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ABSTRACT

Nucleotide excision repair (NER) is critical for remov-
ing bulky DNA base lesions and avoiding diseases.
NER couples lesion recognition by XPC to strand
separation by XPB and XPD ATPases, followed by
lesion excision by XPF and XPG nucleases. Here,
we describe key regulatory mechanisms and roles
of XPG for and beyond its cleavage activity. Strik-
ingly, by combing single-molecule imaging and bulk
cleavage assays, we found that XPG binding to the 7-
subunit TFIIH core (coreTFIIH) stimulates coreTFIIH-
dependent double-strand (ds)DNA unwinding 10-
fold, and XPG-dependent DNA cleavage by up to 700-
fold. Simultaneous monitoring of rates for coreTFIIH
single-stranded (ss)DNA translocation and dsDNA
unwinding showed XPG acts by switching ssDNA
translocation to dsDNA unwinding as a likely com-
mitted step. Pertinent to the NER pathway regulation,
XPG incision activity is suppressed during coreTFIIH
translocation on DNA but is licensed when coreT-
FIIH stalls at the lesion or when ATP hydrolysis is
blocked. Moreover, ≥15 nucleotides of 5′-ssDNA is a
prerequisite for efficient translocation and incision.
Our results unveil a paired coordination mechanism
in which key lesion scanning and DNA incision steps

are sequentially coordinated, and damaged patch re-
moval is only licensed after generation of ≥15 nu-
cleotides of 5′-ssDNA, ensuring the correct ssDNA
bubble size before cleavage.

GRAPHICAL ABSTRACT

INTRODUCTION

Nucleotide excision repair (NER) removes a broad spec-
trum of bulky DNA lesions (1–8) caused by UV irra-
diation, environmental mutagens, chemotherapeutic treat-
ments, and endogenous reactive oxygen stress. Deficien-
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cies in NER, such as those prevalent in xeroderma pig-
mentosum (XP), are manifested through hypersensitivity to
UV light and extreme predisposition to skin cancer (9,10).
Additionally, NER deficiencies are linked to developmen-
tal defects such as Cockayne syndrome (CS) and trichoth-
iodystrophy (TTD) (11–13). NER is critical for maintain-
ing genomic integrity and preventing DNA damage signal-
ing pathways (14–16). Cells that express catalytically inac-
tive XPG nuclease show an increase in the DNA damage
response (DDR), indicating that the lack of a second in-
cision by XPG, as needed to remove the damage contain-
ing ssDNA patch, can trigger stress and an increased DDR
(17).
NER is classified into global genome NER (GG-NER)

and transcription-coupled NER (TC-NER). Although the
initial damage recognition step involves different proteins
across these two pathways (18,19), NER converges to a
common set of factors after TFIIH recruitment (20). TFIIH
is composed of a 7-subunit core complex (coreTFIIH),
comprising of the ATPases XPB and XPD along with p62,
p52, p44, p34 and p8, as well as a 3-subunit cyclin-activated
kinase (CAK) module consisting of CDK7, cyclin H and
MAT1 (19). XPB is mainly responsible for initial DNA
bubble opening due to its dsDNA translocation activity,
whereas XPD acts as a lesion-scanning protein due to its 5′
to 3′ ssDNA translocation activity (7,21,22). During NER,
the TFIIH holoenzyme is initially recruited upstream of the
damage site by XPC and causes the unwinding of a few nu-
cleotides to enable XPA recruitment, which in turn triggers
the release of ATPase down-regulator CAK (23). Therefore,
XPA is likely required for bubble elongation (24,25). Impor-
tantly, the role of bubble opening and bubble length in en-
abling 5′ incision by XPF-ERCC1 and 3′ incision by XPG
remains a central yet enigmatic point of NER regulation.
Notably, XPG is recruited early by TFIIH to the damage
site during NER, but cuts the DNA last. In fact, even re-
pair synthesis can be initiated before incision byXPG.XPF-
ERCC1 cleavage requires the presence but not the catalytic
activity of XPG (26). These observations suggest that the
initial binding of XPG can play a critical regulatory role
in NER, with the catalytic activity being applied at a later
stage (26,27). Furthermore, based on cross-linking studies
and the TFIIH-DNA structure, XPG is proposed to directly
contact XPD (20,24).
To achieve a functional and mechanistic understanding

of how molecular components work together for bulky le-
sion repair, it is important to define specific XPG inter-
actions with TFIIH and their potential roles in regulat-
ing NER. Strikingly, bound to 5′ overhang substrates, both
XPA andXPGhave shown strong stimulatory effects on the
helicase activity of coreTFIIH (24). Although XPA stimu-
lates both XPB and XPD translocation activities (24,28),
XPG stimulates the XPD translocation activity alone, po-
tentially by lifting the cap domain of XPD to enable easier
slotting of ssDNA through XPD. However, direct evidence
for this activity is lacking and other facets of this interac-
tion remain elusive. Using these observations as the starting
point, we reasoned that single-molecule imaging may help
elucidate the mechanisms by which XPG influences TFIIH
activity and how TFIIH regulates 5′ incision by XPG.

Therefore, we employed single-molecule imaging to si-
multaneously monitor the rates of coreTFIIH transloca-
tion along ssDNA and of coreTFIIH unwinding of ds-
DNA. We show that neither XPG nor XPA significantly
stimulated the individual rates of these activities, but in-
creased the probability of switching from ssDNA translo-
cation to dsDNA unwinding upon encountering the ss/ds
junction. Further, bulk activity assay results show that when
coreTFIIHwas actively translocating onDNA,XPGnucle-
ase activity was down-regulated.However, inhibiting coreT-
FIIH translocation activity either by removing ATP or us-
ing a non-hydrolyzable ATP analog stimulated XPG nu-
clease activity. This stimulation is further enhanced when
coreTFIIH is stalled by a lesion even in the presence of
ATP. Remarkably, stimulation of both helicase and nucle-
ase activities is dependent on the length of ssDNA, with a
permissive 5′ overhang length of ∼15–20 nucleotides (nt).
Collectively, we have uncovered a paired coordination be-
tween coreTFIIH and XPG which accounts for lesion-
scanning, efficient strand separation at the 3′ end of the bub-
ble, and precise incision that occurs upon lesion detection
alone.

MATERIALS AND METHOD

DNA substrate preparation

The HPLC-purified DNA oligonucleotides (Supplemen-
tary Materials Table S1) purchased from Integrated DNA
Technologies (IDT, USA) and Sigma-Aldrich (Germany).
Substrates were prepared by annealing equimolar ratios of
the respective substrates in an annealing buffer (50 mM
Tris–HCl pH 8.0, 1 mM EDTA pH 8.0, 100 mM NaCl).
The solution was heated to 95◦C for 5 min, and slowly
cooled to 22◦C. Further purification was performed on a
non-denaturing PAGE gel and the DNA was eluted using
the crush and soak method (29) by incubation in TE buffer
(50 mM Tris–HCl pH 8.0, 1 mM EDTA pH 8.0) for 3 h at
22◦C. All measurements were performed using freshly pre-
pared substrates that were not subjected to freeze and thaw
cycles.

