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ABSTRACT: Aryl radicals can react at the C8-site of 2′-deoxyguanosine
(dG) to produce DNA adducts with a C8−C linkage (denoted C-linked).
Such adducts are structurally distinct from those possessing a flexible amine
(N-linked) or ether (O-linked) linkage, which separates the C8-aryl moiety
from the guanine nucleobase. In the current study, two model C-linked C8-
dG adducts, namely, C8-benzo[b]thienyl-dG ([BTh]G) and C8-(pyren-1-
yl)-dG ([Py]G), were incorporated into the NarI (12mer, NarI(12) and
22mer, NarI(22)) hotspot sequence for frameshift mutations in bacteria.
For the first time, C-linked C8-dG adducts are shown to stabilize the −2
deletion duplex within the NarI sequence. Primer-elongation assays employing Sulfolobus solfataricus P2 DNA polymerase IV
(Dpo4) demonstrates the influence of C8-aryl ring size and shape in promoting Dpo4 blockage or strand realignment to produce
a C:C mismatch downstream of the adduct site. Molecular dynamics simulations of the −2 deletion duplex suggest that both anti
and syn adduct structures are energetically accessible. These findings provide a rationale for describing the biochemical outcome
induced by C-linked C8-dG adducts when processed by Dpo4.

■ INTRODUCTION

Aromatic compounds can undergo enzymatic transformations
to generate highly reactive electrophiles that covalently attach
to DNA to produce bulky DNA adducts (addition products).
The resulting adducts can cause genetic changes that play an
important role in the etiology of cancer.1 Bulky adducts formed
at the C8-site of 2′-deoxyguanosine (dG) are among the most
common lesions produced by chemical carcinogens.2 Aromatic
amines,3 nitroaromatics,4 and food-borne heterocyclic amines5

have been implicated in human cancers and undergo metabolic
activation to afford nitrenium ions that produce C8-dG adducts
containing a C8-N-aryl linkage (denoted N-linked adducts).6,7

Other aromatic mutagens, such as aryl hydrazines,8,9 estro-
gens,10,11 polycyclic aromatic hydrocarbons (PAHs),12,13 and
phenols14,15 may be enzymatically transformed to yield radical
species that react directly at the C8-site of dG to produce a C8-
C linkage (denoted C-linked adducts, Figure 1).16 Phenolic
toxins can also generate O-linked C8-dG adducts (containing
an ether C8−O−C linkage)17,18 due to the ambident reactivity
(C- vs O-attack) of the phenoxyl radical.19

To understand the biological impact of bulky DNA adducts,
efforts have been made to relate the adducted duplex structures
to mutagenic outcome. For the N-linked C8-dG adducts, major
conformational motifs in duplex DNA (i.e., the major groove B-
type,20 the base-displaced stacked (S-type),21,22 and the minor
groove wedge (W-type)23−25) have been characterized by
NMR spectroscopy. The distribution among the various

conformations is dependent on the nature of the attached
C8-moiety and the neighboring base sequence contexts.26 In
general, N-linked C8-dG adducts that exhibit potent muta-
genicity favor the syn-conformation to generate the S-type or
W-type duplexes.
C-Linked C8-dG adducts lack a flexible tether separating the

aryl component from the dG base, which reduces the inherent
conformational flexibility of the lesion and alters it is
orientation in the DNA duplex.27−29 Recently, we examined
the structural and biochemical impact of a series of C-linked
adducts (viz., C8-aryl = furyl ([Fur]G), phenyl ([Ph]G), and
quinolyl ([Q]G); Figure 1) differing in aryl ring size.27 The
adducts were incorporated into the G3-position (X) of the NarI
sequence (Figure 1), which is part of a CG dinucleotide repeat
and has been shown to be a hotspot for two-base deletion
mutations induced by polycyclic N-linked C8-dG adducts in
bacteria30 via a two-base slippage mechanism.31 Within the
NarI(12) duplex, the C-linked adducts adopted the B-type
structure opposite C. When the modified NarI(12) sequences
were hybridized with a truncated 10-mer sequence (−2), which
produces a 2-base bulge aimed at mimicking a slipped
mutagenic intermediate,32−34 none of the lesions stabilized
the truncated duplex, suggesting an inability to induce −2
deletion mutations.27 Primer-elongation assays were carried out
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using the NarI(22) template (Figure 1) annealed to a 15mer
primer in the presence of the Klenow fragment exo− (Kf−) or
the Y-family DNA polymerase IV (Dpo4) from Sulfolobus
solfataricus. Single-nucleotide incorporation assays revealed that
the smallest adduct [Fur]G generated the greatest levels of base
misincorporation.27 The C-linked adducts also induced slippage
by Dpo4 to create a C:C mismatch distal to the adduct site.
In the present study, new aspects of the structural and

biochemical impact of C-linked C8-dG aryl ring size and shape
are unveiled by exploring the C8-benzo[b]thienyl-dG ([BTh]-
G)35 and C8-(pyren-1-yl)-dG ([Py]G)36,37 (Figure 1) adducts.
Specifically, the adducts were incorporated into the NarI
sequence to determine their structural preferences within
NarI(12) and the subsequent impact on primer-elongation
within the NarI(22) template. The aryl ring of [BTh]G
represents a linear phenyl extension of furyl in [Fur]G (and
difference in the heterocycle, S vs O), while the pyrene moiety
in [Py]G linearly extends the quinolyl in Q[G] by a naphthyl
group. Both [BTh]G35 and [Py]G36 exhibit fluorescence in the
single-strand that is sensitive to hybridization for predicting
adduct conformation within duplex DNA. The [Py]G adduct
has previously been incorporated into an oligonucleotide
substrate for primer extension analysis using Kf− and Dpo4.37

However, [Py]G was inserted into a noniterated sequence in
which it was not possible for [Py]G to induce polymerase
slippage. Thus, it is of interest to consider the impact of [Py]G
within the NarI template for comparison to other C-linked
adducts with various ring sizes (Figure 1). For the first time,
our studies demonstrate that polycyclic C-linked C8-dG
adducts can stabilize the −2 deletion duplex within the NarI
sequence. However, unlike the N-linked C8-dG counterparts
that promote slippage to afford dinucleotide deletion in primer-
elongation assays, slippage mediated by C-linked C8-dG
adducts is accompanied by either polymerase blockage or
strand realignment to produce a C:C mismatch.

