
Bending and Circularization of Site-Specific and Stereoisomeric Carcinogen-DNA
Adducts†

Rong Xu,‡,§ Bing Mao,‡,⊥ Shantu Amin,| and Nicholas E. Geacintov*,‡

Chemistry Department, MC 5180, New York UniVersity, New York, New York 10003, and
American Health Foundation, Valhalla, New York 10595

ReceiVed July 22, 1997; ReVised Manuscript ReceiVed NoVember 5, 1997X

ABSTRACT: The potent tumorigen and mutagen (+)-7(R),8(S)-dihydroxy-9(S),10(R)-epoxy-7,8,9,10-
tetrahydrobenzo[a]pyrene ((+)-anti-BPDE) is a metabolite of benzo[a]pyrene that binds predominantly
to the exocyclic amino group of guanine residues in DNAin ViVo andin Vitro. While the (-)-7S,8R,9R,10S
enantiomer, (-)-anti-BPDE, also reacts with DNA to form similar covalentN2-deoxyguanosyl adducts,
this diol epoxide is nontumorigenic and its mutagenic activities are different from those of (+)-anti-
BPDE. In this work, T4 ligase-induced cyclization methods have been employed to demonstrate that the
(+)-anti-[BP]-N2-dG lesions (G*) cause significantly greater amounts of bending and circularization of
the one-base overhang undecamer duplex 5′-d(CACAT[G*]TACAC) ‚d(TGTACATGTGG) than the
stereoisomeric oligonucleotide duplex with G*) (-)-anti-[BP]-N2-dG. In the case of the (+)-anti-
BPDE-modified oligonucleotides, the ratio of circular to linear DNA multimers reaches values of 8-9
for circle contour sizes of 99-121 base pairs, while for the (-)-anti-[BP]-N2-dG-modified DNA this
ratio reaches a maximum value of only∼1 at 154-176 base pairs. Assuming a planar circle DNA model,
the inferred bending angles for 90-92% of the observed circular ligation products range from 30 to 51°
per (+)-trans-anti-[BP]-N2-dG lesion and from 20 to 40° per (-)-trans-anti-[BP]-N2-dG lesion. In the
case of unmodified DNA, the probability of circular product formation is at least 1 order of magnitude
less efficient than in the BPDE-modified sequences and about 90% of the circular products exhibit bending
angles in the range of 14-19°. In the most abundant circular products observed experimentally, the
bending angles are 40° and 26( 2° per (+)-anti-[BP]- or (-)-anti-[BP]-modified 11-mer; these values
correspond to a net contribution of 21-26° and 5-19°, respectively, to the observed overall bending per
lesion. The coexistence of circular DNA molecules of different sizes and, therefore, different average
bending angles per lesion, suggest that the lesions induce both torsional flexibility and flexible bends,
which permit efficient cyclization, especially in the case of (+)-trans-[BP]-N2-dG adducts. The NMR
characteristics of (+)-trans-[BP]-N2-dG lesion in the 11-mer duplex 5′-d(CACAT[G*]TACAC) ‚d-
(GTGTACATGTG) indicate that all base pairs are intact, except at the underlined base pairs. This suggests
a distortion in the normal conformation of the duplex on the 5′-side of the modified guanosine residue,
which may be due to bending enhanced base pair opening and bending induced by the bulky carcinogen
residue. The implications of base sequence-dependent flexibilities and conformational mobilities ofanti-
[BP]-N2-dG lesions on DNA replication and mutation are discussed.

Benzo[a]pyrene is a pervasive environmental pollutant that
is metabolized in living cells to a number of highly reactive
and electrophilic derivatives (1). The diol epoxides (+)-
7(R),8(S)-dihydroxy-9(S),10(R)-epoxy-7,8,9,10-tetrahydroben-
zo[a]pyrene and the enantiomer (-)-7(S),8(R)-dihydroxy-
9(R),10(S)-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene, [(+)-

anti-BPDE and (-)-anti-BPDE,1 respectively], are of particular
interest for structure-activity correlation studies. The (+)-
enantiomer is highly tumorigenic, while its mirror-image
isomer (-)-anti-BPDE is inactive in rodents (2, 3). The
mutagenic activities of this pair of enantiomers are also
significantly different both in mammalian and in bacterial
cells (4-7). Bothanti-BPDE enantiomers are known to react
with native DNA by forming covalent adducts mainly by
trans-addition of the exocyclic amino group of guanine to
the C10 position ofanti-BPDE (8, 9); the structures of these
two stereoisomerictrans-anti-[BP]-N2-dG adducts are com-
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pared in Figure 1.
The relationships between the biological impact and the

conformations of these and related adducts are subjects of
great current interest [reviewed in ref10]. The three-
dimensional conformations in aqueous solutions of the (+)-
and (-)-trans-[BP]-N2-dG lesions have been investigated by
high resolution NMR techniques (11-13); in both cases, the
aromatic pyrenyl residues are positioned in the minor groove
of B-form DNA pointing into the 5′-direction in the case of
the 10S (+)-trans-and into the 3′-direction of the modified
strand in the case of the 10R (-)-trans-adduct. These
striking opposite orientations of the polynuclear aromatic
residues relative to the modified base influence the rates of
digestion of oligonucleotides by exonucleases (14), the in
Vitro efficiencies of UvrABC-mediated nucleotide excision
repair (15), transcription (16), and DNA replicationin Vitro
(17, 18) and in bacterial and mammalian cells (19-21).
Alterations in the three-dimensional shapes or dynamic

