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ABSTRACT
Nucleotide excision repair (NER) in eukaryotes is orchestrated by the core form of the general transcription factor TFIIH, containing the helicases XPB, XPD
and five ‘structural’ subunits, p62, p44, p34, p52 and
p8. Recent cryo-EM structures show that p62 makes
extensive contacts with p44 and in part occupies
XPD’s DNA binding site. While p44 is known to regulate the helicase activity of XPD during NER, p62 is
thought to be purely structural. Here, using helicase
and adenosine triphosphatase assays we show that
a complex containing p44 and p62 enhances XPD’s
affinity for dsDNA 3-fold over p44 alone. Remarkably, the relative affinity is further increased to 60fold by dsDNA damage. Direct binding studies show
this preference derives from p44/p62’s high affinity
(20 nM) for damaged ssDNA. Single molecule imaging of p44/p62 complexes without XPD reveals they
bind to and randomly diffuse on DNA, however, in
the presence of UV-induced DNA lesions these complexes stall. Combined with the analysis of a recent
cryo-EM structure, we suggest that p44/p62 acts as
a novel DNA-binding entity that enhances damage
recognition in TFIIH. This revises our understanding of TFIIH and prompts investigation into the core
subunits for an active role during DNA repair and/or
transcription.
INTRODUCTION
Cell survival relies on accurate replication and transcription
of genetic material. When DNA is damaged, rapid, efficient
repair is essential to ensure genome integrity. Deficiencies
in these repair processes have severe consequences as exemplified by defects in the nucleotide excision repair (NER)

machinery leading to diseases such as xeroderma pigmentosum (XP), which is phenotypically characterized by UV
hyper-sensitivity and increased incidence of skin cancers (1).
Mutations found in many components of the NER pathway, including TFIIH can lead to XP. The core structure
of TFIIH comprises two helicases; of these, XPB is enzymatically involved in both transcription and repair, whereas
XPD’s activity is only essential for repair (2,3). In addition, TFIIH possesses five other core subunits: p44, p62,
p34, p8 and p52 (4–13). While it has been shown that p44
and p52/p8 can stimulate XPD and XPB’s helicase activities respectively (8,14,15), most of the core subunits remain
relatively unstudied. A recent cryo-EM structure of TFIIH
reveals significant interactions between p44, p62 and XPD
(16). Part of p62 is located in XPD’s DNA binding site, suggesting that p62 might assume a role in modulating XPD’s
ability to interact with DNA. This would expand p62’s function beyond stabilizing TFIIH and acting as a hub for protein interactions in transcription and crucially with the initial damage sensor XPC-HR23B for NER (14,17–20).
Previous attempts to purify full-length p44 have been
hampered by protein stability issues, however, a truncated
form of p44 (N-p44) has been expressed and has been
shown to activate the adenosine triphosphatase (ATPase)
of XPD (21). In this study, we successfully purified full
length p44 through co-expression with p62. We show that
the complex formed by both proteins enhances XPD’s affinity for dsDNA. However, the presence of damaged dsDNA
dramatically increases the relative affinity for the ternary
XPD-p44/p62 complex 60-fold versus XPD-N-p44. Remarkably, in the absence of XPD, we observe that p44/p62
also preferentially binds to damaged single-stranded DNA
compared to undamaged ssDNA, likely explaining the enhanced selectivity for damage in the presence of XPDp44/p62. Using single molecule fluorescence microscopy,
we show that p44/p62 alone binds and randomly diffuses
on non-damaged dsDNA, but this complex is stalled in the
presence of UV lesions, suggesting a direct response to dam-
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age. This hypothesis is supported by the in-depth analysis
of a recent TFIIH cryo-EM structure (22), where we placed
p62 fragments into unassigned regions of the EM maps to
propose that p62 is located proximally to XPD’s DNA binding pocket when bound to single-stranded DNA (ssDNA).
Our data thus reveal that p44/p62 acts as a damage-specific
DNA binding entity within TFIIH and we provide a structural model for how this may be mediated.
MATERIALS AND METHODS
Purification
The genes encoding p44 and p62 were cloned from
Chaetomium thermophilum cDNA. p62 was cloned into the
pETM-11 vector (EMBL) without a tag. p44 was cloned
into the pBADM-11 vector (EMBL) containing an Nterminal hexa-Histidine tag followed by a TEV cleavage site.
p62 and p44 were co-expressed in Escherichia coli BL21
CodonPlus (DE3) RIL cells (Agilent) and were co-purified
via immobilized metal affinity chromatography (Ni-TED,
Macherey-Nagel), followed by size exclusion chromatography (SEC), and anion exchange chromatography (AEC).
SEC was conducted with a HiLoad 16/600 Superdex 200
prep grade column (CYTIVA) in 20 mM HEPES pH 7.5,
250 mM NaCl, and 1 mM TCEP. AEC was conducted with
a MonoQ 5/50 GL column (CYTIVA). The proteins were
eluted via a salt gradient ranging from 50 to 1000 mM NaCl.
AEC buffers were composed of 20 mM HEPES pH 7.5,
50/1000 mM NaCl and 1 mM TCEP. The p44/p62 protein
complex was concentrated to ∼20 mg/ml and flash frozen
in liquid nitrogen for storage.
XPD and N-p44 (1–285) from C. thermophilum were
cloned as described previously (3). XPD was expressed as
N-terminally His-tagged proteins in E. coli ArcticExpress
(DE3)-RIL cells (Agilent). Cells were grown in TB medium
at 37◦ C until they reached an OD600 of 0.6–0.8. Expression was initiated by the addition of 0.05% L-arabinose and

