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ABSTRACT: The effects of base sequence, specifically different pyrimidines flanking a bulky DNA adduct,
on translesional synthesis in vitro catalyzed by the Klenow fragment ofEscherichia coliPol I (exo-) was
investigated. The bulky lesion was derived from the binding of a benzo[a]pyrene diol epoxide isomer
[(+)-anti-BPDE] to N2-guanine (G*). Four different 43-base long oligonucleotide templates were
constructed with G* at a site 19 bases from the 5′-end. All bases were identical, except for the pyrimidines,
X or Y, flanking G* (sequence context 5′-...XG*Y..., with X, Y ) C and/or T). In all cases, the adduct
G* slows primer extension beyond G* more than it slows the insertion of a dNTP opposite G* (A and G
were predominantly inserted opposite G*, with A> G). Depending on X or Y, full lesion bypass differed
by factors of∼1.5-5 (∼0.6-3.0% bypass efficiencies). A downstream T flanking G* on the 5′-side
instead of C favors full lesion bypass, while an upstream C flanking G* is more favorable than a T.
Various deletion products resulting from misaligned template-primer intermediates are particularly
dominant (∼5.0-6.0% efficiencies) with an upstream flanking C, while a 3′-flanking T lowers the levels
of deletion products (∼0.5-2.5% efficiencies). The kinetics of (1) single dNTP insertion opposite G*
and (2) extension of the primer beyond G* by a single dNTP, or in the presence of all four dNTPs, with
different 3′-terminal primer bases (Z) opposite G* were investigated. Unusually efficient primer extension
efficiencies beyond the adduct (approaching∼90%) was found with Z) T in the case of sequences with
3′-flanking upstream C rather than T. These effects are traced to misaligned slipped frameshift intermediates
arising from the pairing of pairs of downstream template base sequences (up to 4-6 bases from G*) with
the 3′-terminal primer base and its 5′-flanking base. The latter depend on the base Y and on the base
preferentially inserted opposite the adduct. Thus, downstream template sequences as well as the bases
flanking G* influence DNA translesion synthesis.

Benzo[a]pyrene (B[a]P),1 a widespread environmental
pollutant, is metabolized in vivo to a variety of mutagenic
derivatives (1) that form bulky DNA adducts. The most
genotoxic metabolite of B[a]P is the diol epoxide (+)-7R,8S-
dihydroxy-9S,10R-epoxy-7,8,9,10-tetrahydrobenzo[a]py-
rene [(+)-anti-BPDE]. This stereoisomer is known to form
covalent adducts with native DNA mainly bytrans-addition
of the exocyclic amino group of guanine to the C10 position
of BPDE (2) to form the covalent (+)-trans-anti-[BP]-N2-
dG adduct depicted in Figure 1. While these DNA lesions
strongly block DNA replication (3, 4), mutagenic bypass is
well established in prokaryotic and eukaryotic cells treated with BPDE (5-8). The effects of base sequence on error-

prone DNA replication past bulky DNA lesions, especially
[BP]-N2-dG adducts, has been studied extensively but is
still not well understood (9, 10).

The availability of site-specifically modified oligonucle-
otides with single, stereochemically defined [BP]-N2-dG
lesions positioned in different base sequence contexts (11-
13) has stimulated a number of site-specific mutagenesis
studies in vitro (14-18) and in cellular systems (19-24).
The mutagenic properties of the [BP]-N2-dG adducts depend
on the adduct stereochemistry, the base sequence context,
and the cell system in which the mutations are expressed
(16, 19-23, 25, 28). The most frequently observed base
substitution mutations are Gf T transversions in prokaryotic
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FIGURE 1: Structure and absolute configuration of theanti-[BP]-
N2-dG adduct (G*).
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(16, 19-22, 24, 25) and in eukaryotic cells (20, 21).
However, Gf A and G f C mutations, have also been
observed in some base sequence contexts (18-22, 26). The
mutagenic specificities observed with site-specific (+)-trans-
anti-[BP]-N2-dG lesions generally reflect the kinds of
mutations observed in random mutagenesis experiments, i.e.,
when cells are treated with (+)-anti-BPDE (6, 8, 27). On
the basis of the results of site-directed mutagenesis experi-
ments, Loechler and co-workers (7, 28) have advanced the
hypothesis that different adduct conformations can give rise
to different kinds of base substitution mutations and that these
conformations strongly depend on base sequence context.

Since many experiments can be performed in a relatively
short period of time, site-directed mutagenesis experiments
in vitro, employing purified polymerases, represent a useful
approach for studying base sequence effects on bypass of
the (+)-trans-anti-[BP]-N2-dG lesion (G*). The effects of
different bases flanking the adduct G* on translesional bypass
have not yet been analyzed systematically. However, such
studies have been performed withN-(deoxyguanosin-8-yl)-
2-acetylaminofluorene and-2-aminofluorene lesions (29,
30). In this work we focus on a series of four 43-mer
oligonucleotides, each with identical bases except for two
pyrimidines, X and Y, flanking the lesions G*. These four
sequences, designated as XG*Y) TG*C, CG*C, TG*T,
and CG*T (Chart 1), were used as templates in primer
extension reactions in vitro catalyzed byEscherichia coli
Pol I [Klenow fragment, exo- (KF-)]. The exonuclease-
deficient Klenow fragment was selected because the proof-
reading mechanism itself may introduce base sequence-
dependent effects (31). Although KF- is primarily involved
in DNA repair, it is a simple, well-characterized peptide with
high replication fidelity (32). A thorough characterization
of base sequence effects on lesion bypass catalyzed by KF-

