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Abstract

Among the polycyclic aromatic hydrocarbon class of chemical carcinogens, dibenzol[a,l]pyrene
(DBJa,1]P) is the most potent tumorigen that has been identified to date. Structurally, it is bulky
with six aromatic rings and it contains the non-planar fjord-region. The conformational properties
of DBJ[a,l]P-derived DNA adducts responsible for its extraordinary carcinogenicity are hence of
great interest. We have carried out molecular modeling and MD simulations for the 14R (+)- and
14S (-)-trans-anti-DB[a,1]P-N8-dA adducts derived from the reactions of the DB[a,[]P diol
epoxides with adenine in double-stranded DNA. The structures are based on the classically
intercalated NMR solution structures of the analogous fjord-region benzo[c]phenanthrene B[c]Ph-
derived -N8-dA adducts. One objective was to gain insight on the impact of the more bulky
DBJ[a,l]P ring system on the structural characteristics of the intercalative adduct conformations. A
further objective was to elucidate the effect of the flexible twist associated with the sterically
hindered aromatic ring in the fjord-region on the intercalated conformations, for comparison with
the intercalated but planar, bay-region benzo[a]pyrene B[a]P-derived -N-dA adducts. For the
DB[a,I]P-N6-dA adducts, our results show that the 14R (+)-adduct is more favorably intercalated
on the 5'-side of the modified adenine than the sterecisomeric 14S (-)-adduct, intercalated on its
3'-side. The 14R (+)-adduct manifests better van der Waals stacking interactions with flanking
base pairs, less perturbed Watson-Crick hydrogen bonding, less local groove enlargement, less
unwinding, and a lower solvent exposure than the 14S (-)-adduct. These structural findings are
consistent with observed thermodynamic melting data, UV absorption properties, and fluorescence
quenching studies. By contrast, the NMR solution structures for the analogous but less bulky
B[c]Ph-derived adducts reveal no such stereoisomeric effect, while the planar bay-region B[a]P-
derived-N6-dA adducts do. Differences in nucleotide excision repair susceptibilities of the fjord
and bay region adducts stem from distinctions in their intercalative conformations, produced by
the intrinsic topological variations in their polycyclic aromatic ring systems.
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Introduction

The successful repair of adducts derived from reactions of diol epoxide metabolites of B[a]P
and structurally related polycyclic aromatic hydrocarbons (PAH) with DNA in cellular
environments (1-4) is an important factor that contributes to the genotoxic characteristics of
these DNA lesions. The structural features of such PAH-DNA adducts and their impact on
the efficiencies of recognition and excision repair (NER) by the mammalian nucleotide
excision apparatus are of great interest for assessing the carcinogenic activities of
stereoisomeric PAH diol epoxide (DE) -DNA adducts (5,6). A remarkable example is the
difference in NER efficiencies in human cell extracts of N6-dA adducts derived from B[a]P
and the structurally similar dibenzo[a,l]pyrene (DBJa,l]P) that differ from one another by a
single aromatic ring (Figure 1a). The B[a]P-N®-dA adducts are good substrates of NER,
while the stereochemically identical DB[a,l]P-N6-dA (Figure 1b) adducts have been reported
to be resistant to NER (7). In this work, we examine the structural features of the DBJa,l]P-
N6-dA adducts in double-stranded DNA that are likely to contribute to their unusual
resistance to NER.

