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ABSTRACT

The nephrotoxic food mutagen ochratoxin A (OTA)
produces DNA adducts in rat kidneys, the major le-
sion being the C8-linked-2’-deoxyguanosine adduct
(OTB-dG). Although research on other adducts
stresses the importance of understanding the struc-
ture of the associated adducted DNA, site-specific
incorporation of OTB-dG into DNA has yet to be at-
tempted. The present work uses a robust compu-
tational approach to determine the conformational
preferences of OTB-dG in three ionization states at
three guanine positions in the NaH recognition se-
quence opposite cytosine. Representative adducted
DNA helices were derived from over 2160 ns of sim-
ulation and ranked via free energies. For the first
time, a close energetic separation between three dis-
tinct conformations is highlighted, which indicates
OTA-adducted DNA likely adopts a mixture of con-
formations regardless of the sequence context. Nev-
ertheless, the preferred conformation depends on
the flanking bases and ionization state due to de-
viations in discrete local interactions at the lesion
site. The structural characteristics of the lesion thus
discerned have profound implications regarding its
repair propensity and mutagenic outcomes, and sup-
port recent experiments suggesting the induction of
double-strand breaks and deletion mutations upon
OTA exposure. This combined structural and ener-
getic characterization of the OTB-dG lesion in DNA
will encourage future biochemical experiments on
this potentially genotoxic lesion.

INTRODUCTION

Ochratoxin A (N-[[(3R)-5-chloro-8-hydroxy-3-methyl-1-0
x0-7-isochromanyl] carbonyl]-3-phenyl-L-phenylalanine),
abbreviated as OTA, is a mycotoxin produced by species of
Aspergillus (1,2) and Penicillium (3), and a common agricul-
tural contaminant. Humans are exposed to OTA through
a wide variety of foodstuffs, such as cereals grains (4),
legumes (5) and beverages, including coffee (5,6), wines and
fruit juices (7). OTA is believed to be involved in a number of
toxicological effects, such as nephrotoxicity (8), hepatotoxi-
city (9), teratogenicity (10), immunotoxicity (11), neurotox-
icity (12), genotoxicity (13) and carcinogenicity (14). OTA
exposure leads to a high occurrence of renal carcinogene-
sis in rats and has been implicated in urinary tract tumors
(15) and testicular carcinogenesis (16) in humans. In fact,
the nephrotoxic effects of OTA are so pronounced that it is
the most potent renal carcinogen in rodents studied by the
National Cancer Institute/National Toxicological Program
to date (17). Due to sufficient evidence of OTA-mediated
carcinogenicity in laboratory animals, OTA is classified as
a possible (Group 2B) human carcinogen by the Interna-
tional Agency for Research on Cancer (18).

Several studies have been devoted to understanding the
mechanism of action (MOA) of OTA-mediated toxicity and
carcinogenicity. In addition to proposing several possible
pathways for OTA bioactivation (19), these studies have
generated considerable debate on the genotoxicity of OTA.
Of particular interest are the contradictory results regarding
whether OTA exerts carcinogenicity in rodents by an indi-
rect mechanism or a direct interaction with DNA through
the formation of adducts (addition products). Over the
past decade, new studies have strengthened the argument
that direct genotoxic effects contribute to OTA-induced tu-
mor formation (13,20-28). Specifically, OTA-derived DNA
adducts in OTA-exposed animal tissue have been detected
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in animal tissues (24,25). Most recently, an increase in mu-
tant frequency, as well as induction of double-strand breaks
and deletion (frameshift) mutations, at the red/gam gene
at the carcinogenic target site of gpt delta transgenic rats
strongly suggests the involvement of a genotoxic mecha-
nism(s) in OTA-mediated carcinogenesis (20,26,27).

Despite the known carcinogenic effects of OTA, regular
human exposure to this contaminant in foodstuffs varies
throughout the world. Health Canada recommends a rel-
atively stringent tolerable daily intake (TDI) of 28 ng/kg
bw/week based on a nonthreshold model of risk assess-
ment, which is generally applied to carcinogens that cause
tumors through direct genotoxicity mechanisms (29). How-
ever, the European Food Safety Agency (EFSA) has es-
tablished a relatively relaxed TDI for OTA of ~120 ng/kg
bw/week, which partially stems from a threshold-based ap-
proach of risk assessment that is normally implemented for
nongenotoxic chemicals (30). The EFSA TDI assessment
is mainly influenced by reports claiming an absence of the
genotoxic MOA in OTA-mediated carcinogenicity (31,32).
Therefore, structural and mechanistic studies have a critical
role in influencing legislative attitudes related to the assess-
ment of carcinogen exposure and consequent human health
hazards.

Crucial information supporting the formation of DNA
adducts in the genotoxic mechanism of OTA action has
been provided by studies that have elucidated and charac-
terized the chemical structure of covalent OTA adducts at
specific DNA sites. In vitro assays on kidney microsomes
prepared from male mice in the presence of four DNA
nucleotides (dA, dC, dG and dT) and OTA suggest that
OTA forms guanine-specific adducts (33,34). In particular,
the photochemical reaction of OTA with 2’-deoxyguanosine
(dG) indicates that OTA specifically reacts at the C8 site
of dG to form the carbon-linked adduct (OTB-dG, Fig-
ure 1), which was characterized by mass spectrometry and
2D nuclear magnetic resonance (2D-NMR) spectroscopy
(23). In addition to the major OTB-dG adduct, a minor
oxygen-linked (OTA-dG) adduct has been characterized by
mass spectroscopy (22,24). The formation of the OTB-dG
C-linked adduct in animal tissues was established by *?P-
postlabeling studies in the renal tissues of rats and pigs
(24,25). Using mass spectrometry data of isolated OTB-dG
as a standard, the OTA-DNA adducts were further charac-
terized in vitro with calf thymus DNA (22).

