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ABSTRACT: The solution structure of an 11-mer DNA duplex, d(CGGTCA*CGAGG)‚d(CCTCGTGACCG),
containing a 10R adduct at dA* that corresponds to the cis addition of theN6-amino group of dA6 to
(+)-(9S,10R)-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene was studied by 2D NMR methods. The
NOESY cross-peak patterns indicate that the hydrocarbon is intercalated on the 5′-side of the modified
base. This observation is the same as that observed for other oligonucleotides containing (10R)-dA adducts
but opposite to that observed for the corresponding (10S)-dA adducts which are intercalated on the 3′-
side of the modified base. The hydrocarbon is intercalated from the major groove without significant
disruption of either the anti glycosidic torsion angle of the modified residue or the base pairing of the
modified residue with the complementary residue on the opposite strand. The ensemble of 10 structures
determined exhibits relatively small variations (6-15°) in the characteristic hydrocarbon-base dihedral
angles (R′ andâ′) as well as the glycosidic torsion angleø. These angles are similar to those in a previously
determined cis-opened benzo[a]pyrene diol epoxide-(10R)-dA adduct structure. Comparison of the present
structure with the cis-opened diol epoxide adduct suggests that the absence of the 7- and 8-hydroxyl
groups results in more efficient stacking of the aromatic moiety with the flanking base pairs and deeper
insertion of the hydrocarbon into the helix. Relative to normal B-DNA, the duplex containing the present
tetrahydroepoxide adduct is unwound at the lesion site, whereas the diol epoxide adduct structure is more
tightly wound than normal B-DNA. Buckling of the adducted base pair as well as the C5-G18 base pair
that lies immediately above the hydrocarbon is much less severe in the present adducted structure than its
cis-opened diol epoxide counterpart.

The environmental pollutant benzo[a]pyrene (BP),1 one
of the best studied carcinogenic agents, is metabolized in
mammals to form highly reactive, carcinogenic benzo-ring
7,8-diol 9,10-epoxides (DEs) in which the epoxide group is
located in a bay region of the molecule (1). These epoxides
form covalent adducts with cellular DNA via cis or trans
epoxide ring opening by the exocyclicN2- and N6-amino
groups of deoxyguanosine (dG) and deoxyadenosine (dA),

respectively (2) (cf. Figure 1). Incorrect replication of such
damaged DNA results in mutations and thus likely constitutes
the initiating event in cell transformation leading to cancer
induced by the DEs. The solution conformations of such
adducts in DNA are thus of considerable interest.

We are interested in the effect of the 7- and 8-hydroxyl
groups on the physical properties and biological activity of
BP DEs and their DNA adducts. Replacement of these
hydroxyl groups in BP DE with hydrogen markedly enhances
the reactivity of the resulting 9,10-epoxy-7,8,9,10-tetrahy-
drobenzo[a]pyrene (BP H4E) toward epoxide ring opening
by solvent water (3), an effect which was ascribed in large
part to a greater preference of the BP H4E (relative to the
DEs) for a conformation favoring formation of the carboca-
tion intermediate at C-10. BP H4E reacts with the exocyclic
amino groups of both dG and dA residues to form adducts
with DNA in vitro (4) as do the BP DEs. Oligonucleotide
duplexes containing BP H4E-dA adducts exhibit decreased
thermal denaturation (Tm) temperatures relative to the un-
adducted duplexes; for example, the presentcis-(10R)-BP
H4E adducted duplex and its cis 10S diastereomer haveTm

values that are 9 and 14°C lower than the corresponding
unmodified duplex (5). Similar trends have been observed
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for trans-opened BP DE-dA adducts (reviewed in ref5).
Metabolism of 7,8-dihydro-BP by mammalian cytochromes
P450 produces BP H4E, with the (+)-(9S,10R)-enantiomer
predominating (6-8). Racemic BP H4E exhibits generally
higher mutagenicity than the corresponding racemic BP DEs
in several strains ofSalmonella typhimuriumbut lower
mutagenicity than the DEs in Chinese hamster V79 cells (9).
In a site-specific mutagenesis study (10) of BP-derived dA
adducts inEscherichia coli, decreasing the number of adduct
hydroxyl groups generally decreased the total frequency of
substitution mutations induced. Interestingly, however, the
(9S,10R)-dA adduct corresponding to cis opening of (+)-
(9S,10R)-BP H4E constituted a striking exception, in that it
exhibited the highest mutational frequency of all the BP dA
adducts studied, including the DE adducts (10). This 10R
adduct is the subject of the present study.

Solution structures of duplex oligonucleotides containing
both cis- (11) and trans- (12-15) opened (10R)-dA adducts
derived from BP DEs have been determined by two-
dimensional NMR studies. Both cis- and trans-opened dA
adducts with thisR-configuration at the point of attachment
of the adenine base have the aromatic hydrocarbon interca-
lated into the DNA and oriented on the 5′-side of the
modified adenine. In the present study we have determined
the solution conformation of the cis-opened (9S,10R)-dA
adduct derived from (+)-(9S,10R)-BP H4E and compared it
to related DE adducts in order to explore the effect of
replacing the 7- and 8-hydroxyl groups with hydrogen on
the conformation of an 11-mer oligonucleotide duplex
(Figure 1) containing this adduct.

MATERIALS AND METHODS

Synthesis of Oligonucleotides.Synthesis of the diastere-
omeric mixture (10R/10S) of cis-N6-(10-(9-acetoxy-7,8,9,-
10-tetrahydrobenzo[a]pyrenyl))-5′- O-(4,4′-dimethoxytrityl)-
3′-O-[(N,N-diisopropylamino)(â-cyanoethoxy)phosphinyl]-
2′-deoxyadenosine and preparation of oligonucleotides used

