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Abstract

It is well known that CpG dinucleotide steps in DNA, which are highly methylated at the 5-
position of cytosine (meC) in human tissues, exhibit a disproportionate number of mutations
within certain codons of the p53 gene. There is ample published evidence indicating that the
reactivity of guanine with anti-B[a]PDE (a metabolite of the environmental carcinogen
benzo[a]pyrene) at CpG mutation hot spots is enhanced by the methylation of the cytosine residue
flanking the target guanine residue on the 5’-side. In this work we demonstrate that such a
methylation can also dramatically affect the conformational characteristics of an adduct derived
from the reaction of one of the two enantiomers of anti-B[a]PDE with the exocyclic amino group
of guanine ([BP]G adduct). A detailed NMR study indicates that the 10R (-)-trans-anti-[BP]G
adduct undergoes a transition from a minor groove-binding alignment of the aromatic BP ring
system in the unmethylated C-[BP]G sequence context, to an intercalative BP alignment with a
concomitant displacement of the modified guanine residue into the minor groove in the methylated
meC-[BP]G sequence context. By contrast, a minor groove-binding alignment was observed for
the stereoisomeric 10S (+)-trans-anti-[BP]G adduct in both the C-[BP]G and meC-[BP]G
sequence contexts. This remarkable conformational switch resulting from the presence of a single
methyl group at the 5-position of the cytosine residue flanking the lesion on the 5’-side, is
attributed to the hydrophobic effect of the methyl group that can stabilize intercalated adduct
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conformations in an adduct stereochemistry-dependent manner. Such conformational differences
in methylated and unmethylated CpG sequences may be significant because of potential
alterations in the cellular processing of the [BP]G adducts by DNA transcription, replication, and
repair enzymes.
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Introduction

Benzo[a]pyrene (B[a]P) and structurally related polycyclic aromatic hydrocarbon (PAH)
environmental pollutants are metabolically activated in cellular environments to highly
reactive and genotoxic diol epoxide derivatives.? The biologically most important diol
epoxide derivative of B[a]P is r7, t8-dihydroxy-t9,10-epoxy-7,8,9,10-
tetrahydrobenzo[a]pyrene (anti-B[a]PDE) in which the 7-OH and 9,10-epoxide groups are
oriented on opposite sides of the planar, pyrene-like aromatic ring system. The major
covalent DNA adducts derived from the reactions of B[a]PDE with cellular DNA were first
identified more than 25 years ago.2=2 In vitro studies of the reactions of the (+)-7R,8S,9S,10R
and the (-)-7S,8R,9R,10S enantiomers of anti-B[a]PDE with native DNA have identified a
number of well-defined covalent adducts with G, A, and C in varying proportions.*-6 The
dominant mode of covalent adduct formation occurs via reactions of the 10-position of
B[a]PDE with the N2-position of guanine, and are designated here as the [BP]G adducts.
The most tumorigenic diol epoxide derivative of B[a]P is the (+)-7R,8S,9S,10R
enantiomer.”8 However, both enantiomers are mutagenic,10 as shown explicitly by site-
specific mutagenesis experiments in vivo with stereochemically defined N2-dG adducts
derived from both the (+)-7R,8S,9S,10R and (-)-7S,8R,9R,10S anti-B[a]PDE
enantiomers.11-16 In general, the mutagenic properties of the stereo-isomeric [BP]G adducts
depends not only on their absolute configurations, but also on the base sequence context and
the cell system in which the modified DNA is replicated.12:16

Base sequence context effects are particularly striking in the case of the well-known
mutation spectra in the p53 tumor suppressor gene associated with human lung tumors
obtained from cigarette smokers.17~22 These mutation hot spots occur at hypermethylated
CpG islands at codons 157, 248, and 273 of the p53 gene. It has been proposed that these hot
spots arise because the reactivities of B[a]PDE with guanine are known to be greater in
methylated meCpG than in unmethylated CpG sequence contexts,17:21,23-26

Another factor that may contribute to the mutagenic properties of [BP]G adducts in
methylated meCpG sequences, are potential effects of the methyl group in 5-methylcytosine
flanking the lesions on the 5’-side. We have previously shown that two pairs of distinct,
stereochemically related adduct conformations are possible when (+)- and (-)-anti-B[a]PDE
react with the exocyclic amino group of guanine in DNA.27 Covalent adduct formation can
occur by either trans or cis addition of N2-dG to the C10 atom of B[a]PDE. In the cis
adducts, the dG moiety is positioned on the same side (relative to the plane of the aromatic
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pyrene-like ring system) as the 9-OH group, and in the trans adducts it is positioned on the
opposite side (Figure 1). The 10S (+)- and 10R (-)-trans-anti adducts are aligned with the
bulky pyrenyl ring system in the minor groove, pointing either towards the 5’-end of the
modified strand (the (+)-trans-adduct), or towards the 3’-end (the (-)-trans-adduct).28:29
Both the 10S (-)-cis- and the 10R (+)-cis-anti adducts are intercalated, but with the modified
guanine residue displaced into the major and minor grooves, respectively, and with the
partner dC group in the complementary strand displaced towards the major groove in both
cases.30:31 Specifically, we hypothesized earlier that the 10S (+)-trans- and (-)-cis-adduct
conformers, on the one hand, and the 10R (-)-trans- and 10R (+)-cis-adduct conformations,
on the other, can interconvert because they have the identical absolute configurations about
the C10-N2-dG bond, and that the equilibrium between these two conformations could
depend on the base sequence context.2” The possibility that a methylated cytosine residue
flanking a [BP]G adduct on its 5’-side in a meC-[BP]G sequence context could also
influence its conformation or structural characteristics aroused our interest.23:32
Weisenberger & Romano found that methylation of a cytosine residue flanking a 10S (+)-
trans-anti-[BP]G adduct changes its electrophoretic mobility and, therefore, its structural
properties;23 however, the conformations of the adducts were not determined. Utilizing low-
resolution optical spectroscopic techniques, we showed that the 10R (-)-trans-anti-[BP]G
adduct (G*) changed from a minor groove adduct conformation3? in the sequence context
(5’-CCATCG*CTACC):(5-GGTAGCGATGQG) to a carcinogen-base stacked conformation,
when the C flanking the lesion on the 5’-side was replaced by meC.32 In the present work
we used NMR methods to establish that the presence of a single methyl group at the 5-
position of cytosine flanking the B[a]PDE-modified guanine, G*, switches the conformation
of the 10R (-)-trans-anti-[BP]G adduct from a minor groove to a base-displaced
intercalative alignment. In contrast, the stereoisomeric 10S (+)-trans-anti-[BP]G adduct
maintains its minor groove conformation in both C-[BP]G-C and meC-[BP]G-C sequence
contexts. There are no changes in either of these 10R or 10S adduct conformations when the
methyl group is positioned on the 3’-flanking cytosine residue in C-[BP]G-meC sequence
contexts. The unique conformational switch in the case of the 10R (-)-trans adduct may be
understood in terms of a favorable adduct conformation-dependent hydrophobic interaction
of the methyl group in the 5’-flanking 5-methyl-cytosine residue with the pyrenyl aromatic
ring system in double-stranded DNA.