■ EXPERIMENTAL PROCEDURES
Materials. Boronic acids (benzo[b]thien-2-ylboronic acid and

pyrene-1-boronic acid), Pd(OAc)2, 3,3′,3″-phosphinidynetris-
(benzenesulfonic acid) trisodium salt (TPPTS), N,N-dimethylforma-
mide diethyl acetal, 4,4′-dimethoxytrityl chloride, 2-cyanoethyl N,N-
diisopropyl-chlorophosphoramidite, and other commercial products
used for the synthesis of [Bth]G and [Py]G phosphoramidites were
used as received. Unmodified oligonucleotides (NarI(12), NarI(22),
complementary strands for NarI(12), 15mer, and other primers) were
purchased from Sigma Genosys and were purified by Sigma using
polyacrylamide gel electrophoresis. Escherichia coli pol I Klenow

fragment exo− (Kf−) and T4 polynucleotide kinase were purchased
from NewEngland BioLabs, while Sulfolobus solfataricus P2 DNA
polymerase IV (Dpo4) was purchased from Trevigen Inc. Isotopically
labeled ATP ([γ-32P]-ATP) was purchased from PerkinElmer.

Methods. Suzuki cross-coupling reactions of boronic acids with 8-
Br-dG to afford [BTh]G and [Py]G were performed as described
previously by Western and co-workers.38 NMR spectra were recorded
on 300 and 600 MHz Bruker spectrometers in acetone-d6, CDCl3,
CD2Cl2, or DMSO-d6 referenced to TMS (0 ppm), or the respective
solvent. Full synthetic details of modified phosphoramidites, NMR
spectra, and ESI-MS analysis of modified NarI oligonucleotides are
available in Supporting Information (SI). All adducted NarI(12) and
NarI(22) oligonucleotide substrates were prepared on a 1 μmol scale
using a BioAutomation MerMade 12 automatic DNA synthesizer using
standard or modified β-cyanoethylphosphoramidite chemistry. All
melting temperatures (Tm) of NarI(12) oligonucleotides were
measured using a Cary 300-Bio UV−vis spectrophotometer equipped
with a 6 × 6 multicell Peltier block-heating unit using Hellma 114-QS
10 mm light path cells. Oligonucleotide samples were prepared in 50
mM phosphate buffer, pH 7, with 100 mM NaCl, using equivalent
amounts (6.0 μM) of the unmodified or C8-aryl-dG modified
NarI(12) oligonucleotide and its complementary strand. The Tm
values of the duplexes were determined as previously outlined.27

Circular dichroism (CD) spectra were recorded on a Jasco J-815 CD
spectropolarimeter equipped with a 1 × 6 Multicell block thermal
controller and a water circulator unit. Measurements were carried out
in 50 mM phosphate buffer, pH 7, with 100 mM NaCl, using
equivalent amounts (6.0 μM) of the unmodified or C8-aryl-G
modified NarI(12) oligonucleotide and its complementary strand.
Spectra were collected at 10 °C between 200 and 400 nm, with a
bandwidth of 1 nm and scanning speed at 100 nm/min, as previously
described.27 All fluorescence spectra were recorded on a Cary Eclipse
Fluorescence spectrophotometer equipped with a 1 × 4 Multicell
block Peltier stirrer and temperature controller. NarI(12) samples
were prepared in 50 mM phosphate buffer, pH 7, with 100 mM NaCl.
In each case, both excitation and emission spectra were recorded for
the C8-aryl-G modified NarI(12) oligonucleotide hybridized to its
complementary strand at 10 °C. Computational methods are available
in SI, and the followed strategies have been previously outlined.27−29

Full details of the primer-elongation experiments are also provided in
SI and the followed protocols have been previously described.18,27,39

■ RESULTS
NarI(12) Properties. UV Thermal Melting. Solid-phase

DNA synthesis was employed to incorporate the C8-dG
adducts ([BTh]G and [Py]G) into the G3-position (X) of
NarI(12) (Figure 1, see Figures S1−S14 for synthetic details
and electrospray ionization (ESI) MS spectra of adducted
oligonucleotides (Table S1 and Figures S15−S18). UV−vis
thermal melting parameters for the [BTh]G- and [Py]G-

Figure 1. Structures of C-linked C8-dG adducts, oligonucleotide sequences of NarI(12) and NarI(22), and torsion angle θ at the C8-linkage.
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modified NarI(12) duplexes are summarized in Table 1. The
adducts strongly decreased duplex stability when paired

opposite C (i.e., ΔTm = −15.8 °C for [BTh]G and −20.1 for
[Py]G). Paired opposite G, [BTh]G had a slight stabilizing
influence compared to that of the unmodified G:G mismatch
(i.e., ΔTm = +0.9 °C), while [Py]G decreased duplex stability
(ΔTm = −5.0 °C). However, the Tm values for the C-linked
adducts paired opposite G were considerably greater than the
Tm’s opposite C (i.e., 54.9 vs 47.8 °C for [BTh]G and 49.0 vs
43.5 °C for [Py]G).
The C8-dG adducts were also paired opposite the stable