7-subunit human TFIIH cloning, expression and purification

The TFIIH core complex (XPB-preScission-GFP, XPD,
p62, p52, p44, p34 and p8) was cloned into aMacroBac vec-
tor 438a (30). The protein was expressed in Sf9 cells (Sigma-
Aldrich, Germany) supplemented with 1 mM L-cysteine
and 0.1 mM ferric ammonium citrate. Based on the fusion
of XPB with GFP, coreTFIIH was purified anaerobically
using a GFP-nanobody binder (31) covalently linked to
agarose-beads (NHS agarose, Pierce/Thermo). The coreT-
FIIH was eluted with preScission protease; and Superose
6 (10/300) or Hi-Load Superdex 200 (16/600) was used
for large-scale purification with 25 mM HEPES pH 7.8,
150 mM NaCl, 50 mM KCl, 3% glycerol and 3 mM �-
mercaptoethanol, as performed previously. The eluate con-
taining the TFIIH core complex was confirmed by SDS-
PAGE gel after showing a 420 nm absorption peak and was
stored at –80◦C until use.
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Human XPG cloning, expression and purification

The human XPG sequence (P28715-1) was synthesized by
Genscript. The sequence was cloned into a pISUMO vector
(LifeSensors) to obtain N-terminal double histidine- and
SUMO-tagged proteins using the Gibson cloning proto-
col (32,33). Sf9 cells used for transfection were cultured in
ESF 921medium (Expression Systems). To prepare the bac-
ulovirus, bacmid DNA containing the XPG construct was
transfected into Sf9 cells using FuGENE® HD (Promega)
according to the manufacturer’s instructions. Amplification
was performed to obtain a solution with a higher viral titer
which was referred to as P3. Next, 4 l of the Sf9 suspen-
sion culture at a density of 2 × 106 cells/ml was trans-
fectedwith the aforementioned P3 viral titer. Cells were har-
vested at 60 h post infection by centrifugation at 5500 ×g
for 10min, followed by resuspension in lysis buffer (50mM
Tris–HCl pH 7.5, 500mMNaCl, 5mM �-mercaptoethanol
(BME), 0.2% NP-40, 1mM PMSF, 5% (v/v) glycerol, and
an EDTA-free protease inhibitor cocktail tablet for each
50ml of suspension (Roche,UK)) to a concentration of 3ml
per 1 g of wet cells. The suspension was sonicated and the
debris was pelleted by centrifugation at 95 834 ×g for 1 h
at 4◦C. The supernatant was adjusted to a final concentra-
tion containing 20mM imidazole and was directly loaded
onto a HisTrap HP 5ml affinity column (GE Healthcare)
which was previously equilibrated with buffer A (50mM
HEPES–KOH pH 7.9, 750mM NaCl, 10mM BME, 10%
glycerol, 20mM imidazole and an EDTA-free protease in-
hibitor cocktail tablet for each 50ml of solution). A wash-
ing step was performed with 100ml of buffer A to remove
the nonspecifically-bound proteins. Elution was performed
with 50ml of the linear gradient against buffer B (50mM
HEPES–KOH pH 7.9, 750mM NaCl, 300mM imidazole,
10mMBME, 10% glycerol, and an EDTA-free protease in-
hibitor cocktail tablet for each 50ml of solution). Protein-
rich fractions were pooled, supplemented with SUMO star
protease (LifeSensors) to remove the SUMO and histidine
tags, leaving the XPG N-terminus starting with residue 2,
and the samples were incubated for 16 h at 4◦C in dial-
ysis buffer (50mM HEPES–KOH pH 7.9, 400mM NaCl,
10mM BME, 10% glycerol and an EDTA-free protease in-
hibitor cocktail tablet for each 50ml of solution). The di-
alyzed mixture was loaded onto a fresh HisTrap HP 5 ml
affinity column and the XPG was collected in the flow-
through fraction. The fractions were pooled, concentrated
to a volume of 1.5ml, and loaded onto aHiLoad 16/600 Su-
perdex 200 pg (GEHealthcare) size exclusion chromatogra-
phy column pre-equilibrated with storage buffer (100 mM
HEPES–KOHpH7.5, 400mMNaCl, 1mMDTT, and 10%
glycerol). Protein fractions were pooled, flash-frozen, and
stored at −80◦C.

Human XPA cloning, expression and purification

The human XPA sequence was cloned into a PE-SUMO
vector backbone and transformed into BL21 (DE3) cells
(Sigma-Aldrich). The cells were incubated in LB media un-
til they reached an OD600 of 0.8. Protein expression was in-
duced with 0.1 mM isopropyl-�-D-thiogalactopyranoside
(IPTG) for 24 h at 16◦C. The cells were harvested by cen-
trifugation at 4◦C, and the cell pellet was resuspended in

lysis buffer (50 mMHEPES pH 7.5, 750 mMNaCl, 20 mM
imidazole, 10 mM �-mercaptoethanol (BME), and 1 mM
PMSF). The cells were lysed by a cell disruptor at 30 kPsi
and the lysate was subjected to ultracentrifugation. The fil-
tered supernatant was passed through a Ni-NTA column
(HisTrap HP 5 ml, GE Healthcare) using Buffer A (50 mM
HEPES pH 7.5, 750 mM NaCl, 20 mM imidazole, and 10
mM �-mercaptoethanol) and eluted with linear gradient of
Buffer A and 300 mM imidazole. The eluate was supple-
mented with Sumostar protease (LifeSensors) and left to
dialyze in buffer A for 16 h. The mixture was loaded onto
a fresh HiTrap HP 5 ml column, and the protein fraction
was collected in the flow-through. The collected fractions
were pooled, diluted to a lower salt concentration of 300
mM NaCl, and loaded onto a HiLoad 16/600 Superdex
75 pg (GE Healthcare) size-exclusion column. Elution was
performed using a gradient of Buffer B (100 mM HEPES
pH 7.5, 300 mM NaCl, 10 mM and 10% glycerol) and 1 M
NaCl. Elution occurred at approximately 300 mM NaCl.
The collected fractions were dialyzed against the storage
buffer (20 mM Tris–HCl pH 8.0, 1 mM DTT, 100 mM
NaCl and 10% glycerol), flash-frozen and stored at −80◦C.

Protocatechuate 3,4-dioxygenase (PCD) cloning, expres-
sion and purification

The sequences of the pcaH and pcaG subunits of PCDwere
codon-optimized and clonedwith separate promoters in the
pRSF-1b vector. A deca-histidine label was added to the N-
terminus of pcaH. The PCD expression clone was trans-
formed into the Escherichia coli BL21 (DE3) strain, and
expressed in 2× YT media with 0.2mM isopropyl �-D-1-
thiogalactopyranoside (IPTG) induction at 25◦C for 8 h.
Ferrous ammonium sulfate was added before induction to a
final concentration of 20mg/l of culture. PCD was purified
using Ni-NTA affinity and Superdex-200 pg gel filtration
chromatography. The PCD enzyme is a constituent of the
oxygen scavenging system used during smFRET assays.

Bulk fluorescence assays

Bulk fluorescence unwinding assays were performed on
a spectrofluorometer device (Fluoromax-4, Horiba Jobin
Yvon). The sample holder was coupled to a temperature
control device (Wavelength Electronics) for precise temper-
ature control. The fluorophore intensity was recorded us-
ing the kinetics mode of the instrument. Sample excitation
was performed at 620 nm with a 29 nm bandwidth, and the
emission was collected at 685 nm using a 25 nm bandwidth.
Measurements were performed at 37◦C. The quartz cuvette
(HellmaAnalytics) contained 1mMATP and 10 nMDNA,
resuspended in buffer (40 mM Tris–HCl pH 7.5, 40 mM
KCl, 1 mM DTT, 0.1 mg/ml BSA, 10 mM MgCl2 and 5%
(v/v) glycerol). A 3 min incubation was performed to warm
the solution at 37◦C, in a total volume of 7 ul. Unwinding
was initiated by adding 5 ul of protein at a final concentra-
tion of 400 nM, diluted in the aforementioned buffer. The
protein mixture was kept in an externally heated mantle at
the same temperature as the cuvette in the instrument. Data
recording was initiated immediately after protein addition.
The time of data acquisition varied according to the time re-
quired to observe a plateau along the relative fluorescence
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intensity versus time plot (Supplementary Figure S1A). The
integration time was always 0.1 s, and the data was acquired
every 1 s. The y-axis data showed counts per second per mi-
croampere (CPS/�Amp) units after real-time correction for
fluctuations in the source signal and the detector response
as an inbuilt function of the instrument. The data were ex-
pressed as relative fluorescence set to 100% based on the sig-
nal intensity of equimolar amounts of free fluorescent oligo
with 400 nM coreTFIIH. We determined the proportional
amount of unwound DNA in nM units, where 100% equals
10 nM. Each plotted data point was obtained from the av-
erage of three measurements. The plotted error bars repre-
sent the standard error of the mean. The initial linear part
of each curve was fitted to a linear function in the Origin-
Pro™ Version 2021b software (OriginLab Corporation) as
described above. The slope obtained from the fit represents
the relative initial reaction rate and has the same units as
the slope of the line nM/s (nM·s–1).

