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ABSTRACT: The xeroderma pigmentosum C protein
complex (XPC) recognizes a variety of environmentally
induced DNA lesions and is the key in initiating their repair
by the nucleotide excision repair (NER) pathway. When
bound to a lesion, XPC flips two nucleotide pairs that include
the lesion out of the DNA duplex, yielding a productively
bound complex that can lead to successful lesion excision.
Interestingly, the efficiencies of NER vary greatly among
different lesions, influencing their toxicity and mutagenicity in
cells. Though differences in XPC binding may influence NER
efficiency, it is not understood whether XPC utilizes different
mechanisms to achieve productive binding with different
lesions. Here, we investigated the well-repaired 10R-(+)-cis-anti-benzo[a]pyrene-N2-dG (cis-B[a]P-dG) DNA adduct in a duplex
containing normal partner C opposite the lesion. This adduct is derived from the environmental pro-carcinogen benzo[a]pyrene
and is likely to be encountered by NER in the cell. We have extensively investigated its binding to the yeast XPC orthologue,
Rad4, using umbrella sampling with restrained molecular dynamics simulations and free energy calculations. The NMR solution
structure of this lesion in duplex DNA has shown that the dC complementary to the adducted dG is flipped out of the DNA
duplex in the absence of XPC. However, it is not known whether the “pre-flipped” base would play a role in its recognition by
XPC. Our results show that Rad4 first captures the displaced dC, which is followed by a tightly coupled lesion-extruding pathway
for productive binding. This binding path differs significantly from the one deduced for the small cis-syn cyclobutane pyrimidine
dimer lesion opposite mismatched thymines [Mu, H., et al. (2015) Biochemistry, 54(34), 5263−7]. The possibility of multiple
paths that lead to productive binding to XPC is consistent with the versatile lesion recognition by XPC that is required for
successful NER.

■ INTRODUCTION

Nucleotide excision repair (NER) is a key mammalian defense
mechanism against pro-mutagenic DNA lesions that are derived
from environmental genotoxins, such as ultraviolet (UV)
components of sunlight and polycyclic aromatic chemicals.1,2

NER recognizes and repairs a wide range of chemically different
DNA lesions; however, their repair efficiencies vary by several
orders of magnitude, and some lesions are repaired poorly or
not at all.3,4 These can escape NER and survive to replication,
causing mutations that induce cancer. While the overall stages
of NER are known, the reason that chemically different lesions
are repaired at very different rates by NER is a topic at the
research frontier. The currently accepted hypothesis is that the
degree of local thermodynamic destabilization induced by DNA
lesions regulates how efficiently the lesion is recognized by the
NER system.2,5−11

NER repairs lesion-containing DNA through a “cut-and-
patch” mechanism: it excises an oligonucleotide of 24−32

residues containing the lesion and restores the DNA sequence
through repair synthesis.2 The two subpathways of NER, global
genomic NER (GG-NER) and transcription-coupled NER
(TC-NER), employ a common set of proteins including
TFIIH, XPG, XPA, RPA, and ERCC1-XPF, and are essentially
the same except for differences in their lesion-recognition
mechanisms.2,12−15 In TC-NER, the RNA polymerase acts as
the lesion sensor; in our current focus of GG-NER, the XPC-
RAD23B complex detects lesion-containing DNA, aided in cells
by centrin 2 and UV-DDB1/2 for cyclobutane pyrimidine
dimers (CPDs).16−20 UV-DDB1/2 is believed to hand off CPD
lesions to XPC,2,21 and studies with CPD lesions in cells
suggest that UV-DDB1/2 facilitates NER in chromatin.22 The
complex of damaged DNA with XPC recruits TFIIH, whose
XPD helicase verifies the lesion enhanced by XPA;2,23−25
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subsequently, other NER factors are recruited to ultimately
produce excision of the 24−32-mer damaged oligonucleotide.1

Single molecule studies have been employed to study the
dynamics of various NER factors including XPC, XPD, and
RPA.26−29

The key role of XPC in GG-NER lesion recognition has been
well established, and NER cannot proceed without this
recognition step.7,12,30−37 Mutations in XPC cause a xeroderma
pigmentosum disease that produces extreme UV sensitivity and
skin cancers.38 The crystal structure of a Saccharomyces
cerevisiae Rad4-Rad23 (herein referred to as Rad4), the yeast
orthologue of human XPC-RAD23B, complexed with a DNA
duplex containing a CPD lesion shows that the β-hairpin from
BHD3 of Rad4 is inserted into the DNA helix from the major
groove, while the BHD2 β-hairpin binds the damaged region
from the minor groove side.7 Also, it shows that the CPD is
extruded from the DNA duplex along with the two mismatched
partner bases placed complementary to the CPD. Notably, the
CPD is flipped out away from the protein and disordered,
whereas these partner bases are bound to the cleft between
BHD2 and BHD3 (Figure S1). This structure, which we call
the productive open complex, suggests that BHD3 β-hairpin
insertion and flipping of the two partner bases are crucial
elements of lesion recognition in eukaryotic NER7 and are
facilitated by lesion-imposed DNA distortions and thermody-
namic destabilizations.2,5,6

