1240-1255 Nucleic Acids Research, 2018, Vol. 46, No. 3
doi: 10.1093/narlgkx1216

Enhanced spontaneous DNA twisting/bending
fluctuations unveiled by fluorescence lifetime
distributions promote mismatch recognition by the
Rad4 nucleotide excision repair complex

Sagnik Chakraborty', Peter J. Steinbach?, Debamita Paul®, Hong Mu*, Suse Broyde?*,
Jung-Hyun Min®" and Anjum Ansari'-5"

'Department of Physics, University of lllinois at Chicago, Chicago, IL 60607, USA, 2Center for Molecular Modeling,
Center for Information Technology, National Institutes of Health, Bethesda, MD 20892, USA, 3Department of
Chemistry, University of lllinois at Chicago, Chicago, IL 60607, USA, “Department of Biology, New York University,
New York, NY 10003, USA and ®Department of Bioengineering, University of lllinois at Chicago, Chicago, IL 60607,

Published online 18 December 2017

USA

Received May 17, 2017; Revised November 07, 2017; Editorial Decision November 21, 2017; Accepted December 12, 2017

ABSTRACT

Rad4/XPC recognizes diverse DNA lesions includ-
ing ultraviolet-photolesions and carcinogen-DNA
adducts, initiating nucleotide excision repair. Stud-
ies have suggested that Rad4/XPC senses lesion-
induced helix-destabilization to flip out nucleotides
from damaged DNA sites. However, characterizing
how DNA deformability and/or distortions impact
recognition has been challenging. Here, using flu-
orescence lifetime measurements empowered by a
maximum entropy algorithm, we mapped the con-
formational heterogeneities of artificially destabi-
lized mismatched DNA substrates of varying Rad4-
binding specificities. The conformational distribu-
tions, as probed by FRET between a cytosine-analog
pair exquisitely sensitive to DNA twisting/bending,
reveal a direct connection between intrinsic DNA
deformability and Rad4 recognition. High-specificity
CCC/CCC mismatch, free in solution, sampled a
strikingly broad range of conformations from B-DNA-
like to highly distorted conformations that resembled
those observed with Rad4 bound; the extent of these
distortions increased with bound Rad4 and with tem-
perature. Conversely, the non-specific TAT/TAT mis-
match had a homogeneous, B-DNA-like conforma-
tion. Molecular dynamics simulations also revealed
a wide distribution of conformations for CCC/CCC,
complementing experimental findings. We propose
that intrinsic deformability promotes Rad4 damage

recognition, perhaps by stalling a diffusing pro-
tein and/or facilitating ‘conformational capture’ of
pre-distorted damaged sites. Surprisingly, even mis-
matched DNA specifically bound to Rad4 remains
highly dynamic, a feature that may reflect the ver-
satility of Rad4/XPC to recognize many structurally
dissimilar lesions.

INTRODUCTION

Control and maintenance of the genome is carried out by
proteins that assemble at specific DNA target sites. These
biological processes require efficient recognition of target
sites, which typically involves conformational reorganiza-
tions in both the protein and the DNA in a specific man-
ner, as shown by X-ray and nuclear magnetic resonance
(NMR) structural studies. Target DNA, in particular, of-
ten becomes deformed from the canonical B-DNA confor-
mation when forming a specific complex with a partner
protein. Currently, much remains unclear as to how these
changes are initiated and funneled to bring about recogni-
tion of the target sites, and how rapidly the conformations
adjust upon binding.

NMR measurements have revealed microsecond-to-
millisecond timescale conformational fluctuations for DNA
and proteins non-specifically interacting with each other,
indicating that preliminary interrogation may encompass
these timescales (1-3). Rates of conformational changes
in these molecules as the complex transitions from non-
specific to specific binding have been more difficult to cap-
ture although there are notable exceptions, for example
from stopped-flow studies (4-6), micromanipulation exper-
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iments (7), and laser temperature-jump (T-jump) pertur-
bation approach (8-13). With T-jump, we could also dis-
sect multiple steps attributable to DNA bending/twisting
during preliminary interrogation and DNA kinking and /or
nucleotide-flipping dynamics during site-specific recogni-
tion (11,13). Despite the successes in structural and dy-
namical studies on protein—-DNA complexes, our under-
standing of how the conformational adaptabilities of DNA
and proteins influence the recognition remains limited, par-
ticularly for large protein—-DNA complex systems that are
not amenable to NMR. These limitations persist because
the techniques applicable to such large systems (e.g. X-ray
crystallography structures and ‘ensemble’ dynamics mea-
surements such as stopped-flow or T-jump) cannot cap-
ture the complex, heterogeneous conformations that coex-
ist and interconvert in solution under equilibrium. Mea-
surements that can reveal the equilibrium conformational
distributions of DNA, for instance, can provide valuable
information on the deformability of DNA as well as in-
trinsic DNA distortions that are thermally accessible. The
deformability/distortions of DNA are likely used for tar-
get recognition by site-specific proteins, especially those
that rely on ‘indirect readout’ (14). Here, we combined
picoseconds-resolved fluorescence lifetime measurements
with a maximum entropy analysis to visualize the popu-
lation distributions of DNA conformations as probed by
a unique set of fluorescent probes (tC° and tCpjy,). This
approach could effectively address key questions, including
what conformations are thermally accessible to the DNA
molecules and whether these conformations in DNA alone
resemble the conformations adopted in the specific com-
plex.

The lifetime approach (15) has several advantages over
other techniques such as single-molecule FRET (smFRET)
which can also yield information on conformational dis-
tributions (16-19): it can detect minor populations as this
technique samples Avogadro’s number of molecules instead
of a few thousands; it has higher sensitivity that enables the
use of intrinsic probes such as tryptophan (Trp) residues (in
proteins) (20) or fluorescent nucleotide analogs (in DNA)
(21-23) with relatively low quantum yield instead of the
high quantum-yield probes needed for smFRET; it provides
snapshots of a conformational distribution that are cap-
tured over a much shorter time-window, typically less than
tens of nanoseconds and characteristic of the excited state
lifetime of the fluorophore, compared with the milliseconds
time-window required in smFRET measurements.

The fluorescent probes used in this study, tC° and tCjo,
are cytosine analogs which can be incorporated in the DNA
as a donor and an acceptor, respectively, for fluorescence
resonance energy transfer (FRET) (24,25). These probes ex-
hibit normal Watson—Crick pairing with guanine with min-
imal perturbation of DNA structure and stability (13,24).
Furthermore, the rigid exocyclic ring and its base stacking
interactions hold these nucleotide analogs in relatively fixed
orientations within the DNA helical structure, making the
FRET between them sensitive to DNA helicity, and hence
to even subtle distortions in DNA conformations that alter
their separation and/or relative orientation (26-28). These
probes have proven suitable to monitor transitions between
B-DNA and Z-DNA conformations (29). In our previous
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work, we applied them to measure protein-induced DNA
unwinding dynamics using T-jump (13).

