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Abstract

Altered unwinding/bending fluctuations at DNA lesion sites are implicated as plausible
mechanisms for damage sensing by DNA-repair proteins. These dynamics are expected to
occur on similar timescales as one-dimensional (1D) diffusion of proteins on DNA if effec-
tive in stalling these proteins as they scan DNA. We examined the flexibility and dynamics
of DNA oligomers containing 3 base pair (bp) mismatched sites specifically recognized
in vitro by nucleotide excision repair protein Rad4 (yeast ortholog of mammalian XPC).
A previous Forster resonance energy transfer (FRET) study mapped DNA conformational
distributions with cytosine analog FRET pair primarily sensitive to DNA twisting/unwind-
ing deformations (Chakraborty et al. Nucleic Acids Res. 46: 1240-1255 (2018)). These
studies revealed B-DNA conformations for nonspecific (matched) constructs but significant
unwinding for mismatched constructs specifically recognized by Rad4, even in the absence
of Rad4. The timescales of these unwinding fluctuations, however, remained elusive. Here,
we labeled DNA with Atto550/Atto647N FRET dyes suitable for fluorescence correlation
spectroscopy (FCS). With these probes, we detected higher FRET in specific, mismatched
DNA compared with matched DNA, reaffirming unwinding/bending deformations in mis-
matched DNA. FCS unveiled the dynamics of these spontaneous deformations at~300 ps
with no fluctuations detected for matched DNA within the ~600 ns—10 ms FCS time win-
dow. These studies are the first to visualize anomalous unwinding/bending fluctuations in
mismatched DNA on timescales that overlap with the <500 ps “stepping” times of repair
proteins on DNA. Such “flexible hinge” dynamics at lesion sites could arrest a diffusing
protein to facilitate damage interrogation and recognition.
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1 Introduction

How DNA damage repair proteins search for and identify damaged sites buried in a sea of
undamaged genomic DNA remains a puzzle. These proteins need to rapidly scan DNA and
yet slow down at potential “trouble spots” to interrogate and recognize damage to initiate
repair. This is particularly challenging in the mismatch-repair (MMR) and nucleotide exci-
sion repair (NER) pathways where the damage sensing proteins exhibit broad specificity
for a wide variety of structurally dissimilar lesions. These lesions nonetheless share a com-
mon theme in that they locally destabilize DNA, and damage recognition in both MMR
and NER relies almost entirely on “indirect readout” where the roving proteins likely sense
differences in local DNA deformability to discriminate damaged from undamaged sites
[1-3]. This initial recognition is dictated entirely by thermal fluctuations and conforma-
tional adaptation; however, the conformational dynamics in proteins and DNA that enable
recognition remain poorly characterized [4].

The one-dimensional (1D) diffusion constants of several damage sensing proteins dif-
fusing on largely undamaged DNA have been measured to be in the range ~0.0001-1 um?/s
[5-12] that translate into residence times per base pair (bp) of ~0.05-500 ps, assuming a
stepping distance of ~ 1 bp. Efficient interrogation must occur on similar timescales before
the protein diffuses away. Such interrogation dynamics were recently unveiled for the NER
damage sensing protein Rad4 (yeast ortholog of the mammalian XPC protein) and another
site-specific DNA bending protein, the architectural nucleoid-associated prokaryotic pro-
tein integration host factor (IHF), using microseconds-resolved laser temperature-jump
(T-jump) perturbation approach [13—-15]. These studies provided support for the proposed
mechanism for the “search/stability” paradox in which proteins, while scanning DNA,
intermittently switch from a rapidly diffusing “search” mode to a slower “interrogation”
mode [16-20]. However, what role intrinsic DNA fluctuations play in inducing protein
conformational changes and ensnaring damage sensing proteins at potential damaged sites
remains an outstanding question. Structures of repair proteins with damaged DNA reveal
severely disrupted DNA [1, 3, 21] and implicate intrinsic DNA deformability and altered
“flexible hinge” dynamics at lesion sites in facilitating damage sensing [1, 2, 22-25]. Visu-
alizing DNA conformational dynamics that could impact 1D diffusion of repair proteins in
the vicinity of the lesion sites has proven to be challenging.

Here, we examined the conformational dynamics of short DNA oligomers harboring
a 3 base pair (bp) mismatch. The choice of these DNA substrates was motivated by pre-
vious structural and dynamics studies of damage recognition mechanism by Rad4/XPC
[3, 14, 26]. Rad4/XPC recognizes structurally diverse, bulky, helix-destabilizing lesions
induced by UV light or genotoxins and recruits downstream proteins that verify and excise
the lesion-containing strand followed by repair [27-32]. In vitro Rad4 can bind 2- or 3-bp
mismatches with affinities similar to that of bonafide NER substrates [3, 25, 26], thus pro-
viding us with suitable model systems for biophysical studies of DNA damage recognition
mechanisms.