Single-molecule FRET experiments

smFRET experiments were performed in a microfluidic
flow chamber constructed as described before (29) using
a custom built microscope (26). The coverslip surface was
passivated and functionalized with biotin-PEG and PEG
(1:100, respectively) and subsequently incubated with a 0.03
mg/ml solution of filtered NeutrAvidin (NA) dissolved in
PBS buffer. Excess NA was washed-off and the biotiny-
lated substrate was flown for surface tethering. The ob-
jective was maintained at 37◦C using an objective heater
(Bioptechs). The tube containing the solution and the tub-
ing that delivered the solution was maintained at 37◦C us-
ing an in-house heating mantle. The temperature of the liq-
uid in the tube and the flow cell at the objective-cell inter-
face was 37.0± 0.2◦Cmeasured using a thermocouple ther-
mometer (Omega Engineering). This precaution ensured
that the solution within the flow cell and the incoming solu-
tion were at the same temperature and no heat shift-specific
photophysical effects are observed. The photostability of
fluorophores was improved using a protocatechuic acid/
protocatechuate-3,4-dioxygenase oxygen scavenging system
and Trolox. The imaging buffer in the smFRET cleavage
experiments was composed of 40 mM Tris–HCl pH 7.5,
40 mM KCl, 10 mM MgCl2, 1 mM DTT, 0.1% BSA and
5% (v/v) glycerol. The Cy3 and Cy5 fluorophores were ex-
cited with 532 and 640 nm lasers, respectively, in objective-
based Total Internal Reflection Fluorescence (TIRF) mode
as described in detail elsewhere (34). The emissions of the
donor and the acceptor were split inside a Dualview mod-
ule. The images of the surface-immobilized DNA were
recorded using alternating green (532 nm) and red (640 nm)
excitations. The image acquisition was synchronized to the
laser excitation by triggering the acousto-optic tunable fil-
ter (AOTF) using an ElectronMultiplying Charge Coupled
Device (EMCCD) camera to prevent photobleaching of the
sample when not acquiring data. The recorded data of the
immobilized molecules consisted of 2400 frames, each last-
ing 177 ms. We typically recorded 400 linked molecules in
both the donor and acceptor channels. The histogram was
constructed by using 100 bins containing the distribution
of the states in each molecule against the FRET efficiency

(35). Each condition was repeated at least 3 times with a
new set of reagents and a freshly prepared functionalized
flow cell. The identification of initial FRET states and dye
intensities from smFRET time traces was performed using
the vbFRET package implemented in iSMS (36,37). Visual
inspection of traces and assigning time points for determin-
ing the dwell time of certain behaviors were performed us-
ing the cursor function in the iSMS software. The quench-
ing phase was identified from the timepoints where the Cy5
signal started to decrease till it reached zero intensity. The
unwinding phase was identified from the points where the
acceptor reaches zero intensity till donor loss was marked
by instantaneous zero signal intensity.

Electrophoretic mobility shift assays (EMSA)

EMSA of coreTFIIH-DNA complexes were performed us-
ing different protein concentrations (0, 10, 20, 40, 60, 80,
100, 200, 300 and 400 nM). In a total volume of 12 �l,
coreTFIIH and/or XPG were incubated with fluorescently
labeled 5′ overhang DNA (5 nM) at 22◦C for 10 min in
binding buffer (40 mM Tris–HCl pH 7.5, 40 mM KCl, 1
mM DTT, 0.1 mg/ml BSA and 5% (v/v) glycerol). The
complexes were separated via 6% native PAGE (Invitro-
gen) in 1× TBE buffer at room temperature and imaged
using the Typhoon Trio Imager (GE Healthcare) at 635
nm. For band quantification, we used the GelQuantNET™
software (Biochemlab Solutions.com). The percentage of
the bound substrate was calculated from its contribution
to the total fluorescence of the respective lane. The binding
constant Kd was calculated using the equation: Y = Max
[coreTFIIH]n/(Kd

n + [coreTFIIH]n), whereMax is the con-
centration at which 100% of the substrate was bound by the
protein, and n is the Hill coefficient.

Polyacrylamide gel electrophoresis cleavage assays

Bulk functional assays were performed to obtain the vari-
able outcomes due to the presence or absence of ATP in the
reaction, and to determine relative rates of cleavage at satu-
rating protein concentrations. Fluorophore-labeled 5′ over-
hangDNA (5 nM) (SupplementaryMaterials Table S1) and
400 nMcoreTFIIHand/orXPGwere added under reaction
buffer conditions (40 mM Tris–HCl pH 7.5, 40 mM KCl, 1
mMDTT, 0.1 mg/ml BSA and 5% (v/v) glycerol) at 37◦C in
a final volume of 60 �l. The reaction was started by adding
ATP (final concentration of 1 mM) and MgCl2 (final con-
centration of 10mM) to the buffer containingDNA, coreT-
FIIH, and XPG to evaluate increased unwinding. Alter-
natively, MgCl2 alone was added to evaluate the increased
cleavage. Aliquots (5 �l) at various timepoints were pipet-
ted into test tubes containing 5 �l of STOP buffer (50 mM
EDTA, 0.2% SDS, 0.5 mg/ml proteinase K, and 40 mM
Tris–HCl pH 7.5). The timepoints and total duration of in-
cubation were selected to generate informative curves with
the linear region containing at least 5-datapoints, and in the
case of coreTFIIH + XPG to generate a complete cleavage
curve (Supplementary Figure S4). Next, incubation at 45◦C
for 30 min was performed to ensure complete deproteina-
tion. The reactions were resolved using native PAGE (10%
TBE gel, Invitrogen). The gels were imaged using a laser
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scanner (Typhoon Trio, GE Healthcare) at 635 nm, and the
bands were quantified using GelQuant.NET (Biochemlab-
Solutions.com). The percentage of the cleaved or unwound
substrate was calculated as a fraction of the total fluores-
cence in the respective lane. The relative rate of cleavage was
determined from the slope of the linear region from the re-
spective curve. Fitting was performed using the OriginPro™
Version 2021b software (OriginLab Corporation) using the
equation y = mx, where m is the slope of the line, and x
and y indicate the values on the x and y axes, respectively.
Consequently, the linear rate was assigned units of the y/x
axes, i.e. nM·s−1. Each data point in the time plot represents
an average value obtained from three independent experi-
ments.

Model building

To model XPB and XPD, we used the existing TFIIH-
XPA-DNA cryo-EMdensity data (24). Themissing loop re-
gions of XPB and XPD were modeled into the EM density.
Using the existing XPG crystal structure and AlphaFold2
(38,39), XPG was placed based on XPG incision rela-
tive to the lesion (40,41) and previous TFIIH-XPG cross-
linking data (24). The DNA was modeled based on the ex-
isting TFIIH-XPA-DNA cryo-EM density data (24) and
the FEN1-substrate DNA structure (42) (PDB ID 5UM9).
Extra nucleotides on the lesion-containing strand were ac-
commodated before and after the XPD ssDNA binding in-
terface without steric hindrance. Our model is available in
ModelArchive at https://modelarchive.org/doi/10.5452/ma-
mrlg5.