Here, we take advantage of the fluorescence-lifetime ap-
proach to understand how DNA damage is recognized by
the Rad4-Rad23 nucleotide excision repair (NER) com-
plex. Rad4-Rad23, the yeast ortholog of the human xe-
roderma pigmentosum C (XPC)-RAD23B complex (re-
viewed in (30,31)) is a key damage recognition factor in the
global genome NER pathway: upon DNA damage, it lo-
calizes to the lesions scattered around the genomic DNA
in cells and is strictly required for the recruitment of the
transcription factor ITH complex (TFIIH) containing XPD
and XPB helicases. TFIIH in turn verifies the presence of a
bulky lesion and recruits other subsequent factors (32-34).
Successful lesion recognition and proofreading leads to the
excision of the lesion-containing single-stranded DNA (24—
32 nt) followed by repair synthesis and nick sealing (30,35).
Inherited mutations in XPC in humans can cause the xe-
roderma pigmentosum syndrome, which entails high sun
sensitivity and predisposition to skin cancers due to the in-
ability to repair sunlight-induced DNA lesions (36,37). In
vitro, Rad4 and XPC bind specifically to various lesions
repaired by NER; these include the 64 photoproduct (6—
4PP) induced by UV light and adducts derived from poly-
cyclic aromatic hydrocarbons, aromatic and heterocyclic
aromatic amines, which are widely present in environmen-
tal pollutants, notably automobile exhaust and in cigarette
smoke and grilled meat (38—41). While some of these lesions
are helix distorting and destabilizing, others are not (42).
Rad4/XPC can also bind to artificially destabilized DNA
such as 2 to 3 base pair (bp) mismatch sites with an affin-
ity similar to that of a bona fide substrate, 6-4PP (43,44).
Notably, the recognition and repair efficiencies of NER le-
sions can vary widely (30,45-57), and the lesions that are
recognized less efficiently and thus repaired more slowly,
tend to be more toxic and mutagenic compared with the
repair-proficient lesions (58-65). Thus, understanding the
basis of such variance in repair and mutagenicity has been
a key issue in the field (30,42). The crystal structures of
Rad4 bound to UV-induced as well as mismatched DNA
model lesions have shown that Rad4 unwinds and bends
DNA at these lesion sites, flips out two damage-containing
nucleotide pairs from both strands, and inserts a 3-hairpin
in the opened DNA to stabilize this recognition complex
(Figure 1) (44). Notably, in this ‘open’ structure, Rad4 does
not make any direct contact with the damaged nucleotides
(cyclobutane pyrimdine dimer (CPD) UV lesion) but in-
teracts exclusively with the normal nucleotides flipped out
from the complementary strand. Such an indirect mode of
recognition provides insights into how Rad4 may serve as a
common sensor for diverse lesions to be removed by NER
(44,66). We previously characterized the DNA dynamics
during the recognition process using a series of T-jump mea-
surements on Rad4 bound to mismatched DNA, used as
model substrates for Rad4. These studies demonstrated that
Rad4 non-specifically unwinds the DNA on ~100-500 s
time scale before specifically recognizing (and flipping out)
the mismatched nucleotides, which takes several millisec-
onds (12,13). However, little is known about the underlying
conformational landscapes of the abnormal versus normal
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Figure 1. Rad4 and DNA undergo conformational changes upon specific
binding. (Left) Rad4 (green) bound to B-DNA in a non-specific binding
mode. To model this non-specific binding mode, we used the apo-Rad4—
Rad23 structure (PDB code: 2QSF) superposed on a model B-DNA struc-
ture. The 3 bp mismatched nucleotides whose sequences were varied in
this study are indicated in red and black. The positions of the donor (tC°,
blue) and acceptor (tCpiro, cyan) are also shown. (Right) Rad4 (purple)
bound to a UV-damaged/mismatched DNA in a specific manner, form-
ing an ‘open’ recognition complex (PDB code: 2QSG and 2QSH). In this
structure, the DNA is unwound and bent, with two damage/mismatch-
containing nucleotide pairs flipped out from the duplex DNA. Rad4 in-
serts a B-hairpin into the DNA duplex to stabilize this unwound ‘open’
structure of the DNA. Two flipped-out nucleotides (black) from the un-
damaged strand (gray) make direct contacts with the protein; however,
two (red) on the damaged strand (gold) are flipped out from the protein
and are disordered in the crystals, thus indicated only schematically. The
third mismatched base pair remains intrahelical. The partially transparent
structures indicate the specific complex structure (purple) on the left, and
the non-specific complex model (green) on the right. Gray arrow indicates
the motion of the protein during the recognition process. The figure was
made using PyYMOL version 1.7.6.6 (Schrodinger, LLC).

DNA under equilibrium and how these are altered upon
Rad4-binding.

This fluorescence lifetime study addresses these outstand-
ing questions by examining the range of conformations ac-
cessible to a set of 3 bp mismatched DNAs and tracking
their changes in the presence of bound Rad4. We particu-
larly took advantage of our recent finding that certain mis-
matched sequences are recognized by Rad4 more specifi-
cally than other mismatches (13), which may reflect aspects
of repair-proficient and -resistant NER lesions in cells. Our
approach revealed that mismatched DNA is intrinsically
more dynamic than matched DNA and exhibits a broader
range of deformations that likely include unwinding and
bending. Most importantly, even in the absence of Rad4,
the range of these deformations is larger for mismatched
DNA recognized with high specificity by Rad4 compared
with DNA with low or little specificity. These experimental
observations were further supported and complemented by
molecular dynamics (MD) simulations. The differences in
these thermally accessible conformations may help the re-
pair proteins distinguish DNA lesions from normal DNA
by, for instance, preferentially stalling the repair proteins at
damaged sites during a one-dimensional (1-D) diffusional
search, as well as by guiding the subsequent recognition
through ‘conformational selection/capture’. Another sur-
prising revelation from these studies was that even the most
specific complex remained highly dynamic and heteroge-
neous, a feature that may reflect the promiscuous nature of
Rad4 (and XPC, by analogy) and its ability to recognize a
wide range of structurally dissimilar lesions.

MATERIALS AND METHODS
Preparation and characterization of Rad4—-DNA complexes

DNA oligonucleotides, 24 nt long, containing the fluores-
cent probes were purchased from TriLink Biotechnologies
with reverse-phase HPLC purification. All oligonucleotides
appeared as a single band on denaturing polyacrylamide
gels, indicating high length-purity (>90%) of the oligonu-
cleotides. Annealing to make duplex DNA was done in
phosphate-buffered saline (PBS) (10 mM Na,HPOy4, 2 mM
KH;PO4, 137 mM NaCl, 2.7 mM KCI, pH 7.4) as de-
scribed in Supplementary Methods 1.1. All Rad4-Rad23
complexes were prepared as previously described (12,13)
(Supplementary Methods 1.2). Rad4-Rad23-DNA com-
plexes were prepared by combining purified Rad4-Rad23
and annealed duplex DNA substrates in a 1:1 molar ratio at
5 wM each in PBS containing 1 mM dithiothreitol (DTT).
When analyzed by native gel electrophoresis, 83 + 6% of
protein and DNA in the samples were bound for highly
specific mismatched DNA and 77 £ 4% for non-specific
matched DNA (Supplementary Methods 1.3 and Figure
S1). The apparent binding affinities (K app) Were also deter-
mined by competition electrophoretic mobility shift assays
(EMSA) carried out essentially as before in EMSA buffer (5
mM BTP-HCI, 75 mM NaCl, 5 mM DTT, 5% glycerol, 0.74
mM CHAPS, 500 pg ml~' BSA, pH 6.8) (Supplementary
Methods 1.4) (13). The thermal stabilities of the DNA du-
plexes were measured as described in Supplementary Meth-
ods 1.5.

Picoseconds-resolved fluorescence spectroscopy

Fluorescence decay curves were measured with a PicoMas-
ter fluorescence lifetime instrument (HORIBA-PTI, Lon-
don, Ontario, Canada) equipped with time-correlated sin-
gle photon counting (TSCPC) electronics (67). Further de-
tails of the apparatus and data acquisition are in Sup-
plementary Methods 1.6. For all FRET measurements,
decay traces were measured for donor-only (tC°-labeled,
DNA_D) duplexes without acceptor (tCpiyo) as well as
donor-acceptor (tC°-tCpjo-labeled, DNA_DA) duplexes.

Analysis of the fluorescence decay traces

Decay curves were analyzed either as a sum of discrete ex-
ponentials (DE; Supplementary Methods 1.7) convolved
with the instrument response function (IRF; obtained as
described in Supplementary Methods 1.6), or using a max-
imum entropy method (MEM; Supplementary Methods
1.8), in which the effective distribution of log-lifetimes f{log
7) was inferred from the decay traces using the program
MemExp (68,69) (available online). The MEM distribu-
tions were further analyzed as a sum of Gaussian distri-
butions (Supplementary Methods 1.9). The FRET values
between tC° and tCjy,, obtained as described in Supple-
mentary Methods 1.7-1.9, were compared with theoretical
predictions based on DNA structures, as described in Sup-
plementary Methods 1.10.