Structural studies showed that Rad4, when bound to NER substrates or to model lesions,
unwinds and bends DNA at the lesion sites, flips out two damage-containing nucleotide
pairs from both strands, and inserts a B-hairpin to stabilize this recognition complex [3,
33]. Notably, in this so-called “open” structure, Rad4 makes no direct contact with the
damaged nucleotides, which are flipped away from the protein; instead, it interacts exclu-
sively with the nucleotides flipped out from the complementary, undamaged strand. Such
an indirect mode of recognition revealed how Rad4 binds to a diverse set of lesions [3,
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34]. Remarkably, this Rad4 interaction is not exclusive to damaged DNA; when covalently
tethered to undamaged DNA—to minimize heterogeneous binding inherent in nonspe-
cific complexes—Rad4 flips out nucleotides to form the same “open” structure [26, 35].
These results pointed to a “kinetic gating” mechanism whereby lesion selectivity comes
from differences in kinetics rather than in the Rad4-bound stable structures, e.g., a kinetic
competition between the ability of Rad4 to flip nucleotides at a given site versus diffus-
ing away [26]. Laser T-jump studies on Rad4 bound to DNA containing 2- or 3-bp mis-
matches revealed nucleotide-flipping kinetics on timescales of ~5-10 ms [14, 26]. Kinetics
of nucleotide flipping from within undamaged DNA have not been measured. However,
free energy calculations indicate much higher energy barrier (> 5 kcal/mol) for extruding
nucleotides from undamaged versus damaged DNA [22], suggesting that Rad4-facilitated
flipping of nucleotides from within undamaged DNA should be much slower than for dam-
aged DNA. These differences could explain how a freely diffusing protein would preferen-
tially flip nucleotides from within helix-destabilizing lesions and avoid inefficient flipping
from within every undamaged site as it scanned DNA.

The rates at which Rad4 flips out nucleotides from within damaged versus undamaged
site are one facet of the proposed kinetic gating mechanism. The other facet is the “resi-
dence” time or “stepping” time of the diffusing protein per base pair site, i.e., the average
time the protein sits on one site before jumping or sliding to the next site. Single-molecule
imaging studies of Rad4 or XPC diffusing on long stretches of undamaged DNA indicate
average residence times per bp site of ~1-200 us [10] and~0.05-10 us [11], respectively,
under ~ 75-150 mM monovalent ionic conditions. The broad distributions in the measured
diffusion coefficients are attributed to either the fluctuating conformations of the protein or
sequence-dependent changes in local DNA conformations. These residence times per bp
site for Rad4 are 25- to 10,000-fold smaller than the T-jump measured nucleotide flipping
times in Rad4-bound mismatched DNA complexes. This separation in timescales would
suggest inefficient recognition, since the protein would have a high probability of diffusing
away before it had sufficient time to form a recognition complex. Indeed, evidence for such
inefficient recognition for a substrate only modestly preferred by Rad4/XPC—the cyclobu-
tane pyrimidine dimer (CPD) lesion—was recently obtained from studies of XPC diffusing
on CPD-containing DNA [11]. One plausible explanation for how diffusing proteins could
get arrested preferentially at damaged sites is if the local DNA structure and/or dynamics
at that site were significantly altered compared with undamaged DNA. A growing body
of evidence shows enhanced flexibility localized at the mismatched or otherwise damaged
sites [1, 36—-52]. Much less is known about the extent to which these localized fluctuations
affect overall DNA conformations such as unwinding and bending and what the timescales
are on which these dynamics occur.

To examine such conformational distortions in 3-bp mismatched DNA specifically rec-
ognized by Rad4, we previously used fluorescence lifetime (FLT) studies with cytosine
analogs (tC° and tC,,) FRET pair placed on either side and in close proximity to the
mismatched site [25]. These probes exhibit normal base pairing with guanine with mini-
mal perturbation of DNA structure and stability, making the FRET efficiency (E) between
them sensitive to changes in DNA helicity and therefore to unwinding distortions in DNA
conformations [14, 53-56]. Furthermore, incorporation of these probes in DNA at the sites
shown in Fig. 1 did not significantly impact Rad4 binding affinities for 3-bp mismatched
and matched DNA as measured by competition gel-shift assays [14, 25]. With FLT-FRET,
we mapped the DNA conformational distributions and unveiled large-amplitude deviations
from B-DNA for constructs containing 3-bp CCC/CCC mismatch specifically recognized
by Rad4 (Fig. 1). Notably, mismatched DNA alone displayed conformations that resembled
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Fig. 1 Fluorescence lifetime studies with tC°-tC,;,-labeled DNA. (Top) Sequence of DNA constructs with
CCC/CCC mismatch and labeled with FRET pair tC° (D: donor) and tC,;,, (P: acceptor). Lifetime distribu-
tions on matched DNA (blue) are predominantly single-peaked and represent the ensemble of B-DNA-like
conformations. Corresponding distributions on mismatched (CCC/CCC) DNA show multiple components
for both free (red) and Rad4-bound DNA (purple). Structures shown are (clockwise from top left): model
B-DNA structure; DNA structure in a Rad4-bound specific complex (from PDB code 2QSH); Rad4-bound
specific complex structure (PDB code 2QSH); apo-Rad4 structure (PDB code 2QSF) superimposed on the
model B-DNA. Figure reproduced from ref. [25], by permission of Oxford University Press

structures in the Rad4-bound specific complex. These studies provided compelling (albeit
indirect) evidence for unusual DNA dynamics as a likely feature that Rad4 senses during
interrogation. While FLT-FRET studies offered snapshots of accessible conformations in
mismatched DNA, alone and with Rad4, the timescales eluded us.

To measure DNA dynamics, we turned to fluorescence correlation spectroscopy (FCS)
studies on the CCC/CCC mismatched DNA, but this time labeled with extrinsic, higher
quantum yield dyes that are suitable for single-molecule studies. With these probes, we
detected changes in FRET between mismatched and matched DNA constructs, consistent
with an increase in overall DNA bending in the presence of the mismatch. More impor-
tantly, FCS studies on freely diffusing mismatched DNA constructs uncovered ~300 ps
spontaneous conformational fluctuations that were not observed on matched DNA. To our
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knowledge, these are the first direct observations of intrinsic unwinding/bending dynamics
in mismatched DNA. Notably, the timescales of these fluctuations overlap with 1D resi-
dence times of Rad4/XPC. These observations provide a missing crucial piece in the puz-
zle of how anomalous fluctuations in damaged DNA could be a mechanism for stalling a
diffusing protein and engaging it preferentially at a “faulty” DNA site.