Exchangeable proton spectra

The one-dimensional NMR spectra (7.5-15 ppm) of the 10R (-)-trans-anti-[BP]G adduct in
the C-[BP]G-C (a) and the meC-[BP]G-C (b) sequences at the [BP]G-C 11-mer duplex level
in H,0 buffer solution at 0 °C are depicted in Figure 2. The numbering scheme is defined in
Figure 1. The imino proton assignments are shown in (b) and were determined as described
for the same sequence context in earlier publications.28-31.33 The partially resolved imino
protons resonating between 12.5 ppm and 14 ppm are characteristic of Watson—Crick base-
pairing in these 11-mer duplexes. There are dramatic differences in the imino proton spectra
on proceeding from the C-[BP]G-C (a) to the meC-[BP]G-C (b) sequence context. The
patterns resemble those of the 10R (+)-cis-anti-[BP]G adduct. Three well-resolved imino

J Mol Biol. Author manuscript; available in PMC 2015 December 29.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 4

protons at 12.12 ppm, 11.23 ppm, and 10.78 ppm, assigned to the adduct site, namely
[BP]G6 and the flanking G16 and G18, shift upfield following methylation at position 5 of
the pyrimidine ring located on the 5’-side of the [BP]G adduct. Such upfield imino proton
shifts (b) are characteristic of intercalation of the pyrenyl ring into the helix in the meC-
[BP]G-C (b) sequence context. The lack of upfield-shifted imino protons in the
unmethylated C-[BP]G-C sequence context (a) is in agreement with the previous results and
minor groove structural assignment of the same 10R (=)-trans-anti-[BP]G adduct in the
same duplex reported by de los Santos et al.2® However, the presence of the 5-methyl group
at the C flanking the same adduct on the 5’-side is unusual and resembles the imino
spectrum of the stereoisomeric 10R (+)-cis-adduct in the same unmethylated 11-mer duplex
that has a base-displaced intercalated conformation.30

Expanded regions of the NOESY contour plot (200 ms mixing time) for the 10R (-)-trans-
anti-[BP]G adduct in the meC-[BP]G-C sequence context at the duplex level in H,O buffer
at 0 °C are shown in Figure 3. The imino and amino protons have been assigned as
described elsewhere.34:35 The NOE patterns between different imino protons are identified
in (a) and are labeled A to H, and (b) identifies NOEs between imino protons (10.5-14.0
ppm) and amino and non-exchangeable protons (3.5 ppm to 8.5 ppm). The NOE cross-peaks
between DNA protons are labeled A to F, and NOE cross-peaks between aromatic BP
protons and DNA protons are labeled 1-11. There are no cross-peaks between the G6 imino
and the meC5 methyl protons positioned in the major groove. However, the observation of
cross-peak 5 between the G6 imino and the meC5-H1’ protons positioned in the minor
groove, indicates that the modified G6 residue is displaced into the minor groove and is
aligned towards the 5’-direction of the modified strand. Imino—imino NOE connectivities are
observed between all adjacent base-pairs on either side of the adduct (Figure 3). However,
NOE connectivities are not observed between the imino proton of the modified dG6 and the
imino proton of the adjacent dG16, while only a weak NOE connectivity is observed
between the imino proton of dG6 and the imino proton of the adjacent dG18 (G in (a)). In
(b), the observed NOE patterns establish Watson—Crick base-pairing at all dA-dT pairs
(deoxythymidine imino to deoxyadenosine H2 across the dA-dT pairs) and at all dG-dC pairs
(deoxyguanosine imino to deoxycytidine amino across the dG-dC pairs), as shown for the
dC5-dG18 and dC7-dG16 pairs (peaks B,B’ and E,E’, respectively), with the exception of the
alignment of the [BP]dG6-dC17 pair at the modification site (b). We conclude that
hydrogen-bonded base-pairing at [BP]dG6-dC17 does not occur, since, unlike the other
paired G-C patterns, there are no cross-peaks between imino protons of [BP]dG6 and amino
protons of dC17. Cross-peak A is assigned to the dG6 imino to dG6 amino connectivity,
while cross-peaks B,B’ and E,E’ are attributed to the dG18 imino to dC5 amino and the
dG16 imino and the dC7 amino cross-peaks, respectively. The dC5 and dC7 amino protons
are significantly shifted upfield relative to their normal values, suggesting significant ring
current effects due to a nearby aromatic ring system. These results establish formation of
stable dC5-dG18 and dC7-dG16 base-pairs on either side of the [BP]dG6 lesion positioned
opposite dC. Other cross-peaks shown are those between the G18 imino and G18 amino
protons (C), the G18 imino and A19H2 (D), and the G16 imino and A15H2 protons (F).
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Non-exchangeable protons

The one-dimensional base and sugar H1’ proton NMR spectra (5.0-8.5 ppm) of the 10R (-)-
trans-anti-[BP]G adduct in the C-[BP]G-C and meC-[BP]G-C sequence contexts in the 11-
mer duplexes in 2H,0 phosphate buffer solution at 0 °C are compared in Figure S1
(Supplementary Data). There are dramatic upfield benzo[a]pyrenyl ring proton shifts in the
meC-[BP]G-C sequence context that are not observed in the C-[BP]G-C sequence. The
upfield benzo[a]pyrenyl ring protons are characteristic of intercalation of the pyrenyl ring
into the helix in the meC-[BP]G-C sequence context.

