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ABSTRACT: The presence of bulky adducts in DNA is known to interfere with DNA replication not only
at the site of the lesion but also at positions up to 5 nucleotides past the adduct location. Kinetic studies
of primer extension by exonuclease-deficientE. coli DNA polymerase I (Klenow fragment) (KF) when
(+)-trans-or (+)-cis-B[a]P-N2-dG adducts were positioned in the double-stranded region of the primer-
templates showed that both stereoisomers significantly block downstream replication. However the (+)-
cis adduct, which causes a stronger inhibition of the nucleotides insertion across from and immediately
past the lesion, affected the downstream replication to a much smaller extent than did the (+)-trans adduct,
especially when the B[a]P-modified dG was properly paired with a dC. The effects of mismatches across
from the adduct and the sequence context surrounding the adduct were also dependent on the stereochemistry
of the B[a]P adduct. Thus, the identity of the nucleotide across from the adduct that provided the best
downstream replication was different for the (+)-cis and (+)-trans adducts, a factor that might differentially
contribute to the mutagenic bypass of these lesions. These findings provide strong direct evidence that
the conformations of the (+)-cis and (+)-trans adducts within the active site of KF are significantly different
and probably differentially affect the interactions of the polymerase with the minor groove, thereby leading
to different replication trends. The stereochemistry of the adduct was also found to differentially affect
the sequence-mediated primer-template misalignments, resulting in different consequences during the bypass
of the lesion.

The covalent DNA adducts formed by metabolically
activated B[a]P1 have been shown to be strong blocks to
DNA replication in vitro, allowing only the infrequent
incorporation of a nucleotide across from the modified base
and a negligibly small extent of further bypass (1-6). These
lesions are much more readily bypassed in vivo by mecha-
nisms that are still poorly understood (7). However, this
bypass can lead to nucleotide insertions or deletions and all
types of base substitution mutations (8), some of which are
correlated with tumor initiation and progression (9, 10). The
mutational spectra caused by these adducts are usually
complex and depend primarily on the organism studied, the
stereochemistry of the DNA adduct, and the DNA sequence
context surrounding the lesion (2, 7, 11, 12).

(()-anti-B[a]BDE, the most biologically relevant active
metabolite of B[a]P (13), reacts predominantly with the
exocyclic amine (N2) of guanine in duplex DNA via the cis
or trans opening of the epoxy ring at the C-10 position to
form four adducts (Figure 1) (9). The structures of these
adducts in the DNA duplex and at a primer-template junction
have been studied using NMR and by other spectroscopic
and computational methods [reviewed in (14)]. These studies
showed that the cis and trans adducts adopt strikingly
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FIGURE 1: Structures of (()-anti-B[a]P-N2-dG adducts.
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different conformations in double-helical DNA. The NMR
data suggest that the pyrenyl moiety of the trans adducts
positioned within the 5′-CGC-3′ sequence context is located
in the minor groove of the DNA helix, whereas the modified
guanine is in partial hydrogen-bonded alignment with the
partner cytosine. Conversely, the major conformers of both
cis adducts are intercalative, and the modified and partner
bases are displaced outside the DNA helix.

There is also a dramatic change in the structure of the
(+)-trans adduct located at a primer-template junction when
the primer is extended from a position one nucleotide before
the adduct to a position that terminates across from the
adduct. When the primer is terminated before the adduct,
the pyrenyl moiety is stacked with the last base pair of the
double-stranded segment of the primer-template, such that
the modified guanine is displaced toward the major groove
and adopts syn conformation (15). In contrast, when the
primer is extended and contains a cytosine across from the
adduct (16), the pyrenyl ring is positioned on the minor
groove side of the primer-template, pointing toward the 5′
end of the template strand. The modified base in this case
retains the anti glycosidic torsion angle and is in partial
Watson-Crick hydrogen-bonded alignment with the comple-
mentary cytosine (16). Overall this structure resembles that
of the same adduct in the fully complementary duplex.

Although the structures of these adducts in duplex DNA
have been well studied, there is very little information
available regarding their structures in the active site of a DNA
polymerase, how these adducts affect the interactions of the
DNA with the polymerase, or if adducts with different
stereochemistry affect these interactions differentially. One
report directly relating to this question is an analysis in which
a molecular dynamics simulation was carried out using rat
DNA polymeraseâ complexed with primer-template DNA
containing the major (+)-trans-anti-B[a]P-N2-dG adduct
(17). The primer in this study was terminated before the
adduct position, and the pyrenyl ring was found to be stacked
with the last base pair of the double-stranded segment of
the primer-template, resembling the above-mentioned NMR
structure (15), except that the modified guanine retained the
anti conformation. A second computational study suggested
a different structure for the (+)-trans-B[a]P-N2-dG adduct
positioned within the active site of the T7 DNA polymerase
(18). In this study, the primer was terminated before the
adduct, and the simulation was carried out in the presence
of the most commonly incorporated nucleotide, dATP. The
structure that was determined showed the modified dG in a
syn conformation and the B[a]P moiety positioned in the
major groove, thus allowing the incoming dATP to be
accommodated.

In the absence of sufficient information about the structures
of adducts of different stereochemistry within the active site
of a polymerase, there have been numerous indirect studies
that have attempted to explain differential effects of the bulky
lesions on DNA replication by correlating the structures of
these adducts in double-stranded DNA or at a primer-
template junction with the mutagenic event that a particular
isomer induces [reviewed in (7)]. For example, it has been
hypothesized that the DNA polymerase can trap the adduct
in a specific conformation that is presumably determined by
the conformation prevailing in the double-helical DNA before

the opening of the replication fork and that mutagenic
properties of the lesion depend on the nature of this trapped
conformation (8, 19). However, the assumption that the
structure of the adduct in the active site of the polymerase
maintains a relationship to the structure in duplex DNA
comes with the caveat that the conformation in the active
site may be affected by constraints imposed by accommodat-
ing the bulky adduct in the rather tight polymerase active
site and/or that the adduct conformation might be changed
as a result of this accommodation (18).

In vitro studies have shown that the cis adducts are stronger
blocks of replication than the trans adducts during incorpora-
tion of a dNTP across from the adduct (1, 5), as well as at
the position immediately following the adduct (5). However,
the order of the preference of the dNTP that is incorporated
across from the adduct and the identity of the nucleotide
across from the adduct that best allows further extension were
found to be independent of the adduct stereochemistry (1,
5). These facts make it difficult to use this type of data as a
guide in determining how a DNA polymerase interprets
different adduct structures during replication.

