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ABSTRACT: Two-dimensional NMR was used to determine the solution structure of an undecanucleotide
duplex, d(CGGTCACGAGG)‚d(CCTCGTGACCG), in which (+)-(7S,8R,9S,10R)-7,8-dihydroxy-9,10-
epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene is covalently bonded to the exocyclicN6 amino group of the
central deoxyadenosine, dA6, through trans addition at C10 of the epoxide (to give a 10S adduct). The
present study represents the first NMR structure of a benzo[a]pyrene (10S)-dA adduct in DNA with a
complementary T opposite the modified dA. Exchangeable and nonexchangeable protons of the modified
duplex were assigned by the use of TOCSY (in D2O) and NOESY spectra (in H2O and D2O). Sequential
NOEs expected for a B-type DNA conformation with typical Watson-Crick base pairing are observed
along the duplex, except at the lesion site. We observed a strong intraresidue NOE cross-peak between
H1′ and H8 of the modified dA6. The sugar H2′ and H2′′ of dC5 lacked NOE cross-peaks with H8 of dA6

but showed weak interactions with H2 of dA6 instead. In addition, the chemical shift of the H8 proton
(7.51 ppm) of dA6 appears at a higher field than that of H2 (8.48 ppm). These NOE and chemical shift
data for the dA6 base protons are typical of a syn glycosidic bond at the modified base. Restrained molecular
dynamics/energy minimization calculations show that the hydrocarbon is intercalated from the major groove
on the 3′-side of the modified base between base pairs A6-T17 and C7-G16 and confirm the syn glycosidic
angle (58°) of the modified dA6. In the syn structure, a weak A-T hydrogen bond is possible between
the N3-H proton of T17 and N7 of dA6 (at a distance of 3.11 Å), whereas N1, the usual hydrogen bonding
partner for N3-H of T when dA is in the anti conformation, is 6.31 Å away from this proton. The
10(S)-dA modified DNA duplex remains in a right-handed helix, which bends in the direction of the
aliphatic ring of BaP at about 42° from the helical axis. ROESY experiments provided evidence for
interconversion between the major, syn conformer and a minor, possibly anti, conformer.

Polycyclic aromatic hydrocarbons (PAH)1 are known
environmental carcinogens that are constituents of coal tar,
soot, and smoke from the incomplete combustion of organic
materials such as diesel fuel and tobacco (1). Their carci-
nogenic activity is largely if not entirely due to alkylation
of DNA by metabolically formed bay-region diol epoxides
(2) on angular benzo-rings of the PAH. The exocyclic amino
groups of the purine nucleosides, deoxyguanosine (dG) and
deoxyadenosine (dA), are the major sites of alkylation (3).
These diol epoxides exist as pairs of diastereomers in which
the benzylic hydroxyl group and the epoxide oxygen are
either cis (diol epoxide-1, DE-1) or trans (diol epoxide-2,
DE-2). Furthermore, each diastereomer can be optically
active. In the case of the hydrocarbon benzo[a]pyrene (BaP),
the (+)-DE-2 isomer [(+)-(7R,8S,9S,10R)-7,8-dihydroxy-
9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene] predominates
metabolically (4) and is the only isomer of the four which

is highly tumorigenic (5, 6). Although adducts at dG are
quantitatiVely the most significant from this isomer (7), the
percentage of mutations at dA sites increases substantially
when very low, environmentally and physiologically realistic,
concentrations of (+)-DE-2 are studied in mammalian cell
cultures (8, 9). As far as cell transformation is concerned,
the relative importance of adducts or mutations at dA versus
dG is unknown. BaP DE adducts have dramatic blocking
effects on enzymes such as helicase (10) and topoisomerase
I (11) that are involved in critical aspects of DNA processing
in cells, such as replication, repair, and transcription. In
particular, BaP DE-2 dA adducts in DNA are potent poisons
of topoisomerase I, which permit the normal DNA cleavage
step and then irreversibly trap the cleaved DNA-enzyme
covalent complex (11).

Since diol epoxide adducts are formed by both cis and
trans opening of the epoxide at the benzylic position, eight
dA and eight dG isomeric adducts are possible. In the case
of BaP, the solution structures of oligonucleotide duplexes
containing both cis- and trans-opened dG adducts from (+)-
and (-)-DE-2 have been established by a combination of
NMR techniques and molecular modeling (12). For the cis-

* To whom correspondence should be addressed. Phone: (301) 496
4055. Fax: (301) 402 0008. E-mail: hyeh@helix.nih.gov.

1 Abbreviations: BaP, benzo[a]pyrene; PAH, polycyclic aromatic
hydrocarbon(s); DE, diol epoxide; rMD, restrained molecular dynamics;
EM, energy minimization; IRMA, iterative relaxation matrix analysis.

5870 Biochemistry2001,40, 5870-5881

10.1021/bi002896q This article not subject to U.S. Copyright. Published 2001 by the American Chemical Society
Published on Web 04/27/2001



opened (10R)- and (10S)-dG adducts, the hydrocarbons are
intercalated with the modified dG and complementary dC
displaced out of the helix (13, 14). For trans-opened dG
adducts, the hydrocarbons lie in opposite directions in the
minor groove (15, 16). All these adducts appear to be
conformationally homogeneous in a -CGC- sequence context.
In the case of dA adducts from BaP, the situation is more
complex. Several trans-opened (10R)-dA adducts of DE-1
(17) and DE-2 (18-21), as well as a cis-opened (10R)-dA
adduct of DE-2 (22), have the hydrocarbon intercalated.
Notably, the only BaP (10S)-dA adduct characterized thus
far has been in a duplex stabilized by a dG mismatch (23).
Multiple conformers and/or poorly resolved NMR spectra
have precluded determination of the solution conformations
of several BaP DE-2 (10S)-dA adducts with a complementary
T (20, 21, 23). The present report describes the first NMR
structural characterization of a fully complementary duplex
containing a (10S)-dA adduct of a DE derived from BaP,
namely, the trans opened adduct derived from (+)-(7S,8R,9S,-
10R)-7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]-
pyrene [(+)-BaP DE-1, Figure 1].