The observed patterns of chemical shifts (Figure S1, Supplementary Data), NOEs, and
upfield shifts of the dG18, dG6, and dG16 imino and meC5 and C7 amino protons (Figure
3), are similar to those observed in the case of the sterecisomeric 10R (+)-cis-anti-[BP]G
adduct in the identical, but unmethylated 11-mer duplex.3° This adduct is characterized by a
base-displaced intercalated conformation. Our observations for the central d(-meC5-
[BP]G6-C7-)-d(-G16-C17-G18-) segment of the 11-mer duplex for the 10R (-)-trans-[BP]G
adduct suggests that the aromatic ring system of the BP residue is also intercalated between
the intact meC5-G18 and the C7-G16 Watson—Crick base-pairs. This is in sharp contrast to
the external, minor groove alignment of the aromatic BP ring system of the same 10R (-)-
trans-anti-adduct in the unmethylated 11-mer duplex.2°

Lack of NOE connectivities at the site of the lesion

Expanded NOESY (250 ms mixing time) contour plots for the 10R-(-)-trans-anti-[BP]G
adduct in the meC-[BP]G-C-sequence context at the 11-mer duplex level in 2H,0 buffer
solution at 0 °C are depicted in Figure S2 (Supplementary Data). From this figure, it is
evident that the NOE between the H8 proton of [BP]G6 and the H1’ proton of the 5’-
flanking dC5, and the H6 proton of dC7 and the H1’ proton of [BP]G6, are very weak. In the
unmodified strand, the NOEs between the H8 proton of G18 and the H1’ proton of C17, and
the H6 proton of C17 and the H1’ proton of G16 are also shown to be quite weak. The weak
inter-residue connectivities within the meC5-[BP]G6-C7 segment of the modified strand and
within the G16-C17-G18 segment of the unmodified strand are consistent with the
disruption of stacking of [BP]G6 and C17 with their flanking dC5-dG18 and C7-G16 base-
pairs for the 10R-(-)-trans-anti-[BP]G adduct in the meC-[BP]G-C sequence context at the
11-mer duplex level. The base H5 (6.02 ppm), the H6 proton (7.87 ppm), and the H1’ sugar
protons of C17 (6.20 ppm) exhibit the greatest downfield shifts among the cytosine residues;
this is indicative of a loss of stacking interactions and thus a strong indication of the
displacement of C17 out of the duplex. On the other hand, the H5 (4.86 ppm), H6 (7.25
ppm) and H1’(4.47 ppm) protons of C7 and H6 (6.70 ppm), H1’ (5.27 ppm) of meC5 are
upfield shifted due to ring current effects, which is consistent with an intercalation of the
aromatic pyrenyl ring system between the two base-pairs G18-meC5 and G16-C7 (See
Supporting Information for details).

Benzo[a]pyrenyl proton connectivities and chemical shifts

Expanded NOESY (250 ms mixing time) contour plots for the 10R-(-)-trans-anti-[BP]G
adduct in the meC-[BP]G-C sequence context at the 11-mer duplex level are shown in
Figure 4. The cross-peaks correspond to NOEs from the numbered benzo[a]pyrenyl protons
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to methyl and sugar H2/,2” protons (a) and to cytosine H5 and sugar H1’ protons (b). The
BP proton numbering scheme is shown in Figure 1. The well-resolved NOEs between the
benzo[a]pyrenyl protons and DNA protons within the (meC5-[BP]G6-C7)-(G16-C17-G18)
segment have been identified and are given in Table 1 (m, medium NOEs; w, weak NOES).
The distribution of these carcinogen—DNA NOEs is sufficient to define the alignment of
both the benzo[a]pyrenyl ring and the modified guanine residue centered about the (meC5-
[BP]G6-C7)-(G16-C17-G18) segment.

The chemical shifts of the aliphatic (H7, H8, H9 and H10) and aromatic (H1, H2, H3, H4,
H5, H6, H11 and H12) BP protons between the 10R-(-)-trans-anti-[BP]G adduct in the C-
[BP]G-C and the meC-[BP]G-C at the 11-mer duplex level are compared in Figure S3
(Supplementary Data). Analogous chemical shift comparisons between the 10R-(+)-cis-anti-
[BP]G adduct in the C-[BP]G-C sequence context and the stereoisomeric 10R-(-)-trans-
anti-[BP]G adduct in the meC-[BP]G-C sequence context at the 11-mer duplex level are also
compared in Figure S3(a). The aromatic BP protons in the 10R-(-)-trans-anti-[BP]G adduct
in the meC-[BP]G-C sequence are shifted upfield by as much as 1.5-1.6 ppm as compared
to the same protons in the C-[BP]G-C. These upfield shifts are consistent with intercalation
of the benzo[a]pyrenyl ring system into the helix in the meC-[BP]G-C sequence, and
groove-binding alignment of the benzo[a]pyrenyl ring system in the C-[BP]G-C sequence.
As shown in Figure S3(b), the aromatic BP protons of the 10R-(+)-cis-anti-[BP]G adduct in
the C-[BP]G-C sequence context, and the 10R-(-)-trans-anti-[BP]G adduct in the meC-
[BP]G-C sequence context are practically superimposable on one another. These similarities
in the chemical shifts indicate that the intercalation with base displacement topology defined
for the (+)-cis adduct in the unmethylated C-[BP]G-C sequence context, is most likely also
adopted by the stereo-isomeric (=)-trans adduct in the methylated meC-[BP]-G-C sequence
context.

Stereochemical and 5™eC positional effects on adduct conformations

We have evaluated the effects of methylation of C5 in the meC-[BP]G-C sequence context
at the 11-mer duplex level in H,O at 0 °C on the conformation of the stereoisomeric 10S
(+)-trans-anti-[BP]G adduct. In the identical, but unmethylated sequence, the aromatic BP
ring system is positioned in the minor groove and points towards the 5’-end of the modified
strand.2” The imino proton NMR spectrum (7.5-15 ppm) of the S-(+)-trans-anti-[BP]G
adduct (a) and of the 10R-(-)-trans-anti-[BP]G adduct (b) in the identical meC-[BP]G-C
sequence context are compared in Figure 5. There are no upfield-shifted imino proton
resonances in the case of the 10S (+)-trans-anti-adduct as there are in the 10R (-)-trans-anti-
[BP]G adduct in the same methylated meC-[BP]G-C sequence context. These imino proton
spectra clearly establish that intercalation with base displacement is observed only in the
case of the 10R-(-)-trans-anti-[BP]G adduct in the meC-[BP]G-C sequence context (Figure
5(b)), while the 10S-(+)-trans-anti-[BP]G adduct in the meC-[BP]G-C sequence context
(Figure 5(a)) adopts the groove binding alignment with intact modified base pair alignment.

We have also investigated the effect of methylation of cytosine on adduct conformations of
the same 10R (-)-trans-anti-[BP]G and 10S (+)-trans-anti-[BP]G adducts in the C-[BP]G-
meC sequence context in which the position of the methylated cytosine is switched from the
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5’ to the 3’-cytosine flanking the adduct in the modified strand at the 11-mer duplex level.
No upfield imino proton shifts are observed in either case, indicating that methylation of the
3’-flanking cytosine residue does not cause a switch from the normal minor groove
conformation in the C-[BP]G-C sequence to a base-displaced conformation in the C-[BP]G-
meC sequence context in the 11-mer duplexes.

