI 36.8 ± 0.3 45.2 ± 0.3

aConditions: 2 μM duplex, 10 mM PIPES (pH 7), 100 mM NaCl, and
10 mM MgCl2. Average Tm values ± the standard deviations were
calculated from three or more melts.
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mimic OdG when pairing to dA and adopt a syn conformation
(Chart 2).
Insertion of dCTP and dATP opposite dG, OdG, or

Their Analogues. Single-nucleotide insertion experiments
were performed using steady state kinetics. Oligonucleotide
templates (15 nucleotides long) that contained dG, OdG, or
one of the seven analogues were paired with a 5′-radiolabled 10-
nucleotide primer and tested for activity with KF-exo or BF
(Table 2), which both lack a competing exonuclease function.
Though it is possible minor tautomers of OdG can direct
incorporation of other dNTPs besides dCTP and dATP,54,55

little evidence of this was detected in control experiments with
dG, OdG, or the analogues. There was some incorporation of
dTTP opposite dG and dI observed with higher enzyme
concentrations; however, very little of this mismatch was
produced opposite OdG or any of the other analogues (see
Figures S1 and S2 of the Supporting Information); thus, the
kinetic parameters for dGTP or dTTP incorporation were not
determined. The reaction parameters for incorporation of
dATP opposite dG, CldG, and BrdG were also not quantified
because these experiments were too slow to accurately measure
(see Figures S1 and S2 of the Supporting Information).
Additionally, dG, CldG, and BrdG all lack a hydrogen at N7;
thus, their kinetic parameters would not provide much insight
into the insertion of dATP opposite OdG.
Our results with OdG with both polymerases are comparable

to previous findings. In this study, KF-exo had an almost 7-fold
preference for insertion of dCTP opposite OdG (Table 2),
similar to the 7- and 4-fold dCTP preferences published for
KF21 and KF-exo,30 respectively. BF was previously shown to
prefer dATP incorporation 9-fold over dCTP incorporation,34

compared to the almost 5-fold preference for dATP reported
here. Additionally, the reduction in efficiency observed when
dCTP is inserted opposite OdG as compared to dG also
mirrored past data. Previous studies found 280- and 3800-fold
reductions in efficiency for KF-exo and BF, respectively,30,34

whereas herein, reaction efficiencies were reduced 91- and
2800-fold, respectively.

Upon examination of the new work with the analogues
(Table 2), similar results and trends were observed with both
enzymes; dCTP incorporations were less efficient opposite all
seven analogues than opposite dG, with incorporations
opposite SdG and SdI the least efficient overall. Upon
comparison of the individual reaction parameters, it was
found that with KF-exo, the rate of dCTP incorporation was
actually faster opposite CldG and BrdG as compared to dG, but
the level of dCTP binding was much reduced, yielding 23- and
36-fold less efficient reactions, respectively. Conversely, with
BF, both a slower rate and decreased dCTP binding affinity
lead to the overall 65- and 310-fold decreases in dCTP
insertion efficiency observed for CldG and BrdG, respectively.
OdG and SdG also directed less efficient incorporation of
dCTP as compared to dG with both polymerases, though both
the rates and dCTP binding affinities were reduced in all cases,
leading to reactions that were even less efficient than those
opposite CldG and BrdG. Although it does not significantly
differ in size from dG, the C nucleotide analogue CdG directed
dCTP insertion less efficiently than dG with both enzymes,
though the reaction was more efficient than opposite OdG or
SdG. While removal of the C2-exocyclic amine reduced the
efficiency of incorporation of dCTP with KF-exo (incorpo-
rations opposite OdI and SdI were less efficient than those
opposite OdG and SdG, respectively), the same perturbation
slightly increased the efficiency with BF.
With regard to dATP incorporation, with KF-exo, the

efficiency was highest opposite CdG, because of both a faster
rate and tighter binding of dATP, with large decreases in
efficiency of 62- and 660-fold when dATP was inserted
opposite OdG and SdG, respectively (Table 2). With BF, there
was also a reduction in the efficiency of incorporation of dATP
through the series CdG, OdG, and SdG, with reactions
opposite SdG having both the slowest rate and highest Km.
Removal of the C2-exocyclic amine yielded similar effects with
both polymerases; the efficiencies of insertion of dATP
opposite OdI and SdI were all increased between 4- and 6-
fold as compared to opposite OdG and SdG, respectively.

