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ABSTRACT: Abasic sites are mutagenic DNA lesions formed as a consequence of inappropriate modifications
to the functional groups present on purines and pyrimidines. In this paper we quantify the ability of the
high-fidelity bacteriophage T4 DNA polymerase to incorporate various promutagenic alkylated nucleotides
opposite and beyond this class of non-instructional DNA lesions. Kinetic analyses reveal that modified
nucleotides such asN6-methyl-dATP andO6-methyl-dGTP are incorporated opposite an abasic site far
more effectively than their unmodified counterparts. The enhanced incorporation is caused by a 10-fold
increase inkpol values that correlates with an increase in hydrophobicity as well as changes in the tautomeric
form of the nucleobase to resemble adenine. These biophysical features lead to enhanced base-stacking
properties that also contribute toward their ability to be easily extended when paired opposite the non-
instructional DNA lesion. Surprisingly, misincorporation opposite templating DNA is not enhanced by
the increased base-stacking properties of most modified purines. The dichotomy in promutagenic DNA
synthesis catalyzed by a high-fidelity polymerase indicates that the dynamics for misreplicating a miscoding
versus a non-instructional DNA lesion are different. The collective data set is used to propose models
accounting for synergistic enhancements in mutagenesis and the potential to develop treatment-related
malignancies as a consequence of utilizing DNA-damaging agents as chemotherapeutic agents.

DNA polymerases play an essential role in maintaining
genomic integrity by faithfully copying the template strand
of nucleic acid. Most models of polymerization fidelity
attribute the veracious transmission of genetic information
to the formation of Watson-Crick hydrogen-bonding inter-
actions between the incoming nucleotide and the templating
base (reviewed in ref1). Unfortunately, the functional groups
that provide these energetically favorable interactions are
highly susceptible to modifications by various DNA-damag-
ing agents (reviewed in ref2). For example, alkylating agents
such as methyl methanesulfonate, dimethylnitrosamine, and
N-methyl-N′-nitro-N-nitrosoguanidine have been shown to
preferentially react with the N3- and N7-positions of adenine
in addition to the O6-position of guanine (3-5). These
inappropriate modifications can alter the hydrogen-bonding
potential of a templating base to cause mutagenesis (6, 7)
and induce carcinogenesis (8-10).

In addition to the aforementioned modifications, alkylating
agents can also create abasic sites that can arise from the
hydrolysis of a N-glycosidic bond that occurs either
nonenzymatically (11, 12) or via the action of various DNA
glycosylases (13-15). The noninstructional nature of an
abasic site predicts that it would act primarily as a strong
block for DNA synthesis. However, numerous in vitro and

in vivo studies demonstrated that dATP is preferentially
incorporated opposite an abasic site by various DNA
polymerases (16-20). This kinetic phenomenon is commonly
referred to as the “A-rule” of translesion DNA synthesis
(reviewed in ref21). Our mechanistic studies using the high-
fidelity DNA polymerase from bacteriophage T4 (gp43)
demonstrated that dATP is incorporated opposite an abasic
site∼100-fold more efficiently than other natural nucleotides
(22). This enhancement is caused through a combination of
higher binding affinity coupled with an increase in the rate
constant for polymerization of dATP compared to the other
natural nucleotides (22).

Most reports evaluating the effects of various DNA-
damaging agents have focused on studying promutagenic
DNA synthesis caused by misreplication of the modified
templating strand. However, the impact of these alkylating
agents is not solely confined to DNA as nucleoside triph-
osphates can also be modified to cause alterations in the
functional groups responsible for hydrogen bonding (23, 24).
Modifications to DNA and nucleotide pools could act in
concert to synergistically decrease polymerization fidelity
and cause a substantially higher frequency of mutagenesis.
Although a wide variety of repair pathways function to avert
such a catastrophe, their efficiency can be compromised if
the cytotoxic insult overwhelms their collective activities.
Indeed, this can be a significant complication in the treatment
of various cancers as alkylating agents are widely used as
chemotherapeutic modalities against these malignancies (25).
In chemotherapy, these agents damage the DNA of cancer
cells that are rapidly replicating and dividing. Unfortunately,
this destruction also occurs in other rapidly replicating cells
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such as bone marrow and gastrointestinal epithelia, which
accounts for side effects including immunosuppression,
nausea, and vomiting. A potentially more devastating
complication is the risk of developing of a secondary cancer
caused by the cytotoxic effects of these DNA-damaging
agents (26).

In this paper we evaluate the hypothesis that inappropriate
modifications to the templating nucleobase and incoming
nucleotide can lead to a synergistic decrease in polymerase
fidelity. This was achieved by quantifying the ability of the
high-fidelity bacteriophage T4 DNA polymerase to incor-
porate and extend beyond an abasic site in the presence of
various alkylated and modified purine analogues. These
kinetic studies reveal that simple alkylation of dATP and
dGTP significantly enhances promutagenic DNA synthesis
by facilitating incorporation opposite an abasic site. The
resulting structure-activity relationship provides a consistent
theme in which the catalytic efficiency for incorporation
opposite the non-instructional DNA lesion is influenced by
the hydrophobic and aromatic properties of the incoming
nucleotide. In addition, extension beyond the formed mispair
is also facilitated by their enhanced base-stacking capabilities.
Although many of these analogues are effectively incorpo-
rated opposite an abasic site, they do not show enhanced
misincorporation opposite templating DNA. Collectively,
these data indicate that the mechanism and biophysical forces
used to misreplicate templating or non-instructional DNA
lesions are inherently different.