essentially the methodology described (16) for the corre-
sponding trans-adducted phosphoramidite (see Supporting
Information). Thecis-phosphoramidite mixture was used to
prepare the diastereomeric pair of oligonucleotides corre-
sponding to cis-opened dA adducts of (()-9,10-epoxy-7,8,9,-
10-tetrahydrobenzo[a]pyrene by a semiautomated procedure
(17) with manual coupling of the phosphoramidite. For a 10
µmol synthesis, 130 mg of 170 Å dG-cpg (77µmol/g) was
used. After automated synthesis of a 5-mer corresponding
to the 3′-sequence, the support-bound oligonucleotide was
treated with 29µmol of the phosphoramidite in 200µL of
0.5 M 1H-tetrazole in CH3CN for 18 h at room temperature.
Because of potential loss of the 5′-dimethoxytrityl protecting
group during the extended coupling time, end capping was
omitted following the manual coupling step (18). End
capping is unnecessary after this step, since failure to couple
the adducted phosphoramidite would result in a shorter
oligonucleotide lacking the hydrocarbon, which is easily
separated from the desired, adducted products by HPLC. The
yield of the manual coupling step estimated from the release
of the dimethoxytrityl cation (498 nm) was approximately
66%. This coupling yield was significantly higher than those
normally observed with the corresponding O-acetylated DE-
adducted dA phosphoramidites, possibly due to decreased
steric hindrance by substituents on the tetrahydro ring. The
final five residues were added by automated synthesis. The
fully deprotected oligonucleotides were purified by HPLC
on a Hamilton PRP-1 column, 21.5× 150 mm, eluted at 9
mL/min with a linear gradient of CH3CN in 0.1 M (NH4)2-
CO3, pH 7.5, that increased the CH3CN composition from
10% to 30% over 20 min, with detection at 350 nm. The
two diastereomeric, adducted oligonucleotides are well
separated from each other, with retention times of 10.0 and
11.9 min. Their absolute configurations were assigned on
the basis of their CD spectra (see Supporting Information),
which exhibited strong positive bands in the 300-360 nm
region for the 10R (early-eluting) and strong negative bands
for the 10S (late-eluting) diastereomer, as previously ob-
served for oligonucleotides containing BP DE-dA adducts
(19). The adducted 11-mers were titrated spectrophotometri-
cally (353 nm) with the complementary strand, d(CCTCGT-
GACCG), at 20°C (10S isomer) or 25°C (10R isomer) as
described (20) to determine the amount required to obtain a
1:1 duplex. A ratio of 0.71A260 of complementary strand to
1.0 A260 of adducted strand was obtained for both diastere-
omers. For NMR studies, the 10R adducted oligonucleotide
was dissolved in 20 mM sodium phosphate buffer, pH 7,
containing 57 mM NaCl (to give a total ionic strength of
100 mM) and 0.5 mM sodium azide.

An attempt to investigate the 10S-adducted duplex by
NMR failed as a result of substantial decomposition of the
duplex oligonucleotide in the above sodium phosphate buffer
(pH 6.7-7.0) to give 9,10-dihydroxy-7,8,9,10-tetrahydroben-
zo[a]pyrene: m/z (FAB MS) 288 (M+ + 1). This decom-
position product was cochromatographic with the authentic
trans-diol obtained on hydrolysis of BP H4E. Notably,
storage of the adducted duplex in buffer at 2°C produced
little or no decomposition after 8 days. However, significant
(∼20%) decomposition was observed on HPLC after further
storage at room temperature for 6 days, with concomitant
formation of an oligonucleotide product lacking the hydro-
carbon chromophore. This new oligonucleotide was chro-

FIGURE 1: Structures and numbering convention for the BP DEs
and BP H4E and the products of their cis opening at C10 by the
exocyclicN6-amino group of dA in DNA. For each structure, only
the enantiomer with 10Rconfiguration and the resultant cis-opened
(10R)-dA adduct diastereomer (BP H4E dA adduct isomer used in
this study) are shown. The subscripts c and t, as used in the text to
identify protons cis and trans, respectively, to the proton at C10 of
the present BP H4E adduct, are indicated on the adduct structure.
Since the adducts arise by cis attack at C10, the configuration at
this carbon is retained upon adduct formation. The modified
oligonucleotide duplex is shown with the adduct indicated as A*.
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matographically distinct (earlier eluting) from the comple-
mentary strand and presumably corresponds to the 11-mer
with a normal dA at position 6 that is generated upon loss
of the hydrocarbon moiety.

NMR Experiments.All NMR spectra were collected on
Varian UNITYplus 750 or 600 spectrometers equipped with
pulsed field gradients. Samples for the NMR experiments
were prepared in a buffer containing 20 mM sodium
phosphate (pH 6.7), 56 mM NaCl, and 50µM sodium azide.
For nonexchangeable protons, two-dimensional NOESY data
were collected with the sample dissolved in 99.96% D2O.
The data were collected at 750 MHz, using the WETNOESY
pulse sequence (21) and 200 ms mixing time, at 15°C with
4096 complex points int2 and 512 complex points int1,
sweep widths of 7455.7 Hz in both dimensions, and a
relaxation delay of 4.3 s. The 200 ms mixing time NOESY
at 600 MHz was carried out at 5°C in 90% H2O/10% D2O
with 8192 complex points int2 and 512 complex points in
t1, sweep widths of 12000 Hz, and a relaxation delay of 3.8
s. The Z-filtered TOCSY (22) experiments were recorded
with 50 and 120 ms mixing times. ROESY (23) and
exchange-only experiments (24) were recorded with 200 and
150 ms mixing times, respectively. All NMR data were
processed using VNMR (Varian) software. A 90° shifted
sine-bell apodization function was applied to the fids in both
dimensions of the NOESY experiments before Fourier
transformation.

Creation of AMBER Force Field Parameters and the
Starting Structure.Equilibrium bond lengths, bond angles,
and dihedral angles for the BP moiety were obtained from a
Gaussian94 (25) geometry optimization of the BP-adducted
dA residue using the 6-31g(d) basis set at the RHF level of
theory. Population analysis was calculated in a subsequent
Gaussian94 run with the following options: GEOM)
ALLCHECK, POP) MK, and IOP(6/33) 2). A two-part
RESP procedure was then used to calculate the final charges
for the force field. To create the starting model, NAB
(Nucleic Acid Builder;26) was used to create the B-DNA
form of the duplex without the adduct. The name of residue
A* 6 was edited in the PDB file to residue THB. After the
newly created force field parameters were loaded into the
xLEAP program within AMBER5.0 (27), the altered PDB
file was loaded and xLEAP added the missing BP moiety to
the duplex. MIDAS was then used to rotate bond angles at
the adduct and the surrounding bases to remove all steric
clashes while leaving the BP moiety partially intercalated
within the helix. This was accomplished by incrementally
rotating the A*6 H1′-C1′-N9-C8 dihedral angle from
-161° to -172°, and the A*6/BP H61-N6-C10-H10
dihedral angle to 150°, while making subtle changes to the
neighboring residues and subsequently minimizing the
structure to relieve steric clashes with neighboring bases.