RESULTS

XPG and XPA stimulate dsDNA unwinding by coreTFIIH in
bulk

To delve into factors underlying DNA, XPG, XPA and
coreTFIIH interactions, we evaluated the dsDNA unwind-
ing activity of XPD in coreTFIIH (Figure 1 Ai, Aii) by us-
ing a substrate containing a 5′ overhang that was 26 nt in
length. We analyzed dsDNA unwinding activity on a native
gel using Cy5 attached to the displaced oligo (Figure 1Ai).
In another experiment, we attached a quencher-fluorophore
system (OnyxQ/Cy5) to track DNA unwinding quantita-
tively, by measuring the increase in Cy5 fluorescence sig-
nal intensity uponDNAunwinding, as described previously
(Figure 1B) (24). We observed strong stimulation of coreT-
FIIH unwinding activity by XPG and XPA, consistent with
previous results (Figure 1B). CoreTFIIH alone showed a
relative unwinding rate of 0.040 ± 0.002 nM· s−1, and the
rates with XPA or XPG were 0.140 ± 0.005 nM·s−1 and
0.450 ± 0.010 nM·s−1, respectively (Figure 1B; Supplemen-
tary Figure S1). Adding XPA with XPG did not further in-
crease stimulation beyond the ∼11-fold difference observed
when XPG alone was added to coreTFIIH.
Next, we investigated if the stimulation of coreTFIIH ac-

tivity by XPG and XPA was dependent on the length of the
5′ overhang. The XPD footprint was previously reported to
be∼20 nt in length (43,44), withmore recent structural data
showing occlusion of only 10–11 nt (20,24). We used sub-
strates with 5, 10, 15, 20, 26 and 40 nt 5′ overhangs (Fig-

ure 1C) under four different conditions: with coreTFIIH,
coreTFIIH + XPG, coreTFIIH + XPA, and coreTFIIH +
XPG + XPA. The observed activity was highest for the 20,
and 26 nt overhangs across all conditions (Figure 1C; Sup-
plementary Figure S1). We observed a positive correlation
between overhang length and the relative unwinding rate
with coreTFIIH (Supplementary Figure S1A). The addi-
tion ofXPAand/orXPGboosted the unwinding rate across
all overhang lengths examined. The maximum stimulation
was observed with the addition of XPA (∼4-fold) and XPG
(∼11-fold) (Supplementary Figure S1). Simultaneous addi-
tion of XPG and XPA resulted in no further stimulatory
effects across all overhangs except for the 5 nt length (Sup-
plementary Figure S1A). Thus, the results provide evidence
for a clear preference of the coreTFIIH-XPG complex for
20 ± 5 nt long 5′ ssDNA to achieve an optimal unwinding
rate. These results show that NER downregulates the 5′ to
3′ helicase activity/processivity of coreTFIIH-XPG until a
stretch of 5′ overhangDNAof sufficient length is generated.

We also tested the effect of shortening the dsDNA on the
unwinding rate by comparing a 40ss/24ds with a 40ss/18ds
substrate. Structural comparison to the superfamily of 5′-
nucleases to which XPG belongs (45,46) indicated that
XPG may interact with ∼14 base pair dsDNA. Despite the
∼77◦C melting temperature of both duplexes, the shorter
duplex showed faster unwinding across all conditions (Sup-
plementary Figure S1E).

XPG and XPA do not change the ssDNA translocation and
dsDNA unwinding rates

Next, we used single-molecule imaging to simultaneously
monitor the rates of coreTFIIH translocation on ssDNA
and unwinding of dsDNA to analyze the stimulation ob-
served by XPG and XPA in bulk assays. We relied on the
quenching property of the iron-sulfur cluster binding do-
main (FeS CBD, henceforth referred to as FeS cluster)
(43,44,47,48) to determine the position of coreTFIIH on
ssDNA over time, while simultaneously monitoring the un-
winding activity via fluorescence resonance energy transfer
(FRET), as explained below.
The Cy5 fluorophore (acceptor) was positioned at the 3’

end of the non-translocating strand, while the Cy3 (donor)
was positioned at the 3’ end of the translocating strand
(Figure 2Ai). This arrangement allowed us to follow coreT-
FIIH translocation on ssDNA as it approaches the duplex
through gradual quenching of Cy5. Once in the duplex, un-
winding was followed by the simultaneous recovery of Cy5
intensity and gradual quenching of Cy3, as well as by the
change in FRET efficiency between the two fluorophores
(Figure 2Aii). The lengths of the 5′ overhang and duplex
regions in our 40ss/18ds substrate enabled us to assume a
nearly linear relationship between coreTFIIH-fluorophore
distance and fluorophore intensity through quenching, as
established in previous studies (43,44,48). Finally, complete
strand separation was detected through the abrupt loss of
the Cy3 signal resulting in a full-amplitude FRET efficiency
time trace (Figure 2Aiii). Consequently, we determined the
time spent by coreTFIIH on ssDNA and dsDNA, referred
to as the quenching and unwinding phases, respectively
(Figure 2A, B). A single quenching or unwinding phase in-
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Figure 1. coreTFIIH unwinding activity is stimulated by XPG, XPA, and longer 5′ overhangs. (Ai) Unwinding activity of coreTFIIH visualized on a native
gel using a 5′ overhang substrate after 5 min of incubation at 37◦C in the presence of 1 mMATP. (Aii) Representative Comassie blue stained gel of the final
size exclusion column (SEC) load and elution fractions. All coreTFIIH subunits are labelled next to their respective band. The lowest band for P8 stains
poorly on a regular basis due to a low number of aromatic residues. (B) Fluorescence intensity time plots showing coreTFIIH unwinding activity in the
presence of XPA and/or XPG. Values obtained from linear fits of the linear region are color-coded. (C) Relative unwinding rates are plotted against the 5′
overhang length. Units of the Y-axis (nM) over the X-axis (s) were assigned to the slope (nM·s−1). All data points include the average of three independent
experiments. Error bars indicate the standard error of the mean (SEM). See also Supplementary Figure S1.

dicates a burst event that did not have large backtracking
steps, which could be discerned visually from the inherent
noise in the traces obtained. Such behavior is considered
processive and was used for rate determination (Figure 2Ai,
B). Therefore, the length of the quenching phase was di-
vided by 40 nt to obtain the dwell time of coreTFIIH per
nucleotide. Similarly, the unwinding phase was divided by

18 base pairs (bp) to determine the dwell time required for
unwinding a single base pair. The inverse of these values
represents the translocation velocity on ssDNA and the un-
winding velocity of dsDNA.
In the absence of proteins, the donor and acceptor in-

tensities remained relatively constant at a FRET value of
∼0.3 (Supplementary Figure S2A, B), whereas in their pres-
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Figure 2. XPG increases the success of unwinding by reducing abortive translocation at the ss/ds junction. (A) (i) Schematic of the 40ss/18ds substrate
with donor (Cy3) and acceptor (Cy5) fluorophores positioned at the 3′ ends and tethered to the functionalized surface via a biotin-neutravidin-biotin link.
coreTFIIH subunits XPB, p62, p52, p44, p32, and p8 are shown in light gray. The XPDATPase is colored blue. The Cy5 and Cy3 fluorophores are colored
red and green, respectively. (ii) Schematic representation of the quenching (pink shade) and unwinding (blue shade) phases. coreTFIIH translocation in the
3′ direction along the ssDNA overhang induces Cy5 quenching. During unwinding, coreTFIIH separates the strands of the duplex in the 5′ to 3′ direction
as observed through variable quenching of both fluorophores and changes in their FRET E status. (iii) Example trace of a single quenching event followed
by an unwinding event. Donor emission intensity due to donor excitation (Dem-Dex), and acceptor emission intensity due to acceptor excitation (Aem-
Aex) are overlaid in the upper panel to showcase the anti-correlated behavior during unwinding. (B) Example trace containing multiple quenching events
of the acceptor before a single unwinding event. (C) The rate of translocation on ssDNA (nt/s) was calculated from the duration of the quenching phase,
along with the rate of strand separation (bp/s) calculated from the duration of the unwinding phase. Different conditions using coreTFIIH alone, or in
combination with XPA, XPG, and XPA + XPG are labeled below the plot along with the mean and standard deviation (SD) of the Gaussian distribution
to which the data points were fitted. Each dot in the plot represents the rate of a single quenching phase (magenta) that directly preceded the unwinding
phase (cyan). After donor loss, oscillation of the FRET E signal between 0 and 1 in the bottom panel reflects trace emissions of Cy5 which periodically
cross the detection threshold. These trace emissions are due to a combination of factors such as auto florescence and spectral overlap of the donor and
acceptor, and channel leakage. (D) Plot of the number of quenching events that precede an unwinding event. Each dot represents the number of events for
a separate trace. N represents the number of dots in each lane of the plots in panels C and D. The mean is indicated with black dots, whereas SD is shown
with error bars. The mean, SD values, and the respective data points in the plot are color-coded for easier comparison. See also Supplementary Figures S2
and S3.
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ence the aforementioned quenching and FRET changes
were distinguishable (Figure 2Aiii, B). The rate of coreT-
FIIH translocation and unwinding was 20.7 ± 10.7 nt·s−1

