
DNA Polymerase ν Rapidly Bypasses O6-Methyl-dG but Not O6-
[4-(3-Pyridyl)-4-oxobutyl-dG and O2-Alkyl-dTs

A. S. Prakasha Gowda and Thomas E. Spratt*

Department of Biochemistry and Molecular Biology, Penn State College of Medicine, 
Pennsylvania State University, Hershey, Pennsylvania 17033, United States

Abstract

4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is a potent tobacco carcinogen that forms 

mutagenic DNA adducts including O6-methyl-2′-deoxyguanosine (O6-Me-dG), O6-[4-(3-

pyridyl)-4-oxobut-1-yl]-dG (O6-POB-dG), O2-methylthymidine (O2-Me-dT), and O2-POB-dT. We 

evaluated the ability of human DNA polymerase ν to bypass this damage to evaluate the structural 

constraints on substrates for pol ν and to evaluate if there is kinetic evidence suggesting the in 

vivo activity of pol ν on tobacco-induced DNA damage. Presteady-state kinetic analysis has 

indicated that O6-Me-dG is a good substrate for pol ν, while O6-POB-dG and the O2-alkyl-dT 

adducts are poor substrates for pol ν. The reactivity with O6-Me-dG is high with a preference for 

dCTP > dGTP > dATP > dTTP. The catalytic activity of pol ν toward O6-Me-dG is high and can 

potentially be involved in its bypass in vivo. In contrast, pol ν is unlikely to bypass O6-POB-dG or 

the O2-alkyl-dTs in vivo.
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INTRODUCTION

Tobacco and its smoke contains over 4000 compounds and 70 carcinogens.1–4 4-

(Methylnitrosamino)-1-(3-pyridyl)-1-buta-none (NNK), one of the more potent carcinogens 

in tobacco, produces both methyl (Me) and 4-(3-pyridyl)-4-oxobutyl (POB) DNA adducts. 

Both of these classes of DNA adducts play a role in carcinogenesis.5,6 In particular, O6-Me-

dG, O6-POB-dG, and O2-POB-dT (Chart 1) have been implicated in the mutagenicity of 

NNK.7–9

The potent mutagenicity of O6-Me-dG is long known. In vitro studies have shown that many 

polymerases insert dTTP opposite O6-Me-dG.10,11 When compared with dG in the template, 

the kcat/Km values for the incorporation of dCTP opposite O6-Me-dG decrease 2–3 orders of 

magnitude, while that for dTTP increase 1 to 2 orders of magnitude for a variety of 

polymerases including the Klenow fragment of E. coli DNA polymerase I (Kf) Thermus 
aquaticus pol I, HIV reverse transcriptase, T7 pol, pol δ/PCNA, pol η, pol κ, and pol 

ι.10,12–16 Loveless proposed that dTTP is incorporated opposite O6-Me-dG because it is able 

to form a Watson–Crick-like structure as illustrated in Figure 1A.17 In contrast, dC forms a 

wobble base pair with O6-Me-dG (Figure 1B). The exact nature of the base pair in the 

polymerase active site has been elusive. While a function/kinetic study supported a Watson–

Crick-like base pair between dT and O6-Me-dG,16 a crystallization study with Bacillus 
stearothermophilus DNA polymerase I large fragment (BF) found the dT/O6-Me-dG base 

pair to be that in Figure 1C, while the dC/O6-Me-dG base pair was Watson–Crick like as 

shown in Figure 1D.18 The question of which polymerase(s) bypass this adduct in vivo still 

remains. While pol η is the most active eukaryotic Y-family polymerase with O6-Me-dG, the 

replicative polymerase pol δ is also quite active.19

O6-POB-dG is mutagenic in HEK293 cells, causing primarily G to A mutations, consistent 

with dT pairing with O6-POB-dG.8 In vitro studies have shown that O6-POB-dG is a poorer 

substrate than O6-Me-dG for pol η, κ, and ι.13 Similar to O6-Me-dG, pol η has the highest 