characteristics of carcinogen-modified DNA sequences due
to adduct-induced bends and flexible hinge joints (22, 23)
may also influence the cellular processing of these lesions.
Gel electrophoresis (24) and flow linear dichroism experi-
ments (25-27) with anti-BPDE-modified native DNA and
synthetic polynucleotides have shown that covalent BPDE-
DNA lesions induce bends or increase the flexibility of DNA.
However, because the DNA was randomly modified, the
distribution of adducts was heterogeneous (8, 9); thus, the
relationships between the stereochemical characteristics and
the effects of base sequence context on bending could not
be established. These uncertainties can be overcome by
working with site-specific and stereochemically defined
oligodeoxynucleotide adducts. Using this approach, it has
been shown more recently that DNA bending associated with
anti-[BP]-N2-dG lesions is dependent not only on the
stereochemical characteristics of these lesions (28, 29) but
also on the bases flanking these lesions (30).
The curvature and flexibility of carcinogen-modified DNA

can be conveniently studied by making use of the anoma-
lously slow migration of bent DNA duplexes in polyacryl-
amide gels (31-33). Indeed, the bending of DNA induced
by covalently bound chemicals has been successfully ana-
lyzed by gel electrophoresis methods (22, 23, 34-36). The
degree of intrinsic bending can be analyzed either by ligase-
induced direct cyclization methods (37, 38) or by comparing
the electrophoretic mobilities of modified and unmodified
linear DNA multimers (see, for example, ref39).
In this work, we have employed the direct cyclization

method to compare the flexibilities and the extent of bending
induced by the stereoisomeric (+)-trans-[BP]-N2-dG and
(-)-trans-[BP]-N2-dG lesions (G*) in the 11-mer oligonucle-
otide duplexes:

This sequence was selected because the effects of thymi-
dine residues flanking theanti-[BP]-N2-dG lesions (5′-
...TG*T... sequence context) are believed to enhance the
local flexibility, permitting the interconversion between two
or more adduct conformers (10, 13). In contrast, whenanti-
BPDE-modified dG residues are flanked by cytidine residues
(5′-...CG*C...), only one adduct conformation was observed
(11) and the bend associated with the adduct is rigid rather
then flexible.2 The one-base overhangs in sequenceI at each
end of the duplexes serve to form noncovalent complexes
that can be covalently sealed by T4 ligase to form linear
and circular multimers of different sizes. Oligonucleotide
11-mer duplexesI containing the stereoisomeric (+)- or (-)-
cis-[BP]-N2-dG lesions are more difficult to ligate (28).
Therefore, only thetransadducts derived from (+)- and (-)-
anti-BPDE were selected for further quantitative analysis of
BPDE-induced bending in sequenceI . Since runs of CA
sequences are known to be flexible (40), the unmodified
sequenceI was also self-ligated and the products served as
a reference for the results obtained with the BPDE-modified
sequences.

MATERIALS AND METHODS

The undecamers d(CACATGTACAC), d(TGTACATGT-
GG), and d(GTGTACATGTG) were synthesized using a
Biosearch Cyclone DNA synthesizer and were purified by
standard HPLC protocols (41). The method of synthesis and
the characteristics of the site-specific BPDE-modified oli-
gonucleotide adducts in the sequence d(CACATGTACAC)
have already been described (42, 43).
Forward reaction 5′-end labeling of both unmodified and

modified oligonucleotides with [γ-32P]ATP (New England
Nuclear) and cold ATP (Pharmacia) was employed as
described previously (28). The complementary oligonucle-
otides were cold-labeled at the 5′-end. The labeled oligo-
nucleotides were separated from the unlabeled ones by
denaturing electrophoresis in 20% polyacrylamide gels. A
100-base pair DNA ladder (Gibco BRL), used as a size
marker, was 5′-end labeled by T4 polynucleotide kinase in
a phosphate exchange reaction. All samples were desalted
using chromatography cartridges (Biorad).
The complementary strands d(TGTACATGTGG) were

added in 2.5-fold excess to the unmodified and modified
d(CACATGTACAC) strands in order to ensure that the
oligonucleotides would be in the duplex form during the
ligation reaction (28). The ligation reaction was conducted
with 1 unit of T4 ligase (Gibco BRL) added for every 5
pmol of double-stranded DNA, with the duplex undecamer
concentration at 4µM, or 20µM, in 1x ligation buffer (Gibco
BRL). The ligated DNA multimer mixtures were subjected
to one-dimensional (1-D) and two-dimensional (2-D) non-
denaturing (29:1 acrylamide to bisacrylamide) gel electro-
phoresis at 4°C. In 2-D gel electrophoresis, gel concen-
trations varied from 6 to 12% for the first dimension and
from 7 to 12% for the second dimension in the presence of

