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ABSTRACT:

Aristolochic acids (AAs) are nephrotoxic and potentially carcinogenic plant mutagens that form bulky
DNA adducts at the exocyclic amino groups of the purines. The present work utilizes classical molecular
dynamics simulations and free energy calculations to investigate the role of lesion site sequence context
in dictating the conformational outcomes of DNA containing ALI-N°-dA, the most persistent and
mutagenic adduct arising from the AAs. Our calculations reveal that the anti base-displaced intercalated
conformers is the lowest energy conformer of damaged DNA in all sequence contexts considered (CXC,
CXG, GXC and GXG). However, the experimentally-observed greater mutagenicity of the adduct in the
CXG sequence context does not correlate with the relative thermodynamic stability of the adduct in
different sequences. Instead, AL-N®-dA adducted DNA is least distorted in the CXG sequence context,
which points toward a possible differential repair propensity of the lesion in different sequences.
Nevertheless, the structural deviations between adducted DNA with different lesion site sequences are
small, and therefore other factors (such as interactions between the adducted DNA and lesion-bypass
polymerases during replication) are likely more important for dictating the observed sequence-

dependent mutagenicity of ALI-N°-dA.
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1. INTRODUCTION

Aristolochic acids (AAs) | and Il (Figure 1a) are plant toxins commonly found in various species of
Aristolochia and Aasrum genera.' The consumption of traditional herbal medicines containing extracts
of Aristolochia fangchi has been linked to a chronic renal disease known as Chinese Herbal
Nephropathy? (more commonly referred to as Aristolochic Acid Nephropathy (AAN)),® which can further
develop into urothelial carcinoma.*® In addition, a closely related renal condition called Balkan Endemic
Nephropathy (BEN)” has been associated with the development of upper urinary tract carcinoma,® and
traced to the consumption of bread prepared from wheat locally grown in the Balkan region and

11,12 Based on sufficient evidence of the involvement

contaminated with seeds of Aristolochia clematitis.
of AAs in the etiology of AAN, BEN and related carcinogenesis,” the International Agency for Research

on Cancer (IARC) has categorized herbal medicines containing plant species of the Aristolochia genus as

Group 1 (human) carcinogens.™

The genotoxic mechanism of action of AA-induced carcinogenesis involves the formation of DNA

adducts (addition products), which has been supported by their identification in the renal tissue of AA-

12, 15

exposed humans. AAs are metabolically activated in cells to form N-hydroxylaristolactams (N-

hydroxyl ALs),*® ¥ which hydrolyze to yield nitrenium ions that react with the amino groups of the
purines.’® Among the resulting AL-N®-dA and AL-N*-dG adducts, the adenine lesions (Figure 1b) are more
persistent and hence more mutagenic in the affected tissues.'® Furthermore, despite differing by a single

20-22

methoxy group, the ALI-N®-dA adduct is more abundant, persistent®® and nephrotoxic** compared to

the ALII-N°-dA adduct. The mutagenicity of the AL-N°-dA adducts has been associated with AA-induced
“signature” A = T mutations that are dominant in the TP53 tumor suppressor gene,” the FGFR3 and

HRAS oncogenes,”® and T/CXG (X = adduct) trinucleotide sequence motifs within the genome.”” *®
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In order to understand the structural basis for the observed differential biological outcomes
associated with the mutagenic AL-N°-dA adducts, it is vital to understand the conformational
preferences of (damaged) DNA containing these lesions. In this context, our previous computational
work studied both ALI-N°-dA and ALII-N°-dA in the 5'-CGTACXCATGC 11-mer sequence,” which contains
the CXC motif that experiments predict to yield the most stable ALII-N®-dA adducted duplexes.*® Our
unrestrained molecular dynamics (MD) simulations revealed that both ALI and ALII-N®-dA adducted DNA
prefer a base-displaced intercalated structure, which contains an anti adduct glycosidic orientation
(Figure 1b), displaces the opposing thymine into the major groove, and completely disrupts the lesion
site Watson-Crick hydrogen-bonding.”® These results agree with the most stable ALI-N°-dA
conformation deduced from NMR based studies in the same sequence,®® thereby verifying the
robustness of our computational approach. Overall, the conformational preferences of the AL-N°-dA
adducts markedly differ from those of the well-studied N6-linked dA adducts derived from polycyclic

31-35

aromatic hydrocarbons (PAHs) within the same (CXC) sequence context. Specifically, whereas the

linker atom in the PAH adducts is tetrahedral, which allows the adduct to maintain either partial or
complete hydrogen bonding with the opposing base, the carcinogenic moiety is directly attached to the
exocyclic amino group in the AL-N®-dA adducts and the lesions cannot form interactions with the
opposing base. Thus, the differences in the flexibility within the AL-nucleobase linker bond leads to

differences in the intercalated conformations of the PAH and AL-N®-dA adducts.

