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ABSTRACT: Translesion DNA synthesis represents the ability of a DNA polymerase to misinsert a nucleotide
opposite a DNA lesion. Previous kinetic studies of the bacteriophage T4 DNA polymerase using a series
of non-natural nucleotides suggest thatπ-electron density of the incoming nucleotide substantially
contributes to the efficiency of incorporation opposite an abasic site, a nontemplating DNA lesion. However,
it is surprising that these nonhydrogen-bonding analogues can also be incorporated opposite natural
templating DNA with variable degrees of efficiency. In this article, we describe attempts to achieve
selectivity for incorporation opposite the abasic site through optimization ofπ-electron density and shape
of the nucleobase. Toward this goal, we report the synthesis and enzymatic characterization of two novel
nucleotide analogues, 5-napthyl-indolyl-2′-deoxyriboside triphosphate (5-NapITP) and 5-anthracene-indolyl-
2′-deoxyriboside triphosphate (5-AnITP). The overall catalytic efficiency for their incorporation opposite
an abasic site is similar to that of other non-natural nucleotides such as 5-NITP and 5-PhITP that contain
significant π-electron density. As expected, the incorporation of either 5-NapITP or 5-AnITP opposite
templating DNA is reduced and presumably reflects steric constraints imposed by the large size of the
polycyclic aromatic moieties. Furthermore, 5-NapITP is a chain terminator of translesion DNA synthesis
because the DNA polymerase is unable to extend beyond the incorporated non-natural nucleotide. In
addition, idle turnover measurements confirm that 5-NapIMP is stably incorporated opposite damaged
DNA, and this enhancement reflects the overall favorable incorporation kinetic parameters coupled with
a reduction in excision by the exonuclease-proofreading activity of the enzyme. On the basis of these
data, we provide a comprehensive assessment of the potential role ofπ-electron surface area for nucleotide
incorporation opposite templating and nontemplating DNA catalyzed by the bacteriophage T4 DNA
polymerase.

The central dogma of replication fidelity is that the DNA
polymerase utilizes the hydrogen-bonding potential of the
templating nucleobase to guide the correct incorporation of
its complementary partner. Although it is clear that proper
hydrogen-bonding interactions play an important role in
fidelity, there are instances where efficient polymerization
occurs despite various modifications to these hydrogen-
bonding functional groups (1-6). Of biological importance
is the ability of DNA polymerases to misinsert and extend
beyond damaged DNA because this activity can cause
diseases including cancer, which are associated with mu-
tagenesis. Indeed, there are numerous reports documenting
the causal relationship between dysfunctional polymerase
fidelity and cancer initiation (7-11).

Despite the obvious link between cancer and aberrant DNA
replication, there are few reports documenting a valid strategy
to prevent mutagenesis caused by inaccurate DNA synthesis
(12, 13). Reasons for this disparity include the wide variety
of DNA lesions caused by DNA-damaging agents (14) and

a lack of molecular details accounting for their replication.
We previously proposed a strategy to inhibit the formation
of genomic errors through the use of non-natural nucleotide
analogues that could be selectively incorporated opposite
damaged DNA to prevent their propagation (13). Our studies
have focused on an apurinic/apyrimidinic (abasic) site that
is highly pro-mutagenic because of its nontemplating nature
(15-17). In addition, this lesion is commonly formed after
the administration of chemotherapeutic agents such as
cyclophosphamide (18) and temozolomide (19). Depurination
by these types of alkylating agents can occur through the
assistance of various DNA glycosylases or through nonen-
zymatic hydrolysis of the destabilized glycosidic bond (20).
In fact, a major concern of chemotherapy is the generation
of mutational errors caused by the inappropriate replication
of unrepaired DNA lesions caused by these types of agents.
It is now recognized that secondary cancers can develop as
a result of inadvertent mutagenesis caused by DNA-damag-
ing agents (21).

Despite the lack of coding information at an abasic site,
we demonstrated that the bacteriophage T4 DNA polymerase,
gp43, preferentially incorporates dATP opposite this lesion
(22). This kinetic phenomenon, commonly referred to as the
A-rule, is not unique to the bacteriophage polymerase
because several other DNA polymerases, such as eukaryotic
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pol R (23), the Klenow fragment ofE. coli (24), and HIV
reverse transcriptase (25), also preferentially utilize dATP.
However, the A-rule is not universal as certain polymerases
such as pol iota preferentially incorporate dGTP opposite
this lesion (26), whereas Rev1 prefers to incorporate dCTP
(27). Regardless, we have used gp43 as a model to define
the molecular features underlying this kinetic phenomenon
for a high fidelity DNA polymerase. The strategy we have
employed is to use a library of non-natural nucleotides that
differ with respect to shape/size, solvation energies, dipole
moment, andπ-electron surface area (Figure 1A). Our studies
were to first identify 5-NITP1 as a unique nucleotide analogue
possessing unprecedented kinetic behavior because it is
incorporated with nearly a 1000-fold higher efficiency
opposite an abasic site than dATP (28). Although 5-NITP
binds with relatively high affinity (KD ) 18 µM), the higher
catalytic efficiency arises from a fast polymerization rate
constant (kpol) of 126 s-1. Despite the extraordinary efficiency
for incorporation opposite an abasic site, 5-NITP unfortu-
nately suffers from a lack of selectivity because it is also
incorporated opposite templating DNA with modest catalytic
efficiency (∼105 M-1 s-1) (28).

We attempted to optimize the catalytic efficiency for
incorporation opposite this DNA lesion by varying the degree
of π-electron surface area at the 5-position of the indolyl-
triphosphate (29, 30). These attempts were initially successful
because larger analogues that containπ-electron density such
as 5-PhITP and 5-CE-ITP are incorporated opposite an abasic
site with nearly identical catalytic efficiencies compared to
those of 5-NITP (29, 30). More importantly, both analogues
are incorporated opposite templating DNA with average 10-

fold lower catalytic efficiencies compared to those of 5-NITP
(29, 30).2

These data lead to the hypothesis that selectivity for
incorporation opposite an abasic site could be achieved by
balancing the contributions ofπ-electron surface area with
the relative size of the nucleobase. In this design, the kinetics
for incorporation opposite an abasic site could be enhanced
if the incoming nucleotide contains a large enoughπ-electron
surface area to stack favorably into the void created at the
DNA lesion. In addition, the rate for incorporation opposite
templating DNA would be reduced if the size of the
5-substituent group is sufficiently large enough to sterically
clash with the templating nucleobase. Thus, a truly selective
analogue for translesion synthesis could be developed by
maximizing the catalytic efficiency for incorporation opposite
an abasic site while restricting its incorporation opposite
templating DNA.