2 Materials and methods
2.1 Preparation and characterization of DNA complexes

27-nucleotide-long DNA oligonucleotides containing the Atto550 and Atto647N fluo-
rescent probes were purchased from Eurofins Genomics with reverse-phase HPLC puri-
fication. Annealing to make duplex DNA was done in phosphate-buffered saline (PBS)
(10 mM Na,HPO,, 2 mM KH,PO,, 137 mM NaCl, 2.7 mM KCI, pH 7.4) as described in
SI Methods 1.1.

2.2 Picoseconds-resolved fluorescence spectroscopy

Fluorescence decay curves were measured with a PicoMaster fluorescence lifetime instru-
ment (HORIBA-PTI, London, Ontario, Canada) equipped with time-correlated single pho-
ton counting (TSCPC) electronics [57]. Further details of the apparatus and data acquisi-
tion are in SI Methods 1.2. For all FRET measurements, decay traces were measured for
donor-only (DNA_D) duplexes without acceptor as well as donor—acceptor (DNA_DA)
duplexes.

2.3 Analysis of the fluorescence decay traces

Decay curves were analyzed as described previously [25], either as a sum of discrete expo-
nentials (DE; SI Methods 1.3) convoluted with the instrument response function (IRF), or
using a maximum entropy method (MEM; SI Methods 1.4), in which the effective distribu-
tion of log-lifetimes f(logt) was inferred from the decay traces using the program Mem-
Exp [58, 59] (available online). The MEM distributions were further analyzed as a sum of
Gaussian distributions (SI Methods 1.5). The average FRET efficiency value reported for
each sample was computed as < E >= 1 — %, where < 7, > and < 7,4 > are the aver-
age lifetimes for donor-only or donor—accept[())r labeled samples, respectively, and were
computed as described in SI Methods 1.3—1.4. The lifetime and FRET E values reported in
the text are from the MEM analysis, unless otherwise noted.

2.4 Fluorescence correlation spectroscopy

The fluorescence correlation spectroscopy (FCS) measurements were carried out on a
custom-built apparatus based on an inverted Olympus IX70 microscope. In this setup, a
collimated 532-nm laser beam from a diode laser (GCL-050 Laser CrystalLaser) was
expanded to 8 mm diameter and then focused through a water immersion objective (Olym-
pus UPLANSApo 60X, NA 1.2) onto the sample, which was sandwiched between a glass
cover slip (VWR No.1 coverslip; 24 mm by 30 mm, with thickness 150420 pm) and a
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CoverWell PC8R-0.5 perfusion chamber. The fluorescence was collected by the same
objective. The excitation and emission beams were separated by a dichroic mirror (Sem-
rock DIO3-R532-T1-25X36) that was installed immediately under the objective turret. The
emission beam was focused through the side port of the microscope on a 50-um pinhole.
A second dichroic mirror (640 nm; Semrock FF640-FDI02-T3-25 X 36) installed after the
pinhole was used to separate the donor (Atto550) and acceptor (Atto647N) emission
beams, each of which were then imaged onto two separate avalanche photodiode detectors
(APD, PerkinElmer SPCM-AQR-14-FC) using two 15-cm apochromatic lenses (Newport
PACO75AR.14), each placed at a two-focal distance between the pinhole and each of the
APDs. Both APDs were connected to a digital correlator (Flex02-01D) and the correlation
functions were produced by the Flex software.

Measurements on matched and mismatched DNA were conducted on 10-nM donor-only
(DNA_D) and donor—acceptor-labeled (DNA_DA) samples. Correlation traces were col-
lected from each sample (60 uL) for about 5 min, with 5 replicates, for a total acquisition
time of 25 min. The correlation traces presented are the average from the 5 repeats and the
uncertainties in the data are the standard error of the mean (s.e.m.). Corresponding cor-
relation traces on buffer only samples were obtained each day of the measurement under
identical microscope alignment conditions as for the TAMRA or DNA samples and were
used to subtract detector “after-pulsing” artifacts from the observed correlation traces, as
described in SI Methods 1.6. Calibration of the confocal volume was performed using a
reference sample, TAMRA dye, with a known diffusion coefficient D, ~ 420 pm? /s
[60-62], as described in SI Methods 1.7.

Intensity fluctuations in the donor (D) and acceptor (A) channels are quantified by the
auto- (Gpp or G,,) or cross- (Gp,) correlation functions of the fluorescence fluctuations,
defined as:

(BIx(1)S1,(t + 7)) B (Ix(OL(t + 7)) ~
(LX) (I OXIy )

where the angle brackets represent a time average over the data accumulation time and
61y y(t) = Iy y(t) — {Ix y(1)) is the instantaneous deviation from the average. The correlation
curves measured for DNA_D and DNA_DA samples were further analyzed to extract the
diffusion coefficients of the diffusing molecules and any conformational relaxation kinet-
ics. We followed the formalism as outlined by Torres and Levitus [63] and described in
more detail in ST Methods 1.8. Briefly, the correlation functions on donor—acceptor labeled
samples were expected to have contributions from the diffusion of the molecules in and out
of the confocal volume, characterized by Gd,ﬁ(r), as well as from any conformational fluc-
tuations, characterized by G, xy(7), such that

Gyy(r) =

(D

Gxy(7) = G(rurgffXY(T)Gdiﬁ‘(T) 2)

The contributions of the conformational fluctuations to G, (7) and G4, (7) were further
parameterized as

Geonf pp(1) =1+ Yppe™ /™ 3)

G(rt)nfiAA(T) =1+ yAAe_T/TmI (4)
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where the pre-exponentials y,, and y,, depend on the FRET levels and interconversion
rates between two distinct conformations of a given molecule and 7,,; is the conformational
relaxation time constant (see SI Methods 1.8). While this simple formalism assumes only
two conformational states, the signal-to-noise in our correlation functions did not merit
consideration of additional states.