Molecular modeling and molecular dynamics (MD) simula-
tions

We performed 2 ws of MD simulations starting from the ini-
tial models of the mismatched duplexes and their matched
controls. We prepared the initial models with Discovery
Studio (Dassault Systémes BIOVIA) by choosing 12-bp se-
quences with centrally positioned mismatched or matched
base pairs (detailed in Supplementary Methods 1.11). We
used the AMBER14 (70) package with ff14SB force field
(71), explicit water and counterions. The structural prop-
erties were calculated using the cpptraj module of AM-
BER14 (70) and plotted using MATLAB 7.10.0 (The Math-
Works, Inc.). The principal component analyses for ob-
taining structural clusters were performed with the Bio3D
package (72) in R (73). All molecular structures obtained
from the simulations were rendered using PyMOL 1.3.x
(Schrodinger, LLC.). Full details of force field, molecular
modeling, MD simulation and analysis protocols are given
in Supplementary Methods 1.11-1.13.

RESULTS

Fluorescence lifetime measurements combined with maxi-
mum entropy analyses provide a robust snapshot of confor-
mational distributions

In the present study, we use the FRET efficiency between
tC° (donor) and tCjyo (acceptor) placed within a duplex
DNA to probe the DNA conformations. Such FRET effi-
ciency (E) can be obtained directly from the lifetimes of the
excited donor fluorophore,as £ = 1 — %", where Tpa and
Tp are the donor lifetimes in the presence and absence of the
acceptor, respectively. Fluorescence lifetime measurements
offer a more robust way to obtain FRET than steady-state
measurements that rely on fluorescence intensities, as the
lifetimes depend neither on the excitation intensity nor on
the fluorophore concentrations. More importantly, the pi-
cosecond time-resolution of our instrumentation enables us
to capture the distribution of conformations that co-exist in
solution, if that distribution is mirrored in different FRET
values between the probes. Here, the fluorescence lifetime of
tC° in the absence of tCpjyo, 1.€., Tp measured in DNA con-
structs harboring only the donor (DNA_D), is relatively in-
sensitive to its macromolecular environment (74). However,
when tC° is in the proximity of tCpjy, to which it can trans-
fer energy, as in DNA constructs containing both the donor
and the acceptor (DNA_DA), its lifetime Tpa is shortened
due to the FRET. As the FRET efficiency depends strongly
on the relative distance and orientation between the donor
and acceptor, the FRET efficiency and the corresponding
Tpa provide a sensitive measure of the DNA conformations
harboring the probes. A single conformation with a fixed
donor-acceptor distance/orientation is expected to exhibit
asingle FRET efficiency and hence a single-exponential flu-
orescence decay trace with a unique Tpy. If the sample con-
sists of multiple conformations, then this heterogeneity can
be reflected in a distribution of FRET efficiencies yielding a
multi-exponential decay trace with multiple values of Tpa.
Extracting multiple lifetime components (and thus con-
formations) from a complex, multi-exponential decay trace
can be a challenge (75), which we have effectively overcome
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Figure 2. Apparent Rad4-binding affinities of design I DNA constructs
measured by competition gel-shift assays. (A) The construct names and
DNA sequences of the 24-bp DNA substrates are shown along with the
apparent Rad4-binding affinities (Kgapp) of each DNA as determined by
the gel-shift assays. Mismatched or the corresponding matched base pairs
are underlined; tC° (D) or tCpiyo (P) are also indicated. (B) Typical gel
images are shown from the assays for the DNA constructs indicated.

by utilizing the MEM. The MEM inverts fluorescence decay
traces into lifetime distributions without the need to specify
the number of exponential terms (76). The program Mem-
Exp (68,69,77) has been extended here to account for the
zero-time shift between the instrument response and the ki-
netics (see Supplementary Methods 1.8), to address the am-
biguity in parameters that can arise in a DE analysis of the
experiments reported.

Conformational distortions in mismatched DNA substrates
for Rad4 were probed using tC°-tC,;y, FRET pair

The choices of the DNA substrates and probe positions
in this study were motivated by previous studies of Rad4-
DNA binding and are shown in Figure 2. As mentioned,
duplex-destabilizing 2 or 3 bp mismatches are useful model
DNA substrates for Rad4/XPC in vitro (12,43,44). The
structure of Rad4-bound to mismatched DNA was found
to be identical to the ‘open’” Rad4-DNA complex struc-
ture in the presence of a UV lesion (44). Notably, the rel-
ative strength in Rad4-binding affinity (i.e., specificity) of
mismatched DNA depends on the mismatch sequence (13):
competition gel-shift assays showed that Rad4 exhibited
high specificity for a CCC/CCC mismatch, intermediate
specificity for a TTT/TTT mismatch, and little specificity
for a TAT/TAT mismatch, with apparent binding affinities
Kgapp 0f 70 £3nM, 116 £ 3nM, and 504 £ 36 nM, respec-
tively (Supplementary Methods 1.4; Figure 2 and Supple-
mentary Figure S2) (13). The binding affinity measurements
indicated that DNA duplexes with the mismatched sites
CCC/CCC, TTT/TTT and TAT/TAT bound more tightly
than their matched counterparts by a factor of ~5.1, ~3.3
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and ~1.1, respectively. Thus, in this study, we have used
these three mismatched duplexes along with their matched
counterparts and examined their conformational distribu-
tions, as probed by FRET between tC° and tChji, probes.

We previously showed that tC°-tC;,, probes incorpo-
rated in DNA do not much affect the thermal stabilities
or the Rad4-binding affinities of DNA duplexes (13). In-
corporation of these probes on either side of a TTT/TTT
mismatch, at positions indicated as in Figure 2 (denoted as
design I constructs), could detect DNA distortions induced
by specific Rad4 binding, as measured by FRET changes in
the mismatched but not the matched constructs (13). These
FRET measurements were consistent with the specific bind-
ing of TTT/TTT to wild-type Rad4 demonstrated in gel-
shift experiments and crystal structures (13,44) (Figure 2).
T-jump studies on these tC°-tCp;yo-labeled DNA constructs
(hereafter referred to as “TTT/TTT_I’) further revealed ~10
ms kinetics when specifically bound to wild-type Rad4 as
well as ~100-500 s kinetics when non-specifically bound
to Rad4 mutants (13). The ~10 ms relaxation times were
similar to those obtained using a 2-aminopurine probe
(2AP, a fluorescent analog of adenine) incorporated as a
part of 2 or 3 bp mismatch sites, thereby probing full nu-
cleotide flipping kinetics directly at the mismatch (12). The
~10 ms kinetics were thus attributed to the opening of the
damaged site that accompanies full nucleotide-flipping, as
seen in the ‘open’ crystal structures of the specific com-
plex; the ~100-500 ws kinetics were attributed to unwind-
ing of DNA during non-specific interrogation (13). These
results pointed to the ability of the tC°-tCp;y, probes in de-
sign I to detect various conformational states of DNA along
the Rad4-DNA binding trajectory. Here, we used the same
placement of tC° and tChjy, (design I) in each of the afore-
mentioned three mismatched/matched DNA pairs to ex-
amine the DNA conformational distributions under equi-
librium using fluorescence-lifetime-based FRET measure-
ments.

Mismatched DNA construct with the highest specific binding
to Rad4 exhibited the largest deviations from canonical B-
DNA conformations in the absence of Rad4

The fluorescence lifetime measurements of donor-only
(DNA_D) and donor—acceptor-labeled (DNA_DA) design
I constructs at 20°C, are shown in Figure 3. When an-
alyzed by DE fits, each fluorescence decay trace of the
DNA_D constructs could be described in terms of a single-
exponential decay with a time constant in the range of
4.64.9 ns, consistent with previous results by the Wilhelms-
son group (74) (Supplementary Methods 1.7 and Figure
3A—C). In contrast, the DNA_DA constructs exhibited sig-
nificant deviations from a single-exponential decay, requir-
ing at least two or sometimes three time constants (Supple-
mentary Figures S3 and 4; Table S1).