DBJ[a,l]P is an environmental contaminant that is present in cigarette smoke, smoky coal
particulates and soil or sediment samples (8), and is the most potent PAH tumorigen yet
identified (8-10). Remarkably, it is about 100-times more carcinogenic than the much more
widely studied planar bay region B[a]P (Figure 1a) (8). As a member of the fjord region
PAHSs, DB[a,I]P is non-planar, which avoids a steric clash between the hydrogen atoms at
Cland C14 in DBJa,l]P, and the analogous protons of B[c]Ph across the sterically crowded
fjord region (Figure 1a). The metabolic activation of DBJ[a,l]P via the diol epoxide pathway
yields predominantly the (-)-anti-DB[a,I]P enantiomer (11,12), with lesser amounts of the
(+)-syn metabolite (11,12), and minor amounts of the (+)-anti and (-)-syn metabolites (13).
The diol epoxides derived from DB[a,I]P are highly tumorigenic (11,14,15), and cause
mutations targeted to adenine and guanine (8,16). These diol epoxides react with the
exocyclic amino groups of adenine and guanine to form covalent DNA adducts. The
proportions of adenine and guanine adducts depend on the diol epoxide absolute
configurations and other variables (1,8,17-21); however there is a frequent predominance of
adenine adducts. In addition, DB[a,l]PDE-derived adducts have been observed in lung
tissues of rodents (17,22). It is likely that these very bulky adducts block replicative
polymerases and would be transited by error-prone bypass polymerases of the Y-family
(23). Work from the Guengerich laboratory has shown with primer extension studies
utilizing lesions of increasing size that adducts larger than ethyl groups are primarily
blocking (24). However, primer extension studies with DNA polymerases and
oligonucleotides that have been site-specifically modified with the DBJ[a,I]P adducts do not
appear to have been performed yet. The 14R (+)- and 14S (-)-trans-anti-DBJ[a,I]P-N6-dA
adducts (Figure 1b) are of special significance because, along with the stereochemically
identical fjord adenine adducts derived from benzo[c]phenanthrene (B[c]Ph) (Figure 1a) and
benzo[g]chrysene (B[g]C), these adducts are essentially resistant to nucleotide excision
repair (NER) in human HeLa cell extracts (7,25). Structural characterizations of N6-dA
adducts derived from the bay region B[a]P (Figure 1a and Figure Sla, Supporting
Information) (26-32), and the fjord region B[c]Ph (Figure 1a and Figure S1b, Supporting
Information) (33-35) and B[g]C (36) by NMR methods and computational approaches show
that the S stereoisomers are intercalated on the 3’-side, while the R stereoisomers are
intercalated on the 5’-side of the modified adenine. All base pairs, including the somewhat
distorted modified A:T pair, are of the Watson-Crick type. It is particularly noteworthy that,
in the case of the fjord region adducts, the non-planar aromatic ring system is somewhat
flexible and therefore can optimize stacking interactions with adjacent base pairs; therefore,
the twist of the non-planar distal ring is twisted in opposite directions in the R and S
stereoisomeric N6-dA adducts (33,34).
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From a topological perspective, the DB[a,I]P-N6-dA adducts are especially interesting
because they are resistant to NER (7), although they are bulky with six aromatic rings.
Furthermore, the NER-resistant stereoisomeric DB[a,l]P-N6-dA adducts have identical
absolute configurations (Figure 1a) to those of the analogous B[a]P-N6-dA adducts that are
good substrates of NER. While structural information is available for the B[a]P-N6-dA
adducts (26-32), this is not the case for the 14R (+)- and 14S (-)-trans-anti-DB[a,|]P-N6-dA
adducts. Here, we have used molecular modeling and molecular dynamics (MD) simulations
to explore their structural properties. The fjord region 1R (+)- and 1S (-)-trans-anti-B[c]Ph-
N6-dA adducts (33,34,37,38) and the benzo[g]chrysene diol epoxide-derived N6-dA adducts
(36), as well as the bay region 10R (+)- and 10S (-)-trans-anti-B[a]P-N6-dA adducts are
known to adopt classical intercalation conformations in which the aromatic ring systems are
inserted between neighboring base pairs without base displacement (26-32,38,39). Our
objectives were to investigate how the additional aromatic ring in DB[a,I]P-N6-dA adducts
impacts the intercalative conformation as compared to the stereochemically similar B[c]Ph-
and B[a]P-N6-dA adducts. While the polycyclic aromatic ring systems are intercalated in all
three cases, we show that there are distinctions within the classical intercalation family that
provide insights into the structural features that account for the successful repair of the
B[a]P-N6-dA adducts by the human NER system (29), while the fjord region adducts resist
repair (7,25).

As detailed in the Methods section, we have employed molecular modeling and MD
simulations to analyze classically intercalated conformations of the 14R (+)- and 14S (-)-
trans-anti-DB[a,]P-N®-dA adducts in double-stranded DNA (Figure 1c). However, as
detailed below, the unique topology of the DB[a,l]P aromatic ring system is characterized by
striking differences in the structural characteristics of sterecisomeric 14R and 14S adducts;
moreover, these are different from those observed in the case of the stereochemically similar
B[c]Ph-N6-dA and B[a]P-N®-dA adducts (Figure 1a).