2 Hong Tsao, Bing Mao, Rong Xu, Shantu Amin, and Nicholas E.
Geacintov (submitted for publication).

FIGURE 1: Structures of the 10S (+)- and 10R (-)-trans-[BP]-N2-
dG adducts incorporated in the duplex sequenceI .
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chloroquine (1µg/mL), in both the gel and buffer solutions
(38). The sizes of the circles formed upon ligation in the
mixtures were evaluated using multiple-step procedures.
First, the DNA mini-circles were isolated from the gels after
2-D nondenaturing gel electrophoresis and were eluted with
0.5 M ammonium acetate-0.01 M magnesium diacetate
buffer overnight at 25°C. The salt was removed by two
successive ethanol precipitations. The circular DNA was
then redissolved in 4µL of 90% (wt/vol) formamide in 0.1
M Tris-HCl buffer (pH ) 7.4) and heated at 100°C for
10-15 min in order to introduce nicks into the circular DNA
molecules. The samples were then subjected to electro-
phoresis in 8% denaturing polyacrylamide gels (19:1 acryl-
amide:bisacrylamide, 7 M urea). The gels were subjected
to quantitative analysis using a BIORAD 250 imaging system
(Biorad).

RESULTS

Ligation Ladders: Formation of Circularized DNA Mol-
ecules. Typical gel electrophoresis patterns of ligation
mixtures of unmodified duplexesI (un) and of duplexesI
with (+)-trans and (-)-trans-[BP]-N2-dG lesions (labeled
tp and tm, respectively) are shown in Figure 2. The unligated
double-stranded 11-mers (labeled ds) define the positions of
the shortest duplexes in the ligation mixtures. The relative

mobilities are highest for the ligated unmodified sequences
and smallest in the case of the (+)-trans-adduct-containing
samples, as discussed earlier (28).
Evidence for the formation of cyclic DNA was sought

using 2-D nondenaturing gel electrophoresis methods (38).
The 2-D gel autoradiographs of ligation products of BPDE-
modified and unmodified oligonucleotides are shown in
Figure 3A-C. The upper sets of spots in Figures 3A and
3B and the set of lower spots in Figure 3C are attributed to
circular DNA molecules (38, 44). In Figure 3A, the bands
due to the individual linear multimers are positioned on an
approximately diagonal line and can be clearly distinguished.
In Figures 3B and 3C, the individual bands are not resolved

FIGURE2: Autoradiograph of a nondenaturing gel in 6% polyacryl-
amide (29:1 acrylamide:bis-acrylamide). Lane: un ds, unligated
and unmodified duplexI ; tp ds, unligated (+)-oligonucleotide
duplex I (G* ) (+)-trans-[BP]-N2-dG); tm ds, unligated (-)-
oligonucleotide duplexI (G* ) (-)-trans-[BP]-N2-dG). Lane: un,
mixture of ligated unmodified oligonucleotide duplexI ; tp, mixture
of ligated (+)-trans-oligonucleotide duplexI ; tm, mixture of ligated
(-)-trans-oligonucleotide duplexI . The initial undecamer concen-
trations were 20µM in all cases.

FIGURE 3: (A) Two-dimensional gel electrophoresis of the ligation
mixture of (+)-trans-oligonucleotide duplexI . First dimension
(horizontal): 12% polyacrylamide gel. Second dimension: 12%
polyacrylamide gel containing 50µg/mL chloroquine. Spots labeled
a-e are cyclic ligation products. (B) Two-dimensional gel elec-
trophoresis of the ligation mixture of (-)-trans-oligonucleotide
duplex I . First dimension (horizontal): 6% polyacrylamide gel.
Second dimension: 8% polyacrylamide gel containing 50µg/mL
chloroquine. Spots labeled a-k are cyclic ligation reaction products.
(C) Two-dimensional gel electrophoresis of the ligation mixture
of unmodified oligonucleotide duplexI . First dimension (horizon-
tal): 6% polyacrylamide gel. Second dimension: 7% polyacryla-
mide gel containing 50µg/mL chloroquine. Spots labeled a-i are
cyclic ligation reaction products.
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from one another because it was necessary to overexpose
the films in order to visualize the less abundant circular DNA
bands. The bands labeled a-e in Figure 3A and a-k in
Figure 3B are due to covalently closed circular DNA
molecules, whereas the upper, more slowly migrating bands
in Figure 3B are identified as nicked circular DNA molecules
(38, 44). In Figure 3C, depicting the 2-D migration patterns
of unmodified ligated sequencesI , the circular multimers
appear to migrate faster in the second dimension than the
linear multimers; the faster mobilities of the unmodified
circular DNA molecules relative to the linear ones in Figure
3C may be associated with a greater extent of overwinding
of the circular DNA induced by the intercalator chloroquine.
Further studies of this effect were beyond the scope of this
work.
Analysis of Circle Sizes.The extent of bending can be