Consistent with the DE analyses, the MEM analyses of
the decay traces showed single sharp distributions of life-
times for donor-only DNA_D and broader distributions
for donor-acceptor-labeled DNA _DA (Figure 3D-F). The
broader distributions of lifetimes of the DNA_DA sam-
ples translated into correspondingly broad FRET distribu-
tions (Figure 3G-I and Supplementary Figure S5). The re-
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Figure 3. Fluorescence lifetime measurements on mismatched and
matched DNA constructs. (A—C) Fluorescence intensity decay curves for
DNA_DA (labeled with donor and acceptor) with excitation of donor (tC°)
for mismatched (red) and matched (blue) DNA constructs: TAT/TAT
and ATA/TAT (A); TTT/TTT and AAA/TTT (B); CCC/CCC and
GGG/CCC(C). In each panel, corresponding fluorescence intensity decay
curves for DNA_D (labeled only with donor) are shown for mismatched
(green) and matched (brown) constructs. The instrument response function
(IRF) is shown in black. (D-F) The distribution of lifetimes that best de-
scribe the intensity decay profiles, as obtained from the MEM, are shown.
The amplitudes from the MEM analysis, normalized to add up to one,
are indicated on the left y-axis for DNA_DA and on the right y-axis for
DNA_D. (G-I) FRET distributions obtained from the lifetime distribu-
tions of panels D-F are shown for mismatched (red) and the correspond-
ing matched (blue) DNA. The gray arrows indicate the value of FRET
expected for design I constructs as computed from models of B-DNA con-
formations for each of the matched sequences, as described in Supplemen-
tary Methods 1.10.

producibility of the distributions obtained from the MEM
analyses from four independent lifetime measurements on
each sample are illustrated in Supplementary Figure S6.
The data presented in Figure 3 are for one representative
from this set. To determine the minimal number of compo-
nents that describe the lifetime distributions from the MEM
analyses, we fitted the measured distributions to a sum of
Gaussians (Supplementary Figure S4). The peak position
of each Gaussian component was used to calculate the aver-
age FRET representing that component and the area under
the Gaussian curve was taken as a measure of the fractional
population of that component (Figure 4A-C).

For all the donor—acceptor-labeled DNA_DA constructs,
we observed broad distributions extending from ~50 ps to
10 ns (Figure 3D-F and Supplementary Figure S4). No-
tably, every DNA construct exhibited a minor but distinct
long-lifetime component centered at ~5 ns; this component
overlapped with the predominantly single lifetime compo-
nent measured for the donor-only DNA _D samples, result-
ing in an apparent ‘zero-FRET’ component of varying am-
plitudes in different samples. This component could arise
from donor-only samples that have a missing or inactive
acceptor strand and/or from real conformations sampled
by DNA. A similar zero-FRET component is routinely ob-
served in smFRET measurements and typically discarded
as an artefact (19). While we did control experiments to rule
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time distributions of DNA_DA are shown for matched (blue) and mis-
matched (red) DNA constructs: TAT/TAT and ATA/TAT (A); TTT/TTT
and AAA/TTT (B); CCC/CCC and GGG/CCC (C). The arrows indi-
cate the computed values of FRET for B-DNA conformation (gray) and
for the DNA conformation in the Rad4-bound specific complex (black),
computed as described in Supplementary Methods 1.10. (D) The average
FRET (E) for all design I constructs obtained from fluorescence lifetime
decays are shown for DNA alone (matched: blue; mismatched: red) and
Rad4-DNA (matched: magenta; mismatched: purple). The value of FRET
expected for design I constructs are shown for B-DNA conformation (gray)
and for Rad4-DNA complex (black), computed as described in Supple-
mentary Methods 1.10. (E) The corresponding DNA structures are also
shown below: (top) model B-DNA structure; (bottom) structure of DNA
in the Rad4-bound specific complex (from PDB ID: 2QSH). The positions
of 3 bp mismatched nucleotides are indicated in red and black. The posi-
tions of the donor (tC°, blue) and acceptor (tCh;tro, cyan) are also shown.

out excess donor-only strands in our measurements (Sup-
plementary Figure S7), we could not conclusively ascertain
whether this component was an artefact or reflected small
populations of distorted DNA conformations. Further dis-
cussion of this component is in Supplementary Discussion
and Figures S7-9.

Here we focus primarily on the dominant distributions
of lifetimes in the 50 ps — 3 ns window. The lifetime dis-
tributions of all the matched constructs in this window ex-
hibited a single predominant conformation with average
FRET efficiencies of 0.95 + 0.01 and fractional popula-
tions of 96-99%; we denote these as the ‘high-FRET’ con-
formations (Figures 3D-1 and 4A-C; Supplementary Fig-
ure S4; uncertainties in the fractional populations are ~0—
3%; the uncertainties associated with these numbers, also
summarized in the Supplementary Tables S1-3, are stan-
dard error of the mean (s.e.m.) from four independent sets of
measurements). These FRET values from fluorescence life-
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time measurements are consistent with previously reported
FRET on design I constructs measured by steady-state flu-
orescence (13). Assuming a canonical B-DNA conforma-
tion, the FRET value of these matched DNA constructs is
computed to be 0.93, based on the distance and relative ori-
entation of the probes (78); thus, the experimental FRET of
~0.95 for the dominant component of matched DNA is in
good agreement with the computed FRET.

On the other hand, the distributions of the mismatched
constructs were broader and shifted to longer lifetimes. Im-
portantly, the deviations from the matched DNA profiles
were more pronounced for the mismatched sequences with
higher specific binding to Rad4. In the non-specific mis-
matched TAT/TAT construct, the dominant component
was still well described by a single Gaussian (Figure 3D and
G; Supplementary Figure S4D) though the average FRET
for this ‘high-FRET’ component shifted to 0.92 + 0.01
(91%) (Figure 4A). The medium specificity TTT/TTT con-
struct exhibited slight asymmetry and required two Gaus-
sians consisting of a high-FRET component at 0.94 + 0.01
(78%) and an additional ‘medium-FRET’ component at
0.84 + 0.01 (20%) (Figures 3E, H and 4B; Supplementary
Figure S4E). Notably, the highest specificity CCC/CCC
construct exhibited the broadest distribution and required
three Gaussians in the 50 ps — 3 ns window; the high-
FRET conformation appeared in roughly the same position
as the predominant conformations of the matched DNA
constructs, at 0.96 £ 0.00, but with decreased amplitude
(38%), while two additional medium-FRET conformations
appeared at 0.82 + 0.01 (35%) and 0.70 4+ 0.01 (22%) (Fig-
ures 3F, I and 4C; Supplementary Figure S4F and Table S2).

The broader distributions of lifetimes (and thus FRET)
in mismatched DNA demonstrate that these DNA con-
structs sample a larger range of multiple, distinct confor-
mations in comparison with matched DNA, which indi-
cates higher deformability in the mismatched DNA (Fig-
ures 3 and 4A-C). The range of conformations sampled
by mismatched DNA includes conformations that resem-
ble B-DNA like conformations as well as those that deviate
quite significantly from B-DNA. Deviations from B-DNA-
like conformations in mismatched DNA are already evident
in the overall average FRET (averaged over the 50 ps — 3 ns
window of the lifetime measurements as described in Sup-
plementary Methods 1.8), with smaller average FRET ob-
served for the mismatched constructs compared with their
matched counterpart (Figure 4D). These deviations were
the largest for the high specificity CCC/CCC construct. No-
tably, this trend correlated with the change in thermal sta-
bility observed for each of the mismatched/matched pair,
with melting temperatures for the TAT/TAT, TTT/TTT
and CCC/CCC constructs lower than for their matched
counterparts by 8.8 £ 1.0°C, 10.6 £ 1.2°Cand 18.0 £ 2.1°C,
respectively (Supplementary Methods 1.5 and Figure S10).

