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ABSTRACT

Aristolochic acids I and II are prevalent plant toxi-
cants found in the Aristolochiaceae plant family.
Metabolic activation of the aristolochic acids leads
to the formation of a cyclic N-hydroxylactam
product that can react with the peripheral amino
group of purine bases generating bulky DNA
adducts. These lesions are mutagenic and estab-
lished human carcinogens. Interestingly, although
AL-dG adducts progressively disappear from the
DNA of laboratory animals, AL-dA lesions has
lasting persistence in the genome. We describe
here NMR structural studies of an undecameric
duplex damaged at its center by the presence of
an ALII-dA adduct. Our data establish a locally per-
turbed double helical structure that accommodates
the bulky adduct by displacing the counter residue
into the major groove and stacking the ALII moiety
between flanking bases. The presence of the
ALII-dA perturbs the conformation of the 50-side
flanking base pair, but all other pairs of the duplex
adopt standard conformations. Thermodynamic
studies reveal that the lesion slightly decreases
the energy of duplex formation in a sequence-
dependent manner. We discuss our results in
terms of its implications for the repair of ALII-dA
adducts in mammalian cells.

INTRODUCTION

Aristolochic acids (AAs) are nitrophenanthrene carboxylic
acid derivatives (Figure 1) commonly found in plants of
the Aristolochiaceae family. These compounds are potent
human mutagens (1) and established human carcinogens
(2). Chronic dietary poisoning by AA leads to terminal
renal failure and is associated with transitional cell

carcinoma of the upper urinary tract (3–5). In vivo, AA
can undergo enzymatic reduction of its nitro group to the
corresponding aristolactam (Figure 1), a reaction that is
mainly catalyzed by the cytosolic NAD(P)H:quinone
oxidoreductase (NQO1) or the microsomal enzymes
CYP1A2 and CYP1A2 (6). The cyclic hydroxamic acid 2
(N-hydroxyaristolactam) formed in this multistep reaction
can lead, without further activation by phase II enzymes,
to the formation of a carbenium ion 3 that is capable of
attacking cellular DNA and generating purine adducts 4
(Figure 1) (7,8). In contrast to other nitroaromatic arenes
that preferentially react with the C-8 position of guanine,
activated AA forms adducts with the exocyclic amino
groups of purine bases, namely AL-N6-dA and AL-N2-
dG (Figure 1) (9). Remarkably, whereas the latter
adduct gradually disappears from laboratory animals
after discontinuation of AA administration, AL-dA
exhibits life-long persistence in rat genomic DNA (10)
and stays for years in human DNA within the renal
cortex (4).
The ALII-N6-dA adduct is highly mutagenic predom-

inantly leading to A! T transversions (11) that are rare-
ly observed in human tumors (12). Similarly, this type of
transversion was shown to be a ‘signature’ of AA-induced
mutations in humans exposed to low levels of AA in their
diet (13). Based on its unique mutational signature, a dif-
ferential rate of AL-dA repair has been measured for the
transcribed and non-transcribed strands of genomic
DNA, suggesting that the transcription-coupled repair
(TCR) pathway of the nucleotide excision repair (NER)
system, but not the global genomic repair (GGR)
pathway, removes AL-dA adducts from the genome (13).
To understand the molecular mechanisms responsible

for the mutagenic properties of AL-dA lesions and their
resistance to GGR, it is necessary to establish the struc-
tural and physicochemical properties of adduct-containing
duplexes. Our recent progress in the chemical synthesis of
the ALII adducts and their incorporation into the oligo-
nucleotides (11) now makes possible the preparation of

*To whom correspondence should be addressed. Tel: +1 631 444 3649; Fax: +1 313 444 3218; Email: cds@pharm.stonybrook.edu

Published online 25 November 2011 Nucleic Acids Research, 2012, Vol. 40, No. 6 2759–2770
doi:10.1093/nar/gkr1094

� The Author(s) 2011. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



large amounts of damaged duplexes, thus opening an
avenue for such studies. In this article, we describe the
NMR structure determination of an undecamer duplex
containing the dA-N6-adduct of aristolactam II
(ALII-dA), the most abundant and persistent DNA
lesion generated by AAII (1). Our data reveal that the
ALII-dA adduct causes local structural perturbations at
the site of damage by intercalating the ALII moiety
between the lesion-flanking guanine bases on the comple-
mentary strand and displacing the lesion partner nucleo-
tide into the major groove of the duplex. We also report
the thermodynamic parameters of three ALII-dA
duplexes, which, in combination with our structural data
and the repair studies in mammalian cells (V. Sidorenko,
et al., companion manuscript), challenge the current
paradigm that a lesion-induced disruption of the normal
DNA structure causing a decrease of local duplex stability
elicits NER recognition.

EXPERIMENTAL SECTION

Sample preparation

Of the three ALII-dA lesion-containing duplexes of differ-
ent composition that were prepared for this work, the d[(C
GTACXCATGC)�(GCATGTGTACG)] duplex (termed
hereafter the ALII-dA duplex), where X is the damaged
residue, was the one chosen for full structure/stability
studies. Two other duplexes having the lesion in the
context of mutational hotspots (13), namely d[(CTCCT
XGGTTG)�(CAACCTAGGAG)] (TXG duplex) and
d[(ATGACXGAAAC)�(GTTTCTGTCAT)] (CXG
duplex), were also synthesized and partially characterized.

