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ABSTRACT: The nucleotide excision repair (NER) machinery, the
primary defense against cancer-causing bulky DNA lesions, is
surprisingly inefficient in recognizing certain mutagenic DNA adducts
and other forms of DNA damage. However, the biochemical basis of
resistance to repair remains poorly understood. To address this
problem, we have investigated a series of intercalated DNA−adenine
lesions derived from carcinogenic polycyclic aromatic hydrocarbon
(PAH) diol epoxide metabolites that differ in their response to the
mammalian NER apparatus. These stereoisomeric PAH-derived
adenine lesions represent ideal model systems for elucidating the
effects of structural, dynamic, and thermodynamic properties that
determine the recognition of these bulky DNA lesions by NER factors.
The objective of this work was to gain a systematic understanding of the
relation between aromatic ring topology and adduct stereochemistry
with existing experimental NER efficiencies and known thermodynamic
stabilities of the damaged DNA duplexes. For this purpose, we
performed 100 ns molecular dynamics studies of the lesions embedded
in identical double-stranded 11-mer sequences. Our studies show that, depending on topology and stereochemistry, stabilizing
PAH−DNA base van der Waals stacking interactions can compensate for destabilizing distortions caused by these lesions that
can, in turn, cause resistance to NER. The results suggest that the balance between helix stabilizing and destabilizing interactions
between the adduct and nearby DNA residues can account for the variability of NER efficiencies observed in this class of PAH−
DNA lesions.

Nucleotide excision repair (NER) is a key mammalian
defense mechanism against pro-mutagenic bulky poly-

cyclic aromatic DNA lesions. In the global genomic repair
pathway of NER, the heterodimeric XPC-RAD23B protein
factor recognizes the local distortion/destabilization of the
DNA caused by the lesion and binds to the damaged site,
causing local strand separation.1−3 Other factors that further
enhance the separation of the two strands and ultimately lead
to the excision of oligonucleotides 24−32 nucleotides in length
that contain the lesion are subsequently recruited to this
site.1−11 A crystal structure of the yeast Saccharomyces cerevisiae
NER recognition factor Rad4/Rad23 (a homologue to the
human XPC-RAD23B NER factor) bound to a cyclobutane
pyrimidine dimer revealed novel insights into the NER
recognition mechanism.12 While the exact position of the
lesion could not be ascertained, a β-hairpin was found to be
inserted between the two strands at the lesion site, and the two
bases opposite the lesion were flipped out of the duplex and
bound to Rad4/Rad23.12 This structure suggests that the local
thermodynamic stability at the lesion site plays an important
role in determining the ease or difficulty of DNA strand
separation and concerted base flipping, which may facilitate or

hinder β-hairpin insertion.12−14 However, the relative incision
efficiencies for structurally different adducts vary over several
orders of magnitude,4,15 and the molecular origins of these
differences are not well understood. It has been shown
experimentally that factors that impact the relative excision
efficiencies include the chemical structures of the lesions and
base sequence contexts in eukaryotic16−20 and prokaryotic21−27

systems. Recently, we reported that the relative excision
efficiencies, catalyzed by prokaryotic and eukaryotic NER
systems, bear some resemblance to one another for certain
polycyclic aromatic and other DNA lesions;28 these results were
interpreted in terms of similar β-hairpin insertion mechanisms
because a crystal structure of a complex of the prokaryotic UvrB
protein with a damaged DNA duplex showed that the β-hairpin
plays an analogous role in prokaryotic NER systems.29

Consistent with a thermodynamic probing mechanism of
DNA damage, we found that the interactions between
polycyclic aromatic carcinogen−DNA lesions can, in addition
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to inducing destabilizing structural distortions, also generate
stabilizing van der Waals stacking interactions.20 We hypothe-
sized that even bulky polycyclic aromatic lesions can be
resistant to NER if these stabilizing van der Waals interactions
compensate for the destabilizing structural distortions that
facilitate β-hairpin insertion. However, incision efficiencies
depend also on damage processing events that are downstream
of lesion recognition but are not yet well understood.28

The objectives of this work were to explore the balance
between stabilizing carcinogen−DNA interactions and destabi-
lizing structural distortions associated with structurally related
but topologically and stereochemically different sets of
polycyclic aromatic hydrocarbon (PAH)-derived N6-adenine
lesions in double-stranded DNA. To assess the overall impact
of these interactions on NER efficiencies, we elucidated the
dynamic, structural, and energetic characteristics of six
structurally or stereoisomerically different PAH-N6-dA adducts
(Figure 1A,B) in double-stranded DNA. Our goal was to gain a
systematic understanding of the relationships between adduct
ring topology and adduct stereochemistry on carcinogen−DNA
interactions and their impact on nucleotide excision repair
efficiencies.
Carcinogenicity and Topology of Parent PAHs. The

parent PAHs are widespread environmental contaminants that
are products of fossil fuel combustion and are therefore present
in cigarette smoke, automobile exhaust, urban air, and
food.30−33 In this study, we focused on three PAH compounds,
the two fjord compounds benzo[c]phenanthrene (B[c]Ph) and
dibenzo[a,l]pyrene (DB[a,l]P) and the bay region benzo[a]-
pyrene (B[a]P), that have different numbers of aromatic rings

(Figure 1A). These compounds belong to the two topologically
distinct classes of PAH termed “fjord” and “bay” (Figure 1A).
The sterically hindered fjord region compounds are partially
nonplanar34 (Figure 1A) due to steric hindrance between C1
and C12 (B[c]Ph) and C1 and C14 (DB[a,l]P) protons,
respectively. By contrast, the bay region is sterically unhindered
because the analogous C10 and C11 protons are too far apart
and the aromatic ring system is thus fully planar and inflexible.
DB[a,l]P is the most potent PAH tumorigen yet identi-
fied,33,35−38 and B[a]P is classified by the IARC (International
Agency for Research on Cancer)39 as a human carcinogen.
While B[c]Ph is a weak carcinogen in rodents because it is not
metabolically activated to the highly tumorigenic fjord B[c]Ph-
3,4-dihydrodiol-1,2-epoxide, in humans B[c]Ph is metabolically
activated to this diol epoxide, and B[c]Ph is therefore suspected
to be a potent human carcinogen.40 Overall, the tumorigenicity
of the different PAH compounds is a consequence of
combinations of factors that include metabolic activation,
reactivity with DNA, mutagenicity of the adducts, and their
repairability by cellular defense mechanisms such as
NER.31,33,41,42