To test this hypothesis, we synthesized two analogues,
5-napthyl-indolyl-2′-deoxyriboside triphosphate (5-NapITP)
and 5-anthracene-indolyl-2′-deoxyriboside triphosphate (5-
AnITP), which contain highly conjugated aromatic systems
yet differ with respect to size. The kinetic data indicate that
the catalytic efficiency for 5-NapITP incorporation opposite
an abasic site is nearly identical to that measured using
smaller analogues such as 5-NITP and 5-PhITP. In contrast,
the larger analogue, 5-AnITP, shows a∼13-fold reduction
in catalytic efficiency and argues that geometrical constraints
imposed by the active site of the polymerase play an
important role in limiting the rates of incorporation during
translesion DNA synthesis. Regardless, both analogues are

1 Abbreviations: TBE, Tris-HCl/borate/EDTA; EDTA; ethylenedi-
aminetetraacetate, sodium salt; dNTP, deoxynucleoside triphosphate;
dXTP, non-natural deoxynucleoside triphosphate; 5-NITP, 5-nitro-
indolyl-2′deoxyriboside triphosphate; 5-NapITP, 5-napthyl-indolyl-
2′deoxyriboside triphosphate; 5-AnITP, 5-anthracene-indolyl-2′deoxy-
riboside triphosphate; 5-PhITP, 5-phenyl-indolyl-2′-deoxyriboside
triphosphate; 5-CE-ITP, 5-cyclohexene-indolyl-2′deoxyriboside triphos-
phate; 5-CH-ITP, 5-cyclohexyl-indolyl-2′deoxyriboside triphosphate;
gp43 exo-, an exonuclease-deficient mutant of the bacteriophage T4
DNA polymerase; gp43 exo+, wild-type bacteriophage T4 DNA
polymerase.

2 The average catalytic efficiency for 5-NITP incorporation opposite
templating DNA was calculated to be 11× 104 M-1 s-1 using the
following values: A ) 1.91× 105 M-1 s-1, C ) 3.61× 103 M-1 s-1,
G ) 1.20 × 104 M-1 s-1, and T ) 1.91 × 105 M-1 s-1 (28). The
average catalytic efficiency for 5-PhITP incorporation opposite DNA
was calculated to be 9.7× 103 M-1 s-1 using the following values:A
) 4.0 × 103 M-1 s-1, C ) 6.8 × 103 M-1 s-1, G ) 2.17× 104 M-1

s-1, andT ) 6.4× 103 M-1 s-1 (29). The average catalytic efficiency
for 5-CE-ITP incorporation opposite DNA was calculated to be 6.8×
103 M-1 s-1 using the following values:A ) 4.8× 103 M-1 s-1, C )
2.0 × 104 M-1 s-1, G ) 1.2 × 103 M-1 s-1, andT ) 1.1 × 103 M-1

s-1 (30).

FIGURE 1: (A) Structures of 2′-deoxynucleoside triphosphates used or referred to in this study. For convenience, dR is used to represent
the deoxyribose triphosphate portion of the nucleotides. (B) Defined DNA substrates used for kinetic analysis. The X in the template strand
denotes any of the four natural nucleobases or the presence of a tetrahydrofuran moiety designed to functionally mimic an abasic site.
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more effectively incorporated opposite an abasic site com-
pared to incorporation opposite templating DNA. These
results suggest that selectivity may be maintained through a
negative selection mechanism. In addition, we provide a
thorough characterization of the ability of the enzyme to
extend and excise 5-NapIMP after incorporation opposite an
abasic site. The reduction in degradation highlights the
importance of base-stacking contributions toward hindering
the activity of exonuclease proofreading.

MATERIALS AND METHODS

Materials.[γ-32P]ATP was purchased from M.P. Biomedi-
cal (Irvine, CA). Unlabeled dNTPs (ultrapure) were obtained
from Pharmacia. MgAcetate and Trizma base were from
Sigma. Urea, acrylamide, and bis-acrylamide were from
Aldrich. Oligonucleotides, including those containing a
tetrahydrofuran moiety mimicking an abasic site, were
synthesized by Operon Technologies (Alameda, CA). Single-
stranded and duplex DNA were purified and quantified as
described (31). All other materials were obtained from
commercial sources and were of the highest quality available.
The exonuclease-deficient mutant of gp43 (Asp-219 to Ala
mutation) was purified and quantified as previously described
(32, 33).

Tributyl ammonium pyrophosphate was purchased from
Sigma. 1-Chloro-2-deoxy-3,5-di-O-p-toluoyl-R-D-erythro-
pentofuranose, ethyl acetate, hexane, methanol, dichlo-
romethane, phosphoryl oxychloride, dimethyl formamide,
and tributylamine were purchased from ACROS. Trimethyl
phosphate and tributylamine were dried over 4 Å molecular
sieves. DMF was distilled over ninhydrin and stored in 4 Å
molecular sieves.

All NMR spectra were recorded in a Gemini-300 FT NMR
spectrometer. Proton chemical shifts are reported in ppm,
downfield from tetramethylsilane. Coupling constants (J) are
reported in hertz (Hz).31P NMR spectra were taken in D2O
in the presence of 50 mM Tris (pH 7.5) and 2 mM EDTA,
and 85% phosphoric acid was used as the external standard.
Ultraviolet quantification of triphosphate was performed on
Beckman DU-70. High-resolution electrospray mass spec
(negative) was performed on Ionspec HiRES ESI-FTICRMS
at the University of Cincinnati.

Synthesis of 5-Napthyl-indole 2′-deoxyribofuranoside 5′-
triphosphate (5-NapITP).5-Napthylindole was synthesized
from bromo-napthalene and indole boric acid through a
Suzuki coupling reaction (34). 1-(2-Deoxy-â-D-erythropen-
tafuranosyl)-5-napthyl-indole was prepared through glyco-
sylation as previously described (35). The overall yield of
the reaction was 70%. 1-(2-Deoxy-â-D-erythropentafurano-
syl)-5-napthyl-indole triphosphate (5-NapITP) was prepared
starting with 5-napthyl indole-2′-deoxynucleoside. To a
stirred and cooled (0°C) solution of 5-napthyl-indole-2′-
deoxynucleoside (20 mg, 0.055 mmol) and Et3N (56 mg, 10
equiv, 0.55 mmol) in trimethyl phosphate (0.37 mL) was
added dropwise phosphoryl oxychloride (7µL, 1.5 equiv,
0.08 mmol). The mixture was simultaneously treated with a
0.5 M DMF solution of tributyl ammonium pyrophosphate
(300 mg, 0.55 mmol) and tributylamine (0.09 mL, 0.38
mmol). After stirring the reaction mixture at room temper-
ature for 15 min, it was neutralized with 1.0 M TEAB (15
mL). The reaction mixture was stirred at room temperature

for 2 h, and was evaporated under reduced pressure at 32
°C to about 2 mL. The residue was purified by preparative
reverse phase HPLC (300 pore size C-18 column from
Vydac, 22 mm× 250 mm) with mobile phase buffer A:
0.1 M TEAB; and buffer B: 50% ACN in 0.1 M TEAB,
using a linear gradient from 50% to 85% B within 18 min
at a flow rate of 20.0 mL/min. The product was collected at
11.46 retention time and freeze-dried over night. The residue
was stored in 10 mM TrisHCl at pH 7.5. The concentration
was determined using an extinction coefficient of 53 087 M-1