DNA damage through covalent adduct formation can al-
ter the processing of genetic material by enzymes involved
in DNA replication, which can lead to mutations (35). If
the adducts persist in cells, such mutations may ultimately
lead to cancer, especially when the lesion is located at the
(proto) oncogene or tumor suppressor gene. Therefore, a
number of studies have been devoted to understanding
the effects of adduct formation on cellular DNA process-
ing (36-38). However, in order to understand these effects,
the conformational preferences of the damaged DNA du-
plex must be first understood (39). This is critical since ds-
DNA conformations correspond to the ‘mutagenic decision
point’ that replication enzymes encounter before reaching
the single-strand—double-strand junction at the replication
fork, where the actual mutation takes place (40). In addi-
tion, a number of studies have shown that the conforma-
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Figure 1. (A) Chemical structure of the OTB-dG adduct. Green wavy
bonds represent the 5" and 3’ sites where the adduct is linked to the DNA
backbone. Torsion angles x at the sugar—nucleobase linkage and 6 at the
nucleobase—substituent linkage are defined as follows: x = £(04'-C1'—
N9-C4) and 6 = Z(N9-C8-C10-C11). The OTB-dG adduct can exist in
neutral (non-ionized), monoanionic (carboxylic group ionized) and dian-
ionic (carboxylic and phenolic groups ionized) forms. (B) The 12mer Narl
recognition sequence used for MD simulations, where the OTB-dG lesion
was incorporated at the G!, G2 or G? position.

tional preference of a particular lesion also has a signifi-
cant effect on its tendency to be recognized and removed
by enzymes involved in the repair of bulky DNA adducts
(35,39.41).

Although considerable progress has been made toward
structurally characterizing the effects of a variety of poten-
tially carcinogenic bulky DNA adducts, the site-specific in-
corporation of OTB-dG into DNA has yet to be attempted.
However, previous NMR and computational studies on the
well-studied carcinogenic N-linked aromatic amine DNA
adducts suggest general DNA conformational themes that
are prevalent among the broad class of C8-dG adducts (42).
Specifically, a B-DNA type ‘major groove’ conformation
places the C8-bulky moiety in the DNA major groove and
maintains Watson—Crick hydrogen bonding with the op-
posing nucleotide (Figure 2, left). On the other hand, the
‘wedge’ conformation positions the C8-moiety in the minor
groove and forms non-Watson—Crick pairing with the op-
posing base (Figure 2, middle). Finally, a ‘base-displaced in-
tercalated’ (stacked) conformation has also been observed
in which the C8-substituent is located between the neigh-
boring base pairs in DNA, ruptures the Watson—Crick pair-
ing with the opposing cytosine and thereby displaces C out
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Figure 2. Representative possible conformations of adducted DNA with the OTB-dG lesion shown at the G* position in the NarI recognition sequence.
Although simulations are carried out using both the a and B-rotamers, the energetically more stable a-rotamer is shown here.

of the helix (Figure 2, right) (42). Studies on a variety of
C8-adducts have shown that the equilibrium between these
DNA conformations is affected by a variety of local struc-
tural factors, including the strength of the Watson—Crick
versus Hoogsteen binding arrangements, the stacking po-
tential of the C8-moiety and the identity of the nearest and
next-nearest nucleotides (35,39).

Unlike the carboxylic and phenolic functional groups of
OTB-dG, previously studied adducts, such as the N-linked
aromatic amine lesions, do not contain an ionizable site.
Therefore, to the best of our knowledge, the effect of the
ionization states of a DNA adduct on the adducted DNA
conformation has yet to be studied in the literature. In the
case of OTB-dG, previous work indicates that the pKa of
OTA is greatly influenced by environmental factors, such as
macromolecular binding (43) and solvation (44). For exam-
ple, binding of OTA to human serum albumin lowers the
pKa of the OTA phenolic group to 3.9 (43). Furthermore,
the OTA phenolic group is even more acidic than the car-
boxylic group in the presence of acetonitrile solvent (44).
These results indicate that the surrounding environment of
the lesion, and therefore likely DNA binding, will influence
the pKa of the OTA moiety. Thus, understanding the con-
formational preferences of OTB-dG adducted DNA in dif-
ferent ionization states is critical for evaluating the effect
of charge on adduct-induced conformational heterogeneity,
which in turn will help elucidate the mutagenic potential of
OTB-dG.

To explore the preferred conformations of OTB-dG
adducted DNA, the present work undertakes an exten-
sive molecular modeling study, including molecular dy-

namics (MD) simulations and post-processing free en-
ergy calculations, to determine the conformational pref-
erences of OTB-dG adducted DNA in three protonation
states at the G', G? or G? sites in the Narl sequence (5'—
CTCG!G?CG*CCATC-3') opposite complementary cyto-
sine. The center of this sequence (underlined) is the recogni-
tion site of the Narl Type II restriction endonuclease, which
is the most vulnerable hotspot for deletion mutations in-
duced by carcinogenic N-linked C8-dG adducts (45), and
the site-specific incorporation of a variety of C8-linked
adducts has been studied in this sequence (41,46-50). Since
OTA exposure has been linked to an increase in the fre-
quency of deletion mutations at carcinogenic target sites
(20,26), we chose the Narl sequence to study the conforma-
tional preferences of the OTB-dG lesion. This choice also
allows direct comparison of the conformational preferences
of the OTB-dG adduct with widely studied C8-bonded N-
linked carcinogenic aromatic amine lesions (41,49,51-54),
and thereby the elucidation of the role of adduct structure in
dictating the DNA conformational preferences. Our results
indicate that OTB-dG adducted DNA has the tendency to
adopt a mixture of major groove, wedge and base-displaced
intercalated conformations when paired against comple-
mentary cytosine in the Narl sequence. The biological im-
plications of these multiple conformations are discussed in
detail and compared to the corresponding N-linked C8-dG
adducts.
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MATERIALS AND METHODS
OTB-dG models

OTA is a weak acid with a dissociation constant (pK,) of
~4 .4 for the carboxylic and 7.1 for the phenolic group (55).
Thus, the OTB-dG adduct may exist in carboxylic ionized
(monoanionic), and carboxylic and phenolic ionized (di-
anionic) forms at neutral or physiological pH. Thus, both
the monoanionic and dianionic OTB-dG protonation states
were considered in the present work. For comparison sim-
ulations were also conducted on the non-ionized (neutral)
adduct, which may not be physiologically relevant.