Although the currently available (computational) structural details of ALI-N®-dA adducted DNA

have only been obtained in a single (CXC) sequence context,” previous studies on a variety of

36-39 35, 40-43
PAHs,

carcinogenic adducts, including those formed from aromatic amines, and ochratoxin

A,** * point towards the sequence dependence of the conformational preference of damaged DNA.

Specifically, changes in the sequence at the lesion site can affect key structural features and alter the

35,37, 38, 40, 44

stability of the preferred conformational theme of adducted DNA. For example, although the
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10S (+)-trans-anti-B[a]P-N*-dG PAH adduct preferentially induces a minor groove conformation at G® or
G’ in the 5'-CATGCG®G’CCTAC oligonucleotide, greater distortion occurs with the adduct at G’ because
of intrastrand steric clashes with the 5'—flanking guanine.”” Furthermore, within the 5'—
CTCG'G>CG3CCATC oligonucleotide containing the Narl mutational hotspot sequence (underlined),* the
base-displaced intercalated conformer (the bulky moiety in the syn damaged base stacks in the helix and
renders the opposing base extrahelical) of AF-C®-dG aromatic amine adducted DNA is most stabilized
with the lesion at G* due to better stacking between the bulky moiety and the flanking bases in the
opposing strand than at G or G.>” *® Additionally, due to the formation of discrete hydrogen-bonding
interactions at the lesion site, DNA containing the (monoanionic) C-linked C8-bonded adduct of
dechlorinated ochratoxin A (OTB) and dG (OTB-dG adduct) at G° in the Narl sequence exhibits greater
stabilization of the minor groove conformer compared to the major groove and base-displaced
intercalated conformations.** In addition to affecting the structure and stability of the preferred
conformational theme, changing the flanking bases can even completely alter the conformational
preference of damaged DNA. For example, the Narl sequence-containing adducted DNA acquires a
minor groove conformation when the 1Q-C3-dG aromatic amine adduct is located at G* or G, but a base-

displaced intercalated conformation with the lesion at G*.*°

Since changing the sequence context can alter the preferred conformation of adducted DNA, it
is not surprising that the sequence can also influence the biological consequences of adduct formation.

Specifically, the sequence context has been shown to play an important role in modulating the repair

40-43, 47-52

propensity of DNA lesions. Bulky DNA lesions, including those formed from aristolochic acids,

are most commonly repaired through the nucleotide excision repair (NER) pathway,”® which may
proceed either through a transcription-coupled repair (TCR) or a global genome repair (GGR)

54-56

mechanism. Whereas TCR only deals with transcriptionally-active regions,*® GGR operates on lesions

spanning the entire genome.” Furthermore, although lesion recognition in TCR is associated with



Toxicology Research

inhibition of transcription (stalling of an RNA polymerase), GGR recognition involves specific damage
recognition factors (e.g., eukaryotic XPC-RAD23B). Nevertheless, the subsequent repair steps are similar
in both mechanisms. Although a number of bulky DNA adducts are commonly repaired by GGR,*"™*
experimental studies have determined that the AL-N®-dA adducts are resistant to GGR, and are

exclusively repaired by TCR.*® However, the structural basis of this GGR resistance and the related

sequence dependence of the repair propensity of the AL-N°-dA adducts is not well understood.

An abundance of experimental and computational evidence has led to proposals that the
primary GGR recognition step, including binding of the damage recognition factor and opening of the
damaged DNA (flipping of the base opposing the lesion into the active site), involves identification of

42,31 6188 Aq 3 result, the relative repair efficiency of DNA

structural perturbations at the lesion site.
adducts in different sequences can be altered by differences in distortions and/or dynamics at the lesion
site. For example, the increased repair susceptibility of the 10S (+)-trans-anti-B[a]P-N°-dA PAH adduct in
the CXC compared to the CXA sequence context has been attributed to the formation of a sequence-
specific hydrogen bond that increases the roll and bend at the CXC lesion site.** Similarly, the 10S (+)-
trans-anti-B[a]P-N*-dG PAH adduct induces a flexible kink when located at G’ in 5'—-CATGCG®G’CCTAC
due to steric interactions with the 5'—flanking guanine, which leads to better recognition by NER
machinery at G’ compared to G®.* Alternatively, the 10S (+)-trans-anti-B[a]P-N’-dG PAH adduct exhibits
greater helical dynamics and associated repair propensity in the TXT than CXC sequence due to the
reduced intrinsic stability of T:A compared to C:G flanking base pairs, as well as the reduced stability of

the T-G compared to the C—G base steps involving damaged G.***’

In addition to influencing the GGR repair propensity, the identity of the bases flanking the lesion

69-71

site, as well as the next nearest neighbors,”* has been shown to affect the mutagenic profile of DNA

lesions. For example, the mutational frequency of the PhIP-C®-dG aromatic amine adduct is greater in
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the 5'-TCCTCCTNXCCTCTC oligonucleotide when N = C or G compared to A or T.”" Additionally, the
greater stability of the base-displaced intercalated conformer associated with AF-dG in the CXA over the
TXA sequence context causes enhanced misincorporation in the CXA motif.®® Alternatively, the slippage
prone active site of the model translesion synthesis (TLS) polymerase Dpo4 leads to different mutagenic
outcomes for the 10S (+)-trans-anti-B[a]P-N*-dG PAH adduct, which exhibits dGMP insertion opposite

the lesion in the CXG sequence context, and dAMP insertion in the TXG motif.”