MATERIALS AND METHODS

Materials and Sample Preparation. The 11-mer oligo-
nucleotides dCGGTCACGAGG) containing trans-opened
adducts of (+)- and (-)-7,8-dihydroxy-9,10-epoxy-7,8,9,-
10-tetrahydrobenzo[a]pyrene atA6 were synthesized as a
diastereomeric mixture from the protected phosphoramidite
using a semi-automated procedure as previously described
(24); a yield of∼70% for manual coupling of the modified
phosphoramidite was estimated from the amount of dimeth-
oxytrityl cation released on deblocking after the manual step.
After 5′-detritylation and removal of base protecting groups,
the completed 11-mers were subjected to HPLC on a
Hamilton PRP-1 column eluted at 3 mL/min with a linear
gradient of acetonitrile in 0.1 M (NH4)2CO3 buffer, pH 7.5,
that increased the acetonitrile concentration from 5 to 17.5%
over 29 min. Under these conditions, our previously reported
11-mer containing the 10R adduct (17) elutes at 20.9 min,
and the isomeric 11-mer containing the 10S-adduct that is
the subject of the present study elutes at 24.0 min. The late-
eluting 10Sadducted 11-mer was titrated spectrophotometri-
cally (18) at 353 nm with its complementary strand to

determine the amount required to obtain a 1:1 duplex. The
NMR sample (approximately 200A260 units of the duplex)
was dissolved in 500 mL of 20 mM sodium phosphate buffer,
pH 6.8, in D2O or H2O/D2O 90/10 v/v), containing 56 mM
sodium chloride (total ionic strength 0.1 M) and 0.5 mM
sodium azide.

NMR Spectroscopy. All NMR experiments were performed
on a Varian VXR500 (500 MHz) spectrometer at regulated
temperatures. Chemical shifts were referenced relative to a
trace of TMSP (sodium 3-trimethylsilyl propionate) at 0.0
ppm. NMR data were acquired without sample spinning. The
decoupler and the transmitter offsets were always set equal
and on the residual water signal. The residual solvent signal
for the D2O sample was suppressed by presaturating the
signal during the relaxation delay. Spectral widths of 6000
and 10 000 Hz were used in bothf1 and f2 dimensions for
the sample in D2O and H2O, respectively. The 2D NMR
experiments were usually performed in the hypercomplex,
phase-sensitive mode (25) with 2048 points in thet2
dimension and 256t1 increments with a 3.5 s relaxation delay
between scans. NMR data were typically processed using
FELIX program (Molecular Simulations, Inc., San Diego,
CA [MSI]) with zero-filling in the t1 and t2 domain to give
2K × 4K matrixes, respectively, before Fourier transforma-
tion. For data processing, a Gaussian or shifted squared sine-
bell filter function was used in both dimensions prior to
Fourier transformation.

TOCSY experiments (26, 27) with mixing times of 40,
80, and 100 ms were performed on the D2O sample. NOESY
spectra (28, 29) at 5°C were recorded with mixing times of
40, 80, 160, 200, and 300 ms. One-dimensional1H spectra
for the imino protons were recorded in 10% D2O at 5 °C
and at-10 °C (20% CD3OD in H2O) using a modified
WET270 pulse sequence (30). For assignment of the
exchangeable protons, NOESY spectra were recorded at
mixing times of 25 and 200 ms at 5°C, using SWETNOESY
(30, 31) with square pulses to improve suppression of
residual water. Assignments of H8 and H2 protons of dA6

(as well as other purine bases) were confirmed on the basis
of deuterium exchange experiments (23, 32, 33). The sample
was heated in D2O at 70°C for about 30 h, at which time
most of the H8 purine protons had exchanged with solvent
deuterium, whereas the H2 protons of dA remained unex-
changed. ROESY (34, 35) spectra were recorded before and
after the deuterium exchange experiment.

Structure Calculations. The structure of the trans-opened
BaP DE-1 (10S)-dA adducted duplex was calculated by
restrained molecular dynamics/energy minimization (rMD/
EM) followed by iterative relaxation matrix analysis (IRMA)
refinement of the resulting energy-minimized structure to
take into account the effect of spin diffusion. The rMD/EM
calculations were performed on a Silicon Graphics Indigo
O2 workstation using DISCOVER (version 3.0 [MSI]) with
the AMBER force field (36, 37). Partial charges for the
adduct in DNA were the same as those employed previously
(23, 38). The BaP-modified DNA duplex was built using
INSIGHT II (version 98 [MSI]). First a B-type DNA duplex
11-mer was built using the fragments from the standard
nucleotide library. A prebuilt 7,8,9-trihydroxy-BaP fragment
whose chirality at C7, C8, and C9 corresponded to the parent
DE, (+)-(7S,8R,9S,10R)-BaP DE-1, was then connected to
the exocyclic amino nitrogen of A6 with 10S configuration

FIGURE 1: Structures of (+)-(7S,8R,9S,10R)-7,8-dihydroxy-9,10-
epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene [(+)-BaP DE-1] and its
(10S)-dA adduct in DNA derived from trans opening by the
exocyclic N6-amino group of dA. The sequence of the duplex is
also shown (bottom).
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at C10 corresponding to trans addition to the 10R epoxide.
In this starting structure, the hydrocarbon was oriented
outside the duplex.

The experimental and empirical restraints utilized for the
structural calculations are listed in Table 1. A total of 254
NOE distance restraints, 14 of which were derived from
hydrocarbon-oligonucleotide NOE interactions, were em-
ployed. These interproton distances were derived from the
build-up of NOE cross-peak intensities at 60, 120, 160, 200,
and 300 ms. Distance ranges of 1.8-2.5, 2.5-4.0, and 4.0-
6.0 Å were set for relatively strong, intermediate, and weak
NOE cross-peak intensities, respectively. Watson-Crick
hydrogen bonding and planarity restraints were imposed on
the basis of the observed NOEs and chemical shifts of imino
protons in the duplex DNA. Standard donor-acceptor atom
distances (2.6-3.2 Å) for the hydrogen-bonded atoms in
B-DNA were used for all base pairs except the adducted
dA6-T17 pair; for the two adjacent base pairs these distance
restraints were applied with a force constant penalty of 30
kcal mol-1 Å-2 (50 kcal mol-1 Å-2 for other base pairs) in
the calculations. Additional cross-strand distance restraints
were applied for the distance between N3-H (T) and H2
(dA) as well as between N1-H (dG) and N4-H (dC) in the
unadducted A-T and G-C base pairs. Since no strong
intraresidue base-H1′ cross-peaks were observed, anti con-
formation for each residue (except for the adducted dA6) was
assumed, and theseø angles were restrained to a range
between-70 and-170° (39). For all residues except the
modified dA6 and its complementary T17, backbone torsion
angles were restrained to ranges ((20° for R, â, γ, ε, andú;
(30° for δ), which were centered at values derived from
X-ray data for standard B-type DNA (40, 41). We think that
applying these dihedral restraints was reasonable, since the
NMR spectrum was characteristic of a B-type DNA (39).
Chiral center constraints were applied for the 70 chiral atoms
(22× 3 for sugars and 4 for the tetrahydrobenzo-ring of the
BaP DE-1 adduct). For both distances and torsions, force
constants of either 30 or 50 kcal mol-1 Å-2 were used
throughout the calculations.