Comparison of NMR characteristics of 10R (-)-trans-anti-[BP]G adduct in the meC-[BP]G-C
sequence with 10R (+)-cis-anti-[BP]G adduct in the unmethylated C-[BP]G-C sequence

Similar sequential walking patterns and chemical shifts of the two adducts (Figure S2,
Supplementary Data, and Figure 3(a)3°) are evidence for their similar base-displaced
intercalative alignments. However, chemical shift differences between C5H6 (7.0 ppm) and
meC5H6 (6.7 ppm) stem from the presence of the methyl group in the (-)-trans-anti-[BP]G
adduct in the meCpG* sequence context. Evidence for the presence of the methyl group in
the 10R (-)-trans-anti-[BP]G adduct is also seen from the NOEs between H6/H8 and the
methyl proton region, showing connections between the methyl group of meC5 and the
methyl group of thymine (Figure S4(a), Supplementary Data). Also, Figure S4(b) shows the
through-bond connections between the H5 and H6 protons of all cytosine residues, and that
there is no through-bond connection for the meC5 residue.

While the NMR characteristics of the (-)-trans-anti-[BP]G adduct in the meC-[BP]G-C
sequence context are very similar to those of the stereo-isomeric (+)-cis-anti-[BP]G adduct
in the unmethylated C-[BP]G-C sequence context,30 there are also differences. The
similarity is not surprising, since the (-)-trans and (+)-cis adducts are identical with one
another, with R absolute configurations at the C10 carbon atom, but with opposite
configurations of the H atoms at the benzylic carbon atoms C7, C8, and C9 (Figure 1). The
model for the (-)-trans-anti-[BP]G adduct in the meC-[BP]G-C sequence context (see
below) indicates that the H9 atom should be close to the G6 imino proton, while the H7
proton should be close to the C7H1’ sugar proton (less than 4 A). Indeed, at short mixing
times (50~100 ms), we observe two corresponding NOEs, indicating that the distances
between the H)/G6NH1 and H7/C7H1’ protons are 3.9 A and 3.6 A, respectively (data not
shown). These NOEs are completely consistent with the (-)-trans adduct stereochemistry.
Inverting the absolute configurations of the hydrogen atoms at C9 and C7 to yield the (+)-cis
adduct would increase the distance between these same protons to distances in excess of
~5.2 A. Thus, in contrast to our observations, the corresponding NOEs would be extremely
weak or unobservable in the case of a (+)-cis adduct stereochemistry.

Molecular mechanics computations

Molecular mechanics methods, followed by distance and intensity-restrained molecular
dynamics computations to determine the solution structure of the 10R (-)-trans-anti-[BP]G
adduct in the meC-[BP]G-C sequence context at the 11-mer duplex level were performed.
The restraints and refinement statistics are listed in Table 2. Stereo views of nine
superpositioned intensity-refined structures of the 10R-(=)-trans-anti-[BP]G adduct in the
meC-[BP]G-C sequence context at the 11-mer duplex level are shown in Figure 6. These
structures are well superimposed on one another (r.m.s.d. 1.37(0.40) A for the entire
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molecule), including the (T4-meC5-[BP]G6-C7-T8)-(A15-G16-C17-G18-A19) segment
(r.m.s.d. 0.83(x0.26) A).

Stereo views of a representative intensity-refined structure of the 10R-(-)-trans-anti-[BP]G
adduct centered within the (meC5-[BP]G6-C7)-(G16-C17-G18) segment are shown in
Figure 7. Aview looking into the minor groove is shown in (a), while a view looking down
the helix axis is shown in (b). The 10R-(-)-trans-anti-[BP]G adduct centered within the
(meC5-[BP]G6-C7)-(G16-C17-G18) segment adopts an intercalation with base displacement
architecture centered about the lesion site. The guanine base is positioned in the minor
groove approximately parallel with the helix axis and is stacked over the sugar ring of
meC5, while C17 is displaced into the major groove (a). The benzo[a]-pyrenyl ring
intercalates from the minor groove edge and is sandwiched between the flanking meC5-G18
and C7-G16 pairs (a). The aromatic part of the benzo[a]pyrenyl ring stacks primarily with
the meC5 and C7 bases, to a lesser extent with G18, and not at all with G16 (b).

Discussion

Our NMR studies establish that the 10R-(-)-trans-anti-[BP]G adduct opposite C in the meC-
[BP]G-C sequence context adopts the intercalation with base displacement type alignment,
in contrast to a minor groove alignment with an intact modified base-pair for the same
adduct in the C-[BP]G-C sequence context. Thus, cytosine methylation in the C-[BP]G-C
step of the cytosine residue flanking the adduct on the 5’-side, but not the 3’-side, has a
profound effect on the alignment of the covalently attached BP ring. In contrast, the stereo-
isomeric 10S (+)-trans-anti-[BP]G adduct maintains its predominant minor groove
conformation in both the methylated and unmethylated sequence contexts when one or the
other of the two flanking cytosine residues is methylated.

Methylated cytosine residues at CpG dinucleotide steps play an important role in regulating
transcription and thus the control of gene expression in mammalian cells.36:37 The impact of
the methyl group at the 5-position of cytosine on the characteristics of double-stranded DNA
have been studied by a variety of approaches.38-42 Cyclization of ligated mixed-sequence
oligonucleotides followed by analysis of electrophoretic mobilities showed that the changes
in helical twist or intrinsic flexibility are not altered significantly by cytosine methylation.
However, in the case of an EcoRI decamer, methylation of the cytosine residue at the CpG
dinucleotide steps lowers flexibility by ~30% and causes an underwinding by ~0.5 base-pair
per turn.*3 The dynamics and local conformational flexibility were also found to be inhibited
upon methylation of a CpG step in the Hhal methyltransferase recognition sequence using
solid-state NMR methods.** A molecular dynamics simulation study showed that
methylation of CpG indeed reduces the flexibility of double-stranded DNA, attributed to a
restriction of the conformational space associated with the bulky and hydrophobic methyl
group.*® Sowers et al.38 reported that the major effect of the methyl group in meC is an
increase in the polarizability of the pyrimidine that results in increased hydrophobic base-
stacking interactions and, in turn, a thermal stabilization of double-stranded DNA. A recent
molecular dynamics study of the effects of cytosine methylation in a CpG sequence context
suggests that the thermodynamic equilibrium between the Bl and BIl phosphate backbone
conformational states is influenced by the presence of the methyl group, thus
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thermodynamically leading to an increased base-stacking energy,*® as reported earlier.38 An
experimental FTIR study of a different double-stranded CpG oligonucleotide sequence
context was interpreted in terms of a different alteration of the BI/BII equilibrium, an
enhanced contribution of the C2’-endo sugar conformation, and a change in the glycosidic
torsion angle upon methylation.#” X-ray diffraction studies of crystal structures of two
identical oligonucleotides differing only by replacement of a single C by meC also
concluded that the effects of the methyl group on helical parameters are generally small and
are mostly limited to the affected base-pair; the major effect being a displacement of the
meC-G base-pair towards the minor groove of the helix.#! Finally, structural analysis by
solution NMR and molecular modeling methods shows that replacement of cytosine by meC
in a 12-mer oligonucleotide duplex with a single, central CpG dinucleotide step gives rise to
a local narrowing of the minor groove, while the major groove becomes more shallow.#2 In
summary, the reported physical and structural differences in CpG and meCpG sequence
contexts do not provide any simple explanations for the unusual conformational switch of
the 10R (-)-trans-anti-[BP]G adduct when the cytosine residue flanking the adduct is
replaced by 5-methylcytosine in the 11-mer duplex studied in this work.