Table 2. Kinetic Parameters for Steady State Incorporation of dCTP or dATP with KF-exo and BF

KF-exo BF

X:dNTP
kcat

(min−1)a
Km(dNTP)
(μM)a

kcat/Km
(min−1 μM−1) dCTP/dATPb kcat (min−1)a

Km(dNTP)
(μM)a

kcat/Km
(min−1 μM−1) dCTP/dATPb

dG:dCTP 200 ± 40 0.22 ± 0.08 910 ± 380 330 ± 100 1.5 ± 0.5 220 ± 100
CldG:dCTP 290 ± 70 7.3 ± 1.8 40 ± 13 280 ± 74 81 ± 28 3.4 ± 1.5
BrdG:dCTP 330 ± 100 13 ± 7 25 ± 16 94 ± 20 130 ± 70 0.72 ± 0.40
CdG:dCTP 130 ± 30 4.2 ± 1.6 31 ± 14 0.33 600 ± 210 45 ± 7 13 ± 5 15
CdG:dATP 67 ± 20 0.72 ± 0.06 93 ± 28 58 ± 3 66 ± 23 0.89 ± 0.31
OdG:dCTP 160 ± 40 16 ± 5 10 ± 4 6.7 12 ± 3 150 ± 10 0.080 ± 0.021 0.22
OdG:dATP 19 ± 3 13 ± 1 1.5 ± 0.2 24 ± 4 66 ± 20 0.36 ± 0.15
SdG:dCTP 23 ± 3 13 ± 4 1.8 ± 0.6 13 0.42 ± 0.10 65 ± 14 0.0065 ± 0.0020 0.50
SdG:dATP 1.9 ± 0.2 14 ± 2 0.14 ± 0.02 3.5 ± 0.6 270 ± 120 0.013 ± 0.006
dI:dCTP 70 ± 25 0.22 ± 0.07 320 ± 150 820 18 ± 4 0.12 ± 0.04 150 ± 60 30000
dI:dATP 7.8 ± 1.4 20 ± 3 0.39 ± 0.09 1.3 ± 0.03 260 ± 80 0.0050 ± 0.0018
OdI:dCTP 94 ± 16 50 ± 16 1.9 ± 0.7 0.23 52 ± 10 380 ± 50 0.14 ± 0.03 0.067
OdI:dATP 97 ± 20 12 ± 4 8.1 ± 3.1 140 ± 45 66 ± 13 2.1 ± 0.8
SdI:dCTP 4.4 ± 0.8 86 ± 13 0.051 ± 0.012 0.10 0.25 ± 0.05 30 ± 7 0.0083 ± 0.0024 0.16
SdI:dATP 8.3 ± 1.9 17 ± 3 0.49 ± 0.14 3.9 ± 0.1 77 ± 12 0.051 ± 0.008

aAverages ± standard deviations calculated from three or more experiments. bdCTP/dATP = (kcat/Km)dCTP/(kcat/Km)dATP.
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Combining the data from dCTP and dATP insertion, we
found that with KF-exo, CdG preferentially directs dATP
insertion, while OdG, and SdG to an even larger extent, both
preferentially direct dCTP incorporation. With BF, CdG
preferentially directs dCTP insertion, while OdG and SdG
preferentially direct dATP insertion. With both enzymes, OdI
and SdI preferentially direct dATP insertion, with the
preference switched relative to that of OdG and SdG with
KF-exo.
Extension past XdG:dC and XdG:dA Base Pairs. Single-

nucleotide extensions with KF-exo and BF were also studied for
those pairs tested during the incorporation experiments [except
past the dI:dA base pair because of the low activity of that
reaction (see Figures S3 and S4 of the Supporting
Information)]. Steady state kinetics were again used, but the
15-nucleotide templates were now paired with radiolabeled 11-
nucleotide primers that contained either a dC or dA opposite
dG, OdG, or one of the analogues (Table 3). In accordance
with previous results with KF-exo,21,30 extension past an
OdG:dA base pair was more efficient than past an OdG:dC
base pair. Turing to the work with the new analogues, we found
the relative extension efficiencies past XdG:dC pairs were
similar for both enzymes and somewhat mirrored the
incorporation of dCTP (Table 2). All efficiencies were reduced
compared to that of extension past dG:dC base pairs (though
much less so for BF), but efficiencies of extension past OdG:dC
and SdG:dC base pairs were reduced even as compared to
efficiencies of extension past CldG:dC and BrdG:dC base pairs.
Upon comparison of the dCTP insertion and extension results
between enzymes, BF appears more sensitive than KF-exo to
alterations in the imidazole ring of dG/OdG during dCTP
incorporation, but less sensitive than KF-exo during extension
past the resulting base pairs. Results from extensions past
XdG:dA base pairs did not mirror the incorporation of dATP
for either enzyme but were similar to each other; extensions
past OdG:dA and SdG:dA base pairs were not only relatively
equal but also more efficient than those past CdG:dA base
pairs. BF was also more accommodating of XdG:dA base pairs
at the postinsertion site than KF-exo, with extension past
OdG:dA base pairs being almost as efficient as that past dG:dC

