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NMR Solution Structure of a Nonanucleotide Duplex with a dG Mismatch Opposite
a 10S Adduct Derived from Trans Addition of a Deoxyadenosine N°-Amino Group
to (+)-(7R,85,95,10R)-7,8-Dihydroxy-9,10-epoxy-
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the Modified dA™*
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ABSTRACT: A nonanucleotide, d(G\G2T3C4[BaP]AsCsG7A3Gy), in which (+)-(7R,8S5,95, 10R)-7,8-dihydroxy-
9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (7-hydroxyl group and epoxide oxygen are trans) is
covalently bonded to the exocyclic M-amino group of deoxyadenosine (dAs) through trans addition at
C10 of the epoxide (to give a 10S adduct) has been synthesized. The solution structure of the duplex,
d(G1G2T3C4[BaP]A5C6G7AsG9)'d(C10T11C12G13G14G15A15C17C13), containing a dG mismatch OppOSite the
modified dA (designated 10S-[BaP]dA+dG 9-mer duplex) has been investigated using a combination of
1D and 2D (including COSY, PECOSY, TOCSY, NOESY, and indirect detection of 'H~3'P HETCOR)
NMR spectroscopies. The NMR results together with restrained molecular dynamics/energy minimization
calculations show that the modified dAs adopts a syn glycosidic torsion angle whereas all other nucleotide
residues adopt anti glycosidic torsion angles. The sugar ring of dAs is in the C3’-endo conformation, and
the sugar rings of the other residues are in the C2’-endo conformation. The hydrocarbon attached at dAs
orients toward the 3’ end of the modified strand (i.e., dCs direction) and intercalates between and parallel
to bases of dGi3 and dGy4 of the complementary strand directly opposite dCs and dAs, respectively. The
edge of the hydrocarbon bearing H11 and H12 is positioned between the imino protons of dG;3 and dG4
in the interior of the duplex, whereas H4 and HS at the opposite edge are positioned near the sugar H1’
and H2” protons of dG3 and facing the exterior of the duplex. The mismatched AG base pair is stabilized
by dA»n—dGgny base pairing in which the imino proton and the O% of dGi4 are hydrogen bonded to N7-
and the single N®-amino proton, respectively, of the modified dAs. The modified DNA duplex remains
in a right-handed helix, which bends at the site of intercalation about 20 to 30° away from the helical axis

and toward the direction of the modified strand.

Chemical modification of DNA by reactive metabolites
provides the most likely mechanism for the genotoxicity,
mutagenicity, and/or carcinogenicity of many xenobiotic
compounds including polycyclic aromatic hydrocarbons
(PAHs). Mammalian metabolism of PAHs mediated by the
microsomal enzymes cytochrome P450 and epoxide hydro-
lase yields, among other products, diol epoxides on angular
benzo rings of the hydrocarbons [reviewed in Thakker et al.
(1985, 1988)]. As illustrated for benzo[a]pyrene (BaP) in
Figure 1a, four optically active diol epoxides with the epoxide
in the bay region of the hydrocarbon (Jerina et al., 1976;
Jerina & Daly, 1976) can be metabolically formed: two
enantiomers of the diastereomer in which the benzylic
7-hydroxyl group and epoxide oxygen are cis (syn diol
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epoxide or DE1) and two enantiomers of the diastereomer
in which these groups are trans (anti or DE2). Studies both
in vivo and in vitro have indicated that the major PAH
adducts of DNA result from nucleophilic attack of the
exocyclic M- and N?-amino groups of adenine (A) and
guanine (G), respectively, to open the epoxide ring of these
diol epoxides at the benzylic position [reviewed in Jerina et
al. (1991)]. In the case of benzo[a]pyrene (Meehan & Straub,
1979; Cheng et al., 1989), the predominant adduct formed
by reaction of the most tumnorigenic (Jerina et al., 1984)
enantiomer, (+)-(7R,85,95,10R)-7,8-dihydroxy-9,10-epoxy-
7.8,9,10-tetrahydrobenzo[a]pyrene [(+)-BaP DE2], with
DNA in vitro results from trans ring opening by the exocyclic
N?-amino group of guanine. Modification at the exocyclic
Ne-amino group of dA also occurs to a lesser extent, as
illustrated in Figure 1b. Mutations induced by high doses
of this isomer at the HPRT locus in Chinese hamster V79
cells are predominantly at dG; however, at lower doses, such
as might result from environmental exposure to the hydro-
carbon, there is a marked increase in the relative frequency
of mutations at dA (Wei et al.,, 1991, 1993, 1994). In
particular, an increase in the relative frequency in A—C
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FIGURE 1: (a) Chemical structures of the four 7,8-diol-9,10-epoxide
metabolites of benzo[a]pyrene and (b) the adduct derived from trans
addition of the exocyclic NS-amino group of deoxyadenosine to
(+)-(7R,85,9S,10R)-7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahy-
drobenzofa]pyrene [(+)-BaP DE2].

transversions, suggestive of a misinsertion of dG opposite
the lesion site upon DNA replication, is observed at the lower
doses of the diol epoxide (Wei et al., 1993, 1994). We have
previously reported (Schurter et al., 1995a) that substitution
of dG for dT as the complementary residue opposite the
modified dA in the double-stranded oligonucleotide d(G,G»-
T3C4[BaP]AsCsG7A5Go)d(CioT11C12G13G14G15A16C17C1s) (de-
rived from (+)-BaP DE2 and designated as the 10S5-[BaP]-
dA-dG 9-mer duplex) increases the thermal stability of the
duplex, with an increase in 71, from 16 (complementary dT)
to 27 °C (complementary dG). In the present study we report
the NMR solution structure of this duplex containing dG
opposite the modified dA. Of particular interest is the finding
that in the present structure the modified dA adopts a syn
conformation, which is stabilized by hydrogen bonding (Li
et al.,, 1991) to the complementary guanine in an unusual
dAy;,—dGgu base pair.

MATERIALS AND METHODS

Sample Preparation. As previously reported (Schurter et
al., 1995a), two nonanucleotides, d(G,G,T3Cs[BaP]AsCs-
G-AsGy), were synthesized by direct incorporation of a
modified dA phosphoramidite derived from racemic BaP
DE2 at the central ([BaP]As) position, using the approach
described by Lakshman et al. (1992). These nonanucleotides
were diastereomers corresponding to trans opening of the
enantiomeric BaP diol epoxides (—)-(75,8R,9R,105)-DE2 and
(+)-(7R,85.,95,10R)-DE2 by the N°-amino group of dA and
have 10R and 10§ absolute configuration, respectively, at
the N-substituted benzylic carbon atom of the hydrocarbon,
as a result of inversion of configuration at this carbon (cf.
Figure 1b). Full details of the syntheses will be published
elsewhere. The oligonucleotide with 10S absolute config-
vration of the adduct, corresponding to trans addition to the

Biochemistry, Vol. 34, No. 41, 1995 13571

(+)-DE2 isomer, which is the subject of the present study,
was >96% pure as indicated by capillary zone electrophore-
sis. Stoichiometry for duplex formation was determined as
described (Schurter et al., 1995a) by spectrophotometric
titration (362 nm) of a sample of the modified oligonucleotide
with its partially complementary strand, d(C¢T11C12G13G14Gis-
A6C17Cig), at 5 °C in a buffer containing 12 mM Na,HPO,,
8 mM NaH,PO;, and 56 mM NaCl (to give a total ionic
strength of 0.1 M) at pH 7. The sample used for the NMR
studies consisted of approximately 180 Ay units of duplex
in 500 uL of the buffer described above in D>O (or 90%
H,0), containing 0.2 mM EDTA and a trace of sodium azide,
adjusted to pH 6.8 with NaOD.