Restrained Molecular Dynamics Calculations.These start-
ing model coordinates, based on standard B-DNA with anti
glycosidic angles for all residues including the adducted
deoxyadenosine, were subjected to energy minimization to
remove any unfavorable van der Waals contacts. The starting
structure was then placed in a rectangular box, providing at
least 10 Å of explicit TIP3P water molecules (28). To
neutralize the negative charges on phosphates, 22 Na+ ions
were placed around the phosphate groups of the DNA
backbone. The water box was first subjected to a series of

equilibration MD runs while the solute was held fixed.
Position constraints on solute molecules were gradually
relaxed during the equilibration steps. These steps were
performed using the PME method to calculate electrostatic
interactions (29). The resulting structure was used as the
starting structure for the subsequent rounds of refinement
using r-MD. During r-MD, the nonbonded interaction cutoff
distance was set to 10 Å with an integration time step of 1
fs. Coordinates were stored every 100 steps. The charges at
the 5′- and 3′-ends of the DNA strands were modified to
avoid nonphysical electrostatic interactions.

Distance restraints between nonexchangeable protons were
derived from the integrated 2D NOESY cross-peak volumes
using the hybrid, complete relaxation matrix program
MORASS (30). Two-dimensional NOESY spectra were
simulated from starting model structures at 200 ms mixing
time assuming an isotropic correlation time of 4.0 ns. A
hybrid of experimentally determined NOESY cross-peak
volumes and calculated NOESY volume matrix of starting
geometry was built to approximate a complete experimental
NOESY volume matrix. The cross-relaxation rate for each
proton pair was then calculated with multiple spin effects
explicitly treated. Interproton distances were calculated from
the cross-relaxation rates assuming a simple isotropic spectral
density function.

Using MORASS, 464 distance restraints between nonex-
changeable protons were obtained from the 2D NOESY data.
In addition, 65 distance restraints between exchangeable
protons were obtained by qualitatively measuring the intensi-
ties of NOESY cross-peaks from a 90% H2O/10% D2O
NOESY spectrum at 750 MHz. These restraints were
assigned as strong (1.80- 2.50 Å), medium (1.80-3.80 Å),
weak (1.80-5.00 Å), and very weak (1.80-6.00 Å).
Hydrogen bond restraints at an equilibrium distance of 1.9
Å ((0.19 Å) were added between the base pairs. The force
constant on each hydrogen bond restraint was 15 kcal/(mol‚
Å2). Only one hydrogen bond restraint was applied to either
AT (between N1 of A and H3 of T) or GC base pairs
(between H1 of G and N3 of C) to allow propeller twist
between the base pairs during the refinement.

The structure refinement was done by an iterative cycle
involving a perturbational merging of experimental NOESY
volumes with the theoretical volume matrix using the
MORASS/AMBER protocol as previously described (15).
In the initial rounds of the iterative r-MD cycles (rounds
1-5), 464 nonexchangeable and 11 hydrogen bond distance
restraints were used. For each iteration, the starting structure
was subjected to 8 ps of r-MD with temperature annealing
(increased the temperature from 298 to 600 K for 2 ps, cooled
to 298 K over the next 3 ps, continued at 298 K for the last
3 ps). The average structure from the last 3 ps of the r-MD
was energy minimized (2000 steps without restraints), and
the resulting structure was used as the starting structure for
the next iteration of MORASS/r-MD. For the last iterative
cycle of the 8 ps r-MD, an additional 65 distance restraints
between exchangeable protons and 86 backbone dihedral
angle restraints were also used. The coordinates from the
last picosecond of the r-MD calculations were averaged using
CARNAL (31), and the averaged coordinate set was refined
by 2000 steps of full conjugate gradient minimization without
NOESY restraints to yield the final averaged structure for
each cycle.
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The progress of the iterative refinement process was
monitored by the % RMS (volume), theR-factor, and the
Q1/6-factor. These factors, defined below, indicate the match
between the experimental and theoretical NOESY volumes
calculated from the refined structure. The % RMS (volume)
is given by

The R-factor is given by

and theQ1/6-factor is defined as

where a represents theoretical volumes andb represents
experimental volumes andτm is the NOESY mixing time.

To study the conformational space of the adducted duplex,
the structure from the last round (round 6) of the MORASS/
r-MD iterative cycles was subjected to a further 50 ps of
restrained molecular dynamics. The first 10 ps were dis-
carded, and the structure was sampled every 4 ps. These 10
structures were then minimized without restraints. The final
restraint penalties for the 10 structures ranged from 40 to
80 kcal/mol. All structures were built with xLEAP (32) and
displayed with MolMol or MIDAS (33). For energy com-
parisons with the initial structure, the final 10 structures were
also minimized with 2000 steps of full conjugate gradient
minimization in the absence of water so that the energy of
the DNA duplex was not buried within the much larger
energies of the solvent system.

RESULTS

Assignments of Nonexchangeable Proton Chemical Shifts.
The chemical shift assignments were made using the 2D
NOESY, TOCSY, and the DQF-COSY experiments follow-
ing the established sequential assignment strategy for nucleic
acids (34). Although neither an A-form nor B-form type
geometry was assumed, the sequential assignment of this
duplex followed that for a right-handed helix. Sequential
assignments were based on the aromatic-H1′ connectivities
(Figure 2) and were confirmed by the aromatic-aromatic
cross-peaks and aromatic-H2′/H2′′/H3′ connectivities. The
adenine H2 resonances were assigned by their strong cross-
strand NOESY cross-peaks to base-paired thymidine imino
protons and by their sequential NOESY cross-peaks to the
H1′ of the 3′-residue. Weak sequential H1′(n) f H1′(n +
1) connectivities were also observed and were used to
confirm the H1′ assignments. Sugar H2′ and H2′′ resonances
were assigned by comparing the intensities of intrasugar
NOEs at short mixing times. The sugar H2′ proton is closer
to the H1′ of the same sugar than any other proton
irrespective of the sugar pucker. Other sugar protons were
assigned from the 2D TOCSY and the DQF-COSY spectra.