MD simulations

MD simulations were carried out by incorporating neutral,
monoanionic or dianonic OTB-dG at the G', G? or G? po-
sition in the Narl helix opposite complementary cytosine.
We investigated all conformational themes previously ob-
served by NMR methods for other (N-linked) C8-dG mod-
ified duplexes (51), namely the major groove (anti), base-
displaced intercalated (syn) and (minor groove) wedge (syn)
structures. For each conformation, two rotamers along the
axis passing through the fused six-member rings of the OTA
isocoumarin moiety were considered, which are related by
an ~180° flip along the torsion angle 6 (Z(N9C8C10Cl11),
Figure 1). The rotamers are referred to as « (6 ~0°) and 3 (6
~ 180°; Supplementary Figure S1). The unmodified control
sequence was also studied for comparison.

For each structure, an MD simulation was carried out in
explicit solvent (water and sodium counterions) for 40 ns us-
ing the AMBER program (56,57). The results of these sim-
ulations provided stable structures corresponding to each
of the a and B-rotamers, where a unimodal distribution
with respect to 6 and x was found for all conformers.
Free energy calculations were carried out based on the en-
semble of structures derived from the MD trajectories, us-
ing the Molecular Mechanics-Poisson Boltzmann Surface
Area (MM-PBSA) method (58), with the AMBER pack-
age, which yielded energy rankings for different confor-
mations of adducted DNA. MM-PBSA free energy calcu-
lations have been successfully applied in the literature to
study the conformational properties of natural and modi-
fied DNA (59-61). The ptraj and cpptraj modules (62) of
AMBER were used for structural analyses. Additional de-
tails of the calculations, including force fields, MD proto-
col, free energy calculations and structural analyses are pro-
vided in the Supplementary Data.

RESULTS

Free energy ranking of different OTB-dG conformations
paired against complementary cytosine

a-rotamers are energetically more stable than B-rotamers.
Free energy calculations (Table 1) indicate that the «-
rotamer (Supplementary Figure S1) is the energetically pre-
ferred conformation about the OTB-dG 6 torsion angle
(Figure 1), with the relative free energy difference being
dependent on the conformation adopted (major groove,
wedge or base-displaced intercalated) and the ionization

state of the OTA-moiety (neutral, monoanionic or dian-
ionic). For the wedge conformations, the o/ relative free
energy difference is at least 9 kcal mol~! in all cases, except
the neutral adduct at the G position, where the B-rotamer
is within 4 kJ mol~! of the a-rotamer. Similarly, for the base-
displaced intercalated structures, the relative free energy dif-
ference between the a and B-rotamers ranges from 4 to 22
kcal mol~', being greatest for dianionic OTA. Thus, the B-
rotamer can be substantially destabilized compared to the
a-rotamer in both the wedge and base-displaced interca-
lated conformations. However, the free energies of the ma-
jor groove conformations with the o and B-rotamers at the
G!, G? or G? positions fall within 2 kcal mol~! for at least
one OTA ionization state, indicating that both rotamers are
energetically accessible for this conformation. This can be
rationalized according to reduced steric hindrance in the
major groove conformations, which makes the B-rotamer
accessible. Since the a-rotamer is more stable than the B-
rotamer in all cases, results for the a-rotamer are presented
in the main text, while the structural details of both the «
and B-rotamers are provided in Supplementary Tables S1-
S3 and Supplementary Figures S2—-S4.

Relative stabilization of the different conformations depends
on the sequence context. The a-rotamers of the major
groove, wedge and base-displaced intercalated conforma-
tions lie within 9 kcal mol~!' when the OTB-dG adduct is at
the G!, G? or G position in the Narl recognition sequence
(Table 1). The small free energy difference between helices
suggests significant conformational heterogeneity for the
OTB-dG lesion. Furthermore, this conformational hetero-
geneity occurs regardless of the bases flanking the OTB-
dG (or the OTB-dG position) or the OTA ionization state.
However, the free energy ranking of different conforma-
tions depends on the sequence context. Specifically, at the
G! position, the major groove and wedge conformations fall
within 2 kcal mol~!, while the base-displaced intercalated
structures are 2-8 kcal mol~! higher in energy, for all OTA
ionization states. Although the major groove structures re-
main the most stable regardless of the ionization state at G,
the stacked conformations are more stable than the wedge
conformations (by up to 6.4 kcal mol~!). On the other hand,
the conformational preference is dependent on the ioniza-
tion state at the G* position. Specifically, the wedge confor-
mation is 7 kcal mol~!' more stable than the major groove
conformation for the monoanionic adduct, while the ma-
jor groove conformation is the most stable for the neutral
and dianionic states (by 0.7 and 1.7 kcal mol~! relative to
the wedge conformation, respectively). However, the base-
displaced intercalated structures lie ~2-8 kcal mol~! above
the lowest energy conformation for all three OTA forms at
G?. Regardless of the position or OTA ionization state con-
sidered, at least two of the major groove, wedge and base-
displaced intercalated structures lie within 5 kcal mol~!, the
energy cutoff used to determine the accessible conforma-
tions for an N-linked bulky adduct (63). Thus, a dynamic
equilibrium between different conformations will be ob-
served in OTB-dG damaged DNA helices with the lesion
paired against cytosine.
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Lesion Conformation Rotamer® Position
Gl G2 G3
Major groove a 0.0 0.0 0.0
Neutral OTB-dG¢ B (8.3) (0.9) (2.3)
Wedge a 1.6 5.1 1.7
B (14.1) (34.1) (5.0)
Base-displaced a 1.8 2.1 1.7
(stacked) Intercalated
B (7.5 9.6) (5.4)
Major groove a 0.0 0.0 7.0
Monoanionic B (5.5) (0.7) (8.5)
OTB-dG*
Wedge a 0.2 7.1 0.0
B 9.5) (16.5) (16.3)
Base-displaced a 6.3 0.7 2.9
(stacked)
Intercalated B (10.6) (5.8) (23.2)
Major groove a 0.5 0.0 0.0
Dianionic OTB-dG*¢ B (7.1) (5.4) (8.3)
Wedge a 0.0 4.7 0.7
B (12.7) (18.3) (30.2)
Base-displaced a 7.5 4.4 8.3
(stacked)
Intercalated B (18.2) (18.4) (12.4)

4See Supplementary Data for details of the free energy calculations.
bSee Supplementary Figure S1 for the definition of the e and B-rotamers.
¢See Figure 1 for the definition of OTA ionization states.