Structures, Stabilities, and NER Susceptibilities of
PAH−DNA Adducts. In mammalian cells, PAH compounds
are metabolized to highly reactive diol epoxide intermediates
that bind predominantly to the exocyclic amino groups of
adenine and guanine in DNA in a stereoselective manner.43−47

The metabolized rings are denoted by “A” in panels A and B of
Figure 1. The stereochemical properties of the DNA lesions
formed have a strong impact on their structural features and the
associated distortions of the B-DNA structure.48−52 For

Figure 1. Chemical structures, torsion angle definitions, and base sequence context. (A) Chemical structures of B[c]Ph, B[a]P, and DB[a,l]P with
definitions of the fjord regions of B[c]Ph and DB[a,l]P and the bay region of B[a]P. The fjord region torsion δ′ that defines the out-of-plane twist of
the indicated aromatic ring is shown. (B) Stereochemical structures (absolute configurations) of the 10S-(+)- and 10R-(−)-trans-anti-B[a]P-N6-dA,
1R-(+)- and 1S-(−)-trans-anti-B[c]Ph-N6-dA, and 14R-(+)- and 14S-(−)-trans-anti-DB[a,l]P-N6-dA adducts. Lesion−DNA linkage site torsion angles
α′ and β′, glycosidic torsion angle χ, and benzylic ring pucker torsion angle ε′ are also designated. (C) Definitions of helicoidal parameters used to
describe the geometry of base pairs and sequential base pair steps. The cartoons are reprinted with permission from ref 88. Copyright 2003 Oxford
University Press. (D) Base sequence context in which the lesions are embedded. A6* designates the modified adenine residue.
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example, stereochemically different B[a]P diol epoxide-N6-
adenine and -N2-guanine adducts exhibit variable stereo-
chemistry-dependent conformations in double-stranded
DNA.50−55

NMR studies and molecular modeling have provided
structural characterization of the 1R-(+)- and 1S-(−)-trans-
anti-B[c]Ph-N6-dA (R and S B[c]Ph-N6-dA, respectively), the
14R-(+)- and 14S-(−)-trans-anti-DB[a,l]P-N6-dA (R and S
DB[a,l]P-N6-dA, respectively), and the 10R-(−)- and 10S-
(+)-trans-anti-B[a]P-N6-dA (R and S B[a]P-N6-dA, respec-
tively) adducts.53−62 The structural studies indicate that all
adopt classical intercalation conformations in which the bulky
aromatic ring systems are inserted between adjacent Watson−
Crick base pairs.53,55−59,61,62 The aromatic rings intercalate into
the DNA by stretching and unwinding the double helix; the
stereoisomeric lesions with the S absolute configuration at the
PAH−DNA linkage site are intercalated on the 3′-side of the
damaged base, while the R stereoisomers are intercalated on the
5′-side. For the DB[a,l]P adducts, models were created on the
basis of the NMR structures of the B[c]Ph adducts57,58 of
identical stereochemistry and fjord region topology, together
with spectroscopic data that revealed the intercalative nature of
these adducts.63 The current 100 ns simulations for these
DB[a,l]P adducts showed that structural, dynamic, and
energetic features were very similar to those revealed by our
previous 30 ns molecular dynamics (MD) simulations.56

Thermal melting data have shown that the fjord R DB[a,l]P-
N6-dA adduct stabilizes double-stranded DNA relative to the
unmodified duplex, while the S stereoisomer is somewhat
destabilizing. However, both R and S stereoisomeric adducts
derived from B[a]P are destabilizing, and the impact of the
lesion is much greater for the S adduct than for the R
adduct64,65; this greater destabilization has been shown to result
from steric hindrance between the benzylic rings of the PAH−
DNA adducts and neighboring DNA base or backbone atoms
that are more pronounced in the case of the 3′-side S than the
5′-side R intercalation.53,56,59 We term this phenomenon the “S
destabilization effect”. However, in the case of the compact
B[c]Ph adducts, the DNA duplex melting profiles show that
neither of the two stereoisomeric adducts either stabilizes or
destabilizes double-stranded DNA.65,66 Interestingly, the R and
S B[c]Ph-N6-dA and DB[a,l]P-N6-dA adducts are resistant to
NER.67 By contrast, the R and S B[a]P-N6-dA adducts are
substrates of NER with excision efficiencies that depend on
base sequence context.59,62,67

The overall NER process includes the recognition of the
DNA lesions as the key rate-determining step.3,4,7 To
determine how the structural features of the different PAH-
N6-dA lesions might affect this recognition process, we have
conducted 100 ns MD studies of the R and S B[c]Ph-N6-dA,
B[a]P-N6-dA, and DB[a,l]P-N6-dA adducts embedded in the
sequence context shown in Figure 1D, as well as an unmodified
control duplex. Our results have elucidated how the different
distorting and stabilizing properties together might affect the
NER efficiency.