cm-1 for the nucleoside.
5-Napthyl-indole H NMR (CDCl3): 6.66 (1H, m, 3-H),

7.26(1H, m, 2-H), 7.45-7.65 (5H, m, Ar), 7.80-7.95 (3H,
m, Ar), 8.00 (1H, s, Ar), 8.09 (1H, s, Ar), 8.22 (1H, br, NH)
MS (+): calculated mass spec (formula C18H13N for M +
1): 244. Experimental mass spec: 244. 1-(2′-Deoxy-â-D-
erythropentafuranosyl)-5-napthyl-indole H NMR (DMSO):
2.25 (1H, m, 2′-H), 2.45 (1H, m, 2′-H), 3.50 (2H, m, 5′-H),
3.85 (1H, m, 4′-H), 4.35 (1H, m, 3′-H), 4.90(1H, t,J ) 3
Hz, 5′-OH), 5.30 (1H, d,J ) 4 Hz, 3′-OH), 6.45 (1H, t,J )
6 Hz, 1′-H), 6.60 (1H, d,J ) 3 Hz, 3-H), 7.45-7.50 (2H,
m, Ar), 7.55-7.65 (4H, m, Ar), 7.80-8.05 (4H, m, Ar), 8.20
(1H, s, Ar).u.v. (MeOH)λmax (nm) 254 (ε ) 53 087) MS
(+): calculated mass spec (formula: C23H22NO3 for M +
1): 360. Experimental mass spec: 360. 1-(2′-Deoxy-â-D-
erythropentafuranosyl)-5-napthyl-indole triphosphate (5-
NapITP): yield: 20%. H NMR (D2O): 2.35 (1H, m, 2′-H),
2.75 (1H, m, 2′-H), 4.05 (2H, m, 5′-H), 4.15 (1H, m, 4′-H),
6.45 (1H, t,J ) 6 Hz, 1′-H), 6.67 (1H, d,J ) 3.4 Hz, 3-H),
7.45-8.10 (11H, m, Ar).31P NMR (ppm) (D2O/Tris): γ-P,
-9.50 (d); R-P, -10.83 (d);â-P, -21.64 (t). HiRes ESI-
MS (-): calculated mass spec (formula C23H23NO12P3 for
M-H): 598.0433. Experimental mass spec: 598.0403.

Synthesis of 5-Anthracene-indole 2′-deoxyribofuranoside
5′-triphosphate (5-AnITP).Synthesis of 5-anthracenylindole
triphosphate was started from 2-bromoanthracene (Astatech,
Inc.) using the same method as that described for the
5-naphthylindole triphosphate. The final triphosphate was
purified on preparative HPLC using conditions identical to
those for 5-NapITP. The product was collected at a 17.11
min retention time and freeze-dried over night. The residue
was stored in 10 mM TrisHCl at pH 7.5. The concentration
is determined using the extinction coefficient (94 867 M-1

cm-1) for the nucleoside.
5-Anthracenyl-indole H NMR (CDCl3): 6.65 (1H, m,

3-H), 7.25-7.70 (5H, m, Ar), 7.85-8.10 (3H, m, Ar), 8.20
(1H, s, Ar), 8.25 (1H, br, NH) 8.40 (1H, s, Ar), 8.45 (1H, s,
Ar). 1-(2′-Deoxy-â-D-erythropentafuranosyl)-5-anthracenyl-
indole: yield: 20% for two steps. H NMR (DMSO): 2.25
(1H, m, 2′-H), 2.45 (1H, m, 2′-H), 3.55 (2H, m, 5′-H), 3.85
(1H, m, 4′-H), 4.35 (1H, m, 3′-H), 4.90(1H, m, 5′-OH), 5.30
(1H, m, 3′-OH), 6.45 (1H, t,J ) 6 Hz, 1′-H), 6.60 (1H, m,
3-H), 7.45-7.50 (2H, m, Ar), 7.65-7.75 (3H, m, Ar), 7.90
(1H, d,J ) 7 Hz, Ar), 8.00-8.10 (3H, m, Ar), 8.20 (1H, d,
J ) 7 Hz, Ar), 8.35 (1H, s, Ar), 8.55 (1H, s, Ar), 8.62 (1H,
s, Ar). UV (ethyl phosphate ester)λmax (nm) 262 (ε ) 94,-
867), 274. MS (+): calculated mass spec (formula C27H23-
NO3 for M): 409.1678. Experimental mass spec: 409.1688.
1-(2′-Deoxy-â-D-erythropentafuranosyl)-5-anthracenyl-in-
dole triphosphate (5-AntITP): yield: 5%. H NMR (D2O):
2.30 (1H, m, 2′-H), 2.65 (1H, m, 2′-H), 4.00 (2H, m, 5′-H),
4.10 (1H, m, 4′-H), 6.40 (1H, t,J ) 6 Hz, 1′-H), 6.60 (1H,
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d, J ) 3.4 Hz, 3-H), 7.35 (2H, m, Ar) 7.55 (1H, d,J ) 3.4
Hz, Ar) 7.55 (2H, m, Ar), 8.20 (1H, s, Ar) 7.75 (1H, d,J )
7 Hz, Ar) 7.90-7.97 (3H, m, Ar), 8.00 (1H, d,J ) 7 Hz,
Ar) 8.40 (1H, s, Ar), 8.45(1H, s, Ar).31P NMR (ppm) (D2O/
Tris): γ-P, -10,12 (d);R-P, -11.00 (d);â-P, -22.88 (t).
HiRes ESI-MS (-): calculated mass spec (formula C27H25-
NO12P3 for M-H): 648.0590. Experimental mass spec:
648.0566.

Enzyme Assays.The assay buffer used in all kinetic studies
consisted of 25 mM Tris-OAc (pH 7.5), 150 mM KOAc,
and 10 mM 2-mercaptoethanol. All assays were performed
at 25 °C. Polymerization reactions were monitored by
analysis of the products on 20% sequencing gels as previ-
ously described (31). Gel images were obtained with a
Packard PhosphorImager using the OptiQuant software
supplied by the manufacturer. Product formation was quanti-
fied by measuring the ratio of32P-labeled extended and
nonextended primer. The ratios of product formation are
corrected for the substrate in the absence of polymerase (zero
point). Corrected ratios are then multiplied by the concentra-
tion of primer/template used in each assay to yield the total
product. All concentrations are listed as final solution
concentrations.