NMR Experiments. 1D, COSY, PECOSY, TOCSY, and
NOESY spectra were recorded on a Varian VXR 5008 (500
MHz) spectrometer at a regulated temperature of 15 °C. The
1D spectrum in H,O was obtained using the standard
BINOM pulse sequence (Hore, 1983). A NOESY spectrum
(mixing time 200 ms) was also obtained using a Bruker
AMX-600 (600 MHz) to improve the spectral resolution for
resonance assignments. TOCSY spectra (Bax & Davis,
1985) were recorded at mixing times of 30, 50, and 80 ms.
NOESY spectra were recorded at 50, 80, 120, 160, and 200
ms. The two-dimensional NMR experiments were usually
carried out in the hypercomplex, phase-sensitive mode (States
et al., 1982) with a 3.0 s relaxation delay between scans.
Spectra were generally acquired with 1024 complex points
in the #, dimension and 512 #; complex increments and were
zero filled to 2K x 2K before Fourier transformation. For
data processing, a Gaussian or shifted squared sine-bell
weighting function was used in both dimensions. The
NOESY cross peak intensities between H8 (or H6) of each
base and its own sugar H1’ were used to distinguish
qualitatively between syn (strong NOE) and anti (weak NOE)
glycosidic torsion angles (Wiithrich, 1986).

For assignment of the exchangeable protons, NOESY
(90% H,0O, mixing time 300 ms) spectra were run on a 500
MHz Varian Unity Plus spectrometer equipped with pulse
shaping and Z-axis pulsed field gradient hardware. The
experiments were run at 10 °C using the RAWSCUBA
(Altieri & Byrd, 1995) NOESY pulse sequence with WA-
TERGATE (Piotto et al.,, 1992) read pulse element. The
experimental parameters are as follows: sw = 10000 Hz,
1024 x 256 complex points in w> and w;, respectively, 44
scans per increment, and STATES-TPPI (Marion et al., 1989)
for quadrature detection in 1, RAWSCUBA was run with
a 10.0 ms Gaussian shaped pulse, 17 G/cm Z-axis gradient
pulses of 5.0 ms duration, and a 60.0 ms SCUBA period
(Altieri & Byrd, 1995). The WATERGATE read pulse
sequence was run with 1.3 ms selective pulses centered on
the water resonance and 2 G/cm Z-gradient pulses of 2.0
ms duration followed by 100 us stabilization delays. An
additional Z-gradient of 9 G/cm and 3.0 ms duration was
used at the end of the mixing time.

The 'H—H vicinal coupling constants (*J) between sugar
protons were analyzed from the phase-sensitive PECOSY
(Miiller, 1987; Bax & Lerner, 1988) spectrum, which was
acquired with 2048 complex points in the ¢, dimension and
400 ¢, complex increments and zero filled to 8K x 2K before
Fourier transformation.

The indirect detection 'H—3'P HETCOR experiment was
performed on a 500 MHz Varian Unity Plus spectrometer
with a pulse sequence similar to that reported earlier (Sklenar
et al., 1986).
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Energy Minimization/Dynamics Calculations. Restrained
molecular dynamics/energy minimization ({MD/tEM) cal-
culations were performed on a Silicon Graphics Indigo XS24
R4000 workstation using software programs from Biosym
Technologies, San Diego, CA. A standard B-DNA duplex
with a mismatched dA-dG base pair at the center of the titled
nonamer was constructed using the biopolymer module in
InsightIl (version 2.3). This central dA nucleotide was then
modified by incorporating the BaP moiety (with S absolute
configuration at C10) at the N° of dA as shown in Figure
1b. For atoms in the hydrocarbon portion of the adduct,
force field parameters were adopted from equivalent AMBER
atom types, and partial charges were obtained from an ab
initio calculation on benzo[a]pyrene (Hingerty & Broyde,
1985). Calculations were done in vacuo with a distance-
dependent dielectric constant of 4R and a cutoff distance of
25 A. The restraint file (see Supporting Information)
included restraints for chiral atoms, dihedral angles, and
interproton NOE distances based on the NMR data. A five
part continuous distance restraint penalty function (Discover
program, Biosym Technologies) was used in the calculation.

E,+ (R, —Ry)F, R; <R,
KyR; ~ R,)’ R, 2 R; <R,

E=/0 R, = R; = R, (H
Ky(R; — Ry’ Ry <R;<R,
E,+®R;—R)F, R,<R;

Ry is the current value of the interproton distance, R; and R4
are the distances where the harmonic potential becomes
linear, R, and R; are the target lower and upper bound
distances, respectively, and Fy, F4, K>, and K3 are force
constants. The maximum value of K; and K3 was set to 30
kcal mol~! A~2, and F; and F, were set to 1000 kcal mol ™!
A1 for all restraints in the calculations. A similar function
was used for dihedral restraints.

A total of 252 distance restraints (172 intranucleotide
NOE:s, 54 sequential NOEs, 14 B{a]P-nucleotide NOEs, and
12 intra-B[a]P NOEs) were defined. The distance range for
a NOE restraint was set between 1.8 and 2.5 A if the intensity
of the the corresponding NOE cross peak was strong,
between 2.5 and 3.5 A if the cross peak was of intermediate
intensity, or between 3.5 and 5.0 A if the cross peak was
weak. Backbone dihedral angles were restrained to ranges
(£20° for @, B3, ¥, €, &; £30° for 6) which were centered at
values adopted by a standard B-DNA (Saenger, 1984), with
the exception of certain dihedral angles of the central six
residues (from y of dC, to & of dCs of the modified strand;
from y of dGi3 to y of dGy4 for the complementary strand).
The glycosidic angles were restrained to a range between
—170° and —90° (Wiithrich, 1986) except for the dAs
residue. Since the NOESY spectrum in H,O established the
presence of Watson—Crick base pairings in the adducted
DNA duplex, hydrogen bond restraints (2.6—3.2 A between
the donor N and acceptor O or N) were applied to all base
pairs except the central dA-dG mismatch. However, a force
constant of 15 kcal mol™ A2 was used for the hydrogen-
bond restraints (distance and planar) for the two base pairs
adjacent to the modified residue.