Rad4-binding significantly altered the conformational distri-
bution of mismatched DNA, but not matched DNA

Next, we examined each of the design I sequences (Figure
2A) in the presence of equimolar Rad4. First, Rad4 binding
to the matched DNA revealed little change in the lifetime
distributions (Supplementary Figure S11) or in the average
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Figure 5. Fluorescence lifetime measurements on mismatched DNA con-
structs in the presence of Rad4. The data in each panel are as described for
Figure 3, for mismatched DNA _DA alone (red) and Rad4-DNA_DA (pur-
ple). The corresponding donor-only data are also shown: DNA_D (green)
and Rad4-DNA_D (olive green).

FRET values (Figure 4D) compared with free DNA. How-
ever, the lifetime distributions (and thus the DNA confor-
mations) of the mismatched DNA were altered upon Rad4
binding as detailed below. Some of these changes could not
be detected using steady-state or averaged FRET measure-
ments alone, which reflect only ‘ensemble’ properties. We
note here that under the conditions of our lifetime experi-
ments, at 5 wM each of protein and DNA, we expect ~70-
90% of DNA bound to Rad4, based on our measured K app
values for each of the DNA constructs (Supplementary Fig-
ure S2B). The fraction bound was directly tested for the
highly specific CCC/CCC construct and its matched coun-
terpart (Supplementary Figure S1), and was found to be 83
+ 6% for CCC/CCC and 77 %+ 4% for GGG/CCC, consis-
tent with the estimated fractions.

The mismatched TAT/TAT construct in the presence of
Rad4 revealed an increase in the dynamical fluctuations as
indicated by a broader distribution of lifetimes that now re-
quired two Gaussians to describe the major peak (Figure
5D and Supplementary Figure S4D), with FRET of 0.94 +
0.01 (59 = 1%) and 0.86 4= 0.01 (35 & 1%), respectively (Fig-
ure 6D). These results indicate larger, more varied distor-
tions in mismatched TAT/TAT than in matched ATA/TAT
upon Rad4 binding, despite no detectable change in aver-
age FRET for either of these constructs in the presence of
Rad4 (Figure 4D), and little specific binding of Rad4 for
mismatched TAT/TAT compared with its matched coun-
terpart in gel-shift assays (Figure 2). Both TAT/TAT and
ATA/TAT were >70% bound under the conditions of these
measurements. Therefore, while some contribution of the
B-DNA-like component in these complexes could be from
DNA molecules that do not have a protein bound, this frac-
tion of unbound DNA was estimated to be <30% for these
constructs.

In the case of mismatched TTT/TTT, for which the frac-
tion bound is estimated to be ~86%, we saw a similar shift
in the lifetime distributions as with TAT/TAT (Figure 5E;
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Figure 6. FRET values for distinct DNA conformations obtained from
fluorescence lifetime measurements on DNA samples, with and without
Rad4. The fractional populations versus the average FRET, as described
in Figure 4, are shown for (A-C) matched DNA and (D-F) mismatched
DNA. (A-C): DNA only (blue) and Rad4-DNA complexes (magenta),
for ATA/TAT (A), AAA/TTT (B) and GGG/CCC (C); (D-F): DNA only
(red) and Rad4-DNA complexes (purple), for TAT/TAT (D), TTT/TTT
(E) and CCC/CCC (F).

also compare Supplementary Figures S4E and K), and ob-
served a decrease in the amplitude of the high-FRET com-
ponent, from 78 £ 3% in the absence of Rad4 to 71 £ 3%
with Rad4, and an increase in the medium-FRET compo-
nent, from 20 4 4% to 24 + 3% (Figure 6E and Supplemen-
tary Table S2). Furthermore, while the high-FRET compo-
nent retained the characteristic of the B-DNA conforma-
tion (FRET of 0.95 4 0.01) even in the presence of Rad4,
the medium-FRET component exhibited a shift in its aver-
age FRET from 0.84 4+ 0.01 t0 0.71 + 0.01 upon Rad4 bind-
ing (Figure 6E). These results indicate that Rad4 binding
might further distort the already distorted DNA conforma-
tions that showed propensity for deviations from B-DNA in
the absence of Rad4.

These conclusions were further reinforced with the
CCC/CCC construct that exhibited the highest specificity
for Rad4. For the CCC/CCC construct, the average FRET
decreased significantly, from 0.80 £ 0.01 to 0.64 £ 0.02
upon binding to Rad4 (Figure 4D and Supplementary Ta-
ble S3). In addition, Rad4 had a dramatic effect on the
shape of the distribution of lifetimes of the mismatched
DNA (Figure 5F; also compare Supplementary Figures
S4F and L). In the absence of Rad4, the CCC/CCC con-
struct already revealed significant amplitude in the distorted



medium-FRET conformations in addition to the B-DNA-
like conformation. In the presence of Rad4, the high-FRET
component shifted from 0.96 + 0.01 to 0.092 4 0.02 and di-
minished in amplitude (from 38 £ 2% to 27 £ 1%), while
the two medium-FRET conformations coalesced into one
broad distribution with a FRET of 0.60 & 0.01, and gained
in overall amplitude to 63 &+ 2% (Figure 6F and Supplemen-
tary Figure S4). Thus, in the high-specificity CCC/CCC
construct, we observed primarily a shift in the distribu-
tion to longer lifetimes upon Rad4 binding, with perhaps
some narrowing of the underlying Gaussian components
of the distribution (see Supplementary Figure S4). Thus,
for DNA that is most specifically bound, Rad4 binding in-
creased the overall deformation, as anticipated from the
crystal structures. Surprisingly, however, specific binding of
Rad4 to CCC/CCC did not push the equilibrium into a
narrow range of DNA conformations but rather the spe-
cific complex remained highly dynamic. It is important to
note here that while there could be as much as 10-20% un-
bound CCC/CCC DNA in these measurements that could
contribute to the apparent heterogeneity, the absence of any
significant amplitude in the B-DNA-like features of the life-
time distributions of Rad4-bound CCC/CCC complex in-
dicated that the unbound fraction in these complexes was
negligible.

An alternative explanation for this high heterogeneity
in the conformations sampled by Rad4-bound CCC/CCC
DNA could be from a heterogeneous distribution of Rad4
along the length of the DNA, with some fraction of proteins
bound non-specifically and the remaining fraction bound
specifically. To further examine whether our distributions
reflected a highly dynamic specific complex or Rad4 simply
distributed between specific and non-specific sites along the
DNA, we carried out measurements with a 3-fold longer
DNA construct (72 bp) containing one CCC/CCC site, to
increase the number of non-specific sites (Supplementary
Figure S12). We anticipated that the former scenario would
leave the distribution unchanged while the latter would in-
crease the population of B-DNA-like conformations at the
expense of the more distorted conformations. Our measure-
ments showed that the distribution of conformations re-
mained quite similar (Figure 7), thus supporting our con-
clusion of a highly dynamic-specific complex.

Distorted conformations in mismatched DNA increased with
increasing temperature

The data presented thus far were all obtained at 20°C. To ex-
amine how the range of conformations thermally accessible
to DNA and Rad4-DNA complexes varied with tempera-
ture, we measured the fluorescence lifetime decays for each
of the samples at three additional temperatures: 10, 30 and
40°C. As before, four independent measurements were car-
ried out at each temperature for all the samples. The fluores-
cence lifetime distributions obtained from the MEM analy-
sis on one representative decay trace from each dataset are
shown in Figure 8 for all three mismatched DNA constructs
in the absence and presence of Rad4, and in Supplemen-
tary Figure S13 for the corresponding matched DNA. The
lifetime distributions measured for matched DNA, both
free and Rad4-bound, were essentially unchanged over the
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Figure 7. Comparison of fluorescence lifetime measurements on 24-mer
and 72-mer DNA with CCC/CCC mismatch, with and without Rad4. Flu-
orescence lifetime distributions (A and D), FRET distributions (B and E)
and discrete FRET components from Gaussian fits (C and F), obtained as
previously described in Figures 5 and 6, are shown for 24-mer CCC/CCC
construct (A-C) and 72-mer CCC/CCC construct (D-F), for DNA_DA
alone (red) and Rad4-DNA_DA (purple).