Size exclusion chromatography
SEC of XPD, p44/p62 and the XPD/p44/p62 complex was
performed in 20 mM HEPES pH 7.5, 250 mM NaCl, 1 mM
TCEP at a concentration of 40 M. XPD was mixed with
p44/p62 at an equal molar ratio with the final concentration
of 40 M prior to the SEC analysis. SEC was performed on
an Äkta Pure system using a Superdex200 Increase 3.2/300
at a flow rate of 0.05 ml/min.
Fluorescence anisotropy
DNA binding was analyzed by fluorescence anisotropy employing the DNA substrates indicated in the methods section for the ATPase with the addition of a Cy3 label on
the 3 end of F26,50 with and without the modification.
In addition, we used a hairpin DNA representing the open
fork structure with a Cy3 label on the 3 end (5 TTT TTT
TTT TTT TTTCCC GGC CAT GC *GAA* GC ATG
GCC GGG TTT TT3 , the stars (*) mark the unpaired
bases within the hairpin). Assays were carried out in 20 mM
HEPES pH 7.5, 30 mM KCl, 5 mM MgCl2 , 1 mM TCEP
and 5 nM DNA at room temperature. The protein was used
at concentrations of 2–5000 nM as indicated. Fluorescence
was detected at an excitation wavelength of 540 nm and
an emission wavelength of 590 nm with a Clariostar plate
reader (BMG labtech). The gain was adjusted to a well containing buffer and DNA but no protein. Curves were fitted
with GraphPad Prism and represent the averages of at least
three different reactions.
ATPase assay
dsDNA substrates used:
F26,50 contains a fluorescein moiety covalently attached to
thymine (*);
5 GACTACGTACTGTTACGGCTCCATCT*CTACCG
CAATCAGGCCAGATCTGC 3
The reverse complementary sequence to F26,50;
5 GCAGATCTGGCCTGATTGCGGTAGCGATGGAG
CCGTAACAGTACGTAGTC 3
F26,50 without the fluorescein moiety;
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Figure 1. SEC analysis of XPD, the dimeric p44/p62 and the ternary
XPD/p44/p62 complexes. SEC chromatograms of XPD (92 kDa),
p44/p62 (132 kDa) and the XPD/p44/p62 (224 kDa) complex were performed in 20 mM HEPES pH 7.5, 250 mM NaCl and 1 mM TCEP on a
Superdex200 Increase 3.2/300. XPD was mixed with p44/p62 at an equal
molar ratio (final concentration of 40 M) prior to SEC. The inset shows
the SDS-PAGE analysis of the center fractions from the XPD/p44/p62
elution, the markers on the x-axis correspond to the fractions in the gel.