We have begun to develop methods to address this
problem that are based on attempting to measure differences
in the interactions of the polymerase with primer-templates
containing bulky adducts of different structures. For example,
we have used a gel retardation assay (20, 21) and a limited
trypsin digestion analysis (22) to show that that bulky lesions,
such as B[a]P, AF, and AAF adducts, can be well accom-
modated within the active site of the polymerase in the open
binary complex, but that these adducts can interfere with
conformational change of the polymerase to the closed
catalytically active ternary complex. Presumably these bulky
structures alter the structure and stability of the ternary
complex (20-22), thus affecting an important step that is
crucial in determining the fidelity of the nucleotide incor-
poration step (23). We have also showed that the (+)-cis-
and (+)-trans-anti-B[a]P-N2-dG adducts in the 5′-CGT-3′
sequence affect the binding of the KF to primer-templates
differently if the primer extends to the position across from
the adduct, a result that suggests that the conformations of
these two stereoisomers within the active site may be indeed
different (21). Despite these differences, synthesis past each
of these stereoisomers by KF on these primer-templates was
allowed only when dT was positioned across from the adduct
(5), suggesting that replication at this position depends on
the identity of a nucleotide positioned across from the adduct
rather than the stereochemistry of the adduct.

In the present study, primer-templates with primers that
extended to the+1 position past the adduct were used to
compare the effect of B[a]P adduct stereochemistry on
nucleotide incorporation at the+2 position. Although both
adducts inhibited incorporation at this position, the (+)-cis
adduct affected the downstream replication to a much smaller
extent than did the (+)-trans adduct, especially when the
B[a]P-modified dG was properly paired with a dC. The
identity of a nucleotide positioned across from the adduct
that had the least inhibitory effect on downstream replication
was different for the (+)-cis and (+)-trans adducts. These
data provide strong direct evidence that the conformations
of the (+)-cis and (+)-trans adducts within the polymerase
are significantly different.
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MATERIALS AND METHODS

Materials. The Klenow fragment ofE. coli DNA poly-
merase I [D355A, E357A double mutant (24)], T4 poly-
nucleotide kinase, and T4 DNA ligase were purchased from
Amersham Pharmacia Biotech. Oligonucleotides were ob-
tained from Midland Certified Inc. and Operon Technologies.
dNTPs were purchased from Promega. [γ-32P]ATP was from
ICN Biomedicals. The racemic (()-anti-B[a]PDE was
purchased from the National Cancer Institute Chemical
Reference Standard Repository (Kansas City, MO). All other
general reagents and chemicals were obtained from Fisher
and VWR.

Synthesis and Purification of the B[a]PDE-Modified
Oligonucleotides.All oligonucleotides were purified by 20%
denaturing polyacrylamide gel electrophoresis (PAGE) in the
presence of 8 M urea according to the procedures described
in (25) and desalted with Centricon-3 microconcentrators
(Amicon) according to the manufacturer’s protocol. The 11-
mers were modified by racemic (()-anti-B[a]PDE as de-
scribed (26). Briefly, 50-80 ODUs of 11-mer oligonucle-
otide in 100µL of 10 mM potassium phosphate buffer (pH
7.0) was mixed with 150µL of a 5.5 mM solution of (()-
anti-B[a]PDE in tetrahydrofuran/triethylamine (19:1). After
48 h, the four stereoisomers [obtained in the following
approximate relative yields: (+)-trans:(-)-trans:(+)-cis:(-
)-cis) 5.5:3.5:1:0.5] were separated by reverse-phase HPLC,
gel-purified, and desalted under conditions described in (26).
The modified oligonucleotides were characterized by UV and
CD spectroscopy, and the purity was assessed by denaturing
electrophoresis and HPLC analysis as described in (26).

The 11-mers with (+)-trans- and (+)-cis-B[a]P-N2-dG
adducts, as well as unmodified 11-mers, were ligated to the
phosphorylated 17-mer, using fully complementary 22-mers
as scaffolds according to the manufacturer’s protocol (Am-
ersham Pharmacia Biotech), and the ligated 28-mers were
separated from the ligation mixture using 20% denaturing
PAGE and desalted as described in detail (5, 21).

Kinetics of Nucleotide Insertion.The time course analyses
were performed under conditions similar to those described
(5). The purified 24-mers (10 pmol) were 5′-end-labeled with
T4 polynucleotide kinase and [γ-32P]ATP and purified using
20% PAGE in the presence of 8 M urea (the labeled DNA
was detected by Molecular Dynamics Phosphor Imager
Storm), the corresponding bands were cut out and eluted
overnight, and the solution was desalted using Centricon-3
microconcentrators (Amicon). The modified 28-mer tem-
plates (final concentration 8 nM) were annealed to the32P-
labeled 24-mer primers in a 4:1 molar ratio by heating to 95
°C and slow-cooling to room temperature in a 50µL volume
containing 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM
dithiothreitol, and 0.05 mg/mL bovine serum albumin. Under
these conditions, the labeled primer is completely annealed,
which was confirmed by analysis of an aliquot taken from
the annealing mixtures using a 7% native PAGE analysis at
+4 °C according to the procedure described in (5). After
addition of KF (final concentration 0.02 unit/µL) and 400
µM of the next correct dATP, 8µL aliquots were removed
from the reaction mixtures at the indicated times. To estimate
if the primer-templates are properly aligned, primer extension
experiments were performed in the presence of incorrect
dNTPs, all four dNTPs, or a combination of two dNTPs,

and higher amounts of the enzyme (final concentration up
to 0.08 unit/µL) and longer reaction times (up to 24 h) were
used. The samples were then heated for 3 min at 95°C in
the presence of formamide and analyzed using 15% denatur-
ing PAGE (0.4 mm). Band intensity was determined using
a Molecular Dynamics Storm PhosphorImager.

Gel Retardation Assay.Equilibrium dissociation constants
(Kd) for the polymerase-primer-template complexes were
determined as described (21). Briefly, increasing amounts
of KF (ranging from 0 to 200 nM) were incubated with32P-
labeled primer-templates (5-50 pM) for 30 min at room
temperature in 50 mM Tris-HCl, pH 7.5, containing 10 mM
MgCl2, 1 mM dithiothreitol, 0.05 mg/mL bovine serum
albumin, and 4% glycerol. The incubation mixtures were
analyzed in a native 7% polyacrylamide gel preequilibrated
with 36 mM Tris-borate buffer, pH 8.3. Quantification of
the gels was performed using Molecular Dynamics Phos-
phorImager Storm and ImageQuant. The amount of protein-
DNA complex formed at equilibrium was calculated as the
difference in the band intensities of the initial primer-
templates without polymerase addition and unbound primer-
templates. To determineKd, the fraction of the DNA bound
to the protein was plotted against the initial protein concen-
trations, and the data were analyzed using Ultrafit (Biosoft,
Cambridge, U.K.) by fitting to the equation for single-site
ligand binding. Each determination represents the average
of at least three independent experiments.