tetrahydrofuran (THF) model of an abasic site40 to assess the
influence of π-stacking interactions in the absence of H-
bonding with an opposing base. The [BTh]G adduct increased
duplex stability (i.e., ΔTm = +4.4 °C), while [Py]G had little
influence on duplex stability compared to that of the
unmodified control (i.e., ΔTm = −0.4 °C). The adducted
NarI(12) strands were also hybridized with the truncated 10-
mer sequence (−2) to generate a −2 deletion duplex that
models the slipped mutagenic intermediate.32−34 Enhanced
stability of the truncated duplex is believed to correlate with an
ability to promote −2 frameshift mutagenesis in bacteria. For
example, the N-linked C8-dG adduct of N-acetyl-2-amino-
fluorene ([AAF]G) is a potent frameshift mutagen in bacteria
and affords a ΔTm value of +15 °C for the truncated duplex in
0.1 M NaCl.32,33 Both [BTh]G and [Py]G stabilized the −2
deletion duplex compared with that of the unmodified control,
exhibiting ΔTm values of +3.8 and +6.2 °C, respectively. For
[Py]G, the Tm of the truncated duplex was greater than the Tm
of the full-length complement (45.6 vs 43.5 °C), while for
[BTh]G, the Tm was slightly diminished (43.2 vs 47.8 °C).
These findings contrast with our previous results with the
single-ringed derivatives ([Fur]G, Ph[G]) and the bent fused-
ringed system in [Q]G, which failed to stabilize the −2 deletion
duplex.27

Circular Dichroism. The NarI(12) duplexes were analyzed
using CD spectroscopy (Figure 2) to determine the impact of
the adduct on the global tertiary structures. All duplexes
showed CD characteristics for a B-DNA helical conformation,
with positive (275 nm) and negative (244 nm) S-shaped CD
curves with a crossover at approximately 260 nm (Figure 2).41

A dominant feature of the CD curves was the induced circular

dichroism in the 300−400 nm range (ICD300−400 nm) for the
[Py]G-modified NarI(12) duplexes (dashed red traces). All
[Py]G-modified NarI(12) duplexes exhibited a positive
ICD300−400 nm, while the [BTh]-modified and control
NarI(12) duplexes did not exhibit ICD. For the N-linked 2-
aminofluorene-dG adduct ([AF]G), the Cho laboratory has
previously demonstrated that positive ICD in the 290−360 nm
range is a sensitive conformational marker for [AF]G-induced
S/B heterogeneity in the fully paired NarI-dC duplexes.42 Thus,
the CD data for [Py]G-modified NarI(12) paired opposite C
was consistent with the presence of the S-conformation. The
positive ICD300−400 nm in the other [Py]G-modified NarI(12)
duplexes (N = G, THF and −2) suggested a syn-conformational
preference for [Py]G, which places the pyrene moiety in the
chiral helical environment.

Fluorescence. Changes in the fluorescent properties of
[BTh]G and [Py]G in the single-strand NarI(12) versus the
duplex structures were also examined to probe conformational
preferences (Table 2). Both [BTh]G35 and [Py]G36 exhibit
fluorescence in the single-strand that is sensitive to hybrid-
ization. For example, in the single-strand, [BTh]G exhibited λex
= 321 nm and λem = 416 nm that shifted to λex = 330 nm (Δλex
= 9 nm) and 415 nm (Δλem = −1 nm) in the duplex with
[BTh]G paired opposite THF. A more dramatic fluorescence
response was observed for [Py]G paired opposite THF, in
which the fluorescence shifted from λex = 351 nm and λem = 456
nm in the single-strand to λex = 371 nm (Δλex = 20 nm) and
λem = 453 nm (Δλem = −3 nm) in the duplex. The 20 nm red-
shift in λex upon hybridization with the N = THF
complementary strand indicates a strong stacking interaction
of the pyrene moiety with adjacent base pairs inside the
duplex.36 The λem exhibits a blue-shift because the C8-aryl
moiety is sequestered from the polar aqueous solvent
environment.27,36 For [Py]G paired opposite C, G, and −2,
λex also shifted to the red, but to a lesser degree (10−11 nm),
while λem displayed small changes (+1, −3 nm). Overall, the
fluorescence response of [Py]G within NarI(12) to duplex
formation suggested the involvement of a syn-conformation,

Table 1. Thermal Melting Parameters of C8-aryl-dG
modified NarI(12)

aTm values of duplexes (6.0 μM) measured in 50 mM sodium
phosphate buffer, pH 7, with 0.1 M NaCl and a heating rate of 1 °C/
min; errors are ±1 °C. bΔTm = Tm (modified duplex) − Tm
(unmodified duplex).

Figure 2. CD spectral overlays of NarI(12) duplexes with X = G (solid
black lines), X = [BTh]G (dotted green lines), and X = [Py]G (dashed
red lines). All spectra of duplexes (6 μM) were recorded in 50 mM
sodium phosphate buffer, pH 7, with 0.1 M NaCl at 10 °C.
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which is consistent with the positive ICD300−400 nm in the CD
spectra (Figure 2). In contrast, [BTh]G paired opposite C
exhibited a significant red-shift in both λex (Δλex = 13 nm) and
λem (Δλεm = 7 nm). The red-shift in emission for [BTh]G upon
base-pairing to C suggested placement of the modified base in a
polar environment, which is consistent with the formation of
the B-type structure.35 For [BTh]G paired opposite G and −2,
the emission exhibited small blue-shifts (−1−3 nm), as noted
for [BTh]G paired opposite THF, suggesting the involvement
of the syn-conformation.35

Molecular Dynamics (MD) Simulations. MD simulations
were carried out on the (anti or syn) [BTh]G and [Py]G
adducts at the G3-position in the NarI(12) sequence opposite
C, G, THF, or −2, and the resulting conformations were

ranked according to the calculated free energies (see Section
S1, SI for a detailed discussion, ).

