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Solution Conformation of the (—)-trans-anti-5-Methylchrysene—dG Adduct opposite
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ABSTRACT: This paper reports on NMR—molecular mechanics structural studies of the (—)-trans-anti-
[MC]dG adduct positioned opposite dC in the sequence context of the d(C1-C2-A3-T4-C5-[MC]G6-C7-
T8-A9-C10-C11)d(G12-G13-T14-A15-G16-C17-G18-A19-T20-G21-G22) duplex [designated (—)-trans-
anti-[]MC]dG-dC 11-mer duplex]. This adduct is derived from the trans addition at C* of (—)-anti-1(S),2(R)-
dihydroxy-3(R),4(S)-epoxy-1,2,3,4-tetrahydro-5-methylchrysene [(—)-anti-5-MeCDE] to the N2 position
of dG6 in this duplex sequence. The 5-methyl group is located adjacent to the MC(C*) binding site, with
these groups juxtaposed in a sterically crowded bay region in the adduct duplex. The 5-methylchrysenyl
and the nucleic acid exchangeable and nonexchangeable protons were assigned following analysis of
two-dimensional NMR data sets in H>O and D,0 buffer solution. The solution structure of the (—)-
trans-anti-]MC]dG-dC 11-mer duplex has been determined by incorporating DNA—DNA and carcinogen—
DNA proton—proton distances defined by lower and upper bounds deduced from NOESY data sets as
restraints in molecular mechanics computations in torsion angle space. The results establish that the
[MC]dG6+dC17 base pair and flanking dC5-dG18 and dC7-dG16 base pairs retain Watson—Crick alignments
upon adduct formation. The aromatic chrysenyl ring is positioned in the minor groove of a right-handed
B-DNA helix and stacks predominantly over the sugar of the dC17 residue across from it on the unmodified
complementary strand. The chrysenyl ring points toward the 3’-end of the modified strand with its 5-methyl
group inserting between the modified [MC]dG6+dC17 and dC7-dG16 base pairs. The adduct duplex bends
by ~47° as a result of the wedged insertion of the 5-methyl group from the minor groove face of the
duplex. The solution structure of the (—)-trans-anti-[MC]dG-dC 11-mer duplex is compared with that of
the corresponding (—)-trans-anti-[BP}dG-dC 11-mer [De los Santos et al. (1992) Biochemistry 31, 5245—
5252] in which the [BP]dG adduct is derived from the binding of (—)-anti-BPDE [7(5),8(R)-dihydroxy-
9(R),10(S)-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene] to the N? position of dG in the same DNA sequence
context. Although the solution structures of the (—)-trans-anti stereoisomers of 5-methylchrysenyl-dG
and benzo|[a]pyrenyl-dG adducts opposite dC exhibit many features in common with each other, the [MC]-
dG adduct which contains a bay region methyl group bends the DNA helix to a greater extent than in the
corresponding [BP]dG adduct, which lacks a bay region methyl group. Carcinogen-induced bending effects
may be important factors in the expression of the mutagenic potential of these [MC]dG lesions. Because
of the stabilities of these lesions, site-directed mutagenesis studies are now feasible which should lead to
new insights into the relationships between adduct structure, DNA structural distortions, and mutagenic
specificity and activity.

Polycyclic aromatic hydrocarbons (PAH) are a class of
potentially mutagenic and carcinogenic environmental pol-
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lutants (Lunde & Bjorseth, 1977; Wise et al., 1986). Subtle
variations in structure can be accompanied by remarkable
effects in biological activities. For example, methyl substitu-
tion of chrysene at the 5-position greatly enhances its
tumorigenicity, while substitution at other positions does not
markedly affect the intrinsically weak tumorigenicity of the
parent compound (Hecht et al., 1974, 1986, 1987, Amin et
al., 1991). The presence of the methyl group at the 5-position
in 5-methylchrysene (5-MeC) is believed to play an important
role in its carcinogenic activity (Hecht et al., 1979, 1985).

Like other PAH compounds (Miller, 1978; Singer &
Grunberger, 1983; Conney, 1982; Harvey, 1991), 5-MeC is
metabolically activated to highly reactive and potentially
biologically active bay region diol epoxide derivatives (Hecht
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et al., 1978, 1980, 1985, 1987; Amin et al., 1985). The
ultimate biologically important metabolites of 5-MeC are the
diastereomeric anti- and syn-1,2-dihydroxy-3,4-epoxy-1,2,3,4-
tetrahydro-5-methylchrysene (anti- and syn-5-MeCDE). Each
of these diastercomers can be resolved into a pair of
enantiomers; for example, the two chiral stereoisomers of
anti-5-MeCDE are the 1R,25,3S,4R-((-+)-anti-5-MeCDE) and
the 15,2R,3R,45-((—)-anti-5-MeCDE) enantiomers.

The tumorigenic activity of anti-5-MeCDE in newbomn
mice and on mouse skin (Hecht et al., 1980, 1985, 1987)
and its mutagenic activity in Chinese hamster V79 cells
(Brookes et al., 1986), in the TA 100 strain of Salmonella
typhimurium (Amin et al., 1986, 1988), and in the supF target
gene of an SV40-based pS189 shuttle vector replicating in
human cells (Bigger et al., 1990) have been studied. The
(+)-anti-5-MeCDE enantiomer is significantly more tu-
morigenic than the (—)-enantiomer in the lung of newborn
mice and in the mouse skin tumor model systems (Hecht et
al., 1987; Melikian, 1988). In addition, the (+)-enantiomer
is highly mutagenic while the chiral (—)-isomer is only
weakly mutagenic in S. typhimurium TA 100 (Melikian et
al.,, 1988). The molecular basis of these effects and the
reasons for the influence of the methyl group are not yet
understood (Hecht et al., 1986).

Both the mutagenic activities and the initiation of the
tumorigenic process are believed to be associated with the
covalent binding of the 5-MeCDE isomers to native DNA
(Melikian et al., 1982, 1983, 1984, 1991; Reardon et al.,
1987). The major DNA adducts obtained from the reaction
of (£)-anti-5-MeCDE with calf thymus DNA (Melikian et
al., 1984, 1988), nucleotides (Reardon et al., 1987), and
single stranded oligodeoxyribonucleotides (Xu, 1994) arise
from the trans opening of the epoxide ring by the exocyclic
amino group of deoxyguanosine (N2-dG) at the C* position
(modified guanine designated as [MC]dG). The differences
in the biological end points associated with each of these
two stereoisomeric lesions may well be associated with the
three-dimensional structural features of the DNA adducts
derived from (+)- and (—)-anti-5-MeCDE. The recent
availability of homogeneous (+)- and (—)-trans-anti-[MC]-
dG oligodeoxyribonucleoside adducts in sufficient quantities
needed for two-dimensional NMR structural studies (Xu,
1994) provides us with the opportunity to study solution
structures of adducts derived from these two anti-5-MeCDE
enantiomers having strikingly different biological activities.
The conformations of adducts derived from the covalent
binding of (+)-anti-5-MeCDE and (—)-anti-5-MeCDE to
native DNA by UV spectroscopic methods have been
previously studied, but the orientational characteristics of the
(—)-anti-5-MeCDE-DNA adducts could not be established,
most likely because of a multiplicity of adducts (Geacintov
et al., 1990). The results of this investigation represent the
first results on the conformational characteristics of the
adduct derived from the chemical reaction of a methylated
PAH diol epoxide with DNA.

In this current contribution, we present two-dimensional
NMR —molecular mechanics studies of the (—)-trans-anti-
[MC]dG adduct 1 positioned opposite dC in the same DNA
sequence 2 as used previously in the structural studies of
the three stereospecific benzol[a]pyrenyl [BP]dG duplex
adducts (Cosman et al., 1992, 1993a; De los Santos et al.,
1992). Our results show that the structures of the (—)-trans-
anti-]MC]dG-dC 11-mer duplex and analogous benzo[a]-
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pyrenyl (—)-trans-anti-[BP]dG-dC 11-mer duplex (De los
Santos et al., 1992) have several common features. The
steric configuration and orientation of the substituents on
the benzylic ring are identical in both adducts, but the benzo-
[a]pyrenyl moiety has an additional aromatic ring and lacks
a methyl group. The aromatic (either chrysenyl or pyrenyl)
ring in both the 5-methylchrysenyl and benzo[a]pyrenyl (—)-
trans-anti adducts is located in the minor groove, is directed
toward the 3’-end of the modified strand of a minimally
perturbed B-DNA duplex, and stacks predominantly over the
dC17 residue on the unmodified strand. However, the bay
region methyl group wedges into the helix, thereby bending
the helix to a greater degree than in the case of the (—)-
trans-anti-[BP]JdG adduct in which the methyl group is
absent.