Salient structural characteristics of the major groove OTB-
dG adducted DNA conformations

Major groove conformations are structurally similar to the
unmodified control. The major groove conformations of
OTB-dG (Figure 3) retain strong Watson—Crick hydrogen
bonding with more than 96% occupancy of each of the
three hydrogen bonds (Supplementary Table S4). The corre-
sponding base pairing interaction energy is at least 22 kcal
mol~! (Supplementary Table S1), which is ~2 kcal mol~!
smaller for neutral OTB-dG compared to the unmodified
control (Supplementary Table S1). Interestingly, the devia-
tion from natural DNA increases with OTA ionization, pos-
sibly because of enhanced repulsive interactions due to the
close proximity of charged OTA and the DNA phosphate
groups. Nevertheless, the slight decreases in the hydrogen-
bond strength are compensated for by enhanced stacking
interactions (by up to 4 kcal mol~! compared to the nat-
ural helix), which are less affected by adduct ionization.
Furthermore, the stacking interactions display no signifi-
cant sequence dependence (Figure 4) in any OTA ionization

state. In addition to discrete interactions, general structural
features of the adducted helices at the lesion site, such as
shift, slide, rise, tilt, roll, twist and minor groove dimensions,
are similar to the natural helix for the major groove struc-
tures (Supplementary Table S1). The Watson—Crick hydro-
gen bonding of the flanking base pairs also remains simi-
lar to the unmodified control for all adducted helices (Sup-
plementary Table S4). Nevertheless, contrary to the natural
Narl helix, which acquires a mixture of C2'-endo and C1’-
exo puckers at G' and G and a dynamic range of puckers at
G? (Supplementary Figure S17), OTB-dG predominantly
acquires an O4'-endo sugar pucker in the major groove ad-
ducted conformation at all three positions, possibly to min-
imize steric interactions between the bulky moiety and the
sugar ring (Supplementary Figures S14).

Salient structural characteristics of the wedge OTB-dG ad-
ducted DNA conformations

Strength of the Hoogsteen hydrogen bonding in the wedge
conformations depends on the sequence context and adduct
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Figure 3. Representative structures of the major groove conformation of
adducted DNA with the neutral OTB-dG adduct (a-rotamer) incorpo-
rated at the G!, G? or G? position in the NarI recognition sequence. Cen-
tral trimers are shown that include the lesion—base pair (green, with bulky
moiety in red) and the flanking base pairs (blue) viewed from the ma-
jor groove side. The sugar-phosphate backbone is in white and hydrogen
atoms are removed for clarity.

ionization state. The wedge conformations of OTB-dG
adducted DNA can possess two Hoogsteen hydrogen bonds
involving the N4 amino group of the opposing cytosine at
G! and G, and a single Hoogsteen hydrogen bond at G2,
where the occupancies of these hydrogen bonds increase
with the charge of the lesion (Figure 5 and Supplementary
Table S5). The change in Hoogsteen hydrogen bonding is
related to the identity of the 5’ nucleotide with respect to
the adduct. Specifically, at the G? position, the purine (gua-
nine) nucleotide on the 5'-side of the adduct sterically re-
pels the C8-moiety, and thereby pushes the adducted nu-
cleotide slightly out of the helix toward the minor groove.
This results in the loss of a Hoogsteen hydrogen bond with
the opposing cytosine. However, such steric interactions are

greatly reduced when a pyrimidine (cytosine) flanks the 5'-
side of the adduct at the G' and G positions.

In addition to sequence context, the adduct ionization
state affects the Hoogsteen hydrogen-bonding interactions
between the lesion and the opposing cytosine. Although
adduct ionization affects the occupancies of Hoogsteen hy-
drogen bonds at all three positions, there is also a structural
effect at G?. Specifically, the neutral lesion at G? leads to
greater penetration of the C8-moiety into the helix, which
is accompanied by a change in the Hoogsteen hydrogen-
bonding pattern at the lesion site compared to the ionized
OTB-dG lesions (Figure 5).

With the exception of the increase in rise parameter (by at
least 0.7 A) and minor groove width (by at least 2 A) in the
case of the anionic OTB-dG lesions at G* due to the change
in the hydrogen-bonding pattern (Figure 6), no significant
structural perturbations are observed at the lesion site com-
pared to the unmodified control helix (Supplementary Table
S2). In addition, the base pairs flanking the lesion, as well as
those at the terminal ends of the helix, remain intact during
the simulations (Supplementary Tables S5 and S7). Never-
theless, the wedge conformations at all three studied posi-
tions predominantly acquire a C1’-exo sugar pucker (Sup-
plementary Figure S16).

Hydrogen-bonding pattern in the wedge conformation in-
fluences the sequence dependence of the free energy rank-
ings. As discussed, the wedge conformation of OTB-dG
adducted DNA involves two hydrogen bonds at G! and G?,
and a single hydrogen bond at G due to the identity of
the 5'-flanking base (vide supra). This decrease in hydrogen-
bonding strength explains why the wedge conformation is
energetically less accessible at G> compared to G' and G3
(Table 1). Such a sequence dependence of the conforma-
tional preferences has been observed for C8-linked aromatic
amine adducts, where the identity of the nearest and next-
nearest nucleotides dictates the equilibrium between con-
formations (35,39,64).