should provide an interesting basis for making similar
comparisons with other prokaryotic or eukaryotic poly-
merases, including the recently discovered bypass poly-
merases (33-35) that bypass (+)-trans-anti-[BP]-N2-dG
lesions in vitro (35, 36) and in vivo (24). In our 43-mer
template strands, the lesions G* are positioned 19 nucleotides
from the 5′-end, thus allowing for a rather long single-
stranded overhang in the template-primer complexes bound
to the polymerase. This design was adopted because short
overhangs, with G* only five bases from the 5′-end of the
template strand, diminish the binding of KF- to DNA (37).
The (+)-trans-anti-[BP]-N2-dG lesions strongly block primer

extension beyond the modified guanine, as found earlier in
vitro with different, shorter template-primer sequences (14-
18). The efficiencies of translesion bypass, giving rise to fully
extended primer strands can vary by as much as a factor of
∼6 as the nature of the pyrimidines flanking the lesion is
changed. However, the efficiencies of translesional bypass
resulting in frameshifted primer extension products (deletion
products) depend not only on the bases flanking the lesion
but also on the more distant 5′ downstream base sequence
context on the template strand.

MATERIALS AND METHODS

Chemicals and Enzymes.All chemicals were analytical
grade. [γ-32P]ATP (3000 ci/mmol) was purchased from NEN
Life Science Products, Inc. DNA polymerase I Klenow
fragment (exo-), T4 polyneocleotide kinase, and T4 ligase
were obtained from Amersham Life Science, Inc. The dNTPs
were purchased from New England Biolabs, Inc. The
concentration of the Klenow fragment was 10 units/µL,
where one unit catalyzes the incorporation of 10 nmol of
dNTP s-1 into a poly(dA)·poly(dT) substrate.

BPDE-Modified DNA Oligodeoxynucleotides. All oligo-
nucleotides were synthesized on a Biosearch Cyclone DNA
synthesizer and were purified by standard HPLC protocols
(38). Site-specifically modified 11-mer oligonucleotides
(Chart 2) with single (+)-trans-anti-[BP]-N2-dG lesions
were generated by a direct synthesis method (11) using
racemic anti-BPDE obtained from the National Cancer
Institute Carcinogen Reference Standard Repository. The
procedures used and the methods of characterization and
verification of adduct stereochemistry were the same as those
previously described for one of the 11-mer sequences (39)
used in this work. The 11-mers were ligated to a 13-mer
and a 19-mer to form the 43-mer template strand. The three
oligonucleotides were hybridized with a complementary 39-
mer (Chart 2). The BPDE-modified 11-mer (3 nmol) and
the 19-mer were phosphorylated at the 5′-end with 1.5 mM
ATP, in a 1× T4 polynucleotide kinase buffer, and 20 units
of T4 polynucleotide kinase in a volume of 20µL. The
mixture was incubated at 37°C for 40 min. The reaction
was stopped by heating at 90°C for 5 min and then desalted
by ethanol precipitation. The phosphorylated 19-mer and
BPDE-modified 11-mer were then incubated with equal
amounts of the 13-mer and a 39-mer complementary strand
in a 200µL solution containing 50 mM Tris-HCl, 10 mM
MgCl2, 10 mM DTT, and 1.5 mM ATP. The mixture was
brought to 90°C for 5 min and was then slowly cooled to
room temperature and finally to 4°C, and 15 units of T4
DNA ligase was added. The ligation was carried out at 4°C
for 16 h and then stopped by addition of 30µL of 100 mM
EDTA. The sample was reheated at 90°C for 5 min,
followed by rapid chilling on ice, and then purified on a
20% polyacrylamide gel with 7 M urea. The 43-mer template
bands were visualized by ethidium bromide staining and

Chart 1a

a X, Y ) C or T; Z ) A, G, C, or T; W is complementary to Y.

Chart 2a

a X, Y ) C or T.
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excised, and the DNA was eluted and precipitated with
ethanol.

Running-Start DNA Replication.The 43-mer templates
were annealed with a32P-labeled 13-mer primer as shown
in Chart 1a. The BPDE-modified guanine residue was
positioned at template position 25 counted from the 3′ end
of the template strand. The time course of primer extension
assays of the adducted templates with the Klenow fragment
of DNA polymerase I (exo-), KF-, was carried out at 25°C
in 30 µL of buffered solution containing 60 nM primer-
template complexes, 120µM dNTPs, and 1µL of 10 units/
µL KF- in 1× polymerase reaction buffer. The reactions
were stopped after preselected time intervals by addition of
an equal amount of stop solution (20 mM EDTA in 95%
formamide) to the reaction mixture. The mixtures were then
heated at 90°C for 5 min, chilled on ice, and then applied
to a 20% denaturing polyacryalmide gel containing 7 M urea.
The bands were visualized by autoradiography employing a
Bio-Rad GS-525 phosphoimager.

