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ABSTRACT: Solution structural studies have been undertaken on the aminopyrene-C8-dG ([AP]dG) adduct
in the d(C5-[AP]G6-C7)‚d(G16-A17-G18) sequence context in an 11-mer duplex with dA opposite
[AP]dG, using proton-proton distance and intensity restraints derived from NMR data in combination
with distance-restrained molecular mechanics and intensity-restrained relaxation matrix refinement
calculations. The exchangeable and nonexchangeable protons of the aminopyrene and the nucleic acid
were assigned following analysis of two-dimensional NMR data sets on the [AP]dG‚dA 11-mer duplex
in H2O and D2O solution. The broadening of several resonances within the d(G16-A17-G18) segment
positioned opposite the [AP]dG6 lesion site resulted in weaker NOEs, involving these protons in the
adduct duplex. Both proton and carbon NMR data are consistent with asynglycosidic torsion angle for
the [AP]dG6 residue in the adduct duplex. The aminopyrene ring of [AP]dG6 is intercalated into the
DNA helix between intact Watson-Crick dC5‚dG18 and dC7‚dG16 base pairs and is in contact with
dC5, dC7, dG16, dA17, and dG18 residues that form a hydrophobic pocket around it. The intercalated
AP ring of [AP]dG6 stacks over the purine ring of dG16 and, to a lesser extent dG18, while the looped
out deoxyguanosine ring of [AP]dG6 stacks over dC5 in the solution structure of the adduct duplex. The
dA17 base opposite the adduct site is not looped out of the helix but rather participates in an in-plane
platform with adjacent dG18 in some of the refined structures of the adduct duplex. The solution structures
are quite different for the [AP]dG‚dA 11-mer duplex containing the larger aminopyrene ring (reported in
this study) relative to the previously published [AF]dG‚dA 11-mer duplex containing the smaller
aminofluorene ring (Norman et al.,Biochemistry 28, 7462-7476, 1989) in the same sequence context.
Both the modifiedsyn guanine and the dA positioned opposite it are stacked into the helix with the
aminofluorene chromophore displaced into the minor groove in the latter adduct duplex. By contrast, the
aminopyrenyl ring participates in an intercalated base-displaced structure in the present study of the [AP]-
dG‚dA 11-mer duplex and in a previously published study of the [AP]dG‚dC 11-mer duplex (Mao et al.,
Biochemistry 35, 12659-12670, 1996). Such intercalated base-displaced structures without hydrogen
bonding between the [AP]dG adduct and dC or mismatched dA residues positioned opposite it, if present
at a replication fork, may cause polymerase stalling and formation of a slipped intermediate that could
produce frameshift mutations, the most dominant mutagenic consequence of the [AP]dG lesion.

Nitropyrenes have been detected in a variety of environ-
mental samples, including urban air particulate, coal fly ash,
and automobile exhaust (1-3). 1-Nitropyrene (1-NP),1 a

representative of this class of compounds, is the most
abundant nitroaromatic compound in the environment. It has
also been detected in certain food items, such as grilled
chicken and tea (4, 5). Exposure to nitropyrenes is a concern
because many compounds in this group are mutagenic in
bacterial and mammalian cells (1, 6, 7) and tumorigenic in
animals (8-10). Nitroreduction is a major pathway by which
these compounds are metabolized (11, 12). In both mam-
malian cells and bacteria, a major DNA adduct formed by
1-NP upon nitroreduction isN-(deoxyguanosin-8-yl)-1-
aminopyrene ([AP]dG) (Figure 1a) (11, 12). Both random
and site-specific mutagenesis studiesin ViVo have suggested
that this adduct is mutagenic (13-16). In a forward mutation
assay, DNA sequence analysis of mutants induced by 1-NP
via the reductive pathway in the lambdacI gene ofEscheri-
chia coli uVr-lysogen showed that∼70% of mutants were
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one-base deletions or additions (13). In a subsequent study
in pBR322,-1 deletions and all the targeted base substitu-
tions were observed, but+1 additions were not detected (14).
Reductively activated 1-NP mutagenesis inE. coli was also
studied in single stranded DNA (15). In the latter study, a
major fraction of mutagenesis, and specifically one-base
deletions and insertions, occurred in 5′-d(CG), 5′-d(GC), and
5′-d(GG) sequences. Each of the above three investigations
established that base substitutions, and particularly dG to dT
substitutions, also occurred at a significant frequency, albeit
much lower than the frameshifts. In a site-specific study in
the d(CG)3 sequence, [AP]dG induced only frameshift
mutations inE. coli (16). In contrast to the studies in bacteria,
sequence analyses of mutants in mammalian cells indicated
that base pair substitutions, specifically dG‚dC to dT‚dA
transversions, occurred preferentially by reductively activated
1-NP (17, 18). However, in human T-cells dG‚dC to dT‚dA
transitions are the most common mutations (6). It is unclear
at this time why the kinds of mutations detected in mam-
malian cells are so different from those in bacteria. Although
multiple distinctions between the two systems may contrib-
ute, absence of an SOS type response in mammalian cells
would probably provide the most reasonable explanation for
the different mutagenic outcomes. Recent studies with the
C8 guanine adduct of 2-acetylaminofluorene strongly suggest
that elongation of a slipped frameshift intermediate in
bacteria requires an umuDC-independent, as yet biochemi-
cally uncharacterized, SOS function (19). Although there is
no direct evidence either in favor or against the existence of
such SOS functions in mammalian cells, it is conceivable
that the lack of these regulatory proteins may be responsible
for the low level of frameshift mutagenesis by AAF and AP
adducts in mammalian systems. In addition, mammalian
repair of premutagenic intermediates may be more efficient
in removing frameshift than substitution intermediates.
Further studies are needed to clarify these issues.

The structure of the [AP]dG adduct as manifested in the
relative orientations of the AP and modified dG rings is likely
to have a profound impact on its biological effects. Therefore,
we have embarked upon a series of NMR-computational
investigations of this adduct in a defined sequence context
as a function of base positioned opposite the lesion site. The
current inverstigation reports on the solution structure of the

modified [AP]dG adduct (Figure 1A) positioned opposite dA
in the [AP]dG‚dA 11-mer duplex (Figure 1B). These
structural studies establish that the modified dG ring of [AP]-
dG in a syn alignment is displaced into the major groove,
the aminopyrene ring is intercalated in its place between the
intact flanking dG‚dC base pairs, and the dA base located
opposite the adduct on the partner strand participates in a
novel in-plane platform with its 3′-linked neighbor in some
refined structures of the [AP]dG‚dA 11-mer duplex. These
results are compared with the solution structure of the [AP]-
dG adduct positioned opposite dC in the same sequence
context in the corresponding [AP]dG‚dC 11-mer duplex (20).
The results are also compared with the solution structure of
the N-(deoxyguanosin-8-yl)-1-aminofluorene ([AF]dG) ad-
duct positioned opposite dA in the same sequence context
in the [AF]dG‚dA 11-mer duplex (21).