Cl-C2-A3-T4-C5-%G6-C7-T8- A9 -Cl10-CI1

G22-G21-T20- A19-G18-C17-Gl16- A15-T14-G13-G12

<

2

MATERIALS AND METHODS

Preparation of (— )-trans-anti-[MCJ]dG-dC 11-mer Duplex.
The racemic (£)-anti-5-MeCDE was synthesized following
published procedures (Pataki et al., 1983; Amin et al., 1984;
Harvey et al., 1986). The synthesis of the [MC]dG covalent
adducts in the d(C-C-T-A-C-G-C-T-A-C-C) sequence was
carried out starting with racemic anti-5-MeCDE using
previously described methods (Cosman et al., 1990) and will
be described in detail elsewhere (Xu et al., in preparation).
Briefly, the (—)-trans-anti-IMC]dG containing 11-mer (re-
tention time at 32 min) was separable from the (+)-trans-
anti stereoisomer (retention time at 38 min) by preparative
HPLC on a C18 ODS Hypersil column using a 20 mM
phosphate, pH 6.8 buffer/methanol linear gradient, 16% to
19% (10 min) and 19% to 22% (50 min), with a 3 mL/min
flow rate. The ratio of the integrated areas of the HPLC
elution peaks of the (—)-trans-anti-IMC]dG to (+)-trans-
anti-[MC]dG adducts was about 1:1. In order to establish
the identity of the adduct, the modified oligomer strands were
degraded with snake venom phosphodiesterase I (Pharmacia
LKB Biotechnology Inc., Piscataway, NJ) and bacterial
alkaline phosphatase (Sigma Chemical Co., St. Louis, MO)
to the nucleoside level (Cosman et al., 1990). The base
composition and stereochemical features of the modified
mononucleosides were characterized using methods described
by Reardon et al. (1987) using CD and UV absorption
spectroscopy. The modified stereoisomerically pure d(C-
C-A-T-C-[MC]G-C-T-A-C-C) strand was annealed to its
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complementary unmodified d(G-G-T-A-G-C-G-A-T-G-G)
strand at 70 °C by monitoring the stoichiometry of single
proton resonances in both strands.

NMR Experiments. A combination of through-space
nuclear Overhauser effect (NOESY) and through-bond
correlated (COSY, TOCSY) two-dimensional spectra were
recorded on approximately 5 mg of the (—)-trans-anti-(MC]-
dG«dC 11-mer duplex in 0.6 mL of 0.1 M NaCl, 10 mM
phosphate, pH 7.0 aqueous buffer and analyzed in order to
assign the carcinogen and nucleic acid protons. All experi-
ments were carried out using a Varian Unity Plus 600 MHz
instrument in the States-TPPI mode (Marion et al., 1989)
with a 2.0 s relaxation delay between scans. The temperature
of the sample was calibrated with an external methanol
sample. The NOESY spectrum (150 ms mixing time) of
the adduct duplex in H,O buffer at 1 °C was collected using
a jump—return pulse for solvent suppression, and NOESY
spectra (50, 100, 150, 200, and 300 ms mixing times) were
collected in D,O buffer at 25 °C. The through-bond TOCSY
data sets in D,0 buffer were recorded at spin lock times of
40 and 80 ms at 25 °C. The proton—phosphorus correlation
spectrum of the adduct duplex in D,O buffer, pH 7.0 was
recorded at 25 °C, using the method described in Sklenar et
al. (1986) with sweep widths set to 6 ppm in both w1 and
2, and with a 1.3 s presaturation of the HDO signal. The
phosphorus spectrum was referenced with an external 10%
(v/v) trimethyl phosphate (TMP) sample.

Several factors went into the conversion of the NOE
intensities into the distance bounds used for the structure
determination of the adduct duplex. Distance restraints
involving nonexchangeable protons were estimated from
NOE buildup curves of NOESY spectra recorded at 50, 100,
150, 200, and 300 ms on the adduct duplex in D;O. The
interproton distance calculations were based on the isolated
two-spin approximation using the dT(NH3)—dA(H2) fixed
distance of 2.92 A for the NOESY spectrum in H,O and the
dC(H6)—dC(HS5) fixed distance of 2.45 A and the dT(H6)—
dT(5-CHs) fixed distance of 2.78 A for the NOESY data
sets in D;O solution. The choice of upper and lower bound
ranges on the estimated distances depended on the resolution
of the cross peaks in the contour plots. The base proton to
sugar H1” NOE cross-peaks in the shortest mixing time
NOESY data set in DO were evaluated to qualitatively
differentiate between syn (strong NOE) and anti (weak NOE)
glycosidic torsion angles (Patel et al., 1982).

The proton—proton vicinal coupling constants among
sugar protons were analyzed from phase-sensitive COSY
spectra to qualitatively distinguish between the C3’-endo and
C2’-endo family of sugar puckers in the (—)-trans-anti-IMC]-
dG-dC 11-mer duplex. The relative intensity of the NOE
cross-peaks between base protons and their own and 5'-
flanking sugar H2’, H2”, and H3’ protons was used to
qualitatively distinguish between the A and B family of
helices for the modified duplex (van der Ven & Hilbers,
1988).

The three-bond proton—proton vicinal coupling constant
patterns for benzylic ring protons of the [MC]dG adduct in
the adduct duplex were computed using the program
CHORDS (Majumdar & Hosur, 1992) to constrain torsion
angles linking MC(H1)—MC(H2) and MC(H3)—MC(H4)
proton pairs.

Molecular Mechanics Computations. Minimized potential
energy calculations were carried out with DUPLEX, a
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molecular mechanics program for nucleic acids that performs
potential energy minimizations in the reduced variable
domain of torsion angle space (Hingerty et al., 1989).

Force field parameters, including partial charges, for the
(—)-trans-anti-[IMC]dG adduct were the same as those
employed for the (—)-trans-anti-[BP]dG adduct (Hingerty
& Broyde, 1985; Singh et al., 1991) except that new partial
charges had to be computed for the chrysenyl moiety and
for the linkage site (Supplementary Figure S1). This was
accomplished for the (—)-trans-anti-]MC1dG adduct with the
CNDO module of the program CHEM-X (Chemical Design,
Ltd., Mahwah, NJ) which yields partial charges compatible
with the set employed in DUPLEX (Ornstein & Rein, 1979).
The geometry (bond lengths, bond angles, and dihedral
angles) of the (—)-trans-anti-[MC]dG adduct was generated
from that employed for the [BP]dG adducts (Hingerty &
Broyde, 1985; Singh et al., 1991) by computer graphics on
a Silicon Graphics Personal Iris Model 4D-35 with the
program INSIGHT (Biosym Technologies, Inc., Parsippany,
NJ). The conformation of the benzylic ring was in the
distorted half-chain form with the MC(H3) and MC(H4)
protons in the diequatorial domain and MC(H1) and MC-
(H2) protons in the diaxial domain (Neidle et al., 1982), as
the analysis of the COSY cross-peaks (Results section) had
shown this to be the correct orientation. The constructed
model was energy minimized with DISCOVER (Biosym
Technologies) using the default parameters and potential
energy function with a conjugate gradient minimization and
a rotor constraint for the chrysenyl carbon 5-methyl to carbon
in the ring bond. The rotor constraint allowed the MC(5-
CH3) group to rotate during the minimization, since this
rotation had been indicated by the data. The resulting
structure was then implemented within DUPLEX.

To locate minimum energy conformations with interproton
distances suggested from the experimental NMR data,
pseudo-potentials (permitting upper and lower bound re-
straints) were added to the energy, as described previously
(Norman et al.,, 1989; Schlick et al., 1990). Briefly, the
following functions were used.

Fy =Wy (d — dy)’ )
1

Fan = W D(d — dyp)* 2)
1

The W’s are adjustable weights (in the range of 10—30 kcal/
(molA2)), d is the current value of the interproton distance,
dx is a target upper bound, and dyn a target lower bound.
The summation is over all » NMR derived distance bounds.
Equation 1 is implemented when d is greater than dy, and
eq 2 is implemented when d is less than dyn. Fx and Fan
can also be employed as goodness-of-fit indices to compare
the quality of computed structures with respect to the NMR
data. In this case d is the distance achieved in the model.
All penalty functions were released in the last minimization
steps to yield unrestrained final structures that are energy
minima.

Computations were carried out at the Department of
Energy’s National Energy Research Supercomputer Center
and the National Science Foundation’s San Diego Super-
computer Center.
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FIGURE 1: The proton NMR spectra of the (—)-trans-anti-[MC]-
dG-dC 11-mer duplex in 0.1 M NaCl, 10 mM phosphate, and 0.1
mM EDTA, aqueous solution, pH 7.0. (A) The imino proton
spectrum (7.0—15.0 ppm) in H,O buffer at 1 °C and (B) the
nonexchangeable proton spectrum (5.2—8.9 ppm) in D,0 buffer at
25 °C. Selective imino, amino, and chrysenyl proton assignments
are recorded over the spectrum.