10—40°C temperature range, and exhibited predominantly
a single B-DNA-like conformation at all temperatures, in
the 50 ps — 3 ns range. Similar behavior, with very little
temperature-dependence in the shape or the peak position
of the dominant component, was observed for the non-
specific TAT/TAT mismatched construct in the absence of
Rad4 (Figure 8A).

In contrast, both the medium-specificity TTT/TTT con-
struct and the high-specificity CCC/CCC construct exhib-
ited significant changes in the lifetime distributions as the
temperature was raised (Figure 8B and C). The TTT/TTT
construct showed an increase in the asymmetry of the domi-
nant peak, with a shoulder appearing and increasing in am-
plitude at ~0.6-0.7 ns, and a minor peak appearing at ~1.5
ns (Figure 8B). Notably, these effects of increasing temper-
ature resembled those caused by Rad4-binding (Figure 8E).
The temperature-dependent effects were even more strik-
ing for the CCC/CCC construct than for the TTT/TTT
construct, with significant increase in the medium FRET
(~1.5 ns lifetime component) and a shift in the B-DNA-
like short lifetime component (Figure 8C). Temperature in-
crease on Rad4-bound DNA further shifted and broadened
the lifetime/FRET distributions (Figure 8E and F). These
trends were also reflected in the average FRET values which
decreased with increasing temperature and with Rad4 bind-
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Figure 8. Temperature dependence of fluorescence lifetime distributions and average FRET for mismatched DNA samples, with and without Rad4. (A-F)
The fluorescence lifetime distributions are shown at four different temperatures for mismatched DNA_DA samples in the absence (red; A-C) and presence
(purple; D-F) of Rad4. (G-I) Average FRET values are plotted as a function of temperature for mismatched DNA (red), matched DNA (blue), Rad4—
mismatched DNA complex (purple), and Rad4-matched DNA complex (magenta). Data are shown for (G) TAT/TAT and ATA/TAT; (H) TTT/TTT and
AAA/TTT; and (I) CCC/CCC and GGG/CCC. The reversibility of the samples after the heating/cooling cycle was checked by first heating up from 10
to 40°C and then cooling back down to 20°C; the measurements after cooling back are shown as open squares.

ing (Figure 8 G-1), with the largest changes observed for the
high specificity CCC/CCC construct.

We expect that the intrinsic deformability of DNA must
be reflected in the range and fractional population of ther-
mally accessible conformations and that the deformability
should increase with increasing temperatures. In these DNA
constructs, it was the high-FRET populations that broad-
ened and shifted to lower FRET populations with increas-
ing temperature. Thus, these data further support the no-
tion that the high FRET components correspond to less-
deformed B-DNA-like conformations, while lower FRET
components indicate deviations from B-DNA. Taken to-
gether, the temperature-dependent changes reaffirmed that
high intrinsic deformability correlated with high specificity
in Rad4 binding and illustrated the exquisite capability of
the fluorescence lifetime approach in detailing the complex
conformational landscapes and their shifts in solution.

MD simulations revealed conformational heterogeneity in
mismatched sequences

In order to explore the conformations of the mismatched
sequences, we performed 2 ps of MD simulations for the 12-
mer DNA duplexes containing each of the three mismatches
and for their matched controls. Structural clusters along
each trajectory were obtained based on the conformations
of the mismatched sequences, as detailed in Supplementary
Methods 1.13. The distance between the cytosines (Cx and
Cp in Supplementary Figures S14-16, which were replaced
with tCyo (acceptor) and tC° (donor), respectively, in the
FRET experiments) was measured between the N4 atoms
of the two cytosines. The probability densities of the dis-
tance between Cp and Cp for the mismatched sequences
and their matched controls, as well as examples of struc-
tures, are shown in Figure 9. For the TTT/TTT duplex, the
distance between C5 and Cp showed one peak at 15.7 A,
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Figure 9. MD simulations of matched and mismatched 12-mer duplexes.
(A—C) The distribution of the Co—Cp distances for the mismatched du-
plexes (red) and their matched controls (blue). The Ca and Cp bases were
replaced by tC° (donor) and tChjo (acceptor) for the FRET experiments.
(D-F) Examples of structures for the mismatched duplexes (left) and their
matched controls (right). The DNA duplexes are shown in cartoon. The
heavy atoms of each base are shown in sticks. The N4 atoms of Cs and Cp
bases are shown in spheres. The bases are colored according to the color
codes in Figure 1. Full details for the structure clusters of the mismatched
duplexes are given in Supplementary Figures S14-16.

very near that of the matched control. The structures also
oscillated around one conformation, where the T:T pairs
were stacked-in and adopt hydrogen bonds shown in Fig-
ure 9 and Supplementary Figure S14. For the TAT/TAT du-
plex, the distance between Ca and Cp also showed one peak
at 15.3 A (Figure 9), close to the matched control sequence,
with a very rare excursion to 18.2 A (Supplementary Fig-
ure S15). However the structures were dynamic between two
major clusters, where the A:A base pair adopted two dif-
ferent hydrogen bonding patterns although both patterns
exhibited the same Cp and Cp distance (Figure 9 and Sup-
plementary Figure S15). The rare excursion corresponded
to a conformation where the A:A bases partially stack with
each other (Supplementary Figure S15). Consistent with
the experimental data, the CCC/CCC duplex exhibited the
highest heterogeneity. The C4 and Cp distance showed two
peaks at 14.4 A and 18.5 A, while the matched control
showed one peak at 15.3 A. However, the mismatched struc-
tures were very dynamic and transited among four major
clusters and three minor clusters (Supplementary Figure
S16), where the C:C pairs were not stably stacked-in and
the duplex often contained one or more flipped out C bases
(Figure 9 and Supplementary Figure S16). Mostly, a single
C-C hydrogen bond in one of the three C:C mismatches was
found. The seven conformational families fell into three dis-
tance populations (Supplementary Figure S16).
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DISCUSSION

This paper aims to examine how intrinsic DNA conforma-
tional fluctuations impact DNA damage recognition, which
remains a poorly understood first step in DNA repair. The
damage recognition proteins in both mismatch repair and
NER systems are not designed to recognize a well-defined
structural motif that distinguishes the damaged from the
undamaged site; rather, they are tasked with recognizing
a wide range of damaged sites against the background of
normal DNA. Structures of damage recognition proteins
bound to lesion sites show significantly distorted DNA in
the complexes, suggesting that recognition likely relies on
detecting intrinsic distortions in the helical geometry of
damage containing DNA and/or differences in the intrinsic
flexibility/deformability of the damaged versus undamaged
sites (79,80). Indeed, a large body of NMR studies on DNA
containing various damages have shown enhanced propen-
sity of base dynamics in the vicinity of the lesion sites as
well as evidence for conformational heterogeneity in dam-
aged DNA (81-87). Similarly, measurements using fluores-
cent nucleotide analogs placed adjacent to various kinds of
mismatches have also revealed increased exposure of these
nucleotides to solvent compared to matched DNA (23,88).

In the context of NER, damage-induced helix destabiliza-
tion often correlates with the lesion recognition and repair
propensity (56,89). The presence of unpaired bases oppo-
site a lesion has also been shown to increase the lesion’s
recognition by XPC and the repair rate by NER (43,66).
Although global helix destabilization as indicated by the
DNA duplex melting temperatures does not necessarily cor-
relate with its recognition by XPC/Rad4 and repair effi-
ciency by NER, such correlations are frequently observed
(42,90,91). MD simulations on lesions derived from poly-
cyclic aromatic chemicals have further probed how lesion-
induced structural perturbations may affect thermal stabil-
ity and lesion recognition, and have suggested that helix-
destabilizing distortions can be counteracted by stabilizing
van der Waals interactions locally which may influence le-
sion recognition (59,92). The importance of local dynamics
and sequence context in the vicinity of the lesion have been
shown in NMR and excision repair experiments as well as
in MD simulations for bacterial NER (57,93) and for eu-
karyotic NER (46-48,94).