MATERIALS AND METHODS

Materials. The deoxyoligonucleotides d(C-C-A-T-C-
G-C-T-A-C-C) and d(G-G-T-A-G-A-G-A-T-
G-G) were synthesized on an Applied Biosystems Model
392 DNA synthesizer and purified by reverse-phase HPLC,
as reported previously (20).

The preparation and purification of the [AP]dG containing
11-mer were carried out as reported previously (22, 23). The
d(C-C-A-T-C-[AP]G-C-T-A-C-C) 11-mer strand
was annealed with the complementary d(G-G-T-A-G-
A-G-A-T-G-G) 11-mer strand at 1°C, and the stoi-
chiometry was followed by monitoring single proton reso-
nances in both strands by NMR spectroscopy.

NMR Experiments. All one- and two-dimensional NMR
spectra were recorded on Varian Unity plus 600 and 500
MHz NMR spectrometers. A combination of through-space
nuclear Overhauser effect (NOESY) and through-bond-
correlated (COSY and TOCSY) two-dimensional spectra
were recorded in the States-TPPI mode (24) on approxi-
mately 4 mg of [AP]dG‚dA 11-mer duplex in 0.5 mL
aqueous buffer (100 mM NaCl, 10 mM phosphate, pH 7.0
or pH 5.0) at 25°C and 1°C and analyzed to assign the
aminopyrene and nucleic acid protons in the [AP]dG‚dA 11
mer duplex. The NOESY spectrum (150 ms mixing time)
of the adduct duplex in H2O buffer at 1°C was collected
using a jump-return pulse for solvent suppression. NOESY
spectra (50, 100, 150, and 200 ms mixing times) were
collected to provide NOE buildup data on the adduct duplex
in D2O buffer at 25°C with a relaxation delay of 2.5 s. The
through-bond TOCSY data sets on the adduct duplex in D2O
buffer were recorded at spin lock times of 40 and 80 ms at
25 °C.

The indirect proton-phosphorus correlation spectrum was
recorded on the [AP]dG‚dA 11-mer duplex in D2O at 25°C
using the pulse sequence described previously (25). The
phosphorus spectra were referenced relative to external 10%
trimethyl phosphate (TMP). The1H-13C HMQC correlation
spectra on the [AP]dG‚dA 11-mer duplex in D2O buffer were
also recorded at 25°C. The carbon spectra were referenced
relative to external 3-(trimethylsilyl)propionate (TSP) using
the calibration method described previously (26).

The base proton to sugar H1′ NOE cross-peaks in the
shortest mixing time NOESY data set in D2O were evaluated
to qualitatively differentiatesynandanti glycosidic torsion

FIGURE 1: (A) The chemical formula of theN-(deoxyguanosiny-
8-yl)-1-aminopyrene ([AP]dG) adduct. (B) The sequence of the
[AP]dG‚dA 11-mer duplex.
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angles (27). The proton-proton vicinal coupling constants
among sugar protons were analyzed from phase-sensitive
COSY data to qualitatively distinguish between the C3′-endo
and C2′-endofamily of sugar puckers (28).

Structure Calculations. We have performed two stage
calculations to obtain the solution structure of the [AP]dG‚
dA 11-mer duplex: (1) minimized potential energy calcula-
tions were carried out with DUPLEX, a molecular mechanics
program for nucleic acids that performs potential energy
minimizations in the reduced variable domain of torsion
angle space (29), (2) the structures from stage 1 distance-
restrained molecular mechanics computations were next
subjected to intensity-restrained relaxation matrix refinement
computations to take into account contributions from spin
diffussion.

Distance-Restrained Molecular Mechanics Refinement.
The molecular mechanics DUPLEX program uses a potential
set similar to the one developed by Olson and co-workers
for nucleic acids (30). Geometry and force field parameters,
including partial charges, for the [AP]dG adduct were the
same as those employed previously (23). The DUPLEX
computational protocol is similar to that reported previously
in our study of the [AP]dG‚dC 11-mer duplex (20). These
DUPLEX calculations were carried out at the NSF San Diego
Supercomputer Center and the DOE National Energy Re-
search Supercomputer Center.

The calculation of interproton distance bounds using
volume build-up of NOE cross-peaks was based on the two
spin approximation using the dT(NH3)-dA(H2) fixed
distance of 2.92 Å for the NOESY data set in H2O solution
and the dC(H5)-dC(H6) fixed distance of 2.45 Å for the
NOESY data sets in D2O solution. The upper and lower
bound ranges on the estimated interproton distances for
nonexchangeable protons were determined based on the
resolution of the cross-peaks in the two-dimensional contour
plots and the quality of the NOE build-up plots. However,
several cross-peaks between protons located at or close to
the lesion site were somewhat broadened significantly and
wider bounds were used.

Relaxation Matrix Refinement. Two final energy mini-
mized structures obtained from the first stage distance-
restrained molecular mechanics DUPLEX calculations were
used as starting structures for the second stage intensity
refinements using theX-PLORprogram (31). In this second
stage, we performed molecular dynamics/simulated annealing
calculations guided by the combination of the experimental
NOESY intensities and NOE distance restraints. The pseu-
doenergy function included two types of restraints: (1)
intensity restraints for nonexchangeable protons were im-
posed as square-well potentials with an exponent of 2 in the
penalty function, an isotropic correlation time of 5 ns,
anisotropic bounds estimates of 10%, and a force constant
of 50 kcal mol-1 Å2, (2) the distance restraints for nonex-
changeable protons were retained through our protocol as
square-well potentials with uniform 20% estimation of errors
and 30 kcal mol-1 Å2 force constant. A 4.5 Å cutoff was
imposed for computing relaxation pathways, and the dynam-
ics was carried out with a tolerance of 0.03 Å.