Stacking interactions determine the adduct ionization-
dependent stability of the wedge conformation at G° and G°.
Although all three OTA ionization states possess a single
hydrogen bond at G?, the hydrogen bonding of the neu-
tral form differs in the cytosine amino hydrogen that par-
ticipates in hydrogen bonding compared to the ionic forms
due to the greater penetration of the opposing C into the
helix (Figure 5). This geometric difference leads to devia-
tions in the base pairing energy and stacking strengths of the
neutral versus charged lesions at G2. Specifically, the neu-
tral stacking and hydrogen-bonding energies are larger (by
up to 7 and 14 kcal mol~!, respectively) than those of the
charged forms. Interestingly, this hydrogen-bonding medi-
ated enhancement in stacking in the neutral form at G also
explains why the stacking interactions at G* are comparable
to those at G' and G for neutral OTB-dG, but weaker for
ionic OTB-dG.

Table 1 indicates that the major groove conformations are
generally more stable compared to the wedge conformation
at all three positions, with the notable exception of the more
stable wedge conformation (by 7 kcal mol~! relative to the
major groove conformer) when monoanionic OTB-dG is at
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Figure 4. Comparison of the stacking interaction energies involving the OTB-dG adduct in different ionization states at G (red), G2 (blue) or G> (green)

in the Narl recognition sequence. The average of the G', G and G* stacking interactions in the natural sequence is shown in purple.

G?. Figure 4 indicates that the stacking interactions of the
wedge conformation at G? are significantly enhanced in the
monoanionic form compared to the corresponding neutral
and dianionic states (by on average 6-7 kJ mol~!, Supple-
mentary Table S2). Furthermore, the average stacking en-
ergy of the monoanionic wedge conformation is (5.3 kcal
mol~!) greater than for the corresponding major groove
conformation. On the other hand, the wedge conformation
of the neutral and dianionic forms at G* have weaker stack-
ing compared to the corresponding major groove confor-
mations (Supplementary Tables S1 and S2). The enhance-
ment in stacking for the monoanionic lesion is partly driven
by the formation of an out-of-plane hydrogen bond between
N4 of the opposing cytosine and O2 of the cytosine on the
3’ side of the adduct (Figure 7).

Salient structural characteristics of the base-displaced inter-
calated OTB-dG adducted DNA conformations

Base-displaced intercalated structures exhibit sequence and
adduct ionization state-dependent increases in duplex un-
twisting, rise and minor groove dimensions. Intercalation
of OTA into the helix to adopt the (base-displaced inter-
calated) stacked structures results in significant backbone
untwisting (by up to 37°) and minor groove enlargement
(by up to 5 A) in the region specific to the adduct, com-
pared to the unmodified control (Figure 6 and Supplemen-
tary Table S3). The extent of duplex untwisting is greater
with adduction at G' and G2, with little distortion occur-
ring upon lesion incorporation at G3, especially for neutral
and monoanionic OTB-dG. Of the three OTB-dG forms,
the dianionic state inflicts the greatest perturbation to the
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Figure 5. Hydrogen-bonding interactions between OTB-dG in different ionization states at the G', G or G? positions and the opposing cytosine in
adducted helices adopting the wedge conformation. The hydrogen bonds are indicated by dashed lines, and the corresponding occupancies are provided.

duplex twist and minor groove dimensions (Figure 6 and
Supplementary Table S3), possibly due to increased electro-
static repulsion when the highly negatively charged OTB-
moiety intercalates into the helix. In addition to untwisting
and minor groove enlargement, sequence-dependent differ-
ences are found in the rise parameter calculated between the
base pairs flanking the lesion (Figure 6 and Supplementary
Table S3). Specifically, the rise increases by up to 0.7 A com-
pared to the unmodified control with the lesion at G' and
G3 irrespective of the ionization state, while no perturba-
tion to the natural parameters occurs upon damage at G.
In addition, the base-displaced intercalated conformations
of OTB-dG adducted DNA acquire either an O4'-endo or
twisted C1’-exo O4’-endo pucker of 2’-deoxyribose (Supple-
mentary Figure S15).

Opposing cytosine stabilization determines the free energy
rankings of the base-displaced intercalated structures. Fig-
ure 4 indicates a strong sequence dependence of the stack-
ing interactions in the base-displaced intercalated struc-
tures. Specifically, the adduct at G? exhibits the weakest
stacking, followed by G*, while G' damage leads to the
strongest stacking interactions. Although this suggests that

the base-displaced intercalated structures will be the least
stable when the adduct is at G?, the free energy rankings
(Table 1) indicate that the base-displaced intercalated struc-
tures are of comparable (or even greater) stability at G2,
than G' or G3. Thus, the stacking interactions do not ex-
plain the free energy trend observed for the base-displaced
intercalated structures.

Analysis of representative structures (Figure 8) indicates
that additional interactions involving the opposing cyto-
sine stabilize the base-displaced intercalated structure at G.
Specifically, when the adduct is at G2, an interaction ex-
ists between N* of the opposing cytosine and the phosphate
group of the 5'-guanosine nucleotide (48, 61 and 76% occu-
pancy for the neutral, monoanionic and dianionic lesions,
respectively). This base-phosphate interaction is only possi-
ble when the cytosine opposing the adduct is flanked on the
5'-side by a purine (guanine) followed by a pyrimidine (cyto-
sine). Such a sequence context brings the phosphate group
in close proximity to the extrahelical cytosine. In addition to
this base-phosphate interaction, a second minor interaction
occurs between O? of the opposing cytosine and N* of the
3’'-cytosine for the neutral lesion (27% occupancy). How-
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Figure 6. The difference between the twist (represented as the untwisting angle), rise and minor groove width for different conformations of the OTB-dG

modified Narl DNA duplex relative to the unmodified control.

Figure 7. Hydrogen bond between N* of cytosine opposing the monoan-
ionic OTB-dG adduct at the G> position and O2 of the 3’ cytosine with
respect to the adduct in the Narl adducted wedge conformation.

ever, this interaction only occurs for 7% of the total simu-
lation time for the monoanionic lesion and is not observed
for the dianionic lesion. Due to differences in sequence con-
text, no such interactions occur when the adduct is at G! or
G’ (Figure 8).