and 12.3 ± 4.6 bp·s−1, respectively; these values are 2-fold
greater compared to previous studies (43,44). The rate of
coreTFIIH translocation changed modestly regardless of
whether XPA alone, XPG alone, or XPG andXPA together
were present (Figure 2C). More importantly, the small vari-
ances in the velocities observed in the smFRET measure-
ments cannot explain the ∼4–12-fold stimulation by XPA
andXPGobserved in the bulk assays (Figure 1; Supplemen-
tary Figure S1).

XPG and XPA enhance switching from ssDNA translocation
to dsDNA unwinding

The data from single-molecule analysis showed that the
enhanced translocation rate of individual coreTFIIH
molecules was not the cause of stimulation observed in bulk
assays. However, bulk assays represent an ensemble activ-
ity of individual rates of ssDNA translocation, dsDNA un-
winding, and their respective efficiencies. This makes bulk-
derived rates inadequate to unravel the mechanistic ba-
sis of the observed stimulation. Pertinent to the latter, the
single-molecule trajectories revealed that there were multi-
ple quenching phase events per single unwinding event, sug-
gesting that frequent abortion of translocation occurred at
the ss/ds junction (Figure 2B). We observed complete un-
winding on our functionalized surface by the end of the
∼7 min acquisition period in all conditions (Supplemen-
tary Figure S2D), indicating that complete unwinding was
achieved with time. Moreover, the difference in the num-
ber of traces where unwinding was achieved in the first 20
s, an estimate of the initial unwinding rate in smFRET, re-
flected the degree of stimulation with XPA and XPG seen
in bulk (Figure 1A; Supplementary Figure S2A). There-
fore, the stimulation effects observed in the bulk analysis are
possibly reflected in smFRET, as reported by a decrease in
number of aborted events. Thus, the stimulation observed
in the bulk experiments may be a consequence of change
in the propensity of abortion when switching from ssDNA
translocation to dsDNA unwinding at the ss/ds junction.
Due to spatial and temporal resolution limits, and the in-
ability to control transient interactions between DNA and
protein particles during flow, we were unable to confidently
interpret smaller fluctuations in the traces obtained. There-
fore, we counted the number of full-amplitude (100% to
0% intensity) quenching events before a single unwinding
event (Figure 2B; Supplementary Figure S3). The number
of non-processive quenching (NPQ) events was ∼8 on av-
erage, but decreased to ∼5 in the presence of XPA (Figure
2D). In the presence of XPG or XPG+XPA, the number of
NPQ events was further decreased and coreTFIIH required
∼1.5 translocation attempts on average before commitment
to unwinding. In remarkable contrast to the abortive nature
of the quenching events (ssDNA translocation), we were
unable to reliably identify a single trace where dsDNA un-
winding was initiated and subsequently aborted, suggesting
that unwinding is a committed step. Previously, partial un-
winding has been observed (43,44), but differences in the re-
sults obtained may arise due to the presence of lower ATP

levels, lower temperature, and performing the experiments
with XPD alone, in contrast with the 7-subunit coreTFIIH
examined herein.
Thus, coreTFIIH on its own cannot unwind dsDNA

efficiently in most instances. In several cases, coreTFIIH
appears to dissociate on encountering the ss/ds junction,
as indicated by the sharp recovery of Cy5 fluorescence
on reaching 0% intensity (Figure 2B, quenching phases).
Therefore, efficient 5′ to 3′ unwinding during NER may be
strongly licensed by the simultaneous presence of coreT-
FIIH and XPG, and to some extent by the presence of
XPA.

ATP hydrolysis controls the unwinding-to-cleavage switch in
coreTFIIH-XPG

As XPG stimulates coreTFIIH unwinding, it is possible
that coreTFIIH stimulates XPG incision.We next tested for
XPG incision activity in the presence of coreTFIIH on the
40ss/18ds substrate. We resolved the unwinding (18 nt ss-
DNA) and 5′ overhang cleavage (17nt/18 nt dsDNA) prod-
ucts on a native gel after bulk cleavage assays. In the pres-
ence of ATP, equimolar concentrations of XPG stimulated
the helicase activity of coreTFIIH (lane 3 versus lane 8,
Figure 3A), consistent with the results of our fluorescence-
based helicase assays (Figure 1). In the presence of XPG
alone, we observed a small but detectable amount of ds-
DNA product that was consistent with 5′ nuclease incision
of the substrate (lanes 5–6; Figure 3A). Interestingly, in the
absence of ATP, coreTFIIH strongly stimulated XPG cleav-
age of the 5′ overhang (lanes 5 and 7; Figure 3A). In the
presence of coreTFIIH and ATP, XPG incision activity was
absent, and the unwinding product alone was detected (lane
8; Figure 3A). These findings indicated that the coreTFIIH-
XPG complex has an ATP switch that controls efficient un-
winding or cleavage. To test for ATP-hydrolysis dependency
of the switch, we used the non-hydrolyzable ATP analog
AMPcPP instead of ATP. Our results showed that coreT-
FIIH enhanced cleavage activity similar to no ATP condi-
tions (lane 9; Figure 3A).
Next, we asked whether XPG stimulation depends on

the 5′ overhang length in a manner similar to the coreT-
FIIH unwinding activity. We incubated XPG with coreT-
FIIH under conditions that favor incision, i.e. without ATP.
As shown in Figure 1, the helicase activity of coreTFIIH +
XPG was greatly reduced on short overhangs compared to
longer overhangs (Figure 1B). Therefore, we evaluated the
XPG cleavage rate on substrates with 5, 10, 15, 20, 26 and
40 nt 5′ overhangs. For the XPG-only control, the rate of
product generation showed a weak correlation with over-
hang length (Supplementary Figure S4A). However, for the
coreTFIIH + XPG condition, there was a strong positive
correlation between incision activity and overhang length
(Figure 3B). In the presence of coreTFIIH, stimulation of
the XPG incision activity was not observed for the 5 and
10 nt substrates, and was only 3-fold for the 15 nt substrate
(Figure 3B; Supplementary Figure S4A). For overhangs of
20, 26 and 40 nt, the incision rate was stimulated∼21-,∼38-
and ∼103-fold, respectively. Altogether, the data indicate
that coreTFIIH regulates the relative cleavage of XPG by
sensing the length of ssDNA.
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Figure 3. Mutually exclusive regulation of coreTFIIH and XPG is medi-
ated by ssDNA length. (A) The unwinding or cleavage outcomes were as-
sessed via 2 min incubation bulk reactions evaluated using 10% TBE gels.
The presence of a component is indicated with a plus sign. Lane 4 contains
DNA alone heated for 10 min at 95◦C before gel loading. (B) A plot for the
relative cleavage rate versus the 5′ overhang length. The rates were obtained
from PAGE bulk cleavage assay results. (C) A plot of Kd values obtained
from EMSA with coreTFIIH, XPG, and coreTFIIH + XPG for different
5′ overhang lengths. For panels A and B, the concentration of each protein
and DNA was 400 and 5 nM, respectively. The data points in the panels
represent the mean of three independent experiments and the error bars
represent the standard error of the mean (SEM). See also Supplementary
Figures S4 and S5.