All rMD/EM calculations were done in vacuo with a
distance dependent dielectric constant of 4R (with R) the
distance between two interacting atoms) and a cutoff distance
of 25 Å to simulate the bulk solvent effect. The rMD/EM
calculations started at 300 K with a standard B-type duplex
DNA structure (see above) with the BaP located completely
outside the duplex. Each round of calculation started with
100 iterations of energy minimization with the steepest
descents algorithm and with 100 steps (in 1 fs steps) of
molecular dynamics without NOE, dihedral angle and base
planarity restraints. This was then followed by 2.8 ps of
molecular dynamics with restraints on all base pairs except
for the central three and during which the temperature was

increased to 1000 K. At the highest temperature, molecular
dynamics continued for 4 ps in steps of 1 fs, during which
full restraints were introduced with a scaling factor of 0.001
in the first picosecond, 10 times greater in the next
picosecond, etc. In the fourth picosecond, restraints were in
full effect (scaling factor of 1.0). Then the temperature was
decreased to 300 K over 7 ps. Finally, 400 iterations of
minimization with the steepest descents algorithm and up to
5000 iterations of minimization with the conjugate gradient
algorithm were applied to the coordinates derived from each
rMD run with no cutoff distances applied for nonbonded
interactions. Convergence was determined when the deriva-
tive of the force fell below 0.001 kcal/mol.

Structures with the least significant restraint violations
(NOE violations<0.1 Å and dihedral angle violations<10°)
and relatively low energies in rMD/EM calculations were
used as the starting structures in the iterative relaxation matrix
analysis (IRMA) calculations (42, 43). Typically, rMD of 5
ps (with a 1 fsstep) and 5000 iterations of energy minimiza-
tion were used in the IRMA calculations. Only NOE distance
restraints originating from well-defined, nonoverlapping
cross-peaks were used in the IRMA calculations. SeveralR
factors, in analogy to the forms described by Gonzalez et
al. (44), were calculated after each IRMA cycle, including
linear, quadratic, and distance-like (Aij

1/6) forms. The R
factors decrease in magnitude as the structure refinement
progresses and usually converge within two to three cycles.
We monitored the distance-like (Aij

1/6) R factor (23) in each
IRMA cycle. This process was terminated when theR factor
failed to drop significantly over several iterations.

RESULTS

UV Characteristics and Thermal Stability. The UV
absorption maximum for the pyrene chromophore in the
present 10S adducted oligonucleotide shifts only∼1 nm
(from 352 to∼353 nm) upon titration of the single stranded
oligonucleotide with its complementary strand to give a
duplex, as compared to a red shift of 3-4 nm on titration of
the isomeric 10Radducted oligonucleotide (data not shown).
The Tm (17) for the present 10S adducted duplex is 38°C
under spectrophotometric conditions (10 mM total strand
concentration). Thus the temperature of 5°C used for most
of the present NMR experiments is well below theTm. There
is little change in the UV spectrum (data not shown) upon
cooling theduplexfrom 25 to-10 °C (20% MeOH in the
NMR buffer) and hence no UV evidence for any major
temperature-dependent conformational change of the duplex
upon further cooling below itsTm.

Exchangeable Protons. The WET270 1D spectrum of the
DE-1 (10S)-dA adducted 11-mer duplex in H2O/D2O at 1
°C (Figure 2) showed eight distinct imino resonances which
could be assigned to all the base paired imino protons of
dG and T except those of the terminal and central base pairs.
The imino proton of T17 directly opposite the modified dA
in the present (10S)-dA adduct is not detected even at
temperatures down to 1°C. This resonance (10.6 ppm) and
two other terminal imino resonances (Figure 2, top), however,
become discernible on lowering the temperature to-10 °C
(20% CD3OD in H2O) as the motion/exchange becomes
slower on the NMR time scale. This suggests that the
conformation of the (10S)-dA adduct, in particular, at the

Table 1: Restraints Used in the Molecular Dynamics Calculations

NMR restraints
total distance restraints 254
DNA-BaP distance restraints 14

empirical restraints
H-bonding distance restraints 28
dihedral planarity restraints 15
chiral restraints 70
H-bonding planarity restraints 38
dihedral restraints 140

5872 Biochemistry, Vol. 40, No. 20, 2001 Pradhan et al.



adducted site is relatively more flexible than its (10R)
counterpart and may explain why many other BaP (10S)-
dA adducts are intractable to structural study by NMR.

Assignments of the eight distinct imino protons as well
as the amino protons were made from analysis of a NOESY
spectrum (Figure 3). The imino protons, with the exception
of the terminal and central imino protons, were sequentially
assigned by tracing through the imino-imino cross-peak
connectivity (Figure 3, left). Both cytosine amino protons
in each dG-dC base pair were identified by their NOE cross-
peaks to the imino proton of guanine (Figure 3, right). The
lower-field resonance of the two dC amino protons in each
dG-dC base pair exhibited a stronger NOE cross-peak to the
imino proton of dG and was assigned to the proton involved
in Watson-Crick hydrogen bonding. The assigned chemical
shifts of these exchangeable protons are listed in Table 2.