base pairs. With both enzymes, extensions past OdI:dA and
SdI:dA base pairs were slightly less efficient (3−5-fold) than
past OdG:dA and SdG:dA base pairs, respectively.

■ DISCUSSION

Incorporation of dCTP opposite dG, OdG, and Their
Analogues. Previous work with purine monomers supports
the theory that the presence of a large atom off C8 induces a
preference for a syn conformation about the glycosidic
bond.46,53 It has been suggested that this preference is due to
a destabilized anti conformation attributable to a clash between
the large C8 atom and the nucleoside sugar.23,24 This same
destabilizing interaction is also thought to be responsible, at
least in part, for the decreased stability of OdG:dC base pairs
where the anti conformation is used; consistent with this
theory, duplexes that contain a CldG:dC, BrdG:dC, or 8-
methyldG:dC base pair all show decreased melting temper-
atures relative to that of a similar duplex containing a dG:dC
base pair (Table 1).46,56 Additionally, even within the series
CdG, OdG, and SdG, which all contain a hydrogen at N7, base
pairs to dC become more unstable as the atomic size off C8
increases.47

dCTP incorporation with KF-exo and BF mirrors, to some
degree, the melting data summarized above. The dCTP binding
affinities and overall efficiencies of incorporation opposite CldG
and BrdG, and OdG and SdG, were all reduced compared to
those for incorporation opposite dG and CdG, respectively
(Figure 1). Thus, the same negative interaction with a large C8
atom that leads to the reduced stability of these base pairs may
also help reduce the efficiency of incorporation of dCTP
opposite the individual nucleotides. These new findings are also
in accordance with much previous work that suggests the high
fidelity displayed by A family polymerases stems from them
having “tight” insertion sites that are sensitive to steric
changes.57−60 While the standard Watson−Crick (W−C)
base pairs, dG:dC, dC:dG, dA:dT, and dT:dA, all have similar
shapes and H8(purine)−H5(pyrimidine) distances, the overall
base pair shape and H8−H5 distance would be significantly
increased if dCTP is incorporated opposite CldG, BrdG, OdG,
SdG, OdI, or SdI. Thus, if the polymerase insertion site is

Table 3. Kinetic Parameters for Steady State Extension past Base Pairs to dC and dA with KF-exo and BF

KF-exo BF

X:N kcat (min−1)a Km(dNTP) (μM)a kcat/Km (min−1 μM−1) kcat (min−1)a Km(dNTP) (μM)a kcat/Km (min−1 μM−1)

dG:dC 310 ± 20 0.27 ± 0.04 1100 ± 200 1500 ± 200 7.2 ± 1.2 210 ± 40
CldG:dC 89 ± 11 3.5 ± 0.9 25 ± 7 540 ± 110 9.1 ± 3.0 59 ± 23
BrdG:dC 33 ± 6 3.5 ± 1.0 9.4 ± 3.1 430 ± 10 9.5 ± 2.6 45 ± 12
CdG:dC 130 ± 6 2.7 ± 0.2 48 ± 4 800 ± 120 12 ± 3 67 ± 19
CdG:dA 15 ± 3 3.5 ± 1.5 4.3 ± 1.5 360 ± 60 26 ± 6 14 ± 4
OdG:dC 4.4 ± 0.3 2.3 ± 0.5 1.9 ± 0.4 77 ± 22 24 ± 4 3.2 ± 1.2
OdG:dA 110 ± 30 2.2 ± 0.5 50 ± 17 1100 ± 270 10 ± 3 110 ± 43
SdG:dC 0.47 ± 0.06 1.2 ± 0.03 0.39 ± 0.11 32 ± 3 12 ± 4 2.7 ± 0.9
SdG:dA 58 ± 11 2.1 ± 0.2 28 ± 6 870 ± 200 12 ± 3 73 ± 25
dI:dC 670 ± 90 0.10 ± 0.03 6700 ± 2200 770 ± 280 72 ± 26 11 ± 5
OdI:dC 9.2 ± 1.4 6.8 ± 1.8 1.4 ± 0.4 160 ± 20 74 ± 4 2.2 ± 0.3
OdI:dA 81 ± 6 7.6 ± 1.5 11 ± 2 900 ± 180 32 ± 9 28 ± 10
SdI:dC 0.23 ± 0.04 5.6 ± 0.3 0.041 ± 0.007 10 ± 4 61 ± 20 0.16 ± 0.08
SdI:dA 94 ± 25 8.4 ± 2.4 11 ± 4 650 ± 200 42 ± 8 16 ± 6