The assignments of individual sugar protons were confirmed
by the relative intensities of the intrasugar cross-peaks in
the 2D NOESY spectra.

The chemical shift assignments for the DNA protons are
listed in Table 1. Several of the resonances for T17 and G18

residues are shifted upfield from their normal regions. These
include the H1′ protons of T17 and G18 and the methyl protons
of T17 as well as the imino protons of T17 and G18 residues.
In contrast, the A*6 H8 base proton resonates downfield
relative to a normal adenine H8 proton. These changes in
chemical shift can be attributed to electron shielding or
deshielding effects of the aromatic hydrocarbon. Sequential
aromatic-H1′ NOE connectivities were observed for all
residues throughout the strand except between G18 and T17.
This is due to the wedge created by the intercalated BP
between these two residues.

Benzo[a]pyrene Protons.The protons of the hydrocarbon
were assigned from the 2D TOCSY and NOESY data and
comparison with previous BP DE-adducted DNA duplexes
(11, 15). The chemical shifts of the BP protons are listed in
Table 2. The structure, labeling convention, and absolute
configuration for the BP (10R)-dA adduct are shown in
Figure 1. The TOCSY spectra established the through-bond
connectivities for aromatic and aliphatic protons and identi-
fied the spin systems. The NOESY data provided additional
through-space connectivities between the adjacent spin
systems (between H1 and H12, H3 and H4, H5 and H6, H6
and H7, and H10 and H11). The H11 and H12 protons were
readily assigned by their relatively upfield-shifted resonances,
possibly due to shielding by surrounding bases, as observed

% RMS (volume)) x1/N∑
ij (Vij

a - Vij
b

Vij
a )2

× 100

R )
∑ij|Vij

a - Vij
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a

Q1/6 )
∑ijτm|(Vij

a)1/6 - (Vij
b)1/6|
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FIGURE 2: The aromatic (F1) and H1′ (F2) proton region of a 200
ms mixing time NOESY experiment of the 11-mer duplex in
D2O. (A) Sequential connectivity between the base aromatic and
the H1′ protons of the adducted strand. (B) Sequential connec-
tivity of the complementary strand. The sequential connectivity
between T17 H1′ and G18 H8 is not seen. The peak marked with an
X is the cross-peak between the C5 H6 proton and its own H3′
proton.
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in previous studies. The NOESY cross-peak between H11
and H10 provided a connection to the aliphatic portion of
the hydrocarbon. Sequential NOE peaks were then used to
assign the remaining BP aliphatic protons. Intense NOE
cross-peaks from the aliphatic H7 protons to a resonance at
7.68 ppm were used to assign the H6 proton. A NOESY
cross-peak was also observed between the H6 and H5
protons. Stereospecific assignments of the H7 and H8 protons
were determined from the relative intensities of the NOESY
cross-peaks and by the TOCSY peaks. Fifty-eight NOESY
cross-peaks were observed between BP and DNA protons,
44 of which were to nonexchangeable DNA protons. These
cross-peaks are listed in Table 3.

Assignment of Exchangeable Protons.The exchangeable
protons were assigned from a 2D NOESY spectrum taken
in a 90% H2O/10% D2O buffer solution. Both imino proton
to imino proton NOE cross-peaks and imino proton to
adenine H2 proton NOE cross-peaks were used to assign
the imino protons (Table 1). Thymidine imino protons were
identified by strong NOESY cross-peaks to the H2 protons
of the base-paired adenines. The imino protons were
sequentially assigned by tracing through the imino-imino
cross-peak connectivity (Figure 3). Due to the intercalation
of the hydrocarbon between the A*6-T17 and C5-G18 base
pairs, a sequential NOE was not observed between the T17

and G18 imino protons. An NOE was observed between the
10.86 ppm resonance and a resonance at 13.35 ppm. The

resonance at 13.35 ppm showed a very large NOE cross-
peak to a resonance at 7.63 ppm, which corresponds to the
H2 proton of dA19. On the basis of this, the resonance at
10.86 was assigned to the G18 imino proton, and the

Table 1: Chemical Shift Assignments (in ppm) of the DNA Protons

residue H1′ H2′ H2′′ H3′ H4′ H5′ a H5′′ a H6/8 H2/5/Me NH(2)

dC1 5.62 1.75 2.25 4.57 3.94 3.59 7.47 5.75 8.10, 7.04
dG2 5.38 2.58 2.58 4.85 4.17 3.95 3.84 7.80 13.03
dG3 5.84 2.42 2.55 4.84 4.29 4.00 4.06 7.65 12.59
dT4 5.84 1.60 1.99 4.69 3.99 4.07 3.94 6.93 1.04 13.35
dC5 5.91 2.50 2.64 5.00 4.25 3.97 3.93 7.67 5.23 6.64, 6.10
dA*6 6.31 2.67 2.80 5.06 4.46 4.12 4.14 8.73 7.79 6.60
dC7 5.24 2.11 2.24 4.79 4.10 4.02 4.05 7.42 5.24 8.03, 6.52
dG8 5.42 2.61 2.68 4.92 4.24 4.01 3.93 7.83 12.87
dA9 5.86 2.52 2.72 4.93 4.28 4.01 4.07 8.00 7.63
dG10 5.46 2.38 2.52 4.83 4.21 4.04 4.07 7.53 12.88
dG11 6.00 2.30 2.22 4.48 4.09 3.98 4.03 7.57
dC12 5.89 2.16 2.47 4.59 4.04 3.69 7.73 5.86
dC13 5.92 2.11 2.42 4.73 4.11 4.01 4.00 7.61 5.58 8.32, 7.02
dT14 5.97 2.11 2.40 4.77 4.11 4.01 7.37 1.54 13.82
dC15 5.42 1.63 2.00 4.61 3.92 4.01 3.92 7.23 5.52 8.44, 6.99
dG16 5.48 1.97 1.97 4.64 4.05 3.78 3.84 7.38 12.76
dT17 4.99 1.57 1.86 4.54 3.79 3.79 5.87 0.18 11.49
dG18 4.68 2.58 2.58 4.73 4.20 4.12 3.89 7.70 10.86
dA19 6.09 2.66 2.75 4.94 4.36 4.08 4.02 8.13 7.63
dC20 5.69 1.81 2.23 4.64 4.16 4.02 7.14 5.14 7.89, 6.38
dC21 5.45 1.86 2.20 4.69 3.96 4.02 3.92 7.32 5.49 8.50, 6.94
dG22 6.05 2.52 2.25 4.57 4.07 3.95 7.94

a H5′ and H5′′ were not stereospecifically assigned.