Nonexchangeable DNA Protons. Figure 4 shows expanded
200-ms NOESY contour plots in the region for the base
protons (δ 6.8-8.6) and sugar H1′ protons (δ 4.9-6.3) and
the connectivity pathways for the modified (broken lines)
and the complementary strand (solid lines). The sequential
connectivities along each strand of the adducted duplex were
established on the basis of NOE cross-peaks between the
base protons (H6/H8) and their own and the 5′-flanking sugar
H1′ (45, 46). The pattern of NOE cross-peak intensity and
the connectivity pathway indicated that the duplex adopted
a B-DNA conformation except in the modified region. The
sequential connectivities were interrupted between H1′ of
dG16 and H6 of T17 and between H1′ of T17 and H8 of dG18.
The results indicated perturbation of the DNA structure by
the hydrocarbon (presumably intercalation) taking place in
this region. However, these sequential breaks alone did not
permit a distinction between the two possible intercalation

sites, namely, between dG16 and T17 or between T17 and dG18.
The site of intercalation was determined to be between dG16

and T17 based on the observation that the hydrocarbon
protons H3-H6 exhibited cross-strand NOEs with sugar and
base protons of dG16 and T17, as well as with the methyl
protons of T17 (see below). We observed a weak NOE cross-
peak from H8 of dG18 to H2′ (or H2′′) of T17. In contrast,
no NOE cross-peak was observed from H6 of T17 to the H2′
(or H2′′) of dG16, consistent with intercalation between dG16

and T17, but not between T17 and dG18. We think the absence
of an NOE cross-peak between resonances of H1′ of T17 and
H8 of dG18 is probably due to motional broadening in this
region.

Two unusualspectral features involving the base protons
of modified dA are noted for the present adduct duplex.
These are the relatively higher field chemical shift for H8
(δ 7.57 ppm) than for H2 (δ 8.48 ppm) of the modified dA6
and the relatively stronger cross-peak between H8 and its
own H1′ as compared to that for isomeric (10R)-dA adducts,
whose H8 resonance (δ g 8.4 ppm) generally appears at
much lower field than H2 (δ 7.6-8.0 ppm) (17, 19-21).
The assignment of the resonances at 7.57 and 8.48 ppm to
H8 and H2 of dA6, respectively, in the present adduct was
confirmed by deuterium exchange (23, 32). The former
(higher field) resonance (along with other purine H8 signals)
disappeared on heating the sample to 65°C for 30 h in D2O
buffer. The unusual shift for H8 and the stronger NOE to its
own H1′ is consistent with a syn glycosidic torsion angle at
the modified dA (cf. ref23). The syn conformation is further
supported by the observation of a NOE interaction from the
H2 (not H8) of the modified dA6 to its own sugar H3′. In
the syn conformation, H2 of the six-membered purine ring
is positioned above the sugar ring and in close proximity to
H3′. The large downfield shift of H3′ (δ 5.49 ppm) due to
deshielding by the proximal six-membered ring is consistent
with this orientation. Several NOE interactions from H2 of
dA6 to H5, H6, H2′, and H2′′ of dC7 and H2′ and H2′′ of
dC5 were also observed.

Assignments of other sugar protons (e.g., H2′, H2′′, and
H3′, etc.) were obtained by sequential analysis of NOE
connectivities between these sugar protons and the base
protons (H6/H8) (see Supporting Information) and from
analysis of the TOCSY spectra (not shown). The H2′ and
H2′′ resonances for each sugar were identified by analysis
of NOESY and TOCSY spectra at short mixing times (∼30-
40 ms). In right-handed B-type DNA the H1′ exhibits a
stronger NOE cross-peak to the H2′′ than to the H2′ of its
own sugar. Stronger TOCSY cross-peaks between H1′ and
H2′ (relative to H2′′) of the same sugar are also characteristic
of B-DNA (39, 45). All assignments showed self-consistency.
The assigned chemical shifts for the nonexchangeable DNA
protons are listed in Table 3. Because of severe signal
overlapping and poor resolution in the PECOSY spectrum
(2-3 ppm region) coupling constants of sugar protons could
not be obtained and thus the sugar conformation was not
determined.

Hydrocarbon Protons. Chemical shifts of the hydrocarbon
protons for the present (10S)-dA adduct were assigned by
analyses of the TOCSY and NOESY spectra. The TOCSY
spectrum establishes the through-bond connectivities for a
three-spin (H1, H2, and H3) and two two-spin (H4 and H5;
H11 and H12) systems for the aromatic protons, and a four-

FIGURE 2: Imino proton spectra (10-14 ppm) of the (10S)-dA
adducted duplex at 1°C (bottom) [20 mM phosphate buffer, pH
6.8, ionic strength 0.1 M (NaCl),10% D2O)], and at-10 °C (top).
The spectrum measured at-10 °C contained the above buffer
composition (in H2O) and CD3OD in an 80:20 ratio.
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spin system (H7-H10) for the aliphatic protons. The NOESY
data provided additional through-space connectivity between
adjacent spin systems. This includes connectivity from H1
to H12, H3 to H4, H5 to H6, H6 to H7, and H10 to H11.
Figure 5 displays the expanded NOESY contour plot for the
BaP aromatic protons. Chemical shift assignments for the
hydrocarbon protons are listed in Table 4.

NOEs between BaP and DNA. Detailed analysis of
NOESY spectra in D2O showed 14 well-defined cross-peaks
between protons in BaP and DNA residues, and these were
used for structural calculations. These include NOEs between
the BaP aromatic protons and the sugar and base protons of
T17 (complementary to the modified dA), as well as dG16,
which forms part of the C-G base pair on the 3′-side of the
modified dA. The BaP H4 and H5 protons showed cross-
strand NOEs to H1′, H2′ and H2′′ of dG16 and T17, and H3
of BaP showed a NOE to H1′ of dG16. NOEs were also
observed between the BaP H4, H5, and H6 protons and the
methyl protons of T17. Other intermolecular NOEs include
weak cross-peaks between the H4 and H5 protons of BaP
and H3′ of T17, as well as between H4 of BaP and H8 of
dG16. In addition, H2 of dA6 showed a NOE with H11 of
BaP. These NOE cross-peaks, combined with the break in
sequential connectivity between dG16 and T17, indicate that
the hydrocarbon is intercalated between residues dG16 and
T17.