Single dNTP Insertion opposite the Template Lesion Site.
The 43-mer template containing BPDE-modified dG was
annealed with a32P-labeled 18-mer primer. The site-specific
insertion reactions with single dNTP (dATP, dGTP, dCTP,
or dTTP) and KF- were carried out at 25°C in 30 µL of a
buffered solution containing 60 nM primer-template com-
plexes, 250µM single dNTP, and 1µL of 10 units/µL KF-

for 20 min (Chart 1b).
Primer Extension past the Lesion Site. The 43-mer

templates were annealed with a32P-end-labeled 19-mer
containing either an A, G, C, or T at the 3′-terminus (Chart
1c). The elongation reactions with all four dNTPs and KF-

were carried out at 25°C in a 30 µL buffer solution
containing 60 nM primer-template complexes, 120µM

dNTPs, and 1µL of 10 units/µL KF- in 1× polymerase
reaction buffer for 1 h and 18 h, respectively.

Kinetics Studies.The Michaelis-Menten parametersVmax

and Km, characterizing single-base insertion opposite the
modified guanine, G*, and one-base extension past G* (Chart
1b,c), were measured under conditions similar to those
described earlier (15). The 43-mer templates were annealed
with a 32P-labled primer (an 18-mer for insertion kinetics
and a 19-mer for extension kinetics) in a solution of 50 mM
Tris-HCl (pH 8.0), 5 mM MgCl2, and 2 mMâ-mercaptoet-
hanol. The polymerase (0.05-5 nM KF, exo-) and dNTPs
(in the range of 0.01-1 µM with unmodified templates and
2-200 µM in the case of BPDE-modified templates) were
added to initiate the reactions. The reactions were stopped
after time intervals varying from 60 s to 40 min, and under
conditions when no more than 20% primer extension had
occurred. The kinetic parameters were obtained from stan-
dard Hanes-Woolf plots (40).

RESULTS

Running-Start DNA Replication (Chart 1a).Typical results
from running-start replication experiments with all four
dNTPs present are shown in Figure 2. When the extension
was conducted on unmodified template-primer complexes
under identical conditions, each of the primers was extended
completely to full-length 37-mer products within 10 min
(data not shown). In the case of the BPDE-modified
templates, primer extension from the 13-mer to an 18-mer
(the 3′-terminal primer base extended up to the base flanking
the lesion on the upstream side), is quite rapid, while the
18-merf 19-mer primer extension is significantly slower.
The 18-mer band disappears in all cases after a reaction time
of ∼2 h (Figure 2). Primer extension beyond the 19-mer

FIGURE 2: Running-start time course primer extension reactions.32P-Labeled 13-mer primers were extended (Chart 1a) in the presence of
all four dNTPs (see text for conditions). Lanes labeled P represent the 13-mer primers; lanes labeled C represent the 37-mer, full extension
products. Bands 2a-2e were excised and eluted from the gels and subjected to Maxam-Gilbert sequencing analysis, and each type of band
(a, b, etc.) had the same composition. The position of the 19-mer primer extension product (successful incorporation of a dNTP, N, opposite
G* into the primer) is indicated by an arrow.
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results in several kinds of extension products. The time
course of formation of full extension products is shown in
Figure 3. Small amounts,∼0.6-3.0% of fully extended 37-
mers and 38-mers, are observed after a 2 h reaction time.
The 38-mers result from the blunt-end addition of an A to
the 3′-end of the primer (41). The amounts of fully extended
products follow the order TG*C> TG*T > CG*C > CG*T
(Figure 3). Shorter primer extension products include various
extended primer deletion products 32-36 bases long. The
formation of these deletion products is more efficient in the
case of the TG*C and CG*C sequences (∼5% and 6%,
respectively) than in the case of the TG*T (2.5%) and CG*T
(0.5%) sequences (Figure 4). The most abundant bypass
products are the truncated 20- and 21-mer primer extension
products (Figure 4). The highest fractions (∼8% and 10%)
are observed in the case of the TG*C and CG*C sequences,
when the lesion is flanked by a C on theupstream side. After
a 2-h reaction time, the overall lesion bypass was∼16-
17% in the case of the TG*C and CG*C sequences and∼8%
and ∼5% in the case of TG*T and CG*T sequences,
respectively.

Maxam-Gilbert Sequencing of Running-Start Primer
Extension Products.The primer extension products labeled
2a-2e in Figure 2 were subjected to Maxam-Gilbert
sequencing (42). The 19-mer extended primer product 2a
(Figure 2) derived from the TG*C template, has a G and an

A (A > G) at the 3′-terminus, showing that dATP and dGTP
are inserted opposite the lesion site (Figure S1, Supporting
Information). Similar results were obtained for the 19-mers
2a in the case of the other three sequences (data not shown).

Maxam-Gilbert sequencing of the 20- and 21-mer primer
extension products (primer bands 2b and 2c in Figure 2)
show that these contain mostly A and some G at sites 20
and 21 (Figure S2, Supporting Information). The polymerase
adds one or two additional As (or some Gs) beyond the lesion
site and further extension ceases, yielding the observed
truncated 20- and 21-mer extension products.

Sequencing of the band 2d shows that this is a 32-mer
primer extension deletion product (Figure 5). The base
sequence of this product is consistent with a model in which
the template strand six-base sequence 5′-...ACATG*C... was
not copied by the polymerase.