Preparation of oligonucleotides containing the ALII-dA
lesion has been reported elsewhere (11,14). Non-modified
oligonucleotides were prepared following standard
solid-phase synthesis methods and purified by ion-pair
reverse-phase HPLC (15). The quality and composition
of the oligonucleotides were assessed by ESI–MS. The
purified samples were dissolved in 1M NaCl solution con-
taining 1mM EDTA and desalted using the Sephadex
G-25 column (2.5�80 cm). A 1 : 1 strand ratio on the
duplex was obtained by monitoring the NMR signal in-
tensity of resolved thymine methyl protons during the
gradual addition of the unmodified to the lesion-
containing oligomer. One milliliter of a 25-mM phosphate
buffer, pH 6.5, containing 50mM NaCl was added to the
duplex solution and lyophilized to dryness. The powder
was dissolved in 1ml of 99.5% D2O, lyophilized, and
dissolved again in 0.6ml of ‘100%’ D2O (Aldrich). For
NMR experiments recorded in 10% D2O buffer, the
sample was lyophilized and dissolved in a 1:9 mixture of
D2O :MilliQ H2O.

NMR experiments

The ALII-dA duplex concentration used for the NMR
studies was �1mM. NMR spectra were collected on a
Bruker Avance spectrometers operating at 700, 800 and
900MHz. Proton chemical shifts were referenced relative
to sodium 3 -(trimethylsilyl)propionate-2,2,3,3-d4 at
0 ppm. Phase-sensitive NOESY (90, 150, 200 and 300ms
mixing time), COSY, TOCSY (30 and 70ms isotropic
mixing time) and C-H-HSQC spectra in D2O buffer
were recorded at 27�C. The residual water signal was sup-
pressed by presaturation during the relaxation delay of

Figure 1. Schematic representation of the metabolic activation of aristolochic acids and formation of DNA adducts. The structure of the
arisotlactam-II-(N6)-dA lesion indicates the position of ALII atoms with Arabian digits and labels the aristolactam rings with upper case letters.
Sequence of the ALII-dA duplex characterized in the present study.
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1.5 s. Phase-sensitive proton NOESY spectra (200 and
300ms mixing time) in 10% D2O buffer were collected
at 5�C, using the ‘excitation sculpting’ pulse sequence
(16). The temperature dependence of imino protons was
studied at 700MHz from 5�C to 60�C using the
‘jump-return’ pulse sequence. NMR data were processed
and analyzed using NMRPipe (17) or Felix (Accelrys Inc.,
San Diego, CA, USA). Two-dimensional data sets con-
sisted of 2048 and 380 complex points in the t2 and t1
dimensions, respectively. Shifted sine-bell window func-
tions were used to smooth the time domain data prior to
the Fourier transformation. Polynomial baseline correc-
tion was applied to the frequency domain spectra as
needed.

Molecular dynamics

Restrained molecular dynamics (rMD) calculations were
performed with Xplor-NIH (18) using an all-atom force
field derived from CHARMM (19) and a dielectric
constant set to four (20). Partial electric charges of the
aristolactam moiety were calculated using the
GAUSSIAN module of the HyperChem program
package (HyperCube Inc.) in the minimal (3–21 G) basis
set. A starting B-form duplex structure was built using the
Biopolymer module of Insight 2000 (Accelrys Inc.). The
central A�T base pair of this duplex was modified by at-
taching the ALII moiety to the adenine N6 atom,
displacing the T nucleotide toward the major groove and
partially intercalating the aromatic ring system between
G16 and G18 residues of the complementary strand. The
initial model was energy minimized by 1000 steps of
conjugated gradient minimization to remove the unfavor-
able atomic interactions.

Experimental interproton distances were calculated
using a full relaxation-matrix approach (21). Briefly,
hydrogen atom positions on the initial structure were
energy minimized, using a sole potential energy function
that was proportional to the difference between
back-calculated and experimental NOE intensities.
Interproton distances were then computed at the end of
the minimization. Distance-refined structures were
calculated using an rMD protocol similar to that
employed for a-OH-PdG�dC duplexes (22). Briefly, the
simulations were initiated at five different temperatures
(100, 105, 110, 115 and 120K) and the system was
heated to 500K on 100 ps. During this time, potential
energy penalty function enforcing interproton distances
were introduced with a penalty constant that increased
from 10 to 300 kcal/(mol A2) and remained at this value
until the end of the simulation. Simulations were run at
500K for 100–120 ps. After this time, the system was
cooled down to 300K in 100 ps and run at this tempera-
ture for an additional 130 ps. A total of 25 independent
structures of the dA-ALII duplex were computed by
starting the simulations at five different temperatures
(100, 105, 110, 115 and 120K) and running five different
time periods (100, 105, 110, 115 and 120 ps) of
high-temperature step. Atom coordinates from the last
30 ps of each simulation were averaged and energy
minimized, yielding a set of refined models that exhibited

pairwise root-mean-square deviations (RMSDs) of
<0.7 Å. Given their convergence, the models were
averaged and energy minimized generating final refined
structure presented here. Structures were analyzed with
curves (23) and visualized with Chimera (24) or InsightII
(Accelrys Inc.).

UV melting studies

Thermal denaturations of the lesion-containing and
control duplexes were carried out using a CARY100 Bio
UV–vis spectrophotometer, equipped with a multicell
block temperature regulation unit and a fluid circulation
thermal regulation enhancement (Varian, Inc.).
Temperature readings were stable and accurate within
1�C. Initial temperatures, 10�C or 80�C depending upon
the experiment, were allowed to equilibrate for at least
10min. The rate of temperature change was set to
0.2�C/min. Sample concentrations varied between 0.2
and 2.2 OD260 units of duplex dissolved in 1ml of
25mM sodium phosphate buffer solution, pH 6.8, con-
taining 150mM NaCl and 0.5mM EDTA. Duplex
melting temperatures (Tm) were computed from the first
derivative of the Abs versus temperature plots. Three in-
dependent melting profiles were obtained at each of 12
different sample concentrations, resulting in a set of 36
independent Tm values for each duplex. Plots of (1/Tm)
versus ln(Ct), where Ct is the duplex molar concentration,
were fit to a straight line, and the �Ho and �So then
derived from the slope and intercept, respectively (25).
The Gibbs free energy (�Go) of duplex formation was
calculated from these values.