Pre-Steady-State Nucleotide Incorporation Assays.A rapid
quench instrument (KinTek Corporation, Clarence, PA) was
used to monitor the time course in 5-NapITP incorporation.
Experiments were performed using single turnover reaction
conditions in which 500 nM gp43 exo- was incubated with
250 nM DNA in an assay buffer containing EDTA (100µM)
and mixed with variable concentrations of the nucleotide
analogue (5- 500 µM) and 10 mM Mg(OAc)2. The
reactions were quenched with 350 mM EDTA at variable
times (0.005-10 s) and analyzed as described above. Data
obtained for single turnover DNA polymerization assays were
fit to eq 1.

whereA is the burst amplitude,k is the observed rate constant
(kobs) in initial product formation,t is time, andC is a defined
constant. Data for the dependency ofkobs as a function of
dNTP concentration was fit to the Michaelis-Menten
equation (eq 2) to provide values corresponding tokpol and
KD.

wherekobs is the observed rate constant of the reaction,kpol

is the maximal polymerization rate constant,KD is the
dissociation constant for dXTP, and dXTP is the concentra-
tion of non-natural nucleotide substrate.

Competition Experiments for Extension beyond an Abasic
Site.Extension beyond an abasic site was performed under
single turnover conditions using DNA containing an abasic
site at the 14 position on the template (Figure 1B). DNA
(250 nM) was incubated in assay buffer with 10 mM Mg-
(OAc)2, 500µM dATP, and 1000µM dGTP in the presence
or absence of 25µM 5-NapITP. The reaction was initiated
with 1 µM gp43 exo-. The reactions were quenched with
200 mM EDTA at variable times (15-300 s) and analyzed
as described above.

Pre-Steady-State Exonuclease Assays.A rapid quench
instrument was used to monitor the time course in the
hydrolysis of DNA containing 5-napthyl-indolyl-2′deoxyri-
boside in the primer strand. DNA was either single-stranded
(14Nap-mer) or duplex DNA (14Nap/20SP-mer). In both
cases, the 14Nap-mer was made by the enzymatic extension
of the 13-mer using 5-Nap-ITP and terminal deoxynucle-
otidyl transferase (TdTase) using the manufacturer’s proto-
cols (Invitrogen). Briefly, 500 pmol of the 13-mer was
reacted with 1µL of TdTase and 100µM 5-NapITP in a
total reaction volume of 75µL for 20 min at 37°C. The
reaction was quenched by heating at 65°C for 10 min. The
extended DNA was then purified using a G25-sephadex spin
column to remove buffers used in the reaction with TdTase.
Following purification, the DNA was radiolabeled withγ-32P-
ATP using T4 DNA polynucleotide kinase using the
protocols supplied by the manufacturer (Invitrogen). A small
aliquot of reaction product was analyzed by 20% sequencing
gels as described (31) to validate that>95% of the original
13-mer was elongated to the corresponding 14Nap-mer (data
not shown). In some experiments, the 14Nap-mer was used
in the form of single-stranded DNA, whereas in other cases,
the 14Nap-mer was annealed with an equimolar amount of
the 20SP-mer to create the corresponding duplex (14Nap/
20SP-mer). In all rapid quench experiments, a preincubated
solution of 1µM gp43 exo+/10 mM Mg2+ was mixed versus
250 nM 5′-labeled DNA (final concentrations). The reaction
was then terminated at various times by the addition of 350
mM EDTA, and the reaction products were analyzed as
described above. The data points were plotted as initial
substrate (typically the 14-mer) remaining as a function of
time. Data for each time course were fit to eq 3, defining a
first-order decay in initial substrate concentration.

whereA is the amplitude of the burst phase,k is the observed
rate constant for product formation, andC is the end point
of the reaction.

Idle-TurnoVer Measurements.DNA (250 nM) (13/20SP-
mer or 13/20T-mer) was first preincubated with variable
concentrations of 5-NapITP (5-20µM) or 5-PhITP (20µM)
in the presence of 30µM dATP. Because of the nature of
the DNA substrate (Figure 1B), the insertion of dAMP
opposite T at position 13 in the template maintains a usable
primer template for the insertion of the non-natural nucleotide
opposite the abasic lesion (position 14). In all cases, the
reaction was initiated through the addition of 1µM gp43
exo+. Then, 5µL aliquots of the reaction were quenched
into tubes containing 5µL of 200 mM EDTA at times
ranging from 5 to 300 s. The quenched samples were
processed as described above, and product formation was
analyzed using established protocols (13). Simulations
modeling the observed kinetic time courses for nucleotide
insertion and excision were performed by mathematical
analyses using KINSIM (35) as previously described (13).

RESULTS AND DISCUSSION

The goal of this article was to rationally design non-natural
nucleotides to be effectively incorporated opposite damaged
DNA and poorly incorporated opposite normal templating
DNA. Up till now, the unpredictable nature of most DNA

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

kobs) kpol[dXTP]/(KD + [dXTP]) (2)

y ) Ae-kt + C (3)
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adducts has hindered the ability to design nucleotides that
selectively target pro-mutagenic DNA synthesis. However,
our previous mechanistic studies characterizing the incor-
poration of various non-natural nucleotide analogues opposite
an abasic site (13, 28-30) have provided insight into which
biophysical feature of the nucleotide plays an important role.
These studies demonstrate that analogues containingπ-elec-
tron density, such as 5-NITP, 5-PhITP, and 5-CE-ITP, are
efficiently incorporated opposite an abasic site (kpol/KD ∼ 5
× 106 M-1 s-1). Unfortunately, these analogues suffer from
relatively low selectivity because they were incorporated
opposite undamaged DNA with modest catalytic efficiencies
(kpol/KD ∼ 0.1-1 × 104 M-1 s-1). It was noted, however,
that the larger phenyl-indolyl and cyclohexene indolyl
analogues are at least 10-fold more selective for translesion
DNA synthesis than the smaller 5-nitro-indolyl nucleotide.
This difference in selectivity suggests that discrimination
could be influenced by manipulating the relative size of the
substituent group at the 5-position of the indole. To test this
hypothesis, we synthesized 5-NapITP and 5-AnITP in an
attempt to optimize the contributions of shape/size and
π-electron density, which are proposed to provide selective
incorporation opposite an abasic site. The enzymatic char-
acterization of these novel nucleotide analogues is provided
below.

Measurements of kpol and KD for Incorporation Opposite
an Abasic Site. KD and kpol values were measured for
5-NapITP and 5-AnITP incorporation opposite an abasic site
to further define the role ofπ-electron surface area on the
dynamics of translesion DNA synthesis. Experiments were
performed using single turnover reaction conditions in which
1 µM gp43 exo- was incubated with 250 nM 13/20SP-mer
and mixed with variable concentrations of 5-NapITP (5-
80 µM) and 10 mM Mg2+. Representative time courses
provided in Figure 2A were fit to the equation for a single-
exponential process to definekobs, the rate constant in product
formation. The plot ofkobs versus 5-NapITP concentration
is hyperbolic (Figure 2B), and a fit of the data to the
Michaelis-Menten equation yields akpol value of 27.1(
3.8 s-1, a KD value3 of 10.3( 4.5 µM, and akpol/KD of 2.7
× 106 M-1 s-1. TheKD of 10 µM for 5-NapITP is identical,
within experimental error, to that of 14µM measured for
5-PhITP (29) and 2-fold higher than that of 4.6µM for 5-CE-
ITP (30), both of which are large (>230 Å2) and contain
significantπ-electron density. Likewise, the fastkpol value
of ∼27 s-1 measured for the incorporation of 5-NapITP
opposite an abasic site rivals that of 25 s-1 measured with
5-CE-ITP (30). However, the value for 5-NapITP is 2-fold
slower than thekpol value of 50 s-1 measured with 5-PhITP
(29).