EVidence for a Minor Conformer.Several cross-peaks in

the NOESY spectrum, in particular the cross-peak observed
near 8.48 and 7.51 ppm, assigned to H2 and H8 of dA6,
respectively, could not arise from dipolar interaction between
these two distant protons (6.5 Å apart). These NOE cross-
peaks probably result from chemical exchange between two
conformers, since the adducted region is quite flexible as
demonstrated by the broad imino signal of T17 at very low
temperature (-10 °C). For verification, ROESY experiments
(Figure 6) were performed before and after deuterium
exchange with solvent. Several NOE cross-peaks that had
the same phase as diagonal peaks were observed in the
ROESY spectrum (Figure 6A), indicating that these were
indeed NOE cross-peaks resulting from chemical exchange
between two conformers. We observed two extremely close
exchange cross-peaks at low field, one between 8.48 and
7.53 ppm and the other between 7.51 and 8.51 ppm, in the
ROESY spectrum (Figure 6B) before the deuterium ex-
change. The latter exchange cross-peak disappeared, how-
ever, after the deuterium exchange (Figure 6C). These
deuterium exchange results permitted unambiguous assign-
ment of the latter cross-peak to H8, which is chemically more
susceptible to exchange with solvent deuterium (33). The
second cross-peak (Figure 6B), which was unaffected by the
deuterium exchange, was attributed to the interconversion
between H2 in the major (8.48 ppm) and minor (7.53 ppm)
conformers. In a 1D spectrum (predominantly major con-
former) after deuterium exchange, the resonance at 8.48 ppm
(H2) retained nearly full intensity, whereas the resonance at
7.51 ppm (H8) diminished in intensity. Although severe
overlap of signals precluded accurate measurement, we
estimate that the minor conformer constitutes less than 5%.
Two other noticeable exchange cross-peaks in other regions
shown as boxed areas b and c in (Figure 6A) were assigned
to H1′ (major 6.18 ppm; minor 6.42 ppm) and H3′ (major
5.49 ppm; minor 4.21 ppm) of dA6. Chemical shifts for the
minor conformer determined from these four exchange cross-
peaks are indicated in parentheses in Table 3.

Restrained Molecular Mechanics/Dynamics Calculation
and Structure Refinement. Restrained MD/EM calculations
were performed on a starting structure with an anti glycosidic
torsion angle at the modified dA and with the hydrocarbon
positioned outside the duplex. A total of 50 MD runs were
performed. Eleven of the computed structures that converged

FIGURE 3: Expanded 200 ms NOESY contour plots of the (10S)-dA adducted duplex at 1°C for the imino-imino protons (left) and for the
imino-amino and imino-base protons (right). Buffer conditions are the same as for Figure 2 at 1°C.

Table 2: 1H Chemical Shift Assignments for the Exchangeable
Protons in the Base Pairs in the 11-mer Duplex Containing the
trans-Opened BaP DE-1 (10S)-dA Adduct

base pair imino H1(dG)/H3 (T) NH2 (dC or dA)

C1-G22 13.06a 8.19, 6.91
G2-C21 13.12 8.59, 7.00
G3-C20 12.85 8.06, 6.54
T4-A19 13.73
C5-G18 12.28 8.16, 6.82
A6-T17 10.60a

C7-G16 11.49 8.03, 7.23
G8-C15 12.52 8.46, 6.89
A9-T14 13.82 7.90, 5.89
G10-C13 12.96 8.36, 7.07
G11-C12 13.06a 7.85, 6.98

a Observed at-10 °C in 20% CD3OD.
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with NOE violations ofe0.1 Å and dihedral angle violations
of e10°, as well as the lowest total energies, had the
hydrocarbon positioned 3′ to the modified dA and interca-
lated between residues dG16 and T17. The maximum RMS
deviation from the average of these 11 best fit structures
was 0.658 Å. These best fit rMD/EM structures were
subjected to further IRMA calculations using 121 well-

separated NOE cross-peaks. Figure 7 shows the superposition
of the IRMA refined structures. As expected, atoms in the
backbone showed greater inconsistency than atoms in sugars
and bases. A stereoview of the average refined structures is
shown in Figure 8. The hydrocarbon shows intercalation
between the modified base pair and the base pair on its 3′-
side, with the aromatic rings sandwiched between dG16 and

FIGURE 4: Expanded 200 ms NOESY contour plot of the (10S)-dA adducted duplex at 5°C. The downfield shifted H2 resonance of dA6
(cross-peak to H5 of dC7) is also shown on the lower-left corner of the plot. Sequential NOE pathways between the base protons (6.8-8.6
ppm) and sugar H1′ protons (4.9-6.3 ppm) for the unmodified and modified strands are shown by solid and broken lines, respectively.

Table 3: 1H Chemical Shifta Assignments for Nonexchangeable DNA Protons in the 11-mer Duplex Containing the trans-Opened BaP DE-1
(10S)-dA Adduct

H1′ H2′′ H2 ′ H3′ H4′ H6/H8 H5 H2 M

modified strand
5′ dC1 5.67 2.33 1.84 4.63 3.99 7.52 5.79

dG2 5.55 2.69 2.69 4.93 4.27 7.88
dG3 5.97 2.72 2.53 4.89 4.37 7.71
T4 5.91 2.33 1.92 4.74 3.88 7.17 1.30
dC5 5.43 1.80 1.31 4.65 3.98 7.32 5.57
dA6 6.18

(6.42)b
2.88 2.63 5.49

(4.21)
4.28 7.51

(8.51)
8.48

(7.53)
dC7 5.43 2.24 2.00 4.72 4.27 7.65 5.98
dG8 5.40 2.68 2.63 4.96 4.28 7.84
dA9 5.89 2.78 2.57 4.96 4.32 8.02 7.62
dG10 5.51 2.56 2.43 4.88 4.25 7.55

3′ dG11 6.03 2.34 2.25 4.52 4.11 7.59
complementary strand

5′ dC12 5.60 2.50 2.24 4.61 3.86 7.76 5.88
dC13 5.93 2.45 2.14 4.76 4.17 7.63 5.61
T14 5.93 2.34 2.03 4.65 4.12 7.35 1.56
dC15 5.35 1.89 1.48 4.64 3.90 7.05 5.34
dG16 4.98 2.60 2.39 4.93 3.95 7.25
T17 5.33 2.04 1.71 4.58 4.33 6.94 1.36
dG18 5.90 2.33 2.22 4.64 3.72 7.72
dA19 6.07 2.76 2.54 4.89 4.30 8.01 7.78
dC20 5.74 2.29 1.88 4.69 4.06 7.16 5.12
dC21 5.51 2.26 1.91 4.75 3.90 7.35 5.51

3′ dG22 6.11 2.57 2.31 4.63 4.13 7.88
a Chemical shifts were referenced to TMSP at 0 ppm and HDO signal at 4.88 ppm.b The chemical shifts corresponding to the minor conformation

are in parentheses.
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T17. The most notable structural feature of the present adduct
is the syn glycosidic angle (58°) of the modified dA6.