Thus, binding of coreTFIIHand specifically itsXPD sub-
unit to a stretch of ∼20 nt of ssDNA is essential for co-
ordinated XPD-XPG interaction, which leads to enhanced
functionality of both enzymes. Importantly, we obtained
∼100% of the cleaved product within 10 min using coreT-
FIIH and XPG (Supplementary Figure S4D). This rate is
much faster than XPG-dependent cleavage of the splayed
arm (Y-substrate) or the bubble substrates observed under
comparable conditions (46,49). Additionally, although the
unwinding rate for coreTFIIH-XPG reached a peak at 20–
26 nt overhangs, the cleavage peak was at 40 nt. The extra
length may enable increased flexibility at the ss/ds junction
while coreTFIIH is still holding the ssDNA. This consider-
ation suggests that protein-protein interactions are key for
XPG activation.

XPGand coreTFIIH show improved binding to overhang sub-
strates when present in tandem

Reportedly (46,50), XPG alone does not engage its 5′ over-
hang substrate effectively. Previous studies report that no
binding occurs in the absence of the 3′ overhang (50). To de-
termine the dissociation constant (Kd), we measured XPG
activity using higher concentrations than previously tested
(46) (Figure 3C; Supplementary Figure S5). Interestingly,
the Kd values of XPG decrease with an increase in ssDNA
overhang length, as analogously observed for DNA bub-
bles (49). The 40 nt overhang substrate had the lowest Kd
at ∼134 nM. The same trend was observed with coreTFIIH
except that the Kd values were lower than with XPG for all
substrates. The lowest Kd of ∼82 nM for coreTFIIH was
obtained with the 40 nt overhang. Compared to the individ-
ual proteins, the Kd values with the coreTFIIH-XPG com-
plex were decreased significantly at ∼19 nM for the 40 nt
overhang. In fact, The Kd values for all overhang lengths
showed a 2–7-fold decrease, indicating that the coreTFIIH-
XPG complex bound all overhang lengths with higher effi-
ciency than coreTFIIH or XPG alone.
The lower Kd values of coreTFIIH-XPG compared to

coreTFIIH or XPG alone may be explained by the sm-
FRET results. coreTFIIH alone shows a fast off rate at the
ss/ds junction. With XPG, coreTFIIH unwinds efficiently,
indicating more stable binding and a slower off rate at the
ss/ds junction. The ∼4–12-fold stimulation of the unwind-
ing rate (Figure 1; Supplementary Figure S1) is modestly
greater than the ∼2–7-fold stimulation of binding efficiency
(Figure 3C; Supplementary Figure S5). This result suggests
that XPG stimulates coreTFIIH unwinding by enhancing
both the binding to the DNA substrate and the transition-
ing from ssDNA translocation to dsDNA unwinding at the
ss/ds interface. The ∼100-fold increase in the relative XPG
cleavage rate, relative to the 7-fold decrease in Kd, suggests
a direct post-binding stimulation of XPG catalytic activity
by coreTFIIH.

Damage encounter signals an unwinding-to-cleavage switch
in coreTFIIH-XPG

The stimulation of XPG by coreTFIIH in the absence of
ATP implies the existence of a mechanism that regulates
the second incision by XPG during NER. However, these
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findings have limited relevance under NER conditions in
vivo where ATP is always present. Therefore, we reasoned
that coreTFIIH stalling and/or disruption of the ATP hy-
drolysis cycle acts as a regulator of the mutually exclusive
functions of coreTFIIH and XPG. Notably, the XPD AT-
Pase activity is disrupted when the lesion becomes sterically
stuck between the FeS and Arch domains (51,52). Thus,
the disruption of coreTFIIH conformational changes by a
bulky lesion may serve as the atomistical trigger for XPG
incision.
To test this model, we designed two substrates with a

damage-mimicking cholesterol moiety in the ssDNA over-
hang at positions 4 (Chol4) or 11 (Chol11) relative to the
ss/ds junction (Figure 4A; Supplementary Figure S4C).
The two different lesion locations helped evaluate the strin-
gency effect of ssDNA length that spans the lesion and
the ss/ds junction. As expected, both substrates showed
no unwinding due to the damage, despite the presence of
ATP (Figure 4A; Supplementary Figure S4C). Importantly,
coreTFIIH addition stimulated XPG cleavage for both sub-
strates close to the ss/ds junction. Therefore, we quanti-
fied the relative cleavage rates on the aforementioned sub-
strates. Cleavage rates of Chol4 and Chol11 in the presence
of coreTFIIHwere∼122- and∼94-fold faster than without
coreTFIIH, respectively. In the presence of ATP, the cleav-
age rates of coreTFIIH-XPG were increased to ∼640- and
∼715-fold for Chol4 andChol11, respectively, relative to the
condition without coreTFIIH (Figure 4B, Supplementary
Figure S4A, B). Hence, in the presence of DNA damage
and ATP, XPG alone displayed the lowest cleavage activity,
while the addition of both coreTFIIH and XPG together
displayed the highest cleavage activity. The aforementioned
effects were comparable in Chol4 and Chol11 suggesting
that the footprint of the coreTFIIH-XPG complex along
the ssDNA between the lesion and the duplex can vary sig-
nificantly.
Altogether, the presence of ATP and a lesion on a long ss-

DNA overhang can suppress the incision activity by XPG
alone. However, in the presence of coreTFIIH, the same
conditions result in strong stimulation of XPG incision.
This co-dependence prompted us to re-check the binding
affinity of our complex to the respective substrates. Simi-
lar to the lesion-free substrate, coreTFIIH-XPG has a 7-
fold/8-fold lower Kd value for Chol4/Chol11 than XPG
alone. CoreTFIIH provides the dominant DNA binding in-
terface, as theKd values for lesion-containing substrates for
coreTFIIH alone and coreTFIIH-XPG are similar (Fig-
ure 4C; Supplementary Figure S5). Given the ∼94–122-
fold stimulation in cleavage activity, but ∼7–8-fold stimu-
lation of binding, the stimulation of XPG cleavage activity
by coreTFIIH is likely caused mostly by post-binding pro-
cesses.

DISCUSSION

Lesion scanning, repair licensing, and DNA incision steps
are complex structural mechanisms required to control
DDR for genome integrity, as observed for many nucle-
ases (42,53,54) and for dsDNA break repair pathways (55–
57). NER must similarly be strictly coordinated because of
the toxicity and mutagenicity of its intermediates and the
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Figure 4. Lesion recognition induces the unwinding-to-cleavage switching
of coreTFIIH-XPG. (A) The presence of a component is indicated with
a plus sign. Lane 4 contains DNA heated for 10 min at 95◦C before gel
loading. The DNA substrate contains a cholesterol moiety at position 4
in the ssDNA overhang. The concentration of each protein and DNA was
400 and 5 nM, respectively. (B) Comparison of the relative rates of cleav-
age for the lesion-free 40ss/18ds substrate and with cholesterol moieties at
positions 4 or 11 on the ssDNA overhang, starting from the ss/ds junc-
tion. A comparison of Chol 4 and Chol 11 in the presence of 1 mM ATP
is shown. The nearest-integer fold difference of the rates using XPG or
coreTFIIH + XPG is provided below the graph. (C) Comparison of Kd
values for the lesion-free and lesion-bearing substrates with XPG, coreT-
FIIH and coreTFIIH + XPG. The data points represent the mean values
from three different experiments, and the error bars represent the standard
error of the mean (SEM). See also Supplementary Figures S4 and S5.
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plurality of its protein components. This coordination re-
quires sequential protein exchange, and the regulatory pro-
cesses governing the pathway have remained unclear. We
have combined single-molecule analysis and bulk cleavage
assays to unveil key mechanisms that enable sequential reg-
ulation of NER by coupling TFIIH and XPG for bubble
opening and the second incision.
Our results show that XPG decreased the number of