Adducts Paired against C. The major groove (B-type) and
wedge (W-type) conformations are energetically accessible (i.e.,
within 25 kJ mol−1) for [BTh]G-adducted DNA (Figure 3 and
Table S3) as the smaller benzothiophene moiety renders the
base displaced intercalated (S-type) conformation energetically
inaccessible. There is a small energetic separation between the
B-type and S-type conformations for [Py]G adducted DNA
(Table S3). The syn conformer completely intercalates the
pyrene moiety into the helix (Figure 3), which displaces both
the damaged G and the opposing C into the major groove
(Figure S28). The accessibility of the S-type conformation of
[Py]G-adducted DNA is supported by the induced CD band
resulting from the syn-orientation and stacking of the pyrene
moiety in NarI damaged DNA against C (Figure 2). Similarly,
the absence of the induced CD band for [BTh]G-adducted
DNA correlates with the lack of stacking with the C8-moiety
and the energetic accessibility of only the B-type and W-type
conformations.

Adducts Paired against G. Against G, syn [BTh]G and
[Py]G were paired against anti-G, while the anti adducts were
paired against syn-G, to allow Hoogsteen hydrogen bonding.
[BTh]G-adducted DNA prefers the syn adduct conformations
(Figure 4 and Table S3). In contrast, the [Py]G adduct likely
adopts a mixture of the hydrogen bonded anti and stacked syn
conformers, with the greatest stabilization exhibited for the syn-
conformations (Figure S30 and Table S3). The accessibility of
both orientations may explain why DNA containing [Py]G
against G leads to a weaker ICD band compared to the
corresponding ICD for [Py]G paired against C (Figure 2). In
addition, the absence of hydrogen bonding with the adduct in
the dominant syn-conformation may explain why [Py]G-
adducted DNA shows decreased melting temperatures
compared to those of the unmodified control (Table 1).

Table 2. Photophysical Parameters of C8-aryl-dG Modified
NarI(12)

X N
λex

(nm)a
Δλex
(nm)b

λem
(nm)

Δλem
(nm)

Δν
(cm−1)c

Irel
(em)d

[BTh]G /e 321 / 416 / 7114 /
[BTh]G C 334 13 423 7 6299 1.45
[BTh]G G 326 5 415 −1 6578 0.67
[BTh]G THF 330 9 415 −1 6677 0.58
[BTh]G −2 323 2 413 −3 6747 1.05
[Py]G / 351 / 456 / 6560 /
[Py]G C 361 10 455 −1 5723 0.85
[Py]G G 362 10 457 1 5743 0.61
[Py]G THF 371 20 453 −3 4879 0.97
[Py]G −2 362 11 453 −3 5549 0.61

aAll spectra of single-strand NarI(12) and duplexes (6 μM) were
recorded in 50 mM sodium phosphate buffer, pH 7, with 0.1 M NaCl
at 10 °C. bChange in excitation or emission maximum for duplex
versus single-strand. cStokes’ shift (Δν) is calculated as (1/λex − 1/
λem).

dIrel = Iduplex/Isingle‑strand.
eN = / indicates the optical properties of

the modified base in the single-strand.

Figure 3. Representative structures corresponding to the most stable (within 25 kJ mol−1) anti and syn conformations for the studied adducts paired
against C. The relative free energies (kJ mol−1) of competing conformations for each adduct are provided in bold. The corresponding orientation of
the damaged base pair is explicitly shown for each conformation. H-bonding contacts are indicated by dashed lines with percent occupancies
calculated using a donor−acceptor (X−Y) distance cutoff of 3.4 Å and X−H···Y angle cutoff of 120°. Data are provided only for those H-bonds that
persist for more than 15% of the simulation time.
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Adducts Paired against THF. The anti-conformers are
energetically inaccessible to both [BTh]G and [Py]G paired

opposite THF (Table S3). In the favored syn-conformers, the
C8-moiety intercalates into the helix and thereby pushes the

Figure 4. Representative structures corresponding to the most stable (within 25 kJ mol−1) anti and syn conformations for the studied adducts paired
against G. The relative free energies (kJ mol−1) of competing conformations for each adduct are provided in bold. The corresponding orientation of
the damaged base pair is explicitly shown for each conformation. H-bonding contacts are indicated by dashed lines with percent occupancies
calculated using a donor−acceptor (X−Y) distance cutoff of 3.4 Å and X−H···Y angle cutoff of 120°. Data are provided only for those H-bonds that
persist for more than 15% of the simulation time. For simulations with more than one cluster of structures, H-bond contacts and occupancies for the
total simulation time are displayed on one of the clusters.

Figure 5. Representative structures corresponding to the most stable (within 25 kJ mol−1) anti and syn conformations for the studied adducts paired
against (a) THF and (b) the −2 base bulge. The relative free energies (kJ mol−1) of competing conformations for each adduct are provided in bold.
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adducted G into the major groove (Figures S24 and S32).
However, only the syn θ ∼ 0° orientation of [BTh]G, and the
syn θ−180° orientation of [Py]G are energetically accessible
(Figure 5a), which differ in the stacking interactions of the C8-
moiety (Figures S24 and S32). The pyrene moiety is
completely intercalated between the flanking base pairs in
[Py]G-adducted DNA and distorts the DNA at the lesion site
(Figure S28). The efficient stacking of the pyrene moiety in the
helix explains the prominent ICD band for [Py]G adducted
DNA. Additionally, the greater DNA distortion resulting from
the extrahelical THF explains why [Py]G-adducted DNA has a
slightly lower Tm compared to that of the unmodified helix
(Table 1). In the case of [BTh]G, only the five-membered
heterocyclic ring of the benzothiophene intercalates into the
helix, with the six-membered ring being largely solvent exposed
in the minor groove. The position of the opposing sugar
(THF) is similar to the B-type conformation with [BTh]G
paired against C (Figure S20). Taken together, the lower
degrees of DNA distortion resulting from the ordered THF
residue, concomitant with stacking of the benzothiophene
moiety, explains why [BTh]G-adducted DNA has a higher Tm
than the unmodified helix (Table 1).
Adducts Paired against the −2 Deletion. The anti [BTh]G