Opposite directionality

The classical intercalation conformations adopted by the 14R (+)- and 14S (-)-trans-anti-
DB[a,I]P-N6-dA adducts share the overall features of this conformational family: 5’-side
intercalation for the 14R (+)- and 3’-side intercalation for the 14S (-)-adducts with perturbed
Watson-Crick pairing maintained; intercalation, from the major groove side, is achieved
through stretching and unwinding of the double helix (Figure 2a and Movies S1 and S2,
Supporting Information). Figure S1c, Supporting Information, shows the full modified
duplex 11mers as well as the unmodified control duplex 11mer, which highlight the
stretching and unwinding induced by the lesion. A manifestation of the opposite orientations
of the two stereoisomers is the inversion of the torsion angles (similar absolute values with
opposite signs) that characterize the structures and orientations of the DBJ[a,l]P moiety
(Table S1, Supporting Information). The cyclohexene-type benzylic ring is half-chair in
each stereoisomer, but they are near mirror images as reflected in their inverted torsion
angles y’, C14-C13-C12-C11 (Figure 1 and Supporting Information, Figure S2 and Table
S1), and seen in Figure 2b. Of particular interest is the fjord region twist &', C15-C19-C24-
C1 (Figures 1 and 2c); it is inverted in the two stereoisomers (Figure 2c, Table S1 and
Figure S2, Supporting Information), reflecting the flexible adaptability of the DB[a,I]P ring
system to allow optimal stacking for each stereoisomer with an adjacent base pair. Also of
note are the inverted values of the DBJ[a,l]JP-DNA linkage torsion angles, o’ and ' (Table S1
and Figure S3, Supporting Information), which are in the ideal domains computed on the
nucleoside level for R and S trans-anti-N6-dA adducts derived from B[a]P and B[c]Ph (40,
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41). Additionally, the helicoidal parameters Buckle and Propeller at the damaged base pair
are inverted (Figure 3 and Table S1, Supporting Information).

Helicoidal parameters

The stretching and unwinding induced by intercalation (42,43) differs in the R and S
stereoisomers. Helix stretching and unwinding are revealed on the molecular level by the
helicoidal parameters Rise and Twist (Table S1, Supporting Information). We note that the
Rise is greater and the untwisting is lower for the R than the S sterecisomer in their
respective intercalation pockets. The ensemble average values of Rise are 7.6 + 0.4 A and
7.1+ 0.4 A (Figure 3 and Supporting Information Figure S4 and Table S1) for the 14R (+)-
and 14S (-)-adducts respectively. For the unmodified duplex at the analogous steps, the
values are those of normal B-DNA: 3.3 + 0.5 A and 3.4 + 0.4 A (44) (Figure 3 and Table S1,
Supporting Information), respectively. For Twist, the ensemble average values are 17.1 +
8.5° and 6.6 + 10.7°, respectively, for the 14R (+)- and 14S (-)-stereoisomers. Average
Twist is 36.0° for ideal B-DNA, whose structure is sequence-independent (44), and the
value is 32.0 + 5.4° for the analogous step in the unmodified duplex (Figure 3 and Table S1,
Supporting Information). The helicoidal parameters Roll and Tilt are also more distorted in
the 14S (-)- than the 14R (+)- stereoisomers, as shown in Figure S4 and Table S2,
Supporting Information.

These differences between the R and S stereoisomer structures result from different steric
effects due to the benzylic ring hydroxyl groups in 5’-side (R) vs. 3’-side (S) intercalation
relative to the modified adenine (Figure 4 and Supporting Information, Movies S3 and S4).
The key group is the axial carbon 12-OH (Figure 1). For the R sterecisomer, this group is
positioned 5’-to the damaged A6* (Figure 2), within van der Waals contact of C5 and
oriented along the helix axis. To avoid collision between C5 and the bulky, axial carbon 12-
OH group, the DNA backbone has to stretch more than in the S case. For the S stereoisomer,
however, the aromatic rings are on the 3’-side of A6*, and the adjacent C7:G16 base pair is
rotated by two base pair steps (~72°, ~ 36° x 2) relative to the C5:G18 base pair.
Additionally, the benzylic ring half-chair configuration is a near-mirror image of the R-
stereoisomer and the axial carbon 12-OH is now oriented towards C7 in the base pair plane
(Figure 2). Consequently, collision between the carbon 12-OH and C7 is avoided mainly by
the large helix unwinding (Figure 5 and Table S2), without requiring as much stretch as in
the R stereoisomer (Tables S1 and S2, Supporting Information, and Figure 4).