The relaxation matrix was set up for the nonexchangeable
protons with the exchangeable imino, amino, and hydroxyl
protons exchanged for deuterons. A total of 828 nonex-
changeable intensity restraints from the NOESY data sets

in D2O (207 intensities per mixing time at 50 ms, 100, 150,
and 200 ms) and 207 nonexchangeable distance restraints
were included in the calculations. Dihedral angle restraints
(corresponding to B-DNA) were included with a very low
weight of 5 kcal rad-2 and restricted to residues that are two
pairs away from the [AF]dG adduct site.

Six relaxation matrix trials were performed for each of
the two DUPLEX-based starting structures. During each run,
the starting structure was heated to 1000°K through the
assignment of an arbitrary Maxwell-Boltzmann velocity
distribution corresponding to a temperature of 1000°K. Then,
after 2.4 ps dynamics evolution at that temperature, the
system was gradually cooled to 300°K during 7.2 ps with
the “heat bath” method and equilibrated at 300°K for 2.4
ps. After equilibration, the coordinates were subjected to
energy minimization to a gradient of 0.1 kcal mol-1 Å-1.

RESULTS

Exchangeable Nucleic Acid Protons. The exchangeable
proton NMR spectrum (10.2-14.5 ppm) of the [AP]dG‚dA
11-mer duplex in H2O buffer solution, pH 7.0, at 1°C is
plotted in Figure 2A. Six well-resolved resonances are
observed between 12.5 and 14.0 ppm together with two
somewhat broadened and upfield shifted resonances at 11.6
and 11.0 ppm. These imino protons have been assigned
following analysis of the NOESY spectrum of the adduct
duplex in H2O buffer based on established assignment
procedures (reviewed in28).

The expanded NOESY (150 ms mixing time) contour plot
of the symmetrical 10.5-14.0 ppm imino proton region of

FIGURE 2: (A) Imino proton spectrum (10.2-14.5 ppm) of the [AP]-
dG‚dA 11-mer duplex in H2O buffer at 1°C and (B) nonexchange-
able proton spectrum (5.0-8.5 ppm) of the same adduct duplex in
D2O buffer at 25 °C. The buffer was 0.1 M NaCl, 10 mM
phosphate, 0.1 mM EDTA, at pH 7.0. The imino proton assignments
are shown over the resonances in the spectrum in A.
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the [AP]dG‚dA 11-mer duplex is plotted in Figure 3B. The
connectivities between imino protons on adjacent base pairs
can be traced from the dC11‚dG12 pair located at one end
of the helix to the dC2‚dG21 pair located toward the opposite
end of the duplex except that no connectivity is observed
between the two upfield-shifted imino protons of dG16 and
dG18 in the adduct duplex. The NOE connectivities between
the imino protons (10.5-14.0 ppm) and the base/amino
protons (4.8-8.6 ppm) are plotted in the corresponding
expanded NOESY contour plot of the adduct duplex in
Figure 3A. The observed NOE patterns establish Watson-

Crick base pairing at all dA‚dT pairs (thymine imino to
adenine H2 protons) and at all dG‚dC pairs (guanine imino
to cytosine amino and H5 protons), including the dC5‚dG18
and dC7‚dG16 base pairs (peaks A, A′ and B, B′, respec-
tively, Figure 3A), which are the nearest residues to the [AP]-
dG adduct site. In addition, the two upfield-shifted imino
protons of dG16 and dG18 show several cross-peaks to
aminopyrene protons (peaks 1 to 3, Figure 3A) in the [AP]-
dG‚dA 11-mer duplex.

We do not detect the imino proton of the [AP]dG6 adduct
in the exchangeable proton spectrum of the [AP]dG‚dA 11-
mer duplex (Figure 2A), suggesting that this imino proton
is not involved in base pairing with dA17 positioned opposite
it and is most likely exchanging rapidly with water.

The exchangeable imino and amino proton chemical shifts
for the central d(C5-[AP]G6-C7)‚d(G16-A17-G18) seg-
ment of the [AP]dG‚dA 11mer duplex at 1°C are listed in
Table 1 and for the entire adduct duplex in Table S1
(Supporting Information).

Nonexchangeable Nucleic Acid Protons. The base and
sugar H1′ nonexchangeable proton spectrum (5.1-8.5 ppm)
of the [AP]dG‚dA 11-mer duplex in D2O buffer, pH 7.0 at
25 °C, is plotted in Figure 2B. We observe narrow and well-
resolved resonances for the majority of the nucleic acid
protons, while somewhat broadened resonances are observed
for the aminopyrene protons in the adduct duplex. Nonex-
changeable proton assignments are based on an analysis of
through-space NOESY and through-bond COSY and TOC-
SY data sets on the adduct duplex in D2O buffer at 25°C
based on established assignment procedures (reviewed in28).

The expanded NOESY (300 ms mixing time) contour plot
establishing sequential connectivities between the base
protons (6.5-8.5 ppm) and the sugar H1′ and H3′ protons
(4.5-6.5 ppm) of the [AP]dG‚dA 11-mer duplex in D2O
buffer, pH 7.0 at 25°C, are plotted in duplicate in Figure 4.
The base to sugar H1′ (and H3′) proton connectivities are
traced from dA3 to dA9 along the modified strand (Figure
4A) and from dA15 to dA19 along the complementary strand
(Figure 4B) in the adduct duplex. The break in the tracing
at the dC5-[AP]dG6 step on the modified strand (Figure
4A) is due to the absence of a purine H8 proton following
covalent AP modification at the C8 position of dG6 in the
adduct duplex. Several base to sugar H1′ proton connectivi-
ties are very weak or missing for the d(G16-A17-G18)
segment on the complementary strand positioned opposite
the [AP]dG6 lesion site in the adduct duplex. These base
and sugar H1′/H3′ proton assignments have been confirmed
by cross-checks in other expanded regions of the NOESY
contour plot (Figure 5A) as well as from COSY (Figure 5B)
and TOCSY contour plots of the adduct duplex. The
nonexchangeable nucleic acid base and sugar proton chemical
shifts for the d(C5-[AP]G6-C7)‚d(G16-A17-G18) seg-
ment of the [AP]dG‚dA 11-mer duplex are listed in Table 1
and for the entire adduct duplex in Table S1 (Supporting
Information). It should be noted that we have been unable
to assign an important marker, namely, the H2 proton of
dA17 which is positioned opposite to [AP]dG6 in the adduct
duplex.

