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ABSTRACT: Aristolochic acids (AAI and AAII), produced by the Aristolochia-
ceae family of plants, are classified as group I (human) carcinogens by the
International Agency for Research on Cancer. These acids are metabolized in cells
to yield aristolactams (ALI and ALII, respectively), which further form bulky
adducts with the purine nucleobases. Specifically, the adenine lesions are more
persistent in cells and have been associated with chronic renal diseases and related
carcinogenesis. To understand the structural basis of the nephrotoxicity induced by
AAs, the ALI-N6-dA and ALII-N6-dA lesions are systematically studied using
computational methods. Density functional theory calculations indicate that the
aristolactam moiety intrinsically prefers a planar conformation with respect to
adenine. Nucleoside and nucleotide models suggest that the anti and syn orientations about the glycosidic bond are isoenergetic
for both adducts. Molecular dynamics simulations and free energy calculations reveal that the anti base-displaced intercalated
conformation is the most stable conformer for both types of AL-N6-dA adducted DNA, which agrees with previous experimental
work on the ALII-N6-dA adduct and thereby validates our approach. Interestingly, this conformer differs from the dominant
conformations adopted by other N6-linked adenine lesions, including those derived from polycyclic aromatic hydrocarbons.
Furthermore, the second most stable syn base-displaced intercalated conformation lies closer in energy to the anti base-displaced
intercalated conformation for ALI-N6-dA compared to ALII-N6-dA. This indicates that a mixture of conformations may be
detectable for ALI-N6-dA in DNA. If this enhanced conformational flexibility of double-stranded DNA persists when bound to a
lesion-bypass polymerase, this provides a possible structural explanation for the previously observed greater nephrotoxic potential
for the ALI versus ALII-N6-dA adduct. In addition, the structural characteristics of the preferred conformations of adducted DNA
explain the resistance of these adducts to repair and thereby add to our current understanding of the toxicity of AAs within living
cells.

Aristolochic acids, chemically nitrophenanthrene carboxylic
acids, are potent carcinogens and established nephrotoxins

that originate from the Aristolochiaceae family of plants. The
major components of extracts from these plants are aristolochic
acids I and II (AAI and AAII, respectively), which differ in the
presence or absence of a methoxy group (Figure 1a). These
toxins have been determined to be responsible for Chinese herb
nephropathy (CHN), a rapidly progressive kidney fibrosis
associated with the prolonged intake of Chinese herbs
contaminated with Aristolochia fangchi.1 In addition, exposure
to AAs has been linked to Balkan endemic nephropathy (BEN)
through the consumption of locally grown wheat contaminated
with seeds from Aristolochia clematitis.2,3 Because of the striking
similarities in the clinical expression and pathology of lesions
associated with CHN and BEN, the term aristolochic acid
nephropathy (AAN) is now proposed to cover both
conditions.4 In addition to their nephrotoxic potential, exposure
to AAs has been associated with urothelial carcinoma in the
upper urinary tract (UUC).5−7 Because of their potential
carcinogenic effects, the International Agency for Research on
Cancer (IARC) categorized herbal medicines containing the

plant species of the Aristolochia genus as Group 1 (human)
carcinogens.8

Pioneering experimental work independently initiated by
Grollman, Schmeiser, and collaborators,6,9−17 has shed light on
important aspects of the bioactivation of AAs and their relation
to BEN. In particular, the metabolic activation of AAs has been
shown to involve the NAD(P)H:quinone oxidoreductase-
catalyzed reduction of the nitro group to yield N-hydroxyar-
istolactams (N-hydroxy ALs), which further hydrolyze to form
nitrenium ions.13,15,16 These intermediates specifically attack
the purine DNA nucleobases to form the AL-N6-dA (Figure 1a)
and AL-N2-dG adducts,15,17 which were identified in the renal
tissues of patients affected by BEN.10 Furthermore, the AA-
initiated carcinogenesis is associated with “signature” A → T
mutations,11,18,19 which are dominant in the TP53 tumor
suppressor gene10 and the FGFR3 or HRAS oncogene.6 In vitro
studies of the replication and repair of these adducts indicate
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that while both lesions misincorporate A, only AL-N6-dA
persists in cells,9 possibly because of its greater resistance to
repair by the global genomic repair pathway compared to that
of AL-N2-dG.14

Despite the known mutagenicity of the AL-N6-dA lesions
and abundance of literature on the structurally similar N6-linked
PAH adenine lesions,20−30 to the best of our knowledge, only
one recent study has analyzed the structural characteristics of
damaged DNA containing the ALII-N6-dA adduct using NMR
spectroscopy.31 Surprisingly, unlike most N6-dA linked PAH
lesions, which intercalate the bulky moiety into DNA without
displacing the opposing base,20,23,24 intercalation of the ALII
moiety displaces the opposing thymine into the major groove.
This raises an important question regarding the structural and
energetic features that drive the differential conformational
outcomes of the ALII-N6-dA lesion compared to those of the
PAH adducts. Furthermore, despite the higher abun-
dance16,32,33 and greater nephrotoxic potential34 of AAI
compared to those of AAII in cells, recent studies have focused
on the properties of the ALII-N6-dA lesion.9,14,31 However,
previous studies of other DNA adducts (e.g., on C8-AF-
dG,35−37 C8-AAF-dG,35,37−40 and PAH20−23 adducts) have
shown that subtle changes in the chemical structure of the
lesion may have profound implications for its conformation and
mutagenicity within DNA. Therefore, the effect of the methoxy
group present in ALI-N6-dA on the conformational outcomes
of adducted DNA must be investigated.
This work undertakes a systematic molecular modeling study,

including quantum chemical [density functional theory (DFT)]
methods, molecular dynamics (MD) simulations, and free
energy analysis, to explore and compare the conformational
space of the ALI-N6-dA and ALII-N6-dA lesions. Specifically,
the nucleobase, nucleoside, and nucleotide adducts are
considered to determine the preferred orientation of the
bulky moiety with respect to the base and the anti/syn
preference. Subsequently, the adducts are incorporated into an
11-mer oligonucleotide opposite complementary thymine, and
MD simulations are conducted to reveal the effects of the
helical environment on the anti/syn conformational preference.

Our approach is validated through careful comparison to NMR
structural data previously published for the ALII-N6-dA
lesion.31 As a result, our work reliably predicts for the first
time the effect of the additional methoxy group present in the
ALI-N6-dA lesion on the conformational preferences of AA
adducted DNA. Furthermore, the preferred conformations of
adducted DNA are analyzed in detail, which provides a
structural basis for the resistance of the AL-N6-dA lesions to be
repaired by NER machinery. Overall, our work yields valuable
structural insights into the experimentally observed differences
in the mutagenic potentials and persistence of the AL-N6-dA
adducts.

■ MATERIALS AND METHODS
Nucleobase Model. To build the nucleobase model, the

AL moiety formed from AAI or AAII was attached to the N6
position of adenine. Although both AL-N6-A adducts can exist
in the amino or imino tautomeric form at the N6 position,41 a
recent combined experimental and modeling study concluded
that the amino form predominates in DNA.31 For this reason,
only the amino form is considered in this work. The relative
orientation of the AL moiety with respect to the nucleobase is
dictated by rotation about two dihedral angles, θ
[∠(N1C6N6C10)] and ϕ [∠(C6N6C10C11)] (Figure 1a).
Therefore, the B3LYP/6-31G(d) potential energy surface
(PES) was initially mapped as a function of θ and ϕ. Full
optimizations were subsequently performed on all minima
identified from the PES using B3LYP/6-31G(d) and the
dispersion-corrected B3LYP-D3/6-31G(d). Finally, B3LYP and
B3LYP-D3 were used in conjunction with the 6-311+G(2df,p)
basis set to obtain more accurate relative energies.