The restrained molecular dynamics (rMD) calculations
were run in 9.6 ps blocks. First, the temperature was raised
to 700 K from a starting temperature of 300 K over 1.6 ps
without constraints. Next, the rMD calculation continued
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for 4 ps, in which constraints were introduced with a scaling
factor of 0.001 in the first picosecond, 10 times greater in
the next picosecond, etc. In the fourth picosecond, con-
straints were in full effect (scaling factor of 1.0). Then the
temperature was reduced to 300 K over 4 ps. The coordi-
nates derived from each rMD run were then subjected to
100 cycles of energy minimization using the steepest descents
algorithm and up to 6000 iterations of minimization using
the conjugate gradients algorithm. Convergence was deter-
mined by a maximum derivative below 0.01 kcal mol~! A~1,

Structures which did not have NOE violations greater than
0.2 A and dihedral angle violations greater than 10° in rMD/
rEM calculations were used as the starting structures for
iterative relaxation matrix approach (IRMA) calculations
(Boelens et al., 1988, 1989). The IRMA calculation gener-
ates a list of refined NOE distance restraints from the starting
structure and a typically incomplete set of NMR data (in
this case, 111 well-separated NOE cross peaks), based on a
full relaxation matrix calculation and experimental NOE
intensities at different mixing times. The agreement between
the experimental and theoretical intensities was monitored
by the R factors. Several R factors, in analogy to the forms
described by Gonzalez et al. (1991), are calculated after each
IRMA cycle (Biosym Technologies), including linear, qua-
dratic, and distance-like (A;7"%) forms. For example, the
distance-like R, factor is defined as

= (Zrm[(Aijca])—lm _ (Aijexp)—l/é]z)uz
T Zl_m(AUEXP)‘I/G

where A; is the NOE intensity of the spin pair (ij) and Ty, is
the mixing time. Despite the expected variation in the
magnitude of R factors among different definitions, the
calculated results show similar trends for all definitions; i.e.,
the R factors decrease as the structure refinement progresses
and usually converge within 2—3 cycles. This process was
terminated when the NMR R factor failed to drop signifi-
cantly over several iterations.

RESULTS

Exchangeable Proton Spectra. Expanded 1D spectra at
several temperatures in the imino proton region (10— 14 ppm)
for the 10S-[BaP]dA*dG 9-mer duplex in 90% H,O/10% DO
buffer are shown in Figure 2. All nine imino protons are
visible, and seven resonances cluster in the region between
12 and 14 ppm. The remaining two high-field resonances
are assigned to the imino protons of dGi; (11.22 ppm) and
dGi4 (10.32 ppm) of the complementary strand. The large
upfield shift for both imino protons of dG;; and dGy4 can be
accounted for by base pair stacking directly over and directly
under the pyrene ring of the hydrocarbon bonded to dAs. In
the region of 12—14 ppm, two resonances, which show
exchange broadening from 4 to 17.5 °C, are assigned to the
imino protons of the terminal dG, (12.75 ppm) and dGy
(13.29 ppm) of the adducted strand. The two resonances at
the lowest field are assigned to the H3 imino protons of d7T;
and dT;;. The imino proton resonances of the remaining
three dG-dC base pairs appear in the region of 12.4—12.9
ppm.

Assignments of the exchangeable imino and amino protons
were made from analysis of a phase-sensitive 2D NOESY
spectrum of the modified DNA duplex in 90% H,O buffer
using the RAWSCUBA pulse sequence that allows observa-
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FIGURE 2: Imino proton spectra (10—14 ppm) of the 10S-[BaP]dA*dG 9-mer duplex in 56 mM NaCl and 20 mM phosphate, 90% H,O0, pH

6.5, at 4, 10, 12, and 17.5 °C. Resonances due to a minor conformer are designated by “n

Table 1: Chemical Shifts (ppm, 10 °C, pH 6.5) of Labile and
Selected Nonlabile Protons in Watson—Crick Base Pairs“ in the
10S-[BaP]dA+dG 9-mer Duplex?

imino amino nonlabile

base pair H1(dG)/H3(dT) H4(dC) H4(dC) H5(dC) H2(dA)
dG,dCs 12.75
dG.dC,, 12.81 8.12 6.57
dTidAe 13.46 (13.50) 7.88
dC4dGs 12.53 8.10 6.99
[BaP]dAsdGis 10.32 (9.85) 720 4.02¢ 7.78¢
dCedGn3 11.22 (11.26) 8.12 7.24 6.03
dG+dCia 12.48 (12.45) 8.42 6.87
dAgdT, 13.93 (13.85) 7.67
dGodCyp 13.29

“All in Watson—Crick base pairs except the dAsgndGiaami.
b H1(d@), proton at the guanine position 1 in a dGdC (or dGdA) base
pair; H3(dT), proton at thymine position 3 in a dTdA base pair; H4(dC)
and H4(dC), hydrogen-bonded (underlined) and non-hydrogen-bonded
protons of the amino group at position 4 of cytosine. The numbers in
parentheses are chemical shifts for the minor isomer. ¢ Amino proton
of the modified dAs. ¢ Tentatively assigned to the amino protons of
dG,4. ¢ H8 of the modified dAs.

tion of exchangeable peaks without saturation (Altieri &
Byrd, 1995). In double-stranded DNA, the distance between
adjacent base pairs is about 3.4 A, and NOE cross peaks
can be detected between neighboring imino protons. We
have observed NOE cross peaks between seven nonterminal
imino proton resonances (Figure 3). Sequential assignment
(Table 1) of the nonterminal imino protons can be made by
tracing through these cross peaks as previously described
{Boelens et al., 1985; Hare et al., 1983). Thus, connectivity
could be traced through three stacked base pairs (dCs-dG3,
dG7-dC;3, dAs-dTy;) and through four stacked base pairs
including the [BaP]dAs-dG;s mismatched pair (dG,-dCys,
dTs3-dAs, dCs-dGys, and dAs-dGys) with a discontinuity
occurring between the adjacent dCq-dG3 and dAs-dG 4 pairs.
The discontinuity between these two base pairs indicates
structural perturbation occurring at this junction, resulting
from the intercalation of the hydrocarbon at the modified

<« ”

site. No NOE cross peaks between the terminal imino
protons of dG;-dC,s and dGe-dC,y and the protons at the
adjacent base pair were detected.

The methyl protons of dT; and dT;, exhibit weak NOE
cross peaks to their own imino proton and the imino proton
of the adjacent stacked base pair at their flanking 3" end.
This observation permits identification of the imino protons
of dT; (13.46 ppm) and dT;; (13.93 ppm). Additional NOE
cross peaks involving the imino proton resonances are shown
in Figure 3. We observe strong NOE cross peaks between
the H3 of dTy; and H2 of dAsg (7.70 ppm), and between the
H3 of dT; and H2 of dAs (7.88 ppm), establishing Watson—
Crick base pairing for these dA-dT pairs. No clear inter-
base-pair NOE interactions between the imino protons of
dTs and the amino protons of dAs are observed. This is
probably due to fast exchange and/or rotational broadening
of the adenine amino resonances.

For the mismatched dAs-dG4 pair, the dG imino proton
(10.32 ppm) exhibits a strong NOE contact to the H8 of dAs
(7.78 ppm). The identity of this signal as HS rather than
H2 was verified by a deuterium exchange experiment (see
below), which showed that the NOE cross peak between this
resonance and the imino proton resonance of dG;4 was lost
upon prolonged heating of the modified duplex in D,O and
was restored after back exchange with H,O. We detect a
very strong NOE cross peak between the dG;4 imino proton
and a proton resonating at 7.15 ppm which is tentatively
assigned to the single amino proton of dAs (the other amino
proton being replaced by the hydrocarbon).