For each donor—acceptor (DNA_DA) samples, we simultaneously acquired the donor-
donor Gpp(7) and the acceptor-acceptor G, ,(7) auto-correlation functions from the inten-
sity traces acquired by the donor and acceptor APD’s, respectively. The ratio of these two
correlation functions (G,,,;,) directly yields the conformational relaxation component since
the diffusion component is identical in both channels and drops out to give:

_ Gpp(@) _ Geoy op(®) 1+ yppe /™

Gra io — - -
; GAA(T) GcUﬂf,AA(T) 1+ }’AAe_T/T”’

(&)

The measured G,,,;,, on DNA_DA samples were fit to the above equation with y,4, 7pp»
and 7, as free parameters. The donor-only (DNA_D) samples are expected to exhibit only
the diffusion component in their correlation functions and were measured as controls. The
uncertainties in the reported values of 7,,; and the diffusion coefficients represent 95% con-
fidence interval.

3 Results

3.1 DNA conformational distributions measured with fluorescence lifetime studies:
an overview

The FRET efficiency (FRET E) between donor and acceptor fluorescent labels placed at two
different positions within a duplex DNA can be obtained directly from the lifetimes of the
excited donor fluorophore, as E =1 — Trﬂ, where 7,,, and 7, are the donor lifetimes in the

presence and absence of the acceptor, regpectively. The ideal FRET labels for these studies
are those for which the fluorescence lifetime of the donor in the absence of the acceptor,
i.e., Tp measured in donor-only labeled DNA constructs (DNA_D), is relatively insensitive to
its macromolecular environment [64], with single-exponential decays of the excited state. In
the presence of an acceptor to which the donor can transfer energy, as in DNA constructs
containing both the donor and the acceptor (DNA_DA), the donor lifetime 7, is expected to
shorten as a result of the FRET, which depends strongly on the relative distance and orienta-
tion between the donor and acceptor. Thus, the FRET efficiency and the corresponding 7,
provide a sensitive measure of the DNA conformations harboring the probes. A single con-
formation with a fixed donor—acceptor distance/orientation is expected to exhibit a single
FRET efficiency and hence a single-exponential fluorescence decay trace with a unique z;y,.
If the sample consists of multiple conformations (or the dyes adopt different orientations),
this heterogeneity is reflected in multiple dye distances/orientations and hence a distribution
of FRET efficiencies that yields a multi-exponential decay trace corresponding to a distribu-
tion of 7, lifetimes. The time-resolution of such lifetime instrumentation enables measure-
ments of lifetimes down to < 100 picoseconds (typically limited by the instrument response
function of the spectrometer) and enables measurements of the distribution of FRET efficien-
cies between the probes, even for molecules that may be interconverting on sub-microsecond
timescales; such rapidly fluctuating conformations evade detection in single-molecule FRET
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studies with total internal reflection fluorescence (TIRF) setups that typically have a time-
resolution of tens-of-milliseconds [65, 66].

Previously, we used cytosine analogs tC°® and tC,;,, that serve as a FRET pair to detect
unwinding deformations in mismatched DNA [25]. However, the tC°-tC,;,, pair is not suit-
able for the fluorescence correlation spectroscopy measurements we set out to perform,
which require higher quantum yield fluorescent probes. To this end, we chose Atto550
(donor) and Atto647N (acceptor) attached to DNA with six carbon linkers at positions
shown in Fig. 2. The choice of the labels and the separation of 14 bp between the donor
and acceptor probes were based on a previous study with the same design, which reported
FRET E of ~0.55 for matched DNA with this FRET pair [67]. We obtained FRET E of
0.57+0.02 for matched DNA, in good agreement. The results from the Atto-labeled DNA
constructs are described below and summarized in SI Tables S1 and S2.
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Fig. 2 Fluorescence lifetime measurements on Atto550/Atto647N-labeled DNA constructs. (a) Sequence of
DNA oligomers used in this study. The red and green thymines indicate the positions where the FRET dyes
were attached, with donor (Atto550) in the top strand, and acceptor (Atto647N) in the bottom strand. (b)
Donor fluorescence intensity decay curves, with excitation at 530 nm, are shown for donor-only labeled
samples (GGG/CCC_D: brown; CCC/CCC_D: green) and donor—acceptor labeled samples (GGG/CCC_
DA: blue; CCC/CCC_DA: red). The instrument response function (IRF) is shown in black. (¢) The distribu-
tion of lifetimes that best describe the intensity decay profiles, obtained from the maximum entropy method
(MEM), are shown. The amplitudes from the MEM analysis, normalized to add up to one, are shown on the
left y-axis for DNA_DA and on the right y-axis for DNA_D. (d) The fractional population in each of the
three components obtained from a discrete exponential analysis of the decay curves are shown versus the
lifetime for that component for matched (blue) and mismatched (red) DNA. (e) Corresponding average life-
times and fractional populations obtained from Gaussians fits to the MEM distributions are shown. Three
Gaussian components were sufficient to describe the MEM distributions. The insets in (d) and (e) show
average FRET E values for matched (blue) and mismatched (red) DNA. The uncertainties in panels (d) and
(e) are standard error of the mean (s.e.m) from four independent experiments
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3.2 Conformational distributions in matched and mismatched DNA