aAverages ± standard deviations calculated from three or more experiments.
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normally rigid and tightly defined around the cognate W−C
base pair shape, detrimental clashing interactions could develop
as larger atoms are substituted at the C8 position of dG or
OdG.
Crystallographic studies published with BF, where the

enzyme was cocrystallized with a template dG paired to
dCTP in the insertion site, may also provide some insight into
these results.42 The structure (Protein Data Bank entry 1LV5)
shows Ile716 and the sugar ring of OdG are both in the
proximity (within 3.5 Å) of C8 of dG and could lead to clashing
interactions, and possible distortions at the insertion site,
should a large atom be substituted off C8 (see Figures S4 and
S5 of the Supporting Information). Distortions in the DNA and
protein have already been observed in a ternary structure of BF
that contained an OdG:dC base pair in the postinsertion site.34

The presence of analogous perturbations in the insertion site
(due to potential clashing with Ile716) of BF could help to
explain the significant decreases in dCTP incorporation
efficiency observed opposite the analogues with large atoms
off C8.
Though KF-exo and BF show similar trends with respect to

dCTP incorporation, BF appears to be more sensitive to
structural perturbations within the imidazole ring of dG or
OdG. As compared to that opposite dG, the efficiency of
insertion of dCTP opposite BrdG was decreased 36-fold with
KF-exo but 310-fold with BF, while the efficiency of insertion
opposite SdG was decreased 510-fold with KF-exo and 34000-
fold with BF. This difference in reactivity may be explained, in
part, by subtle differences in the active site between KF-exo and
BF. For example, the amino acid analogous to Ile716 (in BF) is
Met768 in KF-exo. The different shapes of these two amino
acids, as well as the known flexibility of methionine side
chains,61,62 may help lead to the slightly different sensitivities to
atomic size off C8 observed between KF-exo and BF.

However, the size of the C8 atom may not be the only
influencing factor during single-nucleotide insertion. Despite
containing similarly sized or smaller atoms off C8, dCTP was
incorporated less efficiently opposite OdG and SdG as
compared to CldG and BrdG with both KF-exo and BF. It
has been well established that the 8-keto tautomer of OdG
predominates at neutral pH,18,19 and on the basis of studies
with 8-thio-G,63 and 8-thio-A,53 and 6-thioguanine, 6-thio-G,
and 6-thio-dG,64−66 the corresponding 8-keto tautomer of SdG
is expected to predominate, as well. Thus, the electronics of the
imidazole ring of OdG and SdG are expected to be opposite
that of dG (see Figure S9 of the Supporting Information) and
may lead to additional unfavorable interactions with the
polymerase or the nucleotide sugar. The reduction in dCTP
incorporation efficiency opposite the C nucleotide CdG relative
to dG with both enzymes is also consistent with other factors
besides sterics playing a role during dCTP incorporation; it is
possible this reduction is due to the opposite electrostatic
potential at N7 between dG and CdG (similar to OdG and
SdG) and/or the C nucleotide character of CdG that causes
structural changes as compared to the N nucleotides.47

Nonetheless, upon examination of the OdG analogues in
which a N7-hydrogen is present (CdG, OdG, SdG, OdI, and
SdI), there is still a significant decrease in dCTP incorporation
efficiency with both KF-exo and BF as the size of the atom off
C8 increases. Thus, while factors like electronics may also be
significant, it is still likely that steric clashing at C8 hinders, at
least to some extent, the incorporation of dCTP opposite OdG,
increasing the mutagenic potential of OdG with both enzymes.
Incorporation of dATP opposite OdG and Its

Analogues. CdG:dA base pairs are less stable than either
OdG:dA/SdG:dA or OdI:dA/SdI:dA base pairs, while the
stabilities within each set are similar (Table 1).47 However,
dATP insertions with KF-exo and BF were most efficient
opposite CdG and least efficient opposite SdG and SdI (Figure 1).

