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ABSTRACT: We investigate the influence of base sequence context on the conformations of the 10S (+)-
and 10R (-)-trans-anti-[BP]-N6-dA adducts through molecular dynamics (MD) simulations with free energy
calculations, and relate the structural findings to results of nucleotide excision repair (NER) assays in
human cell extracts. In previous studies, these adducts were studied in the CA*A sequence context, and
here we report results for the CA*C sequence. Our simulations indicate that the base sequence context
affects thesyn-anti conformational equilibrium in the 10S (+) adduct by modulating the barrier heights
between these states on the energy surface, with a higher barrier in the CA*C case. Our nucleotide excision
repair assay finds greater NER susceptibilities in the 10S (+) adduct for the CA*C sequence context. A
structural rationale ties together these results. A sequence specific hydrogen bond, accompanied by a
significantly increased roll and consequent bending in the 10S(+) adduct, has been found in our simulations
for the CA*C sequence, which could account for the enhanced nucleotide excision repair as well as the
syn-anti equilibrium difference we observe in this isomer and sequence. Such sequence specific differential
repair could contribute to the existence of mutational hotspots and thereby contribute to the complexity
of cancer initiation.

The mutagenic consequences of DNA bases chemically
modified by reaction with bulky substituents such as poly-
nuclear aromatic derivatives are strongly influenced by the
base sequence context surrounding the damaged base (1-
9). If these covalent adducts are not excised by the nucleotide
excision repair (NER)1 machinery, processing of the lesions
by DNA polymerases may lead to mutation (10-18), which
can ultimately give rise to cancer (19, 20). Such mutagenic
processing of bulky adducts by polymerases likely depends
on the conformation of the adduct. The possibility that the
conformation of a given adduct may depend on base
sequence context has been a subject of considerable interest
(21-23). Furthermore, different adduct conformers may be

interconvertible in certain sequence contexts, thus perhaps
facilitating mutagenic polymerase bypass when the adducts
assume an appropriate conformational state.

Clear evidence for conformational heterogeneity governed
by base sequence context has been obtained in the case of
DNA adducts derived from metabolically activated benzo-
[a]pyrene (BP), including thesyn- andanti-benzo[a]pyrene
diol epoxides (BPDEs) (24). Thesesyn- andanti-BPDEs can
react with purines in DNA bycis- andtrans-epoxide opening
to yield covalent adducts (25-27). In the case of the 10S
(+)-trans-anti-[BP]-N2-dG adduct, high-resolution NMR
solution data revealed a single conformer, with the BP moiety
in the minor groove directed toward the 5′-end of the
modified strand in the CG*C sequence context. (The asterisk
following the base designates carcinogen modification.) In
the TG*C sequence (28), the same conformer was also
observed as the major form, but a minor conformer of
unspecified structure in equilibrium with the major one was
also evident. Furthermore, with T’s flanking the same
modified guanine on both sides, significant conformational
heterogeneity was observed in this TG*T sequence context,
which precluded a structural characterization of the 10S(+)-
trans-anti-[BP]-N2-dG adduct in this case (29).

Conformational adduct heterogeneity is also pronounced
in the case of adenine adducts derived from BPDEs, the [BP]-
N6-dA lesions (Figure 1). In the CA*C sequence context of
the 10S(+)-trans-syn-[BP]-N6-dA adduct, both a major and
a minor conformer were characterized in a fully comple-
mentary duplex with a T opposite the modified adenine base.
However, in the case of the stereoisomeric 10S (+)-trans-
anti-[BP]-N6-dA adduct, also in a CA*C sequence context,
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it was not possible to fully characterize the structure of this
adduct because there were several interconverting conformers
when a T was positioned in the complementary strand
opposite the BP-modified adenine. However, when the T,
opposite the same 10S (+)-trans-anti-[BP]-N6-dA adduct,
was replaced with a G opposite the lesion, two different
intercalated conformers could be discerned (30, 31). Both
conformers had the BP moiety intercalated on the 3′-side of
the modified base, but the glycosidic torsion angle of the
modified adenine was in thesyn domain in the major
conformer and in theanti domain in the minor one. Attempts
have been made to determine the structure of the 10S (+)-
trans-anti-[BP]-N6-dA adduct with the complementary T
opposite the lesion in the CA*A and AA*G sequence
contexts as well, but the attempts failed because of adduct
heterogeneities (31-33). However, in the case of the
stereoisomeric 10R (-)-trans-anti-[BP]-N6-dA adduct with
T opposite the adducts, it was possible to determine high-
resolution NMR solution structures in the CA*A, CAA*,
and AA*G sequence contexts (32-34). Also, a high-
resolution NMR structure has been obtained for the 10R (+)-
cis-anti-[BP]-N6-dA adduct with T opposite the lesion in the
CA*C sequence context (35). In all cases with theRabsolute
adduct configuration, the BP ring system is intercalated on
the 5′-side of the modified adenine base with ananti
glycosidic torsion conformation. However, evidence for
conformational equilibria betweensyn and anti glycosidic
bond conformations was obtained for the AA*G sequence
context, although the structure of the minorsynconformer
could not be fully characterized (33). Also, a C3′-endo-
C2′-endoequilibrium in the sugar conformation at A, 5′ to
the modified A*, in the CAA* sequence context was found
by Zegar et al. (32) for this adduct. The same possibility
was also considered by Volk et al. (33). Clearly, as noted
by Volk et al. (33), “the role of sequence in promoting such
dynamic behavior is at present a fascinating, but open,
question” for benzo[a]pyrene-derived adducts. For adducts
derived from aromatic amines, such base sequence effects
have been clearly delineated (23).

Our objectives are to utilize molecular dynamics (MD)
simulations with free energy calculations to investigate the
structural and thermodynamic factors that play important
roles in determining the conformational properties of the
adducts, and to relate these to their biological properties (36-
38). In this paper, we investigate the sequence dependence
of thesyn-anti conformational equilibrium and its possible
relationship to NER. We compare the conformational
characteristics of the 10S(+)- and 10R (-)-trans-anti-[BP]-
N6-dA adducts (Figure 1) in the CA*A sequence context
studied previously (36), with the CA*C sequence investigated
here. We find an interesting influence of base sequence
context on thesyn-anti conformational equilibrium in the
10S (+) isomer, involving a difference in barrier heights
between these states in the two sequences, with a higher
barrier in the CA*C case. Using human cell extracts, we
also investigate nucleotide excision repair of these adducts
in the CA*C sequence and compare the results with those
of a previous study in the CA*A sequence (39). We find
enhanced excision for the 10S (+) isomer in the CA*C
sequence. A structural rationale ties together these results.
A sequence specific hydrogen bond, accompanied by sig-
nificantly increased roll and consequent bending in the 10S
(+) isomer, found in our simulations for the CA*C sequence
could account for the enhanced nucleotide excision repair
observed in this isomer and sequence, as well as for thesyn-
anti equilibrium difference.