The choice of DNA substrates for this study was motivated by the previous studies that
showed specific Rad4 binding to 24-mer DNA oligomers containing 2- or 3-bp mismatches
[14, 25, 26, 35]. Competition gel-shift assays showed that Rad4 binds to DNA constructs
harboring a CCC/CCC mismatch with a relative binding affinity of ~52-60 nM compared
with ~325-386 nM for the matched counterpart and comparable to~35 nM for a real NER
substrate (6—4 photoproduct) [25, 33, 35]. Thus, in this study, we used DNA duplexes with
a CCC/CCC mismatched site along with its matched counterpart and examined their con-
formational distributions, as probed by FRET between the Atto labels (Fig. 2a).

The fluorescence lifetime measurements on donor-only (DNA_D), acceptor-only
(DNA_A), and donor—acceptor-labeled (DNA_DA) constructs at 20 °C are shown in Fig. 2
and SI Fig. S1. When analyzed by discrete exponential (DE) analysis, each fluorescence
decay trace of the DNA_D and DNA_A constructs could be described in terms of a single-
exponential decay with characteristic time constants of 3.93+0.02 ns and 4.43 +0.02 ns,
respectively, consistent with previously reported lifetime measurements with these probes
[68] (ST Methods 1.7; Fig. 2b; SI Fig. S1). In contrast, the DNA_DA constructs exhib-
ited significant deviations from a single-exponential decay, requiring a minimum of three
lifetimes for both matched and mismatched constructs (Fig. 2d; SI Fig. S2; SI Tables S1
and S2). Consistent with the DE analyses, the MEM analyses of the decay traces showed
single sharp distributions of lifetimes for DNA_D and broader distributions extending
from~ 100 ps to~5 ns for the DNA_DA constructs, with at least three discernible compo-
nents within the broad distributions (Fig. 2c and SI Fig. S3, S4).

First, we analyzed the average FRET E, which changed from 0.57 +0.02 in the matched
construct to 0.67 +£0.02 in the mismatched construct (insets in Fig. 2d, e). Since the local
DNA context and the separation of the dyes are unaltered in the two constructs, we con-
clude that this increase in FRET E in the mismatched DNA reflects a change in the overall
helical conformation of the mismatched DNA compared to the matched DNA, and that the
Atto labels—as positioned—are sensitive to these conformational changes. These conclu-
sions are consistent with our previous observations of altered DNA conformations in CCC/
CCC DNA as detected with the tC° and tC;,, probes.

Next, we examined the underlying components describing the fluorescence decay
curves. To compare the amplitudes and lifetimes of the three components as obtained
from the DE analysis (Fig. 2d) with the distribution of lifetimes obtained from MEM
(Fig. 2c), we further analyzed the MEM distributions in terms of a sum of Gaussians (SI
Fig. S3). The average lifetime (and the corresponding FRET E) of each Gaussian com-
ponent and the fractional population in each component—computed from the area under
the Gaussian curve—are shown in Fig. 2e and summarized in SI Table S2. The reproduc-
ibility of the MEM distributions from four independent lifetime measurements on each
sample is illustrated in SI Fig. S4; the data presented in Fig. 2c are for one representative
from this set. For the most part, lifetime distributions from different measurements on
the same sample overlapped, albeit with some variability in the width and height of each
underlying peak. Despite this variability, the average lifetimes and fractional populations
of the underlying Gaussian components overlap quite well for different measurements,
for both matched and mismatched DNA, with only the shortest lifetime component
exhibiting significant variability (SI Fig. S4c, d). This variance is attributed to the fact
that the shortest lifetime component (~240-270 ps) falls close to the instrument response
function (IRF) of ~ 140 ps. Notably, the average lifetimes and amplitudes from the MEM/
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Gaussian analysis are in excellent agreement with the corresponding results from the DE
analysis (compare Fig. 2d, e).

Every DNA_DA construct exhibited some amplitude in a long-lifetime component cen-
tered at~3 ns, which is close to, though not overlapping with, the single lifetime com-
ponent measured for the donor-only DNA_D samples, yielding a FRET E of ~0.15-0.17.
These results indicate that even the longest lifetime component is not from donor-labeled
samples that have a missing or inactive acceptor strand, which should have yielded a com-
ponent with FRET E of~zero. Such “zero-FRET” components are routinely observed
in single-molecule FRET measurements and typically discarded as an artifact [69]. To
rule out any such contributions from similar artifacts, we performed measurements with
increasing concentrations of acceptor strand in our matched DNA samples (SI Fig. S5).
Our data showed no change in the fractional amplitudes of the different components even
with twofold increase in the acceptor strand concentration, indicating that all components
reflect a true FRET state in our samples.

Both the DE and the MEM analyses on the matched construct revealed three compo-
nents with FRET FE values of 0.87+0.03 (14%), 0.61 +0.01 (69%), and 0.17+0.01 (17%),
respectively. These multiple components reflect either multiple DNA conformations or
multiple dye orientations for a fixed conformation that are not averaged out on the time-
scales of the excited state lifetimes of the donor dye. Our previous measurements with the
tC® and tC,;,, probes showed only a predominantly single Gaussian component underly-
ing the lifetime distributions obtained on matched DNA (Fig. 1), with FRET between the
probes consistent with what is expected for B-DNA [25]. We therefore attribute the multi-
ple distinct components we observe for the Atto-labeled DNA constructs as arising primar-
ily from different relative orientations of the donor/acceptor dyes. Indeed, previous studies
of the photophysical properties of commonly used FRET dyes and measurements of time-
resolved polarization anisotropy of these dyes, free and attached to DNA, have shown that
Atto550- or Atto647N-labeled DNA duplexes, among other dye-DNA constructs, exhibit
two or more anisotropy decay time constants: a fast component consistent with a relatively
freely rotating dye and one or more slow components indicative of a dye that is stacked
against the DNA [67, 70-72]. This behavior is attributed in part to the+1 charge on the
Atto550 and Atto647N labels, which increases their tendency to stick to DNA.