In all fully extended primers (37- and 38-mers, bands 2e
in Figure 2), the only abnormal bases detected by Maxam-
Gilbert methods were A and, to a lesser extent, G inserted
opposite the BPDE-modified guanine residue (data not
shown). No dCTP or dTTP insertion opposite the adduct was
observed by the Maxam-Gilbert methods in any of the
extended primers sequenced. These sequencing results
indicate that the fully extended primer strands do not arise
from extension of unmodified sequences that might have

FIGURE 3: Formation of full primer extension products (37- and
38-mers) as a function of reaction time (from autoradiographs of
data in Figure 2, average of two separate runs).

FIGURE 4: Percentages of primers forming deletions and truncated
extension products after a reaction time of 2 h (data from Figure
2).

FIGURE 5: Maxam-Gilbert sequencing of six-base primer extension
deletion product (designated as band 2d in Figure 2) obtained with
the TG*C template strand. The primer sequence and the template
strand segment not replicated are shown on the right.
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been present as impurities in the BPDE-modified 43-mer
template samples (43).

Single dNTP Incorporation opposite BPDE-Modified dG.
The gel electrophoresis autoradiograms for the insertion of
each of the four dNTPs, one at a time, opposite the modified
guanines in each of the four different sequence contexts are
shown in Figure S3, Supporting Information. While there is
some sequence dependence, the general order of dNTP
insertion opposite G* follows the order dATP> dGTP>
dTTP> dCTP, as observed in other sequence contexts (15,
18).

Primer Extension past the BPDE-Modified Lesion dG*.
Primer extension past the BPDE-modified guanine residue
G* was investigated by use of all four dNTPs and 19-mer
primers with different bases, Z, at the 3′ termini positioned
opposite G*. Figure 6 shows typical gel autographs repre-
senting primer extension products after reaction times of 1
h. With Z ) T at the 3′-terminus of the primer strand opposite
G* (G* ·T), and particularly in the sequences TG*C, CG*C,
and TG*T, primer extension is significantly more efficient
than in the case of Z) A, G, or C. The primer extension
products 6a (see labeled bands in Figure 6) were sequenced
and were shown to be predominantly 36-mers, or-2 deletion
primer extension products (data not shown). Primer extension
in the case of the CG*T sequence is weakest with either of
the four bases at the 3′-end of the primer strand opposite
G*. Small amounts of full-length extension products (37-
or 38-mers) are observed in the TG*C (G*·A) and CG*C
(G*·G) cases. No significant amounts of full-length extension
products were observed in the TG*T or CG*T sequences,
regardless of the nature of Z. Shorter deletion products were
observed in most experiments (Figure 6) but were not studied
in detail.

Determination of Single dNTP Insertion Efficiencies (fins)
opposite G* (Chart 1b).The values of the parametersVmax,
Km, andfins ) Vmax/Km were evaluated in order to ascertain
whether sequence effects influence primarilyVmax or Km, or
both. Some typical values of these parameters are sum-

marized in Table 1. More extensive results are provided in
Figures S4 and S5 (Supporting Information). The relative
efficiencies of insertion of dNTPs opposite G*,fins, are
compared for the four different sequences in Figure 7a. The
fins values for dNTP insertion are∼103-104 times smaller
in the case of templates with G* than with the unmodified
G. This difference can be attributed primarily to the much
larger values ofKm observed in the case of the modified
template strands G* than to the influence of the BP residues
on Vmax (see examples in Table 1).

For insertion of dATP opposite the lesion, the values of
fins are∼1.5-2.0 times greater for the two sequences with a
T rather than a C at thedownstream 5′-side of the lesion.
The fins value for the insertion of dATP opposite the lesion
are uniformly (3-5 times) larger than for the insertion of
dGTP, and only minor effects of flanking base sequences
can be discerned. Thefins value for insertion of dTTP is∼10
times smaller than in the case of dATP in the TG*C, TG*T,
and CG*T sequences but is∼50 times smaller in the CG*C
sequence context. The lowest efficiencies of insertion,
particularly in the CG*C and TG*C sequences, are observed
in the case of insertion of dCTP opposite G* (fext ∼30-80
times smaller than for dATP insertion).

Extension by One dNTP past the Lesion Site G* (Chart
1c). Some typical values ofVmax andKm, for modified and
unmodified templates (G* and G at position 19, respectively),
with Z ) A at the 3′-end of the primer strand are presented
in Table 1. Other values of these parameters are shown in
Figure S5, Supporting Information. Allfext values are
summarized in Figure 7b. In all cases, theVmax andKm values
for primer extension past the lesion site were determined
for the insertion of the next correct base after the lesion G*,
i.e., dGTP in the case of CG*C and CG*T and dATP in the
case of TG*T and TG*C (Figure S5, Supporting Informa-
tion). Thefext values for the extension of the primer strands
past the lesion site with different bases, Z, at the 3′-end of
the primer and opposite G* exhibit greater variability as a
function of template sequence context then the insertion of
dATP or dGTP opposite the lesion (Figure 7).

In the case of the template-primer G*·A mismatch at the
primer terminus, thefext values for primer extension past the
lesion are at least 1 order of magnitude smaller than for the
insertion of dATP opposite the lesion and at least 4 orders
of magnitude smaller than in the case of primer extension
beyond a normally base-paired and unmodified G·C terminus
(Table 1). Thefext values (Figure 7) are lower for extension
past G*·A with an upstream 3′-flanking T (TG*T and CG*T)
than a 3′-flanking C (CG*C and TG*C).