RESULTS

Nonexchangeable proton spectra

The assignment of non-exchangeable protons of the
duplex resulted from the analysis of NOESY, COSY
and TOCSY spectra following established procedures
(26). Figure 2 shows an expanded region of a 300-ms
mixing time NOESY spectrum illustrating the interactions
between the base (6.5–8.5 ppm) and sugar-H10 (4.5–
6.6 ppm) protons of the duplex. The most striking
feature of this spectrum is that the ALII-dA lesion has
virtually no effect on NOE interactions between the
sugar and aromatic protons of the modified strand. Each
purine-H8 or pyrimidine-H6 of this strand shows NOE
cross-peaks to the H10 proton of the same and
50-Fanking nucleotides (Figure 2, top), with relative
intensities and chemical shift values within the limits char-
acteristic of a normal DNA duplexes. Proton signals from
the damaged adenine residue experience a slight chemical
shift increase (�0.5 ppm) that, however, is not
accompanied by any appreciable intensity change of its
NOE interactions with the protons of adjacent nucleo-
tides. All these facts suggest that the duplex conserves a
right-handed helical conformation throughout the
modified strand, with no appreciable perturbations
caused by the presence of the lesion. By contrast,
although the normal aromatic to sugar-H10 NOE walk is
essentially preserved in the complementary strand, the
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chemical shifts of both the anomeric and the aromatic
protons of the T17 nucleotide experience a significant
low-field shift (�1 ppm), indicating that the ALII adduct
disrupts the location of the lesion-partner nucleotide
(Figure 2, bottom). In addition, although T17 exhibits
internucleotide NOE interactions typically observed in
double-stranded DNA, the intensity of some cross-peaks
is altered, indicating that some proton distances are sig-
nificantly changed opposite to the ALII-dA lesion.
Assignment of the non-exchangeable protons of the

artistolactam moiety followed the analysis of COSY,
NOESY and natural abundance 13C,1H-HSQC spectra.
The aristolactam methylene protons are readily distin-
guished on the 13C,1H-HSQC spectrum due to the fact
that, in the anisotropic DNA environment, these
protons have close but clearly different chemical shifts.
Protons of ring E exhibit a characteristic COSY
cross-peak pattern that allows tracing their connectivity,
despite the fact that H8 and H10 chemical shifts are close
(Supplementary Figure S1, peaks A–C). Of these protons,
H11 is easily distinguished by its NOE contact with ALII

H2s (Supplementary Figure S2, peaks B) leading, in turn,
to the assignment of the remaining ring E protons. The
lack of scalar spin–spin interactions with other protons
and the presence of NOE contacts with the methylene
group (Supplementary Figure S2, peaks G) identified the
H4 proton of ALII moiety.

The ALII protons exhibited numerous NOE inter-
actions with protons of adjacent nucleotides, which estab-
lished its location with high confidence. The aristolactam
methylene group (H2) and the aromatic H4 proton display
strong NOE interactions with base and sugar protons of
nucleotides on the complementary strand, specifically
G16, T17 and G18 (Supplementary Figure S3), indicating
that the C2–C5 edge of the aristolactam moiety is deeply
buried within the DNA base stack. By contrast, ring E
protons H8–H11 exhibit a low number of NOE
cross-peaks of weak intensity (Supplementary Figure
S2), suggesting that they are more exposed to solvent in
the major groove of the duplex. These data allow us to
conclude that the damaged 20-deoxyadenosine adopts an
anti-conformation and is properly stacked within the
DNA double helix. The aristolactam moiety is directed
toward the complementary strand where it stacks
between G16 and G18, displacing the T17 nucleotide
from its normal position. Given that steric interactions
prohibit an anti conformation of the ALII-dA moiety
around the adenine C6–N6 bond, the only possible con-
formational isomerism results from rotation around the
adenine(N6)–ALII(C7) bond. However, the experimental
NOE cross-peak pattern indicates a unique syn, syn-con-
formation for the ALII-dA residue in duplex DNA
(Figure 3). The chemical shifts of the nonexchangeable
protons on the ALII-dA duplex are listed in
Supplementary Table S1.

Conformation of the T17 nucleotide

The location of the ALII moiety, stacked between residues
of the undamaged strand, and the chemical shifts of
T17-H6 and T17-H10 suggest that this nucleotide is
displaced from its normal position in duplex DNA. The
relatively weak NOE interactions between T17 and
adjacent nucleotides, especially G16, further indicate
that the conformation of the former nucleotide is drastic-
ally perturbed in the ALII-dA duplex. As a result, its
position relative to neighboring residues and the con-
formation of its sugar–phosphate backbone become less

Figure 2. Expanded region of an 800MHz NOESY (300-ms mixing
time) spectrum of the ALII-dA duplex recorded at 25�C with the
sample dissolved in 25mM phosphate buffer, pH 6.6, 50mM NaCl,
in 100% D2O. The figure shows sequential interactions between the
base (6.6–8.6 ppm) and the sugar H10 (5.1–6.8 ppm) protons, from C1
through C11 on the lesion containing strand (top panel) and from G12
through G22 on the complementary strand (bottom panel). Nucleotide
labels identify the intraresidue NOE peaks and asterisks indicate
cytosine H6–H5 interactions.