While the influence of the 5-methyl group in cytosine in a meC-G sequence context on the
physical characteristics of double-stranded DNA are not large, it can have a substantial
impact on (1) the reactivity of the guanine residue in the meC-G sequence context with anti-
B[a]PDE, and (2) a dramatic impact on the mutagenic properties associated with the
covalent [BP]G adducts formed. A disproportionate fraction of G—T transversion mutations
are observed at methylated CpG sequences in the p53 gene derived from lung tumors of
smokers as compared to tumors derived from non-smokers.17:2048 Different mutation
characteristics in this gene have been linked to molecular events arising from the reactions
of various classes of carcinogens, including anti-B[a]PDE, with the nucleobases in the p53
gene.*2°0 Indeed, the occurrence of mutation hot spots in codons 157, 248, and 273 have
been associated with an enhanced reactivity of PAH metabolites such as
B[a]PDE.17:20.21,51.52 \While this view has been challenged,53:54 there is accumulating in
vitro evidence that the methylation of cytosine in CpG dinucleotide steps indeed enhances
the reactivity of B[a]PDE with the guanine residue in meCpG sequence
contexts.23:24.26.55.56 Thjs effect is most likely associated with the hydrophobicity of the
methyl group that enhances both the non-covalent intercalative binding of B[a]PDE to
double-stranded poly(dG-"€dC)-poly(dG-"€dC) and the subsequent yield of covalent [BP]G
adduct formation®5>7 as observed in p53 oligonucleotide sequencel?:20.21.23.24.26 anq other
sequence contexts.2>

Hydrophobic effects on conformational switching of stereocisomeric (+)- and (-)-trans-anti-
[BP]G adduct

While the 10R (-)-trans-anti-[BP]G adduct readily switches from a minor groove alignment
in the C-[BP]G-C to a base-displaced intercalative conformation in the meC-[BP]G-C
sequence context at the 11-mer duplex level, such a switch was not observed by NMR in the
case of the stereoisomeric 10S (+)-trans-anti-[BP]G adduct (Figure 5).
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An explanation of these observations can be proposed on the basis of the adduct
stereochemistry-dependent opposite orientation of the pyrenyl ring system in the base-
displaced intercalative conformations of the stereoisomeric trans-anti-[BP]G adduct pairs
with 10R but not 10S absolute configurations. In the 10R (-)-trans-anti-[BP]G adduct, the
methyl group of the 5’-neighboring cytosine is positioned in the immediate vicinity of the
aromatic pyrenyl ring system. However, in the putative 10S (+)-trans-anti-[BP]G base-
displaced intercalated adduct conformation, the methyl group would be positioned away
from the aromatic ring system, and instead would be adjacent to the non-aromatic, puckered
benzylic ring (Figure 8). Thus, the models suggest that this placement of the methyl group
would afford less hydrophobic stabilization of the base-displaced intercalative conformation;
consequently, the minor groove orientation continues to be favored in the meC[BP]G
sequence context as it is in the C[BP]G sequence context.28

The close proximity of the C5 methyl group protons to the pyrenyl aromatic ring system is
supported by the observation of NOEs between these —CH3 protons and aromatic ring
protons BPH1 and BPH2 (peak 1, Figure 4(a)), BPH12 (peak 2), and BPH3 (peak 3). These
NOE cross-peaks suggest that the aromatic, rather than the aliphatic part of the B[a]PDE
residue in the 10R (-)-trans adduct is in close proximity to the methyl group in the meC-
[BP]G-C sequence context. The structural models (Figures 7(a) and 8(a)) are consistent with
this conclusion. The small, but finite chemical shifts of the aromatic ring system protons
BPH1, BPH2, and BPH3 in this sequence context relative to the chemical shifts of the 10R
(+)-cis-anti-[BP]G adduct in the unmethylated C-[BP]G-C sequence context (Figure S3(b),
Supplementary Data), are also consistent with these conclusions.

Finally, while we did not detect any major conformational changes in the case of the 10S
(+)-trans-anti-[BP]G adduct, some more subtle conformational changes are nevertheless
produced by methylation of the cytosine residue in the meC-[BP]G sequence context. This is
indicated by changes in electrophoretic mobilities?3 and accessibilities of the aromatic
pyrenyl residue to the aqueous environment32 of these adducts in double-stranded
oligonucleotides.

Consequences of cytosine methylation in relation to DNA repair

Modulation of adduct repair by cytosine methylation could influence the ultimate mutagenic
outcome associated with the [BP]G adduct. Several studies suggest that the susceptibility of
[BP]G adducts to removal by DNA repair enzymes is indeed influenced by cytosine
methylation. An in vitro nucleotide excision repair NER assay employing human cell
extracts revealed stimulation of excision of a 10S (+)-trans-anti-[BP]G adduct in a synthetic
oligonucleotide containing the modified p53 codon 273 sequence when the 5’-cytosine
residue was methylated as compared to the unmethylated analog.>® Furthermore, Colgate et
al.>9 have found that the NER efficiency by UvrABC proteins is enhanced by cytosine
methylation in the case of both 10S (+) and 10R (-)-trans-anti-[BP]G adducts, and more so
for the (-)-trans-adduct, where, as shown here, the methyl group induces a conformational
switch. The likelihood that the conformational switch to base-displaced intercalation leads to
enhanced NER repair is also supported by findings from the human cell extract NER studies,
which revealed that 10R (+) and 10S (-)-cis-anti-[BP]G, which are base-displaced
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intercalated in solution,30:31 are excised more efficiently than minor groove or classically
intercalated adducts.0:61 Similar, though less pronounced differences in the excision of
minor groove and base-displaced intercalated [BP]G adducts in unmethylated C[BP]G
sequences by UvrABC enzymes from E. coli have been observed as well.82 Thus, the
finding of a profound conformational switch in a B[a]PDE adduct induced by cytosine
methylation, may impact the mutational hot spot phenomenon, in part through differential
repair, and perhaps in part by affecting translesion synthesis during replication. The full
details of such effects remain to be elucidated.