Figure 1. Graphical representations of the KF-exo (A) and BF (B) incorporation efficiencies listed in Table 2 and the KF-exo (C) and BF (D)
extension efficiencies listed in Table 3. Note the y-axes are on a logarithmic scale.
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Thus, the observed differences in incorporation activity cannot
be explained by the inherent base pair stabilities, and similar to
dCTP incorporation, it appears the presence of a large atom off
C8 in the template (now in the minor groove) also leads to a
decreased dATP incorporation efficiency.
Previously published crystallographic and biochemical data

for other replicative polymerases have indicated a specific
minor groove tyrosine may help to keep the insertion site rigid
and hostile to steric perturbations.25,67 The analogous amino
acids in KF-exo and BF are Tyr766 and Tyr714, respectively,
and mutation of Tyr766 has been shown to substantially
decrease the replication fidelity with KF-exo.68 Thus, these two
residues may play a similar role in keeping the insertion site of
KF-exo and BF tightly formed and inflexible, disallowing
mismatches that vary in size from the standard W−C base pairs
in the minor groove (see Figures S5 and S7 of the Supporting
Information). Consistent with this theory, a disease-associated
mutation of the corresponding tyrosine (Y955C) in another A
family polymerase, human mitochondrial polymerase γ, also
yielded a significantly decreased preference for incorporation of
dCTP over dATP opposite OdG.69 Via application of this
information to the results presented in Figure 1, it is possible
CdG, which lacks a large atom off C8, has fewer destabilizing
interactions present when directing dATP incorporation, thus
allowing the reaction to be relatively efficient. Conversely, the
lower efficiencies of incorporation of dATP opposite SdG and
SdI relative to that opposite CdG, OdG, and OdI may be due
to minor groove clashing (possibly with the minor groove Tyr)
caused by the larger atomic size and longer bond length of
sulfur, as well as the possible opening of the base pair that is
known to occur with modified nucleotides that contain a thio
group at or near the hydrogen bonding face.64−66,70

Expanding on this idea, we theorized that the C2-exocyclic
amine would also create clashing interactions in the major
groove of the insertion site because it would also lie outside the
cognate W−C base pair shape, similar to when a large atom is
present off C8 of dG during dCTP incorporation (see Figure
S6 of the Supporting Information). Biochemical results
reported herein, and previously with KF-exo,39 are consistent
with this theory; removal of the C2-exocyclic amine (to form
OdI and SdI) leads to an increased dATP incorporation
activity, as well as an overall preference for dATP insertion.
Additionally, previous work has shown a nonpolar isostere of
OdI containing a chlorine at C8 also preferentially directs
dATP incorporation with KF-exo.41 Thus, it appears that the
presence of the C2-exocyclic amine and a large atom at C8 may
each reduce the efficiency of incorporation of dATP opposite
OdG and its analogues.
Extension past Base Pairs Containing dG, OdG, and

Their Analogues. Previous studies have shown that KF-exo
extends past OdG:dC base pairs less efficiently than past
dG:dC base pairs (at the T1:P1 site).30 This is also true for BF,
which extended past OdG:dC base pairs with a 63-fold lower
efficiency than past dG:dC base pairs (Table 2). Additionally,
efficiencies of extension past all of the XdG:dC/XdI:dC base
pairs were reduced relative to efficiencies of extension past
dG:dC/dI:dC base pairs (though less so for BF), similar to the
results gathered during dCTP incorporation. Thus, it appears
that the presence of a large atom off C8 of a template dG/OdG
can lead not only to reduced dCTP insertion activity but also to
reduced extension efficiency as the resulting pair moves out of
the insertion site. The crystallographic data for BF mentioned
previously are consistent with this finding and show significant

backbone perturbation in the postinsertion site when an
OdG:dC base pair is present.34 Interestingly, similar backbone
distortions are also seen when DNA mismatches occupy the BF
postinsertion site;43 thus, it appears that these polymerases may
view OdG:dC and XdG:dC/XdI:dC base pairs like DNA
mismatches and select against their extension. Finally, similar to
the incorporation experiments with both polymerases,
efficiencies of extension past OdG:dC and SdG:dC base pairs
were reduced even as compared to efficiencies of extension past
CldG:dC and BrdG:dC base pairs. Thus, as with single-
nucleotide incorporation, factors other than atomic size off C8
at the T1 site, like electronics, may also play a role during
single-nucleotide extension with these polymerases.
It is worth noting that with KF-exo, extension past a dI:dC