Figure 3. Tautomeric forms of the ALII-dA adduct (the syn, syn-con-
formation is shown).
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well defined. We realized that NOE interactions involving
the H50 and H500 protons of T17 could provide additional
experimental restraints for establishing its conformation
with greater confidence. In order to obtain stereospecific
assignments of the T17-H50 and T17-H500 resonances and
to use their NOE distance information fully, we employed
our recently proposed isotope-labeling strategy (14) to
prepare an ALII-dA duplex having T17-H500 selectively
deuterated. Comparison of the NOESY spectra of the
deuterated and nondeuterated duplexes (Supplementary
Figure S3) yielded the unambiguous assignment of both
diastereotopic 50 protons and allowed the computation of
five additional NOE restraints, including two key dis-
tances involving the ALII-H4 proton. As a result, rMD
defined the conformation of T17 with greater accuracy.

Exchangeable proton spectra

The imino proton region (13.8–10.5 ppm) of the 1D
spectrum recorded at 5�C in 10% D2O buffer solution,
pH 6.5, shows 10 well-resolved signals that account for
the imino protons of the ALII-dA duplex (Figure 4,
top). A NOESY spectrum recorded under the same experi-
mental conditions displays a characteristic pattern of
interactions that permits the assignment of the exchange-
able protons of the duplex (Figure 4, bottom). Thymine
imino protons exhibit strong NOE peaks from their inter-
action with H2 protons of complementary adenines
(Figure 4, peaks A–D), whereas the imino protons of
guanine nucleotides interact with both the
hydrogen-bonded and non-hydrogen-bonded protons of
complementary cytosines (Figure 4, peaks E–H). In
addition, the imino protons of adjacent base pairs
exhibit sequential NOE interactions (Supplementary
Figure S4) indicating proper base pair stacking through-
out the duplex. These observations establish the formation
of A�T and C�G Watson–Crick alignments for all
nondamaged base pairs with proper stacking throughout
the ALII-dA duplex. The proton signal at 10.9 ppm
displays a strong NOE cross-peak with the H2 proton of
the damaged adenine base (Figure 4, peak I) and with the
imino protons of G16 and G18, the lesion adjacent
guanines (Supplementary Figure S4, peaks F and J, re-
spectively), thereby demonstrating that it belongs to the
base pair containing the lesion. We discuss its assignment
below.

Exchangeable protons of the lesion-containing base pair

The central ALII-dA�dT base pair has three exchangeable
protons that, in principle, might produce signals in this
region of the spectrum, namely, the thymine imino
proton, the H6 proton of the ALII moiety and, based
on an early report (27), the dA(H1) proton of the
damaged nucleotide in the imino tautomeric form
(Figure 3, left). The absence of an intraresidue NOE
peak with the thymine methyl protons (Figure 4, middle
panel) immediately rules out the possibility that the
10.9 ppm resonance belongs to T17(H3). This observation
is not surprising, since the extrahelical orientation of the
T17 will certainly facilitate the fast water exchange of its
imino proton. Regarding the alternative possibilities, both

the ALII(H6) and dA(H1) protons are expected to
resonate within this region and produce an intense NOE
cross-peak with dA(H2), similar to the one observed ex-
perimentally (Figures 4 and 5, peak I). Further analysis of
the water NOESY spectrum revealed a resonance at
7.5 ppm, which was missing from the NOESY spectra in
D2O, indicating that it originates from an exchangeable
proton of the duplex. This proton displays strong NOE
cross-peaks with ALII(H8) and ALII(H9) (Figure 5, peaks
8 and 9, respectively), indicating they are very close in

Figure 4. The top panel displays the imino proton region of a
700MHz 1D spectrum of the ALII-dA duplex recorder at 5�C with
the sample dissolved in 25mM phosphate buffer, pH 6.6, 50mM
NaCl, in 10% D2O. The bottom and center panels show expanded
regions of a 900MHz NOESY (300-ms mixing time) spectrum of the
ALII-dA duplex recorded under the same experimental conditions.
Labeled peaks are assigned as follows: A, T9(N3H)-A14(H2); B,
T3(N3H)-A20(H2); C, T19(N3H)-A4(H2); D, T15(N3H)-A8(H2); E,
G2(N1H)-C21(N4H)b; E0, G2(N1H)-C21(N4H)nb; F, G10(N1H)-
C13(N4H)b; F0, G10(N1H)-C13(N4H)nb; G, G16(N1H)-C7(N4H)b;
G0, G16(N1H)-C7(N4h)nb; H, G18(N1H)-C5(N4H)b; H0, G18(N1H)-
C5(N4H)nb. (‘b’ and ‘nb’ indicate bonded and non-hydrogen-bonded
amino protons, respectively). The asterisk labels the imino proton
signal of the damaged base pair and its NOE interactions are
depicted in Figure 5. The empty box indicates the region of the
spectrum where a cross-peak should appear had the resonance
denoted with the asterisk belongs to T17(H3). ‘Ter’ labels the
overlapping imino protons of the terminal guanine bases.
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space, and also weak interactions with ALII(H6) and
dA(H2) (Figure 5, peaks 1 and 10, respectively), thus es-
tablishing a separation of at least 4 Å between them. These
observations forced us to discard the previously reported
imino tautomeric form of ALII-dA (Figure 3, left) (27)
and we conclude that, in double-stranded DNA, it
adopts the more common amino form (Figure 3, right).
Accordingly, the resonance at 7.5 ppm belongs to dA(H6)
and that at 10.9 ppm to the H6 imino proton of the ALII
moiety. Analysis of the cross-peaks pattern observed
between these protons and the surrounding exchangeable
and nonexchangeable protons (Figure 5, left panel) is in
full agreement and confirms these assignments.
Exchangeable proton chemical shifts of the ALII-dA
duplex are listed in Supplementary Table S1.