A two-stage binding mechanism for Rad4 has recently been
observed through temperature-jump perturbation spectroscopy
(T-jump) combined with fluorescence resonance energy
transfer (FRET) methods.39 These studies revealed a fast
nonspecific step (∼100−500 μs) and a slow specific step (5−10
ms) when Rad4 binds to a lesion. A “twist-open” mechanism
for Rad4 binding was suggested, in which the first step involves
fast DNA untwisting, and the second step entails slow, full
nucleotide flipping and duplex opening. The rates of these steps
are proposed to depend on the nature of the lesion, relating to
how much the lesion distorts and destabilizes the DNA. T-jump
experiments have also suggested that lesion recognition is
under kinetic control via a “kinetic gating” mechanism that
would allow efficient recognition of destabilizing lesions.40

Single-molecule fluorescence microscopy studies have provided
further support for the “twist-open” and the “kinetic gating”
lesion recognition mechanisms.29

Previously, using molecular dynamics (MD) simulations with
umbrella sampling for free energy calculations, we determined
the molecular pathway and associated free energy of Rad4
binding to the CPD-containing DNA duplex with mismatched
partner T bases, in the same sequence as in the crystal structure
of the productive open complex.41 The CPD lesion in the
context of mismatches is known to be well-repaired.42,43 Along
the pathway, we determined the molecular roles of BHD2 and
BHD3 in distorting the DNA and opening it for productive
binding via a correlated motion mechanism. This study opened
the door to investigating the molecular details of Rad4 binding
to lesions that are structurally very different, in order to assess
how lesion structure impacts the binding pathway. We
hypothesize that different lesions, whose impacts on DNA
structure and stability vary, may manifest differences in binding
pathways and/or energetics.41

Accordingly, for the present study we have selected a DNA
lesion, 10R-(+)-cis-anti-benzo[a]pyrene-N2-dG (cis-B[a]P-dG)
(Figure 1A), that is well-repaired by NER in a duplex
containing a normal partner C opposite the lesion.8,44,45 The

cis-B[a]P-dG in DNA adopts a base-displaced intercalated
conformation; in this conformation, the B[a]P rings are
intercalated from the minor groove into the helix, the adducted
dG is displaced into the minor groove, and its partner base is
pre-flipped, extruded into the major groove (Figure 1B).46 This
structure suggests that its recognition by XPC would be
facilitated due to the presence of the flipped-out partner C, as
suggested by excision experiments and the Rad4 crystal
structure (Figure S1).7,47 The cis-B[a]P-dG lesion is derived
from benzo[a]pyrene (B[a]P), an important polycyclic
aromatic chemical carcinogen that is widespread in the
environment, found in vehicle exhaust, tobacco smoke, air,
food, and water.48−50

In the present study, we have explored many different
pathways for the productive binding of the Rad4 to duplex
DNA containing the cis-B[a]P-dG lesion (Figure 1C); this
lesion is likely to be encountered by the NER machinery in the
cell, given that humans acquire it in their DNA on a regular
basis due to both man-made and natural causes. Through this
exploration, we have determined how the bulky cis-B[a]P-dG
supports a binding pathway that differs from that for the smaller

Figure 1. (A) Chemical structure of the 10R-(+)-cis-anti-benzo[a]-
pyrene-N2-dG (cis-B[a]P-dG) lesion. The benzylic ring of B[a]P is
denoted with an “A”. G* denotes the adducted G. (B) The central 5-
mer of the NMR solution structure for the cis-B[a]P-dG-containing
duplex with normal partner C.46 The structure of the 5-mer is shown
in both cartoon and sticks, with hydrogen atoms and backbone
phosphate oxygens hidden. The heavy atoms of the lesion-containing
base pair and the B[a]P rings are also shown in transparent spheres.
(C) DNA sequence context used for the Rad4-damaged DNA
complex. The 5-mer sequence with underlining is the same as the
central 5-mer of the NMR solution structure. (D) Initial model of
Rad4 and cis-B[a]P-dG-containing DNA (see main text and
Supporting Methods). The view is from the minor groove side of
the lesion site. The complex is shown in cartoon, the heavy atoms of
the cis-B[a]P-dG lesion are in sticks and transparent spheres, and the
side-chain atoms of one key Phe residue (F599) is shown in spheres.
The TGD (transglutaminase domain) is yellow, BHD1 (beta-hairpin
domain 1) is blue, BHD2 (beta-hairpin domain 2) is orange, BHD3
(beta-hairpin domain 3) is dark green, the DNA is light gray, the
C7:G7 bases are cyan, the G8*:C8 bases are blue, and the B[a]P rings
are red. The side-chain atoms of F599 are color-coded, with carbon in
dark green and hydrogen in white.

Chemical Research in Toxicology Article

DOI: 10.1021/acs.chemrestox.7b00074
Chem. Res. Toxicol. 2017, 30, 1344−1354

1345

http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.7b00074/suppl_file/tx7b00074_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.7b00074/suppl_file/tx7b00074_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.7b00074/suppl_file/tx7b00074_si_002.pdf
http://dx.doi.org/10.1021/acs.chemrestox.7b00074


CPD lesion: here, the conformational capture of the pre-flipped
partner C plays an important role in the initial binding to the
damaged site; the distinctive process of extruding the bulky
intercalated B[a]P ring system also highlights how XPC may
achieve its versatility in productively recognizing different
lesions for NER.

■ METHODS
We first created an initial model in order to explore the binding
pathway of Rad4 to the cis-B[a]P-dG containing duplex (Figure 1D).