For each dG-dC base pair, we observe strong NOE cross
peaks between the imino proton of guanine and both cytosine
amino protons. Identification of the amino protons was based
on the observation of a very strong NOE cross peak between
the two protons of a single amino group (1.7 A internuclear
distance) and of NOE interactions between both these amino
protons and the HS (and H6) of cytosine. The latter protons
are readily identified from the COSY spectrum in D»O. Since
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FIGURE 3: Expanded NOESY contour plots (mixing time 300 ms) of the 10S-[BaP]dA*dG 9-mer duplex in 56 mM NaCl and 20 mM
phosphate, 90% H,O, pH 6.5, at 10 °C. NOE cross peak connectivities between the imino protons (10—14 ppm) and the amino, base, and
hydrocarbon (4—9 ppm) protons are shown. The absence of an NOE cross peak between the imino protons of the adjacent dG;3 and dG4

and the presence of NOE cross peaks between the imino protons of

dG,; as well as dG4 and the hydrocarbon protons clearly indicate that

the pyrene moiety is positioned between the dG;3 and dG4 residues. The cross peak between the imino proton of dGy4 and the H8 of dAs
(boxed) disappeared when the duplex was heated in D,O at 65 °C to exchange the H8 protons of dA and dG with deuterium. This observation
confirms the syn conformation for the glycosidic bond of the dAs residue.

the NOE contact from the imino proton of dG to the low-
field dC amino proton in each dG-dC pair is stronger than
that to the higher-field amino proton, it is concluded that
the low-field cytosine amino proton is the one involved in
Watson—Crick hydrogen bonding. No NOE interaction
between the imino and amino protons of the same guanine
was detected in any of the dG-dC base pairs, probably due
to fast exchange and/or rotational broadening of the amino
proton resonances of dG.

Observed NOE cross peaks between the imino protons of
both dG3 and dGi4 and the H1, H10, H11, and H12 of the
hydrocarbon (Figure 3) indicate the proximity of both these
imino protons to the hydrocarbon as a result of its intercala-
tion into the DNA. These two imino proton resonances are
also shifted upfield relative to the imino protons of the other
dG-dC pairs, because of their stacking directly above or
below the pyrene moiety. Intercalation of the pyrene moiety
between the adjacent dG,; and dG4 is also consistent with
the observed interruption (see above) of the NOE connectiv-
ity pathway between the imino protons of these adjacent
bases.

The 1D spectra (Figure 2) also reveal the presence of a
minor conformer (~17%, labeled as n) which is in slow
exchange with the major conformer on the NMR time scale.
The presence of the minor conformer is discernible in the

regions of imino and hydrocarbon proton resonances, par-
ticularly the imino proton of dG 4 (and other imino protons)
and H4, H5, H11, and H12 of the pyrenyl moiety (Table 1).
However, nonexchangeable proton resonances in regions
away from the modified site of the minor conformer are
unresolvable from the corresponding resonances of the major
conformer (due to severe signal overlap), suggesting a high
degree of structural similarity between the two conformers
in these regions. No attempt was made to assign the
resonances or to determine the structure of the minor
conformer, and no correction in the rMD/rEM calculations
was applied for overlapping cross peaks due to the minor
conformer.

Nonexchangeable DNA Proton Spectra. The sequential
connectivities along each strand of the 10S-[BaP]dA-dG
9-mer duplex were established by tracing through NOE cross
peaks between the base protons (H8/H6) and their own and
5’-flanking sugar H1’ (and also H2'—H4") protons. Expanded
NOESY (mixing time, 200 ms) contour plots in the region
for the base protons (6.8—8.8 ppm) and the sugar H1” protons
(4.6—6.3 ppm) together with the connectivity pathways
(indicated by lines) for the modified and complementary
strands are shown, respectively, in Figure 4, panels a and b.
Notably, two NOE cross peaks are missing or extremely
weak along the base to sugar H1” sequential connectivity
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FIGURE 4: Expanded NOESY contour plots (mixing time 200 ms) of the 10S-[BaP]dA«dG 9-mer duplex in D,O containing 56 mM NaCl
and 20 mM phosphate, pH 6.8, at 15 °C. (a) The sequential NOE connectivity pathway between the base protons (6.8—8.8 ppm) and the
sugar H1’ (4.5—6.5 ppm) of the modified strand. (b) The NOESY connectivity pathway in the same region as panel a but for the complementary
strand. The cross peak between the hydrocarbon H4 of the adduct and H1'(dG,3) is boxed. (c) Expanded NOESY spectrum in the same
region as panel a (or panel b) after heating the sample to 65 °C in D,O for 25 h. The boxed regions identify cross peaks that vanished after
deuterium exchange. (d) Expanded simulated NOESY spectrum (mixing time 200 ms) from the final refined structure.

path of the modified strand (Figure 4a). These are cross
peaks from the H1” (5.15 ppm) of dC, to the H8 (7.79 ppm)
of the modified dAs and from the H1’ (6.25 ppm) of the
modified dAs to the H6 (7.66 ppm) of dCs. We also note
missing or very weak cross peaks in the base proton to sugar
H1’ sequential path at dC;;-dGi3 and dG,3-dGy4 for the
complementary strand (Figure 4b). These observations are
consistent with the NOESY data in 90% H,0, which also
show discontinuity between the imino protons of dGi3; and
dG4 (Figure 3). These breaks in connectivity paths indicate
local distortions resulting from the covalent bonding of the
diol epoxide at the dAs site. Sequential connectivities
between the base protons and the sugar H2” and H2" (and
H3’ and H4") were also established by tracing through NOE
cross peaks in other regions of the NOESY spectrum.

We also detected sequential NOE interactions between H5
of the cytosines and the base and sugar protons of the residue
in the position 5’ to them. These include HS of dC, to H2',
H2”, H3’, H6, and Me of dTs, HS of dCe to H3" of dAs, HS
of dC;» to H1”, H2’, H2”, H3’, H6, and Me of dT,;, H5 of
dC,7 to H1” and HS of dAjs, and HS of dCis to H1’, H2',
H2”, H3’, H5, and H6 of dC;;. NOE interactions from the
Me of dT; to H1’, H3’, and H8 of dG,, and Me of dT;, to
H1’, H3’, H5, and H6 of dCj; are also detected. A very
weak NOE cross peak between the H1” (5.1 ppm) of dC4
and the H2 (8.69 ppm) of the modified dAs is also noted.

These sequential NOE patterns are consistent with the
preservation of a B-DNA conformation in the modified DNA
duplex. The resonance assignments of the sugar protons
derived from the through-space connectivities (NOESY data)
were internally consistent with assignments deduced from
analysis of the through-bond COSY and TOCSY spectra.
The complete chemical shift assignments for the nonex-
changeable base and sugar protons (except H5” and H5” due
to severe overlap of resonances) for the entire adduct duplex
are listed in Table 2.