Structure of the ALII-dA duplex

The sharp and uniform shape of the proton signals
observed during the NMR characterization of the
ALII-dA duplex demonstrates that the latter exists as a
single, well-defined structure without experiencing any ap-
preciable conformational exchange on the NMR time-
scale. Under this condition, the set of experimental
NOE-derived distance restraints can drive MD simula-
tions to a low-energy model that accurately represents

the structure of the damaged duplex in solution. All of
the refined structures are in excellent agreement with the
experimental NMR constraints, having no interproton
distance violations >0.1 Å. The refined models are very
similar (Supplementary Figure S5) showing a heavy
atom pairwise RMSD in the range of 0.18–0.67 Å for
the whole duplex, of 0.09–0.80 Å for the three central
base pairs and of 0.13–0.60 Å for the undamaged base
pairs after excluding the three central and terminal base
pairs (Table 1). The ALII-dA duplex structure is a B-form
right-handed helix that is perturbed at the central base
pair by the presence of the lesion (Figure 6, left panel).
The duplex structure preserves W–C alignments on all of
the unmodified base pairs, although there is a visible 23�

buckle at C5�G18, a base pair that is adjacent to the
ALII-dA lesion (Figure 6, top right panel). Additional
structural perturbations of this lesion-flanking base pair
includes the anomalous sugar conformation of G18, which
appears in the C10-endo region, and the value of the C5
glycosidic (�) torsion angle, namely �73�. The ALII-dA
nucleotide has a � angle in the high anti range (�100.86�),
close to the value observed in undamaged duplexes, but
the conformation of the associated deoxyribose moiety is
in the unusual C40-endo range (Table 1). The ALII moiety,
which is almost coplanar with the damaged adenine base,
intercalates between G16 and G18 nucleotides taking up
the space normally occupied by T17, the counter base, and
widening the groove dimension of the duplex at the lesion
site (Figure 6). Additionally, ALII establishes extensive
stacking interactions with the flanking guanine bases in
the complementary strand, with rings A and B exhibiting
the most extensive contacts and ring E appearing in the
major groove. Positioning of the ALII moiety inside of the
undamaged strand of the duplex completely displaces T17
from the helical stack into the major groove of the duplex
(Figure 6). Despite the limited number of specific inter-
actions with other bases, T17 adopts a well-defined con-
formation that is very similar in all of the refined
structures. Statistics of the refinement and relevant struc-
tural parameters of the ALII-dA duplex are listed in
Table 1.

Duplex melting and thermodynamics

The temperature dependence of the exchangeable proton
spectra confirms the hypothesis that the presence of the
lesion causes limited destabilization to the ALII-dA
duplex (Figure 7). Whereas increasing the temperature im-
mediately affects the signals of the terminal imino protons,
which broaden and disappear first due to their solvent
exchange, the signals of the five central base pairs of the
duplex retain their sharp shape even at 50�C. Broadening
and disappearance of the central imino proton signals are
evident at 60�C, when the duplex as a whole starts to melt.
Such melting behavior is atypical of damaged DNA that
generally melts from the termini toward the center of the
duplex and, simultaneously, from the lesion site toward
the ends. Interestingly, although the temperature
increase does not affect the shape of the imino protons
adjacent to the modified base pair, it leads to appreciable
chemical shift changes that reach 0.4 ppm in case of

Figure 5. Regions of NOESY spectra used for the assignment of ex-
changeable protons at the lesion site. (A) Displays a segment of the
NOESY spectrum recorded in 10% D2O buffer (also shown on
Figure 4) depicting interactions of the 10.9 ppm signal. (B) Shows the
symmetrical aromatic region of the same NOESY spectrum. (C) Shows
the same aromatic region on a NOESY spectrum recorded in
100% D2O buffer. Blue letters or numbers denote NOE cross peaks
involving the ALII(N6H) imino proton and red numbers indicate
those involving the ALII-dA(H6) amino proton. Labeled peaks are
assigned as follows: I, ALII(N6H)-A6(H2); 1, ALII(N6H)-A6(N6H);
2, ALII(N6H)-C7(N4H)b; 3, ALII(N6H)-ALII(H8); 4, ALII(N6H)-
C5(N4H)b; 5, ALII(N6H)-ALII(H4); 6, ALII(N6H)-G18(H10); 7,
ALII(N6H)-C7(H10); 8, A6(N6H)-ALII(H8); 9, A6(N6H)-ALII(H9);
10, A6(H2)-A6(N6H); a, ALII(H11)-ALII(H8); b, ALII(H11)-
ALII(H9); c, ALII(H8)-ALII(H9). The red rectangle in (C) indicates
the A6(N6H)-ALII(H8) and A6(N6H)-ALII(H9) interactions that are
absent in 100% D2O.
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G16(H1). Such changes can be attributed to hydropho-
bic effects that are known to change at higher tem-
peratures (28). It is highly plausible that, as the
temperature increases, hydrophobic interactions may
compact the central part of the duplex changing, in turn,
the relative positions of the ALII moiety and adjacent
base pairs.

UV-melting profiles for the lesion-containing and un-
damaged duplexes (data not shown) confirm that the
ALII-dA lesion induces the thermal destabilizing of the
duplex. The magnitude of this effect varies from 3� to
6.4�, being largest in the (C–X–C) duplex case and least
in the (C–X–G) duplex case. Plots of (1/Tm) versus ln(Ct)
for the damaged duplexes display straight lines without
any visible signs of curvature (Figure 8), indicating the

occurrence of a one-step duplex dissociation process that
is suitable to van’t Hoff analysis. The lesion increases (less
negative values) the enthalpy of formation of all three
duplexes though the magnitude of this effect that ranges
from 4 to 20 kcal/mol is highly dependent on the sequence
context of the lesion. Simultaneously, there is an increase
in duplex entropy that is also sequence dependent and
largely compensates for the destabilizing action of
ALII-dA. As a result, the decreases of free energy
caused by the ALII-dA adduct at 37�C are in the
0.8–3.2 kcal/mol range, with the largest value observed
for the (C–X–C) duplex, when the lesion is flanked by
hydrophilic cytosine nucleotides. Table 2 lists thermo-
dynamic parameters for the damaged and undamaged
duplexes.