MATERIALS AND METHODS

Starting Structures and Force Field. Our studies were
carried out for the duplex 11-mer in the d(CTCTCA*CTTCC)‚
d(GGAAGTGAGAG) sequence context (Figure 1). We
employed NMR solution structures in different sequence
contexts as starting models for our simulations, since NMR
structures for our sequence were not available. Specifically,
for the 10R (-)-trans-anti-[BP]-N6-dA adduct, we employed
one starting structure with ananti glycosidic conformation
and a normal partner T opposite the lesion (PDB entry
1AGU) (34, 40). For the 10S (+)-trans-anti-[BP]-N6-dA
adduct, two starting structures were used (PDB entries 1BPS
and 1DXA), which contain the modified adenine in theanti
andsynglycosidic conformations, respectively, and have a
mismatched G opposite the lesion (30, 31). We remodeled
all the structures to our current sequence context with Insight
II 97.0 from Accelrys Inc., a subsidiary of Pharmacopeia,
Inc., using the modeling procedure described previously (36).
The starting structure for the unmodified d(CTCTCACTTCC)‚
d(GGAAGTGAGAA) DNA duplex was an energy-mini-
mized B-form DNA computed with DUPLEX (41) from a
B-DNA fiber diffraction model (42).

To obtain partial charges for the 10S (+)- and 10R (-)-
trans-anti-[BP]-N6-dA nucleosides, we excised them from
the NMR duplex DNA structures (30, 31, 43), minimized
them, and used Hartree-Fock calculations with the 6-31G*
basis set to calculate the electrostatic potential, using
Gaussian 94 (44). The charge was then fitted to each atomic
center with restrained electrostatic potential fitting (RESP)
(45). These partial charges were then normalized to maintain
a charge of-1 on the modified nucleotide, using our
previously described protocol (46). Bond angle parameters
added to the force field for the two adducts, assigned by
analogy to chemically similar atom types already available

FIGURE 1: Structures of (A) (+)- and (-)-anti-BPDE and (B)
10S (+)- and 10R (-)-trans-anti-[BP]-N6-dA adducts. Torsion
anglesR′ andâ′ are defined as follows:R′, N1-C6-N6-C10(BP);
â′, C6-N6-C10(BP)-C9(BP). (C) Oligonucleotide sequence
employed in the MD simulations. A*6 is the modified adenine
residue.
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in theparm98parameter set (47), are the same as those given
previously (36).

Molecular Dynamics Protocol and Free Energy Analysis.
Molecular dynamics simulations were carried out using the
AMBER 5.0 package (48) with the Cornell et al. force field
(49) and theparm98parameter set (47). The particle mesh
Ewald (PME) method (50, 51) was used to treat long-range
electrostatic interactions with a cubic B-spline interpolation
and a 10-5 tolerance for the direct space sum cutoff. A 12
Å cutoff was applied to the nonbonded Lennard-Jones
interactions. The SHAKE algorithm (52) was applied to
constrain all bonds involving hydrogen atoms with a toler-
ance of 0.0005 Å, and a time step of 1 fs was used in the
dynamics simulations. The translational motion of the center
of mass was removed approximately every 300 ps. Removal
of the global rotational motion in a periodic system is
technically uncertain and hence was not implemented.
However, visual inspection of the trajectories revealed no
abnormal overall rotation of the DNA duplexes, indicating
that energy leakage from internal motion to global rotation
through the “flying ice cube effect” (53) is not contributing
in this case. In all, 20 Na+ ions were added to the system
for neutralization using theLEap module in AMBER 5.0.
The system was then solvated with a rectangular box of
TIP3P waters (54) which extended∼10 Å from the DNA
atoms in each direction. This yields a periodic box size of
∼52 Å × ∼52 Å × ∼65 Å for the 10S (+) and 10R (-)
adducts and the unmodified control. In all, 4635 water
molecules were added for the 10S (+) adduct, 4068 for the
10R (-) adduct, and 3529 for the unmodified control. All
systems followed the same minimization and equilibration
protocols, and these were the same as those employed in
our earlier work (36) on the CA*A sequence context. First,
the water molecules and counterions were minimized for
1500 steps of steepest descent, followed by 50 ps of
dynamics with the DNA fixed to allow the solvent to relax.
The whole system was then minimized for 1000 additional
steps of steepest descent, followed by 3 ps of dynamics with
25 kcal/mol restraints on the DNA, which further allowed
the waters to relax. Then the system was minimized for five
rounds of 600 steps of steepest descent with the restraints
on the DNA reduced by 5 kcal/mol each round, from 20 to
0 kcal/mol. Finally, the whole system was heated from 10
to 300 K over the course of 40 ps using the Berendsen
coupling algorithm (55) with a coupling parameter of 0.2
ps. Production simulation was then continued at atmospheric
pressure with a 0.2 ps coupling parameter and 300 K for
2.5 ns. All systems exhibited reasonably stable oscillations
over the 2.5 ns simulation, as shown by the time dependence
of the root-mean-square deviations (rmsd) (Figure S1 of the
Supporting Information). Helicoidal parameters and DNA
backbone torsion angles were computed using Dials and
Windows (56). Hydrogen bond occupancies were computed
using the MOIL-View program (57). To quantitatively assess
the DNA helical bending, one base pair at each end of the
DNA duplex was first truncated to avoid possible end effects,
and then the overall axis bend angles were computed using
the CURVES program (58), employing the “PP” option,
which yields a bend angle measured between the vectors
composed of the first two and last two reference points
defining the axis.

MM-PBSA free energy analyses were carried out using
the exact protocol described in detail in our earlier work (36).
In brief, the free energy (Gtot) was computed from the
molecular mechanical energies (EMM), the solvation free
energy (Gsolvation), and the solute entropic contributions to
the free energy (∆Gtot ) ∆EMM + ∆Gsolvation - T∆S). The
molecular mechanical energies (EMM) were calculated from
internal energies (Eint) stemming from deviations of the bonds
(Ebonds), angles (Eangles), and dihedral angles (Edihedrals) from
their equilibrium values, the van der Waals energies (EvdW),
and electrostatic energies (Eelectrostatic). The solvation free
energies (Gsolvation) were estimated from the electrostatic
solvation energies (GPB) calculated using the DelPhi program
(59, 60) and the nonpolar solvation energy (Gnonpolar); the
latter was approximated asGnonpolar) γSA + b (γ ) 0.00542
kcal/Å2, b ) 0.92 kcal/mol), whereSA is the solvent-
accessible surface area (SASA) computed by Sanner’s
algorithm in the MSMS program (61). The solute entropic
contributions to the free energies were approximated with
normal mode calculations (36, 62). We employed the
following protocol, as described previously (36). First, seven
structures at 200 ps intervals were selected from the last 1.5
ns in each trajectory; then, using a distance-dependent
dielectric function (ε ) 4r, wherer is the interatomic distance
in angstroms) to mimic solvent effects, steepest descent and
conjugate gradient minimizations, followed by Newton-
Raphson minimizations, were carried out with no cutoff for
all nonbonded interactions until the root-mean-square devia-
tion of the elements in the gradient vector was less than 10-4

kcal mol-1 Å-1 for each structure. Finally, we chose the
minimized structure with the smallest rmsd compared to the
MD average structure for each adduct, to estimate the
translational, rotational, and vibrational entropies at 300 K.