■ MATERIALS AND METHODS
Starting Structures and Force Field. The initial models

for the R and S B[c]Ph-N6-dA adducts were the high-resolution
NMR solution structures (R,57 S58). The initial models for the
R and S B[a]P-N6-dA adducts were the minimized average
structures from our prior 2.0 ns unrestrained MD simulations.62

Base sequences were remodeled to match those shown in

Figure 1C. Initial models are presented in Figure S1,
Supporting Information. The 30 ns MD simulations for the R
and S DB[a,l]P-N6-dA adducts, extended here to 100 ns, were
reported previously.56

MD simulations were conducted using SANDER in the
AMBER 9 simulation package.68 The Cornell et al. force field69

and the parm99.dat parameter set70 modified by parmbsc071

were employed for all simulations. Partial charges and other
added parameters for the R and S B[c]Ph-N6-dA adducts,72

B[a]P-N6-dA adducts,62 and DB[a,l]P-N6-dA adducts56 on the
nucleoside level were reported previously.

MD Computation Protocols. Details of the MD protocols
are given in the Supporting Information. 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 S2 of the Supporting Information. Also given in Figure
S2 are the average rmsd values with standard deviations of all
atoms, excluding two base pairs at each end, in the current
structure against the initial model for the 100 ns MD
simulations. For all except the S B[a]P-N6-dA case, MD
achieved good stability, fluctuating around the mean after 10 ns,
and we employed the structural ensembles from the 10−100 ns
time frame for further analyses. For the S B[a]P-N6-dA adduct,
MD achieved good stability only after 45 ns; therefore, to
acquire an additional 90 ns of MD for analysis, as for the other
cases, we ran the simulation to 135 ns and analyzed the 45−135
ns time frame.

Structural Analyses. The PTRAJ module of the AMBER 9
package68 was employed for structural analyses. The CARNAL
module of the AMBER 7 package73 was utilized to compute
hydrogen bond occupancies. Frames were selected at 5 ps
intervals from the last 90 ns of the simulation. DNA duplex
helicoidal parameters and groove dimensions were analyzed
using MD Toolchest;74,75 for the groove dimensions, 5.8 Å was
subtracted from the pairwise phosphorus−phosphorus dis-
tances to account for the van der Waals radius of the P atoms.76

The first and last base pairs were excluded in this analysis
because of possible end effects. Visualization and model
building were performed with INSIGHT II 2005 (Accelrys
Software, Inc.). PyMOL (Delano Scientific, LLC)77 was
employed to make molecular images and movies. Computa-
tions were conducted on our own cluster of Silicon Graphic
Origin and Altix high-performance computers, and at the
National Science Foundation Texas Advanced Computing
Center.

Stacking Interactions. Stacking interactions were esti-
mated by computing the van der Waals interaction energies
between the PAH aromatic rings and the adjacent base pairs,
utilizing the ANAL module of the AMBER 9 package.68

Distortion Energy. We evaluated a distortion energy due
to adduct intercalation for our simulated structures, following
the protocol of Wu et al.72 from our group. In this approach, we
computed the energy required to distort the unmodified duplex
to the intercalated conformation adopted by the adduct. First,
we truncated the lesion-containing 11-mer to a 3-mer, which is
the damaged base pair and the 3′- and 5′-side neighboring base
pairs. Then, we substituted the lesion with a hydrogen atom in
each modified duplex and obtained a structure that contained
the intercalation pocket without the lesion. We then computed
the molecular mechanics Poisson−Boltzmann surface area
(MM-PBSA) energies78 for each adduct. Next, we subtracted
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from this energy the MM-PBSA energy of the unmodified
duplex, which had also been truncated to the central 3-mer 5′-
CAC-3′ level. Therefore, this value determines the energy
required to distort the central 3-mer DNA duplex to
accommodate the lesion in the intercalation pocket.

■ RESULTS

We utilized molecular modeling based on NMR solution
structures (see Materials and Methods) and 100 ns MD
simulations with MM-PBSA energy analyses to investigate
classically intercalated conformations of six topologically and
stereochemically different PAH-N6-dA adducts in double-
stranded DNA, specifically the R and S fjord B[c]Ph-N6-dA,
R and S bay region B[a]P-N6-dA, and R and S fjord DB[a,l]P-
N6-dA lesions in double-stranded 11-mer oligonucleotides
(Figure 1). These adducts are embedded in the identical
sequence context, 5′-...CA*C...-3′ (Figure 1D). All six PAH-N6-
dA adducts maintain classical intercalation conformations
during the entire MD simulations. The lesion is intercalated
from the major groove side in the case of the S stereoisomer on
the 3′-side and in the case of the R stereoisomer on the 5′-side
of the damaged base (Figure 2). The stretching and unwinding
of the double helix that accompany the insertion of the bulky

aromatic ring systems between adjacent base pairs are signature
distortions of classical intercalation.79−81 These structural
disturbances are accompanied by other correlated and lesion-
specific distortions of the DNA structure. As a control, we also
investigated the structural features of the corresponding
unmodified duplex, 5′-...CAC....-3′ (Figure 1D). The opposite
orientations of the S and R stereoisomeric adducts are reflected
in the opposite values of their structural parameters (Table 1).
These include the linkage site torsion angles α′ and β′, as well as
the fjord region twist angle δ′ (defined in Figure 1A), benzylic
ring pucker ε′, and base pair parameters Buckle and Propeller.
Of particular interest is the parameter δ′ that governs the
nonplanarity of the fjord region: opposite signs of this
parameter and the corresponding opposite directionalities
reflect directly the fjord region flexibility, which can twist the
single aromatic ring protruding into the fjord region in opposite
directions to optimize carcinogen−base stacking interactions
within the intercalation pocket in each of the stereoisomeric
adducts (Figure 2).

The S Destabilization Effect Is a Function of Lesion
Topology. Watson−Crick Hydrogen Bonding Is Disrupted
in the S B[a]P-N6-dA adduct. Perturbed Watson−Crick
hydrogen bonding has been correlated with enhanced

Figure 2. Best representative structures96 from our work. Only the central 3-mers are shown. The view is looking into the minor groove. For the
B[c]Ph, B[a]P, and DB[a,l]P moieties, the carbon atoms are colored yellow and the oxygen atoms orange. The damaged bases are colored cyan, and
the DNA duplexes are colored white, except for the phosphorus atoms, which are colored red. Hydrogen atoms are not displayed for the sake of
clarity, except for the hydrogen bonding N6 proton at the lesion-modified adenine. Movies S1−S6, showing these structures rotating, in both stick
and CPK rendering, are provided as Supporting Information.