RESULTS

Exchangeable Nucleic Acid Protons. The exchangeable
proton NMR spectrum (6.8—15.0 ppm) of the (—)-trans-
anti-[MC]dG+dC 11-mer duplex in H,O buffer, pH 7.0 at 1
°C, is plotted in Figure 1A. Several partially resolved imino
protons are detected between 12.5 and 14.0 ppm and have
been assigned following analysis of the NOESY spectrum
of the adduct duplex in H,O buffer, pH 7.0 at 1 °C, using
standard procedures (reviewed in Patel et al., 1987; van de
Ven & Hilbers, 1988). We can readily follow the NOE
connectivities between imino protons on adjacent base pairs
from dG13 toward one end of the helix to dG21 toward the
opposite end in the expanded NOESY (150 ms mixing time)
contour plot of the symmetrical 12.4—14.0 ppm region
(Figure 2A). We note, however, that the intensity of the
cross-peak between the neighboring imino protons of [MC]-
dG6 and dG16 is weak (peak D, Figure 2A) in comparison
to the cross-peak between the adjacent imino protons of [MC]-
dG6 and dG18 (peak E, Figure 2A) in the d(C5-[MC]G6-
C7)d(G16-C17-G18) segment of the adduct duplex.

An expanded NOESY contour plot correlating the NOEs
between the imino protons (12.4—14.0 ppm) and the base
and amino protons (5.6—8.9 ppm) is plotted in Figure 3A.
The observed NOE patterns establish Watson—Crick pairing
at all dA+dT pairs (characterized by a NOE between thymine
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FiGURE 2: Expanded NOESY (150 ms mixing time) contour plots
of the (—)-trans-anti-]MC]dG+dC 11-mer duplex in H,O buffer at
1 °C. (A) NOE connectivities in the symmetrical 12.4—14.0 ppm
region. The imino assignments of the central d(T4-C5-[MC]G6-
C7-T8)»d(A15-G16-C17-G18-A19) segment are labeled along the
diagonal. The lines trace the NOE connectivities between adjacent
base pairs starting at G13 toward one end of the helix and
proceeding to G21 toward the other end of the helix. The cross-
peaks A—H are assigned as follows: A: dG13(NH1)—dT14(NH3);
B: dT14(NH3)—dT8(NH3); C: dT8(NH3)—dG16(NH1); D: dG16-
(NH1)—-[MC]dG6(NH1); E: [MC]dG6(NH1)—dG18(NH1); F:
dG18(NH1)—dT4(NH3); G: dT4(NH3)—dT20(NH3); H: dT20-
(NH3)—dG21(NH1). (B) NOE connectivities between the imino
protons (12.4—14.0 ppm) and [MC]dG6(NH2), MC(H10), and MC-
(H11) protons (8.5—9.0 ppm). Cross-peak I is assigned as [MC]-
dG6(NH1)—[MC]dG6(NH2). NOE connectivities (C) from the
imino (12.4—14.0 ppm) and (D) from the [MC]dG6(NH2), MC-
(H10), and MC(H11) protons (8.5—9.0 ppm) to the 5-methylchry-
senyl and the sugar H1’, H4’, HS’, H5” protons (2.3—4.8 ppm).
The cross-peaks identifying carcinogen—DNA NOEs are numbered
1—9 and are assigned as follows: 1,1”,1”: MC(5-CH3)—[MC]dG6-
(NH1), dG16(NH1), [MC]dG6(NH2); 2,2": C17(H4")—MC(H11),
MC(H10); 3,3',3”: MC(H2)—[MC]dG6(NH1), dG18(NH1), [MC]-
dG6(NH2); 4,4 C17(H1’/H5'/H5”)—MC(H11), MC(H10); 5,5"
G18(H5'/H5")—MC(H11), MC(H10); 6,62 G18(HS5'/HS”)—MC-
(H11), MC(H10); 7,7": G6(H4")—MC(H11), MC(H10); 8,8',8":
MC(H3)—[MCJdG6(NH1), dG18(NH1), [MC]dG6(NH2); 9.9
dG18(H4")—MC(H11), MC(H10).

imino and adenine H2 protons across the pair) and all dG-dC
pairs (characterized by a NOE between guanine imino and
cytosine amino protons across the pair) as shown for the
[MC]dG6+dC17 base pair (peaks A and A’, Figure 3A) and
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FiGURE 3: Expanded NOESY (150 ms mixing time) contour plots
of the (—)-trans-anti-[MC]dG+dC 11-mer duplex in H,O buffer at
1 °C. NOE connectivities (A) from the imino protons (12.4—14.0
ppm) and (B) from the [MCldG6(NH2), MC(H10), and MC(H11)
protons (8.5—9.0 ppm) to the base and amino DNA protons and
5-methylchrysenyl protons (5.6—8.9 ppm). The cross-peaks A—F
are assigned as follows. A,A”: [MC]dG6(NH1)—dC17(NH,-4b,e);
B,B”: dG16(NH1)—dC7(NH,-4b,e); C,C": dG18(NH1)—dC5(NH>-
4b,e); D: [MCIdG6(NH1)—[MC]dG6(NH2); E: dG16(NH1)—
[MC]dG6(NH2); F: dG18(NH1)—[{MC]dG6(NH2). The cross-
peaks identifying carcinogen—DNA NOEs are numbered 1 and 2
and are assigned as follows: 1,1 MC(H4)—[MC]dG6(NH1), [MC]-
dG6(NH2); 2,2": MC(H7)—dG16(NH1), [MC]dG6(NH2) and/or
C7(H6)—dG16(NH1), [MC]dG6(NH2). The cross-peaks labeled
a—c identify NOEs between S-methylchrysenyl protons and are
assigned as follows: a,a”: MC(H9)—MC(H11), MC(H10); b,b":
MC(H12)-MC(H11), MC(H10); c: MCH11)-MC(H10).

flanking dC7-dG16 (peaks B and B’, Figure 3A) and
dC5-dG18 (peaks C and C’, Figure 3A) base pairs.

A strong NOE between the imino proton (13.21 ppm) of
[MC]dG6(NH1) and an exchangeable proton at 8.79 ppm
(peak I, Figure 2B, and peak D, Figure 3A) permits
assignment of this resonance to the amino proton of [MC]-
dG6 in the adduct duplex. The observed downfield shifts
of both the NH1 and NH2 protons of the modified guanine
of [MC]dG6 confirm that they participate in hydrogen-
bonding interactions with the partner dC17 residue. For
comparison, the chemical shift ranges for related cytidine
amino protons are 7.7—8.6 ppm for the hydrogen-bonded
protons and 5.7—7.1 ppm for the exposed protons in
Watson—Crick dG-dC base pairs in the adduct duplex. In
addition, NOEs are observed between the [MC]dG6[NH2]
proton and adjacent imino protons of dG16 and dG18 (peaks
E and F, respectively, Figure 3A) in the adduct duplex.

The exchangeable imino and amino proton chemical shifts
for the central d(T4-C5-[MC]G6-C7-T8)d(A15-G16-C17-
G18-A19) segment of the (—)-trans-anti-[MC]dG-dC 11-mer
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Table 1: Proton Chemical Shifts of the
d(T4-C5-[MC]G6-C7-T8)d(A15-G16-C17-G18-A19) Segment of
the (—)-trans-anti-[MC]dG-dC 11-mer Duplex in Aqueous Buffer

Exchangeable Proton Chemical Shifts, ppm, 1 °C

G(NH1) T(NH3) C(NHz-4) G(NH>-2)
dT4-dA19 13.50
dC5-dG18 12.61 6.85,% 8.38%
[MC]dG6+dC17 13.21 5.6,77.74 8.79
dC7-dG16 12.97 6.45,% 8.28°
dT8-dA15 13.74

Nonexchangeable Proton Chemical Shifts, ppm, 25 °C
H8H6 H2/H5/CH; H1” H2'H2” H3 H#

dT4 7.17 1.45 595 203,249 490 435
dCs 7.40 5.65 580 1.81,222 487 4.06

[MCldG6  7.97 6.38 265,290 5.06 441
dCc7 7.43 5.56 596 207,244 481 4.06
dT8 7.40 173 596 213,244 484 380
dAlS 8.16 7.69 6.12 2.66,2.84 508 441
dGle 7.60 551 220,220 4.85 4.24
dC17 6.76 4.99 386 1.06,1.67 452 3.59
dG18 7.73 556 269,279 5.06 4.65
dA19 8.25 7.83 632 260,294 511 458

4 Exposed amino proton. # Hydrogen-bonded amino proton.

duplex are listed in Table 1 and for the entire adduct duplex
in Supplementary Table S1.