The lifetime distributions of the mismatched constructs also showed three components
with corresponding FRET values that are very similar to those seen in the matched con-
structs (Fig. 2d, e). However, the fractional populations in the three components differed
between the two constructs. In particular, the shortest lifetime (high-FRET) component in
the mismatched DNA increased ~ twofold compared with the matched counterpart, with a
corresponding decrease in the two longer lifetime components. These results suggest that
the mismatched DNA by itself can sample bent/unwound conformations not accessed by
the matched counterpart, consistent with our conclusions with the tC°-tC ;. probes.

3.3 DNA conformational dynamics measured with fluorescence correlation
spectroscopy: an overview

While the FLT-FRET studies reported above, together with our earlier tC°-tC,;,,, studies on
similar constructs, provide a snapshot of accessible conformations in mismatched DNA,
the timescales eluded us. To measure DNA conformational dynamics, we next turned
to fluorescence correlation spectroscopy (FCS) measurements on the Atto-labeled DNA
constructs.
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The FCS setup is described in Sect. 2. The donor (Atto550) was excited with a 532-nm
laser and the fluorescence counts from the donor or the acceptor (Atto647N) were collected
by two avalanche photodiode detectors, labeled APD1 and APD2, respectively in Fig. 3.

The measured donor or acceptor fluorescence counts fluctuate either because the num-
ber of molecules in the confocal volume fluctuates as the molecules diffuse in or out, or
because the molecules undergo a conformational fluctuation that changes the FRET effi-
ciency between the donor and the acceptor. If the diffusion coefficient of the different
conformational states of the molecules is assumed to be identical, then the correlation
functions can be expressed as the product of a term that represents the kinetics of the con-
formational fluctuations (G,,,,) and a term that contains the diffusion contributions (G ;).
In practice, the correlation curves also show a large-amplitude sharp decay at short lag
times because of detector “after-pulsing” [73, 74]. The after-pulsing component was meas-
ured directly from measurements made on buffer only samples and subtracted from the
measured correlation functions as described in SI Methods 1.6 and SI Fig. S6, to obtain the
corrected (buffer-subtracted) correlation functions that are described below.

3.4 Calibration of the FCS setup

We first established the appropriate range of the excitation laser power for which the meas-
ured fluorescence counts scaled linearly with the laser power. These linearity tests were
done with a control sample, which was 10 nM free TAMRA dye in water. The fluorescence
counts were measured in the donor APD for laser power that ranged from 2—-50 uW, meas-
ured at the sample position. The plot of fluorescence counts versus laser power is shown
in SI Fig. S7, together with the auto-correlation curves shown for several different laser
intensity values. The results indicate a linear response until ~50 uW laser power and auto-
correlation functions that overlap over that entire laser power range. All subsequent meas-
urements were performed with a laser power of 17.5 pW.

532 nm laser

Fig.3 Schematic of FCS apparatus. A collimated 532-nm laser (excitation) beam is expanded to 8 mm and
directed to a dichroic beamsplitter (BS2). The 60x 1.2NA Olympus water-immersed objective focuses the
excitation beam into the sample, creating a Gaussian beam waist, shown magnified on the left. The flu-
orescent light from the donor (Atto550) and acceptor (Atto647N) is collected by the same objective and
focused by the microscope tube lens on to a 50 pm pinhole (PH), which is imaged using a 15-cm apochro-
mat lens (AL) and a 640-nm dichroic beam splitter (BS1) into two avalanche photodiode detectors: APD1
and APD2. The counts from the APDs are acquired and analyzed by a correlator (not shown)
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Next, we calibrated the confocal volume parameters, again using the free TAMRA sam-
ple, which is expected to show only diffusive behavior in the measured auto-correlation
function. In this case, the auto-correlation function decays with a diffusion time constant
Ty = rf) /4D,p, where r is the focused beam half waist centered at the confocal volume
and D, =~ 420 um? /s is the known diffusion coefficient of our reference sample [60-62].
The measured auto-correlation function for the TAMRA sample was reasonably well
described by the diffusion term, with r, = 328 + 3.3 nm, although the data did exhibit some
deviations from what is expected for three-dimensional diffusion within a perfect Gaussian
volume (SI Fig. S6). We attribute these deviations to slight distortions in the shape of the
confocal volume arising from less-than-ideal alignment of our confocal beam.

3.5 Matched and mismatched DNA exhibit identical diffusive dynamics

We measured the auto-correlation functions for donor-only matched (GGG/CCC_D) and
mismatched (CCC/CCC_D) DNA samples. The concentration of duplex DNA in each of
these samples was~ 10 nM. Like the reference TAMRA sample, these donor-only labeled
DNA samples are expected to exhibit only the diffusive dynamics, with similar correlation
function decays if they have similar diffusion coefficients. Indeed, the shapes of the auto-
correlation curves for the two DNA samples, after subtraction of the after-pulse component
as before, were found to be identical within the noise, confirming that the two molecules
have diffusion coefficients that are very close in value (SI Fig. S8). Fits to the diffusion
equation, with r, fixed at the value obtained from the TAMRA data, yielded diffusion coef-
ficients of 100 + 2.4 pm?/s and 97.6 + 2.3 um? /s for the matched and mismatched samples,
respectively, consistent with previous diffusion coefficient measurements for DNA oligom-
ers of similar lengths [75-78]. Again, there were small deviations observed between the
data and the fit, attributed to distortions in the Gaussian volume, as for TAMRA.