Table 1. Structural Parameters of Adducts That Characterize Opposite Orientations in S and R Stereoisomersa

B[c]Ph-N6-dA B[a]P-N6-dA DB[a,l]P-N6-dA

R S R S R S unmodified

Buckle (deg) −30.5 (7.7) 43.4 (8.2) −36 (7.5) 36.4 (8.1) −26.4 (7.9) 28.2 (7.5) 4.4 (11.1)
Propeller (deg) 25.1 (8.5) −36 (10.0) 36.4 (9.5) −48.2 (12.5) 21.4 (8.9) −24.5 (7.6) −6.8 (9.1)
α′ (deg) −11.6 (8.9) 11.5 (9.9) −26.4 (8.8) 18.4 (10.4) −13.8 (8.1) 13.3 (8.1) N/A
β′ (deg) 101.5 (8.1) −94.9 (10.1) 101.2 (9.9) −106.7 (11.5) 103.0 (7.5) −100.0 (7.5) N/A
ε′ (deg) −62.0 (5.0) 60.4 (5.1) −59.9 (5.2) −57.8 (5.9) −62.7 (4.9) 61.5 (5.3) N/A
δ′ (deg) 21.1 (6.6) −20.1 (8.3) N/A N/A 24.2 (6.2) −23.3 (6.4) N/A

aSee panels A and B of Figure 1 for definitions of α′, β′, ε′, and δ′. Values given are ensemble averages for the last 90 ns of the MD simulations.
Standard deviations are given in parentheses. Helicoidal parameters are defined in Figure 1C. N/A, not applicable.
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susceptibility to NER in a number of cases.7,16,18−20,82,83 We
evaluated the percent hydrogen bond disruption for all of the
six adducts. Only in the case of the S B[a]P-N6-dA adduct is the
Watson−Crick base pair at the lesion step, A6*:T17, severely
disturbed with both hydrogen bonds disrupted (Figure 3 and
Table S1 of the Supporting Information). The disruption of the
hydrogen bonding at the A6*:T17 base pair is due to steric
hindrance resulting from the crowding between the benzylic
ring (ring A, Figure 1B) and DNA atoms (Figure 1A,B),
combined with the rigidity of the planar B[a]P ring system;
together, these factors require rupturing of the A6*:T17 base
pair to accommodate the B[a]P moiety in the intercalation
pocket. This observation is consistent with the high-resolution
NMR solution structures that display conformational hetero-
geneity and strongly disturbed hydrogen bonding.54,60,84

However, the hydrogen bonds of the C7:G16 base pair
flanking the intercalated aromatic B[a]P ring system on the 3′-
side of the A6*:T17 base pair as well as all other base pairs are
essentially undisturbed (Table S1 of the Supporting Informa-
tion). By contrast, the other five lesion-containing duplexes, as
well as the unmodified duplex, maintain intact Watson−Crick
hydrogen bonding at the lesion site and at the adjacent base

pairs, with only 16% (R B[a]P) or less of the population
exhibiting any Watson−Crick hydrogen bond disruption
(Table S1A of the Supporting Information).
Distortions in groove dimensions and helicoidal parameters

have also been correlated with susceptibilities of some PAH−
DNA lesions to NER;1,16,19 however, these properties are
generally not independent of one another,85−87 and some
parameters, notably the Opening parameter,88 are correlated
with Watson−Crick hydrogen bonding. Concomitant with the
greatest hydrogen bond disruption, the S B[a]P-N6-dA adduct
has the largest and most dynamic base pair Opening value
(Figure 1C) at the A6*:T17 base pair [15.4 ± 12.1° vs 2.2 ±
6.2° in the unmodified case (Table S2 of the Supporting
Information)]. In addition, the intercalation-induced unwinding
is the most dynamic of all cases in the S B[a]P-N6-dA adduct, as
reflected in its largest standard deviation: the Twist angle is
11.2 ± 14.8°, while for the unmodified DNA at the same step, it
is 32 ± 5.4°; this greater flexibility is attributed to the disrupted
hydrogen bonds at the lesion site (Figure 3B).

The S DB[a,l]P-N6-dA Adduct Is the Most Severely
Untwisted. The S DB[a,l]P-N6-dA adduct has one more
aromatic ring than the B[a]P-N6-dA adduct, which defines the

Figure 3. Watson−Crick hydrogen bonding at the A6*:T17 base pair featuring the complete disruption in the S B[a]P-N6-dA adduct. (A) Percent
disruption of hydrogen bonds at the A6*:T17 base pair. The values for the most disrupted of the two hydrogen bonds in the Watson−Crick base
pair are shown. The full data set for the central 3-mer is given in Table S3A of the Supporting Information. Our hydrogen bond quality index reveals
the same pattern of distortions (Table S3B of the Supporting Information). (B) Time dependence of hydrogen bond distances and angles for the
A6*:T17 base pair in the S B[a]P-N6-dA adduct and at the A6:T17 base pair for the unmodified control, showing disrupted and dynamic distances
and angles at the A6*:T17 base pair. The time-dependent fluctuations of hydrogen bond distances and angles for all adducts are shown in Figure S3
of the Supporting Information; these reveal that all are similar to the unmodified control, except for the S B[a]P-N6-dA adduct.
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flexible aromatic fjord PAH region. However, in the case of the
S DB[a,l]P-N6-dA adduct, the hydrogen bonding does not need
to be disrupted to relieve the steric crowding, because this can
be achieved by an out-of-plane twisting of the aromatic ring in
the fjord region (designated as δ′ in Figure 1A)34 that helps to
relieve the steric hindrance. Consequently, the S destabilization
effect in the case of the DB[a,l]P-N6-dA duplex manifests itself
mainly in terms of severe unwinding, required to accommodate
the five aromatic rings in the intercalation pocket (Table S2 of
the Supporting Information). The ensemble average value for
the Twist parameter at the lesion site is −13.2 ± 6.0°, while this
value for the analogous step in the unmodified duplex is 32.0 ±
5.4°, a local unwinding of ∼45°. This is the most severe
unwinding observed for any adduct (although not the most
dynamic, which was observed in the case of the S B[a]P-N6-dA
adduct). Coupled with the greatest unwinding, the S DB[a,l]P-
N6-dA adduct also features the most enhanced Roll value,85−87