estimated from an analysis of the number of base pairs per
molecule in the circular DNA molecules. The contents of
the circular DNA bands (Figure 3) were excised and treated
with a hot formamide solution. Using denaturing 8%
polyacrylamide gels, the sizes of the resulting cleaved single
strands were compared to those of the linear molecules
produced by ligation of the 11-mer oligonucleotide adducts
as previously described (38, 44).
The gel patterns of the circular DNA derived from the

ligation of (+)-trans-[BP]-modified oligonucleotides are
shown in Figure 4. The relative mobilities of markers 100,
200, 300, etc. bases long are shown in lanes M. The lanes
un represent the mobility patterns of ligation products of the
unmodified undecamer, showing bands that are 55, 66, 77,
88, 99, etc. bases long, corresponding ton ) 5, 6, 7, 8, and
9 ligated monomer units, respectively. Lanes a-e, represent
the mobility patterns of the hot formamide-treated circular

DNA molecules extracted individually from the similarly
labeled spots in the gel depicted in Figure 3A. In these lanes,
the fastest migrating band represents the linearized,32P-5′-
end-labeled DNA molecules, the intermediate mobility band
represents the single-stranded covalently closed circular DNA
molecule, while the slowest band represents the double-
stranded covalently closed circular DNA (38).
Lane tp represents the electrophoresis pattern of all of the

ligation products of (+)-trans-[BP]-modified oligonucleotide
duplexes I treated with hot formamide. The lengths of these
tp bands can be determined from a comparison of their
positions relative to those in the adjacent un lane; because
of the presence of the BPDE residue, the [BP]-modified
single-stranded sequences in lane tp migrate somewhat
slower than the unmodified strands in lane un. Starting from
the bottom, the lower five bands in lane tp are identified as
multimers 55, 66, 77, 88, and 99 bases long (bottom to top).
If we now compare the migration distances of the lowest
bands in lanes a-e with those in the tp lane in Figure 4, the
lowest bands due to the linear fragments line up with adjacent
bands of different sequence lengths in the tp lane; the lowest
band in lane a is very faint and its position in this gel
photograph is indicated by the horizontal arrow. From these
comparisons, the sizes of the linearized bands in lanes a-e
and, therefore, the sizes of the circular DNA molecules in
bands a-e in Figure 3A, can be established. These differ
successively from one another in size by 11 base pairs, and
their contour lengths are 77, 88, 99, 110, and 121 base pairs,
respectively. Thus, the circular DNA spots a-e in Figure
3A result from the ligation of 7, 8, 9, 10, and 11 undecamers
I .
Similar analyses of the sizes of the circular DNA

molecules formed from the ligation of (-)-trans-oligonucle-
otide 11-mer duplexesI are shown in Figure 5. The lanes
c-j represent the migration patterns of the identically labeled
circular DNA spots in the native, nondenaturing 2-D gels in
Figure 3B. The lowest bands in lanes e-j line up with those
due to the 13-mer, 14-mer, 15-mer, 16-mer, 17-mer, and 18-
mer bands in lane tm. The sizes of these circular DNA
molecules in the native 2-D gels in Figure 5 are therefore
143-191 bases pairs. The lowest bands in lanes c and d
are not visible, although the top bands (covalently closed
circular molecules) are prominent at the top of the gel. Thus,
spots c and d in Figure 3B most likely represent circular
DNA molecules 121 and 132 base pairs in size, respectively.
The spots a and b in the 2-D gel in Figure 3B were too faint
to be analyzed but are discernable in the phosphorimager
traces (data not shown); these spots most likely represent
circular DNA molecules 99 and 110 base pairs in size.
The results obtained with the unmodified oligonucleotide

duplexesI are shown in Figure 6. The fraction of circular
DNA molecules is significantly lower than in the ligated (+)-
trans- and (-)-trans-oligonucleotide duplexesI , and there
were insufficient amounts of circular DNA in spots a-c in
Figure 3C for analysis by the denaturing gel method. The
bands due to the linear, highest mobility bands in lanes d-i
are also quite faint, and their positions in lanes d-e are
indicated by the horizontal arrows in Figure 6. The lowest
bands, due to the linearized DNA molecules, in lanes d-i
line up with the bands in lane cntl that are due to the ligated
linear DNA molecules 220-275 bases long. The corre-
sponding circularized DNA molecules (spots d-i in Figure

FIGURE 4: Denaturing gel electrophoresis in 8% polyacrylamide
for estimating the sizes of the circular DNA products with (+)-
trans-[BP]-N2-dG lesions. Lanes M: 100-base interval size markers.
Lanes un: ligation mixture of unmodified duplexI with the
individual bands serving as size markers. Lanes a-e: cyclic DNA
products isolated from the gel shown in Figure 3A, after treatment
with a hot formamide solution. Lane tp: crude ligation mixture of
(+)-trans-oligonucleotide duplexI after treatment with a hot
formamide solution. The arrow indicates the position of a faint band
in lane a that was visible in the original gel.
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6) are thus 20-25 unmodified undecamers, or 220-275 base
pairs in size. The circular DNA bands a, b, and c (the band

a is too faint to be visible in the photograph of the gel shown
in Figure 3C) are attributed to circles 187, 198, and 209 base
pairs in size.