MATERIALS AND METHODS

Materials.[γ-32P]ATP was purchased from MP Biomedi-
cal (Irvine, CA). Unlabeled dNTPs (ultrapure) were obtained
from Pharmacia. MgCl2 and Trizma base were from Sigma.
Urea, acrylamide, and bisacrylamide were from Aldrich.
Oligonucleotides, including those containing a tetrahydro-
furan moiety mimicking an abasic site, were synthesized by
Operon Technologies (Alameda, CA). 2-APTP,1 dITP, 8-oxo-
dATP, 6-Cl-PTP, 6-Cl-2-APTP, 7-deaza-dATP,N2-methyl-
dGTP,O6-methyl-dGTP, andN6-methyl-dATP were obtained
from TriLink BioTechnologies (San Diego, CA), while
7-deaza-dGTP was obtained from Sigma in greater than 99%
purity. All other materials were obtained from commercial
sources and were of the highest available quality. The
exonuclease-deficient mutant of gp43 (Asp-219 to Ala
mutation) was purified and quantified as previously described
(27, 28).

General Methods.Single-stranded and duplex DNA were
purified and quantified as previously described (29). 5′-Ends
of the primer and template strands were labeled using [γ-32P]-

ATP and T4 polynucleotide kinase (GibcoBRL). The assay
buffer used in all kinetic studies consisted of 25 mM Tris-
OAc (pH 7.5), 150 mM KOAc, and 10 mM 2-mercaptoet-
hanol. All polymerization reactions were performed at
25 °C and were monitored by analysis of the products on
20% sequencing gels as described (30). Gel images were
obtained with a Packard PhosphorImager using the Opti-
Quant software supplied by the manufacturer. Product
formation was quantified by measuring the ratio of32P-
labeled extended and nonextended primer. The ratios of
product formation are corrected for substrate in the absence
of polymerase (zero point). Corrected ratios are then
multiplied by the concentration of primer/template used in
each assay to yield the total product. All concentrations are
listed as final solution concentrations.

Determination of the Kinetic Rate and Dissociation
Constants for dXTP Incorporation.The kinetic parameters,
kpol andKd, for each dXTP were obtained by monitoring the
rate of product formation using single-turnover reaction
conditions. In these experiments, fixed amounts of gp43 exo-

(1 µM) and DNA substrate (250 nM) were used while the
concentration of dXTP was varied from 10 to 500µM.
Aliquots of the reaction were quenched into 200 mM EDTA,
pH 7.4, at times ranging from 5 to 240 s. In some instances,
time courses were generated using a rapid quench instrument
as previously described (22). These experiments were
likewise performed using single-turnover conditions in which
1 µM gp43 exo- and 250 nM DNA substrate were mixed
against various concentrations of dNTP (10-500µM) at time
intervals ranging from 0.005 to 10 s. The reactions were
quenched through the addition of 350 mM EDTA. Quenched
samples were diluted 1:1 with sequencing gel load buffer,
and the products were analyzed for product formation by
denaturing gel electrophoresis. Data obtained for single-
turnover rates in DNA polymerization were fit to eq 1, where

A is the burst amplitude, kobsdis the first-order rate constant,
t is time, andC is a defined constant. Data for the dependency
of kobsd versus dXTP concentration were fit to the equation
describing a rectangular hyperbola (eq 2), wherekobsd is the

apparent first-order rate constant,kpol is the maximal po-
lymerization rate constant,Kd is the kinetic dissociation
constant for dXTP, and [dXTP] is the concentration of
nucleotide substrate.

Extension Beyond an Abasic Site. Single-turnover condi-
tions were used to measure the rates of extension beyond a
dXMP:abasic site mispair. gp43 exo- (1 µM) was incubated
with 500 nM DNA (13/20SP-mer) in assay buffer containing
EDTA (100µM) and mixed with 100µM dXTP and 10 mM
magnesium acetate. After∼60 s, 900µM dGTP (the correct
dNTP for the next three positions) was added. Aliquots of
the reactions were quenched with 500 mM EDTA at variable
times (5-900 s) and analyzed as described above.

RESULTS AND DISCUSSION

Kinetic Parameters for Incorporation of Alkylated Purines
Opposite an Abasic Site.The focus of this study is to

1 Abbreviations: TBE, Tris-HCl/borate/EDTA; EDTA, ethylene-
diaminetetraacetate, sodium salt; dNTP, deoxynucleoside triphosphate;
dXTP, unnatural deoxynucleoside triphosphate; 2-APTP, 2-amino-2′-
deoxyadenosine 5′-triphosphate; dITP, 2′-deoxyinosine 5′-triphosphate;
6-Cl-PTP, 6-chloropurine-2′-deoxyadenosine 5′-triphosphate; 6-Cl-2-
APTP, 6-chloro-2-amino-2′-deoxyriboside 5′-triphosphate; 7-deaza-
dATP, 7-deaza-2′-deoxyadenosine 5′-triphosphate; 7-deaza-dGTP, 7-dea-
za-2′-deoxyguanosine 5′-triphosphate;N2-methyl-dGTP,N2-methyl-
2′-deoxyguanosine 5′-triphosphate;O6-methyl-dGTP,O6-methyl-2′-
deoxyguanosine 5′-triphosphate;N6-methyl-dATP, N6-methyl-2′-
deoxyadenosine 5′-triphosphate; 5-NITP, 5-nitroindolyl-2′-deoxyriboside
triphosphate; 5-PhITP, 5-phenylindolyl-2′-deoxyriboside triphosphate;
gp43 exo-, an exonuclease-deficient mutant of the bacteriophage T4
DNA polymerase.

