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ABSTRACT: Understanding how carcinogenic DNA adducts compromise accurate DNA replication is an
important goal in cancer research. A central part of these studies is to determine the molecular mechanism
that allows a DNA polymerase to incorporate a nucleotide across from and past a bulky adduct in a DNA
template. To address the importance of polymerase architecture on replication across from this type of
bulky DNA adduct, three active-site mutants ofEscherichia coliDNA polymerase I (Klenow fragment)
were used to study DNA synthesis on DNA modified with the carcinogenN-2-aminofluorene (AF).
Running-start synthesis studies showed that full-length synthesis past the AF adduct was inhibited for all
of the mutants, but that this inhibition was substantially less for the F762A mutant. Single nucleotide
extension and steady-state kinetic experiments showed that the Y766S mutant displayed higher rates of
insertion of each incorrect nucleotide relative to WT across from the dG-AF adduct. This effect was not
observed for F762A or E710A mutants. Similar experiments that measured synthesis one nucleotide past
the dG-AF adduct revealed an enhanced preference by the F762A mutant for dG opposite the T at this
position. Finally, synthesis at the+1 and+2 positions was inhibited to a greater extent for the Y766S
and E710A mutants compared with both the WT and F762A mutants. Taken together, this work is consistent
with the model that polymerase geometry plays a crucial role in both the insertion and extension steps
during replication across from bulky DNA lesions.

Cellular DNA is under constant exposure to both endog-
enous and exogenous agents that are able to form covalently
bound adducts. If unrepaired, these lesions can cause
mutations by interfering with the accurate replication of the
DNA across from or near the damaged site. Bulky lesions
such as thymine dimers, polycyclic aromatic hydrocarbons,
or aromatic amines are known to present a strong block to
most A family, high fidelity polymerases. Alternatively, the
Y family, bypass polymerases are able to synthesize past
such damage, although sometimes with reduced fidelity (1).
Compared to high fidelity DNA polymerases, the bypass
polymerases have a much more open active site and for this
reason make fewer contacts with the DNA template. A
logical conclusion from these structural studies is that this
open structure geometry enables these polymerases to more
efficiently transverse a DNA lesion.

The mechanism by which a DNA polymerase achieves
its remarkable accuracy has been the subject of intense study
(2-4). Several lines of evidence suggest that nucleotide
selection is primarily achieved through the geometrical
constraints within the polymerase active site that allow the
formation of correct Watson-Crick base pairs and reject base
pairs that are not geometrically equivalent. Kinetic and

structural studies have shown that the polymerase undergoes
a conformational change upon the binding of the correct
nucleotide, and this rearrangement is thought to deliver the
incoming nucleotide to the polymerase active site and align
it properly for nucleophilic attack by the 3′-hydroxyl of the
primer (5). Apparently all high fidelity polymerases are able
to reach a fully active catalytic configuration if the nucleotide
can adopt a Watson-Crick geometry, and it is thought that
this so-called induced-fit mechanism provides the selectivity
during nucleotide incorporation.

Structural studies of the Pol A family of polymerases have
shown that the conformational change from an open to closed
structure that occurs upon binding of the correct nucleotide
results in a sizable movement of the O helix in the fingers
domain to generate a binding pocket that encompasses the
incoming dNTP and the complementary template base (5).
Several conserved residues within the polymerase binding
pocket have important interactions with the incoming dNTP
or the template-primer and have been shown to affect
polymerase fidelity (6). For example, in the Klenow fragment
of E. coli DNA polymerase I (KF)1 substitutions of alanine
or serine for the tyrosine at position 766 (Figure 1), an
integral part of the O helix that has previously been shown
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to be important in preserving the active site geometry within
the base-pair binding pocket, resulted in a reduced fidelity
for this mutant (7-9).