We observe an inversion of the chemical shifts of the sugar
H2′ and H2′′ protons at the [AP]dG lesion site in the [AP]-
dG‚dA 11-mer duplex. Thus, the H2′ proton resonates to
the low field at 3.77 ppm relative to the H2′′ proton that

FIGURE 3: Expanded NOESY (150 ms mixing time) contour plots
of the [AP]dG‚dA 11-mer duplex in H2O buffer at 1°C. (A) NOE
connectivities between the imino protons (10.5-14.0 ppm) and the
base and amino proton regions (4.8-8.7 ppm). The NOE cross-
peaks involving the imino protons are labeled in the figure as
follows: A,A′, dG18(NH1)-dC5(NH2-4b,e); B,B′, dG16(NH1)-
dC7(NH2-4b,e). The intermolecular carcinogen-DNA NOE cross-
peaks from 1 to 3 are assigned as follows: 1, G18(NH1)-AP(H3);
2, G16(NH1)-AP(H7); 3, G16(NH1)-AP(H9). (B) NOE connec-
tivities in the symmetrical (10.5-14.0 ppm) region. The imino
proton assignments are labeled along the diagonal. The lines trace
the NOE connectivities where possible between adjacent base pairs
starting at dG21 toward one end of the helix and proceeding to
dG12 toward the other end of the helix.
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resonates at 2.57 ppm in expanded NOESY (Figure 5A) and
COSY (Figure 5B) contour plots of the adduct duplex.

There is no H8 proton for the [AP]dG adduct precluding
discrimination ofsynandanti glycosidic torsion angles based
on the strength of the NOE between the H8 and H1′ protons
(27) of this residue in the [AP]dG‚dA 11-mer duplex.
Previous research on guanine adducts modified at positions
other than C8 have established thatsyn glycosidic torsion
angles defined from NOE data are correlated with a large
downfield shift in the H2′ proton of the modified guanine
in adduct containing duplexes (32). The downfield shifted
H2′ proton (3.77 ppm) of [AP]dG6 is characteristic of asyn
glycosic torsion angle at this position in the [AP]dG‚dA 11-
mer duplex.

Aminopyrene Protons. The nonexchangeable aminopyrene
protons were assigned based on the analysis of through-space
(NOESY) and through-bond (COSY and TOCSY) data sets
of the [AP]dG‚dA 11-mer duplex in D2O buffer, pH 7.0 at
25 °C. The nonexchangeable aminopyrene protons can be
traced and assigned as outlined previously for the corre-
sponding [AP]dG‚dC 11-mer duplex (20), and their values
are listed in the caption to Figure 4. The nonexchangeable
aminopyrene proton chemical shifts (resonating between 6.5
and 8.1 ppm) exhibit similar patterns in the [AP]dG‚dA 11-
mer (present study) and [AP]dG‚dC 11-mer (20) duplexes
(Figure S1, Supplemenatry material).

We have also been unable to identify the NH proton
involved in the covalent linkage of the aminopyrene and

Table 1: Proton and Phosphorus Chemical Shifts of the d(T4-C5-[AP]G6-C7-T8)/d(A15-G16-A17-G18-A19) of the [AP]dG‚dA
11-mer Duplexa

G(NH1)/T(NH3) C(NH2-4) H8/H6 H5/H2/CH3 H1′ H2′ H2′′ H3′ H4′ 31Pb

dT4 13.43 7.13 1.44 5.84 1.99 2.37 4.86 4.14 -4.32
dC5 7.89,c 6.93d 6.98 5.50 5.93 1.21 2.18 4.59 4.11 -3.76
[AP]dG6 6.17 3.77 2.57 5.17 4.42 -3.29
dC7 7.52,c 6.17d 7.87 5.58 6.00 2.15 2.45 4.81 4.32 -4.04
dT8 13.48 7.37 1.54 5.47 2.11 2.39 4.84 4.13 -4.11
dA15 7.94 5.86 2.54 2.67 4.99 4.30 -4.12
dG16 10.99 6.79 5.31 1.78 2.22 4.95 -3.63
dA17 8.10 5.90 2.58 2.76 5.04 4.54 -3.86
dG18 11.53 7.63 2.38 2.38 4.68 4.16 -4.32
dA19 7.92 6.05 2.45 2.76 4.87 4.31 -4.54
a All chemical shifts are in ppm. Exchangeable proton chemical shifts at 1°C. Nonexchangeable proton and phosphorus chemical shifts at 25°C.

b 31P chemical shift corresponds to residuen in n-31P-(n+1) step.c Hydrogen-bonded amino proton.d Exposed amino proton.

FIGURE 4: Duplicate expanded NOESY (300 ms mixing time) contour plots of the [AP]dG‚dA 11-mer duplex in D2O buffer at 25°C
establishing distance connectivities between the base (purine H8 and pyrimidine H6) protons (6.5-8.6 ppm) and the sugar H1′, H3′ and
cytosine H5 protons (4.5-6.5 ppm). The base to sugar H1′ and H3′ proton connectivities are traced in (A) from dT4 to dT8 along the
modified strand and in (B) from dT14 to dA19 along the complementary strand. The assignments label base to their own sugar H1′ or H3′
NOEs, while the cytosine H6-H5 NOEs are designated by asterisks. Note that the NOE cross-peak at the dC5-[AP]dG6 is missing in (A)
because of the absence of an H8 proton for the [AP]dG6 residue. Note that the base to their own H1′ proton NOEs are weak for dG16 and
dA17 and cannot be identified for dG18 in (B). This reflects broadening of some of the base and sugar protons within the d(G16-A17-
G18) segment on the partner strand opposite the lesion site in the [AP]dG‚dA 11-mer duplex. The intermolecular carcinogen-DNA NOE
cross-peaks are assigned as follows: 1, AP(H5)-G16(H1′); 2, AP(H5)-A17(H1′); 3, AP(H6)-G16(H1′); 4, AP(H9)-C7(H1′); 5, AP-
(H10)-C7(H1′); 6, AP(H10)-G6(H1′); 7, AP(H5)-G16(H3′); 8, AP(H5)-A17(H4′); 9, AP(H6)-A17(H4′); 10, AP(H7)-A17(H4′). The
chemical shift values for the aminopyrene protons in the [AP]dG‚dA 11-mer duplex are: AP(H2), 8.07 ppm; AP(H3), 7.59 ppm; AP(H4),
6.95 ppm; AP(H5), 6.61 ppm; AP(H6), 7.10 ppm; AP(H7), 7.34 ppm; AP(H8), 7.56 ppm; AP(H9), 7.58 ppm; AP(H10), 7.46 ppm.
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modified guanine rings in the spectrum of the [AP]dG‚dA
11-mer duplex at either pH 7.0 or pH 5.0 in H2O buffer
solution.