Distortion Free Energy Analysis.To assess the distortions
induced by the adduct, we computed a distortion free energy
relative to the unmodified B-DNA control for the 10S (+)
and 10R (-) adducts in the CA*C sequence context, using
the ensembles obtained from the MD simulations. For each
snapshot of the BP-modified DNA structures selected at 10
ps intervals, we excised the modified BP and replaced it with
a hydrogen atom that is bonded withN6 of the adenine base.
The bond length was adjusted to the value of the otherN6-H
bond. The chemical structure of this DNA duplex is thus
the same as that of the unmodified DNA control duplex in
our simulations. We then applied the MM-PBSA method to
compute a free energy for these distorted but now chemically
unmodified DNA duplexes, as well as for the normal
unmodified control. We compared these data with the
corresponding values for the unmodified duplex to estimate
a distortion free energy (∆Gdistort) caused by the intercalation:

where

and

and so on for the other terms.

∆Gdistort ) ∆Eint
d + ∆EvdW

d + ∆Eelectrostatic
d + ∆GPB

d + ∆Gnonpolar
d (1)

∆Eint
d ) Eint(distorted DNA)- Eint(unmodified control) (2)

∆EvdW
d ) EvdW(distorted DNA)- EvdW(unmodified control) (3)
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Nucleotide Excision Repair Assay.Methods for the nucle-
otide excision repair assay for the 10S (+) and 10R (-)-
trans-anti-[BP]-N6-dA adducts in both the CA*A and CA*C
sequence contexts were described in detail previously (39).
In summary, site specific 10S (+) and 10R (-)-trans-anti-
[BP]-N6-dA adducts in the 5′-CGGACA*AGAAG-3′ N-ras
oligonucleotide or in the 5′-CTCTCA*CTTCC-3′ sequence
were obtained by incorporating appropriate phosphoramidites
into the automated DNA synthesizer technique (63-65).
After DNA synthesis, the modified oligonucleotides were
deprotected and purified by reverse phase HPLC (65). The
identity of individual adducts was assessed after enzymatic
degradation (25, 65) and confirmed by negative ion mode
electrospray mass spectrometry (66).

To obtain internally labeled DNA duplexes of 139-146
base pairs, the modified oligonucleotides or their unmodified
controls (70 pmol) were 5′ end-labeled with [γ-32P]ATP
(7000 Ci/mmol; ICN Pharmaceuticals) and mixed with five
other partially overlapping oligonucleotides (100 pmol) that
were phosphorylated with cold ATP. The oligonucleotides
were annealed and ligated in the presence of T4 DNA ligase
(Life Technologies, Inc.), followed by electrophoretic puri-
fication of the full-length fragments as described previously
(67, 68).

Oligonucleotide excision reaction mixtures (67-69) con-
tained (in 25µL) 35 mM HEPES-KOH (pH 7.9), 60 mM
KCl, 40 mM NaCl, 5.6 mM MgCl2, 2 mM ATP, dATP,
dCTP, dGTP, and TTP (80µM each), 0.8 mM DTT, 0.4
mM EDTA, 3.4% (v/v) glycerol, 5µg of BSA, 5 fmol
(75 000 dpm) of radiolabeled DNA substrate, and 50µg (in
protein equivalents) ofHeLacell extract. After the indicated
incubation times at 30°C, reactions were stopped by the
addition of SDS [0.3% (w/v)] and proteinase K (200µg/
mL; Boehringer Mannheim), followed by proteinase K
digestion for 15 min at 37°C. DNA was purified by phenol/
chloroform extraction and resolved by electrophoresis in 10%
polyacrylamide denaturing gels, after which the radiolabeled
excision products were visualized by autoradiography. The
relative levels of excision were determined by densitometric
analysis of oligonucleotides in the 24- to 32-mer size range
on appropriately exposed X-ray films (using a Molecular
Dynamics computing densitometer with ImageQuant soft-
ware). The linearity of each densitometric quantification was
confirmed by counting Cerenkov radiations of the corre-
sponding gel slices.

RESULTS

Structural Analyses: Stable anti and syn Glycosidic
Conformers in the 10S (+) Adduct.Two different starting
models were employed in the 10S (+) adduct simulation,
one with the orientation of the glycosidic torsion angleø of
-71.8°, in the overallanti region, and a second with this
torsion at 21.1° in the syn region (see Materials and
Methods). We used two starting models to carefully explore
the conformational possibilities forø, since experimental
NMR investigations for this adduct with T opposite the lesion
could not resolve the structures due to conformational
heterogeneity, and asyn-anti equilibrium has been suggested
as an important element in the mobility (30, 31, 33, 70).
Consequently, our starting models for this adduct had to be

taken from NMR solution structures for the majorsyn
conformer (31) and the minor conformer termedanti (30),
which were sufficiently stabilized to be able to be resolved
by NMR when mismatched with G. Interestingly, the starting
model termedanti in this case [-71.8° as in the NMR model
(30)] was not in the normalanti domain as found in B-DNA
[ø ≈ -110° to -140° (71)], but in an area known as a high-
anti region (72).

In the case of the 10R (-) adduct, the experimental NMR
studies indicate that such conformational heterogeneity plays
only a very minor role (32-34). A normalanti conformation
has been fully characterized by high-resolution NMR inves-
tigations and is very predominant (34). Consequently, we
employed only thisanti conformation (ø ) -136.1°), based
on an NMR solution structure (34), as a starting model.

We monitored the time dependence ofø for each simula-
tion and compared these with the unmodified control. Results
are shown in Figure 2A. In the case of the unmodified control
(green curve) and the 10R (-) adduct (blue curve),ø
remained stably in the normal B-DNAanti range. For the
10S (+) adduct, the simulation initiated in thesyndomain
(orange curve) remained in that region and was quite stable
after∼200 ps. However, the simulation begun in the high-
anti region (red curve) did not remain there stably throughout
the 2.5 ns simulation. Instead, we see a high-anti region until
∼500 ps, a transitional region from∼500 to 1000 ps, and
then a stable normalanti domain until the end of the
simulation (Figure 2A). As shown in Figure 2C, a structural
transition at∼500 ps in the 10S (+) isomeranti simulation
is also revealed from the time dependence of theR′ andâ′
torsion angles (Figure 1) that govern the orientation of the
BP moiety with respect to the base. No such transition was
observed for the other simulations. Furthermore, the time
dependence of the pseudorotation phase angleP at A*6 also
shows a transition, at∼800 ps, from the C2′-endo to the
C3′-endodomain, only in the 10S(+) anti simulation (Figure
2B).

Watson-Crick hydrogen bond analysis also supports the
observed transition in the 10S (+) adductanti simulation.
Specifically, one of the two Watson-Crick hydrogen bonds
between A*6 and T17, namely, N3-H3 (T17) to N1 (A*6),
is ruptured prior to∼500 ps and then forms and remains
stably intact for the rest of the simulation, as shown in Figure
S2 of the Supporting Information. In thesynsimulation for
this adduct, no Watson-Crick hydrogen bonds are present
at any time. Moreover, no other types of hydrogen bonds
between A*6 and T17 are observed in this case. In the 10R
(-) adduct simulation, all Watson-Crick base pairs remain
intact for this normalanti structure.