DISCUSSION

Factors affecting the conformational equilibrium of the OTB-
dG lesion

Our extensive MD and free energy analysis suggests that
the conformational preferences of OTB-dG adducted DNA
are determined by a combination of two factors: (1) the se-
quence context and (2) the OTA ionization state.

Effect of the sequence context. To understand the sequence
dependence of the conformational preferences, we focus
on the monoanionic OTB-dG lesion, which is likely to be
one of the prevalent OTA ionization states at physiological
pH. The monoanionic OTB-dG lesion displays a conforma-
tional mixture of the major groove and wedge conforma-
tions (within 0.2 kcal mol~!) at G!, major groove and base-
displaced intercalated structures (within 0.7 kcal mol~') at
G? and wedge and base-displaced intercalated conforma-
tions (within 2.9 kcal mol~!) at G* in the Narl sequence
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Figure 8. Base-phosphate and nucleobase-nucleobase interactions be-
tween the cytosine opposing the dianionic OTB-dG adduct at G and its
flanking nucleotides in the base-displaced intercalated duplex, as well as
the corresponding structures with the adduct at G! and G that lack such
interactions.

(Table 1). This sequence-dependent conformational hetero-
geneity is driven by discrete hydrogen-bonding interactions
within the adducted base pair, and between the adducted
pair and the neighboring residues. Specifically, although the
major groove conformation is of comparable stability at the
G! and G? positions, the wedge conformation is destabi-
lized at G* because of the loss of one Hoogsteen hydrogen
bond due to steric hindrance posed by the 5'-guanosine with
respect to the adduct. On the other hand, additional base-
phosphate interactions involving the opposing extrahelical
cytosine stabilize the base-displaced intercalated conforma-
tion at G2. The required close proximity between the cyto-
sine and phosphate in the 5'-nucleotide is only observed at
G? when the sequence 5’ with respect to the extrahelical cy-
tosine contains a pyrimidine (cytosine) as the next-nearest
neighbor. Similarly, greater stabilization of the wedge con-

formation at G* occurs due to an additional hydrogen bond
between the opposing cytosine and the 3'-cytosine with re-
spect to the adduct (Figure 7). In addition, enhanced stack-
ing interactions between the OTA moiety at G* and the
3’ and 5'-guanosines with respect to the opposing cyto-
sine in the wedge and base-displaced conformation may ex-
plain why the major groove conformation is energetically
less favored upon adduct formation at this position. Thus,
there exists an intricate connection between the nature of
interbase interactions and the overall stability of adducted
DNA.

Effect of the OTA ionization state. The conformational
preferences of the OTB-dG adduct are affected by the
charge of the OTA moiety, albeit to a lesser extent than
the sequence context. In general, ionization of the OTA
phenolic group destabilizes the base-displaced intercalated
structure at all three Narl positions. This mainly occurs
because of enhanced (unfavorable) electrostatics with in-
creasing charge upon intercalation of OTA into the DNA
helix. In the case of the wedge conformations, increased
OTA charge at G? leads to relatively smaller penetration
of the C8-moiety into the helix, which in turn changes the
hydrogen-bonding pattern and relative free energies. On the
other hand, since the OTA moiety remains extrahelical in
the major groove conformations, the relative free energies
of these conformations are less affected by the charge of the
OTA moiety.

Conformational heterogeneity of the OTB-dG lesion

Despite the sequence and OTA ionization state dependence
of the relative stabilization of the three adducted DNA con-
formations, the small energetic separation indicates that
OTB-dG comparably stabilizes different conformations, in-
cluding those with the carcinogenic moiety in the major
groove, the minor groove and the base-displaced inter-
calated position. This suggests a possible conformational
equilibrium in cells, which is affected by the sequence con-
text. Such tendency to adopt a mixture of conformations
has been reported for other adducts including the polycyclic
aromatic hydrocarbons (40) and aromatic amine adducts
(35,51,53), and is believed to lead to varied mutagenic out-
comes (40,65). Thus, it is plausible to hypothesize that the
OTB-dG adduct may exist in a mixture of three conforma-
tions, each of which may have a different mutagenic out-
come.

Comparison of OTB-dG and aromatic amine modified double
helices at G, G2 or G? in the Narl sequence

Previous studies on the model aromatic amine carcino-
gen N-acetyl-2-aminofluorene (AAF) bonded to the C8-
position of dG have shown that the Narl sequence
is a hotspot for deletion mutations in Escherichia coli
(39,41,66,67). Therefore, a number of studies have struc-
turally characterized AAF-dG (41) (Figure 9), as well as
other aromatic amine adducts bonded to C8-dG, such as
those formed from aminofluorene (AF-dG) (52,53) and
2-amino-3-methylimidazo[4,5-f]quinolone (I1Q-dG) (Fig-
ure 9) (49,54), in the Narl sequence using NMR and molec-
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ously studied in the Narl recognition sequence.

ular modeling techniques. Existing studies on these aro-
matic amine adducts indicate that subtle changes in the
chemical structure of the adduct may strongly influence
the conformational preference(s) (41,42,68). However, the
OTB-dG adduct is inherently distinct from other C8-DNA
(aromatic amine) adducts in a number of ways. First, the
OTB-dG belongs to one of the relatively less studied class
of C-linked C8-dG adducts in which the bulky carcinogenic
moiety is bonded to C8 of guanine through a direct C-
C linkage. On other hand, all aromatic amine C8-dG le-
sions (e.g. AF-dG, AAF-dG, 1Q-dG) are N-linked adducts
in which the bulky moiety is bonded at C8 through a C-N-
C linkage. In other words, the C8-linkage is more flexible
in case of aromatic amines. Second, the C8-moiety in OTB-
dG contains a fused two ring system (one aromatic carbo-
cyclic ring and one saturated heterocyclic ring), which are
connected via an amide linkage to a phenylalaninic moiety.
In contrast, the aromatic amine adducts generally contain
carbocyclic or heterocyclic ring systems consisting of a sin-
gle or multiple (fused or biphenyl-type) rings. Third, the
identity of functional groups is unique in OTB-dG (phe-
nolic, carboxylic groups and carbonyl groups) compared
to most aromatic amines (i.e. acetyl group in AAF-dG),
while other aromatic amine adducts do not contain specific
functional groups. Most importantly, whereas the OTB-dG
adduct can exist in three possible ionization states (neutral,
monoanionic and dianionic), no examples of different ion-
ization states of the aromatic amine adducts exist in litera-
ture. Therefore, comparison of the conformational prefer-
ences and structural details of the OTB-dG adduct to other
bulky DNA lesions is of interest to understand how the
chemical structure of the bulky moiety governs the confor-
mation of adducted DNA, which may affect the associated
mutagenic outcomes.