With Z ) G, thefext value was too small to be measured
in the case of the CG*T sequence. A rather strong effect of
base sequence is observed in the other oligonucleotides with
thefext values arranged in the order TG*T> TG*C > CG*C
> CG*T (Figure 7b). For a single-base extension past a G*·
G terminus in the CG*C, TG*C, and TG*T sequences, the
values ofVmax values are∼10 times smaller than theVmax

values for the insertion of dGTP opposite G*. However, the
Km values are particularly unfavorable in the case of the
CG*C and TG*C sequences (Figure S5). These sequence-
dependent variations inKm account predominantly for the
strong sequence dependence offext.

FIGURE 6: Primer extension beyond the lesion site with all four
dNTPs and with different bases (Z) at the primer 3′-termini (Chart
1c). The ladders on the left and right are commercial standard-size
markers (8-32 bases, from Amersham Life Science, Inc.). The 37-
mer is a full primer extension product obtained in primer extension
reactions with the unmodified 43-mer sequences as templates. The
band designated as 6a was subjected to Maxam-Gilbert sequencing
analysis.
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In the case of Z) C, anfext value was measurable only in
the case of the TG*T sequence. Thefext values were<0.001
for the other three sequences.

The most striking impact on primer extension past the
lesion is observed in the case of Z) T (G*·T template-
primer terminus). This effect is particularly important in the
case of the CG*C and TG*C sequences since, in both cases,
the Vmax values are very high [(4.0( 0.6) and (2.4( 0.4)
% min-1, respectively] and theKm values are very small
(0.062( 0.01 and 0.037( 0.006µM, respectively). These
values combine into the highest values offext [∼(65 ( 13)
% min-1 µM-1), close to the values observed with unmodi-
fied DNA (Table 1). While in the case of the CG*T sequence
the value ofVmax is relatively high [(0.71( 0.1) % min-1],
the value ofKm is also high, thus leading to a relatively
unfavorablefext value for single base extension past a G*· T
terminus. In the TG*T sequence,Vmax is low [(0.036 (
0.005) % min-1] andKm is high (4.4( 0.7µM), thus giving
rise to the smallest value offext for primer extension past a
G*·T terminus (Figure 7).

DISCUSSION

Polymerase Stall Sites and Adduct Conformations. The
polymerase first stalls when the 3′-terminal base in the primer

strand is paired with the pyrimidine base Y that flanks G*
on the upstream side (Figure 2). Dzantiev and Romano (44,
45) recently suggested that bulky aromatic lesions at the
polymerase active site inhibit the rate-determining confor-
mational change in the polymerase that is required for the
incorporation of a nucleotide. It has been shown by NMR
techniques that in similar primer-template complexes, the
hydrophobic BP residue is stacked with the 3′-terminal G
on the primer strand, while the modified guanine is in asyn
rather than in the usualanti conformation (46). Assuming
that this stacking interaction persists at the active site of the
polymerase complex, the slow insertion of dNTPs opposite
G is reasonable since the modified guanine moiety occupies
approximately the position normally assumed by the incom-
ing dNTP. A recent molecular modeling study reveals that
even if the BP-modified guanine residue at the active site of
the polymerase is in theanti conformation, the orientation
of the BP-modified guanine residue is still unfavorable for
dNTP insertion (47). Insertion of dCTP, or another dNTP,
would require a conformational change of the (+)-trans-
anti-[BP]-N2-dG adduct, which could be a rare though not
completely improbable event (10). The insertion of the dNTP
could then allow the conformational change of the poly-
merase to occur(44, 45).

The extent of lesion bypass is different in the four
sequences studied (Figures 3 and 4). In all cases, the slowest
step is the extension of the primer beyond the site of the
lesion. A similar pattern of stall sites was found with KF-

in the case of the less bulky 1,N2-ethenoguanine and 1,N2-
ethanoguanine adducts (48). An NMR study of the solution
conformation of a (+)-trans-anti-[BP]-N2-dG adduct at a
single strand/double strand junction with the 3′-terminal
primer base opposite G* in a ...CG*C... sequence context
shows that this C forms a Watson-Crick base pair with the
guanine residue of G* (49). The BP residue is no longer
stacked with one of the DNA bases and, instead, points into
the downstream, 5′-side of the modified template strand, thus
hindering the approach of the dNTP to the next template
base to be replicated. With Z) C opposite G*, significant
primer extension by a single dNTP beyond the lesion occurs
only in the case of the TG*T sequence (Figure 7b). This
unusual sequence effect is associated with a relatively
favorable value ofVmax rather than a low value ofKm and
may be related to the unusual flexibility of the TG*T

Table 1: Some Examples of Kinetic Parameters Determined for Primer Insertion or Primer Extension beyond the Modified Guanine Residue
(G*) by a Single dNTP (Chart 1b,c)a

insertion
of dNTP sequence Vmax Km fins

dCTP CGC (um) 12( 1.0 0.030( 0.003 390( 75
dATP CG*C 3.4( 0.5 15( 2.2 0.23( 0.05
dATP TG*C 6.0( 0.9 15( 2.1 0.41( 0.08

extension
by dNTP

base X
opposite G

(G·X or G*·X) Vmax Km fext

dGTP CGC (um) G·C 3.1( 0.7 0.033( 0.005 95( 32
dGTP CGC (um) G·A 2.3 ( 0.8 0.036( 0.008 64( 21
dGTP CG*C G*·A 0.12( 0.02 11.6( 1.7 0.011( 0.002
dGTP CG*C G*·T 4.0( 0.6 0.062( 0.009 64( 13
dATP TG*C G*·A 0.32( 0.05 27( 4.1 0.012( 0.002
dATP TG*C G*·T 2.4( 0.4 0.037( 0.006 66( 13
dATP TG*T G*·T 0.036( 0.005 4.4( 0.7 0.0082( 0.002
dGTP CG*T G*·T 0.71( 0.1 13( 2.0 0.055( 0.01

a Um, unmodified sequences.Vmax is given in units of percent primer extended per minute;Km is given in micromolar units.