abortive translocation events (iterative sharp recovery of
Cy5 fluorescence upon reaching 0% intensity) by coreT-
FIIH and requires a 5′ overhang of more than 15 nt (Figure
2D). These findings are critical to understanding the regu-
lation of bubble opening by TFIIH. During incision, XPG
interacts with 12 nt of the DNA duplex 3′ to the junction,
and with 3 nt of 5′ ssDNA at the junction (50). Analogous
to other members of the 5’ nuclease superfamily (FEN1,
EXO1, GEN1) (45,58), specific XPG structures can act as
a wedge at the ss/ds junction to facilitate a helicase-like
strand separation, except as additionally motorized by the
XPD ssDNA translocase activity. This XPG wedge in it-
self may explain how XPG reduces abortive translocation
events and facilitates the transition from ssDNA transloca-
tion to dsDNA unwinding. The ssDNA occluded by XPD
during unwinding is only 10–11 nt long (20,24). Additional
dynamic interactions of XPD with DNA, without com-
pletely burying the DNA within the protein, can poten-
tially increase the observable footprint of XPD-DNA in-
teractions to ∼20 nt (43,44). This is the ssDNA length
at which we observed the highest unwinding rates (Figure
1C). Therefore, the enhancement of function observed with
coreTFIIH-XPG likely requires coreTFIIH to occlude a
part of the ssDNA and wrap another part. Specifically, dur-
ing NER, the excised oligonucleotide portion located 5′ of
the damage site is 19–20 nt long (59). The occurrence of
this length supports the argument that the 15–20 nucleotide
bubble size is principally required for optimizing the forma-
tion of the critical enabling coreTFIIH-XPG complex.
Interestingly, in the presence of ATP, coreTFIIH-XPG

interaction facilitates enhanced unwinding (Figure 3A),
whereas it facilitates greatly enhanced cleavage in the ab-
sence of ATP. On testing how different lengths of ss-
DNA affect cleavage, we observed that short overhangs
can modestly suppress cleavage, whereas overhangs of 15
nt and longer can greatly stimulate cleavage (Supplemen-
tary Figure S4A). These findings reveal an effective self-
regulatorymechanism that senses the generation of a bubble
of the correct size before cleavage can be performed by the
coreTFIIH-XPG complex. Thismechanism is supported by
our results that show the stimulatory effects reach up to
∼700-fold in the presence of ATP on a damaged substrate
(Figure 4B; Supplementary Figure S4B).
In the presence of a non-hydrolyzable ATP analog, the

coreTFIIH-XPG complex cleaved a damage-free substrate
almost as well as a damage-bearing substrate in the presence
of ATP (Figure 4A; Supplementary Figure S4C). There-
fore, damage encounter per se does not enable the stimula-
tion of cleavage. However, stalling or disruption of ATP hy-
drolysis can trigger efficient incision. XPD-AMPcPP may
have a conformation that resembles damage-bound XPD,
because ATP-analogs are bound with slight structural vari-
ations compared to ATP (60). We cannot exclude the pos-

sibility that a disrupted ATP hydrolysis cycle of XPB may
also act as a trigger of XPG incision. Such a scenario is
however harder to envision as XPB is not directly involved
in probing the DNA for the presence of a damage. There-
fore, a damage-induced disruption of the ATP hydrolysis
cycle is likely to involve XPD and not XPB. Furthermore,
the reported interaction of XPD and XPG would support
a direct incision trigger by XPD-XPG that is likely more
efficient and better regulated than an indirect XPB-induced
incision trigger. Thus, we propose a novel and crucial mech-
anistic switch in NER involving a nuclease (XPG) that sup-
ports a helicase in DNA unwinding, and a helicase (XPD)
that supports a nuclease for cleavage activity. The underly-
ing molecular characteristics of this switch were identified
using singe-molecule experiments interpreted in the context
of structural complexes. Given the crucial role of XPG in-
cision in NER and in preventing increased DDR, we eval-
uated the potential molecular interactions that can enforce
XPG incision regulation.
In particular, we evaluated three scenarios in which cleav-

age by coreTFIIH-XPG can occur: (i) a lesion-free sub-
strate without ATP, (ii) a lesion-bearing substrate with
added ATP and (iii) a lesion-free substrate with added AM-
PcPP (Figure 4; Supplementary Figure S4). Interestingly,
the incision placement was conserved in all three cases.
Therefore, the XPG cut position is determined by the du-
plex portion of all three substrates which is identical among
them. During incision, 12 of the 15 nucleotides that inter-
act with XPG are found within the duplex portion (46,50).
The results of the smFRET analysis showed that coreT-
FIIH preferentially binds at the 5′ end of ssDNA, which
supports and extends prior observations for XPD alone
(43,44,52). This may be because ssDNA is condensed, of-
fering limited access to nucleotides further into the ssDNA
overhang, or due to intrinsic affinity of the XPD HD2 do-
main towards the 5′ end of DNA. The lack of differences
in the results obtained with Chol4 and Chol11, and the ab-
sence of multiple incisions in the damage-free substrate, in-
dicate the presence of a specific mechanism for DNA han-
dling. The ssDNA between XPD and XPG may be poten-
tially extruded in a loop or other compacted structures. No-
tably, loop extrusion enables direct protein-protein interac-
tionswhen handling distant portions ofDNA.An extrusion
mechanismwould also be advantageous duringNERwhere
ssDNA generated behind XPB may be looped, allowing di-
rect protein-protein communication at the 5′ and 3′ ends of
the bubble. This particular hypothesis where bubble DNA
is highly looped to allow proximity and communication of
the 5’ and 3’ bubble ends is supported by a recent study of
XPA andRPA(61). Therefore, we uncovered different prob-
able and testable scenarios for the handling of the 5’ over-
hang DNA by coreTFIIH-XPG dependent on ATP avail-
ability (Figure 5A–C). The looped-out DNA may act as a
structural hallmark that is necessary for XPG incision as it
bends ssDNA at a sharp angle, relative to the dsDNA. This
represents a structural feature of the substrate required for
scissile phosphate positioning in the active site of XPG, and
is critical for incision, as in other structure-specific 5′ nucle-
ases (42,45,46,53,62).
To evaluate the concept of DNA bending, we modeled