Materials and Methods

Oligonucleotides

The unmethylated and methylated oligonucleotides I, 1(5’-meC), 1(3’-meC) and the
complementary strand Ic, were synthesized by standard phosphoramidite methods on a
Biosearch Cyclone automated DNA synthesizer (Milligen-Biosearch Corp., San Refael,
CA), and were purified and desalted by standard HPLC protocols32:63 on a PRP-1 column
(Hamilton) and a Hypersil C-18 column.

Synthesis of site-specifically modified oligonucleotides

The anti-B[a]PDE-modified oligonucleotides synthesized had the following sequences (G*
denotes the modified base):

C-[BP]G-C: 5’-d(CCATCG*CTACC)
meC-[BP]G-C: 5’-d(CCAT[meC]G*CTACC)
C-[BP]G-meC: 5-d(CCATCG*[meC]TACC)

lc: 5-GGTAGCGATGG (complementary strand)

The unmodified sequences C-G-C, meC-G-C or C-G-meC (G*=G), were reacted with
racemic anti-B[a]PDE (dissolved in tetrahydrofuran) as described earlier.53 Caution:
benzo[a]pyrene diol epoxides are carcinogenic and mutagenic and should be handled with
care, as outlined by National Cancer Institute Guidelines. The modified oligonucleotides
were separated from unmodified oligonucleotides, and the modified oligonucleotides
containing the single sterecisomeric 10S (+) or 10R (-)-trans-anti-[BP]G adduct (G*, Figure
1) were separated from one another utilizing various reversed-phase HPLC protocols as
described in detail elsewhere.83 The stereo-chemical properties of the modified
oligonucleotides were established by enzyme digestion of the modified oligonucleotides and
HPLC co-elution of the BPDE-modified base with stereochemically defined trans-anti-
[BP]G adduct standards.%* The stereochemical properties of each mononucleotide adduct
were identified by circular dichroism techniques, and by co-elution with the corresponding
mononucleotide adduct standards as described earlier for the same B[a]PDE-modified
oligonucleotides.32

NMR methods

Duplexes of the modified oligonucleotides C-[BP]G-C, meC-[BP]G-C and C-[BP]G-meC
with the complementary strand I were prepared for detailed NMR studies as described
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earlier.30 NMR spectra of the exchangeable protons were collected in aqueous buffer (100
mM NaCl, 10 mM phosphate, pH 6.8) at 0 °C on Varian INOVA and Brucker Avance NMR
spectrometers. For the non-exchangeable protons of the same adduct duplexes, NMR spectra
were collected in 2H,0 at 0 °C. NOESY, COSY and TOCSY data sets were processed using
either Varian or Brucker software and analyzed using the FELIX program (Accelrys, Inc.).

Molecular mechanics computations

Two energy minimized starting models for molecular dynamics were created with the
torsion space molecular mechanics program DUPLEX.8566 One was created from the base-
displaced-intercalative solution structure of the 10R (+)-cis-anti-[BP]G adduct,30 by
remodeling the 10R (+)-cis-anti isomer to the 10R (-)-trans-anti adduct (these two adducts
differ from one another only by the absolute configurations at the C7, C8, and C9 carbon
atoms, Figure 1), and by adding the methyl group to the 5-position of cytosine residue 5.
The second model was created from the NMR solution structure of the minor groove 10R
(-)-trans-anti-[BP]G adduct,2® again by addition of the 5-methyl to cytosine residue 5
(Figure 1). A model of the 10S (+)-trans-anti-[BP]G adduct in a base displaced-intercalative
conformation in the meC-G-C sequence context was obtained with DUPLEX, by
remodeling the NMR solution structure of the 10S (-)-cis-anti-[BP]G adduct,3! with
addition of the 5-methyl group to C5 and energy minimization.

Distance restraints

The distances between non-exchangeable inter-protons were obtained from the buildup
curves of cross-peak intensities in NOESY spectra at five different mixing times (50, 100,
150, 200 and 250 ms) in 2H,0 at 0 °C and given bounds between +20% and +30% with
distances referenced relative to the cytosine H5-H6 distance of 2.47 A. Exchangeable
proton restraints were based on NOESY data sets at two mixing times (60 ms and 200 ms) in
H,0 at 0 °C and given bounds of +30%. Cross-peaks involving exchangeable protons were
classified as strong (medium to strong intensity at 60 ms), medium (weak intensity at 60 ms)
and weak (observed only at a mixing time of 200 ms) and proton pairs were then restrained
respectively to distances of 3.0(x0.9) A, 4.0(x1.2) A and 6.0(x1.8) A.

Molecular dynamics computations

The protocol outlined below has been used in our laboratory to determine the solution
structures of the 1S-(BPh)G-C and 1R-(BPh)G-C 11-mer duplexes that contain adducts
derived from the binding of the r1,t2-dihydroxy-t9,10-epoxy-1,2,3,4-
tetrahydrobenzo[c]phenanthrene to N2-dG in DNA.%7 The refinement proceeds in two stages
where the distance-based refinement is performed first and is then followed by NOE
intensity-based refinement. The NMR distance-restrained molecular dynamics (MD)
simulations were carried out starting from three initial structures of [BP]G 11-mer duplexes.
Two of the initial structures were generated by the DUPLEX program. Both initial structures
adopted B-DNA conformations. The first one allowed the carcinogen to intercalate and stack
between flanking base-pairs with displacement and breaking of the central [BP]G:C pair as
in the 10R (+)-cis-anti-[BP]G adduct.3% The second initial structure embedded the BP into
the minor groove of a B-DNA 11-mer duplex without breaking the [BP]G-C base-pairing, as
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in the 10R (-)-trans-anti-[BP]G adduct.2® The third initial structure also docked the
carcinogen into the minor groove, but in an ideal A-DNA 11-mer duplex generated in Insight
I (Accelrys, Inc.). X-PLOR®8-hased restrained MD calculations for each starting structure
were carried out with three different sets using the simulated annealing protocol and the
CHARM force field. Hydrogen bonding distance restraints were imposed to align the
experimentally identified Watson—Crick pairs (£0.10 A). Only the non-bonded [BP]G6-C17
pair was excluded based on the analysis of NMR spectra. Each cycle of restrained MD
simulations was initially carried out at 300 K with a force constant of 1 kcal mol~t A=2 on
all experimentally obtained distance restraints. The structure was subjected to 2000 cycles of
energy minimization and was slowly heated to 1000 K in 7 ps (1 ps per 100 K increase). The
force constants on the experimentally obtained distance restraints were slowly scaled up to
32 (non-exchangeable protons), 16 (exchangeable protons) and 64 (hydrogen bonds) kcal
mol~1 A=2, over a period of 18 ps. The system was allowed to evolve for another 20 ps at
1000 K and next cooled gradually to 300 K over 14 ps (0.5 fs time-step) with retention of
the full scale of distance restraints and subsequently equilibrated for 12 ps at 300 K. The
coordinates were averaged over the last 5 ps and the resulting coordinates subjected to 20
cycles (100 steps each cycle) of conjugate gradient energy minimization. A total of nine
distance-refined structures of [BP]G-C 11-mer duplexes were generated and a subset
corresponding to the best structures with the least NOE violations, acceptable covalent
geometry, and favorable van der Waals energy were subjected to further relaxation matrix
refinement.