Table 2: BP Proton Chemical Shifts

proton δ (ppm) proton δ (ppm)

H1 7.03 H7ca 3.24
H2 7.00 H8ta 2.04
H3 7.35 H8ca 1.92
H4 7.57 H9 4.18
H5 7.59 H10 5.50
H6 7.68 H11 6.48
H7t

a 3.08 H12 6.98
a Subscripts c and t correspond to cis and trans orientation relative

to the proton at C10; see Figure 1.

Table 3: Interactions Observed between BP Protons and Other
Protons in the DNA Duplexa

BP
proton

DNA
base

DNA
proton

BP
proton

DNA
base

DNA
proton

H1 T17 H6 H8c C5 H5
H1 T17 H1′ H8c A*6 NH2

H1 T17 H3′ H8c T17 NH
H1 T17 H2′
H1 T17 H2′′ H9 C5 H5
H1 G18 H5′ H9 A*6 NH2

H1 G18 H1′ H9 T17 NH
H1 G18 H4′ H9 G18 H1
H1 G18 H5′′
H1 G18 H2′ H10 C5 H5

H10 C5 H6
H2 T17 H6 H10 C5 H2′
H2 T17 H1′ H10 A*6 NH2

H2 T17 H3′ H10 T17 NH
H2 T17 H2′ H10 G18 H1
H2 T17 H2′′
H2 G18 H1′ H11 C5 H2′
H2 G18 H2′ H11 C5 H2′′
H2 G18 H4′ H11 C5 H3′
H2 G18 H5′ H11 C5 H5
H2 G18 H5′′ H11 C5 H6

H11 A*6 H2
H5 T17 CH3 H11 A*6 NH2

H11 A*6 H8
H6 T17 CH3 H11 T17 NH

H7t C5 H5 H12 A*6 NH2

H7t A*6 NH2 H12 T17 H1′
H12 T17 NH

H7c C5 H5 H12 T17 H3′
H7c A*6 NH2 H12 G18 H1

H12 G18 H1′
H8t A*6 NH2 H12 G18 H5′
H8t T17 NH H12 G18 H5′′
a Subscripts c and t correspond to cis and trans orientation relative

to the proton at C10; see Figure 1.
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resonance at 11.49 ppm was assigned to the T17 imino proton.
The imino protons of T17 and G18 showed NOESY cross-
peaks to protons on the hydrocarbon (Table 3). The cytidine
amino protons were assigned on the basis of the NOEs to
the H5 proton, as well as from the NOEs with sequential or
cross-strand imino protons. The lone A*6 amino proton (on
the nitrogen attached to the BP) was determined by a strong
NOE to the T17 imino proton and the NOEs with hydrocarbon
protons near the site of attachment. The imino proton of G11

gives a very weak resonance at 12.47 ppm, probably due to
the dynamics caused by the end fraying. The imino protons
of T17 and G18 resonate considerably upfield compared to
the other imino protons. Upfield-shifted imino resonances
usually indicate that the imino protons are only partially
hydrogen bonded. However, these two peaks are narrow and
intense, indicating that these imino protons are protected by
hydrogen bonds and that there is little or no dynamics.
Therefore, the upfield shifts of these imino protons are
probably due to ring current effects caused by the hydro-
carbon moiety that is intercalated between these two residues
(Figure 4). Furthermore, the T17 imino proton gives NOESY
cross-peaks to the A*6-H2 and G16 imino proton indicating
base pairing with A*6.

EVidence for 5′-Direction of Intercalation for the Hydro-
carbon from DNA to BP NOEs. The abundance of NOESY
cross-peaks between BP protons and the DNA bases indicates
that the hydrocarbon is stacked in the helix. The ring current
effect caused by the intercalated BP moiety causes the H6,
methyl, and imino protons of T17, as well as the imino protons
of G18 and T17, to resonate upfield (Figure 4). The orientation
of the hydrocarbon was provided by the NOESY cross-peaks
between the protons on the hydrocarbon and the protons in
the adjacent DNA residues. Among the total of 58 NOEs
observed between protons on the BP moiety and DNA
protons, 12 NOEs were between the BP and residue C5,
which is 5′ to the adducted A*6 (Table 3). Specifically,
interactions between the H5 and/or H6 protons of C5 and
the BP H7, H8, H9, H10, and H11 protons were observed.
Additional interactions between the BP H10 and H11 protons
with C5 ribose protons were present. NOE interactions
between the BP and T17 (20 NOEs), the base across the helix
from the adducted A*6, and to G18 (16 NOEs), the base across
the helix from C5, are also consistent with the 5′-intercalation
of the BP. Most of these interstrand NOEs involve the BP

H1, H2, and H12 protons of the BP and the ribose protons
of residues T17 and G18.

Structure Refinement.The progress of the iterative
MORASS/r-MD structural refinement, started from a B-DNA
model with the hydrocarbon intercalated and anti glycosidic
torsional angles for all residues, is shown in Table 4. The
% RMS (volume) starts at a relatively high number and
gradually settles down to lower values with increased
percentage of volume merging between the experimental and
theoretical volumes. As expected, theR-factor and the
Q1/6-factor were also found to decrease as the refinement
progressed. The structures clearly improved at each refine-
ment step. Both the total energy and the constraint energy
cannot be used as criteria for quality of refinement because
the error bars and force constants on the restraints were
tightened during the molecular dynamics refinement.