Groove widths

Interestingly, both major and minor grooves are enlarged relative to the unmodified control
in both stereoisomers, as shown in Figure 5 and Supporting Information, Figure S5 and
Table S3. Enlargement of the major groove results from the intercalation of both
stereoisomers from the major groove side of the duplex where the adenine amino group
resides. Minor groove enlargement results from protrusion of the bulky DB[a,I]P ring
system into the duplex toward the minor groove. For each groove, there is greater
enlargement for the S than for the R stereoisomer adduct, which correlates with its greater
untwisting (45).

Stacking and solvent accessible surface area

The 14S (-)-adduct has less van der Waals stacking interactions and greater solvent
accessible surface area (SASA) than the 14R (+)-stereoisomer. A view looking down the
helix axis of the central two base pair d(C5-A6*)«d(T17-G18) segment in the best
representative structure of the 14R (+)-trans-anti-DB[a,|]P-N-dA 11-mer duplex (Figure
6a) reveals the overlap geometry between the DB[a,l]P ring system and the C5:G18 bhase
pair. A similar view for the 14S (-)-trans-anti-DB[a,|]P-N¢-dA adduct at the analogous step
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d(A6*-C7)+d(G16-T17) is also shown (Figure 6a). We note that in the 14R (+)-stereoisomer,
there are substantial stacking interactions between the DBJ[a,l]P aromatic rings and the C5
base, flanking the damaged A6* in the intercalation pocket on the 5’-side of the lesion.
However, in the 14S (-)-case, the interactions between the DB[a,l]P aromatic rings and the
flanking base C7 on the 3’-side are less pronounced (Figure 6a, and Figures S6 and S7,
Supporting Information); this conclusion is supported by the differences in van der Waals
interaction energies: the ensemble averages are -5.5 + 1.1 kcal-molt and 2.2 £ 0.7
kcal-mol-L, respectively. This difference is the dominant factor that contributes to the
differences between the ensemble average total van der Waals interaction energies of the
DBJ[a,l]P aromatic rings with the base pairs in the intercalation pocket, —28.1 £+ 1.7 kcal/mol
for the 14R (+)-adduct, and —25.0 + 2.0 kcal/mol for the 14S (-)-adduct (Figure 6b, and
Supporting Information Tables S1 and S4). The smaller stacking interactions in the S case
are correlated with a greater extent of unwinding (Figure S8, Supporting Information) with a
correlation coefficient of 0.72. Furthermore, stacking interaction energies between the
DB[a,l]P aromatic rings and the damaged base pair A6:T17 (Figure 6a and Figure S6,
Supporting Information) are essentially identical in the 14R (+) and 14S (-) stereoisomers,
with ensemble average values of —12.1 (1.3) and —11.8 (1.3) kcal/mol, respectively (Table
S4, Supporting Information). Therefore, the difference in SASA, discussed below, is not
impacted.

Greater interaction of the aromatic rings with the flanking base pairs leads to more shielding
from solvent in the better-stacked structures. We observe that the aromatic ring system is
less solvent-exposed in the 14R (+)-adduct than in the 14S (-)-adduct: the ensemble average
SASA is 98.7 + 5.6 AZ for the 14R (+)-adduct, and 108.3 + 6.5 A2 for the 14S (-)-adduct.
Figure 7a shows the population distributions of the SASA for the two stereoisomeric
adducts. We note that the population distribution for the 14S (-)-stereoisomer is shifted
towards greater solvent exposure. A manifestation of this shifted population distribution is
highlighted by the observation that 40% of the 14S (-)-adduct population has a SASA of 110
AZ or greater, while only 3% of the 14R (+)-adduct population has at least a 110 A2 SASA
(Figure 7a). However, both S and R sterecisomers contain small populations of structures
with the aromatic rings largely protruding into the major groove, with little stacking and
large SASA. Figure S7, Supporting Information, shows structures from the ensembles that
have maximal and minimal stacking.

Hydrogen bonding

Table S5, Supporting Information, shows hydrogen bond occupancies of all base pairs, in
both sterecisomers and the unmodified duplex. We note that all hydrogen bonds are
essentially maintained in both adducted duplexes and the unmodified control, although the
C7:G16 base pair in the 14S (-)-adduct is perturbed (Table S5, Supporting Information).
Despite the perturbations in Buckle and Propeller (Figure 3 and Table S1, Supporting
Information), these distortions do not cause rupturing of the Watson-Crick base pairing.