Despite observed variations in adduct conformational preferences, repair propensities, and
mutational outcomes with sequence context, it is currently unclear how these effects depend on the
chemical structure of the adduct. In the case of the AL-N°-dA lesions, a previous study indicates that
AAll-damaged DNA is thermodynamically more stable when the adduct is present in the CXC sequence
context compared to T/CXG motifs.*® Nevertheless, recent studies on patients exposed to AAs have

revealed that signature A>T mutations most commonly occur in T/CXG motifs.”” 2

Unfortunately, no
other information is available to date regarding the sequence effects on the stability of AL-adducted
DNA or the associated biological consequences of AA-induced damage. For example, the conformation
and stability of DNA strands containing AL-N°-dA in a purine=X—purine or purine-X—pyrimidine sequence

is not currently available. Thus, it is not surprising that the molecular basis of the observed sequence

dependence associated with AL-N°®-dA formation has yet to be explored.

In the present work, we utilize classical (unrestrained) MD simulations and post-processing free
energy calculations to investigate the role of sequence context in dictating the conformational outcomes
of ALI-N°-dA, the most persistent and mutagenic DNA adduct arising from the AAs. Specifically, ALI-N°-
dA (X) is incorporated into three 11-mer oligonucleotides (i.e., 5'-CGTACXGATGC, 5'-CGTAGXCATGC,
and 5'-CGTAGXGATGC), which differ in the identity of the bases flanking the lesion (underlined). Two of

the oligonucleotides considered place a purine (G) and pyrimidine (C) on either the 5’ or 3’ side of the
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lesion, while a purine (G) flanks both the 5’ and 3’ sides of the lesion in the third oligonucleotide. The
conformational outcomes within these sequences are compared to our previous study on the 5'—
CGTACXCATGC oligonucleotide, which places a pyrimidine (C) on both sides of the lesion.?®> We focus on
different purine and pyrimidine sequence contexts generated by varying the combination of G:C flanking
base pairs, since a previous experimental study determined that the TXG and CXG motifs containing the
related ALII-N®-dA adduct have similar stabilities, while the CXC motif leads to the most stable helices.*
Due to the similarity in the conformational preferences of ALI-N®-dA and ALI-N®-dA predicted in our
previous study,” it is reasonable to assume that the sequence-dependent conformational preferences
of ALI-N6-dA will not be wildly different from ALII-N®-dA in the absence of experimental data on the
sequence-dependent stability of ALI-N°-dA adducted DNA. Our detailed comparison of the preferred
conformations of ALI-N°-dA adducted DNA in different lesion site sequence contexts provides valuable
clues about the origin of the experimentally-observed sequence-dependent strand stability.
Furthermore, our work explores the relationship between the sequence context and potential biological
outcomes of adduct formation, including the mutagenicity and repair propensity, and thereby provides

insight into the sequence-dependent persistence of this potent lesion.

2. COMPUTATIONAL DETAILS

The ALI-N®-dA adduct was considered in four 11-mer DNA sequences: (i) 5'-CGTAGXCATGC, (ii) 5'-
CGTAGXGATGC and (iii) 5'-CGTACXGATGC, as well as the previously studied (iv) 5'-CGTACXCATGC (X =
adduct).”” The B-form of canonical DNA was initially built for the 5’-CGTACXCATGC (X = A) sequence
using the NAB”® module of AMBER 11.”* The ALl moiety was attached to the N6 position of A at the X
position using GaussView.”> The previously characterized lowest energy anti and syn nucleotide
orientations (with 8 ~ 0°, Figure 1b) were incorporated into DNA,” while avoiding steric clashes with the

surrounding nucleotides. The damaged base was paired against complementary T. Initial structures for
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simulations were built by replacing the flanking base pairs in the representative structures obtained
from the simulation trajectories of each of the six conformers belonging to the previously studied 5'—
CGTACXCATGC (X = ALI-N°®-dA) adducted DNA oligonucleotide.” All force field parameters, as well as the
simulation protocol, were adopted from our previous study of ALI-N°-dA adducted DNA.” Final
unrestrained production MD simulations were subsequently run at 300 K for 20 ns using the PMEMD”®
module of AMBER 12.”” The choice of room temperature for simulations ensures the viability of the
harmonic approximation in the bonded terms of the force field, while remaining close to physiological
conditions. The simulation time is justified by our previous study of AL-N®-dA adducted DNA in the CXC
sequence, which illustrated that extending the simulation time to 320 ns does not significantly change
lesion site structural parameters (Tables S1 and S2, Supporting Information).” Indeed, the root-mean-
square deviation (RMSD) in the position of all heavy atoms in the damaged base pair, and the 5" and 3'—
flanking base pairs (including the associated sugar-phosphate backbone), from the 20 and 320 ns
simulations on the CXC sequence in the (most stable) base-displaced conformations falls between 0.8
and 1.2 A (Table S1, Supporting Information). Furthermore, each production simulation for each
sequence context gave rise to a single stable conformation, which did not significantly deviate from the
initial structure. Specifically, the maximum standard deviation in the backbone RMSD for each final
production simulation is approximately 1.5 A (Table S2, Supporting Information). Additionally, unimodal
distributions were obtained with respect to the x, 6 and ¢ dihedral angles of the adducted nucleotide
(Figure 1 b) throughout each simulation (Figures S1 — S3, Supporting Information). Therefore, a single
representative structure was extracted by clustering each simulation trajectory with respect to the