Circularization Efficiencies.The relative distributions of
circular and linear ligation products were studied at two
different starting undecamer duplex concentrations (4 and
20 µM) since the product ratio can depend on the starting
DNA concentration (44, 45). The reactions were carried out
to the endpoint, defined as the loss of activity of the enzyme,
which occurs after a reaction time of about 15 h.

The fractions of circular and linear DNA fragments (Figure
7) were determined from an analysis of the 1-D phosphor-
imager density profiles of the ligation products by integration
of the areas under each linear and each circular DNA band.
These values were divided by the number of ligated 11-mers
per molecule in order to compensate for the length-dependent
increase in the radioactivities of the ligation products.

(+)-trans-[BP]-Modified Oligonucleotides.At the 4µM
initial duplex concentration, linear multimers dominate below
77 base pairs (n < 7). However, forn ) 8, the ratio of
circular to linear ligation products,Ncirc/Nlin, is 2.3 and rises
to a maximum value of 7.9 atn ) 10, corresponding to 110
base pairs, before dropping off to a value of 2.8 atn ) 13
(Figure 7A). At the higher, 20µM starting concentration,
there is a decrease in the fractions of the lower molecular
weight fragments and a shift in the distribution of the linear
multimers from the smaller towards the larger sizes (Figure
7A′). The ratio of circular to linear products reaches a
maximum of 8.6 atn ) 12.

(-)-trans-[BP]-Oligonucleotides.The ratios of circular
to linear ligation products is∼1, or less (Figure 7B,B′).
Cyclization is considerably less efficient than in the case of
the (+)-trans-[BP]-modified oligonucleotide duplexes, and
the maxima in the ratios of circular to linear products shift
towardn ) 14 and 15-16 at the 4 and 20µM initial DNA
concentrations, respectively. The size distributions are
broader than in the (+)-trans-adduct case at both DNA
concentrations, but the sizes of the smallest circular DNA
molecules are similar in these ligated stereoisomerictrans-
oligonucleotide duplexes. The relative amounts of circular
to linear products decrease for all multimer sizes at the higher
starting DNA concentration, as expected when circularization
is relatively inefficient (44).

Unmodified Oligonucleotides.In the case of the unmodi-
fied 11-mer oligonucleotide duplexesI , the overall cycliza-
tion efficiency is lower than in both of the BPDE-modified
11-mers at the 4µM concentration (Figure 7C). The overall
fraction of circular products decreases by a factor of∼3 when
the DNA concentration is increased from 4 to 20µM (Figure
7C′). At the 20µM DNA concentration, there is a shift in
the distribution toward larger molecular weight linear forms.
The smallest observable circles are 187-198 base pairs in
size (n) 17-18), and a plateau in the distribution is reached
in the range of∼231-286 base pairs (Figure 7C,C′). These
observations are similar to those reported for the ligation
and circular multimer formation of other unmodified DNA
sequences (37, 46); the formation of circular products is
believed to reflect the natural thermal flexibilities of the DNA
molecules (40).

FIGURE 5: Denaturing gel electrophoresis in 8% polyacrylamide
for estimating the sizes of the circular DNA products with (-)-
anti-[BP]-N2-dG lesions. Lanes M: 100-base interval size markers.
Lanes un: ligation mixture of unmodified duplexI with the
individual bands serving as size markers. Lanes c-j: cyclic DNA
products isolated from the gel shown in Figure 3B, after treatment
with a hot formamide solution. Lane tm: crude ligation mixture of
(-)-trans-oligonucleotide duplexI after treatment with a hot
formamide solution.

FIGURE 6: Denaturing gel electrophoresis in 8% polyacrylamide
for estimating the sizes of the circular unmodified DNA products.
Lanes M: 100-base interval size markers. Lanes un: ligation
mixture of unmodified duplex I with the individual bands serving
as size markers. Lanes d-i: cyclic DNA products isolated from
the gel shown in Figure 3C, after treatment with a hot formamide
solution. Lane cntl: crude ligation mixture of (-)-trans-oligo-
nucleotide duplexI after treatment with a hot formamide solution.
The arrows indicate the positions of faint bands in lanes d-f, that
were more clearly visible in the original gel.
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DISCUSSION

General considerations suggest that the formation of
circular DNA molecules should be unfavorable for short
DNA fragments because the extent of bending may be
insufficient for the two ends to meet. On the other hand,
the probability of the two ends of the same molecule coming
together tends to diminish as the length of the fragments
increases (37, 47, 48). These considerations account for the
maxima in the distributions of circular ligation products in
Figure 7. The (+)-trans-anti-[BP]-N2-dG moieties and, to
a lesser extent the (-)-trans-lesions, centrally incorporated
into oligonucleotide duplexesI , greatly enhance the prob-
abilities of circularization (Figure 7). Since cyclization
competes with the condensation of oligonucleotides to form
linear molecules, an increase in the starting DNA concentra-
tion might increase the efficiency of formation of linear
condensation products (37, 45, 49). Indeed, as the starting

DNA concentration is increased from 4 to 20µM, the
proportions of circular products decrease from 13% to 8%
in the case of the (-)-trans-[BP]-modified oligonucleotide
duplexesI (Figure 7B,B′). However, in the case of the (+)-
trans-[BP]-modified oligonucleotides, a similar increase in
the DNA concentration increases the fraction of circular
DNA molecules from about 50% at the 4µM to about 70%
at the 20µM initial DNA concentration; this increase occurs
primarily at the expense of low molecular weight linear DNA
fragments and is a manifestation of the extraordinary
efficiency of circularization of oligonucleotides with (+)-
trans-anti-[BP]-N2-dG lesions (Figure 7A,A′). Further in-
terpretations of these DNA concentration effects would have
required detailed kinetic studies (37, 45, 48) that were beyond
the scope of this work.