We monitored our simulations for possible formation of
hydrogen bonds between hydroxyl groups on the BP moiety
benzylic ring (Figure 1B) and DNA residues and did find
that such hydrogen bonds formed in the 10S (+) adduct
simulations. In theanti simulation, a hydrogen bond between
N4-H4 (C7) and O9 (BP) began to form after 500 ps and
then remained stably in place until the end of the simulation
(Figure 3C, red curve), with an occupancy of∼85% in the
1-2.5 ns time frame. Thesynsimulation for this adduct also
revealed a hydrogen bond involving the BP and the DNA,
between O9-HO9 (BP) and O6 (G16) (occupancy of∼78%
over the 1-2.5 ns time frame) which did not, however,
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involve a transition (Figure 3C, orange curve). In the 10R
(-) adduct simulation, no BP-DNA hydrogen bonds were
observed that were maintained for any length of time.

Trajectory average helicoidal and backbone parameters are
given in Figures S3 and S4 of the Supporting Information.
These revealed the usual distortions needed to accommodate
the intercalation of the planar and extended aromatic ring
system in the 10S (+) and 10R (-) isomers (36). These
torsional disturbances in and near the intercalation pocket,
which produce the stretching and unwinding needed for
insertion of the aromatic moiety between the base planes,
are similar in the CA*A and CA*C sequences (Figures S3
and S4 of the Supporting Information). Specifically, rise
adopts average values of 8.0 and 8.3 Å at the intercalation
pocket in the 10S (+) (anti glycosidic conformer2) and 10R
(-) isomers (Table S2 of the Supporting Information),
respectively, compared to the normal values of 3.7 and 3.3
Å, respectively, in the same base pair step for the unmodified
control. Buckle and propeller at the modified base pair are

also deviated, oppositely as expected (36), in the 10S (+)
(anti glycosidic conformer) and 10R (-) adducts (Figure S3).
Similar local unwinding due to the intercalation of BP is
also found in both adducts (Table S2). The quality of
Watson-Crick hydrogen bonding in theanti conformers is
similar in the two sequence contexts (Table S2). A notable
distinction in the case of the CA*C sequence 10S(+) adduct
anti conformer, however, is the roll value. The trajectory
average roll is 30° for the 10S (+) adductanti conformer,
while it is 4° for the 10R (-) adduct (Table S2). Since high
roll values are associated with DNA bending (75), we
monitored DNA bending in our simulations (Figure S5 of
the Supporting Information). We first note that the trajectory-
averaged bend angle for the unmodified control is 21.1(
9.9° over the 1-2.5 ns time frame and 20.3( 9.3° over the
first nanosecond. However, the 10S (+) adductanti simula-
tion showed average bend angles of 43.8( 12.4° over the
0-0.5 ns time frame and 60.1( 9.8° over the 1-2.5 ns
time frame. By contrast, thesynsimulation for this adduct
gave a trajectory-averaged bend angle of 24.5( 12.1° over
the 1-2.5 ns time frame (19.6( 11.7° over the 0-1 ns

2 syn conformers are not amenable to reliable helical parameter
calculations which depend on Watson-Crick base pairing (73, 74).

FIGURE 2: (A) Glycosidic torsion angleø and (B) pseudorotation phase angleP in the modified adenine A*6 of the 10S (+) adductanti
andsynconformers, in the 10R (-) adduct, and in A6 of the unmodified control structure. (C) Torsion anglesR′ andâ′ for the 10S (+)
adductanti andsynconformers and the 10R (-) adduct. MD averageø values are-84.9( 12.4° for the 10S (+) adductanti conformer
(1-2.5 ns),-45.4 ( 12.9° for the 10S (+) adduct high-anti conformer (0-0.5 ns), 25.8( 17.3° for the 10S (+) adductsynconformer
(1-2.5 ns),-87.1( 12.0° for the 10R (-) adduct (1-2.5 ns), and-93.8( 12.5° for the unmodified control (1-2.5 ns). AverageR′ and
â′ torsion angle values are-154.4( 9.8° and-123.4( 9.0°, respectively, for the 10S(+) adductanti conformer, 24.8( 10.2° and-91.8
( 10.9°, respectively, for the 10Sadduct (+) synconformer, 150.7( 8.6° and 101.1( 9.0°, respectively, for the 10R (-) adduct (1-2.5
ns), and-168.6( 10.3° and-100.6( 11.9°, respectively, for the 10S (+) adduct high-anti conformer (0-0.5 ns). The color code is as
follows: red, 10S (+) adductanti conformer; orange, 10S (+) adductsynconformer; blue, 10R (-) adduct; and green, unmodified control
structure. Note that 0 ns is actually following the equilibration protocol described in Materials and Methods.
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time frame). For the 10R (-) adduct, trajectory-averaged
bend angles are 18.1( 8.7° over the first nanosecond and
21.9 ( 9.4° from 1 to 2.5 ns. Thus, significant bending
compared to the unmodified control is found only in the 10S
(+) adductanti simulation. Figure 4 shows the average 10S
(+) (anti andsynglycosidic conformers) and 10R (-) adduct
structures, as well as the unmodified control structure,
derived from our simulations.

Thermodynamic Analyses: Similar Stabilities of anti and
syn Glycosidic Conformers in the 10S (+) Adduct. The free

energy analyses showed that theanti and syn glycosidic
structures of the 10S (+) adduct have similar total free
energies, while both are more stable than the initial high-
anti structure of this adduct. Specifically, as shown in Table
1, the total free energy difference between theanti andsyn
structures of the 10S(+) adduct is negligible, only 1.3 kcal/
mol favoring thesynstructure; however, the high-anti initial
structure of the 10S (+) adduct has a much higher energy
than theanti andsynstructures, by 12.2 and 13.5 kcal/mol,
respectively. Evidently, this starting model, taken out of

FIGURE 3: Stereoviews of the (A)anti and (B)synconformations of the 10S (+) adduct [d(A*C)‚d(GT)]. BP is in red, the A*6-T17 pair
in green, and the C7-G16 pair in blue. The backbone and sugar atoms are in gray. O9 on BP and O6 on G16 are in yellow, andN4 on C7
is in orange; the hydrogen atoms of the O9-HO9 hydroxyl group on BP and theN4 amino group on C7 are in white. The hydrogen bonds
betweenN4-H4 (C7) and O9 (BP) in theanti conformer and between O9-HO9 (BP) and O6 (G16) in thesynconformer are shown as
solid pink dots. All stereoimages are constructed for viewing with a stereoviewer. (C) Time dependence of the hydrogen bond angle and
distance for the sequence-dependent hydrogen bonds betweenN4-H4 (C7) and O9 (BP) (anti conformer) and between O9-HO9 (BP) and
O6 (G16) (synconformer) of the 10S (+) adduct in the CA*C sequence context over the 2.5 ns MD simulation.
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necessity from a G-A* mismatch structure because no other
suitable one was available, is not stable when the normal
partner T is opposite the lesion. The enthalpic contribution
to the free energy favors the 10R (-) adduct by 11.9 and
9.4 kcal/mol, relative to theanti andsynconformers of the
10S(+) adduct, respectively, largely due to the internal (Eint)

and electrostatic free energy (GPB + Eelectrostatic) differences.
Melting data in this sequence context (76) for the 11-mer
10S (+) (25 °C) and 10R (-) (32 °C) adducts also reveal
greater thermal stability for the 10R (-) adduct. The solute
entropic term is greatest for thesynstructure of the 10S(+)
adduct compared to all the other structures, probably because