y ) A(1 - e-kobsdt) + C (1)

kobsd) kpol[dXTP]/Kd + [dXTP] (2)
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understand the molecular mechanism for the misreplication
of an abasic site (Figure 1A), a DNA lesion that can
culminate from the alkylation of purines and pyrimidines
(3-5). Upon encountering this non-instructional DNA lesion,
most polymerases preferentially incorporate dATP and
subsequently extend beyond the formed mispair (16-20) to
propagate a potential genomic error. The question asked in
this paper is whether promutagenic DNA synthesis can be
exacerbated through modifications to both the DNA template
and the incoming nucleoside triphosphate.

To evaluate this question, we examined whether subtle
modifications to dATP or dGTP can influence the dynamics
of misincorporation. The first analogue tested isN6-methyl-
dATP,2 a modified purine that can arise through simple
alkylation at the N6-position of adenine (Figure 1B).
Representative data provided in Figure 2A illustrate the
dependency on the rate constant in primer elongation as a
function ofN6-methyl-dATP concentration. Each time course
in primer elongation was fit to the equation defining a single-

exponential process (eq 1) to obtainkobsdvalues. The plot of
kobsd versusN6-methyl-dATP concentration is hyperbolic
(Figure 2B) and was fit to the equation describing a
rectangular hyperbola to obtain aKd of 190( 45 µM, a kpol

of 5.6 ( 0.6 s-1, and akpol/Kd of 28 420 M-1 s-1.
The 7-fold greater catalytic efficiency forN6-methyl-dATP

compared to dATP (28 420 M-1 s-1 versus 4300 M-1 s-1,
respectively) indicates that the modified nucleotide is more
promutagenic than the parental nucleotide. The enhanced
kinetic behavior forN6-methyl-dATP does not arise from
an increase in binding affinity as theKd of 190µM for N6-
methyl-dATP is∼5-fold higher than theKd of 35 µM for
dATP (22). Instead, thekpol value of 5.6 s-1 for N6-methyl-
dATP is∼40-fold faster than that for dATP (0.15 s-1 (22)).

2 Alkylating agents predominantly modify dATP at the heterocyclic
nitrogens (N3 and N7) as well as at the exocyclic amino group (N6-
position) (6). Although N3-alkylated dATP is well characterized, the
formation and physiological consequences ofN6-methyl-dATP are
poorly understood.

FIGURE 1: (A) Structures of 2′-deoxynucleoside triphosphates used or referred to in this study, i.e., dATP, dGTP,N6-methyl-dATP, 6-Cl-
PTP, dITP,O6-methyl-dGTP,N2-methyl-dGTP, 2-APTP, 6-Cl-2-APTP, 7-deaza-dATP, 7-deaza-dGTP, 5-NITP, and 5-PhITP. For convenience,
R is used to represent the deoxyribose triphosphate portion of the nucleotides. (B) Defined DNA substrates used for kinetic analysis. “X”
in the template strand denotes any of the four natural nucleobases or the presence of a tetrahydrofuran moiety that functionally mimics an
abasic site.
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The dramatic enhancement in thekpol value suggests that
increasing the hydrophobicity and/or overall size of the
nucleotide facilitates the conformational change step that
precedes phosphoryl transfer.

We next evaluated whether alkylation of other natural
nucleotides also increases their promutagenic potential. The
incorporation of O6-methyl-dGTP andN2-methyl-dGTP
opposite an abasic site was tested since alkylation at either
position leads to an overall increase in size and hydrophobic-
ity compared to those of dGTP (refer to Table 2). The
catalytic efficiency forO6-methyl-dGTP is∼30-fold greater
compared to that of the incorporation of dGTP (compare
5400 M-1 s-1 with 180 M-1 s-1, respectively).3 Alkylation
at the O6-position of dGTP leads to an effect similar to that
observed withN6-methyl-dATP, i.e., a significant increase
in thekpol value concomitant with decreased binding affinity.
In fact, it is striking that the 40-fold fasterkpol value with
O6-methyl-dGTP versus dGTP (compare 0.98 s-1 with 0.023
s-1, respectively) is identical to the 40-fold enhancement in
kpol values betweenN6-methyl-dATP and dATP.