Identical analyses performed with 5-AnITP yield akpol of
5.3 ( 0.4 s-1, a KD of 26.5( 7.5 µM, and akpol/KD of 2.0
× 105 M-1 s-1. (Data for time courses in product formation
as well as the corresponding Michaelis-Menten plot are
provided in Supporting Information A.) The overall catalytic
efficiency for 5-AnITP is 10-fold lower than that for

5-NapITP and argues that increasing the overall size of the
nucleotide has a negative effect on the incorporation opposite
the nontemplating DNA lesion. The 10-fold decrease in
efficiency results from a combined 2.7-fold decrease in
binding affinity (compare 27µM vs 10 µM for 5-AnITP
and 5-NapITP, respectively), in addition to an∼5-fold
reduction in the rate constant for polymerization (compare
5.3 s-1 vs 27 s-1 for 5-AnITP and 5-NapITP, respectively).

Despite these differences, the collective data set are
consistent with our previously proposed model (30) in which
ground-state binding (KD values) for a nucleotide opposite
an abasic site appears related to the size and desolvation
properties of the non-natural nucleotide, whereas the rate of
the conformational change (kpol) is linked with the presence
of π-electron density. However, the variations in these kinetic
parameters also argue that the dynamics of this model are
incomplete. In particular, it is surprising that thekpol value

3 Because the reaction was constrained to a single turnover and given
that the rate-limiting step for incorporation is likely to be the
conformational change preceding phosphoryl transfer (22, 29), the
observed Michaelis constant closely approximates a true dissociation
constant.

FIGURE 2: (A) Dependency of the apparent burst rate constant on
the concentration 5-NapITP as measured under single-turnover
conditions. Assays were performed using 1µM gp43 exo-, 250
nM 13/20 SP, 10 mM Mg(OAc)2, and 5-NapITP in variable
concentrations of 2.5µM (O), 5 µM (0), 10 µM (]), 20 µM (×),
40 µM (+), and 80µM (∆). The solid lines represent the fit of the
data to a single exponential. (B) Observed rate constants for
incorporation (O) were plotted against 5-NapITP concentration and
fit to the Michaelis-Menten equation to determine values corre-
sponding toKD andkpol.

FIGURE 3: Single-turnover time course for the insertion of 5-NapITP
(150µM) opposite the natural nucleotide on the template: A (]),
C (0), G (×), and T (O). Assays were performed using 500 nM
gp43 exo-, 250 nM 13/20 mer, 10 mM Mg(OAc)2, and 150µM
5-NapITP.
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for 5-NapITP is actually 2-foldlower than that for 5-PhITP
because we predicted that a raw increase inπ-electron surface
area would give rise to a significantly fasterkpol value. As
pointed out by a reviewer of this article, however, there are
at least two reasons why it is unlikely that such a raw increase
would yield a better analogue. First, an analogue must also
effectively stack against the adjacent primer-template base
pair, and second, it must also conform to the geometry of
the active site of the protein to be rapidly incorporated. If
these criteria are not met, then any excess size could
potentially interfere with the closing of the fingers domain
and/or alter the configuration of active site geometry to cause
the incoming nucleotide to be solvent exposed. Indeed, it is
likely that the shear size of naphthalene may reduce the rate
of the conformational change step because the surface area
of 272.7 Å2 for 5-napthyl-indole is larger than the active
site of the polymerase as estimated from an A-T pair having
a surface area of 270.7 Å2. Consistent with this argument is
the fact that thekpol of 5-AnITP is reduced by∼5-fold
compared to that of 5-NapITP. In this case, one could argue
that the surface area of 319.1 Å2 for the 5-anthracene-indole
is ∼50 Å2 larger than that of the active site of the polymerase.
Thus, the overall efficiency of incorporation decreases as
the size of the substituent group decreases, despite maintain-
ing a highπ-electron surface area.

Kinetic Parameters for Incorporation Opposite Templating
Nucleobases.We next tested the ability of gp43 to insert
5-NapITP and 5-AnITP opposite templating DNA. It was
predicted that the large size of either analogue would
preclude their ability to be incorporated opposite any
templating nucleobase. Representative data provided in
Figure 3 provides evidence to the contrary as it is clear that
5-NapITP can be incorporated opposite any templating
nucleobase. Surprisingly, the data suggest a 10-fold prefer-
ence for incorporation opposite C and T compared that
opposite purines A and G. To further investigate this
phenomenon,kpol and KD values were measured for the

incorporation of 5-NapITP opposite templating nucleobases.
Data for all time courses in product formation as well as the
corresponding Michaelis-Menten plots are provided in
Supporting Information B.

As summarized in Table 1, the catalytic efficiency (kpol/
KD) for 5-NapITP incorporation opposite templating DNA
is ∼20-180-fold lower than that for incorporation opposite
an abasic site. In most cases, the lower catalytic efficiency
is caused by reductions in each respectivekpol value rather
than through perturbations in binding affinity because the
KD values measured for 5-NapITP opposite A, G, and T are
essentially identical4. It is striking that theKD values of∼20
µM measured opposite these templating bases are only 2-fold
higher than that of 10µM measured for incorporation
opposite the abasic site, a lesion devoid of templating
information.

4 As reported in Table 1, aKD of 55 µM was measured for the
incorporation of 5-NapITP opposite C. This value is∼2.5-fold higher
than those measured opposite other templating bases. The reason for
the difference in binding affinity is unknown.

FIGURE 4: Computer generated models for natural and non-natural base pairs generated with 5-napthyl-indole-deoxyribose. All models
were generated using Spartan 2004 software. (A) Computer generated model for the structure of 5-napthyl-indole-deoxyribose monophosphate
paired opposite thymine in which the natural nucleobase is in an extrahelical conformation. (B) Same as A but with the view of the base
pair down the helical axis. (C) Computer generated model for the structure of 5-napthyl-indole-deoxyribose monophosphate paired opposite
thymine in which the non-natural nucleobase is stacked with the templating nucleobase in an offset position. (D) Same as C but with the
view of the base pair down the helical axis.