adduct within the −2 deletion is stabilized by hydrogen
bonding with the C in the opposing strand and 5′ with respect
to the adduct (Figure S26). The benzothiophene moiety also
exhibits favorable stacking interactions with the unpaired C in
the major groove. For syn (θ ∼ 0°) [BTh]G, stabilization of the
bulge occurs through stacking between the benzothiophene
moiety and the 3′ base pair with respect to the adduct, which
does not disrupt Watson−Crick hydrogen bonding in the
flanking base pairs. Despite the energetic stabilization of the
anti (θ ∼ 180°) conformation (by 10 kJ mol−1), the anti (θ ∼
0°) and syn (θ ∼ 0°) conformers are likely accessible to the
[BTh]G-adducted NarI oligomer paired opposite a 2-base
deletion (Figure 5b and Table S3). The greater stabilization of
the anti-orientation, and only partial stacking of the

benzothiophene moiety in the accessible syn-conformation,
may explain why the ICD band induced by stacking of the C8
moiety is not observed when [BTh]G is paired against a bulge
(Figure 2).
In contrast to [BTh]G, the syn (θ ∼ 0°) conformer is the

most stable for [Py]G-adducted DNA (Figure 5b and Table
S3). Both syn-conformations (θ ∼ 0° and 180°) exhibit
sufficient stacking stabilization at the lesion site and are
energetically accessible (Table S3). Greater stabilization of the
syn- compared to the anti-conformations, coupled with
intercalation of the pyrene moiety in the syn-orientations,
likely explains the presence of the ICD band and higher Tm of
[Py]G-adducted DNA compared to those of the unmodified 2-
base bulge (Table 1 and Figure 2).

Primer-Extension of NarI(22). FLE by Klenow exo−(Kf−).
In the NarI(22) template, the C-linked adducts [Ph]G and
[Q]G (Figure 1) were observed previously to block full-length
extension by Kf−.27 Extension one-base past the adduct site was
more hindered than incorporation opposite the adduct. A
similar result was also previously found for Kf− extension past
[Py]G in a noniterated oligonucleotide template.37 Bulky N-
linked C8-dG adducts also provide significant kinetic barriers to
extension by Kf− following base insertion opposite the
adduct.43 Thus, it was not surprising that [BTh]G and [Py]G
strongly blocked extension by Kf− (Figure S36). For both
adducts, incorporation opposite the adduct site (position 1)
was possible, but only the primer opposite the template
containing [BTh]G was further extended. Extension past
[BTh]G was, however, halted after the forth incorporation
(position 4). The +8 band observed for extension past X = G
(Figure S36) was ascribed to blunt end extension.27,44

Translesion Synthesis by Dpo4. Since both [BTh]G and
[Py]G blocked extension by Kf−, the model translesion
polymerase Dpo4 was used to examine replication of the
modified NarI(22) templates. In single-nucleotide incorpo-
ration assays (Figure 6a), Dpo4 exhibited low fidelity with the
unmodified NarI(22) template (X = G), as observed

Figure 6. (a) Primer-extension of NarI(22):15mer duplex (100 nM, X = G, [BTh]G or [Py]G) by Dpo4 (20 nM) in the presence of individual
dNTPs (indicated under each lane, 25 μM). Reactions were incubated at 37 °C for 30 min. (b) Relative amount of each nucleotide incorporated
against X = G (white), [BTh]G (gray), or [Py]G (black). (c) Primer extension of NarI(22):15mer duplex by Dpo4 (20 nM) where X = G, [BTh]G,
or [Py]G. Aliquots (5 μL) of the reactions were removed and quenched in stop dye at each of the time points indicated under each lane. Green
triangles indicate base incorporation products that migrate with the unmodified template product, while red triangles indicate base incorporation
products with different mobilities on the gel.
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previously.27 This observation is consistent with its low
geometric selection for correct base pairs.45−48 For base
incorporation opposite [BTh]G and [Py]G, the major product
of insertion was the correct base C (56% for [BTh]G and 76%
for [Py]G), followed by small amounts of A insertion (∼19%
for both adducts). Experiments carried out by Kirouac and co-
workers on the N-linked aminopyrene ([AP]G) lesion44 and by
Wanninger-Weiβ on [Py]G in a noniterated sequence37 yielded
similar results.
In the presence of all four dNTPs (Figure 6c), Dpo4 could

insert a base opposite the C-linked adducts (presumably C,
Figure 7a) but could not extend beyond that (position 1) with
any degree of efficiency. This observation differed from our
previous primer-extension experiments utilizing [Fur]G-,
[Ph]G-, and [Q]G-modified NarI(22), in which Dpo4 could
readily extend the 15mer primers past position 1.27 Of the
previously studied C-linked adducts, the strongest block was
the bent [Q]G adduct, which blocked extension by Dpo4 at
position 3.27 Thus, the results presented in Figure 6c suggested
that the linear-extended C8-aryl rings of [BTh]G and [Py]G
played a key role in the observed blockage at position 1. For N-
linked C8-dG adducts that block Dpo4 extension following
base insertion opposite the adduct, it is predicted that the bulky
N-linked C8-aryl group interacts with the little finger domain of
the polymerase, which impedes translocation.49