base pair was more efficient than past a dG:dC base pair, even
though the opposite was true for BF, and extensions past
OdI:dC and SdI:dC base pairs were less efficient than past
OdG:dC and SdG:dC base pairs with both enzymes. When
paired to dG, the C2-oxygen of dC (at the P1 site) is known to
make a hydrogen bond not only to the C2-exocyclic amine of
dG but also to Arg668 of KF-exo (Arg615 of BF).71−73 It is
possible that the loss of the C2-exocyclic amine allows for a
more optimal interaction between the C2-oxygen and Arg668
only with KF-exo and only when dI, and not OdI or SdI, is at
the T1 site; however, this hypothesis is speculative at this point.
As for extensions past XdG:dA base pairs, the results

reported herein are consistent with previously published work
with KF-exo.30 Extension past an OdG:dA base pair was more
efficient than past an OdG:dC base pair with both polymerases.
The reasons for the relatively high extension activity past
OdG:dA base pairs can be explained, at least in part, by a
published ternary structure of BF with an OdG:dA base pair in
the postinsertion site.34 The structure indicates there are few
structural perturbations during extension past OdG:dA base
pairs (unlike past OdG:dC base pairs), and the C8-oxygen of
the OdG:dA base pair (and presumably the C8-sulfur of the
SdG:dA base pair) is able to preserve a minor groove hydrogen
bond to Gln797. CdG does not have the ability to accept
hydrogen bonds at C8 and cannot interact with Gln797, thus
explaining the decreased efficiency of extension past CdG:dA
base pairs relative to OdG:dA and SdG:dA base pairs. KF-exo
has an analogous glutamine (Gln849), and it is possible a
similar interaction is involved with this polymerase, however,
previous biochemical studies may not classify it as essential
because much larger reductions in efficiency have been
observed when other minor groove hydrogen bonds are
eliminated, for example, the interaction between Arg668 of
KF-exo and the minor groove face of P1 discussed above.
Finally, opposite to what was observed during incorporation of
dATP, removal of the C2-exocyclic amine (to form OdI:dA and
SdI:dA base pairs) led to 3−5-fold less efficient extension
reactions with both enzymes. The reasons for this observation
are unclear, though it is possible a stabilizing interaction could
exist between the C2-exocyclic amine and the DNA phosphate
backbone; this theory has been proposed previously with other
DNA polymerases25,74 and appears to be plausible on the basis
of crystallographic studies with BF (see Figure S8 of the
Supporting Information).

■ CONCLUSION
Though KF-exo and BF have contrary dCTP versus dATP
incorporation preferences opposite OdG, with the analogues
studied herein they behave quite similarly overall. They show
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analogous trends not only in dCTP and dATP incorporation
activity as the size and/or electronics within the imidazole ring
of a template dG or OdG are altered but also in dATP
incorporation efficiency as the C2-exocyclic amine is removed
from OdG and SdG; the two enzymes also roughly mirror each
other with respect to extension. The reason for their contrary
incorporation preferences opposite OdG is subtle and appears
to be due to BF being more sensitive to alterations in the
imidazole ring of dG during dCTP incorporation. In other
words, while with each enzyme the efficiencies of incorporation
of both dCTP and dATP opposite OdG are reduced as
compared to the efficiency of dCTP incorporation opposite dG,
it is the differing extents of these reductions that determine the
incorporation preference and, thus, the mutagenic potential of
OdG. This holds true for the incorporation preferences
opposite CdG, SdG, OdI, and SdI, as well.
We did wonder if stacking and/or solvation effects in the

template could play a role during incorporation; however, no
clear correlation emerged between activity and either electro-
static potential or stacking ability alone, as judged by surface
area and polarizability (see Table S1 and Figure S9 of the
Supporting Information).
More studies with these analogues are needed in the future.

It will be useful to study their activities with the polymerases
using pre-steady state (single-turnover) kinetic experiments in
which the individual steps of nucleotide insertion can be
analyzed.30 It will also be important to expand these studies to
additional polymerases, including those in the B family like
RB69,25,26 X family like pol β,74 and Y family like Dpo428 and
polκ,32 as well as the less closely related A family DNA
polymerase from bacteriophage T7.29,67 These polymerases are
believed to have various mechanisms for triphosphate
selectivity opposite OdG, and ternary crystal structures with
an OdG in the insertion site are available in each case.
Comparisons between the published structures and biochemical
experiments with our analogues will likely provide additional
insights into the factors that influence OdG-initiated mutation
and, thus, the link between OdG and aging and disease.
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