Nonexchangeable Nucleic Acid Protons. The proton NMR
spectrum (5.3—9.0 ppm) of the (—)-trans-anti-[MC]dG-dC
11-mer duplex in D,0 buffer, pH 7.0 at 25 °C, is plotted in
Figure 1B. We observe narrow nonexchangeable base and
sugar H1’ protons except for two 5-methylchrysenyl protons
at 8.68 and 8.82 ppm which are somewhat broadened in the
spectrum. An expanded NOESY (300 ms mixing time)
contour plot correlating the base protons (6.6—8.9 ppm) and
the sugar H1’ protons (3.4—6.4 ppm) of the (—)-trans-anti-
[MC]dG+dC 11-mer duplex at 25 °C is plotted in Figure 4.
All the DNA base and sugar protons, with the exception of
superpositioned sugar H5’,5” protons, have been assigned
following analysis of through-space NOESY data sets and
through-bond COSY and TOCSY data sets of the adduct
duplex in D,O buffer at 25 °C using standard nucleic acid
assignment procedures (Hare et al., 1983). Sequential NOEs
between the base (purine H8 or pyrimidine H6) protons and
their own and 5’-flanking sugar H1’ protons along the chain
are traced from dT4 to dT8 on the modified strand (solid
line) and from dA1S5 to dA19 on the unmodified comple-
mentary strand (dashed line) in Figure 4. We note that the
cross-peak between the dG16(H1’) and dC17(H6) protons
(boxed peak a, Figure 4) is much stronger than the cross-
peak between the dC17(H1") and dG18(H8) protons (boxed
peak b, Figure 4) in the d(G16-C17-G18) central segment
of the unmodified strand located opposite the lesion site. The
base and sugar H1’ proton assignments have been confirmed
by cross checks in other regions of the NOESY contour plot,
as well as the corresponding COSY and TOCSY plots which
have also yielded a complete set of sugar H2", H2”, H3’,
and H4’ proton assignments. The nonexchangeable proton
chemical shifts for the central d(T4-C5-[MC]G6-dC7-T8)d-
(A15-G16-C17-G18-A19) segment are listed in Table 1 and
for the entire adduct duplex in Supplementary Table S2.

We have also computed the exchangeable and nonex-
changeable proton chemical shift changes on proceeding from
the control duplex to the adduct duplex for the central d(T4-
C5-[MC]G6-C7-T8)d(A15-G16-C17-G18-A19) segment, and
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FIGURE 4: Expanded NOESY (300 ms mixing time) contour plot
of the (—)-trans-anti-]MC]dG+dC 11-mer duplex in D,O buffer at
25 °C, establishing distance connectivities between the base (purine
H8 and pyrimidine H6) protons (6.6—8.9 ppm) and the sugar H1’
and cytosine HS protons (3.4—6.4 ppm). The NOE connectivities
between the base and their own and 5’-flanking sugar H1” protons
are traced from dT4 to dT8 on the modified strand (solid line) and
from dA15 to dA19 on the unmodified strand (dashed line). The
cross-peaks between cytidine HS and H6 protons are designated
by *. The cross-peak between G16(H1’) and C17(H6) protons is
boxed and labeled “a”, and the weak cross-peak between dC17-
(H1") and dG18(HS) protons is boxed and labeled “b”. The cross-
peaks labeled A—E identify NOEs between S5-methylchrysenyl
protons and are assigned as follows: A: MC(H6)—MC(HS); B:
MC(H6)—MCH7); C: MC(H4)—-MCH7); D: MCH1)—-MC-
(H12); E: MC(H2)—MC(H12). The cross-peaks F and G identify
NOEs between adjacent DNA residues: F: [MC]dG6(H8)—dC7-
(H5); G: dG16(H8)—dC17(H5). The cross-peaks numbered 1—17
identify carcinogen—DNA NOEs and are assigned as follows: 1:
dG16(H1")—MC(HS); 2: dG18(H1")—MC(H12); 3: dG18(H3")—
MC(H12); 4,4". dC17(H4")—MC(H11), MC(H10); 5,5": dC17(H1"/
H5,H5”)-MC(H11), MC(H10); 6,6": dG18(H5/H5")—MC(H11),
MCH10); 7,7": dG18(H5/H5)—MC(H11), MC(H10); 8,8": dG18-
(H4)~MC(H11), MC(H10); 9: dC17(H4")—MC(H8); 10: dC17-
(H4)—MC(H9); 11: dT8(H4)—MC(HS8); 12: dC17(H1'/H5/
H5")~MC(H12); 13: dC17(H1’/HS/H5”)—MC(H9); 14: dC17-
(H5 H5")—MC(H9); 15: dG18(H5/H5")—MC(H12); 16: dG18-
(HS'/H5")-MC(H12); 17: dG18(H4)—MC(H12).

these shift differences are listed in Supplementary Table S3.
Small downfield shifts are observed for the imino protons
of [MC]dG6 (+0.38 ppm) and dGi6 (+0.23 ppm) while
moderate upfield shifts are found for the exposed (—0.63
ppm) and hydrogen-bonded (—0.41 ppm) amino protons of
dC17 on adduct formation. In addition, moderate to large
upfield chemical shifts are observed for the minor groove
H1’ (—1.72 ppm), H2” (—0.61 ppm), and H4" (—0.49 ppm)
sugar protons, as well as the major groove H6 (—0.42 ppm)
and H2’ (—0.77 ppm) base and sugar protons of dC17 upon
adduct formation (Table S3). The nonexchangeable protons
of the remaining residues flanking the lesion site in the d(C5-
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[MC]G6-C7)d(G16-C17-G18) segment of the adduct duplex
exhibit small to moderate shifts. In particular, the H1’
(—0.16 ppm), H2’ (—0.25 ppm), and H2” (—0.38 ppm) sugar
protons of dG16 are shifted upfield while the minor groove
H1" (4+0.53 ppm) and H2" (+0.20 ppm) sugar protons of
the modified guanosine of [MC]dG6 are shifted downfield
on adduct formation (Table S3).

Nonexchangeable 5-Methylchrysenyl Protons. The non-
exchangeable 5-methylchrysenyl protons were assigned from
an analysis of the through-bond and through-space connec-
tivities in the (—)-trans-anti-[MC]dG-dC 11-mer duplex. The
chemical shifts of the aromatic chrysenyl protons resonate
between 7.5 and 9.0 ppm as shown in Figure 5, with the
exception of the MC(H6) proton (5.92 ppm), which exhibits
an approximately 1.5 ppm upfield shift compared to the other
protons located on the aromatic ring (Figure 5). Although
the 5-methyl group is located in the sterically hindered bay
region, the 5-methyl protons are found to rotate freely about
the methyl carbon (CM) to the carbon in the ring (C°) bond
since they resonate at an average value of 2.45 ppm. The
S-methylchrysenyl proton chemical shifts are given in the
caption of Figure 5 and are compared with those of the
analogous benzo{a]pyrenyl protons in the (—)-trans-anti-[BP]-
dG-dC 11-mer duplex (De los Santos et al., 1992) in Figure
5.

The broad MC(H10) (8.68 ppm) and MC(H11) (8.82 ppm)
protons are located in the second unsubstituted bay region
of the 5-methylchrysenyl aromatic ring 1 and are thus
positioned close to one another in space (NOE peak C, Figure
3B) in the plane of each other’s aromatic ring. The MC-
(H10) and MC(H11) protons resonate ~0.5 ppm downfield
relative to the chemical shifts of the other aromatic chrysenyl
ring protons (Figure 5).

There is good agreement between the experimental
coupling cross-peak patterns and their simulated counterparts
based on three-bond vicinal proton—proton coupling constant
values of *J(H1,H2) = 9.0 4+ 0.2 Hz, 3J(H2,H3) = 3.0 +
0.5 Hz, and *J(H3,H4) = 55 + 0.2 Hz. A strong
experimental phase-sensitive COSY coupling cross-peak
{(peak B, Supplementary Figure S2A) is observed for the
coupled MC(H1)—MC(H2) benzylic ring protons compared
to the medium and weak intensity COSY cross-peaks
observed between MC(H3)—MC(H4) protons and MC(H2)—
MC(H3) protons (peaks C and A, respectively, Figure S2A).
In addition, the 50 ms mixing time NOE cross-peak between
the MC(H1)-MC(H2) protons (peak B, Figure S2B) is
weaker than that seen for the MC(H3)-MC(H4) and MC-
(H2)—MC(H3) proton pairs (peaks C and A, respectively,
Figure S2B). These results are consistent with the distorted
half-chair conformation of the benzylic ring where MC(H1)
and MC(H2) protons adopt pseudo-diaxial orientations while
the MC(H3) and MC(H4) protons adopt pseudo-diequatorial
orientations.