RESULTS

A kinetic analysis of the replication bypass of a DNA
adduct typically involves the determination of individual
insertion frequencies of nucleotides across from the lesion
and the extension frequency of further bypass in the presence
of the next correct nucleotide from a primer that contains
one of the four possible nucleotides across from the adduct
(27, 28). The product of these two parameters is used to
estimate the overall efficiency of lesion bypass (1). However,
this type of analysis may be incomplete since it has been
shown that bulky adducts can interfere with DNA synthesis
at positions as far as five nucleotides downstream from the
modified nucleotide (29). In addition, the presence of a bulky
adduct has been shown to promote primer-template mis-
alignments, which also might affect the results of the primer-
extension analysis (1, 6). In the present study, we have begun
to analyze effects of adduct stereochemistry and DNA
sequence both on nucleotide incorporation downstream from
the lesion and on the formation of misaligned DNA
structures.

Effect of Adduct Stereochemistry on Downstream Primer
Extension.Previous studies have shown that the (+)-trans-
and (+)-cis-anti-B[a]P-N2-dG adducts are strong blocks of
replication when the primer is terminated upstream from the
adduct and are especially strong when the primer terminates
across from the modified guanine (1, 2, 5). Figure 2 shows
the results of synthesis when the primer terminates one
nucleotide past the adduct (+1 position) and positions a dC
across from the modified guanine. Compared with an
unmodified template, where extension under these conditions
occurs in seconds (data not shown), incorporation at the+2
position of the primer is significantly affected if either a (+)-
cis or a (+)-trans adduct is present. Interestingly, the presence
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of the (+)-trans adduct essentially completely inhibited
incorporation, whereas the blocking effect of the (+)-cis
adduct was significantly less (Figure 2 and Table 1). For
example, in the case of the 5′-CGT-3′ sequence context,
essentially no extension was obtained after a 1 h incuba-
tion whereas the (+)-cis adduct is fully extended in less
than 30 min (Figure 2A). The blocking effect of the
(+)-cis stereoisomer was somewhat greater when the adduct
was positioned in the 5′-TGC-3′ sequence context (Figure
2B), where only 38% yield was obtained after 1 h of
incubation, while the (+)-trans isomer in the 5′-TGC-3′
sequence again almost completely inhibited downstream
replication (Table 1).

Downstream Extension from Primers HaVing Mismatches
Across from the Modified Guanine.Positioning each of the
four nucleotides in the primer opposite either the (+)-cis-
or the (+)-trans-B[a]P-modified guanine resulted in dramatic
differences in the rates of downstream incorporation (Figure
3 and Table 1). In the case of the 5′-CGT-3′ sequence, either
a dC or a dT positioned across from for the (+)-cis adduct
gave approximately equivalent rates of incorporation of
dATP, the next correct nucleotide, both attaining 100%
extension in less than 60 min. Placing a purine across from
the (+)-cis adduct gave much slower rates of incorporation
(only 32% and 7% yields were attained in 1 h in cases of
dA or dG positioned across from the adduct, respectively).
The order of preference for the nucleotide across from the
(+)-cis adduct was dC> dT > dA > dG (Table 1 and Figure
3A, left graph). The (+)-trans isomer gave slow rates of
incorporation for all cases, with the extent of primer
extension never exceeding 20% in 1 h for any case (Table 1
and Figure 3A, right graph). Interestingly, in the case of the
(+)-trans adduct, extension of the primer-templates contain-
ing a mismatch across from the adduct was faster compared

with fully complementary primer-templates, where extension
did not exceed 1% after 1 h. In the best case, where dA was
positioned across from the (+)-trans adduct, primer extension
reached a 19% yield after 1 h of incubation (Table 1).

When similar experiments were carried out in the 5-TGC-
3′ sequence context (Figure 3B), it was also found that the
(+)-trans isomer was a stronger block to downstream
replication compared with the (+)-cis isomer. However, in
this sequence, the order of preference for the nucleotide
across from the adduct was somewhat different. For the (+)-
cis isomer, dC remained the preferred base to be positioned
across from the adduct (38% yield after 1 h), but dT was
now the least preferred, attaining only 10% extension in 1 h
(Table 1 and Figure 3B, left graph). For the (+)-trans isomer,
dA was the preferred base (12% yield after 1 h), and
negligibly slow extension (less than a 5% yield) was observed
for any of the other nucleotides (Table 1 and Figure 3B,
right graph).

Finally, in the experiments shown in Figure 3, the rates
of extension were too slow to allow a precise determination
of the kinetic parameters and a calculation of the overall
reaction efficiencies (Vmax/Km). However, the analysis of the
time courses in identical experimental conditions allows a
qualitative comparison of the trends of the bypass efficiency.
In our previous studies, these trends were always correlated
with the trends of the values calculated for the overall
reaction efficiencies (Vmax/Km) (5).

Binding of KF to Modified Primer-Templates.To further
investigate how the presence of an adduct affects the
replication downstream of the lesion, we determined dis-
sociation constants for the binding of KF to the 24-mer/28-
mer unmodified primer-templates and the primer-templates
containing the (+)-trans-and (+)-cis-B[a]P-N2-dG adducts
within the 5′-CGT-3′ sequence context [shown in Figure 3A

FIGURE 2: Time course of primer extension past the (+)-trans-and (+)-cis-B[a]P-N2-dG adducts paired with dC in (A) 5′-CGT-3′and (B)
5′-TGC-3′ sequence contexts by KF. The32P-labeled 24-mer primers positioning dC across from the adduct were annealed to 28-mer
templates and incubated with KF in the presence of the next correct nucleotide (dATP) under conditions described under Materials and
Methods. Aliquots were taken from the reaction mixture at the indicated time points, heated in the presence of formamide, and analyzed
by denaturing PAGE (15%). Primer extension (%), calculated as the ratio of the band intensity of the extension product (primer+1) to that
of the total DNA (an average of three independent experiments), was plotted as a function of time.
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(top)]. Binding to these primer-templates was less stable than
when shorter primers were used (21), presumably because
of the shorter single-stranded 5′-overhangs (discussed in ref
21). Although binding to the unmodified primer-template was

strongest when the primer was correctly paired, much smaller
differences were observed for binding to the primer-template
that positions any base across from either the (+)-trans or
the (+)-cis adduct (Table 2). The stability of the modified
complexes followed approximately the same trends as in the
case of a primer terminated at the adduct position (21): the
complexes containing the purines across from the (+)-trans
adduct were more stable than those containing the pyrim-
idines, while complexes with the (+)-cis adducts were more
stable when pyrimidines were positioned across from the
adduct. The observed differences, however, were small
(maximum 1.7-fold), suggesting that these binding differ-
ences are not a major factor determining the differences in
replication efficiencies observed for the (+)-cis and (+)-
trans adducts.