For the final iterative cycle, 540 distance restraints were
incorporated into the refinement, with 58 of them between
hydrocarbon protons and DNA base or sugar protons. A
stereoview of the final averaged structure is shown in Figure
5. Structural refinement statistics for the final structure are
listed in Table 5. In the final structure, the hydrocarbon
remains intercalated in the 5′-direction from the modified
A* 6, and T17 is stacked underneath the aromatic portion of

FIGURE 3: Imino-imino cross-peak region of the 2D NOESY
spectra collected in H2O. Base pair to base pair connectivity can
be traced from G2-C21 to C5-G18 and then from A*6-T17 to G11-C12.
The break between C5-G18 and A*6-T17 corresponds to the intercala-
tion site of the hydrocarbon.

FIGURE 4: Refined structure of the 11-mer duplex with the cis-
opened (10R)-BP H4E-dA adduct, viewed along the helical axis.
The figure shows the intercalated adduct and the resulting ring
current effect on the T17 and G18 residues. (A) The structure shows
the T17 methyl (Me) and H6 and H3 imino protons stacked under
the hydrocarbon ring, resulting in large upfield chemical shifts. (B)
The structure shows the H1 imino proton of G18 stacking under
the hydrocarbon ring.
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the hydrocarbon. Although no hydrogen bond restraint was
used for this base pair in the structure refinements, the
hydrogen bond of this base pair remains intact. This agrees
with the observation of imino-amino cross-peaks observed
in the 2D NOESY spectra collected in H2O.

Chemical Exchange-Only Spectra: EVidence for a Pos-
sible Minor Conformer.In a 150 ms exchange-only spectrum,
nine very weak, positive cross-peaks are observed which may
correspond to the exchange between two conformers. How-
ever, these peaks are approximately the same intensity as
several negative peaks that correspond to H2′ to H2′′ ROESY
peaks. Because this spectrum is a subtraction of NOESY
and ROESY interactions, these weak peaks may in fact be
the result of slightly imperfect subtraction. Notably, none
of these possible exchange cross-peaks involves the adducted
base pair A*6-T17 or its immediate neighbors. One of these

positive cross-peaks, from 8.13 (A19 H8, major) to 8.53
(minor), appears to be the result of exchange. In the 200 ms
D2O NOESY spectrum, a small diagonal peak at 8.53 ppm
was observed that has no NOESY cross-peaks. The other
possible minor chemical shifts also do not show any NOE
cross-peaks (when resolved enough from other resonances
to be determined), even to the chemical shift indicated as
its possible major conformation. Another possible exchange
peak is between resonances at 7.63 and 7.96 ppm. The
resonance at 7.63 ppm corresponds to the H2 proton of either
A19, mentioned above, or A9. Exchange peaks from 5.84 ppm
to both 6.36 and 5.29 ppm may correspond with the H1′
protons of T4, which is across the duplex from A19, and G3,
both of which have H1′ chemical shifts of 5.84 ppm. Residue
T4 is two residues in the 5′-direction from the adducted base
A* 6. It is interesting to note that, in two previous structures

Table 4: MORASS Structure Calculation Progression

iterationa % RMSvol
b R-factor Q1/6-factor Eamber

c Econst forced/% error

0 355.4 0.4922 0.1059
1 103.3 0.3857 0.0800 -6256.9 92.0 5/20
2 96.3 0.3842 0.0768 -6434.7 96.2 5/18
3 78.7 0.3756 0.0747 -6515.7 160.5 5/15
4 82.5 0.3808 0.0751 -6190.6 186.0 7/15
5 79.1 0.3807 0.0748 -6089.0 164.2 7/15
6 83.3 0.3945 0.0771 -6081.3 93.2 7/13
7 (SA)e 66.2 0.3622 0.0674 -6147.7
〈SA〉f 67.3( 1.8 0.3716( 0.021 0.0685( 0.0018 -6247.1( 132.1 64.8( 7.0 7(10)g/13

a MORASS iteration number.b The average of the percent RMS differences between the experimental and theoretical volumes.c Energy calculated
in vacuo.d Flatwell potential function parameters [force constant in kcal/(mol Å2); error is the permitted error on the constraining distances].
e Values for the final average structure (SA).f 〈SA〉 ) average values for the 10 final structures.g The number in parentheses is the force constant
applied to additional restraints derived by estimating NOE strengths from data in H2O involving exchangeable protons.

FIGURE 5: Stereoview of the refined MORASS round 6 structure of the 11-mer duplex containing the cis-opened (10R)-BP H4E-dA adduct.
The deoxyribose ring and base of the adducted A*6 are shown in pink, and the BP system is shown in yellow.
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(14, 15) of BP DE-dA adducts, the residue situated two bases
in the 5′-direction of the adduct proved to be the most
difficult to assign due to the effects of dynamic line
broadening.

Regardless of the validity of the aforementioned tentative
assignments of these possible exchange peaks, the population
of the minor species is very small. The volume of the minor
diagonal peak at 8.53 ppm (volume) 10) versus that of the
major diagonal peak at 8.13 ppm (1760) suggests that the
population of the minor conformation is less than 1%. This
is consistent with a tight structure for the major conformer
with little apparent disorder at the adduct site. This conclu-
sion is also supported by the sharp NOESY cross-peaks
observed for all of the residues of this duplex. In contrast,
an earlier BP DE-dA adduct structure (15) exhibited very
broad NOESY cross-peaks for the BP moiety and several
of the DNA residues as well as well-defined exchange cross-
peaks between major and minor conformations, even though
the minor population was small (less than 5%).

DISCUSSION

The present (10R)-dA adducted duplex consists almost
exclusively of a single well-defined conformer. The NOESY
cross-peak patterns and the r-MD refined structure show that
the hydrocarbon is intercalated from the major groove
between the C5-G18 and A*6-T17 base pairs. The intercalated
hydrocarbon extends toward the complementary strand and
stacks extensively with the T17 and G18 residues. All of the
residues in the duplex, including A*6, have anti glycosidic
torsional angles and adopt a B-DNA structure. Furthermore,
the base pair at the lesion site remains intact, and the
adducted base retains a hydrogen bond with T17 in the
opposite strand. In all PAH-dA adducts studied so far, the
intercalation site of the hydrocarbon is determined by the

chirality at the site of attachment to the adenine base. The
aromatic moiety is inserted on the 5′-side of the modified
adenine in the case of 10R adducts and on the 3′-side of the
adenine in the case of their 10S diastereomers. The present
BP H4E-adducted 11-mer fits this same structural motif, as
the hydrocarbon is intercalated on the 5′-side of A*6. The
plane of the pyrene moiety is nearly perpendicular to the
helical axis, allowing effective intercalation (Figure 5).