DISCUSSION

Although several studies from this laboratory (17, 21) and
others (19, 20, 22) have described the use of NMR to
determine solution structures of fully complementary oligo-
nucleotide duplexes containing BaP DE adducts at theN6

amino group of dA, these reports have been limited to
adducts with 10R configuration at the point of attachment
of the hydrocarbon to the adenine base. The diastereomeric
10S adducts, which are of considerable biological interest
since one such adduct is the product of trans ring opening
of the most carcinogenic (R,S,S,R)-DE-2 isomer, have to date
resisted elucidation by NMR, most likely as a result of
conformational heterogeneity and dynamic motion at the
adduct site. Such (10S)-dA adducts, derived from either DE-
1, DE-2, or 9,10-epoxy-7,8,9,10-tetrahydro-BaP (BaP H4-
E) lacking the 7,8-diol functionality, share characteristics that
are consistent with decreased duplex stability and altered
stacking interactions relative to their “better-behaved” 10R
counterparts (47). For example, such trans-opened (10S)-
dA adducts [as well as the cis-opened BaP H4-E (10S)-dA
adduct] in the present 11-mer sequence all haveTm values
that are 5-8 °C lower than their10R counterparts and 14-
19 °C lower than the unmodified duplex (Tm 54 °C). On
titration with their complementary strands at a temperature
well below the Tm, (10R)-dA adducts exhibit both an

absorbance decrease and a 3-7 nm red shift of the long-
wavelength pyrene band at∼350 nm accompanying duplex
formation. In contrast, (10S)-dA adducts exhibit comparable
absorbance decreases but small or negligible (e2 nm) red
shifts. Similar effects of 10S vs.10R configuration are also
apparent for analogous DE-2 and H4-E dA adducts in other
sequence contexts (21, 47).

The present report constitutes the first successful structure
determination by 2-dimensional NMR techniques of a fully
complementary DNA duplex containing a (10S)-dA adduct
of a BaP DE. The adduct in this case results from trans
opening of the (+)-(S,R,S,R)-DE-1 isomer (Figure 1). The
very similar properties of the BaP DE-1, DE-2, and H4-E
adducted duplexes observed on UV spectroscopy, as well
as comparison of the current structure with a (10S)-dA adduct
of DE-2 in a mismatched duplex (see below), suggest that
this DE-1 (10S)-dA adduct is a reasonable model for the
corresponding DE-2 (10S)-dA adduct, whose structure to date
remains unsolved. The fact that our present 11-mer duplex
containing the DE-1 adduct appears to be only slightly more
stable thermally (∼3 °C higherTm) than its DE-2 adducted
counterpart suggests that very small differences in confor-
mational distributions and/or rates of interconversion may
be crucial to the success of these NMR structural studies.

Structural Features.The present (10S)-dA adducted duplex
consists largely but not exclusively of a single conformer
whose structure was refined by rMD/EM utilizing NOE
distance restraints. Sequential NOE cross-peaks of the present
adduct were consistent with a B-type DNA conformation
along the duplex, except at the lesion site. The observed

FIGURE 5: Expanded 200 ms NOESY spectrum at 500 MHz
showing the assignments for the aromatic protons of BaP.

Table 4: Chemical Shift Assignmentsa for Protons of the
Hydrocarbon Moiety in the BaP DE-1 (10S)-dA Adduct

proton
chemical shift

(ppm) proton
chemical shift

(ppm)

H1 7.56 H7 4.72
H2 7.63 H8 3.63
H3 7.84 H9 3.87
H4 7.44 H10 5.60
H5 7.08 H11 6.61
H6 7.64 H12 6.76

a Referenced to TMSP at 0 ppm and HDO signal at 4.88 ppm.

FIGURE 6: Expanded ROESY contour plot (δ 4.0-8.6 ppm, 40
ms mixing time) for the (10S)-dA adducted DNA duplex obtained
at 5°C after deuterium exchange (A). Detail of plot showing NOE
exchange cross-peak(s) for the base proton(s) (box a in panel A)
of the modified dA6 before (B) and after (C) the deuterium
exchange.
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NOEs indicated that the hydrocarbon was intercalated,
consistent with all previous NMR structures (17-23) for BaP
DE adducts at dA. NOE interactions between the hydrocar-
bon and the nonexchangeable protons of the base pair on
the 3′-side relative to the adducted strand established that
the aromatic ring system was intercalated 3′ to the modified
base. This orientation is similar to that observed for other
(10S)-dA adducts of DEs derived from BaP (23), benzo[c]-
phenanthrene BcPh) (48) and benzo[a]anthracene BA) (49),
and opposite to that observed for the corresponding (10R)-

dA adducts (18-22, 50, 51).
A stereoview of the final structure for the predominant

conformation obtained from the rMD/EM calculations is
shown in Figure 8, and comparative views of the central three
base pairs of final 11-mer duplexes containing the present
trans-opened DE-1 (10S)-dA adduct (left) and the corre-
sponding (10R)-dA adduct (17) (right) are shown in Figure
9. In the present structure, the glycosidic torsion angle at
the modified dA6 is syn. Spectral features of the modified
dA6, such as the high-field shifted resonance of H8 and its
strong intraresidue NOE interaction with H1′, as well as the
NOE between H2 and H3′, all support this orientation. In
the syn conformation, the six-membered ring of dA6 is
positioned over its sugar ring with H2 facing H3′, whereas
the five-membered ring points away from the sugar ring and
orients N7 within hydrogen bonding distance (3.11 Å) of
the N3-H of T17. The syn orientation also places the H2 of
dA6 close to many protons of adjacent residues on both sides
of the modified base, namely, H5, H6, H2′, and H2′′ of dC7

and H2′ and H2′′ of dC5. All other glycosidic torsions in
the duplex are in the normalanti conformation.