Nucleoside Model. The nucleoside model was built by
adding 2′-deoxyribose in the B-DNA relevant C2′-endo
puckering to the lowest-energy conformation obtained from
the nucleobase model. Addition of the sugar moiety increases
the complexity of the model because dihedral angle χ
[∠(O4′C1′N9C4)] (Figure 1a) must also be considered,
which determines the orientation of the base about the
glycosidic bond. Nevertheless, the nucleobase model indicates
that the energy does not change significantly upon rotation
about ϕ. Therefore, the gas-phase B3LYP/6-31G(d) PES of the
nucleoside adduct was scanned with respect to θ and χ. The ε =
∠(C4′C3′O3′H5′) torsion angle (Figure 1a) was initially set to
approximately 180°, which is the average value obtained from
previous MD simulations on the Dickerson−Drew dodeca-
mer.42 The minima obtained from the PES were fully optimized
using B3LYP and B3LYP-D3 with the 6-31G(d) basis set, and
the same functionals were used with 6-311+G(2df,p) to obtain
more accurate relative energies. Furthermore, B3LYP-D3/6-
31G(d) optimizations, followed by B3LYP-D3/6-311+G(2df,p)
single-point calculations, were performed on the lowest-energy
anti and syn conformations while the β dihedral angle was
geometrically constrained to 180°, which permits analysis of
DNA relevant conformations of the adduct.

Nucleotide Model. To generate the initial nucleotide
model, a 5′-monophosphate group was added to the lowest-
energy anti and syn conformers identified from the nucleoside
model. A previous study indicates that the DNA relevant
geometries of the nucleotide model are obtained only when the
solvent (water) environment and a Na+ counterion are used
during the optimization routine.43 Therefore, the nucleotide
model was optimized in water (ε = 78.4) using IEF-PCM-
B3LYP/6-31G(d) and the UFF radii to build the molecular

Figure 1. (a) Structure of the AL-N6-dA adducts (R = OCH3 for ALI
and H for ALII) . The θ [∠(N1C6N6C10)] and ϕ
[∠(C6N6C10C11)] dihedral angles determine the orientation of the
AL moiety with respect to base; χ [∠(O4′C1′N9C4)] dictates the
glycosidic bond orientation to be syn (χ = 0 ± 90°) or anti (χ = 180 ±
90°), and β [∠(C4′C5′O5′H5′)] governs the sugar−phosphate
backbone orientation. (b) The 11-mer DNA sequence used for MD
simulations with the adduct at the X6 position.
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cavity for solvation. Single-point calculations were performed
with IEF-PCM-B3LYP-D3/6-311+G(2df,p).
Because of good agreement between the results obtained

from B3LYP and B3LYP-D3, the B3LYP-D3 data are presented
in the main text for the nucleobase and nucleoside models,
while B3LYP results can be found in the Supporting
Information (Tables S1−S3). Coordinates of all nucleobase
minima and the lowest-energy anti and syn minima for the
nucleoside, β-constrained nucleoside, and nucleotide models
are provided in the Supporting Information (Tables S4−S27).
All reported DFT (B3LYP and B3LYP-D3) relative energies
include a scaled (0.9806) zero-point vibrational energy
correction. All quantum mechanical calculations were per-
formed using Gaussian 09 (revision C.01 or D.01).44,45

DNA Model. DNA Sequence. The 11-mer oligonucleotide
5′-CGTACXCATGC [X = adduct (Figure 1b)] was used in the
MD simulations. This sequence was chosen on the basis of
previous experimental studies that suggest ALII-N6-dA
adducted DNA is most stable when cytosine flanks the lesion.31

In addition, this sequence was used in a previous NMR study of
ALII-N6-dA adducted DNA,31 which allows direct comparison
to our simulations. Moreover, other structurally similar N6-
linked adenine PAH adducts have also been studied in a similar
sequence context,20,24,25 which allows us to determine the effect
of the chemical composition of the bulky moiety on the
conformational preferences. In addition to the (CXC) sequence
context studied here, two other (T/CXG) mutational hot spots
are known in the context of aristolochic acids.11,18 However,
the main aim of this study is to carefully characterize all possible
conformations that are accessible to ALI-N6-dA- and ALII-N6-
dA adducted DNA and to compare relative flexibilities of the
two damaged strands. To best achieve this goal, we focus on
only one sequence in this work, which is the experimentally
determined most stable sequence for ALII-N6-dA adducted
DNA.31

Starting Structures. The initial model for Arnott B-form
DNA was built using the NAB46 module of the AMBER
package.47,48 Adenine initially present at the X position in the
natural DNA sequence was modified at N6 using GaussView49

by attaching the ALI or ALII moiety formed from AAI or AAII,
respectively. Initial conformations of the adducts within DNA
were built on the basis of the lowest-energy anti/syn structures
obtained from the nucleotide model, while avoiding steric
clashes with the surrounding nucleotides, and the damaged base
was paired against complementary T. To adequately sample the
conformational space of the adducted DNA, trial simulations
were conducted with various starting structures, which differ in
the location of the bulky moiety in the helical environment.
Final production simulations were subsequently initiated from
representative conformations obtained from these trial
simulations.
Force Field. The adducted DNA was neutralized with 20

sodium ions and then solvated in an 8 Å octahedral box of
TIP3P water, which corresponds to near physiological
conditions (Table S28 of the Supporting Information).50

Although force fields that afford improved descriptions of
monovalent ions are available,51−53 a previous study indicates
that simulations at low ion concentrations or at near
physiological conditions are robust regardless of the ion
model implemented.54 For this reason, we used the parm94
parameters for sodium ions in this work, which are the default
choice in AMBER 11 or 12. Partial atomic charges for ALI-N6-
dA and ALII-N6-dA were calculated with RED.v.III.4,55 using

the HF/6-31G* and the RESP-A1 scheme. ANTECHAMBER
1.456 was used to assign atom types (Tables S29 and S30 of the
Supporting Information). The parambsc057 modification of the
parm9958 force field was used to simulate the natural and
adducted nucleotides, while additional parameters for the N6
moiety of the adducted nucleotides were taken from the
General Amber Force Field (GAFF).59 Although the χOL
parameter set has recently been developed to improve the
description of syn nucleotides in RNA (i.e., in loops or unpaired
regions),60 the use of χOL worsens the description of B-DNA
(i.e., distorts the helical parameters and sugar pucker compared
to those of X-ray crystal structures).60,61 Because this
conformational study focuses on damaged B-DNA helices,
the χOL parameters were not used to avoid such distortions.
Furthermore, we are confident that the parm99 parameters
provide an adequate description of the AL-N6-dA adducts in
DNA because (1) the bulky moiety is positioned away from the
glycosidic bond, which ensures that the χ profile of adenine
does not change upon adduct formation (see Figure S1 of the
Supporting Information), and (2) the stacking of the bulky
moiety in DNA locks the χ value of the adduct in MD
simulations close to the value obtained from the DFT models
(Table S31 of the Supporting Information).