with an ensemble average value of 21.8 ± 5.8°; these combined
effects generate a bend toward the major groove side, which
widens the minor groove (Table S3 of the Supporting
Information). We note that intercalation always causes major
and minor groove widening because it forces the phosphate
groups farther apart, as well as entailing the unwinding of the
double helix;81 however, the extent of these effects is
modulated by the impact of adduct stereochemistry and
topology. Our previous, shorter 30 ns simulation for this

adduct conformation uncovered the unwinding effect, as well as
changes in other structural parameters and energetic properties;
these adduct-induced changes remained nearly identical when
the simulation time was extended to 100 ns for the S and R
DB[a,l]P-N6-dA adducts.56

The S B[c]Ph-N6-dA Adduct Manifests Only Minor
Structural Distortions. The most notable findings are the
smaller structural distortions for this adduct, compared to the
great unwinding due to the S destabilization effect observed for
the S DB[a,l]P-N6-dA adduct. We observe a 10% disruption of
the N6−H6···O4 hydrogen bond at the lesion site (Table S3A
of the Supporting Information) for the S stereoisomer, which
allows for a large base pair Buckle (41.8 ± 8.4°) and Opening
(19.3 ± 10.1°) (Table S2 of the Supporting Information).
However, this represents a much smaller distortion of the
hydrogen bonding than in the case of the bay region B[a]P-
derived adduct, where the hydrogen bonds are entirely
ruptured. As in the case of the S DB[a,l]P-N6-dA adduct, the
flexibility and resulting twist of the aromatic ring protruding
into the fjord region (designated as δ′ in Figure 1A) help to
relieve the steric hindrance that causes hydrogen bond
rupturing in the bay region S B[a]P-N6-dA adduct. However,
intercalation of the three aromatic rings in the S B[c]Ph-N6-dA
adduct requires much less unwinding than the five rings of the
S DB[a,l]P-N6-dA adduct. Figure 4B shows that the S
stereoisomeric adducts with their various topologies are

Figure 4. Stabilizing carcinogen−base stacking interactions. (A) Ensemble average van der Waals interaction energies between aromatic rings and
adjacent base pairs. See Table S4 of the Supporting Information for values and standard deviations. (B) Views looking down the helix axis of the
intercalation pockets showing the stacking interactions. The color code is the same as in Figure 2. Stereoviews are shown in Figure S5 of the
Supporting Information.
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oriented differently in the intercalation pockets to optimize
their stacking interactions; consequently, only the rigid bay
region adduct manifests disrupted hydrogen bonding. By
contrast, the fjord region adducts do not exhibit this kind of
severe structural distortion, because of the flexible fjord region
twist.
The Rigid Bay Region Topology in the R B[a]P-N6-dA

Adduct Produces a Distorting Enlargement in the Rise

Parameter. Among the R stereoisomeric adducts, the B[a]P-
N6-dA lesion stands out for manifesting by far the largest Rise
of all of the adducts; the ensemble average value for the step at
the lesion intercalation pocket (C5:G18-A6*-T17) is 8.8 ± 0.6
Å. Because the base pair at the lesion site is not ruptured as in
the case of the S adduct, the rigid bay region ring system greatly
enlarges the Rise to accommodate the intercalated B[a]P
residue. Concomitantly, the minor groove is widened more

Figure 5. Destabilizing lesion-induced duplex distortions. (A) Ensemble average distortion energies. (B) Intercalation pockets with lesions replaced
with hydrogen atoms. The counterpart central 3-mer in the unmodified duplex is also shown for comparison. The view is looking into the minor
groove. Prominent distortions are the large Rise for the R B[a]P-N6-dA adduct, the ruptured hydrogen bonding for the S B[a]P-N6-dA adduct, and
the severe unwinding of the S DB[a,l]P-N6-dA adduct. The color code is the same as in Figure 2.

Table 2. Summary of Topological Features, Energies, Melting Temperatures, and Relative NER Susceptibilities for the PAH-N6-
dA Adducts Investigated

PAH-N6-dA
adduct topology

distortion energy
(kcal/mol)

vdW stacking interaction energy
(kcal/mol)

distortion + vdW
(kcal/mol)

ΔTm
(°C)a NERf

R B[c]Ph fjord, three rings 13.0 −21.0 −8.0 −0.5b,c resistant
S B[c]Ph fjord, three rings 14.4 −21.8 −7.4 −0.5b,c resistant
R B[a]P bay, four rings 14.7 −23.5 −8.8 −11.8b,d modest
S B[a]P bay, four rings 17.8 −22.8 −5.0 −18.8b,d greatest
R DB[a,l]P fjord, five rings 10.8 −28.1 −17.3 7.7b,e resistant
S DB[a,l]P fjord, five rings 14.9 −24.7 −9.8 −5.5b,e resistant

aΔTm = Tm(lesion-containing duplex) − Tm(unmodified).
bSequence context: 5′-CTCTCA*CTTCC-3′. cMelting data for the B[c]Ph-modified