Analysis of Primer-Template Misalignments in the 5′-CGT-
3′ Sequence.It is theoretically possible that the differences
observed in Figures 2 and 3 may be due to different abilities
of the cis vs the trans adduct to promote the formation of
misaligned structures, such as those shown in Figure 4. For
example, misalignment of the 5′-CGT-3′ primer-template as
shown in Figure 4A would cause the next correct nucleotide
to be dGTP, rather than dATP. If the trans (but not the cis)
adduct promoted this misalignment, then addition of dATP
should be slow in this case since dGTP would be the correct
nucleotide. To test this possibility, the rate of extension in
the presence of the next correct nucleotide according to
correct alignment (dATP in this case) was compared with
the rate of extension in the presence of dGTP, which would
be a correct dNTP when this primer-template is misaligned
(see Figure 4). The absence of extension in the presence of
dGTP would be strong evidence that misalignment had not
occurred. The appearance of the primer extension product
in the presence of dGTP, on the other hand, would suggest
misalignment but would not be absolutely conclusive because
the equilibrium between properly aligned and misaligned
primer-templates might be shifted by the presence of an
excess of corresponding dNTP (23). In addition, the fidelity
of the dNTP incorporation at the analyzed positions can also
be affected by the presence of the upstream adduct that could
lead to incorporation of a mispaired dNTP. Additional data
were obtained from an analysis of primer-extension in the
presence of all four dNTPs and using combinations of two
dNTPs.

The analysis presented in Figure 5 for the 5′-CGT-3′
sequence indicates that neither the cis nor the trans adduct
promotes a misaligned primer-template structure when dC
is present opposite the adduct, and thus the differences

FIGURE 3: Time course of primer extension past the (+)-trans-
and (+)-cis-B[a]P-N2-dG adducts in (A) 5′-CGT-3′ and (B) 5′-
TGC-3′ sequence contexts by KF. The32P-labeled 24-mer primers
with one of the four nucleotides (N) across from the adduct were
annealed to 28-mer templates and incubated with KF in the presence
of the next correct nucleotide dATP under conditions described
under Materials and Methods. Aliquots were taken from the reaction
mixture at the indicated time points, heated in the presence of
formamide, and analyzed by denaturing PAGE (15%). Examples
of the corresponding gels are shown in Figure S1 (Supporting
Information). Primer extension (%), calculated as a ratio of the band
intensity of the extension product (primer+1) to that of the total
DNA (an average of three independent experiments), was plotted
as a function of time.

Table 1: Primer Extension Yields (%) in the Presence of the Next
Correct dNTPa

Nb

sequence adduct dC dT dA dG

5′-CGT-3′ (+)-trans 1 17 19 8
5′-CGT-3′ (+)-cis 100 100 32 7
5′-TGC-3′ (+)-trans 1 2 12 4
5′-TGC-3′ (+)-cis 38 10 19 21
a Reactions were carried out for 1 h. Primer extension yields (%)

were calculated as the ratio of band intensity of the extension product
to that of the total DNA (average of three independent experiments).
The standard deviation in all cases did not exceed 10% and is omitted
for clarity. Representative gels are shown in Figures 2 and S1
(Supporting Information).b Nucleotide in primer across from the adduct
as indicated in Figure 3A, top.

Table 2: Dissociation Constants (nM) for KF Complexes with
24-mer/28-mer Primer-Templatesa

Nb

template dC dT dA dG

unmodified 6 14 38 19
(+)-trans 40 35 30 30
(+)-cis 26 25 42 30

a Dissociation constants were determined using a gel-retardation assay
as described under Materials and Methods using the primer-templates
shown in Figure 3A, top. Each determination represents the average
of three independent experiments. The standard deviation in all cases
did not exceed 50% and is omitted for clarity.b Nucleotide in primer
across from the adduct as indicated in Figure 3A, top.
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observed in Figure 2A cannot be explained by different
alignment of the primer-templates. In both cases, extension
occurs only in the presence of dATP, which is the correct
nucleotide to be incorporated for a properly aligned structure
(Figure 4A), and not in the presence of any other dNTP
(Figure 5 and Table 3). Extension in this case resulted in
100% and 9% yields after a 1 h incubation for the cis and
trans adducts, respectively. Although not shown, the addition
of dATP and dTTP together (the next two correct dNTPs)
resulted in the formation of 25-mer and 26-mer products also
in accordance with correct alignment. Simultaneous addition

of all four dNTPs gave rise to a fully extended 28-mer
product [16% and 2% yield after 24 h for the (+)-cis and
(+)-trans adducts, respectively], also indicating that mis-
alignment had not occurred. The formation of the 25-mer
product in the presence of all four dNTPs cannot be the result
of extension of the misaligned primer-template shown in
Figure 4A because the incorporation of dGTP, which would
be the next correct dNTP in this case, was not observed
(Figure 5 and Table 3). In addition, the formation of a 25-
mer product was also observed in the presence of all four
dNTPs in the case of the 5′-TGC-3′ sequence (see Figure

FIGURE 4: Correct and predicted incorrect alignment of primer-templates containing B[a]P-N2-dG adduct in the 5′-CGT-3′ sequence context
in which each of the four nucleotides is positioned across from the adduct. Also shown is the next correct dNTP according to the alignment
indicated.

FIGURE 5: Analysis of the primer-template alignment for the (+)-cis- or (+)-trans-B[a]P-N2-dG adducts in the 5′-CGT-3′ sequence paired
with dC. The32P-labeled 24-mer primers with dC across from the adduct were annealed to 28-mer templates and incubated with KF in the
presence of the next correct nucleotide (dATP), an incorrect dNTP (dTTP or dGTP), or all four dNTPs (as indicated) under conditions
described under Materials and Methods. Aliquots were taken from the reaction mixture at the indicated time points, heated in the presence
of formamide, and analyzed by denaturing PAGE (15%). The products were assigned in accordance with migration of standard oligonucleotides
of identical sequences (not shown). Shown below is the correct primer-template alignment that is predicted from the gel analysis.
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7), while a misalignment in this sequence would lead to
formation of a 27-mer and not a 25-mer. This shorter product
is most probably formed because of strong inhibition of
replication at this position by the upstream adduct in both
sequences. Consistent with the results shown in Figure 2A,
the (+)-trans isomer inhibited replication much more strongly
than the (+)-cis isomer (Figure 5 and Table 3), so that the
full-length extension 28-mer product did not exceed 2% after
24 h and was detectable only on overexposure of the gel
(not shown).