Simulation Details. Each DNA system was initially
minimized using 500 steps of steepest descent followed by
500 steps of conjugate gradient minimization, with a 500 kcal
mol−1 Å−2 restraint on DNA. Subsequently, minimization was
performed using 1000 steps of steepest descent followed by
1500 steps of conjugate gradient minimization with no
restraints. The system was then heated to 300 K with the
DNA restrained using a force constant of 10 kcal mol−1 Å−2,
and a 20 ps constant-volume MD simulation was performed.
Production simulations were subsequently run for 20 ns
starting from DNA conformations obtained from trial
simulations using the PMEMD62 module of AMBER 1148 or
AMBER 12.47 All final production simulations gave rise to
stable structures with a maximal standard deviation of 0.9 Å in
the backbone rmsd (see Figure S2 of the Supporting
Information).
To analyze the structural features at the lesion site for each

distinct conformation of adducted DNA, the step parameters
were calculated using a pseudostep consisting of the base pairs
5′ and 3′ with respect to the lesion. A pseudostep was used for
analysis because the disrupted AL-N6-dA:T pair cannot be used
to calculate the step parameters at the lesion site due to
intercalation of the AL moiety. The pseudostep parameters thus
calculated markedly differ from the step parameters defined for
natural DNA according to adjacent base pairs. For example, the
twist angle calculated using a pseudostep is almost double
(∼60°) (Table S32 of the Supporting Information) the average
twist in natural DNA (∼30°)63 calculated using adjacent base
pairs.
To confirm convergence of key structural parameters at the

lesion site, we extended the production simulations of the syn/
anti base-displaced intercalated conformations, as well as the
natural (control) helix, by 300 ns. The structures do not deviate
significantly between the 20 and 320 ns simulations (Table S32
of the Supporting Information), which provides confidence in
the reported results. Most importantly, the distribution in the
pseudotwist angle, which affects the stacking energies at the
lesion site and therefore the relative stabilities of the adducted
DNA conformations, agrees very well between the 20 and 320
ns simulations (see Figure S3 of the Supporting Information).
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A unimodal distribution was obtained with respect to the χ,
θ, and ϕ dihedral angles of the adduct throughout each
simulation (Figures S4−S7 of the Supporting Information).
Therefore, a single representative structure was obtained from
each simulation by clustering the entire trajectory with respect
to the position of the atoms forming θ, χ, and ϕ using the
PTRAJ module of AMBER 11.48 Pseudostep parameters and
van der Waals interaction energies at the lesion site were
calculated using the “nastruct” and “lie” commands of
CPPTRAJ module of AMBER 12, respectively. Free energies
were calculated from each simulation trajectory using the MM-
PBSA64 method, which compares well with the more rigorous
umbrella sampling method.65 In these calculations, snapshots
were taken at 50 ps intervals over the entire simulation (400
frames in total), and the entropy term was estimated using the
normal-mode analysis method.

■ RESULTS
Flexibility of the Nucleobase Adduct. The ALI and ALII

nucleobase adducts were investigated to determine the
preferred orientation of the bulky moiety with respect to the
base. The PES with respect to θ and ϕ for both ALI-N6-A and
ALII-N6-A (Figure 2a,b) indicate that for a given ϕ, a planar
orientation about the C6−N6 bond (θ ∼ 0° or 180°) is more
stable than the orthogonal orientation (θ ∼ 90° or 270°). The
two minima at θ ∼ 0° (ϕ ∼ 30° or 330°) are separated by a low
(<10 kJ mol−1) rotational barrier with respect to ϕ (Figure
2a,b). On the other hand, the two minima at θ ∼ 180° (ϕ ∼
60° or 300°) are separated by a higher rotational barrier (∼20
kJ mol−1). The interconversion between a minimum at θ ∼ 0°
and a minimum of θ ∼ 180° is associated with a large energetic
penalty (∼40−60 kJ mol−1), with ALII-N6-A exhibiting greater
flexibility about θ than ALI-N6-A. Thus, the ϕ dihedral angle is
inherently more flexible than θ.
Upon full optimization (Figure 2c,d), the global minimum

for ALI-N6-A (ALII-N6-A) occurs at θ = 12.4° (5.2°) and ϕ =
327.0° (322.4°). In addition, a nearly isoenergetic minimum is
obtained through rotation about ϕ by ∼70°. On the other
hand, two isoenergetic minima (θ ∼ 180° and ϕ ∼ 50−60° or
295−305°) are ∼8−13 kJ mol−1 less stable than the global
minimum. The larger energetic difference in the case of ALI-
N6-A is due to the loss of two hydrogen bonds in ALI-N6-A
versus a single hydrogen bond in ALII-N6-A upon rotation
about θ. Nevertheless, the energy difference is smaller than the
strength of the hydrogen bond(s) because the loss of the
stabilizing interactions in the higher-energy minima (θ ∼ 180°)
is partially compensated by reduced steric repulsion at θ ∼ 180°
compared to the global minimum (θ ∼ 0°). Overall, the small
energetic differences between minima indicate that the AL-N6-
A adducts possess significant conformational flexibility at the
nucleobase level.
Flexibility of the Nucleoside Adduct. The ALI-N6-dA

and ALII-N6-dA nucleoside adducts were built by adding a
deoxyribose to the corresponding nucleobase global minimum
to determine the conformational flexibility at the glycosidic
bond and the anti/syn energetic preference. Seven minima can
be located on the PES of the ALI-N6-dA and ALII-N6-dA
adducts when considered as a function of the χ and θ dihedral
angles (Figures 3a and 4a). For both adducts, the global
minimum adopts the syn orientation, while the corresponding
anti conformers are approximately 20−30 kJ mol−1 higher in
energy. Nevertheless, interconversion between the lowest-
energy anti and syn minima (rotation with respect to χ) is

energetically more favorable than that between two syn minima
(rotation with respect to θ). This is due to regions of high steric
repulsion encountered at θ ∼ 270° and 90°. Thus, the AL-N6-
dA nucleoside adducts are more flexible with respect to χ than
θ.
The nucleobase model indicates that two nearly isoenergetic

ϕ values are possible for a given θ. Therefore, for each of the
seven minima on the χ versus θ PES, a second conformer is
possible that differs in ϕ, such that ϕ = 30−60° or 330−300°.

Figure 2. B3LYP/6-31G(d) potential energy surfaces (PES) for the
(a) ALI-N6-A and (b) ALII-N6-A nucleobase adducts. B3LYP-D3/6-
31G(d) optimized minima, bond lengths (Å), dihedral angles
(degrees), and the corresponding B3LYP-D3/6-311+G(2df,p) relative
energies (in brackets, kJ mol−1) for the (c) ALI-N6-A and (d) ALII-N6-
A nucleobase adducts are provided.
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Thus, a total of 14 fully optimized minima were characterized
for each adduct (Figures S8−S11 of the Supporting
Information), where the lowest-energy anti and syn minima
for each possible ϕ value are shown in Figures 3b and 4b.
Regardless of the ϕ value considered, the fully optimized global
(syn) minimum for both adducts (χ ∼ 55°, and θ ∼ 350°) is
∼8−14 kJ mol−1 lower in energy that the syn minimum related
by rotation about θ (χ ∼ 55°, and θ ∼ 180°), primarily because
of differences in intramolecular hydrogen bonding. On the
other hand, the lowest-energy anti minimum (χ ∼ 180°, and θ
∼ 350°) is ∼25 kJ mol−1 less stable than the global syn
minimum. This anti minimum is nearly isoenergetic to a second
anti minimum that primarily differs in χ (∼255°), which reflects
the fact that change in χ does not affect interactions between
adenine and the AL moiety. The three remaining anti minima
are (∼40 kJ mol−1) less stable than the global syn minimum
because of the lack of hydrogen bonds among the sugar,
nucleobase, and/or the AL moiety. Because the structures with
ϕ = 30−60° are lower (if not equal) in energy to those with ϕ
= 330−300° for a given combination of χ and θ, subsequent
models consider only initial structures with ϕ ranging between
30° and 60°.
Closer examination of the lowest-energy syn and anti