Figure 6. Solution structure of the ALII-dA containing duplex. The left panel is a view of the whole duplex colored by atom types and displayed
with the major groove prominent. The picture depicts T17 complete displaced in the major groove of the duplex and the ALII moiety inside the helix.
The top right panel is a close up view of the central trimeric segment of the duplex displayed with the minor groove prominent. The image depicts
W–C alignments of the flanking C7�G16 and C5�G18 base pairs and indicates with blue lines the distance restrains obtained following deuteration of
T17(H500) that helped define de conformation of this nucleotide. The bottom right panel is a view, along the helical axis, of the central trimeric
segment of the duplex depicting stacking interactions at the lesion site. The picture displays only the base atoms with the C7�G16 base pair shown as
solid spheres, ALII-dA�T17 in green and C5�G18 in yellow.

Table 1. ALII-dA duplex structure

Statistics of the refinementa Relevant structural parameters at the lesion sitec

RMSD heavy atom positionb <0.7 (<0.8) C5�G18 base pair buckle (�) 23
RMSD NOE distances (Å)� 10�2 8.7 (1.6) C5; G18 sugar pucker C20-endo; C10-endo
NOE energy (kcal/mol Å2) 11.5 (43) C5; G18 � angle (�) �72; �158
RMSD bond distances (Å)� 10�3 5.6 (6.5) ALII-dA; T17 Sugar Pucker C40-endo; C20-endo
RMSD bond angles (�) 2.2 (2.4) ALII-dA; T17 � angle (�) �101; �96
RMSD dihedral angles (�) 1.9 (1.6) C7; G16 Sugar Pucker C10-exo; C20-endo
van der Waals energy (kcal/mol) �341 (�332) C7; G16 � angle (�) �119; �93

aComputed on the minimized averaged structure. The values for the initial minimized structure are shown in brackets.
bMaximum values computed among the 25 rMD structures (between brackets is the value for the central three-base pair segment.
cComputed from the minimized averaged structure.
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DISCUSSION

Tautomeric form of the ALII-dA lesion

An early study of the ALII-dA nucleoside in DMSO
solution (27) demonstrated that it exists predominantly
in its imino tautomeric form (Figure 3, left). Our NMR
results, however, persuaded us to reconsider the tautomer-
ic state of the ALII-dA adduct in double-stranded
duplexes. The presence of the imino tautomer is inconsist-
ent with the observation that only one imino proton signal
(at 10.9 ppm) exists in close proximity to the damaged
adenine H2 proton, whereas a second exchangeable
signal at 7.5 ppm is close in space to the aristolactam
ring E protons (Figure 5). In addition to the NMR
evidence, molecular-modeling calculations reveal a
strong steric repulsion between the adenine-H1 and
aristolactam-H6 protons, making impossible a coplanar
conformation of the aristolactam and adenine moieties
in the ALII-N6-dA adduct. They also demonstrate that,
although the most stable conformation of the amino
tautomeric form is far from planarity, the adduct can
adopt a planar conformation with an energetic penalty
of only 2.4 kcal/mol (Supplementary Figure S6). Taken
together, our results establish that the tautomeric equilib-
rium of the ALII-dA shifts toward the amino form when
the adduct is incorporated into DNA. It also deserves
mention that, since the aristolactam imino proton is just

1.7 Å apart from the adenine N1, hydrogen bonding
between these atoms is probable, a fact that would
contribute further to the stabilization of this tautomer.
Although the MM+ force field used for our calculations
does not take into account the possibility of hydrogen
bond formation between these atoms, the observation of
a sharp ALII-H6 signal at elevated temperatures (Figure
7) provides indirect evidence for the presence of such bond
in the ALII-dA duplex.

NMR spectra and duplex structure

The NMR-derived MD structure of the ALII-dA duplex
represents a new structural motif for DNA duplexes
carrying a bulky dA-N6 lesion. Although several
solution structures of duplexes containing polyaromatic
hydrocarbon (PAH) adducts at adenine-N6 have been
reported, all of them, to the best of our knowledge, are
lesions formed by metabolically activated hydrocarbons.
This means that the ultimate species leading to the forma-
tion of the DNA lesions are cyclic diol-epoxides and,
therefore, the polyaromatic moiety is connected to the
adenine amino group via a saturated (sp3) alicyclic
carbon. The geometry of such a link imposes considerable
steric restraints on the mutual position of the
polyaromatic and the adenine moieties; in particular, it
prohibits a conformation in which they are coplanar. A
major consequence of these restraints is that in such
lesions the polyaromatic moiety tends to partially intercal-
ate into the double helix, either above or below the
damaged base pair. This type of conformation have been
observed in the case of benzo[a]pyrenediolepoxide-N6-dA
(29–31), benzo[a]anthracenediolepoxide-N6-dA (32–34)
and benzo[c]phenanthrenediolepoxide-N6-dA (35,36)
adducts. Although the structures preserve W–C
hydrogen bond alignments, either partially or completely,
adduct intercalation leads to significant distortion of base

Figure 7. Temperature dependence of the imino proton signals of the
ALII-dA duplex recorded at 600MHz with the sample dissolved in
25mM phosphate buffer, pH 6.6, 50mM NaCl, in 10% D2O.