duplexes are from ref 66. dMelting data for the B[a]P-modified duplexes are from ref 64. eMelting data for the DB[a,l]P-modified duplexes and the
unmodified duplex are from ref 65; the Tm for the unmodified duplex is 43.8 ± 0.5 °C. fNER results for the R and S B[c]Ph-N6-dA adducts are from
ref 67. NER results for the R and S B[a]P-N6-dA adducts are from ref 59. NER results for the R and S DB[a,l]P-N6-dA adducts are from ref 67.
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than in any other adduct, a reflection of the enhanced
stretching81 (Table S3 of the Supporting Information). By
contrast, in the case of the R fjord region adducts, the flexible
aromatic ring twist (Figure 1A) allows for optimal stacking in
the intercalation pocket with much less stretching. The major
groove is always widened by the intercalation of the N6-dA
adducts from that side; however, the extent of widening is
modulated by the number of aromatic rings, and their topology,
e.g., the rigid, four-ring R B[a]P-N6-dA adduct with the largest
Rise, produces major groove widening similar to that of the
five-aromatic ring R DB[a,l]P-N6-dA adduct (Table S3 of the
Supporting Information). Overall, the R fjord region adducts
manifest only the distortions associated with classical
intercalation of stretching, unwinding, and groove enlarge-
ment,81 while achieving maximal stabilizing stacking inter-
actions; these stacking energies are summarized in Figure 4A.
van der Waals Stacking Interactions between the

Lesion Aromatic Ring Systems and Neighboring Base
Pairs Stabilize the Carcinogen-Modified Duplexes in a
Topology- and Stereochemistry-Dependent Manner.
The stabilizing van der Waals stacking interactions have been
shown to play an important role in the resistance of polycyclic
aromatic lesions to NER.20,56 To evaluate the stabilizing impact
of the stacking interactions between the aromatic ring systems
and the neighboring base pairs, we computed the ensemble
average van der Waals stacking interaction energies (see
Materials and Methods) (Figure 5A, Table 2, and Table S4 of
the Supporting Information). The stabilizing stacking inter-
actions range from −21 to −28 kcal/mol (the more negative
number corresponds to the higher stabilization energy) and are
a function of the number of aromatic rings, the topology of the
aromatic ring system, and the adduct stereochemistry. There is
a general trend showing that the level of stabilization increases
with the number of aromatic rings, and that the stacking
interactions are stronger in the case of the R than the
corresponding S stereoisomeric adducts. However, in the case
of the smallest three-aromatic ring B[c]Ph adducts with the

smallest stacking interaction energies, the trend is reversed: in
this case, the S stereoisomer’s stacking is slightly better than
that of the R adduct; this is most likely due to the existence of
some disturbance of the hydrogen bonding interactions, already
discussed above, allowing stacking to be more optimized.
However, for the other S stereoisomeric adducts, the
distortions weaken the stacking interactions: in the case of
the B[a]P-N6-dA adduct, the ruptured hydrogen bonds at the
lesion site lead to weakened stacking of the B[a]P aromatic ring
system with adjacent bases; in the case of the S DB[a,l]P-N6-dA
adduct, the large adduct-induced duplex unwinding, to alleviate
the steric hindrance associated with the 3′-side intercalation,
causes weakened stacking. Figure 4B and Figure S5 of the
Supporting Information show the stacking views along the axis
of the DNA helix for all six adducts. These figures illustrate how
optimal stacking is achieved in each case according to the
number of aromatic rings, the lesion topology, and the adduct
stereochemistry.

Destabilizing Distortion Energies and Stabilizing
Stacking Energies Combine To Establish Local Duplex
Stability. The energy of local distortion of the double-stranded
helix caused by the intercalated adducts was computed for each
of our simulated structures. This entailed computing the energy
required to distort the unmodified duplex central 3-mer to the
actual conformation assumed in the intercalated structure, but
in the absence of the PAH lesions, as detailed in Materials and
Methods. The structures of the intercalation pockets of each of
the distorted duplexes are shown in Figure 5B and demonstrate
how hydrogen bonding and unwinding depend on adduct
topology and stereochemistry. As shown in Figure 5A and
Table 2, the distortion energy is 17.8 kcal/mol in the S B[a]P-
N6-dA adduct, which is significantly higher than those for the
five other fjord PAH−DNA adducts. This high distortion
energy is a reflection of the disrupted hydrogen bonding at the
lesion site A6*:T17 base pair, and the associated diminished
stacking energies of the bases with their neighbors (Figures 3
and 5). Furthermore, we observe that S adducts are always

Figure 6. S destabilization effect for the lesion-containing DNA duplexes. The structures are the same as those in Figure 2 except rotated to highlight
the effect of the steric hindrance. Steric hindrance between the adduct benzylic rings and the neighboring DNA atoms is associated only with the 3′-
side intercalation of the S adducts, while no such crowding is present in the case of the 5′-intercalated R stereoisomeric adducts. The color code is the
same as in Figure 2. For the S-B[c]Ph-N6-dA adduct, the steric hinderance is essentially absent. In these structures the crowding has been relieved by
ruptured hydrogen bonding in the S B[a]P adduct and by severe unwinding in the S B[a,l]P case. See Movies S1−S6 in the Supporting Information.
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more distorting than the R stereoisomers. However, for the R
and S stereoisomeric B[c]Ph-N6-dA adducts, the distortion
energy values are close to one another (13.0 and 14.4 kcal/mol,
respectively), in line with the minimal S destabilization effect
noted above. The least distorting of all the adducts is the R
DB[a,l]P-N6-dA adduct: in this case, the five aromatic rings, the
fjord region flexibility, and the absence of the S destabilization
effect combine to support the optimally stacked intercalation
with minimal distortion (Figure 6). The greater distortion
energy of the S DB[a,l]P adduct than the R stereoisomer stems
from its larger unwinding effect. However, intercalation is more
distorting in the R B[c]Ph-N6-dA case than for the R DB[a,l]P-
N6-dA adduct; the reason is that the better stacking interactions
between the five-ring DB[a,l]P aromatic ring system and the
neighboring base pairs in the intercalation pocket diminish the
distortion of the A6*:T17 base pair, as manifested by the lower
Buckle and Propeller structural parameters (Table 1).
The overall impact of the lesion on the local stabilities of

double-stranded DNA molecules may be decomposed into two
terms: (1) the “cost” of distorting the DNA duplex to
accommodate the intercalated polycyclic aromatic ring systems
and (2) the “gain” associated with the stabilizing van der Waals
stacking interaction energies. These two computed terms were
summed for each of the six modified duplexes studied. The
results are presented in Figure 7A and Table 2 and indicate
that, by this measure, the S B[a]P-N6-dA adduct is the most
destabilizing while the R DB[a,l]P-N6-dA adduct is the most
stabilizing.