reactivity for O6-POB-dG.13

O2-POB-dT may also play a role in NNK mutagenesis, as it is the most abundant POB-

adduct in rodents. Bypass of O2-alkyl-dTs requires TLS polymerases in E. coli20,21 as well 

as human cells.9 In human cells, the bypass of O2-Me-dT and O2-POB-dT requires pol η, ζ, 

and Rev1.9 In vitro kinetics studies show that pol η is the most active Y-family polymerase 

in the bypass of O2-alkyl-dTs22–25 However, the activity is low, and there remains a 

possibility that another polymerase is involved in the bypass of O2-alkyl-dTs.

DNA polymerase ν is an A-family polymerase, with a mutation rate similar to Y-family 

polymerases.26 The polymer-ase is especially unfaithful with a high propensity for the 

formation of dG/dT mismatches.26,27 The polymerase has been implicated in the bypass of 

interstrand cross-links and can also bypass damage in the major groove of the DNA.28,29 

Since the dT/dG mispair forms structures similar to the dC/O6-Me-dG and dT/O2-Me-dT 

base pairs,18,30,31 we hypothesized that pol ν can bypass O6-Me-dG. The ability of pol ν to 

bypass bulky major groove adducts led us to hypothesize that pol ν can bypass the bulky O6-

POB-dG. Because O2-Me-dT can potentially form a wobble or Watson–Crick structures 
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with dA or dG, we also evaluated the reactivity of pol ν with O2-Me-dT and the tobacco-

relevant O2-POB-dT.

EXPERIMENTAL SECTION

General

[γ-32P]ATP was purchased from PerkinElmer and T4 polynucleotide kinase from USB/

Aflymetrix. The dNTPs (ultrapure grade) were purchased from GE Healthcare, and the 

concentrations were determined by UV absorbance.32 Oligodeoxynucleotides were 

synthesized at the Macromolecular Core facility at the PSU College of Medicine. The 

phosphoramidite for O6-Me-dG was purchased from Glen Research (Sterling, VA). The 

oligodeoxynucleotides containing O6-POB-dG, O2-Me-dT, and O2-POB-dT were 

synthesized as described.24,25,33,34 The sequences of the oligodeoxynucleotides are shown in 

Chart 2 in which X was dG, O6-Me-dG, O6-POB-dG, and Y was dT, O2-Me-dT, and O2-

POB-dT. The primer was 32P-labeled with [γ-32P]ATP and annealed with a 20% excess of 

the template as previously described.35

Pol ν was purified by a modification of the method of Takata et al.26 as we previously 

described.35 The protein has a deletion of a C-terminal poly proline segment, an N-terminal 

His-tag, and C-terminal FLAG-tag. After lysing the cells, the resulting supernatant was 

loaded onto a Ni-NTA column (3 mL) and the enzyme eluted with an imidazole gradient. 

Purity was evaluated by SDS–PAGE and the protein concentration determined by the Qubit 

protein assay kit (Life Technologies). The active concentration was determined by 

performing burst kinetics with an excess of DNA.35

Kinetic Analyses

All reactions were performed in 40 mM Tris-HCl (pH 8.0) and 5 mM MgCl2 at 37 °C. The 

concentrations reported for each species are those that occurred during the reaction. The 

reactions were initiated by the addition of dNTP containing MgCl2 to preincubated protein 

and DNA in buffer. Steady-state reactions were performed with 0.1 to 1 nM polymerase and 

20–30 nM DNA. The enzyme in excess reactions were conducted with 150 nM polymerase 

and 15 nM DNA. Slow reactions were quenched with equal volumes of STOP solution 

containing 10% 0.5 M Na2EDTA, 90% formamide, and 0.025% (w/v) xylene cyanol and 

bromophenol blue. Fast reactions were carried out with an RQF-3 quench flow apparatus 

(Kin Tek) and were quenched with 0.3 M Na2EDTA, which was diluted with STOP solution 

to load on the gel. The progress of the reaction was analyzed by denaturing PAGE, and the 

radioactivity on the gel was visualized with a Typhoon 9200. The reactions were quantitated 

by dividing the total radioactivity in the product band(s) by the radioactivity in the product 

and reactant bands.