Carcinogen-DNA NOEs. The intermolecular NOEs be-
tween the aminopyrene ring and DNA protons that have been
identified in the NOESY spectra of the [AP]dG‚dA 11mer
duplex are listed in Table 2. Some of these intermolecular
AP-DNA NOE cross-peaks are labeled by numbers in the
expanded NOESY plots of the exchangeable protons of the
adduct duplex in H2O solution (Figure 3) and nonexchange-

able protons in D2O solution (Figure 4) with their assign-
ments listed in the figure captions.

The observed NOEs between the H3, H7, and H9
aminopyrene protons and the dG16 and dG18 imino protons
position the aminopyrene between the dC5‚dG18 and dC7‚
dG16 base pairs in the adduct duplex. The NOEs between
the H5, H6, and H7 aminopyrene protons at the [AP]dG6
adduct site, the H1′, H2′′, and H3′ sugar protons of dG16,
and the H1′ and H4′ sugar protons of dA17 establish that
the aminopyrene ring edge furthest from the covalent linkage
site is positioned near the sugar protons of dG16 and dA17
on the unmodified strand of the [AP]dG‚dA 11-mer duplex.
By contrast, the H9 and H10 aminopyrene protons that are
close to the covalent linkage site show NOEs to the H1′ sugar
protons of dG6 and dC7 of the modified strand in the adduct
duplex.

Carbon Spectra. The expanded contour plot of a natural
abundance1H-13C HMQC correlation experiment that
correlates the H1′ and C1′ chemical shifts of individual
residues for the [AP]dG‚dA 11-mer duplex in D2O buffer at
25 °C is plotted in Figure 6A. The carbon resonances are
assigned on the basis of the known H1′ proton assignments

FIGURE 5: (A) An expanded NOESY (200 ms mixing time) contour plot of the [AP]dG‚dA 11-mer duplex in D2O buffer at 25°C showing
NOEs between the sugar H1′ protons (5.2-6.4 ppm) and H2′, H2′′ protons (1.1-3.9 ppm). (B) An expanded phase sensitive COSY contour
plot of the [AP]dG‚dA 11-mer duplex in D2O buffer at 25°C establishing coupling connectivities between the H1′ protons (5.2-6.4 ppm)
and H2′, H2′′ protons (1.1-3.9 ppm). In both (A) and (B) the H2′ and H2′′ protons of dC5, [AP]dG6, dC7, dG16, dA17, and dG18 are
connected by lines and labeled. The H2′ protons resonate upfield of the H2′′ protons for the majority of these residues except for [AP]dG6
where the H2′′ proton resonates upfield of the H2′ proton. Note the large downfield shift of the H2′ proton of [AP]dG6 at 3.77 ppm.

Table 2: Intermolecular NOEs between Aminopyrene Protons and
DNA Protons

AP protons DNA protons with NOEs to AP protonsa

AP(H3) G18(NH1)Vw
AP(H5) G16(H1′)w; G16(H2′′)m; G16(H3′)Vw; A17(H1′)w;

A17(H4′)Vw; G18(H8)w
AP(H6) G16(H1′)w; G16(H2′)w; G16(H2′′)m; A17(H4′)m;

G18(H8)w
AP(H7) G16(NH1)w; A17(H4′)Vw
AP(H9) C7(H1′)m; G16(NH1)w
AP(H10) G6(H1′)m; C7(H6)m; C7(H1′)m
a The symbolsm, w, andVw stand for medium, weak, and very weak

NOEs, respectively.
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in the [AP]dG‚dA 11-mer duplex. The C1′ chemical shift
assignments for residues in the d(C5-[AP]G6-C7)‚d(G16-
A17-G18) segment in the adduct duplex are labeled in
Figure 6A. It is noted that the 86.7 ppm13C chemical shift
of the C1′ carbon of [AP]dG6 is downfield shifted relative
to other assignable C1′ carbons of guanine residues in this
segment of the adduct duplex (Figure 6A). It has been
previously established that sugar C1′ carbon chemical shifts
of DNA residues adoptingsynglycosidic torsion angles can
downfield shift by up to 5 ppm when these DNA residues
retain C2′-endosugar pucker geometries (33, 34). We have
detected a relatively strong coupling cross-peak between the
H1′ (6.17 ppm) and H2′ (3.77 ppm) protons of [AP]dG6
(Figure 4B) placing this sugar within the C2′-endo range.

Phosphorus Spectra. The proton-decoupled phosphorus
spectrum of the [AP]dG‚dA 11-mer duplex has been recorded
in D2O buffer at 25°C. The phosphorus resonances are
dispersed over a 1.4 ppm chemical shift range with several
resonances shifted to lower field relative to the-3.8 to-4.5
ppm spectral region. The phosphorus resonances have been
assigned from an analysis of the proton detected phosphorus-
proton heteronuclear correlation experiment with the ex-
panded contour plot shown in Figure 6B and their values
listed for the central segment in Table 1 and for the entire
molecule in Table S1. The three- and four-bond proton-
phosphorus vicinal couplings permit the correlation of the
phosphorus resonances with their 5′-linked H3′ proton and
the 3′-linked H4′ and H5′,5′′ protons. The phosphorus
chemical shifts for the d[AP]G6-dC7 (-3.29 ppm),

dG16-dA17 (-3.63 ppm), and dC5-d[AP]G6 (-3.76
ppm) steps are shifted to the lower field of the-3.8 to-4.5
ppm unperturbed phosphodiester backbone chemical shift
range.