FIGURE 4: Stereoviews of the MD average structures over 1-2.5 ns. (A) 10S (+) adductanti conformer and (B)synconformer with BP
in red, the A*6-T17 pair in green, and the C7-G16 pair in blue. (C) 10R (-) adduct with BP in red, the C5-G18 pair in blue, and the
A*6-T17 pair in green. (D) Unmodified control B-DNA structure with the C5-G18 and C7-G16 pairs in blue and the A6-T17 pair in
green. The backbone and sugar atoms and other residues are in gray. All structures are aligned so that the 5′-OH groups are at the top left.

Table 1: Free Energy Component Analysis of the 10S (+)- and 10R (-)-trans-anti-[BP]-N6-dA DNA Adducts in the CA*C Sequence Contexta

10S(+) anti 10S(+) syn 10S(+) high-anti 10R (-) ∆1 ∆2

〈Eelectrostatic〉 265.0 (38.9) 350.9 (48.3) 339.7 (36.3) 330.7 (57.8) -65.7 20.2
〈EvdW〉 -184.8 (9.1) -184.6 (9.3) -187.5 (10.9) -183.7 (9.5) -1.1 -0.9
〈Eint〉 1007.1 (18.9) 1000.5 (16.3) 1009.3 (17.9) 996.3 (17.3) 10.8 4.2
〈EMM〉 1087.3 (36.9) 1166.8 (46.4) 1161.5 (36.4) 1143.2 (61.5) -55.9 23.6
〈Gnonpolar〉 25.4 (0.2) 25.0 (0.2) 25.4 (0.1) 25.3 (0.2) 0.1 -0.3
〈GPB〉 -5553.0 (35.3) -5630.7 (44.2) -5616.0 (31.0) -5620.8 (56.5) 67.8 -9.9
〈Gsolvation〉 -5527.7 (35.4) -5605.8 (44.4) -5590.6 (31.0) 5595.5 (56.5) 67.8 -10.3
〈GPB + Eelectrostatic〉 -5288.0 (10.9) 5279.9 (10.7) -5276.2 (13.7) -5290.1 (11.8) 2.1 10.2
〈EMM + GPB〉 -4465.7 (16.0) -4463.9 (14.3) -4454.5 (14.2) -4477.6 (14.9) 11.9 13.7
-TS -591.0 -593.7 -590.0 -592.3 1.3 -1.4
Gtot -5031.3 -5032.6 -5019.1 -5044.6 13.3 12.0
a All energies are in kcal/mol. Values in parentheses are standard deviations.∆1 ) 10S (+) anti - 10R (-), and∆2 ) 10S (+) syn- 10R (-).
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of greater flexibility due to lack of Watson-Crick base
pairing at the lesion site.

We evaluated a distortion free energy due to adduct
intercalation for our simulated structures (see Materials and
Methods). As shown in Table S1 of the Supporting Informa-
tion, the total distortion free energy∆Gdistort is 21.8 and 25.4
kcal/mol for the 10S (+) adductanti and syn conformers,
respectively, and 13.9 kcal/mol for the 10R (-) adduct.

In addition, we computed the energies for van der Waals
interaction between BP and the residues involved in the
intercalation pocket in the 10S (+) (both anti and syn
conformers) and 10R (-) adducts, and found that these
exhibit similar values (Table 2). These results are in accord
with structural observations. Specifically, the overlap between
the BP aromatic moiety and the adjacent base pairs is quite

similar in the 10S (+) (both anti andsynconformers) and
10R (-) adducts. The aromatic rings of BP in the 10S (+)
adductanti andsynstructures stack with the partner T17 of
the modified nucleotide A*6 quite well; furthermore, the BP
aromatic rings have substantial overlap with the adjacent
G16, but they do not stack with the adjacent C7 base (Figure
5A,B). In the 10R (-) adduct, the BP aromatic rings also
stack well with the normal partner T17 of the adducted
adenine residue A*6 (Figure 5C). However, the BP aromatic
rings in the 10R (-) adduct have less overlap with the
adjacent G18, compared to the overlap with G16 in the case
of the 10S (+) adduct; however, the BP rings stack better
with C5 in the 10R (-) adduct than with C7 in the 10S (+)
adduct (Figure 5).

RelatiVe Nucleotide Excision Repair ActiVities.Linear and
internally γ-32P-labeled DNA fragments containing a site
specific adduct were incubated in a definedHeLacell extract
that had been shown to contain the entire repertoire of core
NER factors (67-69). After 40 min at 30°C, the reaction
mixtures were separated by denaturing polyacrylamide gel
electrophoresis to visualize the specific excision products
consisting of oligonucleotides in the size range of 24-32
residues. A quantitative evaluation was performed after
autoradiography of the dried gel and laser scanning densi-
tometry of the bands representing excision products and the
full-length substrate in each lane. The excision activities were

FIGURE 5: Stereoviews of the intercalation pockets of the 10S (+) [d(A*C) ‚d(GT)] and 10R (-) [d(CA*) ‚d(TG)] adducts. In the (A)anti
conformer and (B)synconformer of the 10S (+) adduct, BP is shown as a red stick, the A*6-T17 pair as a green stick, and the C7-G16
pair as a blue stick. (C) In the 10R (-) adduct, BP is shown as a red stick, the A*6-T17 pair as a green stick, and the C5-G18 pair as
a blue stick. All backbone and sugar atoms are in gray. The view is along the helix axis from 5′ to 3′ along the modified strand.