Data Analysis

The kinetic constants were fit using GraphPad Prism V5. Computer simulations were 

performed with DynaFit Version 4 (BioKin Ltd.).36 The steady-state initial rate reactions 

were fit to the Michelis–Menten equation in eq 1. The time course experiments were fit to 

the burst equation (eq 2), in which P is the concentration of the product at various times (t), 
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A the amplitude, and k and kss are the rapid and steady-state rate constants. If the burst rate 

constant demonstrated a dNTP dependence, it was fit to eq 3 in which k was the burst rate 

constant and Kd
dNTP the apparent dNTP dissociation constant. Similarly, if the burst 

amplitude exhibited a dNTP concentration dependence, it was fit to the hyperbolic equation 

to obtain Amax and KA values.

(1)

(2)

(3)

RESULTS

To gain more information about the activity of pol ν, we examined the incorporation of 

dNTPs opposite four DNA adducts, O6-Me-dG, O6-POB-dG, O2-Me-dT, and O2-POB-dT. 

The steady state rate constants were determined, and the results are presented in Table 1. 

The kcat/Km values are summarized in Figure 2. dCTP was inserted opposite dG with a 

kcat/Km value of 5220 M−1 s−1. The fidelity with undamaged DNA is poor, as expected.27,37 

dTTP, is incorporated with a kcat/Km of 264 M−1 s−1, which corresponds to an finc = 0.05. 

Discrimination against dATP and dGTP were only slightly better, with finc values of 0.011 

and 0.014, respectively.

With O6-Me-dG as the template base, the kcat/Km for dCTP decreased 316-fold, while the 

kcat/Km for dTTP incorporation decreased 49-fold. This effect differs from that observed 

with Kf(exo-) and Taq polymerase, two high fidelity A-family polymerases. Several studies 

have shown that the kcat/Km for dCTP incorporation decreases 10,000-fold, while that for 

dTTP incorporation increases ~100-fold, thereby giving a preference for dTTP incorporation 

opposite O6-Me-dG.10,16 In contrast to other polymerases, methylation of the O6-position 

did not increase the kcat/Km of dTTP, and pol ν retains its preference for dCTP 

incorporation. In addition, the kcat/Km values for the incorporation of dG and dA were very 

similar to that of dT. Thus, pol ν does not have any preference to insert dTTP opposite O6-

Me-dG. We observed a similar pattern with the larger O6-POB-dG, with kcat/Km values that 

are 2–5-fold lower than those for O6-Me-dG.

With dT as the template base, while the kcat/Km for correct incorporation was less than that 

for dG as template, but the fidelity was similar. We found the kcat/Km for the incorporation 

of dGTP opposite dC to be 13-fold greater than the incorporation of dATP opposite dT. 

Methylation of the O2-position decreases kcat/Km for dATP incorporation 160-fold, a value 
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that is similar to the effect caused by the dG to O6-Me-dG. The O2-methylation, however, 

essentially abolishes the specificity of the incorporation. The kcat/Km values for dNTP 

incorporation are all within a factor of 3. Pyridyloxobutylation of the O2-position further 

reduces the kcat/Km 2–4-fold and similarly abolishes specificity.

The in vitro activities of DNA polymerases are limited by the rate limiting dissociation of 

the DNA from the polymerase. With respect to pol ν, the reactivity is also limited by a rate 

limiting conformational change after phosphodiester bond formation. Thus, Michaelis–

Menten kinetics may not reflect the phosphoryl-transfer activity of the polymerase. 

Therefore, we examined the reaction with DNA polymerase in excess over the DNA to 

examine the rate of phosphodiester bond formation.