A particularly striking spectral feature of the present
modified DNA duplex is the very strong NOE cross peak
between H8 (7.79 ppm) of the modified dAs and its sugar
H1’ (6.25 ppm), whose intensity (50 ms mixing time) is
almost as large as that of the H5-H6 of deoxycytidine. This
strong intraresidue NOE interaction between H8 and H1" is
indicative of a syn glycosidic torsion angle (Wiithrich, 1986)
at the modified dAs. This assigned H8 resonance (7.79 ppm)
of dAs in the present structure appears at ~0.9 ppm higher
field than H2 (8.69 ppm) which is the most downfield signal
among nonexchangeable protons. The chemical shifts of
these two protons are reversed when compared with those
of the modified adenine in other BaP adducted DNA
duplexes that have been reported (Schurter et al., 1995a,b).
Since the final structural analysis depends upon the correct
assignment of the H2 and H8 of dAs, unambiguous assign-
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Table 2: Chemical Shift Assignments (in ppm) for Nucleotide
Protons (except H5" and H5") of the 10S-[BaPldA-dG 9-mer Duplex

H!l” H2" H2” H3 H4 H6/H8 HS H2 Me

4G, 5.66 2.54 265 478 426 7.82

dG; 595 258 272 490 434 7.78

dTs 596 198 229 479 416 7.24 1.31
dCs 5.11 174 091 4.68 405 740 5.61

[BaP]dAs 6.25 259 275 5.62 429 1779 8.69

dCs 550 2.05 226 473 408 7.66 6.03

dG, 544 264 267 494 406 7.86

dAg 6.03 259 2.83 496 434 8.04 7.70

dGy 590 230 2.17 4.53 406 7.55

dCo 578 217 250 457 403 785 5.90

dTy 6.00 2.05 238 477 416 751 1.59
dCy, 540 146 190 4.66 3.88 7.01 5.30

dGi: 5.16 257 2.88 5.00 418 747
dG4 496 2.06 242 462 400 7.28

dGi;s 498 240 245 483 415 754

dAsg 6.14 257 279 492 437 8.0l 7.88
dCiy 582 194 232 469 407 7.18 5.18

dCis 6.14 217 2.18 446 395 752 559

ment for these protons is critical. Given the absence of scalar
couplings that can be used to distinguish between these two
protons and the ambiguity in interpreting through-space NOE
connectivities (because assignments based on such connec-
tivities depend on assumptions about the orientation of the
base), we chose to determine the assignment unambiguously
by deuterium exchange. It is expected that H8 should
exchange faster than H2 with solvent deuterium (Bullock &
Jardetzky, 1964; Tomasz et al., 1972). Upon heating of the
sample in D,O for 25 h at 65 °C, >85% of the intensity of
the resonance at 7.79 ppm was lost, whereas no change was
observed for the signal at 8.69 ppm. The original spectrum
was restored when back exchange with H,O was performed.
The NOESY spectrum of the 10S-[BaP]dA+dG 9-mer duplex
after deuterium exchange (Figure 4c) lacks the cross peak
between H8 (7.79 ppm) and H1’ (6.25 ppm) of the adducted
residue (dAs) as well as all other cross peaks associated with
the purine H8s of dA and dG. In contrast, in the 10R-[BaP]-
dA+dG 9-mer duplex, the low-field resonance at 8.67 ppm
rather than that at 7.69 ppm underwent exchange with solvent
deuterium under similar conditions (Schurter et al., 1995a),
indicating that the chemical shifts for these two protons are
reversed in these 9-mer duplexes. A similar reversal of the
chemical shifts corresponding to H8 (7.95 ppm) and H2 (8.81
ppm) has been observed in a nonanucleotide duplex contain-
ing a modified 1,M-ethenodeoxyadenosine residue that also
has a syn glycosidic torsion angle (de los Santos et al., 1991).

We also observed a moderate downfield shift (~0.6 ppm)
for the H3’ of dAs in the 10S-[BaP]dA+dG 9-mer duplex.
This is consistent with a structure in which this sugar proton
lies in the plane of the purine base of dAs. There is a large
upfield shift (to 0.92 ppm) for the H2” of dC,, which stacks
directly over the base of dAs.

Deoxyribose Conformation. Vicinal coupling constants
(3J) between sugar protons provide a measure of sugar
conformation, which can be described as an equilibrium
mixture of rapidly interconverting C2"-endo (S-state) and C3’-
endo (N-state) puckers. The predominant conformation of
the deoxyribose rings of DNA duplexes can be qualitatively
determined from the magnitudes of X1’ (sum of Jy-y and
Ji—2), 22" (sum of Jy—y , Jy—zv, and Jy—3), and £2” (sum
of Jy—y, Jy—y», and Joy-3). For 317> 135 Hz, X2’ > 28.0
Hz, and 22" < 23.5 Hz, the conformation is predominantly
(>50%) in the S-state (Rinkel & Altona, 1987). The value
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FiGURE 5: Expanded NOESY contour plot in the aromatic
hydrocarbon region (6.3—8.0 ppm). Cross peaks labeled with “c”
are also detected in the COSY spectrum. Assignments of the
aromatic protons are indicated at the top of the plot.

of ¥2” is mainly influenced by the relative N-state and
S-state populations and is an excellent indicator for deter-
mining the fraction in the S-state, ps, according to the

~equation p, = (31.5 — 32)/10.9 (Rinkel & Altona, 1987).

Values of ¥ 1’, ¥2’, and 32" measured from the outer peak-
to-peak separation of identifiable cross peaks in the 1, (F3)
dimension of a PECOSY spectrum (Figure S1) are in the
range 13.5—16.1, 25.0—31.0, and 22.8—25.0 Hz, respec-
tively, except for the terminal dCy (X 17 = 11.6 Hz, X2’ =
27.4 Hz, and ¥2” = 28.6 Hz) and the modified dAs (31’ =
11.3 Hz, Y2’ = 25.4 Hz, and 22" = 31.7 Hz). These results
indicate that the deoxyribose ring conformation of the 10S-
[BaP]dA*dG 9-mer duplex is predominantly in the S-state
(C2’-endo) for every residue with the exception of dCiq (p,
27%) and the modified dAs (p; <5%) which are predomi-
nantly in the N-state (C3’-endo) conformation. The pre-
dominant N-state conformation for the sugar of dAs deter-
mined by the scalar coupling constants is consistent with
the structures derived independently from the rMD/rEM/
IRMA calculations which showed a ¢ torsion angle of 65—
75°.

Hydrocarbon Proton Spectra. Assignment of hydrocarbon
ring protons for the 10S-[BaP]dA+dG 9-mer duplex is made
from analyses of the COSY and NOESY spectra. The COSY
spectrum established through-bond connectivities for three-
spin (H1 7.47 ppm; H2 7.58 ppm; H3 7.80 ppm), two-spin
(H4 7.29 ppm; HS 6.90 ppm; and H11 6.37 ppm; H12 6.61
ppm) and a single-spin (H6 7.72 ppm) systems in the
aromatic region, and a four-spin system (H7 5.12 ppm; H8
3.88 ppm; H9 4.26 ppm; H10 5.63 ppm) for the tetrahydro
benzo ring derived from the hydrocarbon. The connectivities
within these spin systems are then established from the
NOESY spectrum (Figure 5). This includes connectivities
from H1 to H12, H3 to H4, H5 to H6 within the aromatic
rings, and H6 to H7, and H10 to H11 between the tetrahydro
benzo and aromatic rings. Assignments of these ring protons
are listed in Table 3.