Another important residue located within the fingers
domain is the phenylalanine located at position 762 (Figure
1). The phenyl ring of this residue has been described as a
“paddling” device that sweeps incoming nucleotides into the
binding pocket (10). Cocrystal structural information shows
the phenyl ring stacking against the ribose portion of the
incoming nucleotide (5). Biochemical data suggests that this
residue positions the 3′-OH of the sugar for contact with an
as yet unconfirmed H-bond acceptor. Without this essential
contact, mutant KF polymerases with substitutions at this
site have higher frequencies of insertion of dideoxy nucle-
otides (10). Unlike many other residues whose mutants have
altered DNA fidelity on unmodified templates, the Phe-762
mutants have no apparent decrease in selectivity, relative to
the wild-type (WT), for the correct nucleotide (9).

A third residue that has been shown to contribute to the
proper polymerase active site conformation is Glu-710
(Figure 1), which is located in the so-called palm domain of
KF. This residue has been thought to act as a “steric gate”
that prevents ribonucleotide incorporation since replacement
with a smaller alanine residue leads to increased rates of
ribonucleotide incorporation (11). In addition to preventing
ribonucleotide incorporation, the Glu-710 is also involved
in nucleotide selectivity as the E710A mutant show an
increased rate of misinsertions of purine nucleotides, but a
decreased rate of misinsertions of pyrimidine nucleotides
(12).

Recently, structures of theE. coli DNA polymerase I
homologues, T7 DNA polymerase andBacillusDNA poly-
merase I, complexed withN-(deoxyguanosin-8-yl)-2-(acetyl-
amino)fluorene (dG-AAF) andN-(deoxyguanosin-8-yl)-2-
aminofluorene (dG-AF) have been elucidated (13, 14).
These two bulky carcinogenic adducts (Figure 2) adopt very
different structures in duplex DNA, and it is thought that

differences in their biological properties are related to these
structural differences. Most spectral, enzymatic, and theoreti-
cal studies suggest that theN-2-aminofluorene (AF) structure,
which represents the major adduct in many tissues (15),
produces much less distortion in the DNA helix than the
closely relatedN-2-acetylaminofluorene (AAF) adduct (16-
21). The mutagenic consequences of each adduct are also
quite distinct: while the dG-AAF adduct results in pre-
dominantly frameshift mutations in bacteria, the dG-AF
adduct produces mostly base substitution mutations (22-
24).

In the T7 DNA polymerase structure, the dG-AAF adduct
adopts a syn conformation that facilitates the intercalation
of its fluorene ring into a hydrophobic pocket on the surface
of the fingers subdomain and locks the fingers in an open,
inactive conformation (13). The intercalation of the fluorene
rings distorts the helix such that the Y766 (polymerase I
numbering) at the base of the helix is displaced into the
nucleotide binding pocket, presumably preventing nucleotide
incorporation by blocking nucleotide binding. TheBacillus
DNA polymerase I structure indicates that the guanine bound
to the AF adduct adopts a conformation similar to an
unmodified base allowing it to form a base pair with the
template base; however, the structure also reveals distortions
in the C:dG-AF base pair that presumably slows synthesis
past the adduct position (14). Taken together, these structures
provide a molecular basis for the observed effects of these
DNA adducts on replication and reveal a correspondence
between the structures of the adducts in the polymerase active
site and those in the duplex DNA.

To address the effect of active site geometry on trans-
lesion synthesis, we have examined how specific amino acid
substitutions in the active site ofE. coli DNA polymerase I
(Klenow fragment) effect synthesis on and interactions with
AAF and AF-modified primer-templates. Previously, we
reported the role that tyrosine at position 766 plays in
replication across from an AAF adduct (25). Consistent with
the mechanistic importance of this residue, we observed that
replacing the tyrosine with a smaller serine residue allowed
the polymerase to incorporate nucleotides more readily across
from a dG-AAF adduct. In the present study, we extend
the studies with this mutant to the dG-AF adduct. In addition
to examining the Tyr-766 residue, we also analyze the role
of the Phe-762 and the Glu-710 residues and provide further
insights into the structural basis for replicating across from
and past this lesion.