3.6 Matched DNA exhibits only diffusive dynamics while mismatched DNA
also exhibits conformational dynamics

To separate diffusive dynamics from DNA conformational dynamics, we measured the
donor-donor (Gp,;,) and acceptor-acceptor (G,,) auto-correlation functions, acquired simul-
taneously on each donor—acceptor labeled matched (GGG/CCC_DA) and mismatched
(CCC/CCC_DA) DNA samples. These correlation functions are expected to have contri-
butions from both diffusion and conformational fluctuations of the DNA molecules. We
followed the analysis procedure established by the Levitus and co-workers [63, 79], further
described in SI Methods 1.8 and summarized in Egs. (2)—(5), whereby the diffusive contri-
bution drops out in the ratio G,;/G 44 and only the conformational dynamics remains.

First, we discuss the results on the matched (GGG/CCC) DNA samples, for which all
three correlation curves, (i) G, measured on donor-only sample, (ii) G, measured on
donor—acceptor sample, and (iii) G4 measured on donor—acceptor sample, exhibit identi-
cal shapes (SI Fig. S9a). Furthermore, the G, and G4, profiles for the donor—acceptor
labeled samples overlap one on top of the other, within the noise of these measurements
(Fig. 4a and SI Fig. S9a), and the ratio G,,,;, = G,/ G4, remains close to 1 over the FCS
time window (Fig. 4a; inset), indicating that contributions from DNA conformational
dynamics or dye dynamics in the matched constructs are negligible. These results are reas-
suring and serve as an important control, since any dynamics detected on matched DNA
could have had contributions from the labels fluctuating between different orientations in
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Fig.4 Fluctuation correlation spectroscopy measurements. (a, b) The auto-correlation functions for donor
(Gpp: purple) and acceptor (G,,: orange), measured on donor—acceptor-labeled DNA samples, are plotted
as a function of time for (a) matched (GGG/CCC_DA) and (b) mismatched (CCC/CCC_DA). The insets in
each panel show the corresponding ratios (G, /G,,) for each of the samples. The continuous red line in (b;
inset) is a fit to Eq. (5), with 7,,, = 285 + 27 ps

addition to conformational fluctuations in DNA. We note here that G,,;, for matched DNA
exhibits what appears to be a systematic drift below 1 at long times (>~ 100 ps), albeit
small in comparison with the noise in the data on this timescale (Fig. 4a). The origin of this
drift is not immediately evident to us, although we cannot rule out non-ideal overlap of the
donor and acceptor detection volumes [80], which could account for a marginally longer
molecule transit time measured in the acceptor channel, as seems to be the case for the data
shown in Fig. 4a.

The correlation functions measured for the mismatched (CCC/CCC) DNA samples exhibit
non-overlapping G, and G4, profiles for the donor—acceptor labeled samples (Fig. 4b and SI
Fig. S9b), with the two correlation functions starting out at different amplitudes at the shortest
times reported, and then converging to overlapping profiles at > 1 ms. The corresponding ratio
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profile in this case reveals the contribution from DNA conformational dynamics and yields
relaxation times for conformational fluctuations as 7,,; = 285 + 27 ps (Fig. 4b; inset). These
relaxation times are attributed to unwinding/bending fluctuations in these mismatched DNA.

4 Discussion

DNA damage recognition by specialized proteins is the first step in damage repair, and the
repair efficiency depends critically on the ability of these proteins to pinpoint damaged DNA
sites from a vast excess of undamaged sites in genomic DNA. In the NER pathway, this
task falls on Rad4/XPC, which needs to recognize a wide range of bulky, helix-destabilizing
lesions [81]. The protein appears to accomplish this task by sensing DNA deformability at
potential lesion sites as well as pre-distorted DNA structures that are transiently presented to
the protein as it scans DNA, eventually flipping out damaged nucleotides away from the pro-
tein to form a stable recognition complex [3, 34, 82-84]. This mode of recognition enables
the protein to be versatile in recognizing damage of varying shapes and sizes. Previous laser
T-jump studies designed to examine the dynamics of damage recognition by Rad4 used 3-bp
mismatched sites as model lesions [14, 26]. These studies revealed the timescales for pre-
liminary interrogation, occurring on~100-500 ps, followed by Rad4-induced DNA unwind-
ing and nucleotide flipping at the damaged sites, on~5-10 ms. These results suggested that
the preliminary interrogation step, which overlapped in time with the 1D diffusion times of
Rad4 on undamaged DNA, could serve to intermittently slow down a diffusing protein [14].
Snapshots of DNA conformational distributions measured with fluorescence lifetime studies
on DNA containing cytosine analog FRET probes—tC° and tC,;,,—showed that specific
(CCC/CCC) mismatched DNA by itself could adopt highly distorted conformations, some
of which resembled the unwound/bent conformations seen in the Rad4-bound specific com-
plex [25, 35]. The lifetime studies, however, could only provide a snapshot of the confor-
mational distributions and not the timescales of any fluctuations. Here, we embarked on an
FCS study designed to measure the conformational dynamics of DNA by itself and to exam-
ine how these dynamics in specific, mismatched DNA differed from undamaged (matched)
DNA.