The experiment shown in Figure 5 was repeated using
primers that positioned dA and dT across from either the
(+)-cis or the (+)-trans adducts (Figure 6). With dA
positioned across from either adduct, primer extension was
detected only in the presence of dATP [52% and 47% yields
after 24 h for the cis and trans adducts, respectively (Table
3 and Figure 6A)], indicating that the potential misalignment
shown in Figure 4B was not occurring. Addition of the two
next correct dNTPs lead to formation of a 26-mer, also in
accordance with correct alignment. Full-length extension to
a 28-mer occurred at low levels in the presence of all four
dNTPs (17% yield for the cis and 8% yield for the trans
adduct after 24 h). Similar results were observed when dT
was positioned across from the (+)-cis adduct, although the
level of 28-mer formed was highers28% after 24 h (Table
3 and Figure 6B, top gel). However, when dT was positioned
across from the (+)-trans adduct (Figure 6B, bottom gel),
the rates of primer extension in the presence of dGTP and

dATP were comparable (64% yield vs 45% after 24 h,
respectively), suggesting that partial primer-template mis-
alignment as shown in Figure 4C may occur. Consistent with
this, a very small amount of 28-mer (only a 9% yield vs a
28% yield for the cis adduct) was detected in this case after

FIGURE 6: Analysis of the primer-template alignment for the (+)-cis- or (+)-trans-B[a]P-N2-dG adducts in the 5′-CGT-3′ sequence paired
with dA (A) or dT (B). The32P-labeled 24-mer primers positioning dA (A) or dT (B) across from the adduct were annealed to 28-mer
templates and incubated with KF in the presence of the next correct nucleotide (dATP), an incorrect dNTP (dTTP or dGTP), a combination
of the two next correct dNTPs (dATP and dTTP), or all four dNTPs (as indicated) under conditions described under Materials and Methods.
Aliquots were taken from the reaction mixture at the indicated time points, heated in the presence of formamide, and analyzed by denaturing
PAGE (15%). The products were assigned in accordance with migration of standard oligonucleotides of identical sequences (not shown).
A correct primer-template alignment (as shown in panel A) is predicted from the gel analysis when the adduct is paired with dA. The
correct and incorrect primer-template alignments (as shown in panel B) are predicted when the (+)-trans adduct is paired with dT. Only
correct alignment is predicted for templates containing the (+)-cis adduct paired with dT.

Table 3: Analysis of the Primer-Template Misalignment in the
5′-CGT-3′ Sequence

Na adduct
incorpn of
dAMP, %b

incorpn of
dGMP, %b

fully
extended

product, %c alignment

C (+)-cis 100 NDd 16 correct
(+)-trans 9 ND 2 correct

A (+)-cis 52 ND 17 correct
(+)-trans 47 ND 8 correct

T (+)-cis 100 ND 28 correct
(+)-trans 45 64 9 cor/incor

a Base across from adduct.b Primer extension yields (%) in the
presence of the next correct dNTP according to correct or incorrect
alignment of the primer-template (dATP or dGTP, respectively, as
shown in Figure 4) after 24 h of incubation. Primer extension yield
(%) was calculated as the ratio of band intensity of the extension product
to that of the total DNA (average of three independent experiments).
The standard deviation in all cases did not exceed 15% and is omitted
for clarity. Representative gels are shown in Figures 5 and 6.c Full-
length primer extension yields (%) in the presence of all four dNTPs
after 24 h of incubation were calculated as the ratio of band intensity
of the full-length extension product (28-mer) to that of the total DNA
(average of three independent experiments). The standard deviation in
all cases did not exceed 20% and is omitted for clarity. Representative
gels are shown in Figures 5 and 6.d ND: Not detected.
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primer extension reaction with all four dNTPs for 24 h.
Presumably the misaligned structure in this case is more
stable because two terminal bases of the primer 5′-TG-3′
can pair with downstream 5′-CA-3′ on the template (Figure
4C). This could result in some decrease of the extension
efficiency observed in Figure 3A for the (+)-trans adduct
paired with dT. When dG was positioned across from either
the cis or the trans adduct (Figure 3A and Table 1), very
low levels of extension in the presence of the next correct
dNTP were observed (less than 8% after 1 h), suggesting
that this mismatch provides significant inhibition of down-
stream replication, although the formation of a misaligned
blunt-ended structure (Figure 4D) cannot be ruled out.

Analysis of Primer-Template Misalignments in the 5′-TGC-
3′ Sequence.A similar set of experiments carried out with
the 5′-TGC-3′ sequence indicated that misaligned structures
may occur in this case. With the cis isomer paired with dC
(Figure 7, top gel, and Table 4), incorporation of dAMP
predominates (88% yield after 24 h), but significant levels
(63% after 24 h) of dTMP (but not dGMP) are also
incorporated, suggesting that a misalignment of the primer-
template is possible. This misalignment is likely to be a minor
component of the bypass process because in the presence of
all four dNTPs only 4% of the total DNA in the reaction
mixture after 24 h is a 27-mer, which would be the result of
primer extension of this misaligned structure, whereas
approximately 10% of the total DNA is the fully extended
28-mer. Interestingly, the fraction of misaligned primer-

template in the case of the trans isomer appears to be greater
than for the cis isomer (Figure 7, lower gel) since primer
extension in the presence of dTMP, the next correct
nucleotide for the misaligned primer-template, gives rise to
an 11% yield of the 25-mer product after 24 h, which is
comparable to the incorporation of dAMP, the next correct
nucleotide for the correctly paired primer-template (8% yield
after 24 h). However, the contribution of this structure on
bypass cannot be evaluated fully because the level of full-
length extension was negligible in this sequence. It is
important to note that this potential misalignment structure
did not result in increased levels of primer extension since
the rate of replication in the presence of all four dNTPs was
not faster in this sequence context than for the 5′-CGT-3′
sequence context where misalignment does not occur.

Analysis of the full-length extension reactions when a
mismatched nucleotide is positioned across from the adduct
(Figure 8) provides further evidence that this sequence is
more prone to misalignments than the 5′-CGT-3′ sequence
since in this case the 27-mer product of primer extension
was detected. Interestingly, the extension in the presence of
all four dNTPs when dA was positioned across from the (+)-
trans adduct in this sequence was significantly more efficient
than in any other case for either sequence context (Figure
8A and Table 4), such that the primer was almost completely
extended after 24 h, giving rise mostly to the 27-mer product
(85% of the total DNA in the reaction mixture) and only
9% of the 28-mer product. In the case of the cis adduct,

FIGURE 7: Analysis of the primer-template alignment for the (+)-cis- or (+)-trans-B[a]P-N2-dG adducts in the 5′-TGC-3′ sequence paired
with dC. The32P-labeled 24-mer primers positioning dC across from the adduct were annealed to 28-mer templates and incubated with KF
in the presence of the next correct nucleotide (dATP), an incorrect dNTP (dTTP or dGTP), or all four dNTPs (as indicated) under conditions
described under Materials and Methods. Aliquots were taken from the reaction mixture at the indicated time points, heated in the presence
of formamide, and analyzed by denaturing PAGE (15%). The products were assigned in accordance with migration of standard oligonucleotides
of identical sequences (not shown). Shown below, both the correct and misaligned primer-templates are predicted from the gel analysis.
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extension past the adduct occurred to a lesser extent than
with the trans adduct (20% of the primer remained unex-
tended after 24 h) and resulted in the production of both a
27-mer and a 28-mer (59% and 15% of the total DNA after
24 h, respectively). This suggests that the base-pairing of
two consecutive A:T’s resulted in a misaligned structure that
was easily bypassed, especially in the case of trans adduct.