A stable structural ensemble in which the extruded partner C8 (Figure
1C) is first captured by BHD2 and BHD3 of the Rad4, termed the
First Capture State, was obtained through unrestrained molecular
dynamics (MD) simulation started from the initial model. In order to
obtain the molecular pathways toward productive binding and their
free energy profiles, we first used umbrella sampling with restrained
MD simulations to generate structural ensembles, starting from the
First Capture State toward the productive open complex along
selected reaction coordinates (Figures S2 and S3).51 We used the
AMBER14 package,52 with the ff14SB force field and a customized
force field for the cis-B[a]P-dG lesion,45,53 explicit water, and

Figure 2. Preferred tightly coupled pathway for productive binding of Rad4 to the cis-B[a]P-dG. (A) First Capture, (B) Transition, (C)
Intermediate, and (D) Productive Binding states are shown; see text for further descriptions. The First Capture State structure is the best
representative frame of the 300−600 ns ensemble of the unrestrained MD from the initial model (Figure 1 and Figure S5). The Transition,
Intermediate, and Productive Binding State structures are the best representative frames from the 30−60 ns ensembles of the umbrella sampling
windows for the respective states. The structures are rendered and color-coded as in Figure 1. The side-chains of F556, F597, F599 (the three Phe
“flipping path”), and R494 residues are in spheres and are color-coded, with carbon in dark green, nitrogen in blue, and hydrogen in white. Views are
into the minor groove of the lesion site, except where indicated. See the Movie S1 for the structures along the dynamic binding pathway. The twist
parameter is defined in 3DNA.62 The twist angles over five nucleotide steps between T10:A10 and G5:C5, the top and bottom base pairs of the lesion-
containing 6-mers shown in the figure, are given. Minor groove widths A and B and estimated helix axes to illustrate bend angles are designated by
black dashed lines. The pairs of phosphorus atoms for the measurement of minor groove widths are shown as orange balls. The calculations of DNA
distortion values are detailed in Supporting Information.
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counterions. Then, free energy profiles were calculated using the
variational Free Energy Profile (vFEP) method for the explored
pathways.54 The structural properties were calculated using the cpptraj
module of AMBER14 and Curves+,52,55 and plotted using MATLAB
7.10.0 (The MathWorks, Inc.). All molecular structures were rendered
using PyMOL 1.3.x (Schrodinger, LLC.). Full details of force field,
molecular modeling, reaction coordinates, and MD simulations are
given in Supporting Methods.

■ RESULTS

Pre-Flipped Base C That Is a Partner to the cis-B[a]P-
dG Is Captured by BHD2 and BHD3 of Rad4 upon First
Encounter. We explored the initial binding of Rad4 to a DNA
duplex containing the cis-B[a]P-dG with a normal partner C
(Figure 1C); the initial model (Figure 1D) for this study was
based on the NMR solution structure of the damaged duplex
(Figure 1B) (see Supporting Methods).46 Because of the base-
displaced intercalated conformation of the cis-B[a]P-dG in the
DNA duplex (Figure 1B), the pre-flipped partner C8 (Figure
1C) is already positioned toward the surface of BHD3, where it
is ready to be captured by stacking with Phe 599 of the BHD3
β-hairpin tip; this is the first residue of a three Phe “flipping
path” (Phe 599, Phe 597, and Phe 556) identified previously
(Figure 1D).41 A stable conformation of the complex between
Rad4 and lesion-containing DNA, termed the First Capture
State, was achieved after ∼300 ns of unrestrained MD
simulation starting from the initial model (Figures S4−S6):
the pre-flipped partner base C8 is captured in an initial pocket
at an interface of BHD2 and BHD3; the guanidinium group of
Arg 494 in BHD2 hydrogen bonds with a backbone phosphate
oxygen of dC8 (Figure S5B), and the C8 stacks with the
aromatic ring of Phe 599 in BHD3 (Figure 2A). This pocket is
created by a set of correlated motions: approach of the
positively charged BHD2 residues toward the negatively
charged minor groove and DNA backbone; approach of the
Phe 599 aromatic ring to the pre-flipped partner base C
opposite the lesion; and hinging of BHD3 toward TGD
(transglutaminase domain), which orients the BHD3 β-hairpin
closer to the lesion from the major groove side (Figure S5 and
Movie S1).
The approach of BHD2-BHD3 distorts the DNA duplex:

G5:C5 and T10:A10, the end base pairs of the 6-mer sequence
around the lesion site, show significant untwisting; the twist
angle is 115° ± 9° for the five base pair steps, compared to the
twist angle of the same base pairs in the initial model (based on
the NMR solution structure)46 which is 142°; the DNA duplex
bends toward the major groove around the lesion site with a
bend angle of 34° (Figure 2A). Because of these and other
DNA distortions (Table S1), the B[a]P rings rotate in plane to
slide away from the pre-flipped partner base C (Figure S5). Full
details of this First Capture State are shown in Figure 2A and
Figure S5.
Preferred Productive Binding Pathway Exhibits