Figure 3 shows the plots with 150 nM pol ν, 15 nM DNA, and 50 μM dNTP. At this 

concentration of DNA and polymerase, 95% of the DNA should be bound to polymerase, 

assuming that the modification does not alter the Kd of the pol to undamaged DNA.35 dCTP 

is incorporated opposite dG with a half-life of 40 ms, while the incorporation opposite O6-

Me-dG is only slightly slower with a half-life of 60 ms. The incorporation of dTTP opposite 

O6-Me-dG is considerably slower with a half-life of 1 s. The incorporation of dCTP opposite 

O6-POB-dG is extremely slow with a half-life of >1000 s. With dT modification, both O2-

Me-dT and O2-POB-dT reacted very slowly. dGTP is the most reactive triphosphate, with 

t1/2 > 1000 s−1. These results are very different from the steady-state kinetics.

We more fully examined these reactions with the six DNA substrates with pol ν in excess. 

The method is illustrated in Figure 4 in which 15 nM DNA containing O6-Me-dG and 150 

nM pol ν were reacted with various concentrations of dCTP. The time courses (panel A) 

were fitted to the burst eq (eq 2). Both the burst rates and amplitudes were dependent on the 

dCTP concentration. Therefore, we fit those parameters to the hyperbolic eq 1 as illustrated 

in panel B. The results are presented in Table 2, and the kpol/Kd
dNTP values are summarized 

in Figure 5.

The kinetic parameters for the dG template are similar to what we previously observed with 

a slightly different sequence. In this work, with dT and dG as templates we obtained kpol 

parameters of 62 and 59 s−1 and apparent Kd
dNTP values of 6.2 and 24 μM, respectively. 

These values are similar to a kpol of 100 s−1 and a Kd
dNTP of 20 μM found previously.35 

Misincorporation occurs with kpol values of 10 to 32 s−1 and apparent Kd
dNTP values of 47 

to 136 μM. As we previously observed, the amplitude of the rapid reaction was also 

dependent on dNTP concentrations. The Amax/[pol] values were similar for all dNTP/

template pairings, and ranged from 0.5 to 0.74. The largest differences occurred in the KA 

values, which were 5 μM for correct incorporation and 17 to 101 μM for misincorporation.

For O6-Me-dG, all dNTPs are reactive with the relative preference of dC > dT and dG > dA. 

The preference for dCTP is not based upon a single dominant parameter but is due to a 

combination of effects. dCTP has the largest kpol, 39 s−1 versus 14 s−1 for dTTP. dCTP has 

the lowest apparent Kd
dNTP of 30 μM and dTTP the largest with 140 μM. While all dNTPs 

have Amax values from 0.54 to 0.65, and dCTP has the lowest KA at 5.8 μM versus 140 μM 

for dATP.
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In spite of similar kcat/Km values, the other modified nucleotides reacted very slowly in the 

polymerase in excess experiments. The reduced activities are due to small kpol values. O6-

POB-dG is bypassed slowly, with kpol values 10,000-fold lower than those for O6-Me-dG. 

Similarly, the O2-alkyl-dTs react very slowly with kpol values in the range of 0.001 s−1. The 

kss values that were calculated were in the range from 0.005 to 0.05 s−1, similar to the kcat 

values.

Decreased burst amplitudes associated with replication of DNA damage have generally been 

associated with the formation of inactive complexes.35 For example, the A-family T7 DNA 

polymerase forms are inactive during the insertion of dCTP and dTTP opposite O6-Me-

dG.38 The decreased burst amplitudes associated with the pol ν bypass of the four adducts 

studied in this article can potentially be due to this phenomena. We modeled the time 

courses of the insertions of dCTP opposite O6-Me-dG and O6-POB-dG, and dATP opposite 

O2-Me-dT and O2-POB-dT with the seven-step polymerase mechanism. The results shown 

in Figures S13–S16 demonstrate that the seven-step polymerase mechanism can explain the 

reduced burst amplitudes. Thus, there is no reason to invoke a more complicated mechanism 

to explain the results. However, these data do not exclude the possibility of inactive 

complexes.