Figure 8. Plots of 1/Tm versus ln (Ct) for the ALII-dA (filled
diamond), (TXG)- (filled circle) and (CXG)- (filled triangle) duplexes.
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stacking at and around the lesion site, usually causing
significant destabilization of the DNA duplex and, in
some cases, heterogeneous conformations (30,31,37).

In contrast to bulky PAH lesions, formation of the
ALII-dA adduct follows a quite different mechanism
that involves an aromatic carbenium ion (Figure 1) as
the active intermediate. Consequently, an aromatic
carbon (sp2) of the ALII moiety connects to the adenine
amino group directly, resulting in a link that has a par-
tially conjugated amino group and whose geometry is
close to trigonal. Theoretically, then, the ALII and
purine moieties can adopt a coplanar conformation like
the one we experimentally observed in the ALII-dA
duplex (Figure 6).

A direct consequence of this coplanarity is that the
damaged duplex can accommodate the bulky lesion with
minimal perturbation of its helical structure. The damaged
nucleotide occupies mostly a normal position in the
ALII-dA duplex preserving good stacking interactions
with neighboring bases. Only, the unusual C40-endo con-
formation adopted by its 20-deoxysugar is outside the
standard value range for B-form structures. Adjacent
base pairs conserve all their W–C hydrogen bonds
although one of them, C5�G18, is buckled. In addition,
C5 has an uncommon glycosidic torsion angle and G18
deoxyribose exhibits a C10-endo conformation (Table 1),
indicating that some structural adjustments occur funda-
mentally at the 50-side of the lesion site.

Significant structural perturbations occur at T17, the
counter nucleotide of the ALII-dA adduct (Figure 6),
whereby a displacement from its normal position into
the major groove of the duplex, makes room for the
stacking of the aristolactam moiety between G16 and
G18. Although T17 loses stacking interactions with neigh-
boring residues, it adopts a well-defined conformation
and, judging by the shape of its cross-peaks in the 2D
spectra, its mobility is not any different from that of
other residues of the duplex. It is likely that some hydro-
phobic interactions also exist between the thymine base
and the aristolactam methylene group that would contrib-
ute to stabilization of T17 in the major groove of the
ALII-dA duplex.

The refined structure reveals extensive hydrophobic
interactions between the polyaromatic ALII moiety and
adjacent guanine bases that, in principle, can change sig-
nificantly with different duplex sequences, especially those
with less hydrophobic nucleotides stacking with the
adduct. However, the NMR spectra of the TXG and
CXG duplexes show that they conserve the key chemical

shifts and cross-peak intensity patterns previously
observed at the lesion site of the ALII-dA duplex
(Supplementary Figure S7). Although computation of
refined solution structures for such duplexes is beyond
the scope of the present study, the similarity of these key
NMR parameters suggests that the conformation at the
lesion site is essentially the same in the three sequence
contexts examined. It is necessary to note, that, whereas
rings B–D of ALII are deeply buried within the base stack,
ring E is partially exposed to the duplex major groove
(Figure 6, bottom right panel), suggesting that bulkier
substitutions at positions 8–11 of the AL moiety will be
tolerated without affecting significantly the lesion site con-
formation. Therefore, we propose that the structure and
physical properties of dA adducts induced by other AAs,
including the more prevalent aristolochic acid I, will be
similar to those of the ALII-dA adduct. Experimental
verification of this hypothesis is underway.

Duplex stability

The refined structure of the ALII-dA duplex identified
several factors that affect the thermal and thermodynamic
stability of the damaged duplex. Stabilizing features
include a minimally perturbed double-stranded helix,
W–C alignments on all unmodified base pairs and the ex-
tensive hydrophobic interactions of the ALII-dA nucleo-
tide. Traits likely leading to duplex destabilization
comprise the disruption of hydrogen bonds across the
damaged base pair, changes of 20-deoxysugar conform-
ations at the lesion site, loss of T17 stacking, partial
water exposure of the ALII ring E in the major groove
of the duplex and the almost coplanar conformation of the
ALII and adenine moieties. Thermal denaturation studies
of the ALII-dA duplex confirmed the compounding effect
of all of these features.
Since the bulky ALII lesion disrupts the normal W–C

A–T base pair at the lesion site, we expected a consider-
able reduction of duplex stability but, surprisingly, the
destabilization effect was rather small. The temperature
dependence of the imino proton signals demonstrates
that the central region of the duplex conserves a
double-helical structure until the duplex has completely
melted. Therefore, the ALII-dA makes no appreciable
contribution to the initiation of the melting process from
the lesion site toward the duplex termini, as it is generally
observed with other DNA lesions. The most plausible ex-
planation for this observation is that the energetic loss
resulting from the disruption of the ALII-dA�T base
pair is partially compensated for by the extensive

Table 2. Stability of ALII-dA-containing duplexes

Duplex sequence Tm (�C) �H� (kcal/mol) �S� (cal/mol K) �G
�

25�C (kcal/mol) �G
�

37�C (kcal/mol) ��G
�

37�C (kcal/mol)

C–X–C 45.2 �76 �211 �12.7 �10.2 �2.5
C–A–C 51.6 �98 �273 �15.9 �12.7
T–X–G 43.1 �58 �157 �11.2 �9.3 �1.2
T–A–G 46.7 �78 �219 �13.1 �10.5
C–X–G 39.9 �68 �190 �11.0 �8.7 �0.8
C–A–G 42.9 �72 �203 �11.9 �9.5