Although AAF-dG (41) and OTB-dG adducted DNA
(in three ionization states) can acquire three (major groove,
wedge and base-displaced intercalated) major helical con-
formations, the AF-dG (41,52,53) and 1Q-dG (54) adducts
only acquire two of the three conformations in the Narl se-
quence. Specifically, the AF-dG adduct only leads to the
major groove and base-displaced intercalated conforma-
tions when paired against C (41,66,69). In contrast, the 1Q-
dG lesion acquires a minor groove conformation at G' and
G?, but a base-displaced intercalated structure at G*, and
preferentially excludes the major groove conformation ob-
served for other two aromatic amine adducts when paired

Nucleic Acids Research, 2014, Vol. 42, No. 18 11841

against C (49,54). Thus, the greater conformational het-
erogeneity observed for AAF-dG and OTB-dG appears to
be due to the presence of additional and flexible groups
(the acetyl group in AAF-dG and the amide-linked pheny-
lalaninic moiety in OTB-dG) compared to AF-dG and 1Q-
dG (no flexible groups in the bulky moiety).

Previous studies on the AF-dG and AAF-dG adducts in-
dicate that the major groove conformations are structurally
similar to the unmodified helix, while the base-displaced
conformations lead to duplex untwisting and minor groove
enlargement (41). Similar results were found in the present
study for OTB-dG, indicating that regardless of charge on
the C8-moiety, these are general structural characteristics
of bulky lesion-modified duplexes. On the other hand, the
OTB-dG and AF-dG (41) base-displaced intercalated struc-
tures lack the base-phosphate interactions between the ad-
ducted guanine and the phosphate atom of the 5 nucleotide
with respect to the adduct that are present upon incorpora-
tion of AAF-dG (41) and I1Q-dG (49). However, a sequence
context exists for (both neutral and charged) OTB-dG such
that the base-displaced intercalated conformation can ac-
quire additional stabilization through base-phosphate in-
teractions between the opposing base and its flanking nu-
cleotide (Figure 8). Similar stabilizing hydrogen-bonding
interactions have yet to be reported for (neutral) aromatic
amine adducts.

Although the OTB-dG and AAF-dG wedge conforma-
tions generally have similar Hoogsteen hydrogen bonding
at the three guanine positions, adduct ionization-dependent
variations in the hydrogen-bonding interactions are seen for
OTB-dG. For example, an interstrand and interstep hydro-
gen bond occurs between the amino group of cytosine op-
posing the lesion and O2 of the cytosine on the 3'-side of
the adduct in the predominant monoanionic form of the
OTB-dG lesion (Figure 7), which compensates for the re-
duced accessibility of the hydrogen bond between amino
group of the opposing cytosine and N7 of the adducted
guanine (Figure 5). This conformation mainly originates
due to steric crowding at the C8-linkage of adducted gua-
nine, which makes N7 less accessible for hydrogen bonding.
Furthermore, this steric crowding only occurs in the case
of C-linked adducts that, unlike N-linked aromatic amine
adducts, lack a flexible (C-N-C) linkage at the C8-site in
dG. This reiterates the important finding that adducts with
a C-C linkage at C8 (e.g. OTB-dG) display different struc-
tural characteristics compared to the relatively well-studied
aromatic amine adducts with a C-N-C linkage at C8.

In addition to hydrogen bonding, the trends in the stack-
ing interactions between the lesion-containing base pair
and the neighboring pairs vary in the wedge conformation.
Specifically, whereas the wedge structure of AAF-dG ad-
ducted DNA possess stacking interactions comparable to
the unmodified control at all three guanine positions, the
stacking interactions are significantly greater at G' posi-
tion for all three ionization states of OTB-dG. However, the
effect of adduct ionization is more pronounced at G* po-
sition, where the stacking interactions are significantly en-
hanced for the neutral lesion, and weaker in the case of the
anionic forms, relative to the unmodified control. On the
contrary, the stacking interactions are comparable to the
unmodified control at the G* position for the neutral form,
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and significantly enhanced for the anionic forms. Thus, the
availability of different ionization of OTB-dG leads to a
more complex sequence dependence in the stacking inter-
actions at the lesion site compared to AAF-dG, a represen-
tative aromatic amine adduct.

In summary, the differences in size, linkage, composition
and charge of the bulky moiety affect discrete interactions
in the helix, which in turn affect the sequence dependence
of the conformational preferences. Nevertheless, significant
conformational heterogeneity is observed for many C8-dG
lesions.

Relevance to OTA mutagenesis

Nucleotide excision repair efficiency of the OTB-dG adduct.
The mutational outcome of a particular DNA adduct de-
pends on its persistence in the genome, which in turn de-
pends on its ability to be recognized by repair enzymes. It is
widely believed that lesions that thermodynamically desta-
bilize and distort DNA are better nucleotide excision repair
(NER) substrates (35,39,41), a common pathway for repair
of bulky DNA adducts (70). A previous crystal structure of
the yeast ortholog of XPC-RAD23B (a recognition factor
involved in the initial steps of NER recognition in eukary-
otes) bound to DNA reveals that insertion of the 3-hairpin
through the major groove side of DNA combined with flip-
ping of the opposing base(s) out of the helix are important
factors in initial steps of NER recognition (71). Further-
more, modeling studies on polycyclic aromatic hydrocarbon
lesions indicate that intercalation of the adducted moiety
from the major groove side can possibly obstruct B-hairpin
insertion and flipping of the opposing base(s) (72). In con-
trast, minor groove intercalation of the adducted moiety
facilitates B-hairpin insertion and flipping of the opposing
base into the minor groove (73).