In addition to the strong bands at position 1 in Figure 6c, a
faint band representing the full-length product was detected at
90 min for Dpo4 extension past [BTh]G. Dpo4 was also stalled
at position 3 with the template containing X = [BTh]G. Both
modified templates generated multiple faint bands at position 2,
which was not observed with the unmodified template,
suggesting incorrect (indicated by red triangles) and correct
(indicated by green triangles) extension.
Addition of organic solvents (such as 20% DMSO) to

primer-elongation reactions has previously been shown to
relieve polymerase stalling past the bulky lipophilic N-linked
aminopyrene C8-dG adduct ([AP]G).44 The addition of

DMSO decreases the dielectric constant of the aqueous buffer,
which is proposed to diminish the adduct-induced stalling effect
by stabilizing [AP]G in an anti-conformation to allow H-
bonding with an opposing base.44 Thus, primer-extension
assays were performed on the modified NarI(22) templates in
the presence of 20% DMSO to determine if the nonpolar
solvent would increase the extent of replication.
In the presence of individual dNTPs (Figure 7a), the extent

of misincorporation opposite [BTh]G and [Py]G in the
presence of 20% DMSO strongly increased compared to
misincorporation in aqueous buffer (Figure 6a). Opposite
[BTh]G misincorporation levels were G (50%), A (80%), and
T (78%), while the corresponding levels opposite [Py]G were
26%, 72%, and 64%. When provided with the correct base C,
Dpo4 primarily inserted a single C (55% opposite [Bth]G and
60% opposite [Py]G, Figure 7b). However, opposite [BTh]G
faint bands for the incorporation of 2 (5%), 3 (8%), or 4 (13%)
C bases were observed, while [Py]G promoted incorporation of
a second C base (25%). When extension past N-linked C8-dG
adducts by Dpo4 at the G3-position of NarI was examined
previously,50 incorporation of a second C was categorized as a
two-base slippage phenomenon and implies the pairing of CC
with GG one position removed to the 5′-side of the adduct site
(positions 3 and 4 in the template strand, Figure 7a). That
[Py]G promotes incorporation of a second C suggests that it
can induce two-base slippage, which is consistent with its ability
to stabilize the 2-base bulge (Table 1). The observation of a
band for the incorporation of 4 Cs opposite [BTh]G in
NarI(22) suggested slippage and subsequent strand realign-
ment to afford a C:C mismatch at position 2 of the template
strand.27 Both [Fur]G and [Ph]G also induce incorporation of
4 C bases in primer-extension assays with Dpo4.27

In the presence of all four dNTPs (Figure 7c), the addition
of DMSO permitted the polymerase to extend the template
past position 1. Full-length extension past [BTh]G was possible
as a band at position 7 was detected after 30 min that grew in
intensity over the 90 min incubation. However, even in the

Figure 7. (a) Primer-extension of the NarI(22):15mer duplex (100 nM, X = [BTh]G or [Py]G) by Dpo4 (20 nM) in the presence of individual
dNTPs (indicated under each lane, 25 μM) with 20% DMSO in the reaction mixture. Reactions were incubated at 37 °C for 30 min. (b) Relative
amount of each nucleotide incorporated against X = [BTh]G (gray) or [Py]G (black). (c) Primer extension of the NarI(22):15mer duplex (X =
[BTh]G or [Py]G) by Dpo4 (20 nM) in the presence of 25 μM of each dNTP and 20% DMSO. Aliquots (5 μL) of the reactions were removed and
quenched in stop dye at each of the time points indicated under each lane. Green triangles indicate base incorporation products that migrate with the
unmodified template product, while red triangles indicate base incorporation products with different mobilities in the gel.
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presence of DMSO, position 3 remained a strong block site for
Dpo4 extension of the NarI(22) template containing X =
[BTh]G. For the template containing X = [Py]G, the presence
of 20% DMSO permitted the insertion of a base at position 2,
although further extension was blocked at this point. These
results suggest that the C-linked [Py]G lesion is a stronger
block than the corresponding N-linked derivative, [AP]G.44

Given that [BTh]G strongly blocked Dpo4 extension
following the incorporation of three bases to afford an 18mer
product (position 3, Figure 7c), we were curious to determine if
replication by Dpo4 could proceed with the [BTh]G-modified
NarI(22) template annealed to 18mer primers (Figure 8). For

these experiments, one 18mer primer contained the correct
(C18) bases (CGC added to the 15mer, highlighted in green in
Figure 8), while the other contained incorrect (I18) bases
(CCG added to the 15mer, highlighted in red in Figure 8) that
could potentially align with the template strand to induce a 2-
base bulge. A full-length 22mer product was detected when the
C18 primer was annealed to the template, with or without
DMSO in the reaction mixture. Extension past [BTh]G when
the I18 primer was annealed showed two bases incorporated to
generate a 20mer product, which was fully consistent with a −2
frameshift mutation.50 These results suggested that the 18mer
product produced from Dpo4 extension past [BTh]G (i.e
Figure 7c) was neither C19 nor I18, as both primers failed to
strongly block the polymerase.
For the [Py]G-modified NarI(22) template, extension past

[Py]G by Dpo4 to produce the full-length 22mer product also
occurred when the modified template was annealed to the C18
primer (Figure 8). However, no extension was detected when
the I18 primer was annealed to the [Py]G-modified NarI(22)
template. It was expected that the [Py]G lesion would induce

the 2-base bulge with the I18 primer, given its ability to stabilize
the truncated duplex within NarI(12) (Table 1). The results
presented in Figure 8 suggested that Dpo4 cannot extend past
the 2-base bulge containing [Py]G, but it can extend past the
bulge containing [BTh]G.