Tightly Coupled BHD3 β-Hairpin Insertion and B[a]P
Extrusion. We explored many molecular binding pathways of
Rad4 to the cis-B[a]P-dG lesion-containing duplex from the
First Capture State toward productive binding; in the latter
case, the BHD3 β-hairpin is inserted into the helix at the lesion
site, and the partner bases are flipped into the binding pockets
at the DNA binding surface of BHD2 and BHD3, as in the
crystal structure of the productively bound complex for the
CPD-containing duplex.7 However, the conformation and
location of the cis-B[a]P-dG lesion is unknown in the

productively bound state; the cis-B[a]P-dG is structurally very
different from the extruded CPD, and it could not be assumed
that it was similarly extruded. This presented a challenge to our
exploration of binding pathways. In order to achieve productive
binding, G7 (Figure 1C) must flip into its binding pocket to
allow BHD3 hairpin insertion. We found that the free energy
barrier for flipping G7 along all explored stepwise pathways is
always greater than 11.3 kcal/mol, regardless of the order of the
steps (Figure S3). Details for an example of energetically
disfavored stepwise pathways are given in Figure S3. From these
exploratory studies, we learned that the B[a]P ring system is
extruded into the minor groove to allow stable insertion of the
BHD3 β-hairpin for productive binding and that achieving this
state requires correlated flipping of G7 into its pocket, BHD3 β-
hairpin insertion, and B[a]P extrusion. For our preferred
binding process (Figures 2 and S6), we obtained a pathway
with tightly coupled structural changes, which produced a
Productive Binding State similar to the crystal structure of the
Rad4 in complex with a CPD-containing DNA duplex, but the
B[a]P ring system was extruded to the minor groove (Figures
2D and S6−S7). The overall free energy profile of the preferred
productive binding pathway for Rad4 to the cis-B[a]P-dG-
containing duplex is shown in Figure 3.

From the First Capture to the Transition State: Bending,
Untwisting, and Denaturation. Starting from the First
Capture State (Figure 2A), both BHD2 and BHD3 β-hairpins
further probe the DNA duplex to distort the lesion site: the
DNA duplex bends more toward the damaged strand and
untwists around the lesion site; this facilitates rupture of the
neighboring C7:G7 base pair and creates a path for the B[a]P to
rotate toward the partner strand and partially extrude toward
the minor groove (Figure 2B and Movie S1). As the partner
base G7 flips into the “flipping path”, in which it stacks with the
outer edge of Phe 599, the Transition State (Figure 2B), the
highest energy point along the pathway, is achieved. Its energy
is 5.1 kcal/mol higher than that of the First Capture State
(Figure 3).
In the Transition State structural ensemble, Phe 599 of the

BHD3 hairpin approaches the major groove side of the B[a]P
rings, with the BHD3 hairpin poised for insertion into the
duplex to extrude the B[a]P rings (Figures 2B and S7, major
groove view). Because of such movements of BHD3, the

Figure 3. Free energy profile of the preferred pathway for Rad4
productive binding to the cis-B[a]P-dG-containing DNA duplex. The
indicated states correspond to those in Figure 2. The free energy
profiles were calculated for the 30−45 ns (blue line) and 45−60 ns
(red line) time-frames of the umbrella sampling trajectories. The 30−
60 ns free energy profile is shown as a black line, and the values for
each state in this profile are given.
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shallow initial binding pocket for the pre-flipped partner C8 has
opened to create a deep binding pocket for productive binding;
the pocket is formed by Arg 494 and Phe 597 as the walls, and
Met 498 as the floor (Figure 2B). Concomitantly, the pre-
flipped partner C8 has moved across the surface of the Phe 599
phenyl ring, ready to bind into the deep pocket (Figure 2B,
major groove view). The flipping partner G7 is stacked with the
other side of the Phe 599 phenyl ring, and the N1 and N2
hydrogens of G7 hydrogen bond with the peptide backbone
carbonyl oxygens of Glu 600 and Thr 604 in the BHD3 β-
hairpin tip (Figure S7). The lesion site is now denatured since
both partner bases are on the “flipping path” (Figure 2B).
Furthermore, the DNA duplex is more bent around the

lesion site than that in the First Capture State, with a bend
angle of 44° (Figure 2B). In addition, there is further
untwisting compared to the First Capture State: the twist
angle is 99 ± 9° over the five base pair steps between G5:C5 and
T10:A10 (the end base pairs of a 6-mer sequence around the
lesion site), 16 ± 9° lower than that in the First Capture State
(Figure 2B). However, the denaturation does not result in a
significant cavity in the duplex because the intercalated
multiringed B[a]P lesion has turned toward its partner strand
to begin extruding toward the minor groove side. Because of
the conformational changes of the DNA (bending, untwisting,
base flipping, lesion reorientation, and others, Table S1) a wide
pocket has formed on the major groove side of the lesion site;
this facilitates further association of the BHD3 β-hairpin and its
final insertion for productive binding (Figure S7). Lys 521 at
the BHD2 β-hairpin tip has also stepped down, in the 5′
direction of the damaged strand, toward the B[a]P benzylic
ring; in this position it establishes hydrogen bonds with the
phosphate oxygen of the dC9 nucleotide and electrostatic
interactions with the O7 of the B[a]P benzylic ring (Figures 1A
and S7). Such interactions between the BHD2 β-hairpin and
the lesion site stabilize the B[a]P rings for further extrusion
into the minor groove toward productive binding.
From Transition to Intermediate State: Initial Insertion of