The ∼3-fold higher catalytic efficiency forN2-methyl-
dGTP compared to dGTP also indicates that alkylation

increases the potential for promutagenic synthesis opposite
an abasic site. The enhanced catalytic efficiency is again
caused by an increasedkpol value rather than an influence
on binding affinity. At face value, the increasedkpol values
coincide with changes associated with solvation energies
between modified and unmodified nucleobases. However,
this explanation is incomplete since thekpol of 0.11 s-1

measured withN2-methyl-dGTP is∼9-fold slower than that
of 0.98 s-1 for O6-methyl-dGTP. This difference corresponds
to a relative change in Gibb’s free energy (∆∆G) of 1.3 kcal/
mol and is significantly less that the 2.3 kcal/mol difference
in solvation energies between the two analogues (Table 1).
Similar observations exist comparing alkylated nucleotides
with their unmodified counterparts as the change in∆∆G
associated with solvation energies of the nucleotides does
not equal the energetic differences associated with increases
in the kpol values. This analysis clearly indicates that other
biophysical parameters must also contribute to account for
the energetic differences. We propose that differences in the
aromaticity of the nucleotides as manifest in the different
tautomeric forms ofN2-methyl-dGTP versusO6-methyl-
dGTP influence their incorporation opposite the non-instruc-
tional lesion. This prediction is reasonable since changes in
tautomeric form are known to influence the base-stacking
capacity of a nucleotide (31, 32).

This hypothesis was tested by measuring the kinetic
parameters for dITP (Figure 1B), a nucleotide formed via
the deamination of dATP. If hydrophobicity alone dictates
incorporation efficiency opposite an abasic site, then the
resulting ∼5 kcal/mol decrease in the solvation energy
associated with this modification should enhance the incor-
poration of dITP opposite the lesion. Contrary to this
prediction, we find that dITP is incorporated very poorly
opposite an abasic site with akpol/Kd value of 430 M-1 s-1.
In fact, the lowkpol of 0.044 s-1 and relatively highKd of
103µM are nearly identical to those for dGTP (kpol ) 0.023
s-1 andKd ) 130 µM (22)). Indeed, the striking similarity
in the kinetic behavior of dITP and dGTP coincides with
the similarities in tautomeric form.

The collective data set indicates that the aromatic nature
of the nucleotide in addition to its hydrophobicity plays a
significant role during translesion DNA synthesis to enhance
the promutagenic replication of an abasic site. At the
molecular level, this enhancement is achieved through
increases in thekpol value that reflects the enhanced base-
stacking capabilities of the nucleotide. On the other hand,
binding affinity appears to be adversely affected by any
increase in the hydrophobic nature of the incoming nucle-
otide. As discussed below, one possibility is that the
functional groups on dATP that provide hydrogen-bonding
interactions are in fact essential for achieving optimal binding
in the absence of templating information.

Kinetic Parameters for the Incorporation of Modified
Purines Opposite an Abasic Site.We next tested the ability
of gp43 exo- to incorporate various unnatural purine
triphosphates such as 7-deaza-dATP, 6-Cl-PTP, and 6-Cl-
2-APTP (Figure 1B) opposite an abasic site. The various
atomic substitutions and permutations of functional groups
allow us to further evaluate the role of hydrophobicity and
aromatic interactions during translesion DNA synthesis.Kd

and kpol values for this series of purine analogue were
measured as described above and are summarized in Table

3 The magnitude of this effect forO6-methyl-dGTP is greater than
that forN6-methyl-dATP. However, the larger magnitude forO6-methyl-
dGTP reflects the poor kinetics by which dGTP is incorporated opposite
the abasic site.

FIGURE 2: (A) Dependency ofN6-methyl-dATP concentration on
the observed rate constant in primer elongation as measured using
single-turnover conditions. The following concentrations ofN6-
methyl-dATP were used: 25µM (b), 50 µM (0), 100 µM (]),
250 µM (+), and 500µM (4). The solid lines represent the fit of
each time course to a single-exponential process. (B) The observed
rate constants for incorporation (b) were plotted againstN6-methyl-
dATP concentration and fit to the equation defining a rectangular
hyperbola to determine values corresponding toKd, kpol, and
kpol/Kd.
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1. In general, modifications and/or atomic substitutions that
increase the hydrophobicity of a nucleotide generally increase
the rate constant for incorporation while reducing binding
affinity opposite an abasic site. 7-Deaza-dATP provides a
clear example of this kinetic phenomenon as thekpol value
of 1.5 s-1 is 10-fold faster than that of 0.15 s-1 for dATP
(22) while theKd value of 200µM is ∼6-fold higher than
theKd of 35µM for dATP. Similar observations are obtained
when the kinetic parameters for 7-deaza-dGTP are compared
with those for dGTP.

The replacement of a hydrogen-bonding group with a non-
hydrogen-bonding group does not substantially enhance the
dynamics of translesion DNA synthesis. For example, 6-Cl-
PTP shows only a modest 2-fold increase inkpol despite a
2.81 kcal/mol reduction in solvation energy. The same
modification of dGTP yields a larger effect as thekpol of

0.12 s-1 measured for 6-Cl-2-APTP is 6-fold faster than that
of 0.023 s-1 reported for dGTP (22). However, this increase
is most likely caused by a combination of a change in
hydrophobicity and a change in tautomeric form to resemble
dATP, the preferred natural nucleotide.