Table 2: van der Waals Interaction Energies at the Intercalation
Pocketa

10S(+) anti 10S(+) syn 10R (-)

BP-T17 -13.0 -11.5 -12.3
BP-C7/C5 -6.2 -5.9 -10.5
BP-G16/G18 -10.5 -13.2 -8.0
total -29.7 -29.6 -30.8
a BP-C7 and BP-C5 are for 10S (+) and 10R (-) adducts,

respectively. BP-G16 and BP-G18 are for 10S (+) and 10R (-)
adducts, respectively. All energies are in kcal/mol.
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compared to a standard substrate containing a 10S (-)-cis-
anti-[BP]-N2-dG adduct (39). The relative yields of excision
products were in the linear, initial kinetic region. Examples
of such kinetic curves have been published previously (39).
We found that both the 10S (+)- and 10R (-)-trans-anti-
[BP]-N6-dA adducts in the CA*A (39) and current CA*C
sequence contexts were processed by NER enzymes inHeLa
cell extracts. Quantitative analysis of specific excision
products in the 24-32-nucleotide range showed that the
relative NER activities for the 10S (+)- and 10R (-)-trans-
anti-[BP]-N6-dA adducts in the CA*A context are∼18 and
∼8%, respectively, while they are∼28 and∼3%, respec-
tively, in the current CA*C context. The relative NER
activities and the melting temperatures,Tm, for the 10S (+)
and 10R (-) adducts in the CA*A and CA*C sequences are
shown in Figure 6. The data show that theS isomers are
repaired more than theR isomers, independent of sequence,
and in the case of the 10S (+) adduct, the CA*C sequence
is more repaired than the CA*A sequence. Furthermore, the
thermal melting data indicate that the more repaired adducts
have lower thermal melting temperatures relative to the
unmodified duplexes than their less repaired counterparts.

DISCUSSION

Influence of Base Sequence Context on Conformational
Equilibria

syn-anti Equilibrium. One goal of this study was to
elucidate the influence of base sequence context on confor-
mational equilibria in a system which had not been amenable

to full molecular characterization through experimental NMR
investigations due to conformational heterogeneity. Hence,
simulation studies could play a useful role. In particular, we
are interested in the 10S (+)-trans-anti-[BP]-N6-dA adduct
in a DNA duplex opposite its normal partner T, comparing
its conformational properties in the CA*C sequence context
examined here with those deduced previously in the CA*A
sequence context (36). We also examined the corresponding
10R (-)-trans-anti-[BP]-N6-dA adduct whose NMR solution
structure has been determined in a number of sequence
contexts (33, 34), since conformational heterogeneity is much
lower in this isomer.

Our studies involved 2.5 ns molecular dynamics simula-
tions, in which all starting structures and protocols were
identical for the present CA*C investigation to those
employed previously for the CA*A work (36). Yet, we noted
a remarkable difference in the two trajectories. In the CA*C
case, a conformational transition was observed in the 500-
1000 ps time frame, from the starting structure in which the
glycosidic torsion angle was high-anti to the normal B-DNA
anti domain (Figure 2A). This transition was accompanied
by a number of additional conformational rearrangements:
a shift in theR′ and â′ carcinogen-base linkage torsion
angles, the formation of the N3-H3 (T17) to N1 (A*6)
Watson-Crick hydrogen bond which had been ruptured, a
transition in the sugar pucker from the C2′-endoto the C3′-
endo region at A*6 (Figure 2B), and the formation of a
hydrogen bond betweenN4-H4 (C7) and O9 (BP) (Figure
3C). Following the transition, the simulation showed stability
until the end. Our free energy analysis showed that the initial,
high-anti state was∼12.2 kcal/mol higher in energy than
the stableanti form. By contrast, our earlier simulation in
the CA*A sequence context for the same 10S (+) isomer
showed no such transition (36). Instead, the glycosidic torsion
angleø visited the entireanti/high-anti/syn region (Figure
7). Thus, these results suggest an energy surface for the
glycosidic torsion angleø with three wells,anti, high-anti,
andsyn, in accord with well-known preferences for nucleic
acids (77-81). It is noteworthy that the high-anti domain
has been particularly observed (82, 83) and noted through
computational studies for intercalation complexes (84).
Furthermore, the energy landscape is modulated by the
different sequence contexts. In the CA*A case, the energy
well centered at high-anti appears to be broad with little
barrier to either theanti or the syn domain, offering easy
access to these regions (Figure 7, black curve). On the other
hand, in the CA*C sequence, asyn and ananti well with
little accessibility between them is suggested, indicating a
higher barrier (Figure 7, red and orange curves).

Because thesyn domain was not sampled through our
CA*C simulation starting from the high-anti region, we
carried out an additional simulation that began with the
glycosidic torsion anglesyn(Figure 2A, orange curve). This
simulation showed a stablesyn glycosidic conformation
whose free energy was very similar to that of the normal
anti glycosidic conformer (Table 1) which had become stable
after 1 ns during the simulation that began at high-anti. Thus,
our simulations suggest that asyn conformer contributes
significantly to the conformational heterogeneity in both
sequence contexts, but that the barrier betweensynandanti
domains is greater in the CA*C case, as the simulation was

FIGURE 6: Relative nucleotide excision repair activities and duplex
melting temperatures for the 10S(+)- and 10R (-)-trans-anti-[BP]-
N6-dA adducts in the CA*A (39) and CA*C sequence contexts.
The melting temperatures for the unmodified controls are shown
in gray.

Base Sequence Effects in BP-dA Adducts Biochemistry, Vol. 42, No. 8, 20032347



unable to sample thesyn state from the high-anti starting
structure in this case only. This barrier appears to stem from
the hydrogen bonds involving the O9-HO9 hydroxyl group
on the BP benzylic ring and the adjacent bases in both the
anti andsynconformations, namely,N4-H4 (C7) to O9 (BP)
in the anti conformer and O9-HO9 (BP) to O6 (G16) in
thesynconformer (Figure 3A,B), which likely stabilize both
the anti and syn conformations in the CA*C sequence.
Possibly, the high-energy high-anti conformation is near a
transition state between the stable normalanti and syn
conformations in the CA*C sequence context opposite T
(Table 1).

Our simulation for the 10R (-) adduct was very similar
in the present CA*C sequence as in the previous CA*A case,
with stableanti conformations and no evidence for asyn
component. Recent work (33) indicates that a minorsyn
conformer can be present for this isomer, at least in the
AA*G sequence context. While our trajectory did not find a
synconformer, its possibility as a minor constituent remains
open.

Sequence-Dependent Hydrogen Bond.We sought to
determine why the simulation behaved so differently in the
CA*A and CA*C sequences when all other variables (starting
conformations and MD protocols) were identical. The key
seems to lie in the hydrogen bond between O9 (BP) and
N4-H4 (C7) that forms during the transition from the high-
anti to the normalanti conformation and then remains in

place during the rest of the simulation. This hydrogen bond
is sequence-dependent. Since it is between O9 on the BP
benzylic ring and the amino group on the 3′-side neighboring
cytosine C7, it can only be formed in the CA*C sequence.
In the CA*A sequence, this cytosine is replaced with an
adenine which cannot, when normally positioned in B-DNA,
contribute a hydrogen bond donor to O9 of BP. Moreover,
as mentioned in the Results, the 10S (+) adduct syn
glycosidic conformer in the CA*C sequence also has a
hydrogen bond involving BP and DNA, between O9-HO9
(BP) and O6 (G16) (Figure 3B). However, as noted by a
reviewer, an analogous hydrogen bond should be feasible
in the CA*A sequence, involvingN6 of A7 and O9-HO9
(BP). Accordingly, we re-examined our CA*A simulation
data and did find that a very weak hydrogen bond/
electrostatic interaction involvingN6 (A7) and O9-HO9 (BP)
can occur when thesyn domain for the glycosidic torsion
angle is traversed (Figure S6 of the Supporting Information).