The intercalated BaP wedges apart the two bases of dG16

and T17 of the complementary strand from the typical base-
base rise distance (Dz 3.3 Å) to 6.7 Å as determined from
Curves (52), a program suited for determination of helical
parameters of irregular nucleic acids. To accommodate the
large rise distance the two bases, dC7 and dA6, of the
modified strand, buckle at-26 and 30°C (see Figure 9,
left) and form weak base pairs to dG16 and T17, respectively.
The widening between dG16 and T17 is also partially
compensated by shortening of rise distances of next two
adjacent inter-base stacking pairs (Dz 2.4 Å between dG15

and dC14 and 2.6 Å between T17 and dG18). The intercalation
together with the glycosidic syn conformation at the modified
dA resulted in a Hoogsteen type dA6-T17 base pair (see Figure
10A, left) with about 180° rotation of the base of dA6
(positive propeller twist,ω, 169°). Values of propeller twist
ranging between-4° and-28°, typical for a base pair with
anti-anti sugar conformation, have been reported for an
unmodified DNA dodecamer (53-55). The average helical
twist is 31.7°, indicating a slight under-winding of the
modified DNA (33.2° for the calculated unmodified DNA
(56)). The (10S)-dA modified 11-mer duplex remains in a
right-handed helix with a path length of 34.8 Å and end-to-
end distance of 32.3 Å. The duplex shows a bend of about
42° from the helical axis in the direction of the aliphatic
ring of the hydrocarbon.

The aliphatic ring of BaP is exposed in the major groove,
and the aromatic system is intercalated toward the 3′-end of
the adducted strand, between the central dA6-T17 and its
neighboring base pair (dC7-dG16). The edge of the hydro-
carbon comprising H3, H4, and H5 of the BaP faces toward
the major groove, whereas the edge comprising H1 and H12
is inserted through the helix and orients toward the minor
groove. Interestingly, the aromatic portion in the trans 10R
adducted duplex also inserts into the DNA helix with the
same facial orientation, with H3, H4, and H5 of the BaP
facing the major groove. Since the parent DEs are mirror
images, this requires the hydrocarbon of the trans (10R)- and
(10S)-dA adducts to intercalate on opposite sides of the
modified base pair, as observed. Potential-energy calculations
(57) indicate that these opposite spatial orientations of the

FIGURE 7: Superposition of eleven structures obtained from rMD/
EM calculations (rmsd 0.658 Å). The 5′-end of the modified strand
is at the top.

FIGURE 8: Stereoview of the averaged refined structure of the
present (10S)-dA adducted duplex, looking into the major groove.
The 5′-end of the modified strand is at the top.
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hydrocarbon relative to the adenine base for adducts of the
two enantiomeric DEs are also energetically preferred in the
monomeric adducts due to steric hindrance. Stacking interac-
tions with the pyrene moiety presumably account for the
upfield chemical shifts observed for H6 of T17 and H8 and
H1′ of dG16. Interestingly, the methyl protons of T17 in the
present (10S)-dA adducted duplex resonate at a near-normal
position (1.36 ppm), whereas these protons in the corre-
sponding (10R)-dA adducted duplex (17) are massively
upfield shifted (to-0.2 ppm). In the present structure, this

methyl group lies above an edge of the pyrene ring system,
whereas in the 10R adducted duplex the methyl group is
directly below the central portion of the aromatic system (cf.
Figure 9). There are also several marked differences in
chemical shifts for the BaP moiety between the present (10S)-
dA adduct and its 10R counterpart. Large downfield shifts
for H1, H2, and H3 and significant upfield shifts for H5 and
H6 are observed in the present 10S adduct as compared to
the 10R adduct. These may result from differences in the
spatial arrangement of the two bases flanking the hydrocar-

FIGURE 9: Comparative views (looking into the major groove) of the central three base pairs of the present (10S)-dA adducted duplex (left)
and the isomeric (10R)-dA adducted duplex (17). Both duplexes contain a T complementary to the adducted dA. The 5′-end of the modified
strand is at the top. The hydrocarbon is shown in green, and the C5-G18, A6-T17, and C7-G16 base pairs are shown in purple, yellow and
magenta, respectively.

FIGURE 10: Views of the present BaP DE-1 (10S)-dA adducted duplex (left) and a BaP DE-2 (10S)-dA adducted duplex (right) with a
mismatched dG (23) opposite the adduct. The hydrocarbon is shown in yellow, and the A-T(G) and C-G base pairs are shown in green
and magenta, respectively. (A) View into the major groove. The modified base pair and its neighboring base pair toward the 3′-side of the
adducted strand are shown. The 5′-end of the modified strand is at the top. Distances between N7 (A) and N3-H (T) or N1-H (dG) are
indicated. (B) View of stacking interactions between the hydrocarbon, the adducted base pair, and the C-G base pair adjacent to the
hydrocarbon looking along the helix axis from the 3′-end of the modified strand.
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bon. In the present (10S)-dA adduct, the hydrocarbon inserts
tightly between T17 and dG16 such that these bases are
positioned directly above and below the center of the
aromatic system. In contrast, for the (10R)-dA adduct, the
two flanking bases (T17 and dG18) are slightly offset, and lie
above and below H1 and H12.