Another unique feature is that the binding affinities for
6-Cl-PTP and 6-Cl-2-APTP are among the lowest measured
for all the modified nucleotides tested in this study. As argued
above, this result suggests that the 6-position of a purine
may play an important role in the binding of natural and
unnatural nucleotides during translesion DNA synthesis. This
argument is supported by the highKd value of 180µM for
2-APTP, a constitutional analogue of dATP in which the
N6 exocyclic amine is permutated to the 2-position (Figure
1B). Although this permutation has a strong effect on binding
affinity, the influence onkpol is minimal since the value of

FIGURE 3: (A) Experimental paradigm used to measure insertion and extension beyond an abasic site lesion. A preincubated solution of 1
µM gp43 exo- and 500 nM 5′-labeled 13/20SP-mer was mixed with 50µM dXTP to initiate the reaction. After 2 min, an aliquot of the
reaction was quenched with 200 mM EDTA (denoted as “Inc”) to measure insertion opposite the lesion. dGTP (900µM) was then added,
and aliquots of the reaction were quenched with 200 mM EDTA at 60 s. (B) Denaturing gel electrophoresis reveals that gp43 exo- extends
beyond dATP,N6-methyl-dATP, 6-Cl-PTP,O6-methyl-dGTP, 6-Cl-2-APTP, andN7-deaza-dATP when paired opposite an abasic site.

Table 1: Summary of Kinetic Parameters for the Incorporation of Modified Nucleotides Opposite an Abasic Sitea

analogue
KD

(µM)
kpol

(s-1)
kpol/KD

(M-1 s-1)

surface
areab

(Å2)

dipole
momentb

(D)

solvation
energyb

(kcal/mol)
tautomeric

formc

dATPd 35 ( 5 0.15( 0.01 4 300 143.0 2.38 -19.258 dATP
dGTPd 130( 5 0.023( 0.005 180 152.5 7.18 -26.009 dGTP
N6-methyl-dATP 190( 45 5.6( 0.6 29 500 165.0 2.16 -16.322 dATP
O6-methyl-dGTP 181( 35 0.98( 0.08 5 400 174.5 2.94 -19.998 dATP
N2-methyl-dGTP 245( 68 0.12( 0.02 490 173.1 7.54 -22.306 dGTP
dITP 103( 14 0.044( 0.003 430 139.0 5.63 -21.790 dGTP
7-deaza-dATP 197( 40 1.4( 0.1 7 100 148.7 3.64 -17.846 dATP
7-deaza-dGTP 215( 91 0.11( 0.02 500 158.2 4.95 -24.247 dGTP
6-Cl-PTP 83( 16 0.28( 0.02 3 380 145.2 4.99 -16.449 dATP
6-Cl-2-APTP 71( 20 0.12( 0.01 1 700 158.7 4.83 -19.063 dATP
2-APTP 180( 23 0.23( 0.02 1 300 143.2 3.10 -19.142 dATP
5-NITPe 18 ( 3 126( 7 7 000 000 171.4 7.81 -7.381 NAg

5-PhITPf 14 ( 3 53( 4 3 800 000 223.2 3.31 -5.532 NA
a Assays were performed using 1µM gp43 exo-, 250 nM 13-20SP-mer, and variable concentrations of unnatural nucleotide in the presence of

10 mM Mg2+. b Surface areas (used as an indicator of the relative size of the nucleobase), dipole moments (D), and solvation energies for each
nucleobase were calculated using Spartan ’04 software.c The tautomeric form refers to whether the purine analogue has the same tautomeric form
as dATP or dGTP.d Values taken from ref6. e Values taken from ref47. f Values taken from ref48. g NA ) not applicable
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0.23 s-1 is nearly identical, within error, to that of 0.15 s-1

for dATP. The similarity in tautomeric form and solvation
energies between 2-APTP and dATP again correlates with
the identicalkpol values.

Modified Purines Enhance Elongation beyond an Abasic
Site. gp43 exo- extends beyond an abasic site only when
either dAMP or dGMP is placed opposite the lesion (22,
33). The dynamics of this process are proposed to reflect
the positioning of either purine in an interhelical position
that likely reflects their enhanced base-stacking capabilities
compared to those of pyrimidines (34, 35). This model leads
to a testable prediction:modified purines that possess
enhanced base-stacking capabilities should be elongated
more easily than their unmodified counterparts.The biologi-
cal ramifications of this model are obvious since the ability
of a modified nucleotide to be elongated predicts a higher
promutagenic potential. This model was tested using the
experimental protocol outlined in Figure 3A that monitors
the ability of gp43 exo- to extend beyond the various
modified purines. Gel electrophoresis data provided in Figure
3B reveal that most hydrophobic nucleotides that resemble
dATP are easily elongated. In contrast, analogues that are
more hydrophilic and/or that resemble dGTP are more
refractory to elongation. As summarized in Table 2, the rate
constants for extension (kext) of analogues such asN6-methyl-
dATP and 7-deaza-dATP are∼1.5-3-fold faster than
that of dATP. This enhancement coincides with their

predicted favorable base-stacking interactions opposite an
abasic site.

Again, it is important to emphasize that the increase in
base-stacking capacity depends upon the hydrophobic and
aromatic nature of the nucleotide. This is apparent by
examining the ability of gp43 exo- to elongate beyondN2-
methyl-dGTP. Although alkylation at the N2-position of
dGTP increases its hydrophobicity, this does not lead to an
enhancement in primer elongation. Furthermore, the lack of
extension beyond dITP orN7-deaza-dGTP is arguably caused
by their weaker base-stacking capabilities that reflect reduc-
tions in their aromatic nature. Finally, the influence of
aromaticity is also evident in the∼20-fold increase inkext

for O6-methyl-dGTP that results in a change in tautomeric
form caused by alkylation at the O6-position.