FIGURE 7: Base sequence dependence of the steady-state single
dNTP insertion opposite G* (fins) and single dNTP extension (either
dATP or dGTP, depending on template base flanking G* on the
downstream (5′) side (fext), with f ) Vmax/Km (some values ofVmax
andKm are shown in Table 1, with the rest shown in Figures S4
and S5, Supporting Information).
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sequences (50). This flexibility may allow for a conforma-
tional mobility at the primer-template junction, which may
favor an adduct conformation that is associated with more
efficient primer extension beyond the lesion (10).

Effects of Bases Flanking the Adduct on Lesion Bypass.
The probability of lesion bypass resulting in the formation
of fully extended primers (Figure 3) is more efficient in the
TG*C and TG*T sequences, i.e., with a T flanking the adduct
on the downstream side.

Since A is preferentially inserted opposite G* in all
sequences, the more favorable effect of a downstream T
flanking the lesion on full bypass (Figure 2) may be related
to a slipped misaligned intermediate proposed for translesion
primer extension catalyzed by Polâ (51, 52). Slippage of
the modified guanine may allow for the formation of a
“dATP-stabilized misalignment” intermediate (51):

The misaligned intermediateI might facilitate incorpora-
tion of A opposite G* (II) to formIII . This mechanism may
account for the somewhat higher values offins for the
insertion of dATP opposite G* in the TG*C and TG*T than
in the CG*C and CG*T sequences (Figure 7a). Further
extension fromIII can occur with the incorporation of another
dATP. If the slipped frameshift intermediateIV is formed,
the insertion of dTTP opposite the first downstream template
A residue would result in a (-1) deletion product upon
further primer extension.

Effect of Upstream Pyrimidine Bases Flanking G*.With
a T on the upstream side of G* and either a C or a T on the
5′-side, full bypass is lower than with a C flanking the
modified guanine on the 3′-side (Figure 3). While this effect
is not large in the case of our (+)-trans-anti-BPDE-N2-dG
lesion, much larger adverse effects of upstream flanking Ts
have been observed by Efrati et al. (51) for translesional
bypass of abasic sites; the frequency factorsfins for inserting
A opposite the abasic sites catalyzed by polR and polâ
were some 10-20 times greater with an upstream C rather
than an upstream T flanking the lesion site on the 3′-side
(51). Unfavorable effects of an upstream T flanking a
propano-dG lesion (53) and anO6-methylguanine lesion (54)
on lesion bypass have also been reported. It is shown in the
Supporting Information that substitution of single C·G base
pairs by T·A base pairs flanking G* thermodynamically
destabilizes the DNA duplexes. Therefore, one might expect
more fraying of the base pair with T·A rather than C·G base
pairs at the template-primer junction. However, it is unclear
whether this effect is related to the decreased lesion bypass
in the TG*T and CG*T versus the TG*C and CG*C
sequences (Figures 3 and 4).

dNTP Insertion opposite G*. Maxam-Gilbert sequencing
of this partially extended 19-mer primer product indicates
that the base inserted opposite the lesion is predominantly
A or G with A > G (Figure S1, Supporting Information).
These results are consistent with the favorable dATP insertion
kinetics opposite G* (Figure 7a), corresponding to the well-
known “A”-rule (55), and with earlier in vitro results in other
sequences (15, 16, 18).

In general, low values offins opposite G*, when compared
to unmodified sequences, are due to relatively large values
of Km rather than to decreased values ofVmax (Table 1), thus
suggesting aKm discrimination mechanism (56, 57). In the
absence of proofreading, high values ofKm might suggest a
higher rate constant of dissociation of the dNTP from the
active site of the polymerase (58), although it is well-known
that the significance ofKm values is generally ambiguous
because of the complexity of the kinetics (59). The insertion
of dATP opposite G* shows the least variation as a function
of base sequence. WhileVmax is larger with an upstream 3′-C
rather than a T flanking the adduct, the associatedKm are
also larger (Figure S4, Supporting Information). As a result,
the fins exhibits only small variations as a function of base
sequence (Figure 7a).

Base Sequence Dependence of Formation of Deletion Pro-
ducts.We show here that the downstream sequence context
at some distance from the lesion G* is critical to the form-
ation of misaligned slipped intermediates and the formation
of deletion primer extension products. The deletions and
truncated products are formed more efficiently with Y) C
than with Y ) T flanking the lesion on the upstream side.
Various deletion mechanisms involving stalled template-
primer/polymerase complexes have been studied previously
(29, 57, 60, 61). Similar principles can also account for the
occurrence of deletion products upon extension of the
appropriate misaligned template-primer intermediates in the
TG*C and CG*C sequences. Here we consider some
examples of slipped frameshift intermediates that can account
for the observed deletion primer extension products.