Calculated helical parameters (Table 6) and torsional
angles (Table 7 and Supporting Information) showed sig-
nificant deviations around the lesion site. Intercalation of the
bulky BP moiety into the helix causes local unwinding of
the helix, as evidenced by the lower twist angle between
the A*6-T17 and C7-G16 base pairs (10-18° compared to 34°
for canonical B-DNA). Intercalation of the hydrocarbon also
causes an increase in the helical rise between the base pairs
C5-G18 and A*6-T17 to ∼7.1 Å, compared to an average value
of 3.4 Å observed for the other base pairs in the duplex (not
shown). The adducted base A*6 retains hydrogen bonding
with the complementary T17, although this base pair is
markedly buckled. This also causes significant buckling of
the C7-G16 base pair.

Table 5: Analysis of the MORASS/MD Generated Structures of the
(10R)-BP H4E Adduct

NMR Distance Constraints
total restraints

(dihedral restraints)
626 (86)

interresidue restraints 257
intraresidue restraints 283
BP to DNA restraints 58

Structural Statistics
MORASS/NMR

figures of merit
% RMSvol R-factor Q1/6-factor

final averaged
structure

66.2 0.3622 0.0674

ensemble 67.3( 1.8 0.3716(
0.0206

0.0685(
0.0018

RMSD of NOE
violations (Å)

0.044( 0.117

no. of NOE violations
>0.5 Å

5 ( 2

no. of NOE violations
0.3-0.5 Å

20 ( 3

RMSD from ideal
geometry

bond length (Å) 0.0066( 0.0001
bond angle (deg) 4.07( 0.06

pairwise RMSD (Å)
over all atoms

final ave. vs starting
(intercalated)

model

1.89

final ave. vs 10 structures 0.78( 0.28

Table 6: Helical Parameters for the Adducted Base Pair and Its
Two Nearest-Neighbor Base Pairs in the Cis BP H4E and DE-2
Adducted Duplexesa Calculated by Curvesb

structure

parameter
cis BP H4E
(MORASS)

cis BP H4E
(ensemble) cis DE-2

stretch
C5-G18 -0.01 -0.02( 0.11 -0.20
A6*-T17 0.49 0.01( 0.07 -0.09
C7-G16 -0.02 0.00( 0.14 -0.10

buckle
C5-G18 -0.7 10.4( 1.1 39.1
A6*-T17 -32.8 -15.2( 4.4 -35.2
C7-G16 -19.5 -4.6( 6.5 -11.7

rise
C5-G18/A6*-T17 7.13 6.98( 0.20 8.14
A6*-T17/C7-G16 3.28 3.42( 0.30 3.05

tilt
C5-G18/A6*-T17 -22.4 -20.5( 3.2 -22.4
A6*-T17/C7-G16 1.2 0.6( 1.5 2.6

twist
C5-G18/A6*-T17 22.6 12.0( 2.6 48.3
A6*-T17/C7-G16 18.4 17.2( 2.6 30.8

roll
C5-G18/A6*-T17 12.9 7.6( 5.5 1.82
A6*-T17/C7-G16 -1.3 8.3( 3.4 13.9

a Values reported for the cis DE-2 adduct are averages determined
from analysis of each of the six refined structures (11), and those for
the BP H4E (present report) were calculated using our minimized, round
6 MORASS structure (Figure 5) or for the ensemble of 10 final
structures (Figure 6). Angles are in degrees and distances are in
angstroms.b From Curves program (35).

Table 7: Selected Sugar-Base and Base-Benzo[a]pyrene Bond
Anglesa

structure(s) ø R′ â′
minimized average structure 253 158 103
ensemble of 10 structures 256( 4 158( 9 97( 11
cis BP DE-2b 258( 6 160( 10 107( 14
low-energy domain IIIc 215+ 70/-40 165( 30 100( 25

a The dihedral bond angles (in degrees)ø, R′, andâ′ are defined as
follows: ø ) O4′-C1′-N9-C4; R′) N1-C6-N6-C10(BP);â′ )
C6-N6-C10(BP)-C9(BP).b From ref11. c From ref37.
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The hydrocarbon-base and base-deoxyribose torsion
angles changed little from the starting structure to the final
structure. In the creation of the starting model the deoxyri-
bose-base H1′-C1′-N9-C8 torsion angle was manually
changed from-161° to -172° in order to form an inter-
calated starting structure. In the final structure, this torsion
angle is-167°. The dA*6 base-hydrocarbon torsion angle,
H6-N6-C10-H10, changed from 150° in the initial struc-
ture to 146.5° in the final structure. This is unsurprising
because the torsion angle space that provides an intercalated
structure consistent with the NOE data is very limited, as

indicated by the small deviations observed for theø, R′, and
â′ dihedral angles (Table 7).

Effect of the Hydroxyl Groups.Although several NMR
structural studies exist for BP DE-adducted DNA duplexes,
no structural information on BP H4E-adducted oligonucle-
otides has been available prior to the present study. Figure
6 compares the local structure of the oligonucleotide duplex
(11) containing the cis-opened (10R)-BP DE-2 dA adduct
(referred to as cis anti) with the present BP H4E adduct in a
sequence (-CA*C-) with the same nearest-neighbor base
pairs. Comparison of selected helical parameters for the two