The resulting nine distance-refined structures were optimized against the NOE cross-peak
intensities with the relaxation matrix (relax) refinement routine of the X-PLOR program.
The NOE intensities based on five NOESY data sets in 2H,0 buffer collected at mixing
times of 50, 100, 150, 200 and 250 ms, were incorporated as penalty functions into the relax
energy term, in which the exponent 1/6 was used. An isotropic correlation time of 3.75 ns
derived from a systematic grid search, along with a cutoff distance of 4.5 A was used during
the relaxation matrix refinement calculations. The distance-refined structures were subjected
to 1 ps of molecular dynamics at 1000 K during which the weights for the non-exchangeable
NOE intensities were increased from 5 kcal mol~1 to 300 kcal mol~1 while weights for the
non-exchangeable distance restraints were reduced from 50 kcal mol~1 A=2 to 0 kcal mol~1
A~2. The weights for the hydrogen bonding distances and distance restraints involving
exchangeable protons were retained and were the same as those used in the distance-
restrained MD refinement. The system was next gradually cooled to 300 K over 2.25 ps (0.5
fs time-step) with retention of the full scale of restraints. This was followed by 5 ps of MD
(time-step 1 fs) at 300 K. The coordinates during the last 1.0 ps of dynamics were averaged
and these averaged coordinates were subjected to energy minimization.

Protein Data Bank accession number

Coordinates have been deposited with the PDB with accession number 1Y9H.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

B[a]P benzo[a]pyrene

B[a]PDE 7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene

anti-B[a]PDE r7,t8-dihydroxy-t9,10-epoxy-7,8,9,10-
tetrahydrobenzo[a]pyrene

(+)-anti-B[a]PDE (+)-7R,85,95,10R B[a]PDE

(-)-anti-B[a]PDE (-)-7S,8R,9R,10S B[a]PDE

[BP]G modified guanine residue resulting from the reaction of anti-
B[a]PDE with N2-dG

10S (+)-trans-anti- adduct derived from trans addition of (+)-anti-B[a]PDE to N2-

[BPIG dG

10R (-)-trans-anti- adduct derived from trans addition of (-)-anti-B[a]PDE to N2-

[BP]G dG

10R (+)-cis-anti-[BP]G adduct derived from cis addition of (+)-anti-B[a]PDE to N2-dG

10S (-)-cis-anti-[BP]G adduct derived from cis addition of (-)-anti B[a]PDE to N2-dG

BPh benzo[c]phenanthrene

meC 5-methylcytosine
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Figure 1.
(a)—(d) Absolute configurations of sterecisomeric [BP]G adducts, (e) sequence of the

[BP]G-C 11-mer duplex, and (f) structure of the 10R (-)-trans-anti-[BP]-N2-dG adduct ((-)-
trans-anti [BP]G). In (e), the arrows point to either of the two cytosine residues that were
replaced (singly) by 5-methylcytosine in the 11-mer sequence, the methylated sequences
being denoted either by meC-[BP]G-C or by C-[BP]G-meC.
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Figure 2.
Imino proton NMR spectra (7.5-15 ppm) of the 10R-(-)-trans-anti-[BP]G adduct in (a) the
C-[BP]G-C and (b) meC-[BP]G-C sequence contexts at the 11-mer duplex level. Spectra are

in 100 mM NaCl, 10 mM phosphate, H,0, pH 6.8 at 0 °C. The imino proton assignments
are shown in (b).
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Figure 3.
Expanded NOESY (200 ms mixing time) contour plots for the 10R-(-)-trans-anti-[BP]G

adduct in the meC-[BP]G-C sequence context at the 11-mer duplex level. Spectra are in 100
mM NaCl, 10 mM phosphate, H,O, pH 6.8 at 0 °C. (a) NOEs between imino protons, with
the cross-peaks labeled A to H, which are assigned as follows: A, T4(NH3)-G18(NH1); B,
T8(NH3)-G16(NH1); C, T14(NH3)-G13(NH1); D, T20(NH3)-G21(NH1); E, T4(NH3)-
T20(NH3); F, T8(NH3)-T14(NH3); G, [BP]G6(NH1)-G18(NH1); H, G21(NH1)-
G22(NH1). (b) NOEs between imino protons (10.5-14.0 ppm) of dG16, [BP]dG6, and
dG18, and amino and non-exchangeable protons (3.5-8.5 ppm), with NOE cross-peaks
between DNA protons labeled A to F and NOE cross-peaks between carcinogen and DNA
protons labeled 1-11. Cross-peaks A to F are assigned as follows: A, [BP]G6(NH1)-
[BP1G6(NH2)/BP(H10); B,B’, G18(NH1)-[Me]C5(NH>); C, G18(NH1)-G18(NH); D,
G18(NH1)-A19(H2); E,E’, G16(NH1)-C7(NH,); F, G16(NH1)-A15(H2). Cross-peaks 1-10
are assigned as follows: 1, G16(NH1)-BP(H4,H5); 2, G16(NH1)-BP(H6); 3, G16(NH1)-
BP(H3); 4, G16(NH1)-BP(H1,H2); 5, [BP]G6(NH1)-[Me]C5(H1’); 6, [BP]G6(NH1)-
BP(H11); 7, G18(NH1)-[BP]G6(NH,)/BP(H10); 8, G18(NH1)-BP(H4,H5); 9, G18(NH1)-
BP(H6); 10, G18(NH1)-BP(H3); 11, [BP]G6(NH1)-BP(H9).
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Figure 4.
Expanded NOESY (250 ms mixing time) contour plots for the 10R-(-)-trans-anti-[BP]G