FIGURE 1: Representation of the positions of the Y766, F762, and
E710 residues (polymerase I numbering) from the open structure
of the Taq DNA polymerase I (5)

FIGURE 2: Structure of the dG-AF and dG-AAF adducts.
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MATERIALS AND METHODS
Materials. Wild-type Klenow fragment (exo-) Y766S,

F762A, and E710A mutant clones were generously provided
by Dr. Catherine Joyce of Yale University. Both WT and
mutant proteins were overexpressed and purified as described
(26) and contained the D424A mutation, which eliminates
the 3′-5′ exonuclease activity. The specific activity of the
protein was determined as described (27). Protein concentra-
tions were determined by colorimetry using a Bradford assay
(28) employing Bio-Rad reagents. T4 polynucleotide kinase
was purchased from Amersham Pharmacia Biotech. dNTPs
were purchased from Amersham Pharmacia Biotech. [γ-32P]-
ATP was from ICN Biomedicals.N-Acetoxy-2-acetylami-
nofluorene was obtained from the NCI Chemical Carcinogen
Reference Standard Repository.

Synthesis and Purification of Oligonucleotides.All oli-
gonucleotides were purified by denaturing polyacrylamide
gel electrophoresis. Site-specifically modified 28-mer tem-
plates were synthesized, purified, and characterized, as
described (29).

Primer Extension Analysis: Running-Start.32P-labeled 12-
mer primer (1 nM) was annealed to a 2-fold excess of the
AF-modified 28-mer template (5-GTGATG(AF) ATAAGTG-
GCCGTCGTTTTCGTC-3′) by heating to 90°C and slow
cooling. This mixture was added to a solution of dNTPs (100
µM) in 50 mM Tris-HCl, pH 7.5, containing 10 mM MgCl2,
1 mM dithiothreitol, and 0.05 mg/mL bovine serum albumin.
The reaction (final volume 100µL) was initiated by the
addition of 0.5 pmol of KF, and the mixture was incubated
at room temperature for the indicated times (0-15 min).
Aliquots (10µL) of the reaction mixture were removed, and
synthesis was stopped by cooling to 0°C and the addition
of 10 µL of gel loading buffer, which contained 90%
formamide and 5 mg/mL bromophenol blue and xylene
cyanol. The samples were analyzed on a 20% denaturing
polyacrylamide gel, and product formation was measured
with a Molecular Dynamics Storm 860 phosphoimager using
ImageQuant for quantification. Total bypass synthesis was
determined by dividing the total radioactivity past the adduct
at each time point by the total radioactivity in each lane.
Full extension was determined by dividing the total radio-
activity of the 28-mer product by the total radioactivity in
each lane.

Primer Extension Analysis: Standing-Start. 32P-labeled
primers (1 nM) were annealed to a 2-fold excess of the AF-
modified 28-mer template by heating to 90°C and slow
cooling. This mixture was added to a solution containing 50
mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol,
0.05 mg/mL bovine serum albumin, and either all four dNTPs
or an individual dNTP (100µM). The reaction (final volume
10 µL) was initiated by the addition of 0.02 pmol of KF,
and the mixture was incubated at room temperature for 10
min. Synthesis was stopped by the addition of 10µL of gel
loading buffer containing 90% formamide, 5 mg/mL of both
bromophenol blue and xylene cyanol. An aliquot was
analyzed on a 20% denaturing polyacrylamide gel, and
product formation was measured by phosphoimager analysis.
Total bypass synthesis was determined by dividing the total
radioactivity across from and extending past the adduct by
the total radioactivity in each lane. Single nucleotide exten-
sion was determined by dividing the total radioactivity of
the insertion product by the total radioactivity in each lane.