FIGURE 6: (A) Stereoviews of the present cis BP H4E adduct (energy-minimized average structure) and the previously described (11) cis
BP DE-2 adduct in an oligonucleotide with the same-CA*C- local sequence, looking down at the plane of the pyrene rings from the
5′-end of the adducted DNA strand. Coordinates for the cis BP DE-2 adducted duplex represent an average of the six structures obtained
from the RCSB Protein Data Bank (acquisition number 1AXV). The pyrene ring systems for this structure and the current BP H4E adduct
structure were superimposed and oriented to lie in the plane of the paper. For clarity, only the hydrocarbon moiety (yellow) and the base
pairs C5-G18 (blue), A6-T17 (magenta), and C7-G16 (green) are shown. For the hydrocarbon moiety, all hydrogen atoms are shown, but in
the representation of the bases, carbon-hydrogen bonds are omitted, so that only hydrogen atoms bonded to nitrogen are shown. The
glycosidic bond to each base is shown in black. (B) Nonstereo representation of the same structures rotated 90°, with the C5-G18 base pair
at the top. Arrows indicate the C9-hydroxyl group in each structure.
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structures (Table 6), calculated by use of the program Curves
(35), supports the intuitive conclusions based in Figure 6.
Calculation of these parameters by a different program,
3DNA (36), gave values that were generally in excellent
agreement with those shown. With both adducts, the
geometry of stacking between T17 and the hydrocarbon is
similar. Although the modified A*6-T17 base pair was buckled
to about the same extent in the round 6 MORASS structure
(-33°) and the BP DE structure (-35°), the buckling in the
BP H4E adduct diminished to-15 ( 4° for the ensemble of
10 structures determined from the 50 ps r-MD calculation.
This change was accompanied by an increase in the positive
C5-G18 buckle (-0.7 to 10.4°) and a decrease in the negative
buckling angle (-19.5° to -4.6( 6.5°) for the C7-G16 base
pair. In both structures, there is local distortion of several
base pairs flanking the lesion site. The C7-G16 base pair is
buckled in both structures to permit base stacking of C7 with
A6. The observed helical twist between the A*6-T17 and
C7-G16 base pairs is appreciably smaller (17( 3°) with the
BP H4E than with the BP DE adduct (31°). The most notable
differences between the two structures are in the orientation
of the C5-G18 base pair and in the angle between the adducted
adenine base and the hydrocarbon. As Figure 6 shows, the
planes defined by the hydrocarbon and by the adducted
adenine are significantly more tilted relative to each other
for the BP DE-adducted duplex than for the BP H4E adduct.
The angles between the adducted base and the pyrene ring
system for the present structure and that of the BP DE-2
adducted duplex (11), as defined by the angle between the
normal vectors for each plane, are 41° and 65°, respectively.
Despite this difference, theø, R′, andâ′ angles of the present
BP H4E are nearly identical to those of the BP DE adduct
(11), and they fall within the low-energy domain III defined
for cis-(10R)-BP DE dA adducts (37) (Table 7). However,
the difference in relative plane orientation may be explained
by differing ring puckers for the aliphatic portion of the BP
systems. In the present structure, the C9-OH is pseudoaxial
and points downward (in the 3′-direction relative to the
adducted DNA strand as shown by the arrow in Figure 6B,
left). In contrast, the aliphatic ring of the BP DE-2 adduct is
puckered such that the C9-OH is pseudoequatorial (arrow
in Figure 6B, right). Conformational differences in the
aliphatic rings of BP H4E relative to BP DEs have previously
been proposed (3).

Because of the smaller angle between the pyrene ring
system and the A*6 base in the BP H4E-adducted duplex,
the C5-G18 base pair stacks more favorably with the
hydrocarbon and shows less significant buckling (10°),
whereas in the DE-adducted duplex it is markedly buckled
(39°). Furthermore, the twist angle between the C5-G18 and
A* 6-T17 base pairs is appreciably smaller (12( 3°) for the
BP H4E relative to the DE adduct (47-48°). A previously
reported (11) value of 27.2° for this twist angle in the cis
BP DE adducted structure, calculated using the program
compDNA (38), was inconsistent with our values determined
by either Curves or 3DNA. We recalculated this parameter
using compDNA and obtained a value of 47°, in agreement
with our other calculations. This value is also consistent with
the appearance of the stacked base pairs as shown in Figure
6A, and we believe it to be correct. As a result of this twist
and buckle, the C5-G18 base pair in the DE-adducted structure
is displaced relative to the A*6-T17 base pair (Figure 6A). In

contrast, the C5-G18 base pair in the BP H4E-adducted duplex
lies in a plane above and nearly parallel to the hydrocarbon
to providemuch more efficient stackingwith G18. The rise
between the adducted base pair and the C5-G18 base pair
immediately above it is∼7 Å as compared to∼8 Å for the
DE adduct, possibly due to this more favorable stacking. The
tetrahydro ring of the BP H4E adduct lies under C5 and is
less exposed than that of the DE adduct. The absence of
hydroxyl groups at C7 and C8 presumably allows the BP
H4E moiety to insert farther into the helix (Figure 6A).
Efficient stacking between the flanking base pairs and the
hydrocarbon in the present BP H4E adduct is consistent with
a single, relatively rigid conformation with little fluxional
behavior at the adduct site, as shown by the observed narrow
NMR line widths. In contrast to the present BP H4E structure,
the 2D NOESY spectra for the (10R)-BP DE-2-adducted
duplex (11) did not show a diagonal cross-peak for the T17

imino proton, indicating increased dynamics around the
lesion.

The effect of the hydroxyl groups on biological activity
is not clear. BP H4E has been found to be either less or more
mutagenic than the DEs, depending on the cells tested (9).
Distortion of DNA by BP DE adducts has been suggested
to increase the susceptibility of these lesions to repair (39).
Although no studies of DNA repair exist for BP H4E adducts,
it is possible to speculate that the tighter structure and the
relatively small distortion of the DNA helix in the present
BP H4E adduct may make it less visible to repair enzymes
than the corresponding DE adduct. Thus, such a BP H4E
adduct could persist longer in the cellular environment, with
a resultant increase in its mutagenic potential. Site-specific
mutagenesis studies (10) of BP-dA adducts in anE. coli-
M13 system have shown that the present cis BP H4E
(10R)-dA adduct gives an∼3-fold greater frequency of
mutations (predominantly Af T) than the corresponding
cis DE-2 (10R)-dA adduct. Since repair of the lesion is not
possible with the single-stranded M13 vector, effects on
repair cannot explain this result, and the structural basis for
enhanced incorrect translesional synthesis past the present
adduct inE. coli remains to be elucidated.
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stranded oligonucleotide 11-mers containing the cis-opened
(10R)- and (10S)-BP H4E adducts at A*6, and a table
containing the backbone dihedral angles calculated for the
final averaged structure. This material is available free of
charge via the Internet at http://pubs.acs.org.
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