Carcinogen—DNA NOEs. A set of 33 carcinogen—DNA
NOEs including 11 involving exchangeable protons have
been identified in the NOESY spectrum of the (—)-trans-
anti-[MC]JdG-dC 11-mer duplex (Table 2). Several of the
carcinogen—DNA NOEs are labeled by numbers in the
expanded NOESY (150 ms mixing time) contour plots of
exchangeable protons of the adduct duplex in H>O solution
(Figures 2 and 3) and in the expanded NOESY (300 ms
mixing time) contour plots of nonexchangeable protons of
the adduct duplex in D,0O buffer (Figure 4). The cross-peak
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FiGURE 5: A plot comparing the 5-methylchrysenyl ring proton chemical shifts in the (—)-trans-anti-[MC]dG-dC 11-mer and the pyrenyl
ring proton chemical shifts in the (—)-trans-anti-[BP]dG-dC 11-mer duplexes in D,O buffer at 25 °C. Their structures and numbering
schemes are shown above the plot. The chemical shift values in ppm for the 5-methylchrysenyl protons are as follows: MC(H1): 4.92;
MC(H2): 3.94; MC(H3): 4.68; MC(H4): 5.84; MC(5-CH,): 2.45; MC(H6): 5.92; MC(H7): 7.39; MC(H8): 7.82; MC(H9): 7.60; MC-

(H10): 8.68; MC(H11): 8.82; and MC(H12): 7.83.

assignments are listed in the captions of Figures 2—4. The
corresponding carcinogen—DNA distance restraints defined
by lower and upper bounds for the central d(C5-[MC]G6-
C7)d(G16-C17-G18) segment, which define the alignment
of the (—)-trans-anti-[MC]dG adduct along the DNA helix,
are listed in Table 2.

The majority of the carcinogen—DNA NOEs observed for
the adduct duplex involve the minor groove sugar (H1’, H2",
and H4") protons of the d((MC]G6-C7)d(G16-C17-G18)
segment (Table 2) positioning the S5-methylchrysenyl ring
in the minor groove of the duplex. The observed distribution
of carcinogen—DNA NOE:s for the adduct duplex (Table 2)
defines both the directionality of the 5-methylchrysenyl ring
along the minor groove of the DNA helix, as well as the
alignment of the two long edges of the 5-methylchrysenyl
ring relative to the two strands of the duplex.

Phosphorus Spectra. The proton decoupled phosphorus
spectrum of the (—)-trans-anti-IMC]dG-dC 11-mer duplex
is shown in Supplementary Figure S3A. These phosphorus

resonances have been assigned from an analysis of cross-
peak patterns in a proton detected phosphorus—proton
heteronuclear correlation experiment (Figure S3B). Each
nonterminal phosphorus can be correlated with its 5’-linked
H3’ proton (three-bond H—P coupling) and its 3’-linked H4’
proton (four-bond H—P coupling) in the two-dimensional
contour plot of the adduct duplex (Figure S3B). The most
downfield shifted phosphorus (—3.65 ppm) is assigned to
the dG16-dC17 step on the unmodified strand with the
phosphorus chemical shifts for the adduct duplex listed in
the caption to Figure S3 and in Table S2.

Molecular Mechanics Computations. The search strategy
employed began with a B-DNA (Arnott et al., 1976) central
five base pair d(T4-C5-[MC]G6-C7-T8)d(A15-G16-C17-
G18-A19) segment of the (—)-trans-anti-[MC]dG+dC 11-mer
duplex. The MC—DNA orientation space was searched with
16 energy minimization trials in which o’ ((MC]dG6(N')~
[MCIdG6(CH—[MCIdG6(N?—~MC(CY) and 8’ (IMC]dG6-
(CH—[MCJdG6(NH)—MC(CH—MC(C?)) were each started
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Table 2: Comparison of Input Interproton Carcinogen—DNA
Distance Bounds with Those Observed for the
d(T4-C5-[MC]G6-C7-T8)d(A15-G16-C17-G18-A19) Segment of
the NMR Energy-Minimized Solution Structure of the
(—)-trans-anti-IMC]dG+dC 11-mer Duplex

interproton distances, A

exptl bounds obsd

Exchangeable Protons

[MCJdG6(NH1)-MC(H2) 3.0-55 4.38
[MC]dG6(NH1)-MC(H3) 35-6.0 4.55
{MC]dG6(NH1)—MC(H4) 3.5-6.0 441
[MC]dG6(NH1)—MC(5-CH3) 3.0-55 5.05¢
[MC]dG6(NH2)—MC(H2) 25-50 296
[MCIdG6(NH2)—-MC(H3) 2.5-5.0 3.43
[MC]dG6(NH2)—MC(H4) 3.0-55 2.86
[MC]dG6(NH2)—MC(5-CH3) 25-5.0 4.10°
dG16(NH1)—-MC(5-CH3) 45-6.0 4.632
dG18(NH1)—-MC(H2) 3.0-55 4.63
dG18(NH1)—-MC(H3) 3.5-6.0 5.55
Nonexchangeable Protons

[MC1dG6(H1)—MC(H3) 2.6—3.9 3.67
[MC1dG6(H1")—MC(H4) 2.6—4.0 3.84
[MC1dG6(H1)—MC(5-CHj) 4.0-6.0 4.81¢
dG16(H1")—MC(H8) 4.0-6.0 5.85
dC17(H1)—MCH10) 29-43 3.57
dC17(H2")—MC(H10) 32:48 451
dC17(H2")—MC(H11) 3.0—-45 4.29
dC17(H4")—MC(H9) 24-36 2.89
dC17(H4")—MC(H10) 2.7-4.0 2.48
dC17(H4")-MCH11) 2.8-4.2 379
dC17(H4")—MC(H12) 3.1-4.6 5.69
dC17(HS’ H5")—MC(H9) 3.0-5.0 3.5362.84%
dG18(H1)—MC(H12) 29-43 4.05
dG18(H3")—MC(H12) 3.3-49 5.16
dG18(H4")—~MC(H10) 3.3-49 5.09
dG18(H4»—MC(H11) 2.8-4.1 3.56
dG18(H4")—MC(H12) 22-32 2.63
dG18(H5' H5")-MC(H11) 3.0-5.0 4.20,5 3.05°
dGI18(H5H5")—MC(H12) 2.5-45 4.47%3.76

4 Average value for the three methyl protons.  H5" and H5” protons
are not stereospecifically assigned.

at 0°, 90°, 180°, 270° in all combinations, and the DNA
starting conformation was the energy-minimized B form.
Searching orientation space at 90° intervals of o and 5’ is
a robust procedure for locating all the important potential
energy wells because our minimization protocol permits
torsion angle variations of up to 100° in each minimization
step (Hingerty et al., 1989). Consequently, energy minima
in each quadrant of o’ and 8’ 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 (Hingerty et
al., 1989) for Watson—Crick base pairing was utilized at all
base pairs, since the NMR data indicated that the modified
base pair was hydrogen-bonded, and NMR derived upper
and lower bound distance restraints listed in Table 2 were
included.

Of the 16 structures computed, twelve were identified as
being in the family of structures in which the chrysenyl ring
of the (—)-trans-anti-IMC]dG adduct is positioned in a
B-DNA minor groove and oriented toward the 3’-direction
of the modified strand. The pairwise RMS deviation of the
d(T4-C5-[MC]G6-C7-T8)d(A15-G16-C17-G18-A19) seg-
ment of these twelve structures ranges between 0.35 and 2.16
A (mean pairwise deviation is 1.04 + 0.44). Eight of these
twelve structures exhibited the best fit to the NMR data as
indicated by their corresponding goodness-of-fit values, Fy
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FIGURE 6: (A) View looking into the minor groove and (B) a side
view rotated 90° of the eight superpositioned structures that best-
fit the NMR data for the central d(T4-C5-[MC]G6-C7-T8)d(A1S5-
G16-T17-G18-A19) segment of the (—)-trans-anti-IMC]dG6~dC 11-
mer duplex obtained from the 16 trials to search conformational
space using NMR restraints (Table 2) and the program DUPLEX.
The relative goodness of fit to the NMR data was determined by
evaluating eqs 1 and 2 (Materials and Methods section) for Fiy and
Fxn, which indicate the magnitude of the deviation of the distances
in the model from the given upper and lower bounds, respectively,
of the corresponding distance restraints. The structure with the
lowest energy value (E = —227.3) also has the best goodness-of-
fit function values (Fy = 15.1, Fyy = 2.0).