position of the atoms forming x, 8, and ¢ using the PTRAJ module of AMBER 12.

To analyze the structural features at the lesion site for each distinct adducted DNA
conformation, base step parameters were calculated using a pseudostep, which consists of the base

pairs 5’ and 3’ with respect to the lesion. Free energy calculations were performed on each simulation
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trajectory using the molecular mechanics-Poisson Boltzmann surface area (MM-PBSA) method.”® The
entropy term was evaluated using the normal mode approximation at a temperature of 298.15 K, which
is close to the temperature used for simulations. Snapshots for the free energy calculations were taken
from each simulation at 50 ps intervals (400 frames in total). The relative total free energy (Grel) is
reported with respect to the adducted DNA conformation with the lowest (most negative) Giotal
Furthermore, although all adducted DNA oligonucleotides studied in the present work have different
nucleobase sequences, the chemical composition of these strands is the same (i.e., the lesion pair is
always flanked by a G:C base pair). Hence, the reported relative stabilities of the damaged DNA strands
are compared using the relative total free energies (AGy..) for the energetically accessible (base-
displaced intercalated) conformer with respect to the conformation with the lowest G, (regardless of
the sequence context). We emphasize that these free energy differences do not reflect the strand

destabilization due to the AL1 moiety, which cannot be extracted from our data.

3. RESULTS AND DISCUSSION

3.1. The Base-Displaced Intercalated Conformational Theme Leads to the Smallest Helical Distortion
Regardless of the Sequence Context. Three distinct conformational themes, namely the base-displaced
intercalated, 5'—intercalated and 3’'—intercalated conformations, were characterized for both the anti
and syn adducted nucleotide orientations in each lesion site sequence context (denoted as GXC, GXG,
CXG and CXC). Salient features associated with the three conformational themes are outlined below. In

this discussion, all references to the 5’ and 3’ directions are made with respect to the damaged base.

3.1.1. The Base-displaced Intercalated Conformers. The base-displaced intercalated conformation is
characterized by the slight displacement of the damaged base towards the minor (major) groove in the
anti (syn) nucleotide orientation (Figure 2). In the base-displaced intercalated conformers, both the

damaged adenine and ALI moieties stack between the 5’ and 3'—flanking base pairs, which renders the

10
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opposing T extrahelical. Nevertheless, interactions are maintained between the lesion and the opposing
T, primarily in the form of a C—Heeem interaction between the methylene group in ring V of the ALI
moiety (Figure 1b) and the m—system of T. With the exception of the syn base-displaced intercalated
conformation in the CXG motif (in which the extrahelical T acquires a syn (x ~ 35°) glycosidic orientation
with), the extrahelical T maintains the anti orientation in all sequences (x = ~ 200 — 240°) for both the
anti and syn adduct orientations. Since the T opposing the lesion is displaced out of the helix, few
perturbations occur to the 3’ and 5'—flanking bases, which maintain Watson-Crick hydrogen bonding
(i.e., > 98% occupancy for each G:C hydrogen bond; Table S3, Supporting Information). In this
conformational theme, the translational pseudostep parameters (shift, slide and rise) change by ~ 0.3 —
2.0 A, while the rotational parameters (tilt, roll, twist) change by ~ 1 — 14°, with respect to the
corresponding unmodified DNA (Table S4, Supporting Information). Overall, irrespective of the sequence

context, this conformational theme causes minimal distortions to DNA upon adduct incorporation.

3.1.2. The 5'-intercalated Conformers. In the 5'—intercalated conformational theme, the ALl moiety
stacks between the opposing T and the 5—base in the opposing strand (Figure 3). Regardless of the
sequence considered, hydrogen bonding in the 5'—flanking base pair remains intact (> 98% occupancy
for each G:C hydrogen bond; Table S3, Supporting Information). Except in the CXG motif, where both
rings | and V are solvent exposed in the major groove, only ring | (Figure 1b) of the polycyclic ALl moiety
is solvent exposed in the major groove in the anti 5'—intercalated conformation. When the anti or syn
adducted nucleotide occurs in the GXC or CXC motif, the T opposing the lesion is displaced in the 3’
direction, while the 3'—C twists to simultaneously hydrogen bond with the displaced T (~ 50% occupancy
of the N4—H4eee04 and ~ 40% occupancy of the N3eeeH2—-N2 hydrogen bond; Table S3, Supporting
Information) and its opposing G (> 95% occupancy of the O2eeeH2—N2 hydrogen bond; Table S3,
Supporting Information). In contrast, both 5'—intercalated conformers maintain hydrogen bonding in the