performed at 11◦ C for 20 h. N-p44 was expressed as Nterminally His-tagged protein in E. coli BL21-CodonPlus
(DE3)-RIL cells (Stratagene). Cells were grown as described
for ctXPD and expression was started by adding 0.1 mM
IPTG at 14◦ C for 18 h. XPD and N-p44 were purified to
homogeneity by metal affinity chromatography (Ni-IDA,
Macherey-Nagel) as described previously (3) followed by
SEC (20 mM HEPES pH 7.5, 200 mM NaCl) and an additional AEC step in the case of XPD. AEC was performed
using a MonoQ 5/50 GL column (CYTIVA) with 20 mM
HEPES pH 7.5, 50 mM NaCl and 1 mM TCEP as loading
buffer and the same buffer containing 1 M NaCl was used
for elution. The final buffer after AEC was 20 mM HEPES
pH 7.5, 250 mM NaCl and 1 mM TCEP. The proteins were
concentrated to at least 5 mg/ml based on their calculated
extinction coefficient using ProtParam (SwissProt) and then
flash frozen for storage at −80◦ C.
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Figure 2. Steady-state ATPase and helicase activity of XPD complexes in the presence of various DNA substrates and core TFIIH proteins. (A) XPD’s
helicase activity is stimulated by N-p44 (hashed) and p44/p62 (white) on an open fork substrate with lengths indicated in nucleotides. XPD alone displays
no helicase activity (21). Errors are shown as S.E.M from nine repeats. Statistical significance determined using a student’s t-test where * = P < 0.05, n.s =
not statistically significant. (B) Summary table of the kcat values and KM values obtained from DNA substrate titrations. Errors are S.E.M fit values. (C)
Summary of the effect of DNA substrates on XPD-p44/p62 (white) and XPD-N-p44 (hashed) affinities. XPD-p44/p62 shows a 60-fold enhancement in
affinity versus XPD-N-p44. (D) XPD-p44/p62’s ATPase is stimulated by the presence of DNA substrates. Damaged dsDNA (squares) binds much more
tightly than undamaged DNA (triangles), and approximately equivalent to ssDNA (circles). ATPase rates are normalized to the protein concentration
used so that the asymptote reports the kcat . Errors are shown as S.E.M from three or more repeats. In the absence of DNA, XPD possesses a slow ATPase
that is unaffected by N-p44, p44/p62 or damaged DNA (Supplementary Table S1) indicating that p44/p62 displays no ATPase activity by itself.

5 GACTACGTACTGTTACGGCTCCATCTCTACCG
CAATCAGGCCAGATCTGC 3
The NADH-coupled ATPase assay was performed as
described previously (23) in plate reader format. Imaging buffer containing the NADH-reaction components
was supplemented with 1 mM fresh TCEP, protein (50
nM (equimolar concentrations for XPD N-p44 and XPD
p44/p62)), and increasing amounts of DNA substrate (4–
500 nM). The reaction was started with the addition of 2
mM ATP to each well, and the change in OD340 (NADH)
was monitored every 8 seconds/well over 30 min at room
temperature in a Clariostar plate reader. The rates of
NADH consumption were used to calculate kcat . Reactions
were repeated at least three times and include biological
replicates, and S.E.M used as errors values.

In vitro helicase assay
Helicase activity was analyzed utilizing a fluorescencebased assay. We used an open fork substrate with a Cy3 label
at the 3 end of the translocated strand where unwinding of
the DNA substrate reduces quenching of the Cy3 fluorescence.
5 AGCTACCATGCCTGCACGAATTAAGCAATT
CGTAATCATGGTCATAGC-Cy3 3 and a dabcyl
modification on the 5 end of the opposite strand
5 Dabcyl-GCTATGACCATGATTACGAATTGCTTG
GAATCCTGACGAACTGTAG 3
Assays were carried out in 20 mM HEPES pH 7.5, 50
mM KCl, 5 mM MgCl2 , and 1 mM TCEP. DNA was used
at a concentration of 250 nM. Helicase activity was measured with equimolar concentrations of XPD in the pres-
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RESULTS AND DISCUSSION
dsDNA
dsDNA damage
ssDNA
ssDNA damage
Open fork

0.5

p44/p62 co-purify as a complex that stimulate XPD’s activity

0.0
-1

0

1

2

3

4

Log [p44/p62] (nM)
Figure 3. p44/p62 binding affinities for different DNA substrates. Fluorescence polarization was used to determine the binding of various substrates to increasing concentrations of p44/p62. p44/p62 displayed an intermediate affinity for dsDNA irrespective of the presence of a fluorescein
DNA damage, but a higher affinity for open fork and ssDNA. The tightest
binding was observed with ssDNA containing a fluorescein DNA damage.
Data were plotted and fitted in GraphPad, presented here as normalized
values with error bars representing the SD from at least three repeats.