The shortest deletion primer extension products are 32-
mers (bands 2d in Figure 2). These are observed when the
lesion site G* is flanked by an upstream C rather than by an
upstream T (TG*C and CG*C). As shown in Figure 5, these
32-mers arise from a (-6) deletion intermediate (the base
sequence of bands 2d are identical to one another in the case
of TG*C and CG*C). In the TG*C sequence, for example,
the appearance of the (-6) deletion product can be accounted
for in terms of the following examples of misaligned
frameshift intermediates with Z) A:
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Successful extension fromV would produce full-length
primer extension, while extension fromVI (or VII) would
lead to the observed (-6) deletion products. Insertion of a
G opposite G* would not favor a slippage mechanism in
the case of the TG*C and CG*C sequences, since there are
no downstream CC template sequences for the 3′-GG...
primer bases to pair with. Similarly, insertion of A opposite
G* in the case of TG*T and CG*T would yield two AA
bases at the 3′-end of the primer; however, there are no
downstream TT template bases to pair with, so (-6) deletion
products are not observed in these sequences either.

It can be shown that longer primer extension products with
(-1), (-2), (-3), (-4), and (-5) deletion primer products
are also possible by extension of misaligned intermediates
in the case of primers with Z) A, G, or T at their 3′-termini
(Chart 1c). However, the identities of these primer extension
products were not the primary focus of this work, and this
topic was therefore not pursued in detail.

Truncated Primer Extension Products. In all four se-
quences, the 19-mer is slowly and partially extended to a
20- or 21-mer, most likely by the insertion of A opposite
G* (Figure 7a). In the case of the sequences with a T flanking
the lesion on the 5′-side, these 20/21-mer truncated primers
may arise from slipped frameshift intermediates in which a
primer A residue, rather than G*, is looped out of the
primer-template duplex and may be in equilibrium with
other misaligned intermediates.

With a C flanking the lesion on the 5′-side, an A is inserted
opposite G*, followed by the insertion of a G that pairs with
the C on the template strand, as reported earlier by Shibutani
et al. (15) for a similar sequence. The truncated extension
products arise because further primer extension is inhibited
when there are two or more mispaired bases at the 3′-end of
the primer.

Base Sequence Dependence of Primer Extension Efficiency
beyond the Site of the Lesion. The efficiencies of primer
extension beyond the site of the lesion depend remarkably
not only on Z, the base at the 3′-terminus of the primer strand
opposite G* (Chart 1c), but also on the pyrimidines flanking
the lesion and the downstream base sequence context (Figure
6). When all four dNTPs are present, full-length primer
extension products 37 or 38 bases long are observed after a
1 h reaction time (Figure 6) only with Z) A (TG*C), and
with Z ) G, T, or A (CG*C); no full-length products are
observed when a T flanks the lesion on the upstream side
(TG*T and CG*T). Particularly striking is the efficient
primer extension observed in the case of Z) T, i.e., from a
G*·T template-primer terminus in the case of the TG*C,
CG*C, and TG*T sequences (Figure 6). In the case of the
CG*C and TG*C sequences, this is consistent with the
unusually high frequency factors,fext, for extension by a
single dNTP (dATP) beyond the G*·T template-primer

termini (Figure 7b). Thefext values, as well as theVmax and
Km values, for these two sequences are close in value to those
observed for unmodified sequences (Table 1). This is
consistent with dNTP insertion opposite a template base
distant from the lesion site (sequencesVI andVII). As Miller
and Grollman (62) have shown, the site-specific primer
extension frequencies 5 bases or more downstream from the
lesions are expected to approach values that are characteristic
of unmodified sequences. Taken together, these results
indicate that the observed efficient primer extension with Z
) T occurs by a misalignment mechanism. Taking the CG*C
sequence as an example, the following slipped frameshift
intermediate could lead to the observed deletion band (6a)
in Figure 6:

This slipped frameshift intermediate would yield (-2)
deletions or 35-mer (or 36-mer with blunt-end addition)
primer extension products. Base pairing of the 3′-TG primer
end with the next two downstream template AC base
sequences would yield a (-4) deletion. A third deletion
product about 32 bases long was not identified.

In the case of the TG*C sequence, the following examples
of slipped frameshift intermediates can lead to a (-4)
deletion:

A (-2) deletion could be introduced by another frameshift
intermediate, stabilized by a G·C base pair flanking the lesion
site:

Furthermore, the 3′-TGT... bases at the end of the primer
could pair with the 5′-...ACA... downstream template se-
quence, thus representing another pathway for forming a
slipped frameshift intermediate. The intermediatesX andXI
can account for the two deletion products observed in the
case of TG*C with Z) T. Similar deletion products should
be possible in the case of the CG*T sequence but are not
observed, thus suggesting that the bases flanking the lesion
influence the stabilities of slipped frameshift intermediates.

With Z ) T in the TG*T sequence, Maxam-Gilbert
sequencing reactions of band 6a (Figure 6) is consistent with
the formation of the following misaligned intermediate:

In the CG*T sequence context with Z) T, the two 3′-
terminal primer strand bases are TA, but there are no template
5′-AT base sequences on the downstream side to pair with.
Thus, short deletion products are not observed in this case
(Figure 6).