and Fnx for egs 1 and 2, respectively, with W = 15 kcal/
(molA?) (Materials and Methods section). Two views of
the central pentanucleotide duplex segment showing the
superposition of these eight structures are shown in Figure
6, panels A and B. The distribution of their sugar pseu-
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FIGURE 7: Views of the energy-minimized solution structure of
the (—)-trans-anti-IMC]dG-dC 11-mer duplex. The S-methylchry-
senyl moiety is shown in darkened bonds. (A) A view looking
into the minor groove of the d(C5-[MC]G6-C7-T8)d(A15-G16-
C17-G18) segment emphasizes the buckled and wedge-shaped
geometry of the [MC]dG6-dC17 and dC7-dG16 base pairs. (B) A
view rotated through 90° features the bend in the helix resulting
from the wedging apart of the minor groove edges of the [MC]-
dG6+dC17 and dC7-dG16 base pairs by the MC(5-CH3) group.
Figures were prepared using Molscript V1.1 (Kraulis, 1991).

dorotation (P) and glycosidic (y) torsion angles for the central
d(C5-[MC]G6-C7)d(G16-C17-G18) residues are given in
Supplementary Table S4. The lowest energy conformer (E
= —227.3 kcal/mol) with the best goodness-of-fit indices
(Fy and Fxy = 15.1 and 2.0, respectively, with W= 15 kcal/
(mol-;Z\Z)) was embedded into an energy minimized B-form
11-mer. This 11-mer was reminimized with all restraints.
Subsequently, the hydrogen-bond penalty function and the
distance restraints were released with energy minimization
in one step, yielding a final unrestrained structure.

Solution Structure. A view normal to the helix axis and
looking into the minor groove of the d(C5-[MC]G6-C7-
T8)»d(A15-G16-C17-G18) segment of the NMR energy-
minimized structure of the (—)-trans-anti-IMC]dG-dC 11-
mer duplex is shown in Figure 7A. The covalently linked
5-methylchrysenyl benzylic ring is positioned against the
minor groove edges of the dC5 and [MC]dG6 residues on
the modified strand of the adduct duplex, while the aromatic
chrysenyl ring is positioned edgewise so that its MC(5-CH3)
and MC(H6) containing edge is oriented toward the floor of
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the minor groove. The 5-methyl group wedges between the
[MC]dG6+dC17 and dC7-dG16 base pairs, thereby buckling
the modified base pair by 22.2° without disruption of the
Watson—Crick hydrogen-bonding alignment. The buckle
and propeller twist angles of all eleven base pairs as well as
the rise distances and twist angles along each DNA strand
{computed using the method of Babcock et al., 1994) for
the NMR energy-minimized structure of the adduct duplex
are plotted in Supplementary Figure S4. An alternate view
rotated through 90° of the d(C5-[MC]G6-C7-T8)d(A15-G16-
C17-G18) segment of the (—)-trans-anti-[IMC]dG-dC 11-mer
duplex (Figure 7B) shows that the insertion of the chrysenyl
5-methyl group wedges apart the minor groove edges of the
[MC]dG6+dC17 and dC7-dG16 base pairs and concurrently
narrows their major groove edges, resulting in a ~47° bend
in the DNA helix. An approximately 0.5 A increase in the
rise distances is observed for the [MC]dG6-dC7 and dG16-
dC17 steps (3.7 and 3.6 A, respectively, Figure S4), and a
slight unwinding of the helix is also observed between
adjacent [MC]dG6+dC17 and dC7-dG16 base pairs (twist
angle = 29.5°, Figure S4) in the NMR energy-minimized
structure of the duplex adduct.

Two views of the d([MC]G6-C7)d(G16-C17) segment of
the (—)-trans-anti-[MC]dG-dC 11-mer duplex are shown in
Figure 8, panels A and B, with the emphasis on the stacking
interactions between the aromatic chrysenyl ring and DNA.
One face of the 5-methylchrysenyl ring stacks over the
minor groove edge of the dC17 located opposite the
modification site, while the other face is exposed to solvent
(Figure 8A). The benzylic ring is oriented toward the dC5-
(MC]dG6 step on the modified strand while the aromatic
chrysenyl ring points toward the dG16-dC17 step on the
unmodified complementary strand in the structure of the
adduct duplex. The NMR data indicate that the individual
5-methyl protons rotate rapidly about the methyl carbon (CM)
to the carbon in the ring (C*) bond since a single resonance
is observed at 2.45 ppm. In order for the 5-methyl group to
rotate freely in the sterically crowded bay region, the
aromatic chrysenyl ring is slightly distorted from planarity
by —5.7° (C*A—C5*—C38—C! dihedral angle) and the
5-methyl group is positioned out of the plane of the chrysenyl
ring by —9.2° (C’—C6—C>—CM dihedral angle). These slight
distortions away from planarity for the 5-methylchrysenyl
ring are emphasized in the edge on view of the ring in Figure
8B. The benzylic ring adopts a distorted half-chair confor-
mation with the MC(H1) and MC(H2) protons in a pseudodi-
axial orientation while the MC(H3) and MC(H4) protons are
in a pseudo-diequatorial orientation.

The carcinogen—base linkage site for the [MC]dG6 residue
is defined by the angles o” ((MC]dG6(N!)—[MC]dG6(C?)—
[MCJAG6(N?)—MC(C*) = 176° and B° (IMC]dG6(C?)—
[MC1dG6(N?)—MC(CH~MC(C?) = 63° in the NMR energy-
minimized structure of the (—)-trans-anti-IMC]dG-dC 11-
mer duplex. The glycosidic torsion angles, sugar puckers,
and backbone torsion angles for the d(T4-C5-[MC]G6-C7-
T8)d(A15-G16-C17-G18-A19) segment of the (—)-trans-
anti-[MC]dG+dC 11-mer duplex are listed in Supplementary
Table S5. The pseudorotation parameter of dC7 is in the
C1’-exo domain and that of dC17 is in the O4’-endo domain
(Altona & Sundaralingam, 1972). The glycosidic torsion
angle at the [MC]dG6 modification site adopts a high anti
conformation with y = 282° (Table S5). All remaining
backbone torsion angles and sugar pseudorotation parameters
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FIGURE 8: Views of the energy-minimized solution structure of
the (—)-trans-anti-IMC]dG+dC 11-mer duplex. The 5-methylchry-
senyl moiety is shown in darkened bonds. (A) A view looking
into the minor groove of the d([MC]G6-C7)d(G16-C17) segment
emphasizing the stacking of the aromatic chrysenyl ring over the
dC17 residue located on the unmodified strand. (B) A view rotated
through 90° demonstrates the slight propelier-like distortion of the
chrysenyl ring system and the out-of-plane 5-methyl group. Figures
were prepared using Molscript V1.1 (Kraulis, 1991).

in the adduct duplex fall within or near the B;-DNA
conformation.

Convergence to very similar final structures resulted when
the NMR-energy minimized structure was distorted by +45°
or —45° at each of the two bonds (o and 8) at the base—
carcinogen linkage and reminimized with restraints. Two
views of the best fit superposition of the resulting four
structures obtained from the distortion of @’ and ’ are plotted
in Supplementary Figure S5.

DISCUSSION

Spectral Quality. Well-resolved imino (Figure 1A) and
nonexchangeable (Figure 1B) proton resonances and partially
resolved phosphorus resonances (Figure S3A) are observed
for the (—)-trans-anti-IMC]dG-dC 11-mer duplex in aqueous
solution. The NOE connectivities involving exchangeable
protons (Figures 2 and 3) and nonexchangeable protons
(Figure 4) can be readily followed in the NOESY data sets,
thus permitting the assignment of nucleic acid (Tables 1,
S1, and S2) and 5-methylchrysenyl (Figure 5) protons in the
adduct duplex. In addition, a series of well-resolved
carcinogen—DNA NOEs between the 5-methylchrysenyl and
nucleic acid protons (numbered cross-peaks in Figures 2, 3
and 4) are observed and provide the restraints (Table 2)
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necessary for the alignment of the carcinogen along the helix.
The one-dimensional (Figure 1) and two-dimensional ex-
changeable (Figures 2 and 3) and nonexchangeable (Figure
4) proton data are consistent with formation of a single
conformation for the (—)-trans-anti-[MC]dG-dC 11-mer
duplex in solution.

We note that the MC(H10) and MC(H11) protons which
correspond to the S5-methylchrysenyl ring protons that
resonate at lowest field (Figure 5) exhibit increased line
widths (Figure 1B) in the nonexchangeable proton spectrum
of the adduct duplex. This broadening could reflect small
conformational interconversions involving the relative out-
of-plane dispositions of the crowded MC(H10) and MC(H11)
protons with respect to the plane of the chrysenyl ring in
the (—)-trans-anti-IMC]dG-dC 11-mer duplex.