Table 1: Summary of Kinetic Rate and Dissociation Constants for
the Incorporation of 5-Napthyl-indolyl-2′deoxyriboside Triphosphate
(5-NapITP) and 5-Anthracene-indolyl-2′deoxyriboside Triphosphate
(5-AnITP) Opposite an Abasic Site and Templating Nucleobasesa

dXTP template
kpol

(s-1)
KD

(µM)
kpol/KD

(M-1 s-1)

5-NapITP abasic 27.1( 1.5 10.3( 4.5 2,631,100
5-NapITP A 0.37( 0.03 24.6( 8.4 14,800
5-NapITP C 3.57( 0.28 54.8( 11.9 65,150
5-NapITP G 0.41( 0.04 17.7( 5.7 23,200
5-NapITP T 2.21( 0.40 16.3( 7.9 135,600
5-AnITP abasic 5.3( 0.4 26.5( 7.5 200,000
5-AnITP G 0.64( 0.12 25.4( 9.2 25,200
5-AnITP T 0.53( 0.11 28.5( 15.0 18,600

a The kinetic parameters,kpol, KD, andkpol/KD, were obtained under
single-turnover reaction conditions using 1µM gp43 exo-, 500 nM
13/20SP-mer, and 10 mM Mg2+ at varying concentrations of 5-NapITP
(5-500 µM) or 5-AnITP (5-500 µM).
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As expected, thekpol values for 5-NapITP opposite
templating DNA are reduced. However, the 10-fold reduction
is not as large as one would predict because of the large
size of the analogue. The rationale for this statement is that
the kpol for forming a purine-purine mismatch is consider-
ably slower than that for forming a normal Watson-Crick
base pair. In the T4 system, for example, thekpol for forming
a dA-dA mismatch is 0.029 s-1 (36; Berdis, A. J.,
unpublished data) and is>3000 slower than thekpol of 100
s-1 measured for forming a normal dT-dA base pair (22,
32). Surprisingly, we do not observe such large differences
in kpol values with non-natural nucleotides such as 5-NapITP
that contain significantπ-electron surface area. We have
interpreted this phenomenon within the context of our
previously proposed model outlined in Scheme 1 (30). An
important feature of this model is that the templating
nucleobase is proposed to be oriented in an extrahelical
position (38) that creates a transient void in the DNA (Step
A) that functionally mimics an abasic site. It should be noted
that the presence an extrahelical templating base has been
observed in the structures of various A family polymerases
including Thermus aquaticusDNA polymerase I (39) and
the DNA polymerase I fragment fromBacillus stearother-
mophilus(40). Although the bacteriophage T4 polymerase
is a member of the B family of DNA polymerases, crystal-
lographic evidence from the closely related RB69 DNA
polymerase indicates that the templating strand is severely
kinked such that the templating base is 11 Å away from the
primer-template junction (41). This distance precludes direct
hydrogen-bonding interactions with the incoming dNTP.
However, it does not provide clear evidence for a defined
extrahelical conformation as observed with DNA polymerase
I (39, 40). Regardless of these differences, our kinetic data
does support a mechanism precluding direct interactions with

the incoming nucleotide and the templating base because the
binding affinities for several non-natural nucleotides, such
as 5-NITP, 5-PhITP, and now, 5-NapITP, are essentially
identical and independent of templating nucleobase composi-
tion (Step A) (28-30). In contrast to binding affinity,
however, thekpol values for these non-natural nucleotides
are dependent upon the presence of a templating nucleobase.
This suggests that thekpol value represents the rate-limiting
conformational change step (Step B) that is required for the
proper alignment of the primer-template that then allows
for phosphoryl transfer (Step C). When a templating base is
present, the rate of this conformational change step is slow
(<1 s-1 for most analogues) because the shear bulk of the
non-natural nucleotide hinders the facile repositioning of the
templating nucleobase from the extrahelical position into the
interhelical conformation. The rate of this conformational
change is faster at an abasic site (>25 s-1) because the lack
of a templating nucleobase circumvents the need for this
repositioning.

Despite the overall consistencies with this mechanism, it
is quite surprising that thekpol values for 5-NapITP vary
greatly with the physical composition of the templating
nucleobase. In particular, thekpol values opposite the pyri-
midines are 10-fold faster than those opposite the purines, a
result not observed with other non-natural nucleotides such
as 5-PhITP and 5-CE-ITP (29, 30). Furthermore, the apparent
inverse correlation betweenkpol values and the relative size
of the templating nucleobase is intriguing. As mentioned
previously, thekpol value of∼3 s-1 for the incorporation of
5-NapITP opposite pyrimidines is∼10-fold faster than that
of ∼0.4 s-1 measured opposite purines. This trend is also
observed when comparing translesion versus normal syn-
thesis because thekpol of 27 s-1 for incorporation opposite
an abasic site is 10-fold faster than that of∼3 s-1 measured
opposite the pyrimidines.

At face value, the high catalytic efficiency for incorpora-
tion opposite an abasic site can be qualitatively explained
by the steric fit model (42) because the surface area of 272.7
Å2 for the 5-napthyl-indole-abasic site mispair is nearly
identical to that of 270.7 Å2 for an A-T base pair. However,
it is unlikely that this mechanism accounts for 5-NapITP
incorporation opposite pyrimidines because the size of these
formed mispairs would be at least 414 Å2, a size that cannot
be accommodated by the tightness of the active site of the
DNA polymerase (42). Indeed, this size discrepancy makes
it even more unlikely that the incoming nucleotide directly
pairs with the templating base as suggested by the crystal
structure of the RB69 DNA polymerase (41) Instead, we
envision at least two alternative possibilities that could
explain the preferential incorporation of 5-NapITP opposite
pyrimidines. The first is that the templating base remains
(or is placed) in an extrahelical conformationafter the
incorporation of 5-NapITP (Figure 4A and 4B). In this
mechanism, thekpol values are inversely correlated with
energetic differences associated with intrahelical stabilization
of purines versus pyrimidines. Because pyrimidines have less
stacking energies compared to those of purines (43-45), they
are more likely to be stabilized in an extrahelical conforma-
tion after nucleotide incorporation. Purines, however, typi-
cally prefer to exist in an intrahelical conformation (43-
45). If correct, then the slower rate of the conformational
change could reflect the increased energy associated with

Scheme 1: Proposed Model for the Enzymatic
Incorporation of Non-natural Nucleotides Opposite an Abasic
Site or Templating Nucleobasesa

a Step A represents the binding of dNTP to the polymerase:DNA
complex (KD). Step B represents the conformational change preceding
the phosphoryl transfer (kpol) required to place the triphosphate moiety
in close proximity with the positively charged amino acids as well as
to stack the nucleobase portion of the incoming dNTP into the
hydrophobic environment of the interior of the duplex DNA. Step C
represents the phosphoryl transfer step required for elongation of the
primer strand (kchem).
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stabilizing purines in an intrahelical position. Indeed, Beuck
et al. (46) demonstrated that large, polycyclic, non-natural
nucleobases can destabilize the intrahelical conformation of
the opposing nucleobase and favor its position in an
extrahelical conformation. This mechanism is similar to that
proposed for the T7 DNA polymerase during the incorpora-
tion of pyrene nucleotide opposite a thymine dimer in which
the photoproduct is forced out of the active site (47). An
alternative mechanism, depicted in Figure 4C and D, invokes
simple deformation of the newly formed mispair junction
through intercalation of the planar aromatic naphthalene
moiety into the template strand.