AVerage Bending Angles.The bending angles associated
with the covalently bound BP residues can be estimated,

FIGURE 7: Relative efficiencies (percentage of total products) of formation of linear (gray circles) and circular (black circles) products
resulting from the ligation of oligonucleotide duplexesI as a function of size (expressed in number of base pairs) of the linear or circular
multimers. The dotted lines represent the ratios of circular to linear multimers (Ncirc/Nlin) as a function of size (the arrows indicate that the
scale for the dotted curves are on the right-hand abscissa). Starting 11-mer duplexI concentrations in the ligation mixtures were 4µM
(panels A-C) and 20µM (panels A′-C′). Key: A, A′, (+)-trans-[BP]-modified oligonucleotide duplex I; B, B′, (-)-trans-[BP]-modified
oligonucleotide duplex I; C, C′, unmodified oligonucleotide duplex I. In the case of the unmodified DNA (panels C and C′), the relative
abundance of circular DNA molecules is rather low; thus, longer film exposures were needed in order to visualize these bands. Under these
conditions, the individual bands due to the linear molecules overlap and could no longer be resolved.
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assuming that the circular DNA molecules are planar, by
dividing 360° by the number of monomeric undecamer units
per circle (44, 50).
In the case of (+)-trans-[BP]-modified oligonucleotides,

the most abundant circular DNA molecules consists of 99
base pairs or nine undecamer units with bending angles of
∼40°. The smallest and largest observed circular DNA
molecules contain 77 and 165 base pairs at the extremes of
the distribution. However, 92% of the circular products
exhibit sizes within the 77-121 base pair range, thus
encompassing a range of bending angles of 30-51°.
In the case of (-)-trans-[BP]-modified oligonucleotides,

the maximum in the circle size distribution occurs atn values
of 11-15 (Figure 7B,B′) with bending angles in the range
of 24-33°. The smallest and largest observed circle sizes
are 8 and 18 undecamers in size, respectively, with 90% of
the circles falling within the 99-188 base pair range,
corresponding to bending angles per adduct of 20-40°.
A variety of unmodified DNA sequences exhibit curvature

and flexibility, thus contributing to circular DNA formation
upon ligation (40, 51, 52). The unmodified undecamer
sequenceI is no exception. A maximum in the distribution
of circle sizes occurs near∼242 base pairs (Figure 7C,C′)
and 92% of the observed circular ligation products are 209-
286 base pairs in size, corresponding to bending angles of
14-19° per undecamer. These values correspond to bending
angles of∼1.3-1.7° per base pair; these values are close to
the average value of 1.3° per base pair associated with native
viral DNA sequences (37). The natural bending of the
unmodified sequence of 14-19° per undecamer duplexI is
significantly smaller than the bending angles of∼30-51°
associated with the 11-mer duplexes containing the (+)-
trans-anti-[BP]-N2-dG lesion. The bending associated with
the (-)-trans-anti-[BP]-N2-dG lesions (20-40°) tends to be
smaller than in the case of the (+)-trans-anti-[BP]-N2-dG
adducts but is larger than in the case of the unmodified
sequence.
The ranges of observed circular DNA sizes suggest that

the BPDE-modified and unmodified sequences can assume
a range of bending angles probably due to an inherent or
BPDE adduct-enhanced flexibility. The net contributions of
the BPDE-modified GC base pairs in duplexI to the overall
bending can be estimated by subtracting the effects associated
with the natural flexibility or bending of 14-19° per
unmodified 11-mer from the most probable bending angles
of 40° ((+)-[BP]-N2-dG lesion) and 24-33° ((-)-[BP]-N2-
dG lesion); the net contributions per modified dG-dC base
pair is thus 21-26° and 5-19°, respectively.
Bending, Flexibility, and Cyclization Efficiency.While

the range of observed bending angles in the (+)-trans- and
(-)-trans-[BP]-modified oligonucleotide adducts are com-
parable, the cyclization of the (+)-trans-adducts is strikingly
more efficient. The extraordinarily high cyclization efficien-
cies for DNA fragments 99( 22 base pairs long with (+)-
trans-[BP]-N2-dG lesions (Figure 7A,A′) in the ...TG*T...
sequence context of duplexI , as well as the range of circle
sizes and observed bending angles of 30-51°, suggest that
the bends arise from a flexibility at the sites of the lesions,
rather than from a set of conformers, each associated with a
different static bending angle. This conclusion is supported
by recent results that show that the gel electrophoretic
mobilities of ligated multimersI with the same same base

sequences flanking the (+)-trans-[BP]-N2-dG lesions are
independent of the phasing between the lesions and the
helical repeat.2