the path of the DNA in a bubble structure with 25 unpaired
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Figure 5. Structural models that rationalize coreTFIIH-XPG activity on the ss/ds junction based on existing structural information and our experimental
results and analyses. Initial binding to the substrate proceeds via the 5′ end by coreTFIIH which has a higher affinity for the substrate compared to XPG.
For simplicity, the XPD domain of coreTFIIH alone is represented (green) along with XPG (purple). XPD recruits XPG via DNA-mediated protein-
protein interactions. The ssDNA between XPD and XPG is highly condensed or extruded to enable direct XPD-XPG interactions even if XPG is located
at the duplex. (A) The absence of ATP precludes translocation which enables access and flexibility at the junction, resulting in incision. (B) In the presence
of ATP, DNA is pulled through XPD by the action of ATP hydrolysis. The ATP-hydrolyzing/translocating XPD prevents incision by XPG. Once all of
the ssDNA is translocated, the complex begins unwinding which proceeds to completion in the absence of a lesion. (C) In the presence of a lesion, the
XPD-XPG complex translocates until stopped by the lesion. This stalling and the potential disruption of ATP-hydrolysis trigger XPG incision. (D) A
model of XPB (blue), XPD (green), and XPG (purple) interactions at the opened bubble substrate. The non-translocating strand is shown when bound
by XPB, and the rest is omitted as it would require Replication protein A (RPA) docking. The translocating strand is shown in gold and black. The two
paths show two possibilities of looping DNA out (arrows), to enable efficient DNA handling and XPD-XPG interaction. The model showcases the sharp
bending of the 3’ duplex by XPG which enables active site positioning while maintaining XPD-XPG contacts.
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nucleotides in a minimal system containing the XPB-XPD-
XPG catalytic domain (Figure 5D), which was based on a
cryoEM model of the coreTFIIH NER complex (24), the
XPG crystal structure (46), the FEN1-substrate DNA crys-
tal structure (42), and cross-linking data (24). The XPB-
XPD-XPGmodel accounts for known specific structural re-
quirements: (i) XPB positioning at the 5′ duplex, (ii) XPD
positioning at the ssDNA and (iii) XPG at the 3′ duplex,
with the active site of XPG located in a position to cut 1
nt into the duplex. In this complex, the wedge separating
strands for XPD would serve as the hydrophobic wedge
in XPG helix 2. Based on biochemical data (40,51,63),
we predict that 6 nt of ssDNA may be located between
XPG and the site where the lesion would be blocked from
passing through XPD. Based on the DNA position and
cross-linking between XPD and XPG (24), gateway he-
lices (residues 78–126 and 733–759) above the active site of
XPG make extensive contact with the XPD arch domain
(residues 257–280 and 384–393). To account for the differ-
ence between the biochemically established size of the NER
bubble (40,51,63) and the smaller footprint of ssDNA that
passes through XPD, the ssDNA on the lesion strand must
loop out. Such looping may occur without steric hindrance
in two places: in the space between XPB and XPD (Loop
A, Figure 5D), or between XPG and XPD (Loop B, Fig-
ure 5D). Furthermore, both potential ssDNA paths may
occur during different stages of NER. The presence of a
loop on the 5′ side of the NER bubble may facilitate inci-
sion by XPF/ERCC1. Conversely, the creation of a loop on
the 3′ side of the NER bubble may enable incision by XPG.
Thus, our model introduces testable hypotheses to rational-
ize the sequential nature of nuclease excision in NER. We
also acknowledge the recently published model (61), which
proposes looping of the undamaged strand that involves
all nucleotides of the bubble, as opposed to the rather lo-
cal looping we present in our model. Both models however
posit the notion of a sharp bend at the 3’ end of the bubble,
which could be a structural hallmark necessary for incision
by XPG.
Interestingly, the invariability of the cut position has

mechanistic implications, whether achieved by XPG alone
or in tandem with coreTFIIH (Figure 3A). The data indi-
cates that coreTFIIH-XPG always unwinds our substrate
to completion in the absence of lesion, and that an actively
ATP-hydrolyzing coreTFIIH prevents XPG cleavage. The
unwinding-to-completion hypothesis is supported by our
smFRET results as we did not identify any rezipping events.
Yet, transient stalling and re-zipping after short unwinding
events may occur, as the data lacked the temporal or spatial
resolution to unambiguously identify rezipping events from
inherent noise. We hypothesize that when XPG is bound to
coreTFIIH, it becomes poised for incision but is barred by
the movement of DNA and the ATPase lobes of XPD.
Different mechanisms of DNA entry pore ordering in

XPDmay depend on the presence of a normal versus a dam-
aged nucleotide (64). Hence, one way of triggering XPG by
XPD may involve XPG encountering two different XPD
conformations that arise from whether XPD encounters a
damage or not. Additionally, our findings indicate thatAM-
PcPP triggers enhanced incision of XPG in the presence
of coreTFIIH, suggesting that it is not damage-recognition

per se, but rather a stalled XPD that triggers the cut. We
and others have shown that in the 5’ nuclease superfamily,
FEN1 and EXO1 have two substrate DNA binding modes,
with initial binding with the scissile phosphodiester not po-
sitioned to be incised that is followed by the movement
of the substrate DNA into a catalytically active position
near the bound divalent cations upon validating its features
(42,53,65–68). Perhaps when the DNA is being moved by
coreTFIIH, the DNA is bound in the non-catalytic posi-
tion. Only when DNA is no longer moving, can XPG dis-
tort the dsDNA to move the scissile phosphodiester into
catalytic position. If so, in cells where ATP is present, XPG
incision is suppressed to ensure incision only occurs when
damage is encountered and XPD is stalled.
Thus, we have identified a unique mechanistic ensem-

ble involving a helicase and a nuclease that promote mu-
tual functioning in a sequential, mutually exclusive, and ss-
DNA length-dependent manner. This functional versatility
is reminiscent of Dna2 which works as a helicase and nu-
clease (69), but is unique in the specific way it achieves ei-
ther function. One reason for this uniqueness may relate to
the fact that the same coreTFIIH-XPG complex may act in
various cellular pathways. Given the emerging evidence of
XPG involvement in chromatin looping, DNA demethyla-
tion, and TFIIH stabilization during transcription (70,71),
elucidating the mechanistic nature of the coreTFIIH-XPG
complex may have profound biological significance beyond
NER.
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Structural determinants for substrate binding and catalysis by the
structure-specific endonuclease XPG. J. Biol. Chem., 278,
19500–19508.

51. Li,C.L., Golebiowski,F.M., Onishi,Y., Samara,N.L., Sugasawa,K.
and Yang,W. (2015) Tripartite DNA lesion recognition and
verification by XPC, TFIIH, and XPA in nucleotide excision repair.
Mol. Cell, 59, 1025–1034.

52. Cheng,K. and Wigley,D.B. (2018) DNA translocation mechanism of
an XPD family helicase. Elife, 7, e42400.

53. Rashid,F., Harris,P.D., Zaher,M.S., Sobhy,M.A., Joudeh,L.I.,
Yan,C., Piwonski,H., Tsutakawa,S.E., Ivanov,I., Tainer,J.A. et al.
(2017) Single-molecule FRET unveils induced-fit mechanism for
substrate selectivity in flap endonuclease 1. Elife, 6,e21884.

54. Tsutakawa,S.E., Lafrance-Vanasse,J. and Tainer,J.A. (2014) The
cutting edges in DNA repair, licensing, and fidelity: DNA and RNA

repair nucleases sculpt DNA to measure twice, cut once. DNA Repair
(Amst.), 19, 95–107.

55. Chen,S., Lee,L., Naila,T., Fishbain,S., Wang,A., Tomkinson,A.E.,
Lees-Miller,S.P. and He,Y. (2021) Structural basis of long-range to
short-range synaptic transition in NHEJ. Nature, 593, 294–298.

56. Syed,A. and Tainer,J.A. (2018) The MRE11–RAD50–NBS1 complex
conducts the orchestration of damage signaling and outcomes to
stress in DNA replication and repair. Annu. Rev. Biochem., 87, 263.

57. Ye,Z., Xu,S., Shi,Y., Bacolla,A., Syed,A., Moiani,D., Tsai,C.-L.,
Shen,Q., Peng,G. and Leonard,P.G. (2021) GRB2 enforces
homology-directed repair initiation by MRE11. Sci. Adv., 7,
eabe9254.

58. Finger,L.D., Atack,J.M., Tsutakawa,S., Classen,S., Tainer,J.,
Grasby,J. and Shen,B. (2012) The wonders of flap endonucleases:
structure, function, mechanism and regulation. Subcell. Biochem., 62,
301–326.

59. Li,W., Adebali,O., Yang,Y., Selby,C.P. and Sancar,A. (2018)
Single-nucleotide resolution dynamic repair maps of UV damage in
Saccharomyces cerevisiae genome. Proc. Natl. Acad. Sci., 115,
E3408–E3415.

60. Lacabanne,D., Wiegand,T., Wili,N., Kozlova,M.I., Cadalbert,R.,
Klose,D., Mulkidjanian,A.Y., Meier,B.H. and Böckmann,A. (2020)
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