conformations reveals that the global syn conformer possesses
an additional hydrogen bond between the 5′-OH of the sugar
and N3 of the nucleobase that is absent in the anti
conformation (Figures 3b and 4b). Although this interaction
may affect the anti/syn relative stability, it is relevant only when

the adduct is located at the 5′-terminal end of DNA because the
5′-OH is replaced by a 5′-phosphate group at all other helical
positions. To analyze the conformation of the adduct at other
helical positions, the lowest-energy anti and syn conformations
(with ϕ = 30−60°) were reoptimized while the β dihedral angle
(Figure 1a) was geometrically constrained to 180°. The most
significant structural changes upon optimization occur in the
syn form because of the repulsions between O5′ of the sugar
and the nucleobase moiety. More importantly, removal of the
O5′−H···N3 interaction increases the energy of the syn
conformer such that the anti orientation is ∼11 kJ mol−1

more stable (Figure 5). Nevertheless, this small anti/syn energy
difference indicates that the adducted nucleosides may possess
flexibility at the glycosidic bond within DNA.

Flexibility of the Nucleotide Adduct. Because the small
difference in the anti/syn stability for the nucleoside model may
be altered by the 5′-phosphate group in DNA, a phosphate
group was added to the lowest-energy anti and syn β-
constrained nucleoside conformations (Figure 6). In the
previously studied nucleotide models of the C8-OTB-dG66

and C8-phenoxyl-dG43 adducts, the phosphate moiety interacts
with either the bulky group or the nucleobase, which alters the
anti/syn energy difference. In contrast, our calculations indicate
that such base−phosphate or phosphate−bulky moiety
interactions are absent in the AL-N6-dA adducts. Therefore,
the incorporation of a phosphate group decreases the anti/syn
energy difference such that the anti conformation is marginally
more stable (by ∼6 kJ mol−1). Nevertheless, there is no

Figure 3. (a) B3LYP/6-31G(d) potential energy surface (PES) and
(b) B3LYP-D3/6-31G(d) fully optimized lowest-energy anti and syn
minima with the two possible ϕ values for the ALI-N6-dA adduct.
Select bond lengths (Å), dihedral angles (degrees), and the
corresponding B3LYP-D3/6-311+G(2df,p) relative energies (in
brackets, kJ mol−1) are provided.

Figure 4. (a) B3LYP/6-31G(d) potential energy surface (PES) and
(b) B3LYP-D3/6-31G(d) fully optimized lowest-energy anti and syn
minima with the two possible ϕ values for the ALII-N6-dA adduct.
Select bond lengths (Å), dihedral angles (degrees), and the
corresponding B3LYP-D3/6-311+G(2df,p) relative energies (in
brackets, kJ mol−1) are provided.
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significant effect on key structural features for the AL-N6-dA
nucleotide models compared to the DNA relevant β-con-
strained nucleoside model. This small anti/syn energy differ-
ence may be further affected by the presence of flanking
nucleotides, and therefore, both the anti and syn conformations
must be considered in DNA.

Flexibility of Adducted DNA. Structural Features of
Possible Conformations of Adducted DNA. MD simulations
of the ALI and ALII-N6-dA adducts (X) in the 5′-CGTACX-
CATGC 11-mer paired against T (Figure 1b) were initiated
from various input structures to sample the conformational
space. As a result, three distinct conformations for each of the
anti and syn adducted nucleotide orientations were charac-
terized for both adducts (Figures 7 and 8). The first structure is

the base-displaced intercalated conformer in which the
damaged base is slightly displaced toward the minor groove
(Figure S12 of the Supporting Information), the bulky AL
moiety stacks between the 5′ and 3′ flanking base pairs (Figures
7a,d and 8a,d), and the opposing T becomes extrahelical. In the
second conformation, the AL moiety stacks between the
opposing T and the 5′-base with respect to the adduct in the
opposite strand [denoted as 5′-intercalated (Figures 7b,e and
8b,e)]. Finally, in the third conformation, the AL moiety stacks
between the opposing T and the 3′-base with respect to the
adduct in the opposite strand [denoted as 3′-intercalated
(Figures 7c,f and 8c,f)]. In the conformers mentioned above,
the damaged adenine maintains stacking interaction with the
5′- and 3′-cytosines. Despite the symmetry of the sequence
considered, the 3′- and 5′-intercalated conformations are
unique because of the helical twist. The structural features of
each conformation are discussed below in relation to the
natural helix, where references to the 3′- and 5′-nucleotide
positions of flanking bases are made with respect to the
adducted nucleotide. All structural features are reported as a
change with respect to the unmodified DNA sequence.

anti Base-Displaced Intercalated Conformer. In the base-
displaced intercalated conformer containing the anti orientation
of the lesion (Figure 7a,d), the bulky AL moiety intercalates
into the helix. With the exception of ring I (Figure 1a), which is
solvent-exposed in the major groove, all rings of the polycyclic

Figure 5. B3LYP-D3/6-31G(d) lowest-energy anti and syn minima for
the (a) ALI-N6-dA and (b) ALII-N6-dA β-constrained nucleoside
adducts. Select bond lengths (Å), dihedral angles (degrees), and the
corresponding B3LYP-D3/6-311+G(2df,p) relative energies (in
brackets, kJ mol−1) are provided.

Figure 6. PCM-B3LYP-D3/6-31G(d) lowest-energy anti and syn
minima for the (a) ALI-N6-dA and (b) ALII-N6-dA nucleotide
adducts. Select bond lengths (Å), dihedral angles (degrees), and the
corresponding B3LYP-D3/6-311+G(2df,p) relative energies (in
brackets, kJ mol−1) are provided.

Figure 7. Representaive structures from MD simulations with the anti
orientation of the ALI-N6-dA (a−c) or ALII-N6-dA (d−f) adduct
paired opposite thymine in three adducted DNA conformations,
namely, the base-displaced intercalated (a and d), 5′-intercalated (b
and e), and 3′-intercalated (c and f) structures. Select hydrogen bond
occupancies are provided (hydrogen bond distance cutoff within a 3.4
Å heavy atom separation and a 120° X−H−X angle).

Biochemistry Article

DOI: 10.1021/bi501484m
Biochemistry 2015, 54, 2414−2428

2419

http://dx.doi.org/10.1021/bi501484m


AL moiety are well-stacked within the helix between the 5′- and
3′-guanines in the opposing strand. Although the opposing T
maintains the anti orientation (χ ∼ 230−260°), it is displaced
out of the helix (Figure 7a,d). However, the flanking bases are
unperturbed and maintain strong Watson−Crick (WC)
hydrogen bonding [∼100% occupancy (Table S33 of the
Supporting Information)]. As a result, the step parameters at
the lesion site change very little [shift, slide, and rise change by
1.9 Å, and the tilt, roll, and twist change by a maximum of 13°
relative to those of the natural DNA (Figure 9a)]. However,
there is a slight (0.4−0.5 Å) widening of the minor groove
compared to that in the natural helix (Figure 9a). Nevertheless,
the DNA distortions are localized to the lesion site, with
minimal perturbation to the remainder of the helix.

