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ABSTRACT: Extensive molecular modeling with molecular
dynamics simulations and van der Waals energy analyses were
used to elucidate the striking finding that a mutagenic
benzo[a]pyrene-derived DNA lesion, the base-displaced
intercalated 10R-(+)-cis-anti-B[a]P-N*-dG (G*), manifests
large differences in nucleotide excision repair (NER)
efficiencies in DNA duplexes, which depend on the identities
of the partner base opposite G*. The nature of the partner
base causes marked differences in the extent of its major
groove extrusion and dynamics, as well as energetic stability of
the intercalation pocket that parallels the relative NER
efficiencies.

N ucleotide excision repair (NER)" is an important cellular
mechanism protecting the integrity of our genomic DNA
from the deleterious effects of bulky DNA lesions derived from
environmental tumorigens such as the tobacco carcinogen
benzo[a]pyrene (B[a]P).> The NER machinery can recognize a
broad range of DNA lesions." However, the repair efficiencies
of chemically different DNA adducts can vary by several orders
of magnitude, with some even being resistant to NER.>™® The
reasons for these large differences have been the subject of
considerable interest. The impact of local sequence context
surrounding a specific lesion on relative NER susceptibility in
fully complementary duplex DNA has also been investigated.®”
However, the impact of mismatched bases in the comple-
mentary strand opposite the lesion that can occur in vivo
because of error-prone translesion bypass®™'® has not been
adequately explored.

After metabolic activation of B[a]P to highly reactive
(+)-7R,85,9S,10R diol epoxide intermediates,"* a variety of
stereoisomeric B[a]P diol epoxide-derived guanine adducts can
form in DNA, which include the 10R-(+)-cis-anti-B[a]P-N*-dG
(cis-B[a]P-dG) adduct'® (Figure 1A). The replication of this
and other stereoisomeric B[a]P-dG lesions is error-prone, and
all three of the noncanonical nucleotides are known to be
inserted opposite the B[a]P-dG lesions with varying
efficiencies.*''*'¢ These mutational events produce modified
base—noncanonical partner base mismatches that may have
different structural features, and thus may be processed
differently by the cellular NER apparatus. Although the cis-
B[a]P-dG is efficiently excised in normal DNA duplexes with
dC opposite this lesion, Hess et al. have shown that the same
lesion paired with an adenine residue exhibits a ~10 times
lower NER dual incision efficiency than the otherwise identical

-4 ACS Publications  © 2013 American Chemical Society

cis-B[a]P-dG-modified duplex with
normal partner C

cis-B[a]P-dG-modified duplex with
mismatched partner A

Well-repaired Repair-resistant

Major groove contacting and less dynamic

Extruded and more dynamic

5517

duplex with cytosine opposite the lesion.* At the present time,
there is no understanding of why replacing a single nucleotide
opposite the same DNA lesion in otherwise completely
identical duplexes should have such a dramatic impact on
NER efficiencies. More recently, it has been reported'” that the
cis-B[a]P-dG damaged duplex with either T or G exhibits very
different NER efliciencies as well. In these sets of experiments,
the relative excision efficiencies with the different bases
dC:dT:dA:dG opposite the cis-B[a]P-dG lesion are
~100:44:7:2 (Kropachev, K., Kolbanovskiy, M., and Geacintov,
N. E., manuscript in preparation). These intriguing findings
present a new opportunity for providing insights into the role
of the partner strand in NER and more broadly for further
elucidating the mechanisms of recognition of the lesion-
induced helix distortions/destabilizations by the human XPC/
RAD23B heterodimer that first recognizes the DNA damage.18
Our objective in the present study was to gain understanding of
the remarkable observation that the same cis-B[a]P-dG lesion
manifests different NER susceptibilities depending on the
nature of the partner base, while all other base pairs in the 135-
mer double-stranded DNA substrates remain unchanged.*'”
The human XPC/RAD23B complex, a key element in lesion
recognition, is required for the recruitment of the factors
involved in the subsequent steps of NER."'? A crystal structure
of Saccharomyces cerevisiae Rad4/Rad23, a yeast ortholog of the
mammalian XPC/RAD23B, in complex with a DNA duplex
containing a cyclobutane pyrimidine dimer (CPD) Ilesion,
revealed that a f-hairpin, BHD?3, is inserted into the DNA helix,
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Figure 1. Different chemical structures of partner nucleotides in cis-B[a]P-dG-modified duplexes produce different extents of interaction with the
major groove. (A) cis-B[a]P-dG adduct chemical structure. (B) NMR solution structure of the cis-B[a]P-dG:dC duplex viewed from the major

groove.