Interestingly, Pradhan et al. have obtained a high-resolution
NMR solution structure of a 10S(+) adenine adduct derived
from (+)-syn-BPDE [(+)-(7S,8R,9S,10R)-7,8-dihydroxy-9,-
10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene] viatrans ep-
oxide opening, also in the CA*C sequence context (70). They
proposed that a hydrogen bond between O7-HO7 (BP) and
N7 of G16 stabilizes their major (syn glycosidic torsion)
conformer or slows its rate of interconversion, which
effectively means raising the barrier (70). Moreover, ROESY
experiments provided evidence for interconversion between
the major, syn and a minor, possiblyanti glycosidic
conformer (70). Since the orientation of O9 on the benzylic
ring is the same for both the 10S (+)-trans-anti-[BP]-N6-
dA and the 10S (+)-trans-syn-[BP]-N6-dA adducts (Chart
1), it is conceivable that the hydrogen bond between O9 (BP)
andN4-H4 (C7) found in our simulation, which stabilizes
theanti glycosidic conformer derived fromanti-BPDE, may
also contribute to the stability of the minor, possiblyanti
glycosidic conformer derived fromsyn-BPDE.

Thus, our simulations are in harmony with the broad
spectrum of experimental data (30-34, 70) that indicate a
delicatesyn-anti glycosidic bond equilibrium for a 10S(+)
adduct, whose population balance can be easily affected by
the nature of the partner base, the stereochemistry of the
benzylic ring, and the neighboring base sequence context,
with the possibility of sequence- or stereochemistry-depend-
ent hydrogen bonds involving the BP and neighboring bases
playing a significant role.

DNA Roll and Bending.The very easily perturbedsyn-
anti conformational equilibrium may play a role in elucidat-
ing DNA bending effects in the 10S (+) adenine adduct.
Our simulations revealed one helical parameter that was

FIGURE 7: (A) Time dependence and (B) distribution of the
glycosidic torsion angleø at A*6 in the CA*A (36) and CA*C
sequence contexts. The color code is as follows: black, 10S (+)
adduct in the CA*A sequence (36); red, 10S (+) adduct anti
conformer in the CA*C sequence; and orange, 10S(+) adductsyn
conformer in the CA*C sequence. Our earlier simulation for the
CA*A sequence (black) (36) was carried out for only 2 ns. The
curves correspond well to theanti, high-anti, andsyndomains that
have been found for nucleic acid structures both experimentally
and computationally (77-84).

Chart 1
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distinctly different in the CA*C sequence compared to the
CA*A sequence in the 10S (+) isomer, namely, the value
of roll. Roll is known to be the primary helical parameter
that governs DNA bending (75). Our simulations indicate
essentially no significant additional roll or bending above
the unmodified control in the CA*A sequence or thesyn
glycosidic conformer in the CA*C sequence; however, we
do find a significant bend, correlated with the sequence
specific hydrogen bond,N4-H4 (C7) to O9 (BP), only in
the anti conformer of the CA*C sequence. As shown in
Figure 3, a hydrogen bond between O9 (BP) andN4-H4
(C7) occurs in the structure of theanti conformer over 1-2.5
ns; however, it is not present in the starting high-anti
conformer over 0-0.5 ns or during the transition over
the 0.5-1 ns time frame. The formation of this
N4-H4 (C7)‚‚‚O9 (BP) hydrogen bond is accompanied by
additional DNA bending in the 10S (+) adduct (Figure S5),
suggesting that this hydrogen bond may help stabilize the
bentanti conformation. However, such a bend could be very
easily perturbed via destabilization of the hydrogen bond with
concomitant rebalancing of thesyn-anti equilibrium. Ex-
perimental bending studies through gel mobility and ligation
investigations may have unknown effects on this equilibrium.
Experimental results for this isomer in the CA*A sequence
context (85) suggest little additional bending over the
unmodified control, in line with our simulation for this
sequence. Experimental results are similar for the CA*C
sequence context (N. E. Geacintov laboratory, unpublished
data); it is possible that experimental conditions might
stabilize either thesynor theanti glycosidic conformer, and
thus affect the observed bending in this sequence.

Another intriguing question is why the 10S (+) anti
conformer is more bent than the 10R (-) adduct, even though
the 3′-intercalated BP and the 5′-intercalated BP in the
respective 10S (+) and 10R (-) adducts have the same

neighboring base (cytosine) in the CA*C sequence context.
Recall that the 10S (+) adduct is intercalated on the 3′-side
of A*, while the 10R (-) adduct is 5′-intercalated. The
hydrogen bond betweenN4-H4 (C7) and O9 (BP) may play
a role here also. Such a hydrogen bond is not feasible
between the BP and the neighboring cytosine (C5) in the
10R (-) adduct in the CA*C sequence, because the right-
handed helical twist of B-DNA precludes its formation. In
the 10S (+) adduct (Figure 8A), the amino group of the 3′-
side neighboring cytosine, C7, is twistedtoward the O9-
HO9 axial hydroxyl group on BP, placing the donor and
acceptor atoms in proximity; however, in the 10R (-) adduct
(Figure 8B), the free amino group of the 5′-side cytosine,
C5, is twistedawayfrom the O9-HO9 axial hydroxyl group
of BP so that no stabilizing hydrogen bond can be formed.

Other Conformational Flexibilities: Sugar Pucker and
External Conformers.The role that other conformational
sources of flexibility play in the conformational heterogeneity
of the 10S (+) adduct is also of interest. We do note that
the anti conformer in our simulation adopts the C3′-endo
sugar conformation in the CA*C sequence context, while
thesynconformer has the A*6 sugar C2′-endo(Figure 2B).
Zegar et al. (32) found a C3′-endo-C2′-endosugar pucker
interconversion at A, 5′ to the modified A*, for the 10R (-)
adduct in the CAA* sequence. Interestingly, we found a
similar C3′-endo-C2′-endosugar pucker interconversion at
the 5′-side neighboring base C5 for the 10S (+) adduct in
the CA*C sequence (Figure S7 of the Supporting Informa-
tion). Our simulations did not reveal any evidence for a
conformational component in which the bulky carcinogen
is placed in a position that is on the helix exterior, although
experimental data (33) suggest that such a component may
be contributing somewhat to the conformational mix in the
10S (+) adduct.