Steady-State Kinetics.Steady-state kinetics using standing-
start single nucleotide insertion and extension reactions were
carried out similar to those described in ref30. Typical
reactions were carried out in 10µL volumes in the presence
of 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM
dithiothreitol, and 0.05 mg/mL bovine serum albumin.
Primer-templates (final concentration 0.1µM) were annealed
by heating to 90° and slow cooling. Reactions were initiated
by the addition of 0.01 to 0.1 pmol of DNA polymerase and
were incubated at room temperature for 1 to 12 min at dNTP
concentrations ranging from 0.020 to 500µM. Both poly-
merase concentrations and times were varied for each
nucleotide examined to ensure that less than 20% incorpora-
tion occurred. The extent of each reaction was determined
by running reaction samples that had been quenched by the
addition of 95% formamide, 20 mM EDTA, 0.05% xylene
cylanol and bromophenol blue, on a 20% denaturing poly-
acrylamide gel to separate unreacted primer from insertion
products. Relative velocities were calculated as described
previously (31) by dividing the extent of the reaction by the
reaction time and normalized for the varying enzyme
concentrations that were used. The Michaelis constant (Km)
and maximum rate of the reaction (Vmax) were obtained from
Hanes-Wolf plots of the kinetic data. Insertion (Fins) and
extension (Fext) frequencies were determined relative to dC:
dG and dA:dT, respectively, according to equations devel-
oped by Mendelman (32, 33). The frequency of insertion
and extension are defined asF ) (Vmax/Km)[wrong pair]/
(Vmax/Km)[correct pair]. All reactions reported represent an
average of at least three experiments and had standard
deviations less than 20%.

RESULTS

Primer Extensions Using the AF-Modified Templates.
Replication was first examined for both the WT and mutant
KF polymerases using a running start primer-extension
reaction (Figure 3). Replication by the WT polymerase on
the AF-modified primer-template, shown in Figure 3A,
provided approximately 80% synthesis past the dG-AF
adduct over the 15 min time course, with minor stalling
directly across from and near the adduct, especially in the
early time points of the reaction (Figures 3B and 3C). Each
of the KF mutant polymerases displayed a different pattern
of replication products (Figure 3B). With the Y766S mutant
polymerase, synthesis was severely blocked at the dG-AF
adduct site, showing approximately 25% extension past the
adduct and less than 5% formation of the full 28-mer product
after 15 min (Figure 3C). The F762A mutant also showed
substantial stalling at the adduct site; however after 15 min
synthesis past the adduct was greater (62%) than was
observed with the Y766S mutant. Finally, the E710A mutant
was almost completely blocked at the adduct site with less
than 20% extension past the adduct and less than 2% full
extension product (Figure 3C).

Standing-Start Primer Extension at the Adduct Site.Single
nucleotide extension analysis was performed to qualitatively
determine the nucleotide specificity for the mutant poly-
merases across from the dG-AF adduct. Using the 22/28
primer-templates shown in Figure 4A, insertion was mea-
sured directly across from the adduct using each of the four
individual nucleotides for each of the KF polymerases
(Figure 4B). Under these enzyme excess conditions, all four
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polymerases exhibited preferential incorporation of dC across
from the dG-AF adduct but the Y766S mutant was
significantly less selective for correct nucleotide incorpora-
tion while the F762A and E710A mutants had similar
selectivity compared to the WT enzyme.

Single Nucleotide Incorporation Kinetics at the Adduct
Site.Steady-state kinetic analyses were performed to quantify
more accurately the insertion frequencies for incorporation
across from the dG-AF adduct by the mutant KF poly-
merases. In addition, incorporation of the correct nucleotide
(dC) was measured on an undamaged primer-template having
the same sequence (Table 1). As expected the WT poly-
merase was more efficient than each of the mutants at
incorporation on undamaged DNA (Table 1). The ratio of
the reaction rates (Vmax/Km) for incorporation of each of the

individual nucleotides vs that for incorporating dC across
undamaged DNA provides a nucleotide selectivity factor
(Fins). TheFins for the individual nucleotides for each mutant
can then be compared to that determined for the WT
polymerase. When the AF modified primer-templates were
used, each mutant showed decreased rates of insertion (Vmax/
Km) for the correct nucleotide (Table 1), however when
normalized for insertion across undamaged DNA each of
the proteins showed relatively the same frequency of
incorporation (Fins) for correct nucleotide. Although dC was
the preferred nucleotide for the Y766S mutant, this mutant
displayed an enhanced ability to incorporate an incorrect
nucleotide compared with WT KF. As shown in Table 1,
the Fins ratios (mutant/WT) for this mutant were 8.6, 10.2,
and 113 for dG, dA, and dT, respectively. Interestingly, the