adduct in the meC-[BP]G-C sequence context at the 11-mer duplex level. Spectra are in 100
mM NaCl, 10 mM phosphate, 2H,0, pH 6.8 at 0 °C. The numbered cross-peaks correspond
to NOEs from benzo[a]pyrenyl protons to methyl and sugar H2/,2” protons (a) and to
cytosine H5 and sugar H1’ protons (b). In (a), the cross-peaks 17 are assigned as follows: 1,
BP(H1,H2)-[Me]C5(CH3); 2, BP(H12)-[Me]C5(CHs); 3, BP(H3)-[Me]C5(CHs); 4,
BP(H1,H2)-[Me]C5(H2’); 5, BP(H12)-[Me]C5(H2’); 6, BP(H11)-[BP]G6(H2"); 7,
BP(H12)-[BP]G6(H2"). In (b), the cross-peaks 1-9 are assigned as follows: 1, BP(H11)-
C7(H1"); 2, BP(H12)-C7(H1’); 3, BP(H11)-C7(H5); 4, BP(H1,H2)-C7(H5); 5, BP(H12)-
C7(H5); 6, BP(H11)-[Me]C5(HY’); 7, BP(H1,H2)-[Me]C5(H1’ ); 8, BP(H12)-[Me]C5(H1’);
9, BP(H6)-G18(H1).
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Imino proton NMR spectra (7.5-15 ppm) of (a) the 10S-(+)-trans-anti-[BP]G adduct and (b)
the 10R-(-)-trans-anti-[BP]G adduct in the meC-[BP]G-C sequence context and (c) the 10S-
(+)-trans-anti-[BP]G adduct and (d) the 10R-(-)-trans-anti-[BP]G adduct in the C-[BP]G-
meC sequence context at the 11-mer duplex level. Spectra are in 100 mM NaCl, 10 mM
phosphate, H,0, pH 6.8 at 0 °C. The assignments of the upfield shifted imino protons are

made in (b).
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Figure 6.
Stereo views of nine superpositioned intensity-refined structures of the 10R-(-)-trans-anti-

[BP]G adduct in the meC-[BP]G-C sequence context at the 11-mer duplex level. The
benzo[a]pyrenyl (BP) ring is in yellow, the modified guanine and its opposing cytosine are
in cyan, the methyl group of meC5 is in green.
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Figure 7.
Stereo views of a representative intensity-refined structure of the 10R (-)-trans-anti-[BP]G

adduct centered within the (meC5-[BP]G6-C7)-(G16-C17-G18) segment. A view looking
into the minor groove is shown in (a), while a view looking down the helix axis is shown in
(b). The benzo[a]pyrene (BP) ring is in yellow, the modified guanine residue and its
opposing cytosine residue are in cyan, the methyl group of meC5 is in green, the meC5-G18
pair is in white and the C7-G16 pair is in grey.
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Figure 8.
Base-displaced intercalative conformations. (a) Representative NMR structure of the 10R

(-)-trans-anti-[BP]G adduct, and (b) a modeled 10S (+)-trans-anti-[BP]G adduct (see the
text), all in the (meC5-[BP]G6-C7)-(G16-C17-G18) sequence context. The selectively
displayed protons are highlighted as white spheres, the carbon atoms of benzo[a]pyrene
(BP) ring are highlighted as yellow spheres, the modified guanine residue and its opposing
cytosine residue are shown as stick models (cyan), the carbon atom of the methyl group of
the meC5 residue is shown as a green sphere, the oxygen atoms of the benzylic hydroxyl
groups are shown as orange spheres.
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Table 1

Intermolecular NOEs in the 10S (-)-trans-anti-[BP]G adduct in the meC-[BP]G-C sequence context in the 11-

mer duplex

10R (K)-trans-anti-[BP]G

Intermolecular NOEs

H1 (7.63 ppm)

H2 (7.63 ppm)
H3 (7.40 ppm)
H4 (6.79 ppm)
H5 (6.74 ppm)
H6 (7.32 ppm)
H7 (5.14 ppm)
H8 (4.36 ppm)
H9 (4.48 ppm)
H10 (6.48 ppm)
H11 (7.96 ppm)
H12 (7.48 ppm)

NH (11.23 ppm)

MeC5(H6)[m], MeC5(H1’)[w], MeC5(H2’)[m], MeC5(H2”)[w], MeC5(CH3)[m], G6(H2)[w], C7(H5)[m],
C7(H8)[w], G16(H1)[m]

MeC5(NH,)[m], MeC5(H6)[m], MeC5(CH3)[m], C7(NH,)[m], G16(H1)[m]
MeC5(NH,)[m], MeC5(CHg)[w], G16(H1)[m], G18(H1)[w]

G16(H1)[m], G18(H1)[W]

G16(H1)[w], G18(H1)[w]

T8(H4")[m], G16(H1)[w], G18(H1)[m], G18(H1")[m]

C7(H1)[m], T8(H4")[m]

A19(H4’ ")[m]

G6(H1)[m], GB(H1/)[w]

G18(H1)[w], GE(H1)[m], G6(H2), C7(H1)[m], C7(H4)[m]
MeC5(H1/)[m], MeC5(H1”)[m], G6(H1)[m], C7(H5)[w], C7(H1")[m]

MeC5(H1/)[m], MeC5(H2/)[m], MeC5(H2"")[m], MeC5(H6)[m], MeC5(CH3)[w], G6(H2")[m], G6(H2)[m],
C7(HB)[m], C7(H5)[m], C7(H1)[w]

MeC5(H1")[m]

The chemical shifts of the adduct were recorded at 0 °C in H20 and 2H20 buffered solutions.
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NMR refinement statistics for the 10S (-)-trans-anti-[BP]G adduct in the meC-[BP]G-C sequence context of

the 11-mer duplex

A. NMR distance restraints
Total number of DNA distance restraints
Exchangeable distance restraints
Non-exchangeable distance restraints
Hydrogen bond restraints
Total number of carcinogen intramolecular distance restraints
Total number of carcinogen intermolecular distance restraints
Exchangeable distance restraints
Non-exchangeable distance restraints
B. Structural statistics of the adduct
NOE violations
Number 00.2 A
Maximum violations (&)
r.m.s.d. of violations
Deviation from the ideal covalent geometry
Bond lengths (A)
Bond angles (deg.)
Impropers (deg.)
C. Pair-wise r.m.s.d. (&) (nine intensity-refined structures)
Full 11-mer adduct duplex

Central 5-mer adduct duplex

562
84
438

43G1.1
0.26G0.14
0.031G0.002

0.012G0.001
2.85G0.03
0.37G0.04

1.37G0.40
0.83G0.26
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