Distance-Restrained Molecular Mechanics Refinement.
The search strategy employed began with a B-DNA (35)
central d(T4-C5-[AP]G6-C7-T8)‚d(A15-G16-A17-
G18-A19) base pair segment of the [AP]dG‚dA 11-mer
duplex. The computations were guided by the intramolecular
DNA and intermolecular AP-DNA distance restraints within
this segment of the adduct duplex. The AP-DNA orientation
space was searched with 16 energy minimization trials in
which the linkage torsion anglesR′ ([AP]dG6(N9)-[AP]dG6-
(C8)-[AP](N)-[AP](C1)) andâ′ ([AP]dG6(C8)-[AP](N)-
[AP](C1)-[AP](C10A)) were each started at 0°, 90°, 180°,
and 270° in all combinations, and the glycosidic torsion angle
ø for [AP]dG6 residue was started atsyn (60°) consistent
with the NMR data. Searching orientation space at 90°
intervals ofR′ andâ′ is a robust procedure for locating all
the important potential energy wells because our minimiza-
tion protocol permits torsion angle variations of up to 100°
in each minimization step (29). Consequently, energy minima
in each quadrant ofR′ andâ′ are accessible and the reduced
variable domain of torsion angle space greatly enhances the
likelihood of finding the important structures. In these trials,
the DUPLEX hydrogen-bond penalty function (29) for
Watson-Crick base pairing was utilized at all base pairs,
except the [AP]dG6‚dA17 site since the NMR data indicated
these pairing alignments.

FIGURE 6: (A) An expanded contour plot of1H/13C heteronuclear multiple-quantum coherence (HMQC) experiment on the [AP]dG‚dA
11-mer duplex in D2O buffer at 25°C. The C1′ assignments are marked for residues in the d(T4-C5-[AP]G6-C7-T8)‚d(A15-G16-
A17-G18-A19) segment. (B) An expanded contour plot of the proton-detected phosphorus-proton heteronuclear correlation experiment
on the [AP]dG‚dA 11-mer duplex in D2O buffer at 25°C. The phosphorus assignments are listed for steps centered about the lesion site.
The correlation cross-peaks between the phosphorus and its 5′-flanking sugar H3′ protons are boxed.
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The 16 computed structures produced five structures with
low energies and goodness-of-fit indices that fell into two
families. The AP ring is intercalated between flanking dG‚
dC base pairs in both families of structures. In one family
with three-members, the dG6 was 3′-directed (Figure S2A,
Supporting Information), while it was 5′-directed in the
second family that contains two members (Figure S2B,
Supporting Information). The energies and goodness-of-fit
indices for these two families are listed in Table S2
(Supporting Information). One member of each family with
lowest combined goodness-of-fit indices was embedded into
an energy minimized B-form 11-mer and reminimized with
all restraints. These two structures were employed as starting
points for the subsequent relaxation matrix refinement
computations.

Relaxation Matrix Refinement. A total of 21 structures
corresponding to the 5′-directed dG6 in the [AP]dG‚dA 11-
mer duplex were obtained following intensity refinement
from the two starting structures provided by the molecular
mechanics calculations. By contrast, only 3 structures cor-
responding to the 3′-directed dG6 were obtained following
intensity refinement. The majority of the structural features
are the same for the 5′-directed and 3′-directed conforma-
tions, which differ primarily at theR′ andâ′ angles of the
aminopyrene linkage site.

An ensemble of nine intensity-refined structures corre-
sponding to the 5′-directed conformation demonstrated an
improved correspondence with experimental intensity and
distance restraint data sets compared to the 5′-directed
structure obtained from the first stage molecular mechanics
calculations. The number of NOE distances violated by more
than 0.2 Å decreased from 40 to 8 [with only 1 to 2 violations
in the central 5-mer d(T4-C5-[AP]G6-C7-T8)‚d(A15-
G16-A17-G18-A19) segment with respect to different
structures in the ensemble], and the NMRR-factor (R1/6)
improved from a value of 8.6% after distance refinement to
3.5% after intensity refinement. The experimental distance
bounds of the [AP]dG‚dA 11-mer duplex are compared with
those observed after relaxation matrix refinement in Table
S3 (Supporting Information).

The pairwise rmsd of the nine intensity refined structures
in the set is 1.71( 0.34 Å for the heavy atoms of the entire
adduct duplex and 1.26( 0.18 Å for the heavy atoms of
the central d(T4-C5-[AP]G6-C7-T8)‚d(A15-G16-
A17-G18-A19) segment (Table 3). The structures exhibit
good stereochemistry with reasonable rmsd values for bond
length, bond angle, and improper dihedral angle violations
(Table 3).

A view of six superpositioned structures from the set of
nine structures of the d(T4-C5-[AP]G6-C7-T8)‚d(A15-
G16-A17-G18-A19) segment of the [AP]dG‚dA 11-mer
duplex is plotted in Figure 7A. The corresponding view
looking down the helix axis of the central dC5-[AP]G6-
C7)‚d(G16-A17-G18) segment of the adduct duplex is
plotted in Figure 7B. The refined structures of the central
segment of the adduct duplex have several features in
common and some segments that are less well-defined. Both
the aminopyrene ring and the modified guanine ring of [AP]-
dG6 adduct site are well-defined in contrast to dA17
positioned opposite it, which is poorly defined among the
ensemble of refined structures (Figure 7A). Further, the
Watson-Crick dC7‚dG16 base pair is better defined than

the Watson-Crick dC5‚dG18 base pair that flank the
intercalated aminopyrene ring in the structures of the adduct
duplex (Figure 7A).

Solution Structures. The same two views as in Figures
7A and 7B for the central d(C5-[AP]G6-C7)‚d(G16-
C17-G18) segment in one representative refined structure
of the [AP]dG‚dA 11-mer duplex are shown in Figures 8A
and 8B, respectively. The covalently linked aminopyrene ring
intercalates between Watson-Crick dC5‚dG18 and dC7‚
dG16 base pairs by displacing the modified guanine ring
of the syn [AP]dG6 residue and the adjacent dA17 residue
into the major groove (Figure 8A). The dA17 base, which
is less well-defined, is not looped out of the helix but rather
forms an in-plane base platform with dG18 in several of the
refined structures of the complex. The aminopyrene ring
resides in a hydrophobic pocket generated by the base rings
of dC5, dC7, dG16, dA17, and dG18 in the adduct duplex.
The dC7‚dG16 base pair is positioned below the center of
the aminopyrenyl ring with the purine ring of dG16 overlap-
ping significantly with the intercalated aminopyreneyl ring
(Figure 8B). By contrast, the dC5‚dG18 base pair only
partially overlaps with the intercalated aminopyrenyl ring
(Figure 8B). In addition, there is stacking between the dC5
base and the looped out modified guanine of [AP]dG6
(Figure 8A).