Finally, consistent with the inefficient one-nucleotide exten-
sion with a dT positioned across from either adduct (Figure
3B), no full-length extension product was detected after 24
h incubation in the case of the (+)-trans adduct, and only
6% and 5% yields of the 28-mer and 27-mer, respectively
(Figure 8B and Table 4), were observed for the (+)-cis
adduct.

FIGURE 8: Full-length extension analysis of primer-templates containing the (+)-cis- or (+)-trans-B[a]P-N2-dG adducts in the 5′-TGC-3′
sequence context. The32P-labeled 24-mer primers positioning dA (A) or dT (B) across from the adduct were annealed to 28-mer templates
and incubated with KF in the presence of all four dNTPs under conditions described under Materials and Methods. Aliquots were taken
from the reaction mixture at the indicated time points, heated in the presence of formamide, and analyzed by denaturing PAGE (15%). The
products were assigned in accordance to migration of standard oligonucleotides of identical sequences (not shown). Appearance of the
27-mer product in accordance with the primer-template misalignment (as shown below) was observed when dA was positioned across from
either adduct (A). No full-length extension was observed under the same reaction conditions when dT was positioned across from either
adduct (B).

Table 4: Analysis of the Primer-Template Misalignment in the 5′-TGC-3′ Sequence

base across
from adduct adduct

incorporation of
dAMP, %a

incorporation of
dTMP, %a

fully extended
product (28mer), %b

misalignment
product (27mer), %b alignment

C (+)-cis 88 63 10 4 correct/incorrect
(+)-trans 8 11 2 2 correct/incorrect

A (+)-cis ndc nd 15 59 mostly incorrect
(+)-trans nd nd 9 85 mostly incorrect

T (+)-cis nd nd 6 5 correct/incorrect
(+)-trans nd nd not detected not detected nd

a Primer extension yields (%) in the presence of the next correct dNTP according to correct or incorrect alignment of the primer-template (dATP
or dTTP, respectively, as shown in Figure 7, bottom) after 24 h of incubation. Primer extension yield (%) was calculated as the ratio of band
intensity of the extension product to that of the total DNA (average of three independent experiments). The standard deviation in all cases did not
exceed 15% and is omitted for clarity. Representative gels are shown in Figure 7.b Full-length primer extension yields (%) in the presence of all
four dNTPs after 24 h of incubation were calculated as the ratio of band intensity of the full-length extension product (28-mer) or the product of
full-length extension of the misaligned primer-template (27-mer, as shown in Figure 8, bottom) to that of the total DNA (average of three independent
experiments). The standard deviation in all cases did not exceed 20% and is omitted for clarity. Representative gels are shown in Figures 7 and 8.
c Not determined.
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DISCUSSION

Effect of Adduct Stereochemistry on in Vitro Replication
Bypass.The configuration of the bond between the B[a]P
adduct and the guanine, rather than the stereochemistry of
the hydroxyl groups on the aromatic ring, has been shown
to influence in vivo DNA replication on templates containing
these adducts (11, 30). This fact was one reason the (+)-
trans and the (+)-cis adducts were chosen for the current
and prior studies (5, 21), since these structures have an
opposite configuration (10S and 10R, respectively) at this
bond (Figure 1). However, previous in vitro studies, even
though revealing significant quantitative differences in kinetic
parameters of dNTP incorporation, showed that the overall
trends were the same for each stereoisomer (1, 5, 31). For
example, the insertion frequencies of nucleotide incorporation
across from the adduct in 5′-CGC-3′, 5′-TGC-3′, and 5′-CGT-
3′ sequence contexts followed the order: dA> dG > dT >
dC, independent of adduct stereochemistry (1, 5, 31). A
possible explanation for these results, based on the NMR
structure of the (+)-trans adduct at a primer-template junction
(15) and the computed structure of polymeraseâ bound to
a (+)-trans-B[a]P-modified primer-template (17), is that the
pyrenyl ring stacks with the adjacent base pair in the DNA
duplex within the polymerase active site irrespective of the
adduct stereochemistry, leading to a similar result when
nucleotide incorporation occurs. In addition, we previously
found that binding of KF to primer-templates containing a
(+)-cis or (+)-trans adduct is similar when the primer
terminated before the adduct position and that the presence
of each of the dNTPs had comparable effects on this complex
irrespective of adduct stereochemistry (21).

Although the inference from these results is that the
polymerase interprets these different adduct structures simi-
larly during the nucleotide incorporation step, which leads
to similar nucleotide selectivity, there are clear differences
that can be measured in the rates of extension by the
polymerase from primer-templates containing these struc-
tures. Thus, we and others have found that the (+)-cis adduct
is a much stronger block than the (+)-trans adduct both at
the nucleotide insertion step (1, 5, 31) and for the addition
of the next nucleotide past the adduct (5). The incorporation
of this next nucleotide is apparently more difficult than the
incorporation of the nucleotide across from the lesion (1, 2,
5, 6, 29, 32). The overall ability of the polymerase to extend
the primer past the lesion, however, seems to depend on the
sequence context and the identity of a nucleotide across from
the adduct rather than on the stereochemistry of the adduct
(1, 5).

An example where the stereochemistry of the adduct was
shown to have qualitatively different effects is in the binding
of the polymerase to primer-templates in which the primer
extends up to the adduct position (21). The binding affinities
varied significantly (up to the 6-fold difference) depending
on the adduct stereochemistry and the identity of a nucleotide
across from the adduct, providing the first evidence that the
structures of these adducts within the active site of KF
may be significantly different, even though the above-
mentioned replication trends in the same primer-templates
were the same (5).