The lone exception to this proposed model is 2-APTP.
Despite being similar to dATP with respect to tautomeric
form and hydrophobicity, this analogue is not extended when
paired opposite an abasic site. Although the molecular reason
for this phenomenon is currently unknown, one possibility
is that removal of a functional group at the C6-position
prevents contacts between the minor groove of DNA and
the DNA polymerase which are important for polymerase
translocation (36, 37). Consistent with this mechanism is the
fact that 6-Cl-PTP is elongated∼8-fold slower compared to
dATP. These latter cases suggest that perturbations to the
exocyclic amino group may influence the kinetics of elonga-

Table 2: Summary of Kinetic Rate Constants for Extension beyond an Abasic Site Catalyzed by gp43 exo- a

dXTP
kext

(s-1)

solvation
energy

(kcal/mol) dXTP
kext

(s-1)

solvation
energy

(kcal/mol)

“dATP-like” Analogues
dATP 0.25( 0.01 -19.258 6-Cl-2-APTP 0.033( 0.004 -19.063
7-deaza-dATP 0.32( 0.03 -17.846 6-Cl-PTP 0.031( 0.003 -16.449
N6-methyl-dATP 0.71( 0.04 -16.322 2-APTP NDb -19.142
O6-methyl-dGTP 0.092( 0.009 -22.306

“dGTP-like” Analogues
dGTP 0.005( 0.001 -26.009 dITP ND -21.790
N2-methyl-dGTP ND -19.998 7-deaza-dGTP ND -24.247

a Insertion and extension beyond an abasic site lesion were measured by preincubating gp43 exo- (1 µM) with 5′-labeled 13/20SP-mer (500 nM)
and then mixing with a 50µM concentration of modified nucleotide to initiate the reaction. After 2 min, an aliquot of the reaction was quenched
with 200 mM EDTA (denoted as “Inc”) to measure insertion opposite the lesion. dGTP (900µM) was then added, and aliquots of the reaction were
quenched with 200 mM EDTA at time intervals raging from 5 to 300 s. The generated time courses were fit to eq 1 to definekext, the rate constant
for extension beyond the formed mispair.b ND ) not detected.

Table 3: Summary of Kinetic Parameters for the Incorporation of Unnatural Nucleotides Opposite T and Ca

thymine cytosine

analogue
KD

(µM)
kpol

(s-1)
kpol/KD

(M-1 s-1)
KD

(µM)
kpol

(s-1)
kpol/KD

(M-1 s-1)

dATPb 10 ( 0.5 100( 10 10 000 000 ND ND <200c

dGTP 500( 200 0.04( 0.01 75 5( 2 47( 4 9 400 000
N6-methyl-dATP 22( 13 82( 13 4 000 000 ND ND <40c

O6-methyl-dGTP 465( 190 115( 27 247 310 116( 34 20.3( 2 175 000
N2-methyl-dGTP 466( 177 0.07( 0.01 150 60( 35 1.7( 0.4 28 330
dITP 70( 19 0.080( 0.006 1 140 7( 5 49( 10 7 000 000
7-deaza-dATP 7( 2 80( 9 11 430 000 270( 90 9( 2 33 300
7-deaza-dGTP 850( 400 0.14( 0.04 164 2.4( 0.7 57( 4 23 750 000
2-APTP 25( 11 119( 20 4 760 000 90( 38 1.6( 0.2 18 100
6-Cl-PTP 25( 5 13( 1 520 000 395( 85 0.040( 0.003 105

a Assays were performed using 1µM gp43 exo-, 250 nM 13/20T-mer or 13/20C-mer, and variable concentrations of natural or modified nucleotide
in the presence of 10 mM Mg2+. b Values taken from ref29. c Estimates were calculated from the linear portion of the Michaelis-Menten plot.
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tion. However, the collective data set demonstrates that the
base-stacking properties of an incoming nucleotide increase
its promutagenic potential by directly influencing incorpora-
tion and extension beyond an abasic site.

Influence of Hydrophobicity and Tautomeric Form on
Misincorporation Opposite Templating Bases.We next
questioned whether the enhanced base-stacking capacity of
these modified nucleotides would also contribute toward
facilitating misincorporation opposite templating nucleobases.
This was initially tested by measuringKd, kpol, andkpol/Kd

values for this series of purine analogues opposite thymine
or cytidine, which are predicted to be their complementary
partners (summarized in Table 3). Figure 4A provides a
graphical representation of the selectivity factor for each
modified nucleotide for incorporation opposite thymine or
cytidine. The selectivity factor (SF) is defined as the ratio
of kpol/Kd for nucleotide incorporation opposite its predicted
complementary partner versus its noncomplementary partner
(SF ) (kpol/Kd)comp/(kpol/Kd)noncomp). This analysis allows us
to classify the modified nucleotides into three distinct
categories, those with high SF values of>103, those with
low SF values of<103, and those with no selectivity (SF
values of∼1). In addition, we provide a plot of thekpol/Kd

values for each nucleotide as a function of templating
nucleobase (Figure 4B). This latter analysis is important since
it indicates whether the SF values for various nucleotides
are caused by an enhancement in the misreplication of a

templating base or through diminution in incorporation
opposite its predicted “correct” pairing partner or both.
Distinguishing among these possibilities is important to
accurately interpret how DNA synthesis is perturbed as a
consequence of the nucleotide modifications.