ence of N-p44 or p44/p62, respectively. The mix of reagents,
were preincubated at 37◦ C and the reaction was subsequently started with the addition of 5 mM ATP. Kinetics
were recorded with a Fluostar Optima plate reader (BMG
labtech). Fluorescence was detected at an excitation wavelength of 550 nm (slit width, 2 nm) and an emission wavelength of 570 nm (slit width, 2 nm). Initial velocities were fitted with the MARS software package (BMG labtech) and
represent the averages of at least three different reactions
and two independent protein batches.
Single molecule DNA tightrope assay
For a detailed protocol see (24). p44/p62 interactions with
DNA were studied in imaging buffer (20 mM Tris pH 8.0,
10 mM KCl (100 mM for high salt), 5 mM MgCl2 , 1 mM
TCEP). Videos for diffusion analysis were collected between
30 s and 5 min at 10 frames per second. Video analysis
was performed in ImageJ as described previously (25). Experiments using UV damaged lambda DNA are described
elsewhere (23). Briefly, lambda DNA was irradiated to 500
J/m2 using a 254 nm lamp immediately before constructing
DNA tightropes. Exposure of DNA to this wavelength and
power randomly induces ∼106 CPDs per tightrope (calculation based on (23,26)) which are recognised as damage by
NER (27).
Structural model building
The additional p62 fragments were built into the cryo-EM
map of pdb entry 6RO4 using manual model building features in coot. For the C-terminal part, the corresponding
segments of p62 from the PDB entry 6NMI (residues 397–
547) were used and fitted into the cryo-EM map. The Nterminal helical bundle was built de novo and residues were
marked as unknown since the assignment of residues in this
segment was ambiguous. Final real space refinement was
carried out using the Phenix Suite (28).

Both p44 and p62 make extensive contacts with XPD in
TFIIH (16). To investigate this interaction, recombinant
p44, p62 and XPD from C. thermophilum were utilized. All
subunits share high sequence homology with the human
TFIIH subunits and we have shown previously that they
serve as an ideal model for the human proteins (3,29). Only
the N-terminal region (residues 1–285) of p44, containing
the von Willebrand domain (N-p44), has been successfully
purified in isolation to date, nonetheless this is sufficient to
activate XPD’s ATPase and helicase (3). By co-expressing
full-length p44 with full-length p62, we purified a tightly associated complex of p44/p62 that also interacts with XPD
(Figure 1), thus providing the first successful purification of
full length p44 and suggesting that p44 requires p62 to fold
correctly.
Recently Greber et al. showed by cryo-EM, that a portion of p62 is located in XPD’s DNA binding site within the
DNA-free transcriptional apo-TFIIH structure (16). To understand how this might affect XPD, we measured the helicase activity of XPD-p44/p62 relative to XPD-N-p44. Surprisingly, XPD-p44/p62 possessed a significantly enhanced
ability to unwind the DNA substrate compared to XPD-Np44 (Figure 2A), indicating that p62 enhances rather than
blocks DNA binding. This was confirmed using a dsDNA
titration of XPD’s ATPase activity in complex with either
N-p44 or p44/p62, (Figure 2B and C) revealing a substantial enhancement in the affinity of XPD-p44/p62 for dsDNA (57.8 ± 9.0 nM) versus XPD-N-p44 (149.6 ± 55 nM).
Surprisingly, the ATPase kcat rate constant was only slightly
affected by the presence of p62 (Figure 2B). Altogether
these data suggest that p62 activates XPD by enhancing its
affinity for DNA.
More remarkably, titrating different DNA substrates
while measuring the ATPase of XPD-p44/p62 (Figure 2C
and D) revealed a substantial enhancement in the affinity
for fluorescein-modified (recognized as damage by NER
(27)) dsDNA (2.7 ± 0.2 nM) versus undamaged dsDNA
(57.8 ± 9.0 nM). In contrast, XPD-N-p44 showed near
identical affinity for dsDNA regardless of the presence of
DNA damage (Figure 2C). Both XPD-N-p44 and XPDp44/p62 showed similar affinity for ssDNA (2.5 ± 0.5 versus 2.6 ± 0.2 nM), indicating p44/p62 is not simply displaying a higher affinity for exposed ssDNA (Figure 2B and D).
These observations provide the first evidence that p62 in the
ternary XPD-p44/p62 complex may enhance the affinity of
the complex for DNA damage. Such behavior explains the
sensitization to UV irradiation observed for truncations of
the yeast p62 homolog (17,30,31).
The p44/p62 complex binds directly to DNA
How p62 enhances the affinity of the ternary complex for
DNA is unknown; however, it is conceivable that p62 undergoes a conformational change and is thereby able to interact directly with the DNA. To investigate this hypothesis, we
determined p44/p62’s affinity for different DNA substrates
relevant to NER by fluorescence polarization (Figure 3). In
support of our hypothesis, p44/p62 was found to bind ds-
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Figure 4. Imaging of p44/p62’s motility on DNA tightropes. (A) Schematic drawing of the DNA tightrope assay: Qdot-labeled proteins are imaged interacting with single molecules of DNA suspended between 5 m diameter beads. (B) Diffusion constant versus exponent (alpha) at high (circles) and low
salt (crosses). The average diffusion constant values are given in the main text. Average alpha exponent values were 0.89 ± 0.04 and 0.91 ± 0.02 in high and
low salt, respectively. (C) Single molecule fluorescence imaging reveals that the number of diffusing p44/p62 complexes on dsDNA tightropes decreases in
the presence of UV-induced DNA damage. Data are average percentages from 8 (No UV) or 6 (UV) experimental repeats with the S.E.M as errors bars,
Statistical significance determined using a student’s t-test where * = P < 0.05. (D) Example kymograph of a molecule showing constrained diffusion. The
scale-bar represents 10 s and 1 m.