3'—flanking base pair for the CXG sequence context (Table S3, Supporting Information). Although the

11
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hydrogen bonds in the 3'—flanking base pair are maintained in the anti 5'—intercalated conformer for
GXG (Table S3, Supporting Information), the corresponding syn conformer completely disrupts the 3'—
base pair such that the 3'—guanine forms a (02eeeH1-N1) hydrogen bond with the T opposing the lesion
(~ 47% occupancy; Table S3, Supporting Information), which displaces the opposing 3'-C in the 3’
direction. Overall, this conformational theme is more distorting than the base-displaced intercalated
theme. Specifically, the translational pseudostep parameters change by ~ 1.5 — 3.0 A, and the rotational
parameters deviate by ~ 4 — 24°, with respect to the corresponding unmodified DNA (Table S3,

Supporting Information).

3.1.3. The 3'-intercalated Conformers. In the 3'—intercalated conformational theme, the ALl moiety
stacks between the opposing T and the 3'—base with respect to the adduct in the opposing strand
(Figure 4). Similar to the 5'—intercalated conformation, the 3’'—intercalated conformation adopts
different hydrogen-bonding patterns in the lesion region in each sequence context. Specifically, Watson-
Crick hydrogen bonding in both the 3’ and 5'—flanking base pairs is maintained with the anti or syn
adduct orientation in GXC, and the syn orientation in CXG, GXG and CXC (Table S3, Supporting
Information). Instead, only the hydrogen bonding in the 3'—flanking base pair is maintained for the anti
conformer in CXG and GXG, while the hydrogen bonds in the 5'—flanking base pair are partially disrupted
(Table S3, Supporting Information). Finally, Watson-Crick hydrogen bonding is completely disrupted in
the 5'—flanking base pair when the lesion adopts an anti 3'—intercalated conformation in the CXC motif,
and a (N4—H4eee04) hydrogen bond is formed between the 5'—cytosine and the T opposing the lesion.”
Similar to the 5'—intercalated conformation, this conformational theme is more distorting than the base-
displaced intercalated conformation. Specifically, the translational pseudostep parameters change by ~

0.9 — 3.5 A, while the rotational parameters change by ~ 5 — 20°, with respect to the corresponding

12
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unmodified DNA (Table S4, Supporting Information). However, the relative distortion of the 5'-

intercalated and 3'—intercalated conformations depends on the sequence considered.

Overall, the base-displaced intercalated conformer adopts a similar structure regardless of the
sequence considered, with the only exception being the syn T opposing the syn adduct in the CXG
sequence. In contrast, the structural features of the 5'—intercalated and 3'—intercalated conformers can
vary with sequence context, mainly in the hydrogen—bonding patterns of the flanking bases and the
magnitude of helical distortion. More importantly, regardless of the sequence considered, the ALI-N°-dA
lesion consistently causes fewer helical perturbations when adducted DNA adopts the base-displaced
intercalated orientation. This is largely due to the extrahelical position of the opposing T in this
conformational theme, which allows the flanking pairs to remain intact, compared to the intrahelical
opposing T in the other (5'—intercalated and 3'—intercalated) conformational themes, which disrupts one

or two of the flanking base pairs depending on the sequence context.

3.2. The anti Base-displaced Intercalated Orientation is the Most Stable ALI-N°-dA Adducted DNA
Conformational Theme Regardless of the Flanking Bases. Despite the range of structurally distinct
conformers isolated from the MD simulations, free energy calculations reveal that the 5'—intercalated
and 3'—intercalated conformational themes are ~ 25 — 70 kJ mol™ less stable than the base-displaced
intercalated orientation of ALI-N®-dA adducted DNA for all sequence contexts (Table 1). This finding
correlates with the greatest helical distortion for these adducted DNA conformations (Table S4,
Supporting Information). Furthermore, these structural distortions in the 3’ or 5'—intercalated
conformers decrease the van der Waals (stacking) interactions involving the damaged base by ~ 10 — 45
k] mol™ compared to the base-displaced intercalated conformers (Table 1). As a result, the 5'—
intercalated and 3'—intercalated conformers are likely energetically inaccessible to ALI-N°-dA adducted

DNA for each sequence considered.