FIGURE 8: Stereoviews of the intercalation pockets of the (A) 10S (+) adductanti conformer [d(A*C)‚d(GT)] and (B) 10R (-) adduct
[d(CA*) ‚d(TG)]. BP is in red, the A*6-T17 pair in green, the C7-G16 pair in blue, and the C5-G18 pair in blue. O9 on BP is in yellow,
andN4 on C5 and C7 is in orange; the hydrogen atoms of the O9-HO9 hydroxyl group on BP and theN4 amino group on C5 and C7 are
in white. The hydrogen bond betweenN4-H4 (C7) and O9 (BP) is shown as solid pink dots. The backbone and sugar atoms are in gray.
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Free Energy and the Steric Effect.As in the CA*A
sequence, the free energy of the 10R (-) isomer is
significantly lower than that of the 10S (+) isomer (36), in
line with thermal melting data [10S (+) adduct, 25°C; 10R
(-) adduct, 33°C] (76), which indicates less stability for
the 10S (+) isomer. This lower stability stems essentially
from a stereochemical effect of the BP benzylic ring system
(Figure 1) which, in combination with the 3′-side intercala-
tion of the BP ring system and the right-handed helical twist
of the DNA, places the OH-containing benzylic ring system
in a crowded position in the 10S (+) isomer (30, 33, 36).
Thesyn-anti conformational equilibrium, local unwinding,
and diminished stacking interactions between BP and the
intercalation pocket all have a hand in causing the diminished
stability, which results from the need to alleviate the
crowding in this 10S (+) isomer only.

However, the dynamic balance between these various
contributions appears to depend on sequence. Rotation of
the glycosidic bondø to thesyndomain is utilized (33) in
both sequences. In addition, unwinding plays a greater role
in alleviating the steric crowding in the CA*A than in the
CA*C sequence; we previously found total unwinding near
the lesion site in the CA*A case of∼41° (36), while in the
CA*C sequence,anti conformation total unwinding near the
lesion site is only∼28° (Table S2). Instead, the crowding
in the anti conformer is alleviated by rotating the linkage

torsion angleâ′, which turns the benzylic ring of BP away
from the sterically crowded region at C5 on its 5′-side (Figure
9, â′ is -123° in the CA*C sequence and-102° in the
CA*A case). This rotation ofâ′ optimizes the overlap
between the aromatic region of BP and the 3′-side neighbor-
ing G16 base (Figure 5A). However, in the CA*A sequence,
the base is T16 with only one aromatic ring to stack with
BP (36). This is consistent with the observation that the van
der Waals interaction energy at the intercalation pocket of
the 10S (+) adduct in the CA*C sequence context (-29.7
kcal/mol for theanti conformer) is greater than in the CA*A
sequence context [-26.9 kcal/mol (36)], largely due to the
increased number of interactions between BP and the 3′-
side neighboring G16 base (Table 2). Thus, the base sequence
context, specifically, the 3′-neighboring purine G16, plays
the essential role in dictating the strategy to avoid crowding.
In the CA*C sequenceanti conformer, it involves rotation
of â′, while in the CA*A sequence, additional unwinding
helps provide the needed space.

Structural Rationale for Sequence- and
Stereoisomer-Dependent Nucleotide Excision Repair

Our combined structural and thermodynamic studies
suggest a rationale for the observed sequence dependence
in our NER assay. It is believed that the NER damage
recognition machinery initially recognizes the distortions in

FIGURE 9: (A) Stereoview of the d(CA*C)‚d(GTG) region of the 10S (+) adductanti conformer in the CA*C sequence context. BP is in
red, the A*6-T17 pair in green, the C5-G18 pair in violet, C7 in blue, and G16 in orange. (B) Stereoview of the d(CA*A)‚d(TTG) region
of the 10S (+) adduct in the CA*A sequence context. BP is in red, the A*6-T17 pair in green, the C5-G18 pair in violet, A7 in blue, and
T16 in magenta. All backbone and sugar atoms are in gray.
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the normal DNA helical structures induced by lesions rather
than recognizing the lesion per se (86-88). The disruption
or weakening of Watson-Crick hydrogen bonding (69, 89),
DNA bending (90-92), and unwinding of the DNA double
helix are considered to be such distortions recognized by
the NER factors in a multipartite NER recognition model
(93).

The NER results shown in Figure 6 reveal the sequence-
dependent differential repair in the 10S(+) isomer. The most
plausible factor contributing to the enhanced NER excision
activity of the 10S(+) adduct in the CA*C sequence (Figure
6) is the possibility for enhanced roll with a significant bend,
stabilized by a sequence specific hydrogen bond in theanti
glycosidic conformation (Table S2 and Figures 3 and 4). The
synglycosidic conformer with its disrupted Watson-Crick
hydrogen bonding is a component of the conformational
equilibrium in both sequences and hence would not account
for the sequence-dependent differential NER. However, it
does play a role in the differential excision of theS andR
stereoisomers of the same sequence, since asynconformer
plays little role in theR isomer conformational mix. Our
computed greater distortion free energy for theS isomer
(Table S1) is in line with its higher excision susceptibility,
and relates to structural differences inS and R isomers
involving the quality of Watson-Crick hydrogen bonding,
unwinding, and roll bending (Table S2). Moreover, recent
work has shown a correlation between this distortion energy
index and the observed NER efficiencies of intercalated
adducts for a number of cases (37). The 10R (-) adducts
behave quite similarly in our simulations for the two
sequences, and more similar susceptibilities to NER are
suggested by the data. Of course, repair is a complex process
governed by a combination of factors, which we term a
multipartite model for recognition (37, 93).

Moreover, at the current state of the art it is not feasible
to quantitatively relate computed free energies with relative
rates of excision through kinetic theory, where a 1 kcal/mol
energy difference converts to an∼9-fold rate difference,
since uncertainty in the computed free energies is on the
order of several kilocalories per mole in systems of the type
examined here (38). In addition, there is the well-known
sampling problem in molecular dynamics simulations, which
is still the key limitation to ensuring that important regions
of conformational space are well-traversed (94); nonetheless,
much insightful information is being gained, and the
technique is now taken to be a valuable partner to experiment
(95).

Future experimental studies are needed to further examine
these suggestions of sequence dependence in NER, including
the possibility of next nearest neighbor effects. It is of interest
that sequence-dependent differential repair has also recently
been observed in the case of the hypoxanthine and 1,N6-
ethenoadenine-DNA adducts (96). Sequence- and stereoi-
somer-dependent NER could play a role in producing adduct-
induced mutational hotspots and thereby contribute to the
complexity of cancer initiation.
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SUPPORTING INFORMATION AVAILABLE

Table S1 shows the distortion free energy analysis of the
10S(+) and 10R (-) adducts in the CA*C sequence context.
Table S2 shows the comparison of structural parameters for
CA*C and CA*A sequence contexts near the lesion site.
Figure S1 shows the rmsd relative to the average structures
for the 10S (+) adductanti and syn conformers, the 10R
(-) adduct, and the unmodified control structure over the
2.5 ns MD simulation. Figure S2 shows the Watson-Crick
hydrogen bond angles and distances for the A*6-T17 base
pair of the 10S (+) adductanti conformer. Figures S3 and
S4 show the trajectory average helicoidal and backbone
parameters, respectively. Figure S5 shows the overall axis
bend of the 10S (+) adductanti and syn conformers, the
10R (-) adduct, and the unmodified control structure over
the 2.5 ns MD simulation. Figure S6 shows a stereoview of
the syn glycosidic conformation of the 10S (+) adduct in
the CA*A sequence. Figure S7 shows the time dependence
of the pseudorotation phase angleP for C5 of the 10S (+)
adductanti conformer. This material is available free of
charge via the Internet at http://pubs.acs.org.
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