Discussion

Classical intercalation conformations share common features but differ as ring system
topologies vary

The classical intercalation conformation is characteristic of PAH-derived N6-dA adducts.
This conformational family shares common features. The aromatic ring system is shielded
from the solvent upon intercalation of the hydrophobic aromatic ring system between
adjacent base pairs from the spacious major groove side of the DNA duplex; the aromatic
rings thus achieve favorable stacking interactions with adjacent base pairs in the
intercalation pocket. The double helix stretches and unwinds to accommodate the inserted
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aromatic ring system without breaking the Watson-Crick pairs at the lesion site. However,
adduct stereochemistry and aromatic ring system topology influence other structural
characteristics. Stereochemistry at the lesion site has a profound effect on the nature of the
intercalation by the adducted aromatic ring system. In all cases, the R stereoisomer adduct is
intercalated on the 5’-side and the S stereoisomers on the 3’-side of the damaged base. The
fundamental origin of this opposite-orientation phenomenon has been elucidated for the
classical intercalation and other conformational families (40,41,46,47): steric hinderance
between the benzylic ring of the adduct with the covalently-linked base impedes adoption of
the stereochemically disfavored conformation. However, it has been previously noted for the
case of the B[a]P-N6-dA adducts that there is conformational heterogeneity only in the S
stereoisomer (31). This has been attributed to steric crowding between the benzylic ring and
the adjacent 5’-side base in this 3’-intercalated adduct; this produces a syn-anti equilibrium,
in which the glycosidic bond conformation can oscillate between syn and anti regions to
relieve the crowding (27,29,39). Sequence context determines how rapidly the two
conformational domains interchange, that is, the barrier height between syn and anti (29,39).
The R stereoisomer of the B[a]P-N6-dA adduct is intercalated on the 5’-side of the modified
adenine residue, and does not exhibit any steric crowding between the hydroxyl groups and
the base (C7) on its 3’-side since the right-handed twist of the DNA helix has now rotated
C7 by ~72 degrees relative to C5.

We found a similar conformational heterogeneity only in the 3’-intercalated S stereoisomer
for the DB[a,I]P-N6-dA adduct. In this case, benzylic ring-imposed crowding produces a
less-well intercalated structure, as evidenced by a number of structural differences from the
5’-intercalated R sterecisomer. The DB[a,I]P rings are less well stacked within the
intercalation pocket (Figure 6). This is also manifested in the greater solvent exposure of this
adduct (Figure 7). Hydrogen bonding is also more perturbed (Table S5, Supporting
Information). Additionally, the adduct causes a much greater untwisting, combined with
greater disturbances in other helicoidal parameters, namely Roll and Tilt (Table S1,
Supporting Information). Thus, to avoid steric crowding, the price paid by the lesion-
containing duplex involves unwinding, diminished stacking and greater solvent exposure.

Our simulated results indicating intercalative conformations for both 14S (-)- and 14R (+)-
stereoisomers, with greater solvent exposure, distortion, and conformational heterogeneity
for the 14S (-)- adduct, are supported by and explain several experimental findings (48). The
UV absorption spectrum of intercalated B[a]P-DNA adducts is characterized by a red-
shifted absorption spectrum (49,50). Both DBJ[a,l]P-N6-dA adducts exhibit red-shifted UV
absorbance maxima that are indicative of intercalative conformations for both
stereoisomeric adducts ((48) and A. Schwaid et al., manuscript in preparation). ). However,
thermal melting (Tm) data demonstrate a notable difference in the thermodynamic stabilities
of duplexes of the 14S (-)- and 14R (+)-trans-anti-DBJ[a,l]P-N6-dA adducts. In a particular
11-mer oligonucleotide duplex, it was found that the 14R stereoisomer stabilizes the DNA
duplex by + 8 °C, while the S stereoisomer destabilizes the duplex by — 6 °C (The Tm value
of the unmodified duplex was 43.8 £ 0.5 °C) (51). In addition, fluorescence quenching
studies show a solvent exposed component of the conformational population only for the S
stereoisomer, consistent with our finding of a much greater solvent-exposed population for
this 14S stereoisomeric adduct (48).