anti 5′-Intercalated Conformer. In the 5′-intercalated
conformer (Figure 7b,e), all rings of the polycyclic AL moiety
(except ring I) stack within the helix between the
complementary T and 5′-G in the opposing strand. Although
the 5′-base pair is unperturbed [∼100% occupancy (Table S33
of the Supporting Information)], C in the 3′-base pair rotates
to simultaneously hydrogen bond with its complementary G
and T opposing the adduct. Specifically, one [O2(C)···H−
N2(G)] hydrogen bond remains in the original C:G pair for
most of the simulation time [91−97% occupancy (Table S33 of
the Supporting Information)], and a new sporadic interaction
[N4−H(C)···O4(T)] forms between C and T [46% occupancy
for ALI-N6-dA and 61% occupancy for ALII-N6-dA (Table S33
of the Supporting Information)]. The increase in the minor
groove dimension in the 5′-intercalated conformer is greater
than that observed in the base-displaced intercalated conformer
(vide supra), which corresponds to greater untwisting of the
DNA strand (Figure 9a). In addition, the shift, slide, and rise
parameters increase by ∼2.5 Å and the angular step parameters
(tilt, roll, and twist) change by ∼21° (Figure 9a). Thus, DNA is
overall more distorted in this conformation than the base-
displaced intercalated structure.

anti 3′-Intercalated Conformer. In the 3′-intercalated
conformer, the AL moiety stacks (with ring I solvent-exposed)
between the T opposing the adduct and the 3′-G in the
opposing strand (Figure 7c,f). For ALI-N6-dA, although
hydrogen bonding is maintained in the 3′-flanking base pair
[∼100% occupancy (Table S33 of the Supporting Informa-
tion)], the WC pairing of the 5′-flanking pair is disrupted.
Specifically, the T opposing the adduct adopts a syn orientation
[χ ∼ 303° (Figure 7c)] and forms a N4−H(C)···O4(T)
hydrogen bond with the 5′-C [36.5% occupancy (Table S33 of
the Supporting Information)]. Whereas the disruption of the
5′-flanking base pair to accommodate the ALI-N6-dA lesion
widens the minor groove (∼4.4 Å), the ALII-N6-dA lesion
perturbs the step parameters [e.g., the rise (Figure 9a)] at the
lesion site without disrupting the WC hydrogen bonding in the
flanking pairs [∼100% occupancy (Table S33 of the Supporting
Information)]. Thus, ALI-N6-dA and ALII-N6-dA adducted
DNA possess slightly different structural features in the anti 3′-
intercalated conformer.

syn Base-Displaced Intercalated Conformer. Similar to the
corresponding anti conformation, the AL moiety intercalates

Figure 8. Representaive structures from MD simulations with the ALI-
N6-dA (a−c) or ALII-N6-dA (d−f) adduct in the syn conformation
paired opposite thymine in three adducted DNA conformations,
namely, the base-displaced intercalated (a and d), 5′-intercalated (b
and e), and 3′-intercalated (c and f) structures. Select hydrogen bond
occupancies are provided (hydrogen bond distance cut off within a 3.4
Å heavy atom separation and a 120° X−H−X angle).

Figure 9. Change in the pseudostep parameters and minor groove dimensions relative to those of unmodified DNA for the (a) anti AL-N6-dA- or
(b) syn AL-N6-dA adducted DNA helices in the base-displaced intercalated (BD), 5′-intercalated (5′-I), and 3′-intercalated (3′-I) conformers.
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into the helix in the syn base-displaced intercalated con-
formation (Figure 8a,d), while simultaneously displacing the
opposing T (χ ∼ 210−270°) into an extrahelical position. In
contrast to the corresponding anti conformer, where ring I of
the AL moiety is solvent-exposed, ring IV partially stacks with
the flanking bases in the syn base-displaced conformation.
However, the additional methoxy group present in ALI-N6-dA
is solvent-exposed in both the anti and syn base-displaced
intercalated conformations. Regardless, the flanking bases
remain unperturbed and maintain WC hydrogen bonding
[∼100% occupancy (Table S33 of the Supporting Informa-
tion)]. As a result, the angular step parameters change by a
maximum of 12° (Figure 9b), and the change in the minor
groove width (0.5−0.9 Å) is almost similar to the observed
widening in the corresponding anti conformation. The rise
(∼0.5 Å), shift (∼2.2 Å), and slide (∼0.8 Å) parameters exhibit
a slightly greater perturbation than in the anti base-displaced
intercalated conformation. Overall, the lesions are well-
accommodated in DNA in the base-displaced intercalated
conformation, with little perturbation to the helix.
syn 5′-Intercalated Conformer. Similar to the correspond-

ing anti conformer, the AL moiety stacks between the opposing
thymine and 5′-G in the opposite strand in the syn 5′-
intercalated conformer. This intercalation moves the opposing
T in the 3′-direction, which allows it to hydrogen bond with C
in the 3′-base pair. In contrast to the corresponding anti
conformer, which partially maintains a hydrogen bond in the
3′-neighboring base pair, the 3′-base pair is completely
disrupted in the syn 5′-intercalated conformer (Figure 8b,e).
Instead, two hydrogen bonds are formed between the 3′-C and
T opposing the adduct, one of which [N4−H(C)···O4(T)]
largely remains intact [84−90% occupancy for both adducts
(Figure 8b,e)] and one [N3−H(T)···N3(C)] that is more
persistent for ALII-N6-dA (89% occupancy) than ALI-N6-dA
(75% occupancy). The complete disruption of the 3′-base pair
in the syn 5′-intercalated conformer leads to a larger change in
the rise parameter (∼3.5 Å), and a narrower minor groove
(∼1.3−2.3 Å) relative to the natural helix than in the
corresponding anti conformer (Figure 9b). In addition, as
seen in the syn base-displaced intercalated conformer, ring IV of
the AL moiety (Figure 1a) does not stack within the helix but
rather is essentially solvent-exposed.
syn 3′-Intercalated Conformer. Similar to the correspond-

ing anti conformer, the AL moiety stacks between the opposing
thymine and the 3′-G in the opposing strand in the syn 3′-
intercalated conformation (Figure 8c,f). As discussed for the syn
5′-intercalated structure, ring IV remains solvent-exposed.
However, in contrast to the syn 5′-intercalated structure, WC
bonding of the 5′ and 3′ flanking base pairs remains intact for
both lesions [∼100% occupancy (Table S33 of the Supporting
Information)], as observed for the anti 3′-intercalated con-
former of ALII-N6-dA. To simultaneously accommodate the
damaged adenine and AL moieties between the 5′- and 3′-
flanking pairs, the minor groove width increases by ∼4.0 Å and
the rise parameter by 3.1−3.5 Å compared to those of natural
DNA (Figure 9b). In fact, this minor groove widening is the
largest among all three conformations with either (anti or syn)
adduct orientation. In contrast, the shift and slide parameters
change by a maximum of 3.5 Å and the angular step parameters
by a maximum of 15° compared to those of natural DNA.
Relative Stabilities of Adducted DNA Conformers. ALI-N6-

dA Adducted DNA. The anti base-displaced intercalated
conformer is the most energetically preferred for ALI-N6-dA

adducted DNA (Table 1) because of unperturbed WC
hydrogen bonding in the flanking base pairs, as well as C−

H···π interactions between ring V (Figure 1a) of the AL moiety
and the extrahelical T (Figure 8a). The next most stable
conformer is the syn base-displaced intercalated conformation,
which is 2.1 kJ mol−1 less stable than the corresponding anti
conformer. This energy difference is partly due to weaker
stacking interactions of the damaged base and AL moiety with
the 5′- and 3′-flanking base pairs [Evdw (Table 1)]. The anti 5′-
intercalated structure is the third most stable conformer, lying
36.1 kJ mol−1 above the global minimum (Table 1) because of
disruption of WC hydrogen bonding in the 5′-flanking base
pair, which is partially compensated by enhanced stacking
interactions (Table 1) and additional hydrogen bonding
between T opposing the adduct and the 3′-C (∼46%
occupancy). The syn 5′-intercalated conformer is ∼6 kJ mol−1

less stable than the corresponding anti 5′-intercalated structure
because of weaker stacking interactions, despite a higher
occupancy of the 3′-C:T hydrogen bond (Figure 8b). The syn
3′-intercalated conformer is 49.1 kJ mol−1 less stable than the
lowest-energy conformer but 2.3 kJ mol−1 more stable than the
corresponding anti conformer. Despite weaker stacking
interactions (Table 1), the syn 3′-intercalated conformer is
more stable because of intact hydrogen bonding in both
flanking base pairs, while the 5′-flanking base pair is disrupted
in the anti conformation.