The conformation of the present duplex is strikingly similar
to that of a 9-mer duplex with the same sequence but
containing a dG mismatch (23) opposite a DE-2 (10S)-dA
adduct (Figure 10). In both structures, the predominant
conformer has a syn glycosidic torsion angle for the adducted
adenine base. The hydrocarbon intercalates in such a way
that the edge of the pyrene corresponding to H12, H1, and
H2 is pushed through the helix and extends into the minor
groove. As shown in Figure 10B, the BaP ring in the present
duplex is stacked between a pyrimidine (T17) and a purine
ring (dG16) whereas in the mismatched duplex, the BaP is
sandwiched between two purine rings (one of which is the
mismatch) resulting in different stacking interactions but little
change in the overall orientation of the pyrene ring system.
The T (dG) residue opposite the adducted dA is positioned
such that N3-H (T) or N1-H (dG) approaches N7 of the
syn dA6. The short distance (2.07 Å) between N1-H (dG)
and N7 (dA) in the mismatched 9-mer (Figure 10A, right)
is consistent with hydrogen bonding, whereas in the present
case, N3-H (T17) is farther away (3.11 Å) and would thus
form a weaker H-bond with N7 (A6) (Figure 10A, left). The
extremely broad signal for the N3-H (T17) proton in the
exchangeable proton spectrum of the present duplex (Figure
2, top) contrasts with the sharp resonance for the corre-
sponding dG imino proton signal in the dG mismatch (23)
and supports this interpretation. Consistent with the similar
orientations of the BaP moiety in both the present DE-1
adduct and the DE-2 dA/dG mismatch, differences in
chemical shifts for individual aromatic protons in the two
structures aree0.2 ppm. Upfield shifts for the aliphatic
protons H7, H8, and H9 (∼0.3-0.4 ppm) of the present DE-1
adduct presumably reflect the different relative stereochem-
istry of the DE-1 and DE-2 adducts; in particular, the facial
orientations of both H7 and H8 relative to the adenine at
H10 are switched in the DE-1 when compared with the DE-2
adduct.

Minor Conformer. We previously demonstrated that the
9-mer duplex described above with a mismatched dG
opposite a BaP DE-2 (10S)-dA adduct contained∼17% of
a minor conformer whose spectrum was resolvable from the
major conformer on the NMR time scale. Interconversion
of the major, syn conformer with this minor species, whose
structure was solved and shown to have the anti orientation
of the glycosidic bond of the adducted dA (58), gave rise to
chemical exchange cross-peaks. In the present structure, a
limited number of analogous chemical exchange cross-peaks
involving protons that have large chemical shift differences
in the two conformers are observed (Figure 6). The most
crucial of these are the two very close but resolvable cross-
peaks, between 8.48 and 7.53 ppm and between 8.51 and
7.57 ppm. Isotope exchange of the sample with solvent
deuterium unambiguously assigned these peaks to H2 and
H8, respectively. On the basis of deuterium exchange and
NOESY spectral assignments, it is clear that the farthest
downfield signal observed in a 1D NMR spectrum corre-
sponds to H2 of dA6 in the major (syn) conformer, and that

the H8 resonance in this major conformer is shifted far
upfield to∼7.5 ppm. This represents a reversal of the normal
chemical shifts observed for these two protons and is typical
(21, 23, 49) of the syn conformation of hydrocarbon-adducted
dA in several related oligonucleotides including the mis-
matched 9-mer described above. The low field signal (8.51
ppm) assigned to H8 of theminor conformer is typical for
an anti glycosidic conformation but is too small and too close
to be resolved from the nearby H2 resonance of themajor
conformer in a 1D spectrum. Hence the percentage of the
minor (most likely anti) conformer present could only be
estimated (<5%).

Oligonucleotide duplexes containing both (1R)- and (1S)-
dA adducts derived from benzo[c]phenanthrene (BcPh) (48,
50) and benzo[a]anthracene (BA) (49, 51) DE-2 with a
complementary T have been characterized by NMR. Al-
though the 1R-adducted duplexes in both cases were con-
formationally homogeneous (50, 51), the 1S-adducts showed
the presence of minor conformers (48, 49). For the BA DE-2
(1S)-dA adduct, strong evidence was presented for a syn
glycosidic torsion at the modified dA in theminor (20%)
conformer. The conformational equilibrium is altered for the
BaP relative to the BA adduct such that in the present BaP
DE-1 (10S)-dA adduct, themajor conformerhas this unusual
syn conformation. The similarity between the present struc-
ture and a BaP DE-2 (10S)-dA adduct in which the syn
conformation is stabilized by hydrogen bonding to a mis-
matched dG makes it likely that this conformational motif
is also significant for the DE-2 (10S)-dA adduct when its
complementary base is T. We speculate that a putative
hydrogen bond between the 7-hydroxyl group of the BaP
moiety and N7 of dG16 (cf. Figure 10) in the DE-1 adduct
may sufficiently stabilize the major conformation or slow
its rate of interconversion with other conformation(s) so that
the present NMR analysis was made possible. Because the
7-hydroxyl group is oriented on the opposite face of the ring
system in the present DE-1 adduct relative to its DE-2
counterpart, this hydroxyl may approach closely enough (2.82
Å as shown) for hydrogen bonding to N7 of dG16 (Figure
10A) in the present adduct, but not in its DE-2 isomer. The
success of the present determination, in light of the recal-
citrance of the corresponding DE-2 adducts to NMR
structural elucidation, highlights the importance of relatively
small structural or conformational differences that can
influence the rates and equilibria for conformational inter-
conversion.

For PAH DE adducts at dA investigated to date, significant
contributions from minor conformers have generally been
characteristic of the isomer withSconfiguration at the point
of attachment of the hydrocarbon to the adenine base.
However, evidence for conformational heterogeneity in some
DNA duplexes containing a BaP DE-2 (10R)-dA adduct has
recently been reported as well (20, 21). Stone and co-workers
(20) reported a fast dA6 sugar pucker interconversion
(between C2′-endo and C3′-endo conformation) for the base
(A) adjacent to the modified dA in the local sequence
-CAA*G-. When the adduct was at the alternative A
(-CA*AG-), no evidence for this type of conformational
equilibrium was observed (19). In another recent study, NOE
chemical exchange (21) indicated the existence of a minor
(e5%) conformer, probably with a syn glycosidic torsion
angle at the modified dA, in a different duplex with the same
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local (-CAA*G-) sequence context. The two types of
conformational equilibria described may occur concurrently
in either or both -CAA*G- oligonucleotides. Although it
appears that the existence of multiple conformations may
be sequence dependent for both dA (20) and dG (59) adducts,
insufficient data on adducts in different sequence contexts
are presently available to assess the importance of such
effects.

SUPPORTING INFORMATION AVAILABLE

The NOE distance restraint file and two NOESY contour
plots showing connectivities of sugar H2′ and H2′′ protons
with the base H6/H8 protons for the modified and comple-
mentary strands. This material is available free of charge
via the Internet at http://pubs.acs.org.
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