the BHD3 β-Hairpin with Movement of Flipped Partner
Bases along the Flipping Path. Past the Transition State, the
complex of Rad4 with the cis-B[a]P-dG-containing duplex
spontaneously converges toward the Productive Binding State
as the free energy drops: the BHD3 β-hairpin gradually inserts,
thus fully extruding the B[a]P rings into the minor groove, and
the flipped out partner bases fully insert into their binding
pockets. During this energetically downhill process, the
complex transits an Intermediate State where its energy is 3.3
kcal/mol lower than that of the Transition State (Figures 2C
and 3). At this Intermediate State, BHD3 has hinged away from
TGD, toward its conformation in the Productive Binding State,
inserting its β-hairpin tip into the DNA helix at the lesion site.
The partner base C8 stacks with the outer edge of Phe 597, and
the partner strand G7 rotates its glycosidic bond toward the syn
conformation and stacks with the inner edge of Phe 597
(Figure 2C). The twist angle between base pairs T10:A10 and
G5:C5 has decreased to 91 ± 7°, and the minor groove has
opened greatly, with a width that has increased by 8.9 Å from
the First Capture State (Figure 2, minor groove width B). With
the insertion of the leading edge of the BHD3 β-hairpin in the
Intermediate State, Phe 599 has begun to approach the flanking
base pair 3′ to the lesion and has extruded the already weakly
intercalated B[a]P rings into the minor groove. The flexible
BHD2 β-hairpin loop has been pushed out to interact with the
extruded B[a]P moiety and helps shield it from the solvent.

The lesion’s conformation in the minor groove is stabilized by
electrostatic interactions between the B[a]P benzylic ring and
Lys 521, and van der Waals interactions between Val 517 and
Thr 516 with the aromatic rings of B[a]P (Figure S7).

From the Intermediate to the Productive Binding State:
Full Insertion of the BHD3 β-Hairpin with Extrusion of the
B[a]P and Complete Binding of Partner Bases into Their
Pockets. From the Intermediate State, the complex converges
to the Productive Binding State (Figures 2D and 3), with the
energy dropping another 2.9 kcal/mol. The Productive Binding
State is 1.1 kcal/mol lower in energy than the First Capture
State (Figure 3). At the Productive Binding State, the BHD3 β-
hairpin is inserted in a manner similar to that in the crystal
structure of the productively bound complex of Rad4 with the
CPD-containing duplex: the side-chain of Arg 601 stacks with
T6 and Phe 599 stacks with the base pair C8:G8 (Figures 2D
and S7). Moreover, the overall conformation of Rad4 converges
to that of the crystal structure of the productively bound
complex (RMSD of the resolved peptide backbone heavy atoms
is 1.6 Å) (Figure S7). The partner base C8 is fully inserted into
its binding pocket, formed by Arg 494, Phe 597, and Met 498
(Figures 2D and S7). The flipped-out partner nucleotide dG7 is
in the syn conformation, captured by its binding pocket in
BHD3: specifically, the six atom ring of G7 stacks with Phe 556
on one side, and G7 is also stabilized by van der Waals
interactions with Val 594, Phe 597, and Pro 607 on the other
side; in addition, there are hydrogen bonds between the O6 of
G7 and the side chain amino groups of Asn 554 and Asn 558
(Figures 2D and S7). The fully extruded cis-B[a]P-dG lesion is
in the minor groove and is stabilized in a 3′ oriented direction
along the damaged strand, sandwiched between the DNA
backbone and the flexible BHD2 β-hairpin loop (Figure 2D),
where the aliphatic portion of Lys 521 provides van der Waals
interactions with the B[a]P rings (Figure S7). The bend angle
of the DNA is 45° around the lesion site, the twist angle
between base pairs T10:A10 and G5:C5 is 73 ± 6°, reflecting
severe unwinding over the five base pair steps, and the minor
groove width at the lesion site (minor groove width B in Figure
2D) is 16.4 ± 1.0 Å. These molecular depictions of the local
distortions upon productive binding are in consonance with
experimental permanganate footprinting studies that revealed
distortions in a local 6-mer sequence containing this lesion
bound to human XPC.45

Details concerning the interactions observed at the various
stages of the binding pathway are given in Figures S5 and S7,
and Table S2 provides hydrogen bond occupancies, distances,
and angles as well as their selection criteria. Movie S1 shows the
structures along the dynamic binding pathway.

■ DISCUSSION
Delineated Pathways Provide Molecular Portrayals of

Rad4 Binding Stages to Lesion-Containing DNAs.
Experimental studies of Rad4 binding kinetics using T-jump
and FRET methods reflect distortions of the DNA duplexes
during the binding process.39 These experiments have revealed
a two-stage binding mechanism: a fast initial binding phase
resulting in DNA distortion, proposed to be untwisting,
followed by a second slow binding stage which leads to the
productive open complex. Our studies of Rad4 binding to two
different damaged DNA duplexes, the present cis-B[a]P-dG and
the CPD-containing duplexes,41 have revealed molecular details
of the initial binding states and of the binding pathways that
lead to the productive open complex that complement
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experimental studies. However, the Rad4 binding process to cis-
B[a]P-dG or CPD-containing DNA duplexes has shown
significant differences in the details of both initial binding
states and productive binding pathways. Nonetheless, both
binding processes share two important commonalities: (1)
sensing of the damaged DNA by the BHD2 β-hairpin from the
minor groove is essential to achieving the initial binding states,
and (2) lesion site denaturation is the rate-determining process
that leads to the productive open complex; denaturation occurs
by association of the BHD3 β-hairpin from the major groove
side, together with capture of the flipped partner bases via the
three Phe “flipping path” (Phe 599, Phe 597, and Phe 556,
Figure 2).
BHD2 β-Hairpin Is the Initial Sensor of the Damaged DNA