Using this approach, we find that both unmodified
nucleotides dATP and dGTP are very selective since their
calculated SF values are>104. These high SF values are
intuitively obvious since each nucleotide is predicted to
exclusively interact with its complementary partner due to a
combination of hydrogen-bonding interactions and steric
constraints. Furthermore, these features are proposed to
hinder their misincorporation opposite their noncognate
partners. In this regard, it is surprising that certain analogues
such as 7-deaza-dATP andN2-methyl-dGTP, which have
minimal perturbations toward steric fit and hydrogen-bonding
interactions, have significantly lower SF values compared
to their unmodified counterparts. This is interesting since
both analogues are also incorporated opposite an abasic site
with a relatively high efficiency. At face value, these
coincidences suggest that simply increasing the hydrophobic-
ity of a nucleotide will cause a unilateral decrease in fidelity.
Indeed, this could describe the behavior of 7-deaza-dATP
as the low SF value of 340 is caused by a significant increase
in the misincorporation opposite cytidine while correct
incorporation opposite thymine is left unperturbed. However,
a universal “hydrophobic effect” is unlikely since the low
SF value of 190 forN2-methyl-dGTP is not caused by an
increase for misinsertion opposite thymine. Instead, the
reduced fidelity is caused by a surprisingly large decrease
in incorporation opposite cytidine, its predicted complemen-
tary partner.

The best example arguing against a hydrophobic effect
causing reduced fidelity in the presence of templating
information is provided in the kinetic data forN6-methyl-
dATP. On one hand, this highly promutagenic nucleotide
displays the highest catalytic efficiency for incorporation
opposite an abasic site. However, it is remarkable thatN6-
methyl-dATP maintains exquisite selectivity for incorporation
opposite thymine versus cytidine. In fact, the SF value for
N6-methyl-dATP is actually 2-foldhigherthan that for dATP
(compare 114 300 versus 50 000, respectively). This feature
is not unique toN6-methyl-dATP as similar trends are also
observed with other hydrophobic analogues such as 7-deaza-
dGTP and 6-Cl-dATP which maintain high SF values of
>103.

One nucleotide that bears special emphasis isO6-methyl-
dGTP as this nucleotide owns the distinction of being the
most promutagenic nucleotide identified in this study. With
respect to translesion DNA synthesis, this nucleotide is
effectively incorporated opposite an abasic site with a
relatively high catalytic efficiency of 5400 M-1 s-1 (Table
1). In addition,O6-methyl-dGTP is incorporated opposite
thymine and cytidine with a low SF value of∼1, which
indicates complete promiscuity for incorporation opposite
pyrimidines. It is quite surprising that the similar catalytic
efficiencies of 247 310 and 175 000 M-1 s-1 for incorpora-
tion opposite thymine and cytidine, respectively, occur
through differential perturbations in the measuredKd and
kpol values. On one hand, the fastkpol of 116 s-1 for
incorporation opposite thymine likely reflects the fact that
O6-methyl-dGTP has the same tautomeric form as dATP.

FIGURE 4: (A) Representation of the SF for each modified
nucleotide for incorporation opposite thymine or cytidine. SF)
(kpol/Kd)comp/(kpol/Kd)noncomp. Modified nucleotides are classified as
those possessing high SF values of>103, those with low SF values
of <103, and those with no selectivity (SF values of∼1). (B) kpol/
Kd values for each nucleotide as a function of templating nucleobase.
Red bars represent incorporation opposite thymine, while black bars
represent incorporation opposite cytosine.
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This interpretation would support the fastkpol value of∼1
s-1 measured for the incorporation ofO6-methyl-dGTP
opposite an abasic site. However, the binding affinity ofO6-
methyl-dGTP opposite thymine is dramatically reduced as
manifest in the highKd value of 465µM. This suggests that
ground-state binding opposite a templating base is influenced
predominantly by hydrogen-bonding and/or steric-fit con-
straints rather than by base-stacking interactions.

We performed additional experiments measuring the
incorporation of all modified purine triphosphates opposite
noncognate partners, adenine and guanine (gel electrophoretic
data and a summary of rate constants are provided as
Supporting Information Figure 1). All of the modified purines
are poorly incorporated opposite adenine or guanine as they
possess estimated catalytic efficiencies of less than 10 M-1

s-1. In fact, the rate constant for the incorporation of nearly
all analogues is<0.01 s-1 even at nucleotide concentrations
greater than 300µM. In this regard, it is surprising that dATP
is incorporated opposite adenine with a relatively high
catalytic efficiency of 420 M-1 s-1 (Supporting Information
Figure 2A). A similar phenomenon is observed for the
incorporation of dGTP opposite guanine in which the overall
catalytic efficiency is estimated to be∼100 M-1 s-1