Comparisons of the intercalative conformations of PAH N6-dA adducts reveal that the
structural impact of steric crowding in the case of the S stereoisomers is dependent on PAH
ring system topology. For the bay-region 10S (+)-trans-anti-B[a]P-N6-dA adduct, a syn-anti
equilibrium in the glycosidic bond conformation relieves the crowding imposed by steric
hindrance between the benzylic ring hydroxyl groups and the DNA backbone (27,29).
However, the DB[a,l]P S adduct does not require a syn-anti equilibrium, because the flexible
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twist of the distal fjord region aromatic ring permits relief of crowding without rotation to
the syn domain. For the small, well-intercalated fjord region 1R (+)- and 1S (-)-trans-anti-
B[c]Ph-NB-dA adducts, the benzylic ring hydroxyl groups can be easily accommodated and
no conformational heterogeneity is observed in the NMR solution structures in either case
(33,34). Figure S1b, Supporting Information, presents these NMR solution structures in
11mer duplexes.

Variable NER susceptibilities result from differences in intercalative conformations that
are governed by topology of the aromatic ring system

Methods

Our findings point to some intriguing considerations regarding the initial recognition of the
XPC/hHR23B NER factor; according to the crystal structure of the Rad4/Rad23 yeast
homolog bound to a DNA complex bearing a single UV light-induced cyclobutane
pyrimidine lesion (52), a B-hairpin is inserted between the two strands at the lesion site, and
the two opposite bases flip out of the duplex and bind to Rad4/Rad23. NER experiments
with HeLa cell extracts indicate that the 14R (+) and 14S (-)-trans-anti-DB[a,|]P-N6-dA
adducts, as well as their B[c]Ph-derived analogues (7,25,53) are resistant to NER in HeLa
cell extracts; however, the B[a]P-derived adducts are susceptible to NER, and the 10S (+)-
trans-stereoisomeric adduct is better repaired than the 10R (-)-trans-anti-B[a]P-N6-dA
adduct with base sequence context playing an important role in their relative incision
efficiencies (39,53). Representative data are reviewed in (39,53). Thermal melting data
suggest only modest destabilization or stabilization compared to the unmodified duplexes in
the case of the DB[a,|]P- (48,51) and B[c]Ph-derived-N6-dA adducts (51,54); however, the
analogous B[a]P-derived N8-dA adducts are destabilizing by ~13 °C for the 10R
stereoisomers and by ~20 °C for the 10S cases (39,53). Our structural studies suggest that
the stacking interactions within the intercalation pocket in both the 14R and 14S DBJa,l]P
adducts studied here, as well as in the R and S stereoisomeric B[c]Ph adenine adducts
(33,34) do not allow sufficient local thermodynamic destabilization to permit hairpin
insertion and base flipping that facilitate the NER recognition process; however, the rigid
and planar 10R (-)- and 10S (+)-trans-anti-B[a]P-N6-dA adenine adducts, lacking the
flexible twist of the fjord region aromatic ring, are not accommaodated as well within the
intercalation pocket (29-32,39,55), are more destabilizing and hence better facilitate the
partner base flipping and B-hairpin insertion needed for lesion recognition; in the case of the
10S (+)-trans-anti-B[a]P-N8-dA adduct, the significant steric hinderance between the
benzylic ring and the DNA backbone produces a syn-anti glycosidic torsion bond
equilibrium (29,31), which makes it even more NER susceptible than the 10R stereoisomeric
adduct (29,39). We conclude that significant differences in intercalative conformations can
result from a combination of topological and stereochemical effects in different PAH-
derived N6-dA adducts. In turn, the conformational distinctions can yield striking NER
susceptibility differences that may play an important role in varying carcinogenic potencies.
We hypothesize that steric occlusion to -hairpin insertion per se does not preclude lesion
recognition, which is facilitated by thermodynamic destabilization and may occur via
induced fit and partner base-flipping in a cooperative manner (52).