The FRET labels suitable for FCS measurements—Atto550 and Atto647N dyes—were
placed at some distance from the mismatched site, to increase sensitivity for any bending
fluctuations. While the tC°-tC ;. -probed lifetime distributions on matched DNA displayed
a single B-DNA-like component, lifetime measurements with the Atto labels showed mul-
tiple components even for matched DNA. Taken together, these results indicated that multi-
ple orientations accessible to the dyes, from their propensity to stack against duplex DNA,
likely contribute to this heterogeneity. Indeed, a previous single-molecule FRET study with
similar dyes attached to matched DNA oligomers reported heterogeneously distributed
FRET histograms that were attributed to multiple dye orientations [72]. These studies also
suggested that any dye dynamics that would average out the orientations must be slower
than the ~ 1 ms binning time of the single-molecule measurements.

Despite these caveats, our measurements detected an increase in the average FRET,
from~0.57 in matched DNA to~0.67 in DNA with a CCC/CCC mismatched site, indicat-
ing an overall larger fractional population of more distorted DNA conformations in the pres-
ence of the mismatch. Whether this increase in FRET as a result of the mismatched site
reflects more bent or more unwound or some combination remains to be explored. Another
FRET study with single or multiple unpaired (bulged) nucleotides established DNA bending
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in the presence of such bulges [43]. Our observation that the matched and mismatched
DNA exhibit nearly identical diffusive behavior despite differences in their conformational
(FRET) distributions indicates that the overall translational diffusion properties of these oli-
gomers are not very sensitive to changes in DNA shapes introduced by the CCC/CCC mis-
match. The translational and rotational diffusion behavior of short DNA oligomers similar
in length to the 27-mer in this study has previously been modeled by treating the DNA as
rodlike objects [75-78]. One plausible explanation for the similar diffusive behavior for our
matched and mismatched constructs could be that the DNA shape changes are primarily
localized torsional deformations that only slightly alter the rodlike shape and dimensions,
as opposed to a significant DNA bend. As demonstrated in a previous study, FRET probes
tethered to DNA through flexible linkers can be responsive to DNA helicity when the probes
have a tendency to stack against DNA duplexes [85]. Further experiments together with
simulations are needed to ascertain the relative amplitudes of unwinding and/or bending
deformations that contribute to the measured FRET changes in CCC/CCC DNA.

FCS measurements on our constructs showed no conformational dynamics in matched
DNA within the time window of ~600 ns —10 ms, indicating that these dyes were insen-
sitive to small-amplitude conformational fluctuations characteristic of B-DNA. Perhaps
more importantly, these results demonstrated that any fluctuations in relative dye distance/
orientations from dye or linker dynamics in these constructs that could alter the FRET were
either too fast or too slow to interfere with DNA conformational dynamics on the FCS time-
scales. In contrast, we observed conformational dynamics on CCC/CCC mismatched DNA
in the~600 ns —1 ms time range, with a characteristic time constant of ~300 us, which we
attribute to DNA unwinding/bending fluctuations because of the mismatch. To our knowl-
edge, these are the first observations of DNA unwinding/bending dynamics in mismatched
DNA, distinct from single base pair opening/flipping dynamics [47, 86] or DNA looping/
unlooping dynamics such as those measured in DNA cyclization studies [87-89].

Notably, these anomalous unwinding/bending fluctuations in DNA occur on timescales that
overlap with the 1D diffusion times of Rad4 on undamaged DNA [10]. Thus, these studies add
to the growing picture that thermally accessible distortions in lesion-containing DNA—with
possibly unpaired and transiently flipped out bases—are presented to Rad4 as it sits on a given
site and likely alter how Rad4 engages with that site during the search and interrogation pro-
cess. Indeed, in addition to normal 1D diffusion observed in the single-molecule studies, both
Rad4 and XPC also exhibit anomalous diffusion (“constrained” motion) and some population
of what appear to be stalled (“immobile”) proteins [10, 11]. Furthermore, the population of
Rad4 molecules that exhibit constrained motion or are immobile increase in the presence of
UV-damage [10]. Intriguingly, the spatial location of constrained or immobile motions seen
for XPC while diffusing on undamaged DNA was found to be correlated with the presence
of AT-tracts—stretches of alternating ATs—in A-DNA [11]. Such AT-tracts have been shown
to form transiently open bubbles even in the context of undamaged (matched) DNA on FCS
timescales [90], lending support to the notion that significantly altered DNA structures serve
as temporary trapping events for the diffusing protein [11].

Finally, we note here that an NMR and computational study on a DNA oligomer harbor-
ing a 2-bp GC/CG mismatch did not find any significant overall distortions in the DNA
helical structure compared with matched DNA despite local distortions at the mismatch
site [91]. That study, together with numerous others, underscores the importance of the
sequence context in influencing DNA deformability and damage sensing [92-94], includ-
ing a recent study that demonstrated the impact of DNA sequence on the inability of Rad4
to “open” a given site [95]. Indeed, the NER repair efficiency is known to vary widely
for the diverse lesions repaired via this pathway, with the lesion structure/stereochemistry
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as well as sequence context influencing the outcome [96, 97]. Further studies of intrinsic
DNA flexibility and dynamics for bonafide NER lesions similar to the studies on model
lesions reported here, and how those dynamics differ for NER-proficient versus NER-
resistant lesions, would be of great value in advancing our understanding of the role that
intrinsic DNA fluctuations play in the critical first step of damage sensing and recognition.

Supplementary information The online version contains supplementary material available at https://doi.
org/10.1007/s10867-022-09607-x.
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