ALII-N6-dA Adducted DNA. The anti base-displaced
intercalated structure is energetically preferred for ALII-N6-
dA adducted DNA (Table 1) because of significant stacking
stabilization and persistent WC hydrogen bonding in both
flanking base pairs (Table S33 of the Supporting Information).
In the absence of the methoxy group, the relative stability of the
remaining conformations aligns with the stabilization provided
by stacking interactions at the lesion site. Specifically, the
corresponding syn conformer is ∼8 kJ mol−1 less stable because
of slightly weaker stacking at the lesion site, while the next most
stable (anti and syn 5′-intercalated) conformations are much
less stable (∼34−42 kJ mol−1 above the global minimum)

Table 1. Relative MM-PBSA Free Energies (Grel) and van der
Waals Energies (Evdw) for Different Conformations of AL-
N6-dA Adducted DNA Derived from 20 ns MD Simulations
(in kJ mol−1)

adduct orientation conformation Grel
a Evdw

b

unmodified DNA − − − −70.1 ± 5.3
base-displaced 0.0 −171.8 ± 6.8

anti 5′-intercalated 36.1 −148.1 ± 10.9
3′-intercalated 51.6 −148.9 ± 12.4

ALI-N6-dA base-displaced 2.1 −166.3 ± 7.1
syn 5′-intercalated 42.0 −144.8 ± 10.5

3′-intercalated 49.1 −135.6 ± 7.6
base-displaced 0.0 −161.6 ± 6.7

anti 5′-intercalated 33.9 −144.7 ± 11.3
3′-intercalated 48.9 −132.1 ± 6.8

ALII-N6-dA base-displaced 8.0 −159.4 ± 6.3
syn 5′-intercalated 42.7 −136.0 ± 10.5

3′-intercalated 38.5 −127.5 ± 8.8
aRelative total free energy calculated with respect to the most stable
comfomation for each adduct. bTotal van der Waals interaction energy
between the adducted (or natural) base present at the X6 position in
the 11-mer (Figure 1b) DNA and the flanking base pairs.
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because of significantly weaker stacking interactions. Similarly,
despite intact hydrogen bonding in the 5′- and 3′-flanking base
pairs, the syn and anti 3′-intercalated conformers are ∼39 and
∼49 kJ mol−1 less stable than the lowest-energy structure,
respectively, because of weaker stacking interactions.

■ DISCUSSION

Conformational Heterogeneity of the AL-N6-dA
Adducts. The AL-N6-A nucleobase models indicate that the
AL and adenine moieties prefer an almost planar relative
orientation in the absence of the sugar, which maximizes the
number of stabilizing intramolecular hydrogen bonds. The
addition of the sugar ring does not affect the orientation of the
base with respect to the AL moiety, which is attached to a
position far from the glycosidic bond. Although the anti
nucleoside conformer is ∼25 kJ mol−1 less stable at the 5′-
terminus of DNA, the β-constrained nucleoside and nucleotide
models predict the anti conformer to be slightly more stable
than the syn orientation in other helical positions (by ∼5−10 kJ
mol−1). This small difference in stability indicates that both the
anti and syn conformations must be considered in DNA helices.
Three distinct conformations were isolated for both the anti

and syn lesion orientations in ALI- and ALII-N6-dA adducted
DNA, namely, the base-displaced intercalated, 5′-intercalated,
and 3′-intercalated conformers. In the base-displaced interca-
lated conformer, intercalation of the bulky moiety pushes the
opposing T out of the helix, which disrupts the Watson−Crick
hydrogen bonding between the lesion and the opposing T. This
conformation parallels those presented in the literature for
guanine N-linked aromatic amine adducts,67,68 with the
exception that the damaged base is displaced to a lesser extent
and therefore maintains stacking interactions with the 5′- and
3′-flanking base pair in the AL-N6-dA adducted DNA. In
contrast, the 5′- and 3′-intercalated conformers of AL-N6-dA
adducted DNA parallel those previously observed for PAH
adenine adducts,20−22 where the bulky moiety intercalates into
the helix between the opposing base and the base pair on the
5′- or 3′-side of the adducted pair. Because the opposing base is
not displaced in the 5′- and 3′-intercalated conformers, the base
step parameters are altered at the lesion site to accommodate
the bulky moiety, with the degree of variation depending on
both the adducted nucleotide (anti vs syn) orientation and the
(5′ vs 3′) intercalation site.
Despite the range of conformations isolated from MD

simulations on adducted DNA, the anti base-displaced
intercalated conformer is the most stable and hence the most
likely orientation to be adopted. Nevertheless, the syn base-
displaced intercalated conformer is close in energy to the anti
conformer, especially in the case of ALI-N6-dA, indicating that a

subtle change in the cellular environment may dictate the
conformation of AA adducted DNA. Interestingly, the small
energetic difference in the anti/syn orientation of the adducts
predicted by the small (nucleoside and nucleotide) models
extrapolates to adducted DNA. Nevertheless, because of greater
energetic differences, other (5′- and 3′-intercalated) conforma-
tions will likely not be adopted regardless of the cellular
environment. Interestingly, the higher-energy anti/syn 5′-
intercalated and syn 3′-intercalated conformations have similar
structural and energetic characteristics for both AL-N6-dA
adducts; however, the anti 3′-intercalated conformations of the
two adducts have similar relative energies despite some
structural differences at the lesion site because of the presence
of select mutually compensating discrete (hydrogen-bonding
and stacking) interactions involving the adduct.