That Probes the Duplex from the Minor Groove Side. For
both cis-B[a]P-dG and CPD-containing DNA duplexes, the
BHD2 β-hairpin approaches the minor groove side of the local
region around the lesion upon initial binding. Although the
extents and details of the interactions between the BHD2 β-
hairpin and the minor groove are different for the two
structurally very different lesions, association of the BHD2 β-
hairpin with the minor groove of the lesion site in both cases
leads to DNA distortions (e.g., untwisting and bending) in the
initial binding states (Figure 2 and Figure S5 in ref 41). These
results are in accord with experimental studies. The T-jump
study of Rad4 binding kinetics using mutant XPC, with BHD3
deleted, revealed that BHD3 is not required for the initial
binding stage.39 In addition, in a recent single molecule study of
Rad4 diffusion along lesion-containing DNA duplexes, atomic
force microscopy of mutant Rad4 revealed that deletion of
BHD3 does not significantly impact damage-specific binding

and DNA bending.29 With human XPC and UV lesions in
human cells, it has been shown that BHD3 deletion diminishes
binding only modestly; however, binding is greatly reduced
when a β-turn of BHD2, 19 amino acids at the interface
between BHD2 and BHD3, together with BHD3 is deleted.56

These findings point to an important role for BHD2 in lesion
binding. Hence, the characteristics of our initial binding states
are in consonance with the experimentally identified fast initial
binding stage that does not require BHD3.39 In our work, we
have pinpointed BHD2 as the main domain that senses the
damaged DNA for initial binding, and we have observed
unwinding and bending at the initial binding state. This sensing
of the damaged DNA by the BHD2 β-hairpin on the minor
groove side implies that lesions with different impacts on the
minor groove structure would affect this initial binding stage
differently.

DNA Denaturation to Open the Duplex Governs the Free
Energy Barrier for Productive Binding. The crystal structure of
Rad4 with a CPD-containing duplex and our binding pathways
for the CPD and for the cis-B[a]P-dG have shown that BHD3
β-hairpin insertion from the major groove is essential for
stabilizing the productively bound complex of Rad4 with
damaged DNA.7,41 Our productive binding pathways show that
denaturation of the lesion site, the flipping of the partner base/
bases to open the lesion site for the subsequent BHD3 β-
hairpin insertion, is required to achieve productive binding.
Experimental measurements of lesion-opening kinetics using T-
jump methods reflect the opening, which was shown to be a
slow phase following the fast initial Rad4 binding.39 Although
our productive binding pathways have revealed different
molecular details of this process for the different damaged

Figure 4. Preferred binding pathways of Rad4 to cis-B[a]P-dG and CPD-containing DNA duplexes differ due to their distinct lesion site
conformations. Initial model: for cis-B[a]P-dG, pre-flipped partner C is near the edge of F599 (green hexagon, 1) due to its enlarged minor groove;
for CPD, the mismatched partner T bases are not flipped and are distant from BHD3 (Figure 5). First Capture State for cis-B[a]P-dG: the flipped
partner C has been captured by BHD2 and BHD3, stacking with F599, and the BHD2 β-hairpin has bound extensively in the minor groove. For
CPD, by contrast, the initial model leads to a Probing State, in which only the BHD2 hairpin tip contacts the minor groove and BHD3 does not
associate. Transition State: for cis-B[a]P-dG, a second partner strand base has flipped out to stack on the opposite face of F599, and the B[a]P rings
have begun to extrude toward the minor groove; for CPD, two mismatched partner T bases have flipped out in concert upon binding of BHD2 and
BHD3, and the CPD has extruded into the major groove, leaving an open site. Productive Binding State: for cis-B[a]P-dG, this state is achieved by
tightly coupled BHD3 hairpin insertion and full lesion extrusion; for CPD, it is achieved just by BHD3 hairpin insertion. In the productive binding
state, for both cases, the BHD3 hairpin is similarly inserted: F599 stacks with a neighboring base pair flanking the opened lesion site, and F597 and
F556 (green hexagons, 2 and 3, respectively) stack with the flipped out partner bases; however, the B[a]P rings are extruded to the minor groove,
while the CPD is extruded to the major groove.
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duplexes (detailed below), these pathways suggest an essential
role for the BHD3 β-hairpin in distorting the DNA around the
lesion site, to produce the denaturation/opening needed for
productive binding.
For both cis-B[a]P-dG and CPD-containing DNA duplexes,

the damaged DNAs in the initial binding complexes are further
distorted (bent and untwisted) by approach of the BHD3 β-
hairpin from the major groove toward the transition states
(Figures 2 and 3 in ref 41), where the denaturation is
accomplished. Thus, denaturation is the most energetically
demanding process, involving the flipping of the partner base/
bases to open the lesion site for the following BHD3 β-hairpin
insertion. Although the detailed steps of denaturation are
different for these two damaged duplexes, there are common
structural features, as the transition state is achieved: DNA
distortions induced by BHD3 weaken the base pairing at or
around the lesion site, and a three Phe “flipping path” in BHD3
facilitates flipping and capture of the partner base/bases.
Neither the mutant with deleted BHD3 or deleted BHD3 β-
hairpin was able to “fully” flip out the nucleotides at the lesion
site.39,40 With the BHD3 β-hairpin deleted, Phe 597 and Phe
599 are missing; these residues play key roles in providing the
path for the flipping partner bases to be properly routed into
their binding pockets.
We hypothesize that lesions which structurally hinder the

approach of the BHD3 β-hairpin from the major groove side
and/or prevent denaturation around the lesion site may greatly
increase the free energy barrier at the transition state and
prevent productive binding. An example of a lesion that may
block BHD3 β-hairpin insertion from the major groove side is
the NER resistant thermally stabilizing (ΔTm = Tm‑modif ied −
Tm‑unmodif ied = +10 °C; Tm is the melting temperature of the
DNA duplex) 14R-DB[a,l]P-dA-containing duplex, in which
the five ring DB[a,l]P (dibenzo[a,l]pyrene) is intercalated into
the helix from the major groove side and well-stacked with
adjacent base pairs, and the adducted dA retains base pairing
with its partner dT.9