An even more dramatic effect is observed for the
incorporation of 5-AnITP opposite T or G. As reported in
Table 1, the T4 polymerase incorporates 5-AnITP opposite
an abasic site with a 10-fold higher efficiency compared to
that opposite templating nucleobases. As was the case with
5-NapITP, the measured binding constants are essentially
independent of the templating position (KD ∼30 µM).
However, it is striking that thekpol values for incorporation
opposite templating positions are only 10-fold slower than
that measured opposite the abasic site. In this respect, it is
truly remarkable that a high fidelity polymerase such as gp43
can catalyze the enzymatic formation of base pairs that are
clearly larger than that predicted to fill the geometry of
helical DNA.

5-NapITP Is a Chain Terminator of DNA Synthesis.The
chain-termination capabilities of 5-NapITP were quantified
by measuring the ability of gp43 exo- to extend beyond the
formed mispair using the previously described experimental
protocol (29). Briefly, 250 nM DNA was incubated in assay
buffer with 10 mM Mg2+, 500 µM dATP, and 1,000µM
dGTP in the absence or presence of 25µM 5-NapITP. The
reaction was initiated by the addition of 1µM gp43 exo-,
and aliquots of the reaction were quenched with 200 mM
EDTA at variable times (15-300 s). In the absence of
5-NapITP, gp43 exo- incorporates natural dNTPs opposite
the lesion and then extends beyond the abasic site with
modest efficiency (Figure 5A). In the presence of 5-NapTP,
however, there is rapid production of the 14-mer, which
reflects the exclusive incorporation of the non-natural nucle-
otide opposite the abasic site (Figure 5B).5 However, the
polymerase cannot elongate beyond the formed mispair

because the level of 14-mer remains invariant over the course
of the reaction (∆t ) 5 min) and, thus, indicates that
5-NapITP is a chain terminator of translesion DNA synthesis.
Similar experiments measuring the ability of 5-NapITP to
terminate DNA synthesis using unmodified DNA yield an
IC50 value of∼200µM (provided in Supporting Information
C). These results clearly demonstrate that 5-NapITP is similar
to other modified indolyl deoxynucleotides that also act as
chain terminators of translesion and normal DNA synthesis
(13, 35). The difference in the IC50 values for 5-NapITP
provides another indication that this analogue is preferen-
tially, but not exclusively, incorporated opposite an abasic
site versus templating DNA.

Exonuclease Processing of DNA Containing 5-NapIMP.
We previously demonstrated that the excision kinetics of
natural and non-natural nucleotides opposite an abasic site
were correlated with the relativeπ-electron surface area of
the nucleobase (13). Of several analogues tested, 5-PhIMP
was excised as the slowest with a low rate constant of∼1
s-1 (13). This observation predicts that the largerπ-electron
surface area of 5-napthalene would make it very resistant to
degradation from duplex DNA. This hypothesis was tested
by measuring the enzymatic hydrolysis of 5-NapIMP when
placed opposite an abasic site. Excision reactions were
performed in a rapid quench instrument as previously
described using single turnover reaction conditions (13). The
time course in the excision of 5-NapIMP from duplex DNA
is best defined as a single-exponential curve (Figure 6), and
a fit of the data to eq 3 yields an observed rate constant for
excision (kexo) of 0.7 ( 0.1 s-1. This value is∼2- and 20-
fold slower than those measured for the excision of 5-PhIMP
and 5-NIMP, respectively, and suggests that the enhanced
base-stacking ability of 5-NapIMP prevents partitioning of
the nucleoside into the exonuclease active site. An alternative
explanation, however, is that large base analogues are simply
too large to adequately fit into the exonuclease active site.
The possibility of steric exclusion was evaluated by compar-

5 The difference in mobility for DNA containing 5-NapIMP is
attributed to the larger size of the naphthalene derivative (∼273 Å2)
compared to the nucleobase portion of natural dNMPs (<150 Å2).

FIGURE 5: 5-NapITP is a chain terminator of translesion synthesis.
Assays were performed by pre-incubating the 5′-labeled 13/20 SP-
mer (250 nM) with 10 mM Mg(OAc)2, 500µM dATP, and 1000
µM dGTP in the absence (A) or presence (B) of 25µM 5-NapITP
and initiating the reaction by the addition of 1µM gp43 exo-. In
both cases, the reactions were terminated by the addition of 200
mM EDTA at time intervals ranging from 15 to 300 s. Nucleotide
incorporation was analyzed by denaturing gel electrophoresis.

FIGURE 6: Time course in the excision of 5-NapIMP from duplex
(9) or single-stranded (O) DNA. The time course in the excision
of 5-NapIMP when placed opposite an abasic site was performed
by mixing a pre-incubated solution of 1µM gp43 exo+/10 mM
Mg2+ vs 250 nM 5′-labeled DNA/10 mM Mg2+ (final concentra-
tions) and terminating the reaction at various times by the addition
of 350 mM EDTA. The time course in the 5-NapIMP excision from
single-stranded DNA was performed under identical conditions.
Each time course represents an average of two independent
determinations. Time courses were fit to the equation for single-
exponential decay,y ) Ae-kt + C, whereA is the burst amplitude,
k is the observed rate constant for product formation, andC is the
end point of the reaction. The rate constant for the excision of
5-NapIMP from duplex DNA is 0.7( 0.1 s-1, whereas that from
single-stranded DNA is 20( 4 s-1.

13300 Biochemistry, Vol. 45, No. 44, 2006 Zhang et al.



ing the kinetics of the excision of single-stranded DNA
containing or devoid of 5-NapIMP. Akexo of 20 ( 4 s-1 is
measured for the degradation of the 14Nap-mer (Figure 6).
Although this rate constant is 4-fold slower than the rate
constant of 80 s-1 measured using unmodified DNA (data
not shown), and the value of 20 s-1 from single-stranded
DNA is >25-fold faster than that from duplex DNA. Thus,
the slow rate constant of 0.7 s-1 is unlikely to reflect simple
steric exclusion from the exonuclease active site. Instead,
we propose that thekexo value of 0.7 s-1 reflects slow
partitioning of the nucleobase into the exonuclease domain
from the polymerase active site.

To validate this conclusion, idle-turnover measurements
were next performed to measure the overall process of
incorporation and excision of the non-natural nucleotide
opposite the lesion. During this process, the amount of
extension (13-mer to 14-mer) and the subsequent excision
(14-mer to 13-mer) can be monitored as a function of time
to define rate constants associated with incorporation (kpol)
and excision (kexo) (13). Time courses in idle turnover were
generated using variable concentrations of 5-NapITP (5, 10,
15, and 20µM). As shown in Figure 7, the attenuation in
14-mer degradation increases as the concentration of 5-NapITP
from 5 to 20µM. These time courses were modeled using
global-fit analysis as previously described (13) to define
values corresponding toKD, kpol, kexo, andKD′ (the binding
affinity of 5-NapITP for incorporation beyond the abasic
site). The best fit for all time courses is obtained using the
following parameters:KD ) 10 µM, kpol ) 27 s-1, kexo )
0.5 s-1, andKD′ ) 10 mM. The calculatedkexo value of 0.5
s-1 from idle-turnover experiments is nearly identical to that
of 0.7 s-1 measured directly using pre-steady state kinetic
techniques. Taken together, these results indicate that nucle-
otides containing largerπ-electron surface areas are more
resistant to exonuclease proofreading, a feature consistent
with their enhanced base-stacking capabilities rather than
simple steric exclusion.