DISCUSSION

Pol ν is a low fidelity polymerase because it is very efficient at catalyzing the incorporation 

of the wrong dNTP.35 In addition, pol ν produces G/T mispairs at a high frequency, in a 

sequence-specific manner.27,39 The current paradigm is that high fidelity polymerases use 

geometric selection to favor the formation of the Watson–Crick base pairs. During the 

formation of a mispair, BF was found to exist in an “ajar” structure in which the polymerase 

was in a state intermediate between the open and closed conformations.40 This conformation 

might allow BF to react with the non-Watson–Crick structures in the active site. Pol ν 
adopts an ajar structure with a Watson–Crick base pair in binding pocket.41 Therefore, pol ν 
may naturally exist in a conformation that allows for the rapid formation of mispairs and 

small damage such as O6-Me-dG and O2-Me-dT. It was this property of pol ν, in addition to 

the similarities between base-pair structures of the G/T mispair and potential O6-Me-dG and 

O2-Me-dT base pairs that led us to test whether pol ν was able to rapidly bypass O6-alkyl-

dG and O2-alkyl-dT.

Upon the basis of steady-state analysis, the kcat/Km for the incorporation of dCTP decreased 

300-fold for O6-Me-dG versus dG, values very similar to those found for other 

enzymes.10,12–16 However, pol ν differs from other polymerase in the reactivity of dTTP. 

Typically, methylation of the O6-position of dG increases the kcat/Km for dTTP 100-

fold.10,12–16 However, with pol ν, the kcat/Km for the insertion of dTTP opposite O6-Me-dG 

did not increase but decreased 10-fold. The kcat/Km values for dTTP were similar to those of 

dATP and dGTP. While high fidelity A-family polymerases select for Watson–Crick 

geometry, pol ν has less stringent geometrical constraints.

The bypass of various DNA damage with various polymerases have been examined with 

presteady-state kinetics. The studies show that the reactions are biphasic, with a rapid phase 
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followed by a slower phase. Kinetic modeling of the data indicates the presence of both 

active and inactive polymerase/DNA/dNTP complexes.24,42,43 In the case of T7 pol, an A-

family polymerase, and O6-Me-dG, the rate of the rapid phase is very similar to the rate of 

correct base pair formation.14,38 The amplitude of the burst was low, 6–12% of the total 

enzyme concentration. The kinetic data are consistent with a mechanism in which the pol-

DNA-dNTP ternary complex exists in both active and inactive conformations. The burst rate 

is due to the reaction of the active complex, while the slow phase is either reaction of the 

inactive complex or conversion of the inactive complex to the active complex.

Pol ν catalyzed incorporation opposite O6-Me-dG also exhibits biphasic kinetics. However, 

in contrast to the results observed with T7 pol, the burst amplitude remains the same for the 

template O6-Me-dG. The reaction is slightly slower, the kpol for dCTP drops 33%, while the 

Kd
dNTP rises from 6 to 30 μM. Kinetic modeling was undertaken to determine if unreactive 

pol/DNA/dNTP complexes are necessary to account for the reduced burst amplitudes 

(Figure S13–S16). However, just as with the undamaged template,35 a rate limiting step after 

phosphodiester bond formation can account for the biphasic kinetics. An inactive complex 

that is off the reaction pathway is not necessary to account for the kinetics. Thus, there is no 

evidence of active and inactive complexes with pol ν. Whatever the base pair structures in 

the binding pocket, pol ν rapidly catalyzes phosphodiester bond formation.