In the case of the (-)-trans-[BP]-N2-dG lesions, the range
of inferred bending angles (20-40°) is not markedly different
from that of the (+)-trans-[BP]-N2-dG lesions, but the
probability of cyclization is nearly 1 order of magnitude
smaller. We conclude that the flexibility associated with the
trans-adducts derived from the (-)-anti-BPDE enantiomer
is thus significantly smaller than the flexibility associated
with (+)-trans-anti-[BP]-N2-dG adducts.
Torsion Angles and Cyclization Efficiency.Cyclization

efficiencies are strongly affected not only by bending at the
sites of the lesions but also by the phasing of the two ends,
which is a function of the overall twist of one end with
respect to the other (46). The known twist angles for each
pair of bases (53) yields a helical repeat of 10.49( 0.07 for
the 11-mer sequenceI . Thus, for a 99 base-pair circular
molecule, the substrate for the T4 ligase, the twist of the
two ends should be 157° out of phase, if changes in the twist
at the lesion site are neglected. Shore et al. (46) have shown
that, in the case of unmodified DNA, there is a precipitous
drop in the cyclization efficiency when the twist angles at
the two ends are that much out of phase. In the case of the
(+)-trans-oligonucleotidesI there appears to be a significant
flexibility in the twist angles at the sites of the lesions that
diminishes the unfavorable phasing effect associated with
the intrinsic overall twist. For the 99 base pair circular
molecule, the two ends of the molecule would be completely
in phase if there were an untwisting of 157°, or 17° per 11-
mer or [BP]-N2-dG residue. While the untwisting associated
with (+)-trans-[BP]-N2-dG lesions in sequenceI is not
known, in supercoiledφX 174 DNA treated with (+)-anti-
BPDE, the unwinding angle, averaged over all types of BP
adducts and base sequence contexts, is 11.5( 4° per
covalently bound BPDE residue (27). Therefore, the excess
twist predicted from the base sequenceI is at least partially
compensated by an untwisting associated with the covalent
trans-[BP]-N2-dG residues. The highly efficient cyclization
suggests that there is sufficient dynamic motion at the two
ends of the molecules to bring the overall torsion angles in
phase so as to allow the cohesive ends to form hydrogen
bonds. The ligase then seals the two ends to produce a
covalently closed circular DNA molecule.
The increased torsional and bending flexibility inferred

from the highly efficient circularization of (+)-trans-[BP]-
modified oligonucleotides seems analogous to the increased
torsional flexibilities associated with DNA sequences con-
taining three unpaired, noncomplementary purine-purine and
pyrimidine-pyrimidine base pairs (54). The torsional flex-
ibility associated with these DNA loops removes the require-
ment of the accurate alignment of the helical phased DNA
ends, which depends on the number of helical turns (46) and
causes a dramatic increase in the cyclization probability (54).
Mills et al. (55) found that single-stranded gaps two to four
nucleotides long positioned within normal double-stranded
DNA sequences also dramatically increase the flexibility of
DNA. These two examples suggest that the lack of proper
hydrogen bonding (54) or the presence of single-stranded
segments (55) greatly increases the flexibility of DNA.
Similarly, the (+)-trans-anti-[BP]-N2-dG lesions may locally
increase the flexibility by destabilizing Watson-Crick base
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pairing. Indeed, the thermodynamic stabilities of 11-mer
duplexes (melting pointsTm) with the same sequence context
asI and withtrans-anti-[BP]-N2-dG lesions are reduced by
up to 13° (43).
Conformational Heterogeneity, Flexibility, and the Effect

of Local Sequence Context.The apparent flexibility associ-
ated with the (+)-trans-[BP]-N2-dG lesions in the sequence
context ...TG*T... in sequenceI raises the possibility that
multiple conformations might be observable in the NMR
characteristics of this sequence. We therefore investigated
the 1D and 2D NMR characteristics in the sequence context
I with a fully complementary strand opposite the 11-mer
modified strand and with G*) (+)-trans-[BP]-N2-dG lesion
(for details, see the Supporting Information). The imino
proton spectrum clearly indicates that more than one
conformer is present on the NMR time scale. The imino
proton resonances in the central 5′-d(- - -ATG*- -)‚d-
(- - -CAT- -) segment containing the lesion could not be
assigned, thus preventing a full structural analysis of the
modified duplex. Furthermore, the NOE connectivities from
the base protons to their own and 5′-flanking sugar H1′
protons could be traced throughout the 11-mer duplex except
within the central 5′-d(- - -ATG*- -)‚d(- - -CAT- -) segment.
The loss of the imino proton resonance signals in this region
may be due to broadening effects associated with rapid base
pair opening rates (56); theoretical considerations suggest
that DNA bending and base pair separation are coupled to
one another (57). Taken together, these observations are
consistent with a relatively intact duplex at all base pairs
except within the 5′-d(- - -ATG*- -)‚d(- - -CAT- -) segment,
which is correlated with the existence of multiple conformers
that may interconvert slowly on the NMR time scale in
sequence contextI . In contrast, in the sequence