■ DISCUSSION
In this work, we explore the structural underpinnings of the
resistance to NER of the stereoisomeric R and S fjord PAH-N6-
dA adducts, while the bay region R and S B[a]P-N6-dA adducts
are susceptible to NER (Figure 1A,B and Table 2). Our basic
hypothesis is that successful NER is initiated by the binding of
XPC-RAD23B to the damaged DNA and depends on the
insertion of the XPC β-hairpin between the two DNA
strands,12 a mechanism that is facilitated by a sufficient
thermodynamic destabilization around the lesion site.
Impact of the DNA Lesions on the Local Stabilities of

DNA Duplexes. The overall impact of the lesion on the local
stability is approximated in terms of the sum of two different
effects: (1) the energy required to distort the double-stranded
DNA to create the intercalation pocket (Figure 5A) and (2) the
energy gained by the dominant van der Waals interactions
between the DNA and the polycyclic aromatic ring system
inserted into this pocket (Figure 4A). These destabilizing and
stabilizing energies, respectively, depend on the number of
aromatic rings, their topology, and the stereochemical proper-
ties of the adducts. How the sum of these energies (Figure 7A)
is correlated with the stabilities of the modified duplexes as
experimentally determined by the ΔTm (Figure 7B) is of
particular interest because the global duplex melting point is
not the same as the local melting point around the lesion site;
these two Tm values may occur at a different temperature, as
demonstrated previously by NMR methods.89 Our hypothesis
is that the NER efficiency is related to the local destabilization
effect in the vicinity of the lesion that is only crudely and not
necessarily quantitatively correlated with the global duplex
melting point reflected in the ΔTm values.
The R and S DB[a,l]P-N6-dA adducts have the greatest

number of aromatic rings and also manifest the highest
stabilizing stacking interactions, which are favored by the

flexible twist of the aromatic ring in the fjord region (Figure 4A
and Table 1). The R DB[a,l]P-N6-dA adduct has a lower
distortion energy (10.8 kcal/mol) than the S DB[a,l]P-N6-dA
adduct (14.9 kcal/mol). On the other hand, the stabilization
energy is greater in the case of the R adduct (−28.1 kcal/mol)
than in the case of the S adduct (−24.7 kcal/mol). The sum of
these computed energies is −17.3 (R) and −9.8 (S) kcal/mol,
respectively, predicting that the R is more stable than the S
adduct; this is in agreement with the experimental ΔTm values
that show a stabilization of the R duplex by ∼8° and a relatively
small destabilization of the S duplex by −6° (Figure 7B).
The fjord B[c]Ph-N6-dA adducts possess only three aromatic

rings, and the van der Waals stacking interactions are weaker.
The sum of the distortion and stacking energies is only −0.6
kcal/mol smaller in the case of the S B[c]Ph-dA adduct (−7.4
kcal/mol) than in the case of the R B[c]Ph-dA adduct (−8.0
kcal/mol), which is consistent with their identical melting
points with a ΔTm of ≈0 °C in each case (Table 2).
The S B[a]P-N6-dA adduct is the only one with a significant

disruption of the Watson−Crick hydrogen bonding at the
lesion site (Figure 3A and Table S1 of the Supporting
Information). This disruption is also reflected in the largest and
most dynamic Opening parameter (Table S2 of the Supporting
Information), the most dynamic untwisting (Table S2 of the
Supporting Information), the largest distortion energy (17.8
kcal/mol), and the smallest total energy (−5.0 kcal/mol).
These computational results are consistent with the exper-
imentally observed strong destabilization of the DNA duplex as
evidenced by the large negative ΔTm value of −19 °C (Figure
7B and Table 2). By contrast, the R stereoisomeric adduct is
considerably less destabilizing (ΔTm = −12 °C) and is repaired
only modestly.59 On the other hand, the S DB[a,l]P-N6-dA

Figure 7. (A) Sum of ensemble average distortion and van der Waals
interaction energies. The more negative energies are more stabilizing.
(B) ΔTm = Tm(modified) − Tm(unmodified), the differences between
the thermal melting temperatures (Tm) of the modified and
unmodified duplexes. Data are listed in Table 2. The ΔTm values
are derived from experiments with identical concentrations of
modified or unmodified DNA duplexes (Table 2).
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adduct, with a ΔTm of −5.5 °C, is repair-resistant. Both adducts
have very similar distortion energies, but the DB[a,l]P-N6-dA
adduct has a calculated van der Waals stacking interaction
energy modestly greater by ∼1 kcal/mol (Table 2); this calls
attention to the importance of the greater number of aromatic
rings and flexible fjord region in providing sufficient local
stabilization to inhibit NER recognition, which is only
approximately manifested in ΔTm values of full duplexes.
The summed energy terms plotted in Figure 7A represent a

rough estimate of the overall impact of the different lesions on
the stability of the modified DNA duplexes (lesion-induced
local distortions plus stabilizing interactions). Figure 7B also
shows a plot of the ΔTm values for the different lesions.
The two-state model of association of two complementary