Nucleic Acids Research, 2012, Vol. 40, No. 6 2767

http://nar.oxfordjournals.org/cgi/content/full/gkr1094/DC1


hydrophobic interactions between the ALII moiety and
the guanine bases, e.g. G16 and G18, that flank the
lesion site in the complementary strand. It is also plausible
that the extrahelical conformation of the T17 residue in
close proximity to the aristolactam [O–CH2–O] methylene
group partially protects the aromatic moiety from solvent
exposure somehow increasing stability at the lesion site.
Van’t Hoff thermodynamic parameters (Table 2)

quantify the impact of ALII-dA adducts in duplex stabil-
ity and, since the structural perturbation are limited to the
lesion-containing and flanking base pairs, reflect
lesion-induced stability effects at the damaged site. As
expected there is an increase (less negative) on the
enthalpy of duplex formation that is sequence dependent.
The entropic component of the Gibb’s free energy com-
pensates almost completely for the enthalpic variation,
leading to only a moderate decrease of duplex stability
and establishing the significant role played by hydropho-
bic interactions at the lesion site. Several polyaromatic
diol epoxide dA lesions that are capable of partially
intercalate into the DNA helix also display compensatory
effects between the entropic and enthalpic components of
duplex formation (38). In summary, our NMR-derived
structure and UV-melting analysis indicate that, whereas
the ALII-dA lesion causes appreciable structural and en-
ergetic perturbations of the duplex, it does not trigger
local melting of the duplex, a fact that possibly has sig-
nificant biological implications.

BIOLOGICAL IMPLICATIONS

A uniqueness of the NER pathway is its ability to recog-
nize a virtually infinite number of bulky lesions in
double-stranded DNA. The mechanism responsible for
this characteristic remains a subject of active investigation,
especially the initial lesion recognition step mediated by
XPC/hR23B that operates during global genomic NER
(39). Although the crystal structure of RAD4/RAD23,
the yeast ortholog of XPC/hR23B, in a complex with a
UV-damaged duplex has been determined (40) and many
solution structures of duplexes containing bulky lesions
are also available (41), it is still unclear what features of
damaged duplexes elicit their recognition by the NER
system. As a rule, recognizable NER substrates contain
a covalently bound bulky adduct that induces structural
distortions of the DNA double helix (42,43). In addition,
lesions that decrease duplex stability creating a ‘bubble’ at
the lesion site of the double helix are better NER sub-
strates, suggesting that a thermodynamic probing mech-
anism operates during the initial lesion recognition step
(44,45). The observation that the crystal structure of the
RAD4/RAD23 in complex with UV-damaged DNA
shows a b-hairpin wedging into the DNA helix and assist-
ing the local melting of the duplex further supports the
stability-sensing mechanism of NER recognition (40).
This mechanism also explains the fact that some bulky
lesions that increase the duplex stability, such as the 3-
(deoxyguanosin-N2-yl)-2-acetylaminofluorene (dG(N2)-
AAF), are persistent in cellular DNA (46,47) or the
observation that removal of the lesion counter base

cytosine increases the thermal stability and hinders NER
incision of a duplex containing a cis-benzo[a]pyrene
adduct (48). Other hypotheses that postulated alternative
recognition factors, such as lesion-induced changes of
local DNA flexibility (49), increased helical dynamics
(50) or poor base stacking (51) were rapidly eclipsed by
the thermodynamic destabilization mechanism of NER
recognition. Thus, the current paradigm states that
XPC/hR23B would sense locally destabilized duplex struc-
tures and, since duplex destabilizing lesions facilitate
DNA strand separation, such lesion-induced destabiliza-
tion would be the hallmark for NER recognition (45).
Although the thermodynamic destabilization hypothesis
of NER recognition satisfactorily explains the detection
of a large range of bulky lesions, it fails in the case of
the ALII-dA adduct. This lesion disrupts the duplex struc-
ture at the damaged site and decreases the free energy of
duplex formation but, nonetheless, is a poor substrate for
in vitro NER incision (V. Sidorenko, et al., companion
manuscript), has long persistence in genomic DNA (1)
and seems to be recognized exclusively by the
transcription-coupled NER pathway (13). In order to rec-
oncile our observations with the thermodynamic hypoth-
esis of NER recognition, one could suggest that there is a
‘destabilization threshold’ that must be overcome for suc-
cessful NER recognition. If this is the case, the local de-
stabilization energy needed for NER recognition should
exceed 2.5 kcal/mol at 37�C. A comparable destabilization
value was measured for the (-)-trans isomer of the
DB[a,l]pyrene-N6-dA adduct (38) that, as the ALII-dA
lesion, also adopts an intercalative structure (52) that
seems refractory to global NER removal in human cells
(53). Alternatively, our results may support one or more
of the other NER recognition hypotheses being the
base-stacking hypothesis (51) the most relevant to the
case of the ALII-dA adduct. The solution structure of
the ALII-dA duplex demonstrates that both the
damaged adenine and ALII moieties form extensive
hydrophobic contacts with flanking residues without per-
turbing stacking of the undamaged base pairs. The signifi-
cant role of such hydrophobic effects is evident from the
results of our thermodynamic study (Table 2). It would be
possible to suggest also that, since the ALII-dA nucleotide
is tightly packed inside the base pair stack, it would reduce
the internal mobility of the DNA double helix at the lesion
site, resulting in lack of recognition of the ALII-dA adduct
by the XPC/hR23B dimmer (49). The sharp and uniform
cross-peak shape observed on the NMR spectra may serve
as indirect evidence of the absence of conformational tran-
sitions detectable in the NMR timescale. However, further
experiments, such as 13C relaxation-based dynamics
studies of damaged duplexes, are needed to establish the
role of internal dynamics during NER recognition of
ALII-dA.

In closing, the discovery of the structural and energy
destabilizing effects of the ALII-dA adduct, a lesion that
is poorly recognized by the global genomic NER pathway,
provide new arguments for the need to put forward add-
itional DNA factors during NER recognition, and empha-
size the role that stacking interactions and possibly
internal dynamics have in this process.
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