Conclusion.This article outlines the enzymatic charac-
terization of two novel non-natural nucleotide analogues,
5-NapITP and 5-AnITP, that were rationally designed with
the goal of achieving exquisite selectivity for incorporation
opposite an abasic site. Both analogues contain extensive
π-electron surface areas and are incorporated opposite an
abasic site with relatively high efficiency. The binding

affinity for both analogues is high as manifest in lowKD

values of 10 and 27µM for 5-NapITP and 5-AnITP,
respectively. The low binding constants are consistent with
the previously proposed model for translesion DNA synthesis
catalyzed by gp43 (30) in which the ground-state binding
of the incoming nucleotide is driven by its size and
desolvation energy. In addition, both analogues have rela-
tively fastkpol values, although the value of 27 s-1 measured
with the naphthalene analogue is∼5-fold faster than that of
5 s-1 measured with the larger anthracene analogue. These
data again indicate that the rate constant for polymerization
is influenced by the presence ofπ-electron density (30).
However, it is clear from the difference inkpol values that
size/steric features also play a significant role in modulating
the efficiency of translesion DNA synthesis. This point is
made clear by inspecting the data in Table 2 and Figure 8A
that provide a comprehensive evaluation of the potential role
of π-electron surface area for incorporation opposite an
abasic site. As seen in both analyses, analogues with the
highest catalytic efficiency are those that containπ-electron
surface areas between 170 and 275 Å2. Analogues such as
5-CH-ITP and 5-AnITP, which are below and above this
threshold, respectively, have catalytic efficiencies that are
reduced by greater than 10-fold. This reduction arises

FIGURE 7: Dose dependency of the idle turnover of 5-NapITP
opposite an abasic site. gp43 exo+ (1 µM) was added last to a
solution containing 250 nM 5′-labeled 13/20SP-mer, 10 mM Mg-
(OAc)2, 20 µM dATP, and 5-NapITP at the following concentra-
tions: 5µM (O), 10µM (0), 15µM (]), and 20µM (×). Reactions
were terminated by the addition of 200 mM EDTA at time intervals
ranging from 5 to 240 s. Nucleotide incorporation and excision
were analyzed by denaturing gel electrophoresis.

FIGURE 8: (A) Comparison of the catalytic efficiency of incorpora-
tion as a function ofπ-electron surface area. The catalytic
efficiencies (kpol/KD) for incorporation opposite an abasic site are
denoted with solid circles (b). The catalytic efficiencies (kpol/KD)
for incorporation opposite T are denoted with solid squares (9).
The following color code was used to denote each non-natural
nucleotide: yellow) 5-CH-ITP; green) 5-NITP; black) 5-CE-
ITP; red ) 5-PhITP; blue) 5-NapITP; aqua) 5-AnITP. (B)
Comparison of incorporation selectivity as a function ofπ-electron
surface area. Selectivity (2) is defined as the ratio of catalytic
efficiencies (kpol/KD) for incorporation opposite an abasic site versus
incorporation opposite a templating T. The following color code
was used to denote each non-natural nucleotide: yellow) 5-CH-
ITP; green) 5-NITP; black) 5-CE-ITP; red) 5-PhITP; blue)
5-NapITP; aqua) 5-AnITP.
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primarily through a decrease inkpol rather than perturbations
in KD values. In the case of 5-CH-ITP, the removal of
π-electron density reduceskpol by 50-fold compared to that
of the closely related analogue 5-CE-ITP, which contains
π-electron density. In the case of 5-AnITP, the reduction in
kpol results from an increase in overall size. Collectively, this
analysis suggests that one can rationally design an analogue
to be efficiently incorporated opposite an abasic site by
balancingπ-electron surface area with the overall size of
the nucleobase.

With this in mind, it was predicted that analogues
containing overall large surface areas (greater than 180 Å2)
would be poorly incorporated opposite templating DNA
because of steric hindrance. Indeed, large analogues such as
5-CE-ITP and 5-PhITP are incorporated much less efficiently
opposite T than opposite the smaller analogue 5-NITP.
However, it is very surprising that analogues with excessively
largeπ-electron surface areas such as 5-NapITP and 5-AnITP
are less selective than expected. In fact, these analogues are
incorporated opposite templating DNA between 100 and
1000-fold more effectively than 5-CE-ITP. At face value,
generating selectivity against a templating nucleobase ap-
peared to be an easy task because removing the hydrogen-
bonding potential as well as dramatically increasing the size
of the nucleobase was predicted to severely retard incorpora-
tion opposite any templating nucleobase (30). However, these
data indicate that simply increasing the size of the substituent
group cannot provide selectivity for incorporation opposite
damaged versus non-damaged DNA. In fact, Figure 8B
provides striking evidence that the selectivity for incorpora-
tion (abasic site vs templating T) actually becomesworse
as theπ-electron surface area increases. One hypothesis to
explain the loss of selectivity is that the excessiveπ-electron
surface area of 5-NapITP and 5-AnITP has a detrimental
effect on the ability of the bacteriophage T4 polymerase to
properly discriminate against the incoming nucleotide. In this
instance, the energies associated with the largerπ-electron
surface area and/or lower solvation properties may compen-
sate or even substitute for the energies associated with proper
hydrogen-bonding interactions and steric constraints that are
needed for incorporation opposite templating DNA. As
illustrated in Figure 4, this compensation may result in
distorted DNA structures that are stabilized through the
enhancedπ-electron surface area of the analogue. We
emphasize that this mechanism is speculative because it is
based solely upon data generated with gp43 as a model.
Indeed, it will prove interesting to evaluate if similar trends
in selectivity are observed with other DNA polymerases that

can utilize these non-natural nucleotides. A particularly
attractive system will be to examine various error-prone DNA
polymerases such as polη, pol ι, and polú that display
unique structural (48-50) and biophysical (51, 52) properties
compared to high fidelity polymerases such as gp43.
Performing a structure-activity relationship of these non-
natural nucleotides with error prone DNA polymerases will
be prove useful in probing the mechanism by which these
polymerases efficiently catalyze translesion DNA synthesis.

SUPPORTING INFORMATION AVAILABLE

Time courses and Michaelis-Menten plot for the incor-
poration of 5-AnITP opposite an abasic site, time courses
and Michaelis-Menten plots for the incorporation of 5-NapITP
opposite all natural templating nucleobases, chain termination
capabilities of 5-NapITP during normal DNA synthesis, and
data for the idle turnover of 5-NapITP opposite an abasic
site. This material is available free of charge via the Internet
at http://pubs.acs.org.
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