Minor Groove Alignment. The alignment of the 5-meth-
ylchrysenyl ring in the minor groove of the DNA helix is
fully supported by the experimental carcinogen—DNA NOE
data on the (—)-trans-anti-[MC]dG+dC 11-mer duplex (Table
2). The edge of the 5-methylchrysenyl ring extending from
C? to C3 is positioned toward the minor groove edge of the
modified [MC]dC6 residue of the adduct duplex (Figure 7A).
This alignment is supported by the carcinogen—DNA NOEs
observed between the MC(H2), MC(H3), MC(H4), and MC-
(5-CH3) protons and the minor groove amino and sugar H1’
protons of [MC]dG6 in the adduct duplex (Table 2). The
long edge of the chrysenyl ring extending from C° to C'! is
positioned along the minor groove edge of dC17 on the
unmodified strand in the solution structure of the adduct
duplex (Figure 7A). This alignment is supported by the
carcinogen—DNA NOEs observed between the MC(H9),
MC(H10), and MC(H11) protons and the minor groove sugar
H1’, H2”, and H4" protons of dC17 in the adduct duplex
(Table 2).

The aromatic chrysenyl ring is directed toward the 3"-end
of the modified strand in the solution structure of the adduct
duplex (Figure 7). This alignment is supported by the NOE
between the MC(HS8) proton located toward one end of the
chrysenyl ring which is furthest from the covalent linkage
site and the 3’-side dG16(H1") proton (peak 2, Figure 4)
and by the NOE between the MC(H12) proton located toward
the opposite end of the ring and the 5'-side dG18(H1’) proton
(peak 1, Figure 4).

The aromatic chrysenyl ring partially stacks over the minor
groove sugar face of dC17 in the adduct duplex (Figure 8A),
accounting for the large upfield shifts observed at the minor
groove sugar H1’ (—1.72 ppm), H2” (~0.61 ppm), and H4’
(—0.49 ppm) protons of dC17 (Table S3). Smaller upfield
shifts are also observed at the major groove base H6 (—0.42
ppm) and HS (—0.18 ppm) and sugar H3" (—0.27 ppm)
protons of dC17 on proceeding from the control to the adduct
duplex (Table S3).

The [MC]dG6-dC17 Modified Pair. A Watson—Crick
alignment is observed for the [MC]dG6-dC17 base pair in
the solution structure of the adduct duplex consistent with
the observed NOE between the imino proton of [MC]dG6
and the amino protons of dC17 (peaks A and A’, Figure 3A).
This modified base pair is however buckled by 22.2° (Figure
S3) associated with the insertion of the 5-methyl group on
the chrysenyl ring at the [MC]dG6-dC7 and dG16-dC17 steps
in the adduct duplex. Such a perturbation is accompanied
by a high anti glycosidic angle for [MC]dG6 and an O4'-
endo sugar pucker for dC17 in the structure of the adduct
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duplex (Table S5). The steric crowding between the H4
benzylic and CH;-5 chrysenyl protons in the bay region of
the [MC]dG adduct is relieved by both small deviations from
planarity of the chrysenyl ring and a small out-of-plane
positioning of the CH3-5 group (Figure 8B).

Insertion of the Chrysenyl CH;-5 Group into the Helix.
The base pairs in the central d(C5-[MC]G6-C7)d(G16-C17-
G18) segment of the adduct duplex adopt a right-handed
helix alignment with Watson—Crick pairing at the dC5-dG18
and dC7-dG16 base pairs which flank the [MC]dG6-dC17
modification site. The hydrophobic 5-methyl group of the
chrysene chromophore wedges between the [MC]dG6-dC17
and dC7-dG16 base pairs, resulting in an opening of the
minor groove edge and a compression of the major groove
edge at the opposing [MC]dG6-dC7 and dG16-dC17 steps
on the modified and unmodified strands of the adduct duplex,
respectively (Figure 7B). We detect shorter than normal
interproton distances for the purine (H8)-3’—5"-pyrimidine
(HS) steps at the wedge site consistent with compression of
the major groove in the solution structure of the adduct
duplex. These distances are 2.66 A between the H8 of [MC]-
dG6 and HS5 of dC7 (corresponds to NOE cross-peak F,
Figure 4) and 3.04 A between the H8 of dG16 and the H5
of dC17 (corresponds to NOE cross-peak G, Figure 4). The
resulting wedge-shaped alignment causes a 47° bend in the
helix axis which is accompanied by a small unwinding (twist
angle 29.5°, Figure S4) between the [MC]dGé-dC17 and
dC7-dG16 base pairs.

Insertion of the hydrophobic 5-methyl group of chrysene
into the helix should result in upfield shifts due to ring current
effects from the base pairs at the wedge site in the structure
of the (—)-trans-anti-IMC]dG-dC 11-mer duplex. The CH;-5
proton chemical shift of 2.45 ppm in the adduct duplex is to
high field of characteristic aromatic methyl proton shift
values though the magnitude of the upfield shift is uncertain
in the absence of a control value. We note, however, that
the adjacent MC(H6) proton in the (—)-trans-anti-[MC]-
dG-dC 11-mer duplex is upfield shifted by 1.5 ppm relative
to its BP(H12) proton counterpart in the analogous (—)-trans-
anti-[BP]dG-dC 11-mer duplex (Figure 5) where there is no
insertion into the helix.

The wedge-shaped alignment between the [MC]dG6-dC17
pair and its dC7-dG16 3’-neighboring pair but not its
dC5-dG18 5'-neighboring pair is manifested in distinct NOE
patterns between these two steps in the (—)-trans-anti-[MC]-
dG-dC 11-mer duplex. Thus, the weaker NOE between the
imino protons of [MC]dG6 and dG16 (peak D, Figure 2A)
relative to the NOE between the imino protons of [MC]dG6
and dG18 (peak E, Figure 2A) can be readily explained since
these protons are separated by a larger distance in the former
4.26 A) compared to the latter (3.16 A) in the solution
structure of the adduct duplex. Similarly, the NOE between
the base proton to its 5'-flanking sugar H1’ proton is stronger
for the dG16-dC17 step (boxed peak a, Figure 4) compared
to the dC17-dG18 step (boxed peak b, Figure 4) consistent
with the shorter separation in the former (3.68 A) compared
to the latter (4.25 A) in the solution structure of the adduct
duplex.

It could be argued that bending is difficult to identify in
DNA using NMR approaches due to the inherent limitations
associated with a method that monitors short range interac-
tions involving proton pairs separated by <5.5 A. This is
indeed a problem in the solution structure determination of
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unmodified DNA duplexes but less so for adduct containing
DNA duplexes where NOEs between the adduct and its local
DNA environment can help define both the alignment of the
adduct on the duplex and helical perturbations including
bending at the adduct site.

Comparison of the Solution Structures of the (—)-trans-
anti-[BP]dG+dC 11-mer and (—)-trans-anti-(MCJ]dG-dC 11-
mer Duplexes. In order to understand how the presence of
a bay region methyl group affects the solution structure of
the (—)-trans-anti-[MC]dG adduct, it is useful to compare
this structure with that of the previously studied benzo[a]-
pyrenyl (—)-trans-anti-[BP]dG adduct (De los Santos et al.,
1992). The [BP]dG adduct lacks a methy! group and has
an additional aromatic ring, but otherwise has identical
orientations and stereochemistry of the hydroxyl groups and
protons attached to the benzylic ring as found in the [MC]-
dG adduct. In addition, the DNA sequence context of both
adduct duplexes and the binding configuration at the N2-dG
position are the same (10R in the case of the BP adduct and
4R in the case of the MC adduct).

Comparative views looking normal to helix axis of the
NMR energy-minimized structures of the (—)-trans-anti-[BP]-
dG-+dC 11-mer (Figure 9A) and (—)-trans-anti-[MC]dG-dC
11-mer (Figure 9B) duplexes show that, in both cases, the
(—)-trans-anti adduct resides in the minor groove of a
minimally perturbed B-DNA helix with all the Watson—
Crick base pairs intact. The aromatic (either pyrenyl or
chrysenyl) ring stacks predominantely over the dC17 sugar
residue on the unmodified strand and is directed toward the
3’-end of the modified strand. In addition, the benzylic ring
pucker conformation is similar in both cases in that the BP-
(H10)—BP(H9) or MC(H4)—MC(H3) proton pairs which
occupy the same positions in the benzylic ring of each adduct
are pseudo-diequatorial while BP(H8)—BP(H7) and MC-
(H2)—MC(H]1), which are also located in analogous posi-
tions, are pseudo-diaxial.