with G6* ) (+)-trans-[BP]-N2-dG, a single distinguishable
conformation was observed with all 11 imino protons
accounted for, and the NOE connectivities were traceable
from one end of the duplex to the other, indicating further
that all 11 base pairs were in the Watson-Crick conforma-
tion (11). The BP residues are positioned in the minor
groove pointing toward the 5′-direction of the modified
strand. In a related sequence with the same lesion positioned
in the d(- - -T-G*-C- - -) sequence context, Fountain and
Krugh (13) found a similar, minor groove adduct conforma-
tion; however, a second, less abundant conformer, in a slowly
exchanging equilibrium with the minor groove conformation,
was also observed.
The flexibility associated with sequenceI , and to a lesser

extent with the 5′-d(- - -TGC- - -)‚d(- - -GCA- - -) sequence
of Fountain and Krugh (13), is correlated with the presence
of dT residues flanking the [BP]-modified G* residues on
one or both sides. The thermodynamic stabilities of the
hydrogen-bonded dA‚dT base pairs are lower than those of
dG‚dC base pairs (58, 59). This difference in thermodynamic
stabilities may account for the flexibility associated with the
(+)-trans-[BP]-N2-dG lesions in duplexI , and the relatively
rigid bends observed when guanines flank the (+)-trans-
[BP]-N2-dG lesions on both sides.2 The sequence-dependent
flexibility suggests an explanation for the observation, by

NMR methods, of a singletrans-[BP]-N2-dG adduct con-
formation in the more rigid sequenceII , and more than one
conformer in the more flexible sequence contexts 5′-d-
(- - -TG*C- - -)‚d(- - -GCA- - -) and 5′- -d(- - -TG*T- - -)‚
d(- - -ACA- - -).
The existence of more than one conformer in duplexes

containing other bulky carcinogen-DNA adducts has been
observed as well. Examples includeN-acetyl-2-aminofluo-
rene (AAF) covalently bound to C8-dG in the sequence
context CG*C (60) and N-2-aminofluorene (AF) bound
covalently to C8-dG in the TG*A and AG*G sequence
context within the codon 61 of the mouse (61) and human
c-Ha-ras 1 protooncogene (62, 63).
Biological Implications.The relationships between adduct

conformation and mutagenic specificity is a subject of great
current interest (64). The hypothesis that one and the same
carcinogen-DNA adduct can assume multiple conformations
in different or even the same base sequence context, and
thus engender different patterns of mutation, has been
discussed by a number of researchers (13, 62, 63, 65, 66).
Our results, in conjunction with previous NMR conforma-
tional studies (11, 13), suggest that a sequence-dependent
flexibility at the [BP]-N2-dG lesion sites gives rise to a more
heterogeneous distribution of adduct conformations. Analo-
gous sequence-dependent effects may allow for adduct
structural heterogeneities at DNA replication forks, thus
leading to base sequence-dependent mutation spectra. Sys-
tematic studies of the effects of base sequence on mutation
frequencies and mutagenic specificities in site-directed
mutagenesis experiments seem particularly timely in view
of the emerging data on sequence effects on adduct confor-
mations (10) and adduct-induced bending.2

The binding of proteins to DNA induces bending, which
is important in DNA packaging and which may play a role
in the regulation of transcription, replication, and recombina-
tion [see, for example,67-69]. The binding to DNA of
Cro (70) or CAP protein (71) induces DNA bending and
greatly enhances the cyclization efficiency upon ligation.
Furthermore, the CAP protein binds∼200 times more
effectively to circularized than to linear DNA, thus showing
that this protein binds much more strongly to bent rather
than to linear DNA recognition sequences. Thus, bending
associated with the covalent binding ofanti-BPDE to DNA
may significantly affect the binding affinities of the modified
sequences with critically important cellular proteins. Base
sequence effects of BPDE-DNA adducts on bending and
flexibility may lead to local distortions in the DNA confor-
mation that may also have profound effects on the rates of
nucleotide excision repair. Zou et al. (15) have shown that
the rates of excision by UvrABC proteins ofanti-[BP]-N2-
dG lesions in sequence contextII are remarkably dependent
on the stereochemical properties of the lesions; however, the
effects of base sequence on damage recognition and excision
have not yet been investigated.
In summary, the extraordinary differences in the bending

and circularization efficiencies and flexibilities associated
with the (+)-trans- and (-)-trans-[BP]-N2-dG lesions in
duplex I indicate that the tumorigenic (+)-anti-BPDE and
the nontumorigenic enantiomer (-)-anti-BPDE give rise to
very different kinds of deformations upon binding covalently
to DNA. The detailed bases of these structure-activity
relationships remain to be elucidated.

(II)
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Two figures showing 1-D and 2-D NMR data for the
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G* ) (+)-trans-anti-[BP]-N2-dG (5 pages). Ordering in-
formation is given on any current masthead page.
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