13



Toxicology Research

On the other hand, the base-displaced intercalated conformers are stabilized by intact hydrogen
bonds in the 5’ and 3'-flanking base pairs (Table S3, Supporting Information), significant van der Waals
interactions between the lesion and the flanking bases (Table 1), lesion pair interactions (primarily C—
Heeeyr, Table S5, Supporting Information), and minimal distortions to the DNA step parameters at the
lesion site (Table S4, Supporting Information). Since these factors stabilize the base-displaced
conformation for both the anti and syn glycosidic orientations of the adduct, both conformers lie very
close in energy (deviating by a maximum of ~ 22 kJ mol™ depending on the sequence, Table 1). This
suggests that both base-displaced intercalated conformers may be thermodynamically accessible
regardless of the bases flanking the lesion. Nevertheless, the stabilizing effects are greater for the anti
than the syn base-displaced intercalated conformation in each sequence. For example, the interactions
between the ALl moiety and the opposing thymine are ~ 8 — 10 kJ mol™ stronger for the anti than the
syn adduct conformation (Table S5, Supporting Information), which primarily reflects changes in the C-
Hee et contact. Additionally, the van der Waals interactions between the adduct and the flanking base
pairs are (up to ~ 6 k) mol™) greater in the anti base-displaced intercalated conformers (Table 1). Most
importantly, the experimentally-observed non-accessibility of the syn base-displaced intercalated
conformation for ALII-N®-dA adducted DNA suggests that the syn conformer is kinetically prohibited due
to a large anti/syn energy barrier for rotation about the adduct glycosidic angle, a possibility that
remains viable even in the case of ALI-N®-dA adducted DNA. Regardless, the anti base-displaced
intercalated adducted DNA conformer is the most stable among the six conformations characterized in

the present work irrespective of the sequential motif.

3.3. Calculated Relative Free Energies of the Most Stable anti Base-displaced Intercalated Adducted
DNA Conformer Correlate with Experimentally-Predicted Strand Stabilities. A previous experimental
study carried out by Lukin et al. examined the stability of ALII-N°-dA adducted DNA in three sequence

contexts,® two of which (CXG and CXC) were also considered in the present work. It was found that

14
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adducted DNA has a melting temperature (T,,) of 39.9°C with the lesion in the CXG sequence context,
but a T,, of 45.2°C when the adduct is in the CXC sequence, and the Gibbs free energy of duplex
formation is ~ 7 kJ mol™ more stable for CXC. Furthermore, Lukin et al. hypothesized that ALI-N°-dA and
ALII-N®-dA adducted DNA will have similar conformational preferences due to the solvent exposure of
ring | of the AL moiety in the most stable anti base-displaced intercalated conformer, which contains the
methoxy group that differentiates the lesions.*® This proposal was substantiated by our previous
computational work comparing the structure of the ALl and ALll-adducted DNA.” Therefore, in the
absence of analogous experimental data on the ALI-N°-dA adduct, it is anticipated that DNA containing
either ALI-N°-dA or ALII-N®-dA will have a similar dependence of the strand stabilities on the sequence
context. Although it is not possible to quantitatively compare the MM-PBSA free energies determined in
the present study to the previously reported free energies of duplex formation, our calculations similarly
predict that ALI-N°-dA adducted DNA is ~ 9 kJ mol™ more stable in the CXC than CXG sequence context
(Table 2). This direct correlation between the trends in the sequence dependence of the strand

stabilities illustrates the robustness of our computational approach.

3.4. Biological Consequences of the Effects of Sequence Context on the Conformational Preferences of

ALI-N®-dA Adducted DNA.

3.4.1. The Relative Stability of the Energetically-Accessible Conformations of Adducted DNA does not
Explain the Experimentally-Predicted Sequence-Dependent Mutagenicity of ALI-N®-dA. As discussed in
the Introduction, recent experimental studies on AA associated mutagenesis demonstrate that

27,28 Since

‘signature’ A>T transversion mutations most commonly occur in T/CXG motifs in the genome.
ALI-N°-dA is the most abundant,®” # nephrotoxic and mutagenic24 AA adduct, it is reasonable to
hypothesize that this adduct plays an important role in these mutations. Although the reason for this
sequence preference is not clear from empirical data to date, the mutagenicity of other bulky adducts

69-71

has been shown to depend on the sequence context and be related to enhanced stabilization of the
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mutagenic conformation.® For example, since the base-displaced intercalated conformer of AF-dG
adducted DNA thermodynamically favors the insertion of A over C and is more stable in the CXA than
TXA sequential motif, AF-associated mutagenicity is higher in the CXA sequence context.®® Furthermore,
previous studies on DNA adducts suggest that, barring occasional overriding by polymerase
interactions,”” the lesion site conformations observed in damaged DNA are often manifested in

79, 80

polymerase active sites. Thus, the adducted DNA conformations can provide important information

regarding the sequence-dependent mutagenicity of the ALI-N°-dA lesion.

Since the overall composition of the ALI-N°-dA adducted DNA remains the same irrespective of
the sequence context considered in the present work, the relative stabilities of the adducted DNA
conformations across different sequences can be directly compared (AG, Table 2). Our calculations
reveal that the stability of the anti base-displaced intercalated conformer varies with sequence context
according to GXG > GXC > CXC > CXG. Hence, the anti base displaced intercalated conformer of ALI-N°-
dA adduct is not the most stable in the CXG sequence, but rather falls at least ~ 14 kJ mol™ higher in
energy than the most stable GXG sequence. Therefore, the experimentally-observed higher frequency of
A>T mutations associated with the CXG sequence is not thermodynamically driven by the stability of
the mutagenic ALI-N®-dA adducted DNA conformation(s). Instead, other factors must dictate the
sequence-dependent mutagenicity of AL-N°-dA. For example, interactions between the adduct and the
TLS polymerase could be important. Indeed, such interactions were determined to be responsible for
the sequence-dependent mutagenicity of PhIP-dG.”® Alternatively, a higher repair resistance of the most
abundant ALI-N®-dA adduct in the CXG sequence may play a role in the sequence-dependent

mutagenicity, which is considered in the next section.