*(C) Base sequence of simulated 11-mers. G¢* is the lesion-containing base, and X, is the partner base C, T, A, or G. (D) Central trimers

of the most representative structures in CPK. (a) Fully extruded partner dC. (b) The hydrophobic methyl group of partner dT avoids solvent and
promotes close contact of the base with the groove surface. (c) Partner dA and (d) partner dG are in contact with the groove surface in the
dominant conformation and inserted or partly inserted into the helix in a minor population. Hydrogen bonds (dashed lines) are circled in red. (E)
The dynamics of the sugar pucker pseudorotation phase angle (P)** of partner dC. (F) Population distribution of van der Waals interaction energies
at the intercalation sites of cis-B[a]P-dG-modified duplexes. Mean values with standard deviations are given.

separating the damaged and partner strands, while the two
bases opposite the CPD are flipped out of the helix and interact
with residues in the protein.”® This structure supports the
hypothesis that local thermodynamic stability plays an
important role in determining lesion recognition through
DNA XPC/RAD23B binding and successful f-hairpin insertion
with partner base flipping.>*°~%*

According to previous NMR studies,”* the cis-B[a]P-dG-
modified DNA duplex with normal partner dC (cis-B[a]P-
dG:dC) adopts a base-displaced intercalated conformation with
the lesion-containing guanine (G*) displaced into the minor
groove, and the B[a]P aromatic ring system is intercalated into
the duplex; the partner base dC is displaced into the major
groove (Figure 1B). Although no NMR solution structures are
available for the cis-B[a]P-dG-modified DNA duplexes with
mismatched partner bases (cis-B[a]P-dG:dT, cis-B[a]P-dG:dA,
and cis-B[a]P-dG:dG), UV spectroscopic'” studies indicate that
the aromatic B[a]P ring system is intercalated as shown by red-
shifted UV absorption maxima; an example for the dT case is
shown in Figure S1 of the Supporting Information. However,
nothing is known about the positions and orientations of the
partner bases in mismatched duplexes. Our hypothesis is that
the physical size and nature of the partner base opposite the
lesion in the complementary strand has a strong impact on its
orientation in the duplex that affects both its interactions with
neighboring residues and its dynamic properties. We propose
that these differences give rise to the striking variations in NER
efficiencies observed when different partner bases are
positioned opposite the same cis-B[a]P-dG adduct in duplex
DNA. To identify the preferred conformations, we extensively
surveyed the sterically and energetically accessible conforma-
tions using the cis-B[a]P-dG:dC, cis-B[a]P-dG:dT, cis-B[a]P-
dG:dA, and cis-B[a]P-dG:dG pairs (Figure 1C) with molecular
modeling approaches. We modeled an intercalated aromatic
B[a]P ring system as revealed in the characteristic red-shifted
UV absorption spectra of the bulky B[a]P residues™ in the
different mismatched duplexes (Figure S1 of the Supporting
Information and unpublished observations). We created four
different initial positions for the partner nucleotide that were
evenly rotated around the DNA backbone at ~90° intervals
(Figure S2 and Table S1 of the Supporting Information). We
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then performed long scale molecular dynamics (MD)
simulations (at least 200 ns), and free energy calculations for
energy ranking of different conformers (Table S2 of the
Supporting Information), utilizing the AMBER9 program
Full details of the modeling, MD simulations, and
energetic analyses are provided in the Supporting Information.
Our analyses of the dynamic ensembles of these duplexes with
four different complementary bases opposite the lesion revealed
a set of preferred conformations that differed with the identity
of the partner base. In all cases, the B[a]P rings remain
intercalated in the DNA helix, with the damaged guanine (G*)
displaced into the minor groove as in the NMR solution
structure with dC as the partner base. These results are
provided in full detail in Figures S3—S11 of the Supporting
Information.

The solution structure of the cis-B[a]P-dG:dC pair, the best
NER substrate among the four considered here, has been well
characterized by NMR methods. While the dC residue was
found to be displaced into the major groove, its location could
not be precisely ascertained.”® Consistently, our MD
simulations suggest that the dC base, with only one aromatic
ring, is highly dynamic and is extruded into the major groove
while remaining in the anti glycosidic bond conformation
(Figure 1D). This conformation is consistent with the observed
NMR solution structure (Figure 1B), which supports the
feasibility of using the same strategy for analyzing the structures
and dynamics of the mismatched cis-B[a]P-dG:nucleotide pairs.
The simulations indicate that a dynamic hydrogen bond
between the cytosine amino group and a pendant phosphate
oxygen atom S’ to the dC (Figure 1D) forms and breaks
continuously; overall it is present 85% of the time (Table S3
and Figure SS of the Supporting Information). This dynamic
hydrogen bond regulates the position of the partner dC: when
it is present (85% of the time), the dC, usually in C3'-endo
sugar conformation, is oriented closer to the backbone; when it
is lost (15% of the time) the dC residue, usually in C2'-endo
sugar conformation, is displaced further away from the
backbone and is thus even more extruded (Figure 1D, E and
Figures S5 and S6 and Movie S1 of the Supporting
Information).