Recently, Alekseyev and Romano (18) observed single-
dNTP primer extension reactions beyond (+)-trans-anti-
BPDE-N2-dG lesions with oligonucleotides with a CG*T
and a TG*C sequence context but with different base
sequences from the ones used here. They measured thefext
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values for extension by a single dNTP in the two template
sequences 5′-d(CCATXG*YTACCGTTCCGTCGTTTTCG-
TG), with X ) C and Y) T in one oligonucleotide and X
) T and Y ) C in the other. With Z) T at the 3′-primer
terminus opposite G*, they observed a very highfext value
in the case of their CG*T sequence (dGTP insertion opposite
the flanking downstream template C) but not in the case of
their TG*C sequence (insertion of dATP opposite T). This
is exactly the opposite of our results, since TG*C with Z)
T is more easily extended than CG*T (Figure 6). However,
this seeming contradiction can be explained by examining
the downstream template sequences of Alekseyev and
Romano. On the 5′-side of G*, one of their sequences is
5′-CCATCG*T...-3′, while the other is 5′-CCATTG*C...-
3′; in the case of their CG*T sequence with Z) T, the two
terminal primer bases, 3′-TA..., can pair with a pair of
downstream 5′-...AT... template strand bases, thus forming
a misaligned intermediate. However, in the TG*C sequence,
the primer 3′-end bases 3′-TG... do not have any downstream
5′-...AC... base sequences to pair with, and misaligned
intermediates should not be favored. Thus, the differences
in the one-dNTP primer extension efficiencies in their
sequences and in ours can be entirely attributed to differences
in the base sequence context on the downstream side of the
template strand.

Overall, these results suggest that such measurements of
fext values for single base extension beyond the lesion site
with different bases Z opposite the adduct G* should not be
used to predict the efficiencies of full primer extension and
the preferred (Z) base substitution mutation. Such measure-
ments(18)must be complemented by extension experiments
with all four dNTPs in order to gain a true picture of the
relative contributions of base substitutions to full primer
extension and deletion mutations. The effects of downstream
template sequences on primer extension efficiencies when
slipped frameshift intermediates can arise has been also
discussed earlier by Goodman and co-workers (63), who
studied the impact of abasic sites on polymerase kinetics.

Mutational Characteristics of(+)-trans-anti-[BP]-N2-dG
Lesions in ViVo. When thesupFgene of anE. coli plasmid
is treated with (+)-anti-BPDE, G f T mutations are
dominant in SOS-inducedE. coli cells (7). Site-directed
mutagenesis studies inE. coli show that Gf T mutations
also dominate in a 5′-TG*C-3′ sequence context (25), a
CG*G context (19), CG*A and GG*T sequence contexts
(22), a TG*G context (20), a GG*A context (24), CG*G
and GG*C sequence contexts (16), and a GG*C sequence
context in mammalian COS cells (20). In all four of our
sequences, Gf T mutations are also predicted to be
dominant (Figure 7a), as observed in vitro in other experi-
ments (15, 16). However, Gf A mutations dominate in a
CG*T (26, 64) and a 5′-AG*A-3 ′ sequence context (65) in
E. coli. Since we tested both the TG*C and CG*T sequences
and found that insertion of dATP opposite G* is dominant
in both cases, other factors besides the flanking bases must
obviously govern the mutagenic specificity of (+)-trans-anti-
[BP]-N2-dG lesions. These differences could include host
factors (43), e.g., the SOS-inducedumuDC(pol V) anddinB
(pol IV) translesion bypass polymerases inE. coli (24). In
addition, Moriya et al. (20) have shown that cellular
prokaryotic and eukaryotic polymerases process the (+)-
trans-anti-[BP]-N2-dG lesions quite differently.

Here we have shown that the more distant bases strongly
influence lesion bypass by a slipped frameshift intermediate
mechanism. Deletion mutations in vivo arising from trans-
lesion bypass of (+)-trans-anti-[BP]-N2-dG lesions (24) or
DNA treated with (+)-anti-BPDE (7, 8, 27) have been
reported. Generally, frameshift mutations and large deletions
occur in runs of purines, especially guanines (66). However,
translesion bypass can occur by a slipped frameshift inter-
mediate mechanism even when the modified guanines are
flanked by pyrimidines on both sides (29). Thus, the
sequence-dependent deletions observed here are not surpris-
ing, although the large 6-base deletions are unusual.

CONCLUSIONS

The pyrimidine bases, C or T, flanking the (+)-trans-anti-
BPDE-N2-dG lesions on the 3′- or 5′-sides can exert up to
a 6-fold difference on full lesion bypass. Full primer
extension is favored by a downstream flanking T. On the
other hand, an upstream flanking T with either a flanking C
or a T on thedownstream 5′-side of the adduct diminishes
full primer extension. Deletion extension products (up to six
deleted bases) are most prominent with an upstream 3′-
flanking C. However, this type of lesion bypass is related
not only to the 3′-flanking base but also to the overall
template 5′-flanking base sequence context up to six bases
downstream from the adduct. Highly efficient lesion bypass
can depend on the formation of slipped, misaligned inter-
mediates and have no effect on base substitution mutations
since only deletion products are formed.
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with the same central sequence context as the XG*Y
sequences studied (Chart 1) and five figures showing the
Maxam-Gilbert analysis of three different primer extension
products and the base sequence dependence of the kinetic
parametersVmax andKm for single dNTP insertion opposite
G*, and extension beyond G*, by one dNTP. This material
is available free of charge via the Internet at http://
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