The presence of the methyl group in the (—)-trans-anti-
{(MC1dG-dC 11-mer duplex does, however, result in subtle
differences in the alignment of the chrysenyl ring relative
to its pyrenyl counterpart. The chrysenyl ring is oriented
more edgewise in the minor groove so that its methyl
containing edge is positioned toward the floor of the minor
groove and is centered more about the [MC]dG6-dC17 base
pair (Figure 9B) than the corresponding pyrenyl ring in the
(—)-trans-anti-[BP]dG6 adduct (Figure 9A). We note that
the o’ and B’ angles covalently linking the MC and dG6
residues adopt values of 176° and 63° in the (—)-trans-anti-
[MC]dGdC 11-mer duplex (this study) compared to their
counterpart o’ and S’ values of 152° and 78° covalently
linking the BP and dG6 residues in the (—)-trans-anti-[BP]-
dG-dC 11-mer duplex (De los Santos et al., 1992). More
importantly, the insertion of the 5-methyl group between the
[MC]dG6+dC17 and dC7-dG16 base pairs in the 5-methyl-
chrysenyl adduct results in a buckling of the modified base
pair and a more pronounced bend in the helix (Figure 9B)
relative to the case of the (—)-trans-anti-[BP]dG adduct,
which lacks the corresponding methyl group (Figure 9A).

Comparisons with Conformations of Other PAH—DNA
Adducts. Previously, we have studied the solution structures
of seven PAH—DNA adducts derived from the binding of
benzo[a]pyrenyl (BP) and benzo[c]phenanthrenyl (BPh) diol
epoxides to DNA (Cosman et al., 1992, 1993a,b, 1994a,b,
1995; De los Santos, 1992). These studies have provided
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FiGURE 9: Comparative views normal to the helix axis of (A) the (—)-trans-anti-[BP]dG-dC 11-mer duplex and (B) the (~)-trans-anti-
[MC]dG-dC 11-mer duplex. Although the aromatic (pyrenyl or chrysenyl) ring (shown in darkened bonds) points in the 3'-direction of the
modified strand in both adducts, there is a more pronounced bend in the 5-methylchrysene modified duplex. Figures were prepared using

Molscript V1.1 (Kraulis, 1991).

us with insights into how the conformation of the modified
DNA is influenced by such factors as the stereochemistry
of the PAH adduct, whether the modified base is positioned
opposite a natural complementary base or a deletion site,
and whether the location of the binding site is in the minor
or major groove of the helix. Three families of PAH—DNA
structures have been elucidated to date in which the adduct
is either (1) positioned in the minor groove without signifi-
cant distortion of the B-DNA duplex [{+)- and (—)-trans-
anti-[BP]dG-dC 11-mer duplex] (Cosman et al., 1992; De
los Santos et al., 1992), (2) intercalated into the helix by
displacing the modified base [(+)-cis-anti-[BP]dG-dC 11-
mer, and (+)-trans- and (+)-cis-anti-[BP]dG-del 11-mer
duplexes] (Cosman et al., 1993a, 1994a,b), or (3) intercalated
into the helix without disrupting the modified base pair [(+)-
and (—)-trans-anti-[BPh]dA-dT 11-mer duplexes] (Cosman
et al., 1993b, 1995). These conformational differences in
tumm may be related to the differences in the biological
activities observed for the parent diol epoxides since the
structure of the adduct may influence their interactions with
repair and replication enzymes in the cell. The (—)-trans-
anti-[MCJdG-dC 11-mer duplex belongs to the first family
of structures outlined above, in which the chrysenyl ring is
located in the minor groove and the Watson—Crick align-
ments of all eleven base pairs are intact. However, the
presence of a methyl group in the bay region results in
bending the DNA helix to a greater extent than previously
observed.

Summary and Conclusions. The steric configurations of
OH groups and the epoxide group in the bay region
(reviewed by Conney, 1982) and the presence of a methyl
group in the bay region (reviewed by Hecht et al., 1986) are
two established factors which can influence the biological

activities of bay region PAH diol epoxides. Our long-range
goal is to systematically explore the conformational char-
acteristics of the adducts formed when PAH diol epoxides
with different structural and steric motifs, and of different
mutagenic and tumorigenic activities, bind chemically to
DNA. In this contribution, we have focused on the effects
of a single methyl group in the bay region of (—)-anti-5-
MeCDE on the structural features and alignment of the
covalent trans-N>-dG adducts in a DNA duplex; these
observations are contrasted with those derived from the NMR
characteristics of the stereochemically identical and structur-
ally similar trans-N?-dG adducts obtained from the reaction
of (—)-anti-BPDE with DNA. The extra aromatic ring in
the (—)-trans-anti-BPDE-N?-dG lesions (the C* and C’
atoms) is essentially furthest removed from nucleic acid
moieties in oligonucleotide duplexes (Figure 9A; De los
Santos et al., 1992); therefore, the effect of the 5-CHj group
on the (—)-trans-anti-]MC]dG lesion structure can be evalu-
ated. A new structural effect in which the methyl group is
wedged between adjacent base pairs and causes a bend at
the lesion site has been established here. While the effects
of stereochemistry of diastereomeric and chiral PAH diol
epoxides can be one important determinant of biological
activity (reviewed by Conney, 1982), there is no doubt that
the presence of (and the site of substitution) of a methyl
group in stereochemically identical positional isomers can
have a profound effect on the tumorigenic (Hecht et al., 1987)
and mutagenic characteristics (Melikian et al., 1988; Amin
et al., 1986, 1988) of diol epoxide derivatives in this family
of chrysene compounds.

Enhanced tumorigenicity has been observed for a number
of other PAH compounds in addition to chrysene when
methylation occurs in a bay region; known examples include



Structure of the (—)-trans-anti-[MC]dG Adduct opposite dC

methylphenanthrene (LaVoie et al., 1982), methylbenz[a]-
anthracene (Wislocki et al., 1983), methylbenzo[a]pyrene
(Iyer et al., 1980), and benz[a]anthracene (Slaga et al., 1979).
The exact origin of this enhancement of the biological
activities of the methylated PAH compounds is not known,
but effects of structural perturbations by the bulky methyl
group in the bay region is often suspected (Hecht et al.,
1986). Indeed, the methyl group produces distortions from
normal geometry in the sterically crowded region of 5-MeC;
the bay region is somewhat widened and the methyl carbon
atom is forced out of the plane of the aromatic ring system
which itself is approximately planar (Kashino et al., 1984;
Zacharias et al., 1984). However, these structural differences
cannot yet be correlated with the biological effects of methyl
substitution in the bay region. We have observed distortions
from planarity of the aromatic chrysenyl ring in the (—)-
trans-anti-[MC]dG adduct and a propeller-like distortion of
the aromatic phenanthrenyl ring in both the (+)- and (—)-
trans-anti-[BPh]dA adducts [derived from (+)- and (—)-anti-
benzo[c]lphenanthrene diol epoxide] (Cosman et al., 1993b,
1995) due to the highly strained fjord region found in this
adduct. The results presented in this contribution on the
solution structure of the (—)-trans-anti-[IMC}dG-dC 11-mer
duplex provide insight into the influence of a bay region
methyl group on the characteristics of the adduct site: the
hydrophobic methyl group decreases its exposure to the polar
solvent by wedging into the helix. This insertion of the
methyl group into the double helix results in a buckling of
the modified base pair and in a bending of the helix. This
distortion in the three-dimensional structure of the modified
DNA, in turn, may distinctly affect the way that cellular
enzymes can recognize and interact with these [MC]dG
lesions in native DNA sequences.

While this work is entirely focused on the solution
conformation of the (—)-trans-anti-IMC]dG-dC 11-mer du-
plex, analogous studies of the isomeric (+)-trans-anti-[MC]-
dG-dC 11-mer duplex in solution are presently in progress.
The differences in the structural characteristics of adducts
derived from the binding of the highly tumorigenic (+)-anti-
5-MeCDE and the weakly tumorigenic (—)-enantiomer to
dG residues in DNA may eventually point the way to a
deeper understanding of the relationships between adduct
conformation and biological activity.

SUPPLEMENTARY MATERIAL AVAILABLE

Five tables listing the chemical shifts of the exchangeable
protons and nonexchangeable protons of the entire adduct
duplex, the chemical shift differences on adduct formation
and backbone torsion angles of the energy-minimized
structure for the central 5-mer segment, and the pseudoro-
tation and glycosidic torsion angles of the central three base
pairs for the 12 best fit structures; and five figures showing
partial charges for the 5-methylchrysenyl moiety and N2-
dG linkage site, expanded phase-sensitive COSY and 50 ms
mixing time NOESY contour plots of the 5-methyichrysenyl
benzylic ring protons, a proton decoupled phosphorus
spectrum and a proton—phosphorus correlation experiment,
the helical parameters (twist, rise, buckle, propeller-twist)
for the entire adduct duplex, and the superposition of four
structures derived following energy minimization with
restraints from the NMR energy-minimized structure in
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which the o’ and 8’ angles were changed by +45° (16 pages).
Ordering information is given on any current masthead page.
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