The through-bond cross peaks involving benzo-ring me-
thine protons of the hydrocarbon are very weak due to small
J couplings, with the exception of the cross peak between
H7 and H8 which showed J coupling of 10.5 Hz. This is
consistent with a distorted half-chair conformation of the
nonaromatic ring in which the H7 and H8 protons adopt
pseudodiaxial orientations whereas the H9 and H10 protons
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Table 3: Chemical Shift Assignments (in ppm) for Protons of the
Hydrocarbon Moiety in the 10S-[BaP]dA*dG 9-mer Duplex?

proton  chemical shift (ppm)  proton  chemical shift (ppm)
H1 7.47 (71.57) H7 5.12 (not assigned)
H2 7.58 (7.62) H8 3.88 (not assigned)
H3 7.80 (7.85) H9 4.26 (not assigned)
H4 7.29(7.15) H10 5.63 (not assigned)
H5 6.90 (6.93) Hi11 6.37 (6.58)
Hé6 7.72 (7.82) Hi2 6.61 (6.90)

@ Numbers in parentheses are for the minor conformer.
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FIGURE 6: Proton-detected >'P—'H heteronuclear correlation spec-
trum (Varian Unity-plus) of the 10S-[BaP]dA-dG 9-mer duplex in
D,0 containing 56 mM NaCl and 20 mM phosphate, pH 6.8, at 10
°C. The inorganic phosphate from the buffer is used as 3'P chemical
shift reference (0.0 ppm). The resonances at 0.33, —0.76, and —1.62
ppm are assigned, respectively, to the phosphorus at the 5” end of
dG4, dAs, and dCe. The correlation cross peaks between phosphorus
and the H3’ proton of the sugar toward the 5’ end are boxed. The
very strong cross peaks between both H4’” and H5" (or H5”) of
dG; and P of dGy, indicate unusual o and 8 torsional angles for
the dG;3-P-dG,4 phosphate.

adopt pseudodiequatorial orientations. This conformation is
similar to that observed for the adduct in the 10R-[BaP]-
dA+dG 9-mer duplex derived from the enantiomeric (—)-BaP
DE2 (Schurter et al., 1995a) as well as for acetylated
nucleoside adducts of several polycyclic aromatic hydrocar-
bon diol epoxides in acetone (Cheng et al., 1989; Jerina et
al., 1991).

Hydrocarbon to DNA NOEs. A total of 25 NOE cross
peaks between the protons of the hydrocarbon moiety and
those of the nucleic acid have been identified for the 10S-
[BaP]dA+dG 9-mer duplex. These include eight cross peaks
from the NOESY spectrum in H,O between H1, H10, H11,
and H12 of the pyreny! residue and the hydrogen-bonded
imino protons of dG;; and dGs in the interior of the duplex,
and 17 cross peaks from the NOESY spectrum in D,O
between protons at the opposite edge of the pyrene ring
system (H3, H4, HS5, and H6) and sugar/base protons of dCs,
dAs, dCG, dG13, and dG]4.

Phosphorus Spectra. Assignments of the phosphorus
resonances were made from an analysis of a proton—
phosphorus heteronuclear correlation spectrum of the 10S-
[BaP]dA+dG 9-mer duplex in 20 mM phosphate buffered D-O
(pH 7.0) at 10 °C (Figure 6). In DNA each diester
phosphorus resonance correlates with the H3’ proton of the
sugar on the 5" side (three-bond H—P coupling), and the H4’
(four-bond H—P coupling) and H5" (three-bond H—P cou-
pling) protons on 3’ side along the chain. The phosphorus
resonances can be assigned on the basis of the known sugar
H3’ and H4’ proton assignments. Partial assignment of the
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3P resonances for the 10S-[BaP]dA+dG 9-mer duplex is
indicated in Figure 6. The spectrum exhibits two resonances
which are shifted significantly downfield from the spectral
region for typical backbone phosphodiesters (—2 to —3 ppm).
The most downfield-shifted phosphorus at 0.33 ppm is
assigned to the phosphorus between the dG;; and dGy4 of
the complementary strand, while the next most downfield-
shifted at —0.76 ppm is assigned to the phosphorus between
the dC, and the modified dAs of the adducted strand. The
downfield shifts for these 3'P resonances can be accounted
by unusual torsion angles for the phosphate backbone in this
region (Gorenstein, 1994). In addition, the relative intensities
of the H3'~P, H4'—P, and H5'/H5"”—P cross peaks are rather
unusual for the farthest downfield-shifted 3P resonance (0.33
ppm). This indicates unusual torsional angles for @, 3, e,
and § (Gorenstein, 1994). The resonance at —1.62 ppm
which correlates with the H3’ (5.63 ppm) of dAs is assigned
to the phosphorus between the dAs and dCs.

Energy Minimization and Solution Structure. Although
the NOE data of the 10S-[BaP]dA+dG 9-mer duplex strongly
suggested hydrocarbon intercalation and the presence of a
syn torsion angle at the modified dA, our computational
strategy was to use starting structures that are different at
the modified site. Two starting structures, both with anti
glycosidic torsion angle at the modified dA and with the
hydrocarbon either positioned outside or intercalated in the
interior of the duplex, were employed in the rMD/fEM
calculations. Regardless of the starting structure, the com-
puted structures that converged with <0.2 A for NOE
violations and <10° for dihedral angle violations, as well
as the lower total energies, were those in which the
hydrocarbon was oriented toward the 3’-side of the modified
adenine and sandwiched between dG); and dGys of the
complementary strand. Moreover, these structures all showed
syn glycosidic torsion angles ranging from 25° to 90° and a
C3’-endo (N-state) sugar pucker conformation for the modi-
fied dAs residue. The maximum RMS deviation from the
average of these 13 best fit structures was 1.2 A. Many of
these best fit rMD/energy minimized structures were sub-
jected to further IRMA calculations over 111 well-seperated
NOE cross peaks. After IRMA calculations for each
structure, the values of R, defined as (X |A®P — A%al|/Y A%P),
were about 0.44 for all cross peaks and 0.56 for interresidue
cross peaks. The values of R; (defined in the Materials and
Methods) were 0.006 for all cross peaks and 0.016 for
interresidue cross peaks. Figure 7 shows the superpositions
of five IRMA refined structures. For these five structures,
the maximum RMSD from the average was about 0.5 A.
These refined structures are not much different from the
corresponding input structures. However, improvements are
observed in the J and y angles for the dAs residue. The
values for the y angle of dAs are from 26° to 60°. The values
for the 0 angle are from 65° to 75°. These structures retain
the B form of a right-handed DNA duplex. The pyrenyl
moiety is positioned between dAs and dCe and intercalates
between bases of dG4 and dG,; in the complementary strand.
The edge containing H11 and H12 of the pyrene ring system
is located in the interior of the helix, whereas the opposite
edge containing H4 and HS lies in the major groove between
dG13 and dG14.

NOE data in H,O were not included in the rMD/rEM/
IRMA calculations to avoid etrors due to possible intensity
distortions arising from the long mixing time and exchange
with water. Nevertheless, distances between the exchange-
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FIGURE 7: Superposition of five refined structures of the 105-[BaP]-
dA-dG 9-mer duplex. The 5'-end of the modified strand is at the
top.

able base protons were estimated independently from this
NOESY spectrum (using 1.7 A for the geminal amino
protons of cytosine as a reference). The estimated distances
were about 15—30% shorter than those measured from
refined structures derived exclusively from NOEs of non-
exchangeable protons.