■ DISCUSSION
Conformational Preferences of C-Linked C8-aryl-dG

Adducts within NarI(12) Duplexes. The C8-aryl-dG
adducts [Fur]G, [Ph]G, [Q]G,27 and [BTh]G (Figure 1)
favor the major groove B-type structure in NarI(12) paired
opposite C, as predicted by MD simulations. Alternative syn-
conformations are energetically accessible for [Fur]G (higher in
energy by 14.2 kJ mol−1),27 [BTh]G (18.4 kJ mol−1, Figure 3),
and most notably [Py]G (7.9 kJ mol−1, Figure 3), while syn-
conformations for [Ph]G and [Q]G are predicted to be higher
in energy than the anti orientations by >25 kJ mol−1.27 The low
energy syn structures for [Fur]G and [BTh]G adopt the W-type
structures with the C8-aryl moiety located in the minor groove.
In contrast, the low energy syn structure for [Py]G adopts the
base displaced intercalated S-type structure (Figure 3), which
shares features with the NMR solution S-type structure of
[AP]G.51 Both S-type structures involve complete intercalation
of the pyrene moiety into the helix, which displaces the
opposing C into the major groove. The strong positive
ICD300−400 nm in the CD spectra (Figure 2) for [Py]G paired
opposite C is consistent with the involvement of the S-type
structure.42

For the adducted NarI(12) oligonucleotides paired with the
10mer (i.e., −2, Table 1) that can produce the −2 deletion
duplex, the shape of the aryl system influences duplex stability
as additional length projecting away from the guanine base
results in [BTh]G and [Py]G stabilizing the truncated duplex
(ΔTm = 3.8 and 6.2, Table 1), in contrast to [Fur]G, Ph[G],
and [Q]G.27 The MD simulations for C-linked C8-dG adducts
suggest that bulge stabilization cannot be directly correlated to
a syn preference of the modified G. For example, anti structures
are predicted to be more stable than syn ones for [Fur]G,
Ph[G],27 and [BTh]G (Figure 5b) by 14.2, 15.1, and 10.0 kJ
mol−1, respectively, for which [BTh]G shows bulge stabilization
(Table 1). In the low energy anti [BTh]G structure (θ ∼ 180°,
Figure 5b), the benzothiophene moiety exhibits favorable
stacking interactions with the unpartnered C in the major
groove of the 2-base bulge. In contrast, syn structures are
predicted to be more stable than anti ones for [Q]G27 and
[Py]G (Figure 5b) by 23.8 and 12.6 kJ mol−1, for which [Py]G
dramatically stabilizes the −2 deletion duplex (Table 1). In the
favored syn structures for [Q]G27 and [Py]G (Figure 5b), the
C8-aryl group points toward the minor groove and effectively
stacks with the flanking bases that are Watson−Crick hydrogen
bonded. The unpartnered C (highlighted in blue, Figure 5b) is
positioned in the major groove.
The structural features predicted for the structures

containing the C-linked C8-dG adducts differ from those
determined for polycyclic N-linked C8-dG adducts.52,53 For the
polycyclic N-linked adducts, the −2 deletion duplexes are bent
with the damaged G present in a syn-conformation. The N-
linked C8-aryl moiety effectively π-stacks with the flanking
bases, with damaged G displaced into the major groove. In the
NMR solution structure of the −2 deletion duplex containing
[AF]G, the unpartnered C is looped out of the helix in the
major groove and does not interact with other DNA
components.52 Computational models predict that anti

Figure 8. Primer-extension of modified NarI(22):18 mer duplexes
(100 nM), containing X = [BTh]G or [Py]G by Dpo4 (20 nm) in the
presence of 25 μM dNTPs following incubation for 90 min at 37 °C.
The 18mer primers used are listed above the gel in either green for the
correct (C18) primer or in red for the incorrect (I18) primer that
could induce a 2-base bulge. Extension was run without (buffer) or
with 20% DMSO (+DMSO). A blank of each primer was included for
comparison, as well as a mixture of correct and incorrect primers
(standard primers) of increasing length; see Supporting Information
for a detailed description of the various primers (Figure S37).
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structures are not energetically accessible with much higher
energies than syn structures (>30 kcal mol−1).53

Dpo4 Slippage Mediated by C-Linked C8-aryl-dG
Adducts. In SNI assays with the correct base C, the C-linked
C8-aryl-dG lesions within NarI(22) induced slippage by Dpo4.
In the proposed mechanism outlined in Figure 9, the adducts

are shown in the syn-conformation in the starting template/
primer due to the strong syn preference of unpaired C-linked
C8-dG adducts.27 Insertion of C (step 1) requires the
polymerase to flip the adduct from its stable syn-conformation
to the energetically destabilized anti-conformation. This
conformational change is expected to stall DNA replication
and permit slippage and production of the 2-base bulge (step
2).27 Following insertion of a second C opposite G at position
4 in the template strand (included in step 2, Figure 9), the
damaged G within the 2-base bulged duplexes can exist as an
equilibrium mixture of anti and syn structures. Our MD
simulations predict that [Fur]G, Ph[G],27 and [BTh]G (Figure
5b) favor the anti-conformation, while [Q]G27 and [Py]G
(Figure 5b) favor the syn-conformation.
Adducts that favor the anti-conformation are predicted to

undergo a strand realignment process (step 3) that permits
additional C incorporation by Dpo4 (step 4). This mechanism
provides a rationale for the incorporation of 4 C bases in the
primer-extension assays which generates the C:C mismatch at
position 2.27 For [Fur]G, [Ph]G, and [BTh]G, the levels of 4 C
incorporation were 38%, 25%,27 and 13% (in the presence of
20% DMSO, Figure 7a), respectively. Thus, increased C8-aryl
ring size decreased C:C mismatch production.
For [Q]G and [Py]G (Figure 5b), MD simulations favor a

syn-conformation within the 2-base bulge, which for [Py]G is
supported by the positive ICD300−400 nm band (Figure 2). In
primer-extension assays with C, both adducts promoted the
incorporation of 2 C bases (40% for [Q]G27 and 25% for
[Py]G (in the presence of 20% DMSO, Figure 7a)), which is
classical evidence for 2-base slippage.50 In the low-energy syn-
conformation favored by [Q]G27 and [Py]G (Figure 5b), the

adducts within the 2-base bulge are not aligned properly to
undergo strand realignment, and thus, both adducts failed to
facilitate the incorporation of 4 C bases.