The carcinogen-base linkage site for the [AP]dG6 residue
is defined by the torsion anglesR′ ([AP]dG6(N9)-[AP]dG6-
(C8)-[AP](N)-[AP](C1)) ) 148.6( 9.4 andâ′ ([AP]dG6-
(C8)-[AP](N)-[AP](C1)-[AP](C10A)) ) 213.8( 8.5°, with
a resultant tilt of the looped out modified dG6 ring toward
the 5′ end (Figure 8A). Thesynglycosidic torsion angle at
the [AP]dG6 residue spans the rangeø(O4′-C1′-N9-C4)
) 76° ( 6°. The deoxyribose conformation at dG18 is C3′-
endo (P ) 10° ( 6°) among the refined structures of the
adduct duplex.

A stereoview of one intensity-refined structure of the entire
[AP]dG‚dA 11-mer duplex is shown in Figure 9.

Table 3: NMR Refinement Statistics for the [AP]dG‚dA 11-mer
Duplex

NMR distance restraints
entire 11-mer adduct duplex 207
central 5-mer regiona 95
carcinogen-DNA restraints 19

NMR intensity restraints
entire 11-mer adduct duplex 828 (4 mixing times)
central 5-mer regiona 380 (4 mixing times)

structure statistics
NMR R-factor (R1/6) 0.035( 0.001
rmsd of NOE violations 0.068( 0.006
number of NOE violations>0.2 Å in the

entire adduct duplex
8.2( 1.8

number of NOE violations>0.2 Å in the
central 5-mer regiona

1.2( 1.1

deviations from the ideal geometry
bond length (Å) 0.011( 0.001
bond angle (deg) 2.97( 0.12
impropers (deg) 0.46( 0.13

pairwise rmsd (Å) among the nine refined
structures (heavy atoms only)

entire 11-mer adduct duplex 1.71( 0.34
central 5-mer regiona 1.26( 0.18

a The d(T4-C5-[AP]G6-C7-T8)‚d(A15-G16-A17-G18-A19)
segment.
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DISCUSSION

Spectral Quality and Information Content. The majority
of the exchangeable and nonexchangeable protons exhibit
narrow and well-resolved spectra facilitating the assignment
of the resonances in the [AP]dG‚dA 11-mer duplex. The
broadening of several protons associated with the d(G16-
A17-G18) segment opposite the [AP]dG6 adduct site has
resulted in weak NOE (Figure 4) and weak or absent
coupling (Figure 5B) cross-peaks for protons originating in
this segment of the adduct duplex.

Chemical Shift Patterns in the [AP]dG‚dA 11-mer. The
intercalation of the aromatic aminopyrenyl ring of the [AP]-
dG6 between dC5‚dG18 and dC7‚dG16 base pairs is strongly
supported by the observed experimental chemical shift
patterns for the adduct duplex. Thus, the imino protons of
dG16 and dG18 undergo upfield shifts of∼1.2 ppm, while
the amino protons of dC7 and dC5 undergo upfield shifts of
∼0.4-0.5 ppm on proceeding from the unmodified control
11-mer duplex to the [AP]dG‚dA 11-mer duplex. These shifts
must reflect upfield ring current contributions from the
aminopyrene ring that is intercalated between the dC5‚dG18
and dC7‚dG16 base pairs in all the refined structures of the
adduct duplex.

The stacking of the dC5 residue over the purine ring of
the looped out modified guanine of [AP]dG6 is reflected in
the upfield shifts for the H2′ (1.21 ppm) and H2′′ (2.18 ppm)
sugar protons of dC5 in the spectrum of the adduct duplex.

Comparison of [AP]dG‚dC 11-mer and [AP]dG‚dA 11-
mer Duplexes. A comparison of the solution structures of
the [AP]dG‚dC 11-mer (20) (Figure S3, Supporting Informa-
tion) and the [AP]dG‚dA 11-mer (present study) (Figure 8A)
duplexes establishes common structural features as well as
some differences centered about the adduct site. Thus, the
aminopyrene ring intercalates between intact base pairs with
the modified guanine in asynalignment displaced into the
major groove in both adduct duplexes.

This base displacement architecture appears to be achieved
either through alignment of the modified guanine toward the
3′-direction of the modified strand as observed for the [AP]-
dG‚dC 11-mer duplex (20) (Figure S3, Supporting Informa-
tion) or toward the 5′-direction of the modified strand as
observed for the [AP]dG‚dA 11-mer duplex (present study)
(Figure 8A). It is unfortunate that we have been unable to
identify the NH proton involved in the covalent linkage of
the aminopyrene and modified guanine rings in the adduct

FIGURE 7: (A) The superposition of the d(T4-C5-[AP]G6-C7-
T8)‚d(A15-G16-A17-G18-A19) segments of six relaxation
matrix refined structures of the [AP]dG‚dA 11-mer duplex. View
looking into the major groove and normal to the helix axis. (B)
The superposition of the d(C5-[AP]G6-C7)‚d(G16-A17-G18)
segments of six relaxation matrix refined structures of the [AP]-
dG‚dA 11-mer duplex. View looking down the helix axis.

FIGURE 8: A representative relaxation matrix refined structure of
the [AP]dG‚dA 11-mer duplex. (A) View looking into the major
groove and normal to the helix axis of the central d(T4-C5-[AP]-
G6-C7-T8)‚d(A15-G16-A17-G18-A19) segment. The [AP]-
dG6 ring system is shown in darkened bonds and is intercalated
between the dC5‚dG18 and dC7‚dG16 base pairs. The modified
dG6 base is displaced into the major groove and directed toward
the 5′-end of the modified strand. (B) View looking down the helix
axis for the d(C5-[AP]G6-C7)‚d(G16-A17-G18) segment.
Figures were prepared using Molscript VI.1 (52).
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duplex. This proton would be directed toward and show
NOEs to the dC5‚dG18 base pair when the modified guanine
of [AP]dG is directed toward the 3′-direction, while it would
be directed toward and show NOEs to the dC7‚dG16 base
pair when the modified guanine of [AP]dG is directed toward
the 5′-direction. The torsion angles linking the modified
deoxy guanosine to the pyrenyl ring adopt values ofR′ )
209° andâ′ ) 141° for the [AP]dG‚dC 11-mer duplex (20)
and R′ ) 149° and â′ ) 214° for the [AP]dG‚dA 11-mer
duplex (present study).