Comparison of Simulated and Experimental NOESY
Spectra. One of the the refined structures was used to
simulate the NOESY spectrum at the 200 ms mixing time
using the BACKCAL program (Biosym Technologies). An
expanded simulated NOESY plot is shown in Figure 4d. The
simulation duplicated the strong NOE between H8 and H1”
of dAs and the same breaks between dAs and dCq and
between dG,; and dG,s as in the experimental NOESY
spectra (Figure 4, panel a or b). The simulation also
reproduced NOEs between the DNA backbone sugars (dC,
dAs, dCe, dG)3, and dG4) and the hydrocarbon moiety.

DISCUSSION

The oligonucleotide described in the present study (10S-
[BaP]dA-dG 9-mer duplex) has the exocyclic amino group
of the central dAs modified by trans addition to (+)-BaP
DE2. We have recently described (Schurter et al., 1995a)
the structure of a similar oligonucleotide (10R-[BaP]dA-dG
9-mer duplex) in which the central dAs is modified by the
enantiomeric diol epoxide, (—)-BaP DE2. Thus, the two
oligonucleotides differ in that they have opposite absolute
configurations at the N-substituted benzylic C10 carbon atom
of the adduct as well as at the remaining three positions on
the saturated benzo ring. For the present (+)-DE2 adducted
10S-nonamer, we observed that the thermal stability (7, =
27 °C) of the duplex containing a dG residue opposite the
adducted dA was substantially higher than that of the duplex
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FIGURE 8: Refined structure of the d(C4AsCg)-d(G 3G 4G s) seg-
ment of the 105-[BaP]dA-dG 9-mer duplex. (a) View looking into
the major groove and normal to the helical axis. (b) View looking
along the helical axis from the 5'- to 3"-end of the modified strand
(only segment Gy3-As-G4 is shown).

containing the normal dT opposite dA in the complementary
strand (77, = 16 °C). However, for the previously reported
10R-nonamer containing a (—)-DE2 adduct, T,, values were
essentially identical regardless of whether dT or dG was
opposite the modified base. Comparison of the NMR
solution structures of the two nonamer duplexes derived from
these enantiomeric diol epoxides provides insight into the
differential effects of a mismatched base opposite the
hydrocarbon lesion site.

Both the present 10S-[BaP]dA-dG 9-mer duplex and the
previously described 10R-[BaP]dA-dG 9-mer duplex (Schurt-
er et al., 1995a) preserve a right-handed B-DNA type
structure, except in the immediate vicinity of the modified
site. Furthermore, the hydrocarbon is intercalated into the
DNA helix in both structures. In the present 10S-[BaP]-
dA-dG 9-mer duplex, the hydrocarbon orients toward the 3'-
side of the modified adenine base and lies between the
guanine bases of dGi3 and dG,4 in the complementary strand.
As shown in Figure 8, the edge of the hydrocarbon containing
H11 and H12 is located between the imino protons of dG3
and dGy4 in the interior of the duplex, and H4 and H5 on
the opposite edge are positioned toward the backbone near
the sugar protons (H1’, H2’, and H2”) of dG,s. This
orientation contrasts with that observed in the previously
reported structure for the 10R-[BaP]dAdG 9-mer duplex
(Schurter et al., 1995a), in which the pyrene moiety
intercalates on the opposite (5") side of the modified adenine
base. The same effect of chirality on the orientation of the
hydrocarbon is observed in the solution conformations of
three other oligonucleotides derived from trans addition of
the A®-amino group of a dA residue to the benzylic position
of bay-region diol epoxides. These are an undecanucleotide
duplex containing a 10R-[BaP]dA adduct derived from (—)-
BaP DEI (isomer with the benzylic hydroxyl and epoxide
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groups cis) (Schurter et al., 1995b) and two undecanucleotide
duplexes of different sequence that contain dA adducts
derived from benzo[c]phenanthrene (4S,3R)-diol (2R,1S)-
epoxide-2 (10R-[BcPh]dA adduct; Cosman et al., 1993b) and
from its enantiomer, benzo[c]phenanthrene (4R,35)-diol
(25,1R)-epoxide-2 (10S-[BcPh]ldA adduct; Cosman et al.,
1995). In all three of these duplexes, the normal dT
complement is located opposite the modified dA. In the BaP
and BcPh modified oligomers in which the absolute con-
figuration at the N-substituted benzylic carbon atom is R,
the aromatic portion of the hydrocarbon intercalates into the
DNA with an orientation toward the 5" side of the adducted
dA (Schurter et al., 1995b; Cosman et al., 1993b). Con-
versely, in the BcPh modified oligomer with S absolute
configuration (Cosman et al., 1995), the hydrocarbon inter-
calates toward the 3’ end. On the basis of the five dA
adducted oligonucleotides whose NMR structures have been
solved, a tentative generalization can be made that the
aromatic portion of the hydrocarbon in an adducted dA
residue with R absolute configuration at the site of attachment
to the amino group of dA will orient toward the 5’ side of
the modified adenine, whereas the aromatic moiety will orient
in the opposite direction (i.e., 3" end), when the absolute
configuration at the substitution site is S.

To date, the oligonucleotides containing dA adducts whose
NMR structures have been solved are all characterized by
intercalation of the hydrocarbon into the DNA helix. These
structures contrast with those for oligonucleotides modified
at N? of dG residues by trans addition to BaP diol epoxides.
In the presence of the normal complement, dC, the hydro-
carbon moiety of dG adducts derived from trans opening of
both (+)- and (—)-BaP DE2 lies in the minor groove of the
DNA helix (Cosman et al., 1992; de los Santos et al., 1992).
In these trans dG adducts, the orientation of the hydrocarbon
relative to the DNA strand to which it is attached also
depends upon the chirality at the attachment site but is
opposite in direction to that observed for the intercalated trans
dA adducts. Thus, in an oligonucleotide duplex containing
a 10S dG adduct from (+)-BaP DE2, the hydrocarbon is
oriented toward the 5" end of the strand to which it is attached
(Cosman et al., 1992), whereas in an oligonucleotide of the
same sequence containing the 10R dG adduct from the
enantiomeric (—)-BaP DE2, the hydrocarbon is oriented
toward the 3’ end of the modified strand (de los Santos et
al., 1992).

When a dG adduct is derived from cis rather than trans
opening of the epoxide ring of (+)-BaP DE2 (Cosman et
al., 1993a), or when the adducted strand is paired with a
complementary strand with one residue deleted opposite the
modified base (Cosman et al., 1994a,b), intercalation of the
hydrocarbon is observed. Although NMR data are not
available to assess the effect of base pair mismatches with
modified dG residues, UV spectroscopic evidence suggests
that intercalation of the hydrocarbon occurs in several
duplexes with mismatches opposite dG adducts (Ya et al.,
1994).