Comparison to the Previous NMR Structure of ALII-
N6-dA. A recent NMR-based study of ALII-N6-dA adducted
DNA predicted an anti base-displaced intercalated conforma-
tion.31 Within the same sequence, our unrestrained MD
simulations isolated six stable conformers of ALII-N6-dA
adducted DNA. However, postprocessing free energy calcu-
lations reveal the same most stable (anti base-displaced
intercalated) conformation as predicted from NMR.31 Although
complete assignments of the NOE cross-peaks were not
reported in the previous NMR study,31 lesion site structural
parameters of our representative MD structure match the
reported average NMR structure (Figure 10a), which dictates
NOE values. Indeed, comparison of the structural parameters at
the lesion site (Table S34 of the Supporting Information)
indicates that the χ dihedral of the modified base and opposing
thymine, as well as 3′-C and G, match very well between the
two structures. Additionally, the sugar puckering at the T base
opposing the lesion, as well as 3′-G and 5′-C, is similar to that
observed from restrained MD. Furthermore, the sugar
puckering of 3′-C observed using NMR is similar to the
second most common sugar puckering observed in our MD
simulations (Table S34 of the Supporting Information).
Nevertheless, some differences in the sugar puckering of the
adducted nucleotide and 5′-G are observed, and the χ dihedrals
of the 5′-C and 5′-G bases deviate by ∼50° from the NMR
value (Table S34 of the Supporting Information). In addition
to the most stable conformation, our study provides
information about other possible conformations for the
carcinogenic AL-N6-dA adducts. Interestingly, our calculations
indicate that the syn base-displaced conformation, which was
not derived from the NMR data of ALII-N6-dA adducted DNA,
may also be energetically accessible with slight perturbations to
the surrounding environment (e.g., within the active site of
lesion-bypass polymerases).69

Figure 10. Trimers of base pairs containing the adducted pair comparing (a) the NMR structure31 (red) and the representative (unrestrained) MD
structure of the most stable ALII-N6-dA adducted DNA conformation (green) (rmsd of 1.3 Å), (b) the representative (unrestrained MD) structure
of the most stable anti conformation of ALII-N6-dA adducted (green) and ALI-N6-dA adducted (black) DNA (rmsd of 0.8 Å), and (c) the
representative (unrestrained MD) structure of the most stable syn conformation of ALII-N6-dA adducted (blue) and ALI-N6-dA adducted (orange)
DNA (rmsd of 1.0 Å).
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Comparison of the ALI-N6-dA and ALII-N6-dA Ad-
ducts. Although NMR data are available for ALII-N6-dA, no
such structural study has been conducted for ALI-N6-dA.
Nevertheless, the close agreement between our most stable
conformation of ALII adducted DNA and the one determined
on the basis of NMR31 suggests that reliable information can be
obtained from our MD data. Free energy calculations indicate
that the most stable conformation is the anti base-displaced
intercalated structure for both ALI-N6-dA and ALII-N6-dA
adducted DNA. Furthermore, an overlay of the representative
structures for both adducts indicates these conformers are very
similar (Figure 10b). Both adducts can also lead to the syn base-
displaced intercalated conformation of adducted DNA.
However, the syn base-displaced intercalated conformer is
associated with a greater energetic penalty in the case of the
ALII-N6-dA (8.0 kJ mol−1) than in the case of the ALI-N6-dA
(2.1 kJ mol−1). Interestingly, when the lesion site van der Waals
energy is calculated over the simulation trajectories of ALI-N6-
dA adducted DNA with the methoxy group removed, the
methoxy group is determined to increase the van der Waals
energies equally (by ∼10 kJ mol−1) in the anti and syn base-
displaced intercalated conformations (Table S35 of the
Supporting Information). Thus, the smaller energy difference
between the anti and syn base-displaced intercalated con-
formations for ALI-N6-dA compared to that for ALII-N6-dA
does not directly arise because of van der Waals interactions
involving the methoxy group. Instead, the methoxy group
exerts a spatial effect only in the anti base-displaced intercalated
conformation, which is most significantly reflected in the
displacement of the AL moiety relative to ALII-N6-dA (see
overlays in Figure S13 of the Supporting Information). The
synergistic effect of several geometric changes is ultimately one
factor that alters the stability of the anti base-displaced
intercalated conformation relative to the syn counterpart. In
addition, the syn base-displaced intercalated conformations are
more hydrated, and therefore, the location of the bulky moiety
is more stabilized than the anti orientation for both ALI-N6-dA
and ALII-N6-dA (Figure 11). However, the difference in
hydration is greater for ALI-N6-dA, which further reduces the
anti/syn energy difference.
The greater energetic difference between the anti and syn

base-displaced intercalated conformers for ALII-N6-dA may
explain why a detectable fraction of the syn base-displaced
intercalated conformer was not observed in the previous NMR
study.31 In contrast, the relative energies suggest that the
fraction of the syn base-displaced intercalated conformation
may be greater for ALI-N6-dA adducted DNA. Indeed, our
calculations indicate that this conformation may be detectable
in NMR experiments and therefore will likely play an important
role in determining the mutagenic potential of the ALI-N6-dA
adduct. Although the mutagenic activity of the lesion is
dependent on the adduct conformation at the single strand−
double strand junction70 and the active site of polymerases,71,72

the intrinsic adduct conformation of adducted double-stranded
DNA (dsDNA) in solution has been shown to persist in the
polymerase active site for select PAH and aromatic amine
adducts.73 Furthermore, a greater flexibility in the active site of
a lesion-bypass polymerase has been associated with an
increased level of misincorporation upon replication.74 There-
fore, if the smaller energetic difference between the syn and anti
base-displaced intercalated conformations for ALI-N6-dA than
ALII-N6-dA adducted DNA persists in the polymerase, then the
ALI-N6-dA adduct will likely have a stronger tendency to

induce base mismatches. This proposal correlates with the
experimentally observed greater mutagenic potential of ALI-N6-
dA over ALII-N6-dA.32,34

DNA adducts that are structurally similar but differ in the
chemical composition of the bulky group via stereochemistry20

or the presence of additional rings75,76 display different
conformational preferences. However, the ALI-N6-dA and
ALII-N6-dA adducts provide only the second example of
lesions that potentially exhibit unique conformational outcomes
and chemically differ by a substituent. Specifically, the
compositions of AAF (acetylaminoflourene) and AF (amino-
flourene) deviate by an acetyl substituent on the N-linkage and
lead to three conformations for AAF-dG adducted DNA
(namely, major groove, base-displaced stacked, and minor-
groove wedge) versus two conformations of AF-dG adducted
DNA (namely, major groove and base-displaced stacked).77

This difference occurs because steric repulsion involving the
attached acetyl group causes the damaged guanine to become
nonplanar, which diminishes the stacking energy at the lesion
site compared to that of (a nearly coplanar) AF-dG.77 In the
case of the ALI and ALII-N6-dA adducts, the distinguishing
methoxy substituent is located on the bulky ring rather than the
linkage and therefore does not sterically interact with the
damaged base. Nevertheless, these adducts exhibit diverse
conformational flexibility because the additional methoxy group
in ALI-N6-dA changes the relative geometries and hydration of
the syn and anti base-displaced intercalated conformers at the
lesion site. This example further underscores that subtle
changes in the chemical composition of bulky adducts can
affect the conformational equilibrium of the associated dsDNA.

Comparison to Other N6-Linked dA Adducts. A number
of other carcinogens form adducts at the N6 site of dA, which
can broadly be divided into two main categories: (i) adducts
lacking a conjugated π-ring (e.g., DHB-dA78 formed from 1,3-
butadiene, and endogenous estrogen adducts, including 2-
OHE1-6α-N

6-dA and 2-OHE1-6β-N
6-dA79) and (ii) adducts

containing a conjugated polycyclic π-system (e.g., PAH

Figure 11. Hydration pattern surrounding the structures of anti (a and
c) and syn (b and d) base-displaced intercalated conformers of ALI-
N6-dA (a and b) and ALII-N6-dA (c and d) adducted DNA. The water
molecules within 5 Å of the lesion for more than 80% of the simulation
time are shown (red spheres).
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adducts).20−22,24,25,28,29,80 Adducts that lack conjugated π-rings
prefer non-intercalated conformations with the bulky moiety in
either the minor or major groove.78,79 On the other hand, N6-
dA adducts with polycyclic π-systems preferentially form
intercalated conformations that are stabilized through π-π
interactions between the bulky moiety and the flanking bases in
the DNA helix.37,50,52,58,59,62,63,70