FIGURE 3: Running-start primer extension analysis of AF-modified primer-templates. (A) The indicated 12-mer primer was annealed to the
28-mer template containing an dG-AF adduct at the position indicated. (B) Synthesis was carried out by both the WT and mutant Klenow
fragments (exo-) as described in “Materials and Methods”. The final concentrations in the reaction mixture were 1 nM primer-template, 5
nM polymerase, 100µM dNTPs, 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol, and 0.05 mg/mL bovine serum albumin.
Each reaction was terminated after the period of time indicated under each lane. (C) The amount of extension past the adduct (left panel)
and the amount of fully extended 28-mer product (right panel) are representative of the experiment shown in panel B. The amount of
extension was determined by phosphorimager analysis, and the levels were determined using Molecular Dynamics ImageQuant software.
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F762A mutant showed enhanced selectivity, compared with
the WT polymerase, that reduced the incorporation of dG
but similar selectivity for both dT and dA (Table 1), while
the selectivity by the E710A mutant resembled the WT
polymerase.

Primer Extensions Past the Adduct.Single nucleotide
extension reactions were carried out with primers extending
across from the adduct, to the+1 and+2 positions (Figures
5, 6, and 7) using the WT and each of the mutant KF
polymerases. Using the primer that ends across from the
adduct (Figure 5), experiments using excess levels of WT
polymerase showed incorporation of primarily the correct
nucleotide and significant amounts of incorporation of the
incorrect nucleotides. Similar experiments with the Y766S
and F762A mutants qualitatively indicated that these poly-
merases were more prone to incorporate a purine at this
position while the E710A mutant was much more specific

for incorporation of the correct nucleotide, dA, at this position
(Figure 5). These qualitative results were confirmed for the
F762A mutant using steady-state kinetic analysis (Table 2),
which showed that the relativeFins of the mutant compared
with WT for incorporation of dG was 46-fold. It is intriguing
that the F762A mutant was significantly less accurate at this
position than it was for incorporation directly across from
the dG-AF adduct.

Incorporation at the+2 and+3 positions was accurate
for both the WT and mutant polymerases although both the
WT and Y766S KF displayed an ability to incorporate some
dC at the +2 position (Figure 6). Every other mutant
displayed a strong preference for incorporation of the correct
nucleotide at the+2 position, and all of the polymerases
showed high preference for the correct nucleotide at the+3
position (Figures 6 and 7). Similar to the results seen at the
+1 position, both WT and F762A KF showed large amounts

FIGURE 4: Single nucleotide primer extensions directly across from the AF-modified primer-templates. The 22-mer primer was annealed
to the indicated AF-modified 28-mer template, and synthesis was carried out as described in “Materials and Methods”. The final concentrations
in the reaction mixture were 1 nM primer-template, 2 nM polymerase, 100µM dNTPs, 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM
dithiothreitol, and 0.05 mg/mL bovine serum albumin. The % incorporation is indicated under each lane and was determined by phosphorimager
analysis using Molecular Dynamics ImageQuant software. N4 refers to the presence of all four dNTPs.

Table 1: Kinetic Parameters for Insertion by WT and Mutant Klenow Fragmentsa

dNTP:Xb Km Vmax

Vmax/Km

(% min-1 µM-1) Fins
c

[Fins(mutant)]/
[Fins(WT)]

WT
dCTP:dG 1.9 43 22.6 1
dCTP:dG-AF 5.8 20 3.5 1.6× 10-1

dGTP:dG-AF 8.1 2.6× 10-2 3.2× 10-3 1.4× 10-4

dATP:dG-AF 12 1.3× 10-1 1.1× 10-2 4.9× 10-4

dTTP:dG-AF 21 1.4× 10-1 6.7× 10-3 3.0× 10-4

Y766S
dCTP:dG 3.4 18 5.3 1
dCTP:dG-AF 4 7.7 1.9 3.6× 10-1 2.3
dGTP:dG-AF 5.3 3.3× 10-2 6.2× 10-3 1.2× 10-3 8.6
dATP:dG-AF 4.5 1.2× 10-1 2.7× 10-2 5.1× 10-3 10.4
dTTP:dG-AF 12 2.2 1.8× 10-1 3.4× 10-2 113