Specific Mechanisms of Rad4 Binding Are Deter-
mined by the Distinct Structural Properties of the

Damaged DNA Duplexes. Key differences between the Rad4
binding pathways to the cis-B[a]P-dG and CPD-containing
duplexes are summarized in Figure 4. Our preferred Rad4
binding pathway for the cis-B[a]P-dG-containing duplex
exhibits significant differences in detail to the preferred binding
pathway for the CPD-containing duplex that was previously
investigated,41 although their free energy barriers are close.
These differences stem from the very different structural
properties of these two lesions: the cis-B[a]P-dG has its large
aromatic ring system intercalated into the DNA duplex from
the minor groove side, with the adducted G in the minor
groove and the pre-flipped partner base C extruded into the
major groove (Figure 1). However, the small CPD lesion has
the linked thymines stacked into the helix (Figure 5A),41,57,58

and mismatched partner T bases are also stacked-in.41

These structural differences are clearly demonstrated in the
initial models for these two lesions (Figure 5A,B). For the CPD
case, the lesion partner strand is not in close contact with
BHD2 or BHD3. However, for the cis-B[a]P-dG case, the
partner strand is closer to the BHD2 and BHD3 hairpin tips
due to its enlarged minor groove (Figure 5A,C); this proximity
places the flipped partner C8 in contact with Phe 599 at the
BHD3 hairpin tip, ready for capture by BHD2 and BHD3.
Differences revealed in the initial models that incorporate

MD-equilibrated experimental lesion-DNA structures (see
Supporting Methods) determine differences in the subsequent
Rad4 initial binding for the two lesions (Figures 4 and 5). For
the cis-B[a]P-dG case, when the extruded partner base C8 is
first captured (Figure 2A), both BHD2 and BHD3 are closer to
the DNA duplex than in the initial model (Figure S5); the
BHD2 hairpin now binds extensively in the minor groove 3′ to
the lesion, and the BHD3 hairpin is oriented for insertion into
the helix. However, for the CPD case, starting from the initial
model (Figure 5A), the binding of Rad4 is first achieved by the
BHD2 hairpin tip contacting the minor groove side at the
lesion site, while BHD3 does not associate with the DNA
duplex (the Probing Model in ref 41) (Figure 4).
The intercalated B[a]P rings provide a unique structural

impediment to the opening of the damaged DNA duplex for

Figure 5. (A) Comparison of initial models for the cis-B[a]P-dG (this work) and CPD complexes with Rad4.41 The cis-B[a]P-dG-containing duplex
is dark gray with the C7:G7 bases in cyan, the G8*:C8 bases in blue, and the B[a]P in red. The CPD-containing duplex is light gray, wtih the thymine
dimer of CPD in purple. On the left, the CPD overlaps with the G8* of the cis-B[a]P-dG in this view. (B) Chemical and 3D structures of the CPD
lesion. In the 3D structure, the heavy atoms are shown in sticks with the thymine dimer in purple and the phosphorus atom in orange. (C)
Comparison of minor groove dimensions of the initial models. Minor groove widths are designated by black dashed lines between pairs of DNA
backbone phosphorus atoms and correspond to minor groove widths A and B in Figure 2 from top right to lower left. Lesion-containing 6-mer
sequence, G5:C5 to T10:A10, of each initial model is shown in cartoon and sticks. Hydrogen atoms and DNA backbone phosphate oxygen atoms are
hidden. The structures are color-coded as described in A. The pairs of phosphorus atoms for the measurement of minor groove widths are shown as
orange balls.
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BHD3 insertion: the aromatic ring system stacks with the G7
partner strand base that must flip and thereby obstructs its
flipping. In order to achieve energetically feasible G7 flipping,
our results showed that this flipping has to be coupled with
B[a]P extrusion. In our preferred pathway, tightly coupled
B[a]P extrusion into the minor groove, G7 flipping along the
“flipping path” to the binding pocket, and BHD3 β-hairpin
insertion from the major groove side provide a free energy
barrier of 5.1 kcal/mol to denature the lesion site (Transition
State, Figures 2B and 3); subsequently, in an energetically
downhill process the B[a]P rings become fully extruded into
the minor groove, and the BHD3 β-hairpin is fully inserted. It is
interesting that the NMR solution structure of this adduct
reveals a minor conformational component that is similar to
this extruded conformation.46,59

The requirement of such tightly coupled structural changes
for productive binding is particular to the base-displaced
intercalated multi-ring cis-B[a]P-dG lesion. In comparison, for
the CPD-containing duplex, the small lesion becomes displaced
as BHD2 and BHD3 bind to the lesion site; then the two
mismatched partner T bases flip in concert to denature the
lesion site with correlated extrusion of the CPD to the major
groove (Figure 4) with a free energy barrier of 4.2 kcal/mol.41