Starting structures and force field

The initial models for the 14R (+)- and 14S (-)-trans-anti-DB[a,I]P-N6-dA adducts were
built from the high resolution NMR solution structures of the fjord region B[c]Ph analogs
(Figure 1a) with the same stereochemistry at the linkage site, namely, 1R (+)-trans-anti-
B[c]Ph-N6B-dA (33) and 1S (-)-trans-anti-B[c]Ph-N6-dA (34), respectively. Figure S1b,
Supporting Information, presents these NMR solution structures in 11mer duplexes.
Molecular modeling was employed to add two rings to the B[c]Ph to create the DBJ[a,l]P
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initial model (Figure 1a). These models on the nucleotide level were subjected to geometry
optimization utilizing the Gaussian 03 package from Gaussian, Inc (56). The optimized
DB[a,l]P lesions were cut from the optimized nucleotide structures and modeled into the
duplexes, with the lesion-DNA linkage site torsion angles o', B’ and y (Figure 1a) assuming
the same values as in the initial B[c]Ph adduct NMR structures (R: o = 154.0°, B’ = 103.6°,
y=-128.4° S: o' = 130.6°, B’ = 110.7°, x = —66.0°). The damaged adenine base and sugar
remained the same as the initial B[c]Ph adduct NMR structures. Base sequences were
modified to reflect those shown in Figure 1c.

MD simulations were carried out using SANDER in the AMBER 9 simulation package (57).
The Cornell et al. force field (58) and the parm99.dat parameter set (59) modified by
parmbscO (60) were employed for all simulations. Partial charges for the 14R (+)- and the
14S (-)-trans-anti-DBJ[a,|]P-N8-dA adducts were calculated on the nucleotide level with o,
B" and y ( values the same as in the initial models, using Hartree Fock quantum mechanical
calculations with 6-31G* basis set without geometry optimization, employing the Gaussian
03 package from Gaussian, Inc (56). The charges were then fitted to each atomic center with
the RESP algorithm (61,62). The fitted charges, together with missing bond angle
parameters that were added to the force field are shown in Table S6, Supporting
Information.

MD computation protocols

Details of the MD protocols are given in Supplementary Materials. The stability of the MD
simulation was evaluated for each model. For each sequence context, the root-mean-square
deviation (RMSD) of each snapshot in the trajectory relative to its respective starting
structure was plotted as a function of time and is shown in Figure S9, Supporting
Information. The ensemble averages and standard deviations for the RMSDs are shown. In
this calculation, two base pairs at each end were excluded. For all cases, MD achieved good
stability, fluctuating around the mean after 3.0 ns, and we employed the structural ensembles
from the 3.0 ns to 30.0 ns time frame for further analyses.

Structural analyses

The PTRAJ module of the AMBER 9 package (57) was employed for structural analyses.
The CARNAL module of the AMBER 7 package (63) was utilized to compute hydrogen
bond occupancies. Frames were selected at 5 ps intervals from the last 27.0 ns of simulation.
DNA duplex helicoidal parameters and groove dimensions were analyzed using MD
Toolchest (64,65); for the groove dimensions, 5.8 A was subtracted from the pairwise
phosphorous-phosphorous distances to account for the van der Waals radius of the P atoms
(66). The first and last base pairs were excluded in this analysis due to possible end effects.
Stacking interactions were estimated by computing the van der Waals interaction energies
between the DB[a,l]P aromatic rings and all adjacent base pairs, and pairwise between all
adjacent base pairs of the duplex excluding two base pairs at each end, utilizing the ANAL
module of the AMBER 9 package (57). The SASA for the DBJ[a,l]P aromatic rings was
calculated with the Connolly algorithm (67) with the INSIGHTII 2005 program (Accelrys
Software, Inc.), adopting default parameters: probe radius of 1.4 A and atom radius scale of
1.0 A. Visualization and model building were performed in the INSIGHTII 2005 program
(Accelrys Software, Inc.). PyMOL (Delano Scientific, LLC.) (68) was employed to make
molecular images and movies. Computations were carried out on our own cluster of Silicon
Graphic Origin and Altix high-performance computers.

Supplementary Material

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

PAHSs polycyclic aromatic hydrocarbons

DB[a,l]P dibenzo[a,l]pyrene

B[c]Ph benzo[c]phenanthrene

Bla]P benzo[a]pyrene

B[g]C benzo[g]chrysene

DE diol epoxide

anti-DB[a,|]PDE r11,t12-dihydrodiol-t13,14-epoxide-11,12,13,14-

tetrahydrodibenzo[a,l]pyrene

MD molecular dynamics

NER nucleotide excision repair

RMSD root mean square deviation
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Figure 1.