F762A
dCTP:dG 19 5.6 0.3 1
dCTP:dG-AF 9.3 8.6× 10-1 9.3× 10-2 3.1× 10-1 1.9
dGTP:dG-AF 61 1.4× 10-4 2.3× 10-6 7.7× 10-6 5.5× 10-2

dATP:dG-AF 51 8.0× 10-3 1.6× 10-4 5.3× 10-4 1.1
dTTP:dG-AF 38 1.3× 10-2 3.4× 10-4 1.1× 10-3 3.7

E710A
dCTP:dG 2.4 7.7 3.2 1
dCTP:dG-AF 5.9 1.5 2.5× 10-1 7.8× 10-2 4.9× 10-1

dGTP:dG-AF 3.0 2.0× 10-4 6.7× 10-5 2.1× 10-5 1.5× 10-1

dATP:dG-AF 4.1 4.5× 10-3 1.1× 10-3 3.4× 10-4 6.9× 10-1

dTTP:dG-AF 8.6 5.3× 10-3 6.2× 10-4 1.9× 10-4 6.3× 10-1

a Kinetics of insertion were determined as described under Materials and Methods using the primer-template shown above. Final concentrations
of reaction mixtures contained 1-10 nM KF protein and 100 nM primer-template. All values represent the mean of at least three experiments and
have standard deviations<20%. b X corresponds to either an unmodified or AF-modified guanine.c Frequencies of nucleotide insertion were determined
using the equationFins ) (Vmax/Km)[dN:dG-AF]/(Vmax/Km)[dC:dG].
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of full extension at the+2 position while the Y766S and
E710A KF showed little to no full length extension (Figure
6). However, at the+3 position, the Y766S was able to
overcome its reduced extension ability and like WT and
F762A KF was able to reach significant amounts of full-
length 28-mer product. Interestingly, at this position E710A
mutant showed little full extension.

DISCUSSION

It is of considerable interest to understand how a DNA
polymerase responds to the presence of DNA damage since
permanent blockage of a replication fork could result in an

apoptotic response, while misreading by a polymerase could
lead to a potentially carcinogenic mutation. A well-studied
type of DNA lesion is the damage induced in cells following
exposure to the chemical carcinogenN-2-acetylaminofluo-
rene. Three adducts are known to form, the closely related
and well-studied C8-AAF-dG and C8-AF-dG as well as
an adduct bound to the N2 position of guanine (23, 34).
Although the chemical structures of the two C8 adducts differ
only by the presence of an acetyl group in the AAF structure,
their conformations in DNA and biological effects are quite
diverse (19, 20). The dG-AAF adduct is one of the more
distorting DNA adducts, presumably because the presence

FIGURE 5: Single nucleotide primer extensions at the+1 position. The 23-mer primer was annealed to the indicated AF-modified 28-mer
template, and synthesis was carried out as described in “Materials and Methods”. The final concentrations in the reaction mixture were 1
nM primer-template, 2 nM polymerase, 100µM dNTPs, 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol, and 0.05 mg/mL
bovine serum albumin. The % incorporation is indicated under each lane and was determined by phosphorimager analysis using Molecular
Dynamics ImageQuant software. N4 refers to the presence of all four dNTPs.

FIGURE 6: Single nucleotide primer extensions at the+2 position. The 24-mer primer was annealed to the indicated AF-modified 28-mer
template, and synthesis was carried out as described in “Materials and Methods”. The final concentrations in the reaction mixture were 1
nM primer-template, 2 nM polymerase, 100µM dNTPs, 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol, and 0.05 mg/mL
bovine serum albumin. The % incorporation is indicated under each lane and was determined by phosphorimager analysis using Molecular
Dynamics ImageQuant software. N4 refers to the presence of all four dNTPs.