(Supporting Information Figure 2B).
Collectively, the kinetic data obtained using these modified

purine analogues do not provide evidence for a strong
correlation between their hydrophobic and/or aromatic nature
and the ability to form a mispair. In this regard, the dynamics
by which a polymerase misreplicates a templating base
appear to be vastly different from the dynamics for the
misincorporation of a nucleotide opposite an abasic site. This
conclusion has several important ramifications. First, differ-
ences in the underlying mechanism by which damaged DNA
is misreplicated provide insight as to why the mutagenic
spectra of closely related DNA-damaging agents are different.
For example, dCTP and dTTP are typically incorporated
opposite damaged nucleobases such asO6-methylguanine and
O6-ethylguanine that contain small modifications (38, 39).
This implies that these lesions are replicated using features
associated with classical hydrogen-bonding and steric-fit
constraints much the same as for an unmodified guanine.
However, the introduction of larger substituent groups at the
O6-position of guanine gives rises to a different mutational
spectrum in which dATP or dGTP is preferentially incor-
porated (40, 41). In this latter case, the preferential incor-
poration of dATP argues that larger DNA lesions are
replicated via a “transient abasic site intermediate”. In any
event, this information could be used to develop a predictive
index for the mutagenic potential of other DNA-damaging
agents. Another practical application is toward the rational
design of antiviral agents that take advantage of low-fidelity
replication catalyzed by most viral polymerases. Lower
replication fidelity is generally tolerated by many viruses
(42). However, the introduction of too many mutations,
referred to as error catastrophe, may cause a loss of viral
fitness and viability (43). This phenomenon has led to the
development of a chemotherapeutic strategy termed “lethal
mutagenesis” in which promutagenic nucleotides are used
to increase the mutation frequency of viruses beyond viability
to induce error catastrophe (44, 45). While lethal mutagenesis
represents an attractive antiviral strategy, it should be noted
that controversy exists regarding the exact molecular mech-

anism by which certain nucleoside analogues such as
ribavirin exert their antiviral effects.

CONCLUSIONS

In this paper we demonstrate that alkylated purine triph-
osphates can significantly enhance the promutagenic proper-
ties of an abasic site. The provided kinetic data yield further
insights into the molecular mechanism of translesion syn-
thesis. During replication of an abasic site, we argue that
the enzymatic conformational change step (as reflected by
thekpol value) is influenced by the hydrophobic and aromatic
nature of the incoming nucleotide.4 This conclusion is
consistent with our published model derived from character-
izing the incorporation of various 5-substituted indolyl
nucleoside triphosphates opposite this non-instructional DNA
lesion (46). Non-natural nucleotides such as 5-NITP and
5-PhITP (Figure 1B) are incorporated opposite the abasic
site with incredibly high catalytic efficiencies (>106 M-1

s-1) (47, 48). Both analogues have low affinity constants
(Kd values<20 µM) coupled with fast incorporation rate
constants (kpol values >50 s-1). The faster kpol values
measured with these 5-substituted indolyl nucleotides likely
reflects their enhanced base-stacking capabilities that origi-
nate from their largeπ-electron surface area and hydrophobic
nature.

The ability of various modified purines to be efficiently
elongated has important biological ramifications, especially
within the context of replicating non-instructional DNA
lesions such as an abasic site. Simple alkylation of dATP or
dGTP enhances the efficiency of translesion DNA synthesis
that could cause a synergistic increase in mutagenesis under
certain circumstances. The provocative implication of this
conclusion is the potential risk of certain chemotherapeutic
modalities to induce mutagenesis that may result in an
additional prooncogenic event. Indeed, the administration of
certain cytotoxic DNA-damaging agents such as temozolo-
mide and cyclophosphamide is associated with a 10-fold
higher risk of developing a secondary cancer (49).

Finally, the dynamics by which these modified purines
are misincorporated are highly dependent upon the presence
or absence of templating information. On one hand, increas-
ing the hydrophobicity and aromaticity of a nucleotide leads
to enhanced efficiency in incorporation and extension beyond
an abasic site. However, a much more complex scenario
exists during misinsertion opposite templating bases. In
general, the catalytic efficiency for misinsertion depends
more upon alterations in hydrogen-bonding interactions and
shape complementarity as opposed to perturbations in
hydrophobicity. Of course, unambiguous conclusions are
difficult to make since modifying the functional group of
an incoming nucleotide influences all three biophysical
features to varying degrees. This last feature is important as
it questions whether a truly universal mechanism of polym-
erization exists during the replication of normal versus
damaged DNA. The data presented here suggest that different

4 We have previously demonstrated that the incorporation of dATP
and other unnatural nucleotides such as 5-NITP and 5-PhITP opposite
an abasic site is limited by the conformational change step preceding
phosphoryl transfer (22, 33, 46, 48). However, we acknowledge this
has not been conclusively demonstrated with the series of modified
purines used in this study.
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biophysical rules apply during template-dependent versus
-independent DNA synthesis. Therefore, strict comparisons
between the mechanisms of translesion DNA synthesis and
correct DNA synthesis may be invalid. This dichotomy may
explain the ease with which non-natural nucleotides can be
designed to be efficiently incorporated opposite a non-instruc-
tional lesion while such efforts have proven more difficult
in creating hybrid base pairs composed of natural and
unnatural nucleotides.

SUPPORTING INFORMATION AVAILABLE

Gel electrophoretic data, a summary of kinetic rate
constants, and catalytic efficiencies of dATP incorporated
opposite adenine and dGTP incorporated opposite guanine.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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