3.4.2. Sequence-Dependent Distortions in the Most Persistent Adducted DNA Conformers Point
Towards a Possible Sequence-Dependent Repair Propensity of ALI-N°-dA. Although very few

correlations between the structural characteristics of damaged DNA and the relative repair propensities

16
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81-84

of lesions repaired by TCR are available in literature, it is generally believed DNA lesions that can

substantially stall RNA polymerases are good substrates for TCR.>® #*

However, the precise nature of the
TCR signal is still not well understood.”® On the other hand, lesion recognition, as well as lesion repair

propensity, in the GGR pathway that operates over the entire genome is believed to be facilitated by

changes in a number of local structural features of the helix upon DNA damage, including increases in

|42, 62-64 65-67

the helica and backbone dynamics,® decreases in the stacking interactions at the lesion site

and perturbations to the helical parameters (such as minor groove dimension, rise and twist).®" ® 839
Since these structural features can depend on the adducted DNA conformation adopted, it is not
surprising that adducted DNA can exhibit conformation-dependent repair propensities.”® %
Furthermore, the bases flanking the lesion have been shown to affect the helical structure at the
damaged site, and therefore the sequence context affects the repair propensity of some adducts.*®** *”
2 On these lines, we critically compare the helical perturbations caused by the lesion in the most

energetically-accessible (anti base-displaced intercalated) adducted ALI-N®-dA DNA conformer for each

sequence below.

Although greater lesion site dynamics and an associated higher GGR propensity in the TXT than
CXC sequence context has been reported for 10S (+)-trans-anti-B[a]P-N?-dG PAH adducted DNA,** ¥’ the
lesion site dynamics remain unaltered in all base-displaced intercalated conformers of ALI-N°-dA
adducted DNA compared to the corresponding unmodified DNA regardless of the sequence (Table S4,
Supporting Information). In addition, although a decrease in the lesion van der Waals (stacking) energy
when AF-dG is at G* compared to G' or G* in the Narl sequence explains the observed higher adduct

repair propensity at G>*®

the lesion van der Waals interactions in the most persistent anti base-
displaced intercalated conformer of ALI-N°-dA adducted DNA is only 0.5 kJ mol™ more stabilizing for the

most mutagenic CXG sequence compared to the non-mutagenic GXG sequence (Table 1). Hence, neither

dynamics nor the lesion site van der Waals energy likely afford a sequence-dependent GGR propensity

17
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for ALI-N°-dA. Nevertheless, sequence-dependent distortions have also been shown to affect the GGR
propensity of DNA adducts, including AAF-dG,* 10S (+)-trans-anti-B[a]P-dA*" and 10S (+)-trans-anti-
B[a]P-dG.* In the case of ALI-N°®-dA adducted DNA, the magnitude of the distortion at the lesion site
also varies with the sequence (Figure 5). Specifically, the most persistent anti base-displaced

7. 28 axhibits the least lesion site

intercalated conformer in the most mutagenic CXG sequence
distortions, with the minor groove width changing by 0.4 A and the helix untwisting by ~ 6° relative to
undamaged DNA. In contrast, the most persistent adducted DNA conformers in the other sequence
contexts show minor groove widening of up to 0.8 A and helix untwisting of up to 9° (Figure 5 and Table
S4, Supporting Information). These differences point toward the possibility of a differential repair
propensity that is consistent with the experimentally-observed greater mutagenicity in the CXG
sequence. Nevertheless, the structural differences between the adducted DNA conformers are small,
falling within the dynamics of the natural helix (Table S4, Supporting Information), and may not be
sufficient to lead to different repair susceptibilities. Therefore, other factors (such as interactions
between the adducted DNA and lesion-bypass polymerases during replication) likely have a greater

influence on the observed mutagenic profile of the ALI-N°-dA adduct and additional biochemical

experiments are required to further explore the toxicity of this important lesion.
4. CONCLUSIONS

The present computational study provides structural details of the possible conformers of ALI-N°-dA
adducted DNA in different sequence contexts (namely, GXC, GXG, CXG and CXC). Our calculations reveal
that the conformational outcomes of ALI-N°-dA adducted DNA are independent of the identity of the
flanking bases. Specifically, the anti base-displaced intercalated conformer is the lowest energy
conformer in all sequences considered. Our analysis reveals that the experimentally-observed greater
mutagenicity of the CXG sequence is not thermodynamically driven by the stability of the adducted DNA

as reported for other adducts. However, comparison of the structural perturbations upon lesion