o 26
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The cis-B[a]P-dG:dT duplex is a weaker NER substrate than
cis-B[a]P-dG:dC by a factor of ~2. Both these pyrimidines are
similar in size with one aromatic ring, but thymine possesses its
characteristic hydrophobic methyl group. Our structural
analyses of the MD ensemble reveal that the methyl group
avoids aqueous solvent by positioning itself in the major
groove, forming contacts with its surface and with the edge of
the intercalated B[a]P ring system, with rare dynamic
excursions into an extruded position (2% of the time) (Figures
1D and S7 of the Supporting Information); this movement, due
to transient crowding between the methyl and a backbone
oxygen atom, entails rotation about the glycosidic bond from
the syn domain in the predominant conformation, to the anti
domain in the minor extruded conformation, and is correlated
with C2’-endo to C3’-endo sugar repuckering (Figure S7 and
Movie S2 of the Supporting Information).

The cis-B[a]P-dG:dA and cis-B[a]P-dG:dG duplexes are
NER-resistant. The purine partners with two aromatic rings are
more bulky than the pyrimidine partners, and provide more
extensive opportunities for stabilizing van der Waals
interactions. With dA as the partner, the predominant
conformation has van der Waals contacts with the major
groove surface. In the minor conformer (23%), the aromatic dA
residue is inserted into the helix (Figure S8 of the Supporting
Information), and there are no dynamic excursions into
extruded orientations (Figure 1D and Movie S3 of the
Supporting Information). The glycosidic bond conformation
of the dA is in the syn domain in both cases (Figure 1D), and
the sugar pucker remains in the Cl’-exo region, without
oscillating between domains (Figure S9 of the Supporting
Information).

With dG as the partner base, the dominant population is also
in van der Waals contact with the major groove surface (Figure
1D). In this orientation, there is a restraining bifurcated
hydrogen bond involving the dG amino/imino protons and a
pendant phosphate oxygen atom on its S’ side (Table S3 of the
Supporting Information) that adds stability. There is also a
minor population (31%) that is partially inserted into the helix
(Figure 1D, Figure S8, and Movie S4 of the Supporting
Information). There are no dynamic excursions to extruded
orientations. The glycosidic bond of the dG is syn in both cases.
The sugar pucker of dG oscillates stably around Cl1'-exo
(Figure S10 of the Supporting Information).

In order to gain further insights into the impact of the
different partner bases opposite the cis-B[a]P-dG adduct on
NER efficiencies, we computed van der Waals interaction
energies in the intercalation pocket. All interactions involving
the B[a]P aromatic ring system, the partner base, and the
adjacent base pairs were included. Figure 1F shows the
interaction energies for each duplex. The lowest van der
Waals interaction energy is manifested in the case of the
cytosine partner base. Among the four partner bases, cytosine is
the most extruded and dynamic one, followed by thymine,
which is in better contact with the major groove surface. The
adenine and guanine partner bases, with two aromatic rings,
give rise to similar interaction energies. In the dominant
populations in both cases, the purine base contacts the major
groove surface, and there are also minor inserted or partially
inserted populations with similar van der Waals interaction
energies for the groove-bound and inserted states (Figure S11
of the Supporting Information). The possibly slightly better
interaction energy in the case of the partner dG base may stem
from the episodic hydrogen bond formation involving its
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amino/imino group and the DNA backbone, which adds
stability to the dG base in the major groove.

The van der Waals interaction energies (Figure 1F) and the
relative NER efficiencies are well correlated with one another,
supporting the hypothesis that local thermodynamic properties
are strongly affected by the local base sequence context and that
stabilizing van der Waals interactions between a given lesion
and surrounding nucleotide residues can lead to NER resistance
or even complete abrogation of NER.*"*"7*° In addition, the
Rad4/Rad23 crystal structure revealed that the BHD3 f-hairpin
intrusion is accompanied by flipping out of two bases opposite
the lesion in the unmodified partner strand.”® This suggests
that partner bases that are more extruded could more readily
promote productive interactions with the NER recognition
proteins Rad4/Rad23 or the human XPC/RAD23B. It is
interesting that the extent of base extrusion and the dynamics
of the partner base in our series also parallels the repair
efficiencies, with dC being the most extruded partner base and
the lesion in the cis-B[a]P-dG:dC duplex being the most
susceptible to NER. The possibility that partner base flippability
is a component of lesion recognition has recently been
explored.®" In summary, changing only the partner base to
the same cis-B[a]P-dG lesion affects the thermodynamic
stabilities of the lesion sites that may be sensed by the XPC/
RAD23B lesion recognition factor and perhaps subsequent
downstream events in NER that affect overall NER
efficiencies."
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