Our work indicates that the greatest structural distortions
to DNA upon OTB-dG incorporation occur in the base-
displaced intercalated conformation. Furthermore, in this
conformation, the OTA moiecty intercalates from the mi-
nor groove side, which may assist insertion of the 3-hairpin
of the NER recognition factor through the major groove
side of the adducted DNA. In addition, the B-hairpin in-
sertion will likely be facilitated due to a reduced energetic
penalty required for flipping the already extrahelical oppos-
ing base out of the helix, which in turn will enhance the
adduct repair propensity. Nevertheless, significant thermo-
dynamic stabilization provided by lesion—base stacking in-
teractions to the adducted helix may prevent damage recog-
nition (72), which could in turn prevent recruitment of sub-
sequent NER factors and may provide resistance to NER
(73). Regardless, the greater structural distortions and ex-
trahelical position of opposing cytosine likely combine to
make the base-displaced intercalated structure prone to re-
pair. However, since the OTA moiety resides in the mi-
nor groove in the wedge conformation, it is possible that
NER recognition is most favourable in this conformation
due to facilitation of B-hairpin insertion. Nevertheless, due
to negligible distortion to the DNA helix, the nearly ener-
getically equivalent major groove and wedge conformations
may elude repair.

Based on the anticipated greater repair propensity of the
base-displaced stacked structure, the neutral and monoan-
ionic OTB-dG will likely be more prone to repair because of
a greater preference for this conformation. However, since
the dianionic form favors the structurally less distorting ma-
jor groove and wedge conformations, this charged lesion
may evade repair. Furthermore, in addition to the ioniza-
tion state, the NER recognition of the adduct may depend
on the sequence context. For example, due to greater acces-
sibility of the base-displaced intercalated conformation at
G?, the monoanionic form of OTB-dG may more likely un-
dergo repair at G? than G' and G*. Thus, the differential re-
pair of different conformations of the OTB-dG adduct will
lead to its complicated mutagenic profile in cells.

OTA-mediated deletion mutations. ~ As discussed in the In-
troduction, several studies (13,22,23) strongly suggest the
involvement of direct genotoxic effects in OTA-induced
mutagenesis, which includes OTA-DNA adduct formation.
One OTA-induced mutation that has been experimentally
observed is the formation of deletion mutations (28). Since
the major groove and wedge conformations are less likely to
be repaired, it is possible that adducted DNA adopts these
conformations in dsDNA and at the start of replication.
However, the small calculated energy difference between the
three unique conformations suggests that the major groove
or wedge conformation may interconvert to the intercalated
conformation at the replication fork (74). This may cause
the polymerase to stall and introduce deletion mutations
through a base-slippage mechanism (75). Indeed, deletion
mutations may be stabilized by the base-displaced interca-
lated conformation as reported for select aromatic amine
adducts (76,77). Thus, the greater accessibility of the base-
displaced intercalated conformation observed in the neutral
and monoanionic forms of OTB-dG at all three guanine
positions indicates that these forms are more likely induce
deletion mutations compared to the dianionic form, where
the base-displaced intercalated structures are the least ac-
cessible. However, in addition to greater accessibility of
base-displaced intercalated structure, the neutral lesion ex-
hibits the greatest conformational flexibility at all three gua-
nine positions among the three OTB-dG charged states,
being the most flexible at G3. Since increased conforma-
tional flexibility at the lesion site has been linked to base
misincorporation (78), neutral OTB-dG is likely to induce
base-substitution rather than frameshift mutations. Thus,
the monoanionic OTA ionization state is the most likely
candidate to induce deletion mutations.

Interestingly, a study of gpt delta rats given a carcino-
genic dose of OTA using in vivo mutation assays indicates
that OTA-induced genotoxic effects only occur in specific
regions (outer stripe of the outer medulla) of the kidney
rather than the whole kidney (20). Such a differential ex-
pression of OTA-induced carcinogenesis in renal tissues can
be ascribed to a number of factors, including the difference
in metabolic activation of OTA between cells of different
tissues, the level of OTA exposure of a particular tissue and
the nature of the OTA adduct formed at a specific DNA site
(the major (OTB-dG) carbon-linked or the minor (OTA-
dG) oxygen-linked adduct) and the existence of alternate
adduct conformations. Indeed, such factors are believed to



influence the mutagenesis of a variety carcinogenic DNA
adducts (76,79-82). Our work verifies for the first time that
multiple OTA-dG conformations are energetically accessi-
ble. It is possible that some of these (potentially mutagenic)
conformations may be more dominant in particular cellu-
lar environments compared to other (potentially nonmuta-
genic) conformations, which thereby explains the observed
selective mutagenicity depending on the tissue considered.

OTA-mediated induction of double-strand breaks. Previous
studies have shown that the genes associated with homolo-
gous recombination repair are activated upon treatment of
cells with OTA, indicating the induction of double-strand
breaks in DNA (28). The induction of double-strand breaks
indicates that OTB-dG is not easily bypassed during repli-
cation by alternate enzymes (e.g. during translesion synthe-
sis (83)). Although the present study does not predict the
structure of OTB-dG during replication, the active site of
replicative enzymes may alter the relatively small energy dif-
ferences between different conformations, thereby changing
the preferred conformation. Double-strand breaks can oc-
cur when a DNA lesion blocks replication by inhibiting the
replication fork (84). Based on studies on other adducts,
OTA replication blockage is likely caused by either a base-
displaced intercalated structure that has evaded repair (48)
or an intercalated structure formed at the template-primer
junction (85). However, our calculated structures highlight
the larger and more flexible amide-linked phenylalaninic
moiety of OTB-dG in DNA compared to C8-substituents
in other C8-dG adducts. As a result, the protrusion of the
OTA moiety into either the major or minor DNA groove
(i.e. adoption of the major groove or wedge conformation)
may also block replicative enzymes. Thus, a combination of
the conformational flexibility and large size of this adduct
is likely responsible for the observed varied mutagenic out-
comes.
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