These prior studies prompted us to carry out experiments
using primer-template complexes in which the primer

extended past the adduct position. Further rationale for this
work is provided by recent structural studies with KF which
have shown that there are important minor groove hydrogen-
bonding interactions that take place between amino acids
R668 and Q849 and the second base of the duplex region of
the primer-template (33), the base that is modified in our
experimental system (Figure 2, top). Both of these interac-
tions have been proposed to be important for catalysis and
fidelity (33). Similarly, a crystal structure of the large
fragment ofB. stearothermophilusDNA polymerase, which
shares a large degree of homology with KF, indicates that
there are extensive minor groove interactions with at least
the first four base pairs of the duplex region (34). Thus, it
seemed likely that positioning a bulky adduct of either
stereochemistry in this region would substantially alter these
interactions and that, because the adducts were located in a
fully duplex region of the template, the adduct stereochem-
istry might effect these interactions, leading to measurable
differences in the rates of DNA synthesis or polymerase
binding.

The results obtained in the present studies indicated that
the stereochemistry of the adduct does have a very strong
effect on the incorporation of nucleotides at the+2 position
(relative to the location of the adduct). It was found that
although both adducts inhibited incorporation at this position,
the (+)-trans adduct inhibited the downstream synthesis
much more strongly than the (+)-cis isomer (Figures 2 and
3 and Table 1). These differences in the rates of extension
are especially large when the Watson-Crick dC base is
positioned across from the adduct in the 5′-CGT-3′ se-
quence: replication is essentially completely blocked in the
case of (+)-trans adduct, whereas the primer is completely
extended within 30 min in the case of the (+)-cis adduct
(Figure 2A). This contrasts with what is found using the same
templates for incorporation across from the adduct and
extension directly from this position where the (+)-cis isomer
has been found to be a stronger block (5).

The dramatic differences observed for the rates of primer
extension at the+2 position suggest that the (+)-cis and
(+)-trans adducts have very different structures once they
are positioned within the duplex region of the DNA in the
polymerase active site. The available structural information
for these adducts in duplex DNA, at a primer-template
junction, and within DNA polymerase active sites can be
used to formulate a hypothesis that may explain these
differences. In the case of the (+)-trans adduct, it has been
shown that the pyrenyl ring lies in the minor groove directed
in the 5′ direction both in duplex DNA and at a primer-
template junction in which dC has been positioned opposite
the modified guanine (16, 35). The modified base in both of
these structures has been shown to retain the anti glycosidic
torsion angle and has Watson-Crick hydrogen-bonded
alignment with the complementary dC. Extending the primer
by one nucleotide, as is the case for the primers used in the
present study (Figure 2, top), would position the adduct
deeper in the duplex region and thus should stabilize this
structure. Moreover, because this structure is formed during
the primer-template annealing, prior to interaction with KF,
it might be retained upon the polymerase binding. If this
were true, then it is likely that this structure would interfere
with the above-mentioned important minor groove interac-
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tions between the DNA and the polymerase that have been
shown to be necessary for DNA synthesis (34).

In the case of the (+)-cis adduct, there are no structural
data available that indicate where it is positioned at a primer-
template junction. However, in a DNA duplex, the major
conformer of this adduct has been shown to be intercalated
between adjacent base pairs, causing the modified guanine
to be displaced toward the minor groove and the partner
cytosine toward the major groove (36). This structure is
apparently stabilized by stacking interactions between the
pyrenyl moiety and the adjacent base pairs. Even though the
helix is distorted in the vicinity of the damage and guanine
is displaced into the minor groove, it is possible that, were
this conformation to be maintained within the polymerase
active site in our experimental system, it would have a
smaller effect on the overall geometry of the minor groove
than in the case when the larger and more hydrophobic
pyrenyl ring of the (+)-trans adduct is positioned in the minor
groove (see Figures 11 and 12 in ref14 for visual
comparison). This potential structure might be expected to
allow a higher rate of DNA synthesis downstream from the
lesion. Other reasons, such as the probable greater confor-
mational flexibility of the cis adducts (14), might also
contribute to the observed differences, even though this
would not explain why the (+)-cis adducts are stronger
blocks of the replication across from and immediately past
the lesion.

Effect of Sequence Context and Identity of the Nucleotide
Incorporated Across from the Adduct on Replication Bypass.
Previous studies involving the extension of the modified
primer-templates in which the primer was terminated across
from the adduct showed that the efficiency of extension past
the lesion depends on the identity of the nucleotide positioned
across from the adduct. It has been shown that in 5′-CGC-
3′ (1), 5′-CGG-3′ (2), and 5′-TGC-3′ (5) sequences extension
takes place only if dA is positioned across from the adduct,
whereas in the 5′-CGT-3′ (5) sequence the extension past
both the (+)-cis and (+)-trans adducts takes place mostly if
not only when the primer terminates with dT across from
the lesion. Results obtained by Zhuang and co-workers (6),
however, were different and suggested that when the (+)-
trans adduct was positioned within four different sequence
contexts, including the previously studied 5′-CGC-3′ (1) and
5′-TGC-3′ (5), the best extension past the adduct was
observed when dT was positioned across from the adduct in
all cases. In both these sequences, Zhuang and co-workers
found that when the primer was terminated by dT across
from the adduct on the template, abnormally high insertion
frequencies were observed for the incorporation of the next
correct dNMP, with the rates comparable with those obtained
using unmodified primer-templates. The authors (6) sug-
gested that the observed efficient extension when the adduct
is paired with dT for these two sequences is due to a
misalignment mechanism. Conversely, we observed very
efficient primer extension of 24-mer (Figure 8 and Table 4)
and 23-mer primers (Figure S2, Supporting Information) in
the presence of all four dNTPs when the adduct positioned
within the 5′-TGC-3′ sequence is paired with dA and no
bypass when the adduct is paired with dT. Formation of a
27-mer (-1 deletion) product in the case of dA suggests
that the misaligned structures shown in Figures 8A (bottom)
and S2A (bottom) are formed, which may facilitate the

efficient bypass in this case. In general, the fact that bypass
of the same lesion can occur producing such different results
emphasizes the importance of the overall sequence context
as opposed to the bases flanking the adduct.

As for the 5′-CGT-3′ sequence context, our results (5) and
those of Zhuang and co-workers (6) are the same. In both
studies, the extension was best when the adduct was paired
with dT. We found that the extension frequencies determined
for the (+)-trans and (+)-cis adducts (5) were very low [8.4
× 10-7 and 2.1× 10-8, respectively, not “very high” as
stated in the discussion by Zhuang and co-workers (6)]
whereas in the cases of other nucleotides positioned across
from the adduct the extension was essentially not detectable
in both studies. A detailed analysis suggests that in the case
of the trans adduct paired with dT (see Figure S3, Supporting
Information) the primer-template in our experiment might
be indeed partially misaligned as proposed by Zhuang and
co-workers (6). However, this analysis clearly shows that in
the case of the cis adduct it is aligned correctly (see Figure
S3, Supporting Information). Moreover, the partial misalign-
ment observed in this sequence for the trans isomer did not
cause an increase in the efficiency of replication bypass
(Table 3 and Figures 6B and S3, Supporting Information),
whereas misalignment observed in the 5′-TGC-3′ sequence
when the adduct is paired with dA leads to relatively high
rates of DNA synthesis (Table 4 and Figures 8A and S2A,
Supporting Information).