Here, we uncovered the distribution of DNA conforma-
tions by analyzing the fluorescence lifetime decay traces
of tC°-tCpiro-labeled DNA with the maximum entropy
method. This powerful approach enabled us not only to de-
tect but also to quantify the relative populations of alter-
native conformations that co-exist in solution under ther-
mal equilibrium. Our approach also readily lent itself to
examining how these conformational distributions were al-
tered in the presence of a large bound protein, a distinct ad-
vantage over NMR. Our experimental results together with
MD simulations revealed strikingly varied conformational
landscapes of DNA containing 3 bp mismatch sites used
as model substrates for Rad4, which suggested a direct link
between intrinsic DNA deformability and DNA mismatch
recognition by this protein.
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tC°-tCpiro FRET probes placed close to the mismatched site
(as in design I) discerned DNA deformability and conforma-
tional variations that correlated with the Rad4-binding speci-
ficity of the DNA

As stated before, this study mainly focused on design
I DNA constructs (Figure 2 and Supplementary Table
S4). Previous equilibrium FRET and T-jump studies us-
ing TTT/TTT.I and AAA/TTT.I have suggested that
the probes placed as in design I can sense the specific
binding of TTT/TTT_I to wild-type Rad4. Here, we ex-
panded the DNA substrates to include two more sets
of mismatched/matched DNA, and found that the se-
quence identity of the mismatched site had a profound
effect on the conformational distributions accessible to
DNA: the high- and medium-specificity CCC/CCC and
TTT/TTT mismatch constructs exhibited more significant
distortions from B-DNA-like conformations even in the ab-
sence of the protein when compared with the non-specific
TAT/TAT construct. Importantly, the degree of these in-
trinsic DNA distortions correlated with their Rad4 bind-
ing specificities. Specific binding to Rad4 further broad-
ened and increased the distorted DNA populations. No-
tably, our approach could detect even subtle changes in
non-specific TAT/TAT_I mismatched DNA when bound to
Rad4, which evaded detection using other ‘ensemble’ ap-
proaches. We speculate that the predominantly B-DNA-like
conformation undergoing some distortion (as indicated by
a minor population in medium FRET) when Rad4 binds
to TAT/TAT or TTT/TTT may indicate conformational
switching involved in interrogation of the mismatched site,
while the populations with larger distortions observed when
Rad4 binds to CCC/CCC may reflect conformational states
closer to final recognition modes.

The broad range of distortions thermally accessible
to the specific, mismatched DNA reflects high intrinsic
flexibility/deformability of these DNA substrates; these
distortions are likely coupled with increased spontancous
breathing of mismatched base pairs, as observed by NMR
at the single base-pair levels (81,95). Taken together, our re-
sults demonstrated how the fluorescence lifetime approach
can be used to detect subtle differences in the intrinsic DNA
dynamics that correlate with specific binding to Rad4.

Probe positions influence the sensitivities to detecting specific
versus non-specific conformational changes

As discussed above, the current study used constructs
harboring FRET probes at positions designated as de-
sign 1. With this design, we could not detect any signif-
icant changes in the average FRET for the non-specific
TAT/TAT or its matched counterpart ATA/TAT, upon
binding by Rad4. Previously, we had also carried out FRET
studies on TAT/TAT and ATA/TAT, but with probes
placed differently from the design I constructs (13). In these
‘design II” constructs, hereafter referred to as TAT/TAT_II
and ATA/TAT_11, respectively, both the donor and accep-
tor probes were placed further away from the 3 bp mismatch
site in comparison with design I constructs (Supplementary
Table S4). Intriguingly, Rad4 binding to both mismatched
TAT/TAT_II and matched ATA/TAT_II had revealed a de-
tectable change in FRET that was comparable (13); we at-

tributed these changes in FRET induced by Rad4 in these
non-specific substrates to non-specific DNA unwinding by
Rad4.

Our observations that tC°-tCp;, probes did not detect
any average FRET changes upon Rad4 binding to de-
sign I constructs TAT/TAT_I or ATA/TAT_I (Figure 4D),
but in fact detected similar average FRET changes upon
Rad4 binding to design II constructs TAT/TAT_II and
ATA/TAT_II, indicate that the placement of the probes is
critical in determining the types of conformational changes
detected by these probes. Placing the probes closer together,
as in the design I construct, enhances their ability to de-
tect Rad4-induced distortions at the mismatched sites; how-
ever, it may also diminish their ability to detect small scale
and longer range unwinding induced by Rad4 in its non-
specific binding mode, which is picked up when the probes
are placed further apart, as in the design 11 constructs.

Can Rad4 select for pre-distorted conformations to recognize
DNA damage?

Numerous studies have shown that both protein and DNA
deform their structures when bound specifically to each
other, forming specific complexes. Such ‘induced-fit” struc-
tures have long invoked the question whether specific recog-
nition is initiated by the protein (as it binds and subse-
quently deforms the DNA) or there exists a pool of pre-
distorted DNA conformations that the protein can ‘select’
to recognize (‘conformational selection’) (96). Conforma-
tional flexibility near or at a lesion site has been hypoth-
esized as a critical feature that proteins sense to pick out
potential damaged sites from a vast excess of normal sites
(79,80). Although NMR studies have previously yielded
data on the dynamics and flexibility of lesion-containing
DNA and have provided ample evidence of conformational
heterogeneity in these DNAs in the absence of bound pro-
tein (82-84), how this heterogeneity is altered when protein
binds has been difficult to ascertain. In particular, an open
question in the field of site-specific recognition is whether
cognate DNA in the absence of protein can adopt pre-
distorted conformations that resemble the conformations
adopted by DNA in the specific complex.

Our lifetime studies directly address this issue. Our re-
sults, particularly those with the highly specific CCC/CCC
revealed significant populations of pre-distorted conforma-
tions that overlapped with and thus resembled the confor-
mations sampled by DNA in the specific complex. The fact
that these conformations were accessible to DNA even in
the absence of a bound protein provides experimental sup-
port for ‘conformational selection” as one of the potential
mechanisms for lesion recognition by Rad4 (Figure 10).
Computational studies have previously revealed that such
conformational capture could be a mechanism for recog-
nizing 10R-(+)-cis-anti-benzo[a]pyrene-N>-dG (cis-B[a]P-
dG), a lesion derived from the environmental carcinogen
benzo[a]pyrene (97), but not for a thymine dimer lesion
derived from UV light (98). Similar enzymatic capture
mechanisms have been proposed for discrimination between
thymine and uracil by the base excision repair enzyme uracil
DNA glycosylase (95) and for alkylated DNA base recog-
nition by an AlkD glycosylase (99).
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Figure 10. Conformational capture mechanism of DNA damage recogni-
tion by Rad4/XPC. Fluorescence lifetime studies on mismatched DNA
provide evidence for thermal fluctuations in DNA, in the absence of Rad4,
between B-DNA conformations similar to those in matched DNA and dis-
torted DNA conformations that resemble protein-bound conformations.
DNA binding to Rad4 further shifts the equilibrium toward the distorted
conformations. These results suggest that conformational capture of pre-
distorted DNA conformations (indicated by green arrows) is a plausible
path for DNA damage recognition by Rad4/XPC in some cases. Fluores-
cence lifetime distributions are shown for the high specificity CCC/CCC
construct (red: DNA alone; purple: Rad4-DNA complex) and for the
matched GGG/CCC construct (blue).