Similar to PAH adducts, the AA lesions contain a conjugated
π-ring, and the associated adducted DNA preferentially adopts
an intercalated conformation. However, the AL-N6-dA adducts
preferentially induce a base-displaced intercalated conforma-
tion, while most PAH adducts lead to either the 5′- or 3′-
intercalated conformation. Furthermore, although the preferred
intercalated structures associated with PAH adducts either
partially or completely maintain Watson−Crick hydrogen
bonding in the damaged base pair,20−22,24 the hydrogen
bonding in the lesion pair is entirely disrupted in all
conformations of AL-N6-dA adducted DNA. This variance
arises because of differences in the conjugation of the carbon
atom in the bulky moiety attached to N6 of adenine.
Specifically, the AL adducts adopt a planar orientation of the
bulky moiety with respect to the base due to extended
conjugation of N6 in A with an sp2 hybridized carbon in the AL
moiety, while the carbon attached to N6 in A is sp3 hybridized
in the PAH adducts.81 The absence of extended conjugation
and intramolecular hydrogen bonding imparts flexibility to the
PAH lesions that allows the bulky moiety to bend and maintain
hydrogen bonding with the opposing base upon intercalation.
Interestingly, the preferred DNA conformations of AL-N6-dA

are less structurally distorting than conformations of DNA
containing PAH adducts. In the preferred base-displaced
intercalated conformations of AL-N6-dA adducted DNA, the
lesion causes minimal changes to the pseudostep parameters
and the minor groove width. In contrast, in the 5′- or 3′-
intercalated conformations, the PAH adducts significantly
change the pseudostep parameters and the minor groove
width of natural DNA.20,82 Although energetically inaccessible
(5′-intercalated and 3′-intercalated) conformations of ALI-N6-
dA- and ALII-N6-dA adducted DNA exhibit greater helical
distortions, these conformers are still less distorted than the
PAH-induced conformations. Thus, the planar conformations
of the AL-N6-dA adducts are better accommodated in DNA
than the nonplanar PAH adducts.
NER Recognition of AA Adducts. Previous studies based

on 32P postlabeling assays have revealed that ALI-N6-dA is
more persistent in cells than ALII-N6-dA.32,33 However, it is
currently unclear whether this difference arises because of
differences in the repair propensity of the two lesions. Bulky
DNA lesions are generally repaired by the nucleotide excision
repair (NER) pathway, which removes a short segment (∼24−
32 nucleotides) of the lesion-containing DNA strand.83 One of
the most versatile mechanisms for NER of bulky lesions is the
global genomic repair (GGR) pathway, which involves
recognition factors (e.g., XPC-RAD23B in eukaryotes) that
constantly scan the genome. Studies of other bulky adducts
(mainly the PAH and aromatic amine purine adducts) have
shown that the damage is typically recognized in the GGR
pathway by thermodynamic destabilization induced by the
lesion.84−87 Changes in the thermodynamic stability have been
directly connected to alterations in structural features such as
distortion to the helix at the lesion site,86,88−90 an increase in
helical91 and backbone90 dynamics, enhanced stacking inter-
actions involving the damaged base,92,93 and the identity of the

partner base.94 On the other hand, the transcription-coupled
repair (TCR) pathway of NER is more efficient in transcrip-
tionally active regions of the genome, where lesion-induced
stalling of RNA polymerases serves as the lesion recognition
signal.95

Previous studies have shown that the ALII-N6-dA adduct is
resistant to GGR and is exclusively repaired by the TCR
pathway.14 Our calculations may provide the currently missing
structural explanations for the resistance of the ALII-N6-dA
adducts to GGR and the greater relative persistence of ALI-N6-
dA. First, close examination of the preferred (anti base-
displaced intercalated) conformations of both AL-N6-dA
adducts indicates that the displacement of the opposing
thymine into the major groove results in the loss of stacking
interactions with the flanking base pairs compared to the
natural helix. However, this destabilization is effectively
compensated by additional stacking stabilization between the
AL moiety and the flanking base pairs at the lesion site (Table
1). In fact, stacking interactions are enhanced in all
conformations of AL adducted DNA compared to the natural
helix (Table 1). Second, distortions in the base step parameters
relative to those of the natural helix for both adducts indicate
that these planar DNA lesions do not substantially distort
DNA, which may prevent the GGR recognition step. Third, the
dynamics of both modified DNA strands are similar to the
natural strand (Figure S14 of the Supporting Information).
Therefore, the enhanced stacking, lack of helical distortion, and
minimal changes in helical dynamics relative to those of the
natural helix together might explain the resistance of these
lesions to GGR.
In addition to the factors described above, a previous crystal

structure of the yeast orthologue of the initial GGR recognition
factor (XPC-RAD23B) by Min et al.85 reveals that the initial
steps in lesion recognition involve insertion of a β-hairpin via
the major groove side of DNA and flipping of the lesion and
opposing base(s) out of the helix into the DNA minor groove.
Because the AL-N6-dA adducts intercalate via the major groove
in the most stable anti base-displaced intercalated structure,
these conformers may obstruct insertion of a β-hairpin into
DNA. In addition, displacement of the opposing T into the
major groove in the most stable conformation could block
interactions between the enzyme and the lesion site in DNA.
Thus, as indicated for PAH-N6-dA lesions,84 unfavorable steric
interactions between the lesion intercalating through the DNA
major groove and the β-hairpin of the XPC-RAD23B
recognition factor may also prevent the AL-N6-dA lesions
from being effectively recognized by GGR.
Most importantly, the factors that potentially affect the repair

propensities (e.g., stacking energies, distortions at the lesion
site, helical dynamics, and the helical position of the AL
moiety) are very similar for DNA containing ALII-N6-dA and
ALI-N6-dA. Therefore, it is likely that both lesions are equally
resistant to the GGR pathway. This implies that the greater
persistence of ALI-N6-dA in cells is not because of differential
repair propensities but rather must be due to other factors, such
as the experimentally observed greater activation and binding of
AAI than AAII to DNA.16

■ CONCLUSIONS
The intrinsic flexibility of the AL-N6-dA adducts about the
glycosidic bond holds true both in the nucleoside/nucleotide
units and within DNA, which suggests that small computational
models can provide important insights into the conformational
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preference of DNA adducts. Unrestrained MD simulations
predict the anti base-displaced intercalated conformation of
adducted DNA to be the most stable, which agrees with
previously published NMR data for ALII-N6-dA adducted DNA
and thereby validates our methodology. Using the same
approach, structural information for the more prevalent ALI-
N6-dA adduct was obtained for the first time. Most importantly,
free energy calculations reveal that the ALI-N6-dA adduct
possesses greater anti/syn conformational flexibility. If this
increased flexibility persists in the active site of lesion-bypass
polymerases, this may explain the experimentally observed
greater nephrotoxic potential of the ALI-N6-dA adduct over
that of the ALII-N6-dA adduct.34 Furthermore, our work
provides structural clues for the NER resistance of both AA
adenine adducts, including enhanced stacking, lack of helical
distortions, and minimal changes in helical dynamics relative to
those of natural DNA, as well as possible blockage of β-hairpin
insertion of the GGR recognition factor. Nevertheless, further
computational and experimental work is required to analyze the
anti/syn barriers to rotation about the glycosidic bond in
dsDNA, which will provide further insight into the flexibility of
the adducted DNA and thereby serve as an important tool for
deducing conformational outcomes. Furthermore, additional
biochemical studies of the conformations of the AL-N6-dA
adducts within the active sites of NER and replication enzymes
are required to evaluate our hypotheses based on the preferred
conformations of dsDNA.
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