The most striking differences between the present adducted
nonamer and its counterpart with the opposite absolute
configuration at the site of attachment of the hydrocarbon
to dAs involve the conformation around the glycosidic bond
of the modified dAs and the orientation of the opposing dG.
In the 10R-[BaP]dA+dG 9-mer duplex (Schurter et al., 1995a),
the modified dA retains a normal anti conformation and the
guanine base of dGy4 is pushed out into the major groove
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leaving a space between dG;; and dG,s into which the
hydrocarbon inserts. In contrast, in the present 10S-[BaP]-
dA«dG 9-mer duplex, the modified dAs assumes a syn
glycosidic torsion angle (see Figure 8), and the opposing
dG 4 remains stacked in the DNA helix and hydrogen bonded
to dAs. The syn glycosidic torsion angle of the modified
dAs is supported by extensive NMR evidence: (i) There is
a very strong NOE cross peak between the H8 of dAs and
its own sugar H1’, which is comparable in intensity to the
NOE between H5 and H6 of dC. (ii) There is also a strong
NOE cross peak between H2 of the base and H2” and H3’
of the sugar in this residue. (iii) No NOEs were detected
between H§ of the modified dAs and the sugar H1’, H2',
H2”, and H3’ of dC, in the 5’ position to this residue, as
would be expected for a dA residue in the normal anti
conformation. (iv) The unusual downfield shift for the H3’
resonance (5.62 ppm) is consistent with an in-plane ring
current effect by the adenine ring in a syn dA. (v) Further
evidence for a syn rather than anti glycosidic torsion angle
at the modified dAs comes from a strong interstrand NOE
interaction from the imino proton of dGy4 to the H8 (rather
than H2) of dA; that can be detected only when the dA-dG
mispair exists in a dAj,—dGg,-type hydrogen bonding
(Scheme 1) in which the imino proton and the 0% of dG4
are hydrogen bonded to the A’- and the single N®-amino
proton, respectively, of the modified dAs. The intercalated
BaP wedges apart the guanine bases Gi; and G4 from 3.3
to 6.7 A, which results in the modified base twisting toward
the base of dG,4 and forming a nonplanar dA,,—dGy,.; base
pair. The distances from the imino proton of dGi4 to HS
(3.50 A) and N7 (2.07 A) of dAs, and from O of dGy4 to the
Né-amino proton of dAs, measured from the refined structure
(Figure 8) are consistent with this conformation. The
intercalation and twisting by the BaP adducted dA also result
in bending of the helix at the modified site by about 20—
30° (Figure 7).

The conformation of an A-G mismatch in unmodified
DNA (Scheme 1) depends strongly upon variables such as
pH (Gao & Patel, 1988; Leonard et al., 1990) and sequence
context (Brown et al., 1990). Conformations of the Ag—
Gani and Agui—Gyyy base pairs in different DNA sequences
have been established by solution NMR (Gao & Patel, 1988;
Li et al., 1991; Chou et al., 1992a,b), and the existence of
an Ag,,—Ggy base pair has been documented in X-ray studies
(Hunter et al., 1986; Webster et al., 1990). Our observation
of an A, —Ggyy conformation in the present 10S-[BaP]dA«dG
9-mer duplex and an A,y that is not base paired with the
opposing G in the previous 10R counterpart reflect the
conformational unpredictability for an A—G mismatch in
DNA duplexes modified with BaP diol epoxides.

In DNA, the overall helical twist of the duplex is
influenced by the backbone conformation, i.e., the ¢, £, a,
B, v. and O torsion angles (C3’-O3’-P-05"-C5’-C4’-C3").
Theoretical calculations (Gorenstein, 1994; Giessner-Pettre
et al.,, 1984; Gorenstein & Kar, 1975) suggest that 3'P
chemical shifts are strongly dependent on the backbone
torsion angles, in particular, o and . These chemical-shift
calculations and later empirical studies indicated that the 3'P
resonance of a phosphate diester with a torsion angle a (or
§) in a ¢t (i.e., By ) conformation should be several ppm
downfield from the 3'P signal of an ester with its o (or §)
torsion angle in a g (i.e., By) conformation. In the present
structure, intercalation of the hydrocarbon between and
parallel to adjacent base pairs (dG;3-dCs and dG 4-dAs) has
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resulted in a widening of the distance between the two
adjacent dG bases and a distortion of the sugar—phosphate
backbone at the modified region. Some but not all of the
rMD/energy minimized structures generated from NOE
distance restraints exhibited atypical backbone torsion angles
at the modified site. The observation of a downfield shift
of ~2.5 ppm for the 14P (G;3-P-Gy4) resonance and ~1.6
ppm for the SP (Cs-P-As) resonance in comparison to the
other phosphates is consistent with a By conformation for
the phosphate diesters corresponding to 14P and 5P. Unusual
torsional angles could also explain the unusual relative
intensities in the 3'P—'H correlation spectrum for the Gis-
P-G;4 phosphate. Backbone distortion has been noted in
crystal structures as well as NMR structures of DNA—drug
complexes (Searle, 1993). By phosphodiester conformations
have also been observed in DNA containing dG-dA mis-
match base pairs that use unusual hydrogen bonding partners
(Chou et al., 1992a).

To date, we have been unsuccessful in obtaining interpret-
able NMR spectra from an oligonucleotide duplex with a
complementary dT opposite dA modified at the exocyclic
amino group by trans addition to (+)-BaP DE2, the most
carcinogenic and hence arguably most biologically interesting
of the four metabolically possible BaP 7,8-diol-9,10-ep-
oxides. As previously noted, the 10S-[BaP]dA:dT 9-mer
duplex, corresponding to the present structure but with a dT
in place of the mispaired dG, has an unacceptably low Tp,
indicative of low thermal stability. Use of the same sequence
extended by a 5’-terminal dC and a 3'-terminal dG in each
strand provided a 10S-[BaP]dA+dT 11-mer duplex with a Ty,
of 35 °C. However, despite the increased stability of the
duplex, its NMR spectrum indicated the presence of multiple
conformations that interconvert slowly on the NMR time
scale (Yeh et al., unpublished observations). The red-shift
of the pyrene chromophore (at ca. 350 nm) was only 3 nm
for the 10S-[BaP]dA-dT 11-mer upon duplex formation at
low temperature as opposed to a red-shift of 6 nm for the
9-mer mismatch duplex of the present study. We speculate
that this observation is related to the conformational hetero-
geneity of the 10S-[BaP}dA-dT 11-mer duplex, as seen in

O...
c” N—H---

H

7/

ﬁ
N>/_§/N\C

=N

H
/ Glycosidic
H

H H
Rotation \\
H
l

N N H
Y Lt
T
N
N ' Nt S
N== \\——-N\
N—H Cc
/
H
Ganti : Asyn

its NMR spectrum, and may reflect an equilibrium between
intercalated and nonintercalated orientations of the hydro-
carbon. We also speculate that a dG mismatch (as opposed
to a dT match) opposite a 10S-dA adduct increases the
thermal stability of the duplex and its preference for a single
dominant conformation because of a preference of the 10S-
dA adduct (but not the corresponding 10R-dA adduct) for a
syn glycosidic torsional angle. Stabilization of this syn
conformation by hydrogen bonding occurs with a mis-
matched dG but not a complementary dT residue. In
contrast, the 10R-dA adduct prefers the anti conformation
(Schurter et al., 1995a), so that a dG residue cannot
hydrogen-bond with it, and thus does not increase the thermal
stability of the mispaired duplex relative to that with a
complementary dT. Preliminary NMR evidence (Liu et al.,
in preparation) suggests that an 11-mer duplex containing
such a 10R-dA DE2 adduct opposite a dT is conformationally
homogeneous and is consistent with hydrocarbon intercala-
tion.
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SUPPORTING INFORMATION AVAILABLE

Expanded H1” to H2" and H2” region of the PECOSY
spectrum of the 10S-(BaP]dA:dG 9-mer duplex in D,O
(Figure S1) along with a list (Table S1) of the restraints used
in the modeling calculations (11 pages). Ordering informa-
tion is given on any current masthead page.
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