MD simulations support the conformational capture mecha-
nism for recognition of certain mismatches by Rad4

Our MD simulations helped provide molecular details un-
derlying the experimental findings. The number of compo-
nents in the fluorescence lifetime measurements for the mis-
matched duplexes is consistent with our observed number of
Ca-Cp distance domains (Figure 9 and Supplementary Fig-
ures S14-16). We observed one Ca-Cp distance domain for
the TTT/TTT and one for the TAT/TAT sequences. On a
conformational level, the TTT/TTT mismatched duplex re-
vealed a single family of structures. For the TAT/TAT case,
however, two different hydrogen bonding schemes were ob-
served for the A:A base pair within the same C-Cp dis-
tance domain. For the CCC/CCC case, there were three
Ca-Cp distance domains that corresponded conformation-
ally to very diverse and unstable structures in which mis-
matched C bases fluctuate between stacked-in and extruded
states (Supplementary Figure S16). C/C mismatches have
been shown to be one of the most helix-destabilizing single
mismatches (100,101) and MD simulations on CC/CC dou-
ble mismatches have also shown multiple conformations for
the mismatches (102). Our simulations provide molecular
interpretations of the observed binding data that reveals
that the CCC/CCC duplex binds Rad4 with greater speci-
ficity than the other mismatched duplexes. The significant
populations of extruded bases in the CCC/CCC duplex are
states that are capture-ready for Rad4 binding. This role
of extruded bases is similar to that of the extruded part-
ner base C opposite the cis-B[a]P-dG lesion, which is con-

Nucleic Acids Research, 2018, Vol. 46, No. 3 1251

formationally captured by Rad4 in binding pathway stud-
ies (97). The severe destabilization of the CCC/CCC du-
plex observed in the melting studies is also consistent with
the large population of extruded conformations. The bind-
ing studies also showed that TTT/TTT binds more specif-
ically than the TAT/TAT duplex, which is also consistent
with slightly more destabilizing TTT/TTT than TAT/TAT,
from melting studies. We hypothesize that extrusion of mis-
matched T bases in the presence of Rad4, which is required
for binding, would be more facile with neighboring pyrim-
idines than purines, which may explain the binding differ-
ences.

Specifically bound Rad4—-DNA complexes are highly dynamic

It is noteworthy that, in solution, we observe a very broad
range of conformations for DNA even after binding to
Rad4 with high specificity (Figures 3, 6 and 7). The ob-
served conformations span DNA structures that are not too
perturbed from B-DNA all the way to highly distorted con-
formations with an apparent FRET efficiency near zero,
close to the calculated FRET value (0.04) based on the crys-
tal structures (Figure 1 and Supplementary Method 1.10).
Intriguingly only a very small fraction of these broad con-
formations corresponded to this zero-FRET conformation
expected of the crystal structure. These results suggest that
the DNA conformations remain highly dynamic and het-
erogeneous even after binding to Rad4 and that structural
constraints imposed by crystallization may be capturing
only the highly distorted conformations that do not repre-
sent the entirety of the accessible conformations in solution.
Furthermore, increasing the non-specific DNA sites by ex-
tending either sides of the CCC/CCC mismatch (thereby
increasing the total length of DNA to 72-mer from 24-mer)
did not diminish the broadly distributed low-FRET popu-
lations observed in the 24-mer DNA, indicating that contri-
butions from non-specific binding are modest. Altogether,
it is clear from our data that specific binding of Rad4 to
CCC/CCC does not push the equilibrium into a narrow
range of DNA conformations but rather that the specific
complex remains highly dynamic. This dynamical behav-
ior is consistent with the structural observation that Rad4
does not make very many specific contacts with the lesions
themselves in the specific complex, although there may be
specific interactions during interrogation en route to recog-
nition. Though unexpected at first, the dynamic flexibility
of the specific Rad4-DNA complexes may be key to under-
standing the biological functions of Rad4—how Rad4 can
recognize a wide variety of structurally and chemically dis-
similar NER lesions and recruit downstream factors. These
notions and the dynamical nature of the specific complex
merit further investigation.

Highly dynamic DNA conformations may stall a damage-
searching protein, initiating lesion recognition

The efficiency with which DNA-binding proteins search
and locate their target sites on long stretches of DNA is
found to be optimized with some combination of 3-D dif-
fusional search in bulk solution with 1-D diffusion along
the DNA (103,104). These DNA-binding proteins, includ-
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ing many examples of DNA repair proteins, have been ob-
served in vitro to undergo relatively rapid 1-D diffusion as
measured on long stretches of DNA, with the measured dif-
fusion constants translating into residence times per DNA
site that range from 0.1—-300 s (105-112). In contrast,
site-specific recognition as measured on a few systems on
which it has been directly observed occurs on timescales
of a few milliseconds (6,8,10,12,13,113,114), which sug-
gests the need for an additional mechanism by which these
rapidly diffusing proteins can intermittently slow down.
The protein-centric view of such a mechanism has invoked
transient conformational switching from a rapidly diffus-
ing ‘search’ mode to an intermittently stalled ‘interroga-
tion” mode (3,115,116). Indeed, a recent single-molecule
study that examined the diffusional dynamics of Rad4 on
DNA provided evidence for at least three different binding
modes of the protein to DNA, a rapidly diffusing mode, a
constrained diffusion mode, and a non-motile mode (117).
The relative populations in these different binding modes
changed when specific damage sites were introduced in the
DNA, with increased probability in the non-motile mode at
the expense of the randomly diffusing mode.

Previously, we had shown that Rad4, when tethered to
undamaged DNA in a specific orientation, could flip out
even undamaged nucleotide pairs in a manner very simi-
lar to how it flips out damaged nucleotide pairs (12). To
reconcile these structural studies with the ability of Rad4
to discriminate between damaged and undamaged sites, we
proposed a ‘kinetic gating’ mechanism for lesion discrimi-
nation, whereby the probability that a freely diffusing Rad4
would flip out damaged nucleotide pairs was predicted to
be much higher than the probability of it flipping out un-
damaged nucleotide pairs (12). This differential probability,
we argued, came from the kinetic competition between the
rates of flipping out damaged/undamaged nucleotide pairs
versus the rates at which the protein could diffuse away from
that site. Although the rates at which nucleotides in undam-
aged DNA are flipped out by Rad4 have not yet been mea-
sured, free energy calculations suggest that the barrier for
such motions is significantly (5-8 kcal/mol) higher than for
damaged DNA (118), indicating that nucleotide flipping at
undamaged sites could be sufficiently slow as to be improb-
able on the ~0.6—180 ws residence times estimated for this
protein, based on the single-molecule diffusion measure-
ments (117).

Missing from these previous studies are the mechanism
by which damaged sites stall and trap repair proteins as well
as a measurement of how much the protein slows down as
it stumbles upon a damaged site. Our results presented here
strongly suggest that high conformational fluctuations ac-
companying DNA damage, as seen in the case of the high-
specificity CCC/CCC construct, could severely impair the
ability of Rad4 to diffuse, thus trapping it long enough to
enable it to efficiently form the specific complex. Based on
our previous measurements of ~10 ms for full nucleotide-
flipping by Rad4 at model lesion sites, we argue that intrin-
sic conformational fluctuations at these sites could increase
the effective residence times of the protein at that site to
a few milliseconds. In the absence of these highly unusual
conformational fluctuations, as in the case of the TAT/TAT
mismatch, the damaged site appears no different from un-

damaged DNA, and the protein likely wanders away before
it has a chance to latch on and form the recognition com-
plex. We envision that certain DNA lesions that are not rec-
ognized and repaired efficiently by NER in cells may share
similarity with the TAT/TAT mismatch, with conforma-
tional distortions and fluctuations significantly suppressed
in comparison with those repaired efficiently. Further inves-
tigation of the conformational distributions of DNA with
real NER damage, with the kinds of approaches used here,
will shed further light on the role that intrinsic DNA con-
formational dynamics plays in damage recognition mecha-
nisms. Repair-resistant lesions tend to persist through cell
cycles and thus are more mutagenic than repair-proficient
ones (60-64). If intrinsic DNA deformability and/or dis-
tortions in damaged DNA indeed correlate with efficient
recognition by Rad4/XPC and repair proficiency, then this
sensitive approach could serve as a useful tool for predict-
ing the Rad4/XPC binding propensities of various bona fide
DNA lesions for NER and help identify the mechanisms
underlying persistent DNA lesions that could also serve as
biomarkers for cancers.
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