FIGURE 7: Single nucleotide primer extensions at the+3 position. The 25-mer primer was annealed to the indicated AF-modified 28-mer
template, and synthesis was carried out as described in “Materials and Methods”. The final concentrations of the reaction mixture were 1
nM primer-template, 2 nM polymerase, 100µM dNTPs, 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol, and 0.05 mg/mL
bovine serum albumin. The % incorporation is indicated under each lane and was determined by phosphorimager analysis using Molecular
Dynamics ImageQuant software. N4 refers to the presence of all four dNTPs.
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of the acetyl group leads to a greater stability of thesyn
conformation in which the guanine has rotated around the
glycosidic bond. This adduct presents a strong block to most
high fidelity polymerases (35, 36) and leads primarily to
frameshift mutations in bacteria (24), which are likely formed
via a looped out DNA structure in the polymerase active
site (37, 38). Alternatively, the AF lesion is one of the least
distorting bulky DNA adducts, and this adduct can be
relatively rapidly and accurately bypassed by most DNA
polymerases. Thus, it is important to understand how these
structural differences result in the observed different biologi-
cal properties in general and specifically how each adduct
affects the interactions between the amino acid residues in
the polymerase active site and DNA template.

The process of translesion synthesis involves insertion of
nucleotides opposite the lesion and extension from this
position. Both steps are crucial for the efficient bypass of
bulky DNA lesions. Structural studies with high fidelity
polymerases reveal that, in addition to having interactions
that form the binding pocket, DNA polymerases also interact
extensively with the primer-template duplex (39). Chemical
footprinting and fluorescence spectroscopy studies show that
the polymerase domain of KF contacts five to eight base
pairs of duplex DNA (40). Many of these are electrostatic
interactions with the sugar-phosphate backbone of the DNA.
Other contacts occur in the minor groove, including hydro-
phobic interactions and H-bonds between specific side chains
and the N-3 atoms of purines and the O-2 atoms of
pyrimidines (6). Taken together, these observations suggest
that the polymerase plays an active role in checking the
“correctness” of the active site before further extension.

Recently, structures of two A family polymerases com-
plexed to primer-templates containing AAF and AF DNA
lesions have been reported. The AAF moiety was found to
intercalate into a hydrophobic pocket behind the O helix of
the fingers subdomain causing this helix to move into a
position that blocks the nucleotide binding site (13). In
contrast, the structure containing the dG-AF adduct in the

preinsertion complex shows the modified base in asyn
conformation and the O helix remaining in an open confor-
mation (14). In the postinsertion structure, the C:G-AF base
pair causes significant distortion to the active site region with
the modified base in a normalanti conformation and the
AF lesion positioned in the major groove blocking the
positioning of the next template base into the preinsertion
site (14).

In the present study, the effect of positioning the dG-AF
lesion in pre- and postinsertion sites was determined for the
WT KF and three mutant polymerases known to have altered
fidelity. As expected, the dG-AF adduct was not a strong
block to synthesis at or past the adduct position for the WT
polymerase. In this case the rate of nucleotide incorporation
was reduced approximately 4-fold for incorporation across
from the adduct compared with an unmodified template
(Table 1), but the incorporation rate was about the same at
the +1 position compared with an unmodified template
(Table 2). Thus, although the crystal structure shows that
the C:G-AF base pair distorts the active site region, this
distortion apparently does not slow nucleotide incorporation.

The Y766S mutant (Figure 1) is known to have reduced
fidelity, and the tyrosine at this position is thought to be
important in preserving active site geometry within the base-
pair binding pocket (7-9). Crystal structures of the homolo-
gous Taq polymerase in open and closed conformations
indicate that, when the closed structure forms, this tyrosine
rotates from a stacked position on top of the terminal
template base pair to a position in front of the incoming
nucleotide (41). Prior studies with the dG-AAF adduct using
this mutant revealed enhanced incorporation at the adduct
site but decreased extension past the lesion (25). The crystal
structure suggests that the absence of this residue might allow
room for dNTP binding even with the O helix moved forward
by the dG-AAF adduct (13).