(@) Chemical structures of B[c]Ph, B[a]P and DB[a,l]P with designation of bay region for
B[a]P, and fjord regions for B[c]Ph and DB[a,I]P. (b) Chemical structures of the 14R (+)-
and 14S (-)-trans-anti-DB[a,|]P-N8-dA adducts. The lesion-DNA linkage site torsion angles
a’ and B', glycosidic torsion angle, y, fjord region twist torsion angle &' and benzylic ring
pucker torsion angle y’ are defined as follows: o', N1-C6-NC14(DBJ[a,l]P); p’, C6-N-
C14(DB[a,l]P)-C13(DB]Ja,I]P); y, O4'-C1'-N9-C4; &', C15-C19-C24-C1; y', C14-C13-C12-
C11. (c) The base sequence context in which the lesion is embedded. A6* designates the
lesion modified adenine.
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Figure 2.
(a) Views into the minor groove of the 14R (+)- and 14S (-)-trans-anti-DB[a,I]JP-N6-dA

adduct structures. These are the best representative structures for the 3.0 — 30.0 ns range of
the MD simulations (See Methods). The central 3-mers are shown. (b) View into the minor
groove side of the DBJ[a,l]P-modified adenine (c) View into the major groove side of the
DBJa,l]P-modified adenine. The near mirror image nature of the stereoisomer pair is
displayed; panel (b) emphasizes the fjord region twist and (c) emphasizes the benzylic ring
pucker. For the DBJ[a,I]P moiety, the carbons are yellow and oxygen atoms are orange, the
damaged bases are cyan. The DNA duplexes are white, except for the phosphorus atoms,
which are red. Hydrogen atoms and pendant phosphate oxygen atoms are not shown for
clarity. See also Movies S1 and S2, Supporting Information.
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Figure 3.

Population distributions of helicoidal parameters at the lesion site. Ensemble averages and
standard deviations (in parentheses) are given. The Rise at the intercalation pocket is Step 5
for the R adduct and its unmodified control (solid line), and is Step 6 for the S adduct and its
corresponding unmodified control step (dashed line). Helicoidal parameter definitions are
shown on the right side: the cartoons are reprinted with permission from Lu et al, Nucleic
Acids Res. 31 (17): 5108-5121, Figure 1, Copyright © 2003, Oxford University Press (69).
The step numbering scheme is given at the bottom of the figure.
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Figure 4.

Steric crowding governs the structural distortions in the lesion-containing duplexes. For the
14R (+)-adduct, steric crowding between the hydroxyl group O12 and 5’-flanking base C5
(atom C6) produces the enlarged Rise. For the 14S (-)-adduct, the crowding between the
hydroxyl 012, pointing toward the 3’-side of the lesion, and the 3’-flanking base C7 (atom
N4) causes the untwisting. The hydroxyl 012, C6 atom of the C5 base in the 14R (+)-
adduct, and the N4 atom of the C7 base in the 14S (-)-adduct are shown in semi-transparent
CPK. See also Movies S3 and S4, Supporting Information.
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Figure 5.

Ensemble average groove widths with standard deviations for the 14R (+)- and 14S (-)-
trans-anti-DB[a,|]P-N°-dA adducts and the unmodified duplex. Groove widths are the
smallest phosphorus-phosphorus separations between the two strands across the minor and
major groove. These widths are conventionally measured as the phosphorus atom center-to-
center distances minus 5.8 A to account for the van der Waals radii of the two phosphate
groups (44,66).
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Figure 6.
(@) Views looking down the helix axis of the intercalation pockets. Note the substantial

overlap between C5 and the DBJ[a,l]P rings in the 14R (+)-isomer, while the analogous C7 in
the 14S (-)-isomer is poorly stacked. The structures shown are the best representative
structures from the 3.0 — 30.0 ns MD simulations. Color schemes are the same as Figure 2.
(b), population distribution of total van der Waals interaction energy between the DB[a,l]P
aromatic rings and the intercalation pocket. Ensemble average values and standard deviation
(in parentheses) (kcal/mol) are given.
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Figure 7.

(a) Population distributions of the solvent accessible surface areas for the DB[a,|]P aromatic
rings in the 14R (+)- and 14S (-)-trans-anti-DBJ[a,I]JP-N6-dA adducts. Ensemble average
values and standard deviations (in parentheses) are given. The vertical magenta line shows
that 40 percent of the population has a SASA greater than 110 A2 for the 14S (—)-adduct,
whereas only 3 percent of the population has a SASA greater than this value for the 14R (+)-
adduct. (b) Scatter plots showing the correlation between total van der Waals interaction
energies in the intercalation pocket and SASA. Correlation coefficients are shown.
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