The full insertion of the BHD3 β-hairpin is spontaneous. The
similar free energy barriers for the two damaged DNA
sequences are in good agreement with the fact that CPD
with mismatched partners and cis-B[a]P-dG with normal
partner C are both well-repaired.8,42,43

Strong Initial Binding and a Sufficiently Low Free
Energy Barrier for the Formation of the Denatured
Open Complex Are Proposed to Be Required for
Productive Lesion Recognition by Rad4/XPC. Stable
productive binding of XPC to damaged DNA duplexes is
required for the recruitment of subsequent factors in GG-NER
that lead to successful repair. However, the molecular
mechanism and associated energetics of XPC binding to
different lesion-containing DNA duplexes remains a research
frontier. Our studies of the Rad4 productive binding processes
to two structurally different damaged DNAs reveal molecularly
and energetically how two crucial factors determine the
outcome of this essential lesion recognition step in GG-NER:
(1) the nature of the Rad4/XPC initial binding to the damaged
duplex and (2) the free energy barrier at the transition state,
where the denatured open state with flipped partner bases has
been achieved. Productive lesion recognition by the XPC would
require strong initial binding and a sufficiently low energy
barrier in the pathway to allow for the formation of the
productive open complex. Strong initial binding would facilitate
XPC stalling at the lesion site. Progress down the productive
binding pathway can then ensue if the free energy barrier in the
path is sufficiently low. These molecular and energetic
understandings are in line with the “kinetic gating” mechanism
proposed by Chen et al.40 Failures at either stage of XPC
binding would interrupt the XPC lesion recognition step in
GG-NER and therefore impact overall NER outcome. Repair
resistant lesions have been observed to bind XPC, and we have
hypothesized that such binding modes are nonproductive
ones.60

The relevance of our delineated binding pathway for Rad4 to
human XPC is of considerable interest. Sequence alignment of
Rad4 with XPC from multiple species including humans is
discussed extensively in Min and Pavletich, notably in their
Supplementary Figure 2.7 As detailed there, the BHD2-BHD3

residues that contact the damaged DNA are conserved in Rad4
and human XPC, indicating that critical contacts are
maintained. However, there is a difference in the BHD2
hairpin length, namely, a 15 amino acid insertion in the XPC
compared to that in Rad4. This suggests that the human XPC
may bind more tightly to the damaged DNA than Rad4 via
more extensive interactions involving the BHD2 hairpin tip.
Binding studies with the adduct positioned at the 25th
nucleotide from the 5′-end in 50-mer DNA duplexes have
supported this suggestion. For the cis-B[a]P-dG adduct, with
human XPC and with Rad4 the binding studies have shown
that the dissociation constant in the case of Rad4-Rad23 is Kd =
8.2 ± 0.35 nM; however, with XPC-RAD23B, Kd = 0.67 ± 0.2
nM, and the Kd(Rad4)/Kd(XPC) is ∼8 ± 4.60,61 Therefore,
XPC has a higher binding affinity than Rad4 for the cis-B[a]P-
dG adduct; furthermore, the higher XPC binding affinity is also
observed for other lesions derived from polycyclic aromatic
hydrocarbons, as well as for unmodified DNA.61 A homology
model (Mu et al., unpublished results) of human XPC with a
CPD-containing DNA duplex in productive binding mode,
based on the Rad4 crystal structure7 (PDB ID: 2QSG), shows
that the BHD2 hairpin has more extensive contacts with the
minor groove around the lesion site. However, BHD3 is
similarly inserted as in productively bound Rad4; key contacts
involving the inserted hairpin (e.g., Phe 599 in Rad4/Phe 799
in human XPC) and in the binding pockets for the flipped
partners (e.g., Phe 597, Pro 607, Phe 556, Asn 554, Asn 558 in
Rad4/Phe 797, Pro 806, Phe 756, Asn 754, and Asn 758 in
human XPC) are conserved.

■ CONCLUSION

Lesion structural properties in DNA can impact how they are
recognized by XPC; both initial recognition by BHD2 on the
minor groove side of the duplex and/or lesion site denaturation
by BHD3′s interaction with the major groove are affected.
These factors determine how well BHD2 binds on first
encounter and the free energy barrier for denaturing the duplex
to form the open complex. For the currently examined cis-
B[a]P-dG, with its unique structure containing an extruded
partner base C and an intercalated B[a]P ring system,46 our
results have shown how initial binding of the damaged DNA by
the Rad4 is fostered by the displaced partner C. We also
showed how the intercalated B[a]P rings promote a tightly
coupled correlated mechanism involving (1) BHD3 β-hairpin
insertion from the major groove, (2) flipping of the second
partner strand base into a three Phe “flipping path” for capture
in its binding pocket, and (3) the extrusion of the B[a]P rings
into the minor groove. This pathway differs from that of the
small CPD lesion41 whose structure in duplex DNA is very
different. The possibility of various binding pathways for lesions
with different impacts on DNA structure and stability may
contribute to the versatility of productive lesion recognition by
XPC that is required for successful NER.
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Crystal structure of the productive open complex for
Rad4 with a CPD-containing DNA duplex (PDB ID:
2QSG), reaction coordinates used for the preferred
tightly coupled binding pathway, explored stepwise
binding pathways, clustering of the structural ensemble
of unrestrained MD simulation starting from the initial
model, the initial binding of Rad4 to the cis-B[a]P-dG-
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