Synthesis by the Y766S mutant across from the dG-AF
adduct was very efficient, with comparable rates of synthesis
at this position compared to the WT polymerase (Figure 3B,
Table 1). However the inhibition of synthesis for this mutant
at the+1 position (Figure 3) was substantial, a result very
similar to what is observed in the case of the dG-AAF
adduct. In addition, the fidelity of nucleotide incorporation
across from the dG-AF position was substantially reduced
(compared with WT KF), with higher levels of dA and dG
and substantially higher levels of dT being incorporated at
this site (Table 1, Figure 4). Prior studies have shown that
this mutant is less able to extend from a mispaired primer
(7, 8), and it is possible that the effect of the dG-AF adduct
on incorporation is related to these results. Thus, the absence
of this residue is thought to lead to an altered active site
geometry resulting in a structure that is a poor substrate for
incorporation of the next nucleotide (7, 8). Since it has been
shown that the dG-AF adduct causes a substantially altered
geometry for the base pair located in the postinsertion site
(14), it is possible that this distorted structure is exacerbated
by the absence of this tyrosine, causing a strong blockage at
this site. It is interesting to note that this mutation also leads
to reduced accuracy and an inhibition of synthesis at the+2
position but not at the+3 position (Figures 6 and 7).

The E710A mutant displayed properties similar to the
Y766S polymerase. The glutamic acid at this position has
been shown to effect polymerase fidelity and, in addition,

Table 2: Kinetic Parameters for Insertion by WT and Mutant
Klenow Fragments at the+1 Positiona

dNTP
Vmax/Km

(% min-1 µM-1) Fins
b

[Fins(mutant)]/
[Fins(WT)]

Unmodified Template
WT

dATP 10.4 1
dGTP:dT 0.36 0.035

F762A
dATP 0.22 1
dGTP 0.007 0.032 1

AF-Modified Template:
WT

dATP 11 1
dGTP 0.12 0.011

F762A
dATP 0.08 1
dGTP 0.04 0.5 46

a Kinetics of insertion were determined as described under Materials
and Methods using the primer-template shown above. Final concentra-
tions of reaction mixtures contained 1-10 nM KF protein and 100
nM primer-template. All values represent the mean of at least three
experiments and have standard deviations<20%. b Frequencies of
nucleotide insertion were determined using the equationFins )
(Vmax/Km)[dG:dT]/(Vmax/Km)[dA:dT].
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this mutant displays much higher levels of ribonucleotide
incorporation. Like the Y766S mutant, it is also inefficient
at extension from a mispaired primer suggesting that it is
less able to deal with a distortion at the 3′-end of the primer
(7, 8). Thus, like Y766S, this mutant allowed incorporation
opposite the dG-AF adduct and extension past this position
was essentially blocked.

Finally, of the three mutants studied, the F762A mutant
was the least inhibited by the dG-AF adduct (Figure 3C),
and this mutant does not display a reduced fidelity relative
to the WT on unmodified templates (9). It is possible that a
loss of the phenylalanine at this position does not alter the
active site geometry in a way that alters the base pair
orientation. However, although this mutant displays similar
fidelity compared with the WT polymerase across from the
dG-AF adduct, it is substantially less accurate at the+1
position, showing a strong preference to misincorporate dG
across from the template dT.

The results presented in this study appear to indicate that
there are different mechanisms at work for synthesis across
from vs past an dG-AF adduct. Each of the mutant
polymerases, which, based on the size of the amino acid
changes, are likely to have a more open or loose active site,
are able to incorporate across from the adduct but are
moderately to greatly inhibited at positions one or two
nucleotides past the adduct compared with the WT KF. Even
though it is well-established that the Y family, bypass
polymerases have a more open active site (42-45), there is
biochemical and structural evidence that two polymerases
may be necessary to bypass some bulky DNA adducts (46-
50). In support of this mechanism,in Vitro experiments show
that pol ú appears to be specialized at extending distorted
primer-templates (51, 52). One possible explanation for this
two-step mechanism is that the open active site that is
required for incorporation across from a bulky adduct does
not constrain the distorted, modified base pair sufficiently
to allow for synthesis at the+1 or +2 positions. The results
presented here using KF mutants having more open and less
constrained active sites support this model and, in addition,
show that subtle differences within the polymerase active
site allow for very different replication characteristics.
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