Pol ν is able to bypass dA with bulky N6-adducts such as peptides and oligonucleotides that 

would be derived from protein and DNA cross-links.29 However, in an apparent 

contradiction, pol ν is inefficient at bypassing the smaller N6-(7,8,9-trihydroxy-7,8,9,10-

tetrahydrobenzo[a]pyrene)-d (N6-BP-dA).29 We found that pol ν is very inefficient at 

bypassing O6-POB-dG. The kpol for the incorporation opposite O6-POB-dG is 5-orders of 

magnitude lower than that opposite O6-Me-dG. There are no obvious steric clashes in the 

crystal structure of pol ν 44 that would prevent O6-POB-dG or N6-BP-dA from being a 

substrate. The mechanism underlying the reduced reactivity of moderately sized DNA 

adducts in the major groove is unknown.

We evaluated the reactivity of pol ν with O2-Me-dT because O2-Me-dT can potentially form 

Watson–Crick-like and wobble structures with dG (Figure 1E and F). In this regard, it has 

similarities with O6-Me-dG. However, we found that O2-Me-dT and O2-POB-dT are very 

poor substrates for pol ν. The kpol values are ~50,000-fold lower than that for the 

incorporation of dATP opposite dT. Thus, while pol ν rapidly forms mispairs and can bypass 

small damage such as O6-Me-dG and thymine glycol, the identity of the damage does 

influence reactivity. A-family polymerases Kf and T7 pol are sensitive to damage on the 

minor groove side of the DNA.24,45 This property is conserved with pol ν. Perhaps, as with 

other A-family polymerases, close contacts with the minor groove of the DNA are involved 

in providing a high catalytic state.46,47

One aim of this work was to evaluate the possibility that pol ν has the in vitro catalytic 

activity to potentially bypass these adducts in vivo. The catalytic activity of pol ν toward 

O6-Me-dG is higher than that reported for any other polymerase.14,19,38 Therefore, pol ν has 

the potential to contribute to the bypass of O6-Me-dG in vivo. With regard to O6-POB-dG, 
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O2-Me-dT, and O2-POB-dT, the catalytic activity of pol ν is much lower than that for pol 

η,13,25 and thus, it is highly unlikely to be involved it the bypass of these adducts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BF Bacillus stearothermophilus DNA polymerase I large fragment

Kf(exo-) Klenow fragment of proofreading deficient E. coli DNA polymerase I

NNK 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone

O6-Me-dG O2-methyl-2′-deoxyguano-sine

O2-Me-dT O2-methylthymidine

O6-POB-dG O6-[4-(3-pyridyl)-4-oxobut-1-yl]-2′-deoxyguanosine

O2-POB-dT O2-[4-(3-pyridyl)-4-oxobut-1-yl]thymidine

POB 4-(3-pyridyl)-4-ox-obut-1-yl

pol polymerase

pol polymerase
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Figure 1. 
Potential base pair structures.
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Figure 2. 
Relative kcat/Km values for the single nucleotide incorporation opposite (A) dG(closed 

circle), O6-Me-dG (open square), and O6-POB-dG (closed triangle), and (B) dT (closed 

circle), O2-Me-dT (open square), and O2-POB-dT (closed triangle).
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Figure 3. 
Incorporation of single dNTPs opposite templates containing (A) dG and (dT) and 

analogues. The concentration of the DNA was 15 nM, the pol 150 nM, and the dNTP was 50 

μM.
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Figure 4. 
Analysis of the time course data. (A) Incorporation of pol ν (150 nM) catalyzed dCTP (10, 

square; 20, triangle; 50, upside down triangle; 100, diamond; and 200, circle μM) 

incorporation opposite DNA containing O6-Me-dG (15 nM). The lines are the best fit to 

equation 1. The error bars represent the standard deviation of three determinations. (B) Plot 

of amplitude (A) and burst rate constant (k) versus dCTP concentration. The lines are the 

best fit to eq 2, and the error bars are the standard errors.
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Figure 5. 
Relative kpol/Kd values for the single nucleotide incorporation opposite (A) dG(closed 

circle), O6-Me-dG (open square), O6-POB-dG (closed triangle), and (B) dT (closed circle), 

O2-Me-dT (open square), and O2-POB-dT (closed triangle).
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Chart 1. 
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Chart 2. 
Oligodeoxynucleotide sequences
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