DNA strands to form a double-stranded DNA predicts that Tm
is proportional to the free energy of association of the two
strands according to the equation Tm = ΔG°/[R ln(CT/4)] =
ΔH° − TmΔS° (e.g., ref 90), where CT is the total DNA strand
concentration and ΔG°, ΔH°, and ΔS° are the equilibrium free
energy, enthalpy, and entropy terms, respectively, at temper-
ature Tm. Because our summed energy terms in Figure 7A
reflect only contributions to the enthalpy term, ΔH°, these
comparisons are significant only when ΔH° > TmΔS°. Because
the computational evaluation of entropy terms is presently the
most uncertain,78 we did not here attempt to estimate the ΔS°
terms. We note that the summed energy terms and the ΔTm
values follow one another approximately and qualitatively
(Figure 7A): the lower Tm values of the S as compared to the R
B[a]P- and DB[a,l]P-N6-dA adducts as well the similar
stabilities of the duplexes with R and S B[c]Ph-N6-dA adducts
are correlated. However, the computed summed energy value
for the R B[a]P-N6-dA adduct is −9 kcal/mol but should have
been approximately −6 kcal/mol to reflect the fact that this
duplex is destabilized as much as it is (ΔTm ∼ −12 °C) (Figure
7B). Thus, the computed summed energies reflect trends rather
than accurate predictions of modified DNA duplex stabilities
and seem most useful for evaluating the extreme cases with the
most stabilizing and the most destabilizing effects of the lesions.
As discussed above, the quantity of interest is local
destabilization, and it is for this reason we computed our
distortion and stabilization energies for the three-nucleotide
duplex sequence with the modified adenine base in the center
(Figure 7A, Table 2, and Materials and Methods). However,
distortions beyond the central trimer are certainly worthy of
consideration and might partly account for the energetic
discrepancy mentioned above.
Impact of Stabilizing and Destabilizing Interactions

on Susceptibilities of DNA Lesions to NER. The relative
NER susceptibilities of all six PAH-N6-dA adducts considered
in this work, together with the computed van der Waals
stacking and distortion energies, are summarized in Table 2.
The computational results provide insights into the structural
reasons for the resistance to NER of all fjord PAH-N6-dA
adducts studied previously,67 as well as into the differences in
NER efficiencies of the R and S B[a]P-N6-dA adducts.
The S B[a]P-N6-dA adduct stands out as the best NER

substrate in this group. It is also the most destabilized one
because it is the only one with complete Watson−Crick
hydrogen bonding disruption at the lesion site; the rigidity of
the polycyclic aromatic B[a]P residue creates distortions in
these classically intercalated structures that are not compen-
sated by stacking interactions, thus providing the overall
destabilization that would allow XPC β-hairpin insertion and

successful NER. In contrast, the R B[a]P-N6-dA adduct is
considerably less destabilizing than the S stereoisomeric adduct,
and the NER efficiency of duplexes with the R adduct is
significantly smaller59,67 and dependent on base sequence
context.59,67,91

In the case of the R and S DB[a,l]P-N6-dA adducts, the
stabilizing carcinogen−base stacking interactions sufficiently
compensate for the distortions induced by these bulky
intercalated lesions to account for the observed NER resistance
(Table 2). Our hypothesis is that carcinogen−base stacking
interactions prevent the separation of the two DNA strands that
allows for the successful insertion of the XPC β-hairpin into the
damaged DNA duplex, with concomitant flipping of the lesion
partner bases into the protein.12,13 There may be a threshold
activation energy to this partner base flipping that could be
related to the free energy barrier for the flipping process,92

which, however, is not specifically evaluated here. The recently
observed repair resistance of a very bulky aristolactam II-dA
lesion,93 which intercalates both the damaged adenine and the
lesion ring system, while displacing the partner base thymine
into the major groove,94 suggests that the very powerful
stabilizing stacking interactions largely compensate for the
distortions, explaining the observed resistance to NER.93 The
observed modest thermal destabilization, which varies from 3 to
6.4 °C, depending on the sequence context of the DNA duplex,
is similar to that of the repair-resistant S DB[a,l]P-N6-dA
adduct (Table 2). In the case of the smaller, three-aromatic ring
system B[c]Ph-N6-dA adducts, the lesion-induced distortions
and van der Waals stacking interactions appear to compensate
for one another consistent with the ΔTm of ∼0 °C in both
stereoisomeric adducts, the absence of conformational
heterogenecity in the NMR structures,57,58 and their resistance
to NER.67

■ CONCLUSIONS
Our overall findings show that lesion-induced destabilizing
distortions combined with stabilizing van der Waals interactions
together determine the overall stabilizing or destabilizing
impact of the lesion, and recognition and removal of these
same lesions by NER. The overall stabilizing impact of the
lesion may stem from various combinations of van der Waals
stacking interactions and lesion-induced distortions, which
depend on the topological characteristics of specific lesions
(number of aromatic rings together with their arrangements)
and adduct stereochemistry. Our current results apply to the
classically intercalated N6-dA adducts. Combining the stabiliz-
ing stacking interactions with the destabilizing distortions may
thus provide a rough estimate of the stabilizing or destabilizing
impact of different lesions. This estimate could yield insights
into the NER susceptibilities of other intercalating DNA
lesions, at least for those that exhibit the most pronounced
destabilizing or stabilizing effects, and for suggesting partic-
ularly interesting lesions for experimental investigation. More
accurate evaluations of the local thermodynamic effects that are
relevant to NER but are not quantitatively correlated with
global melting stabilities of DNA duplexes derived from ΔTm
measurements are amenable to studies by NMR methods.89,94

We hypothesize that the extensive polycyclic aromatic residue−
base stacking interactions provide sufficient local stabilization to
prevent XPC β-hairpin intrusion and base flipping,12 and the
subsequent NER processing steps in the repair resistant
adducts. For initiation of this process, productive binding of
XPC-RAD23B to the lesion is required.1,3,7 In addition,
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downstream events in the processing of lesions, which are
currently of great interest, likely play a role in determining NER
efficiencies.28,95
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