The least well-defined segment of the [AP]dG‚dC 11-mer
(20) and [AP]dG‚dA 11-mer (present study) duplexes
concerns the bases positioned opposite the adduct site. This
is in part due to the broadening of proton resonances of
residues in the d(G16-C/A17-G18) trinucleotide segment
positioned opposite the adduct site in both duplexes. The
pyrimidine ring of dC17 is displaced into the major groove
and does not interact with either the [AP]dG adduct or
residues centered about the adduct site in the [AP]dG‚dC
11-mer duplex (20). By contrast, the purine ring of dA17 is
positioned closer to the helix axis and, in some of the refined
structures, participates in an in-plane base platform (36, 37)
at the dA17-dG18 step in the [AP]dG‚dA 11-mer duplex
(Figure 8A). Such an in-plane stacking alignment contributes
to formation of a hydrophobic core involving the dC5, dC7,
dG16, dA17, and dG18 residues surrounding the intercalated
aminopyrenyl aromatic ring system in the adduct duplex.

Comparison of [AP]dG‚dA 11-mer and [AF]dG‚dA 11-
mer Duplexes. The solution structure of of the [AP]dG‚dA
11-mer duplex reported in this study can be compared with
the solution structure reported previously for the [AF]dG‚
dA 11-mer duplex (21) in the same sequence context. The
aminopyrene AP ring is larger than the aminofluorene AF
ring, and this has dramatic consequences relating to the
alignment of both the adduct and the dA positioned opposite
it in the [AP]dG‚dA 11-mer and [AF]dG‚dA 11-mer
duplexes.

The base displacement-intercalation structure at the adduct
site (Figure 8A) observed for the [AP]dG‚dA 11-mer duplex

reported in this study is distinctly different from the
corresponding structure at the adduct site in the [AF]dG‚dA
11-mer duplex (21). Both the modified dG and the dA
positioned opposite it are stacked into the helix with the
aminofluorenyl ring sandwiched between the walls of the
minor groove and directed toward the partner strand in the
solution structure of the [AF]dG‚dA 11-mer duplex (Figure
10). The torsion angles linking the modified guanine to the
aminopyrenyl ring adopt values ofR′ ) 149° andâ′ ) 214°
for the [AP]dG‚dA 11-mer duplex (present study), while
those linking the modified guanine ring to the aminofluorenyl
ring adopt values ofR′ ) 208° andâ′ ) 317° for the [AF]-
dG‚dA 11-mer duplex (21).

It, therefore, appears that the bulkier aminopyrenyl ring
in the [AP]dG‚dA 11-mer duplex cannot be accommodated
edge-wise within the walls of the minor groove without
significant exposure of its aromatic surface to solvent in
contrast to adoption of this architecture by the smaller
aminofluorenyl ring in the [AF]dG‚dA 11-mer duplex.
Hence, the aminopyrenyl ring prefers to intercalate into the
helix maximally burying its aromatic surface and achieves
this through base displacement of its modified guanine into
the major groove in the [AP]dG‚dA 11-mer duplex.

Biological Significance. Frameshift mutagenesis has long
been hypothesized to occur as a result of misaligned
structures in appropriate sequence contexts, which can be
stabilized by intercalation of planar aromatic moieties (38-
40). More recently, the concept has been developed further
and applied to unmodified DNA (41, 42) and carcinogen-
modified DNA (43-47). The essential idea involves stalling
of a polymerase in the vicinity of the damaged base, which
permits time for a rearrangement in which an unopposed
bulge can form. It is not surprising that [AP]dG, a lesion
that predominantly induces frameshift mutagenesis in bac-
teria, does not maintain hydrogen bonding with either dC
(20) or dA (present study) in the complementary strand. This
must reflect displacement of the modified dG into the major
groove, with intercalation of the aminopyrene residue into
the helix, but with little distortion beyond the lesion site and

FIGURE 9: A stereoview of a representative relaxation matrix refined structure of the entire [AP]dG‚dA 11-mer duplex.
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with flanking base pairs intact. If such non-hydrogen-bonded
duplexes featuring base displacement with carcinogen in-
tercalation occurred at a replication fork, irrespective of
whether dCMP or dAMP was incorporated opposite the
adduct, polymerase stalling might become more probable,
with formation of a slipped frameshift intermediate in an
appropriate sequence context. Because of the absence of
hydrogen bonding interactions, the nucleotide opposite the
adduct may also be subject to excision by the proofreading
exonuclease of the DNA polymerase. The latter would also
cause stalling of the DNA polymerase, which in turn may
allow more time for the formation of slipped frameshift
intermediates. While translesion synthesis may be induced
by the SOS type of inducible proteins, such forced replication
would likely result in increased mutagenesis (16).

In conclusion, incorporation of dA opposite [AP]dG
produces a base-displaced, intercalated structure without
hydrogen bonding between the [AP]dG and the opposite
mismatched dA. Such a structure, if present at a replication
fork, may cause polymerase stalling and formation of a
slipped intermediate that could produce frameshift mutations,
the most dominant mutagenic consequence of the [AP]dG
lesion in bacteria. It is interesting to note that 2-acetylami-

nofluorene (AAF) modified dG, which also adopts a base-
displaced, AAF intercalated conformation (48-50), also has
a very high propensity to cause frameshift mutations (51).

Coordinates Deposition. The coordinates of the [AF]dG‚
dA 11-mer duplex have been deposited in the Protein Data
Base, Brookhaven National Laboratory, Upton, New York
11923, (acquisition number: 1axu) from whom copies can
be obtained.

SUPPORTING INFORMATION AVAILABLE

Four tables listing the complete exchangeable and non-
exchangeable proton chemical shifts, goodness-of-fit data
following distance-restrained DUPLEX refinement, com-
parison of experimental distance restraints with correspond-
ing values in relaxation matrix refined structures and
pseudorotation and glycosidic torsion angles for the [AP]-
dG‚dA 11-mer duplex, and three figures comparing ami-
nopyrene chemical shifts for [AP]dG positioned opposite dC
and dA, distance-restrained DUPLEX structures of the central
segment of the [AP]dG‚dA 11-mer duplex and the central
segment of the [AP]dG‚dC 11-mer duplex. This material is
available free of charge via the Internet at http://pubs.acs.org.
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pairs and the aminofluorene ring positioned in the minor groove
and directed toward the partner strand. (B) View looking down
the helix axis for the d(C5-[AF]G6-C7)‚d(G16-A17-G18)
segment. Figures were prepared using Molscript VI.1 (52).
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