18
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formation in different sequence contexts indicates that less stable lesion site van der Waals (stacking)
interactions and greater distortions likely lead to a dependence of the adduct repair propensity on the
lesion site sequence context. Most importantly, ALI-N°®-dA adducted DNA in the CXG sequence context is
the least distorted helix, which might contribute to a greater repair resistance that is consistent with the
experimentally-observed higher mutagenicity in this sequential motif. Nevertheless, since the
differences in distortions are small across different sequence contexts, other factors (such as
interactions with the lesion-bypass polymerases) likely more greatly contribute to the experimentally-

observed sequence-dependent mutagenicity of this adduct.
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HO

OH

Figure 1: Structure of the (a) aristolochic acid and (b) AL-N°-dA adduct (R = OCHj; for ALl and H for ALII).
The 6 (£(N1C6N6C10)) and ¢ (£(C6N6C10C11)) dihedral angles determine the orientation of the AL
moiety with respect to A, while the x dihedral angle (£(04'C1'N9C4)) dictates the glycosidic bond

orientation to be syn (x = 0£90°) or anti (x = 180+90°).
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Figure 2: Representative structures from MD simulations with the anti (left) and syn (right) orientation
of the ALI-N°-dA adduct paired opposite thymine in the (a) CXC, (b) GXG, (c) CXG and (d) GXC sequence

contexts for the base-displaced intercalated DNA conformation.
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(©)

Figure 3: Representative structures from MD simulations with the anti (left) and syn (right) orientation
of the ALI-N°-dA adduct paired opposite thymine in the (a) CXC, (b) GXG, (c) CXG and (d) GXC sequence

contexts for the 5'—intercalated DNA conformation.

27



Toxicology Research

= R

(b)

(a

=g

Figure 4: Representative structures from MD simulations with the anti (left) and syn (right) orientation

of the ALI-N°-dA adduct paired opposite thymine in the (a) CXC, (b) GXG, (c) CXG and (d) GXC sequence

context for the 3’'—intercalated DNA conformation.
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Figure 5: The pseudostep parameters and minor groove dimensions for the anti base-displaced

intercalated confomers of ALI-N®-dA adducted DNA in the (a) CXC, (b) GXG, (c) CXG and (d) GXC

sequence contexts, as well as the values for the corresponding unmodified strand.
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Table 1: Relative MM-PBSA Free Energy (G,)) and the van der Waals stacking energies (E,qw) for different

conformations of ALI-N®-dA adducted DNA derived from 20 ns MD simulations (kJ mol™).

Conformation

anti base-displaced
anti 5'=intercalated
anti 3'=intercalated
syn base-displaced
syn 5'—intercalated

syn 3'—intercalated

Sequential Motif

CXC GXG CXG GXC

Gret” Evaw Gral Evaw Gral® Evaw Gral® Evaw

0.0 -171.8+6.8 0.0 -173.0+6.3 0.0 -173.5+6.7 0.0 -167.216.3
36.1 -148.1+109 54.0 -153.4+109 27.9 -134.4+7.1 44.3 -155.418.8
51.6 -148.9t12.4 38.7 -135.2+7.1 56.5 -127.7+6.7 52.1 -139.0+9.2
2.1 -166.317.1 16.2 -169.2+7.5 14.8 -167.617.1 22,1 -163.847.1
42.0 -144.8£10.5 69.4 -149.5£18.5 46.5 -127.3t11.3 564 -146.119.2
49.1 -135.6%7.6 47.5 -139.9+10.9 52.2 -126.0+11.3 47.8 -136.5t7.1

“Relative total free energy calculated with respect to the most stable conformation of adducted DNA in
each sequence context. ®Total van der Waals interaction energy between the adduct and both flanking

base pairs.
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Table 2: The components of the total free energy (kJ mol™) for the anti base—displaced intercalated conformations in different sequence

contexts.

Components of Free Energy

a
Ebond
b
Eangle
E c
dihedral
d
EvdW

e
Eelec

GSolf
-Ts®
Gtotalh .
AG':otalI

CXC
808.2
1727.1
2085.5
-813.0
1257.1
—22535.5
—2464.6
-19935.1
4.7

GXG
807.9
1723.6
2087.0
-830.8
1351.8
—22617.8
—2461.3
-19939.8
0.0

CXG
812.4
1720
2100.8
-821.6
1364.6
—22641.2
—2461.4
—19926.2
13.6

GXC
807.5
1722.3
2086
-814.8
1227.6
—22502.2
—2464.0
-19937.7
2.1

®Internal energy emerging from deviation of bonds (Epond). *Internal energy emerging from deviation of angles (E,nge). ‘Internal energy emerging

from deviation of dihedral angles (Egihedral)- %an der Waals interaction energy (E.qw). “Electrostatic interaction energy (Eejec). fSolvation free

energy (Gs,). éEntropy term (-TS). "Total free energy (Gotal)- 'Relative total free energies with respect to the conformation with the lowest (most

negative) G, regardless of the sequence context (AGioal)-
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