Biological Implications. Our studies provide a model for
the mutagenicity of C-linked C8-dG adducts. In general, C-
linked C8-dG adducts strongly block DNA replication by Kf−

following the insertion of a single base opposite the lesion
(Figure S36).27,37 Adduct blockage of replicative polymerases in
vivo is understood to cause polymerase switching, with
recruitment of bypass polymerases for translesion synthesis.
Translesion polymerases have much lower fidelity than
replicative ones and can cause error-prone bypass of DNA
adducts to induce mutagenicity.45−48 Using Dpo4 as a model
translesion polymerase, C-linked C8-dG adducts were observed
to cause misincorporation (Figures 6a and 7a).27 Radical
cations of B[a]P that can generate the C8−B[a]P-dG
adduct12,13 produce G → T and G → C transversion mutations
in yeast.54

Increased C8-aryl ring size also caused a progressive decrease
in full-length extension by Dpo4. For [Py]G and [BTh]G,
Dpo4 was strongly blocked after the insertion of a single base
opposite the lesion (position 1, Figure 6c). The phenolic fungal
toxin ochratoxin A (OTA), which produces a bulky C-linked
C8-dG adduct,14,15,28 affords deletion mutations in the kidney
tissue of male rats due to the induction of double-strand
breaks.55,56 Double-stand breaks can occur when a DNA adduct
blocks replication by inhibiting the replication fork.28,57

In order for C-linked C8-dG adducts to induce mutagenicity,
they must evade DNA repair by nucleotide excision repair
(NER) enzymes. For the repair of N-linked C8-dG adducts, the
[AAF]G lesion is excised by the NER machinery much more
efficiently than [AF]G.58 The greater degree of helix bending/
distortion induced by the favored S-type structure produced by
syn-[AAF]G is regarded as a recognition factor for NER.59 By
analogy, it is anticipated that the bulky C-linked [Py]G lesion
will likely be repair prone due to its predicted ability to produce
the S-type structure within the NarI duplex (Figure 3). The
other C-linked adducts ([Fur]G, [Ph]G, [Q]G,27 and [BTh]G,
Figure 3) that afford the less distorting B-type and W-type
structures in the NarI duplex should be less repair prone.

■ CONCLUSIONS
In the present study, we have examined the structural and
biochemical impact of [BTh]G and [Py]G within the NarI
sequence. Combined with our previous studies on the
corresponding activities for [Fur]G, [Ph]G, and [Q]G,27 we
have now examined how C8-aryl ring size impacts C8-dG
adduct conformational preferences and DNA synthesis by Kf−

or Dpo4 for a family of model C-linked C8-dG adducts. Within
the NarI(12) duplex, our studies suggest that the bulkiest lesion
[Py]G can produce the base-displaced S-type conformation
paired opposite C, while all other C-linked adducts favor the B-
type structure, which places the C8-aryl ring in the major
groove. When hybridized with a truncated 10-mer sequence
(−2), only [BTh]G- and [Py]G-modified NarI(12) possessing
linearly extended fused C8-aryl rings stabilize the truncated
duplex (Table 1), which is regarded as a mimic of the slipped
mutagenic product of a 2-base deletion. Computer models
suggest that anti- and syn-conformations of the adduct within
the 2-base bulged duplexes possess similar energies with [Py]G
favoring the syn-conformation (by 12.6 kJ mol−1), while
[BTh]G favors the anti-conformation (by 10.0 kJ mol−1).
These findings differ from 2-base bulged duplex structures

Figure 9. Proposed Dpo4 slippage mechanism induced by C-linked
C8-dG adducts within the NarI sequence.
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containing polycyclic N-linked C8-dG adducts, which strongly
favor the syn-conformation (by >30 kcal mol−1). In terms of
primer-elongation, our studies demonstrate that increased C8-
aryl ring size blocks extension by Kf− and Dpo4. For the
bulkiest lesion [Py]G, Kf− and Dpo4 can insert a base opposite
the adduct but cannot extend beyond that with any degree of
efficiency. Our studies also demonstrate that the size of C8-aryl
moiety dictates Dpo4 slippage outcome within the CG
dinucleotide repeat of the NarI sequence. A model for
polymerase slippage mediated by C-linked C8-dG adducts
has been derived from adduct conformation within the −2
deletion duplex, as determined using MD simulations. C-
Linked adducts that prefer an anti-conformation ([Fur]G,
[Ph]G, and [BTh]G) are proposed to undergo strand
realignment to generate a C:C mismatch distal to the adduct
site, while those that prefer a syn-conformation ([Q]G and
[Py]G) cause 2-base slippage. Future studies dealing with the
biochemical influence of C-linked C8-dG adducts within the
NarI(22) template will employ additional Y-polymerase
enzymes to determine which polymerase may extend the
bulky C-linked C8-dG base pair. Here, we intend to include
kinetic assays to provide a quantitative measure of the
nucleotide selection preferences of Y-family polymerases
opposite the C-linked C8-dG adducts and use LC-MS to
sequence the extension products. In terms of structural impact
of C-linked C8-dG adducts, our CD, fluorescence, and MD
structural data should be confirmed in future studies with NMR
and/or X-ray crystallography. Lastly, C-linked C8-dG adducts
of defined structure have yet to be incorporated into DNA
vectors for the determination of mutational frequency in cell-
based assays. Thus, it would also be interesting to make a direct
comparison between the mutagenicity of [Py]G with [AP]G in
a cell-based assay so that the biological impact of linkage type
(C- vs N-) can be established for C8-dG adducts.
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