Having mismatches at the modification sites also differ-
ently affects the primer extension downstream from the (+)-
cis vs the (+)-trans adducts (Table 1 and Figure 3). At
present, NMR data on how a mismatch would affect the
conformation of the adduct are unavailable. Induced circular
dichroism studies (37) suggest that the replacement of the
hydrogen-bonding cytosine with a non-Watson-Crick dC
base leads to formation of intercalative conformations in the
case of the (+)-trans adduct. In accordance with the model
proposed above, this might explain the observed trend that
the primer extension downstream from the lesion was faster
when the adduct was paired with a mismatched base rather
than with Watson-Crick dC (Table 1 and Figure 3).
Alternatively, in the case of the (+)-cis adduct, where the
conformation of the adduct is expected to be intercalative,
the displacement of the more bulky purine into the major or
minor groove might result in greater hindrance during
replication than would be found with a displaced pyrimidine,
thus decreasing the replication rates as observed (Table 1
and Figure 3A) for the 5-CGT-3′ sequence, which is less
affected by primer-template misalignment.

The identities of the nucleotide across from the adduct
that were optimal for the replication downstream from the
lesion were different for the (+)-cis and (+)-trans adducts
(Figure 3 and Table 1), which might differentially contribute
to the mutagenic bypass of these lesions. This is the first
indication from in vitro studies that the adduct stereochem-
istry may favor different base substitution mutations. All prior
studies, which measured the rates of incorporation across
from the adduct or extension one nucleotide past the adduct,
gave comparable results for both adduct stereochemistries
(1, 5). It is interesting to note that the (+)-cis adduct has
shown higher levels of mutagenicity inE. coli than the (+)-
trans adduct (12). It is possible that this effect may be
partially attributed to the fact that the cis adduct inhibits
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downstream replication less than the trans adduct, which
would compensate for the stronger inhibition observed for
incorporation of a dNTP at or immediately past the adduct
site. A detailed explanation of the observed trends awaits
three-dimensional structural studies of the adduct conforma-
tions in different sequences with or without possible mis-
matches and possibly within the active site of a polymerase.

Consistent with what was found for the primers one
nucleotide shorter [(5) and Figure S2, Supporting Informa-
tion], having a dT across from the adduct is more favorable
in the case of the 5′-CGT-3′ sequence (Tables 1 and 3, Figure
3A, and cf. Figure 6A,B), whereas in the 5′-TGC-3′ sequence
extension past the adduct paired with dT is poor in the case
of both stereoisomers (Tables 1 and 4, Figure 3B, and cf.
Figure 8A,B). In general, the downstream primer extension
by one nucleotide was more efficient in the 5′-CGT-3′
sequence than in the 5′-TGC-3′ sequence (Table 1, Figures
2 and 3). The observed differences in efficiencies of the
primer extension reactions may be at least partially related
to the fact that in the 5′-CGT-3′ sequence the G:C base pair
positioned on the border of the double-stranded/single-
stranded regions in the primer-templates stabilizes the overall
structure better than does the A:T base pair in the 5′-TGC-
3′ sequence, which may result in an increase in the adduct
conformational freedom and lead to formation of a mis-
aligned primer-templates in the latter case. Based on the
modeling studies, it has been proposed that different con-
formations of the adduct are favored in different sequence
contexts including the ones studied here (8, 19), which may
also account for the differences observed in the present study.

Effects of the Sequence Context and Stereochemistry of
the Adduct on Primer-Template Misalignment.Analysis of
primer-templates in two sequence contexts with all four
possible nucleotides across from the adduct suggests that
reasonably stable primer-template misalignments can be
formed if at least two terminal bases of the primer can base-
pair with two consecutive bases on the template downstream
of the lesion. The data from Zhuang and co-workers (6)
suggest that looping of a rather long portion of the template
containing the (+)-trans-anti-B[a]P-N2-dG adduct can occur
within the polymerase active site. Not surprisingly, we found
that the 5′-CGT-3′ sequence, having a more stable G:C base
pair on the terminus of the double-stranded portion of the
primer-template, was aligned correctly in most cases, al-
though some levels of misalignment were detected in the
case of the (+)-trans adduct paired with dT. The 5′-TGC-3′
sequence, however, was shown to be more prone to mis-
alignments, and, more importantly, the misalignment in the
case when the adduct was paired with dA significantly
affected the replication bypass of the lesion, leading to very
efficient formation of a product with-1 deletion. This result
was consistent with a previous in vitro study of Shibutani
(1), where a 9-fold increase of the replication products
containing a-1 deletion was detected in this sequence
compared with the 5′-CGC-3′ sequence, and the study by
Bernelot-Moens (38) in which formation of-1 deletions was
detected in vivo in the 5′-TG-3′ sequence.

Interestingly, in each case studied, the propensity for the
cis adducts to promote the formation of the misaligned
primer-templates was much lower than for the trans adducts
(see Tables 3 and 4). This finding is rather surprising since
it was predicted that the helix-distorting cis adducts should

promote the misalignments more than extrahelical trans
adducts (1). It is possible that the stacking of the pyrenyl
ring with the adjacent base pairs compensates for the helix
distortion and stabilizes the correctly aligned structures in
the case of the cis adducts (14). In addition, the stability of
the duplex DNA containing the cis adducts was found to be
higher (which results in 4-5° C higher melting temperatures)
than that containing the extrahelical trans adducts (14).

In summary, in the absence of sufficient structural or
computational data on the conformations of the bulky adducts
within the active site of polymerase, this study provides
strong direct evidence that the structures of the (+)-cis and
(+)-trans adducts are significantly different after the modified
primer-template is bound by KF. Presumably, the presence
of these different structures leads to very different primer
extension efficiencies. We predict that the structure of the
(+)-trans adduct when positioned in the double-stranded part
of the primer-template junction resembles that found in the
full duplex, where the pyrenyl ring is situated in the minor
groove. In this conformation, it would likely cause significant
steric hindrance and disrupt important minor groove interac-
tions within the polymerase active site. Alternatively, we
propose that the (+)-cis adduct retains the intercalated
structure within the active site and that this structure, even
though being a stronger block at the site of the lesion, is
more suitable for downstream extension. Finally, we found
that the trans adducts are more able to promote formation
of primer-template misalignment compared with the cis
adduct in identical sequence contexts. Thus, even though the
(+)-cis adduct is a stronger block of the nucleotide incor-
poration across from and just past the lesion, its effect on
downstream replication is significantly less compared with
the (+)-trans adduct, factors that may contribute to the
relative mutagenicity of each species.
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