DNA with a KD of 1.18 M. Interestingly, DNA intermediates expected to form during NER showed even stronger
binding by p44/p62 than dsDNA (KD (ssDNA) 0.84 M
and KD (open fork) 0.21 M).
Since p44/p62 enhanced XPD’s affinity for damaged
DNA, we also investigated the affinity of p44/p62 for different DNA damage containing substrates independent of
XPD. p44/p62 bound dsDNA containing a fluorescein moiety with an affinity similar to that of undamaged DNA (KD
1.23 and 1.18 M, respectively). In contrast, we observed
a striking 40-fold increase in binding affinity to a ssDNA
substrate containing a central fluorescein lesion (KD 0.02
M), compared to the ssDNA substrate without damage.
The tighter binding to these NER intermediates strengthens the hypothesis that p62 contacts DNA within TFIIH,
and specifically locates to damage within an opened bubble.
The p44/p62 complex independently diffuses on DNA
To directly determine how p44/p62 interacts with DNA,
we imaged individual fluorescently tagged proteins binding to DNA tightropes in real time using fluorescence microscopy (25). In this assay, p44/p62 is fluorescently labeled
using a quantum dot (Qdot) conjugated to the protein via

its poly-histidine purification tag and an anti-His IgG antibody (24). Individual protein molecules are then imaged
interacting with single DNA molecules in real time (Figure 4A). We observed substantial binding of p44/p62 complexes to dsDNA, and of these ∼80% diffused randomly
(n = 599 total). To investigate the mechanism of p44/p62’s
diffusion on the DNA, the diffusion constant and exponent (used to determine if motion is directionally biased)
was calculated in high and low salt conditions (100 versus 10 mM KCl). At elevated KCl concentrations fewer
p44/p62 complexes bound to DNA, and the calculated diffusion constant using mean-squared displacement analysis
(25) showed no significant change (P > 0.05) between salt
conditions (10 mM KCl 0.067 m2 /s ± 0.006 versus 100
mM KCl 0.042 m2 /s ± 0.010; Figure 4B), consistent with
p44/p62 complexes sliding along the DNA helix (32). The
diffusive exponent was found to be ∼0.9 in either salt condition, which indicates that there is no directional bias to
the diffusive motion (33). Based on the estimated size of a
p44/p62 complex conjugated to a Qdot, the diffusion constant is consistent with rotation-coupled diffusion around
the backbone of the DNA helix (25,34,35). Altogether, these
data provide the first observation that the p44/p62 complex can bind dsDNA and randomly diffuse, independently
of XPD.
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p44/p62 complexes are stalled by the presence of damaged
DNA
To further analyze these observations, we investigated the
effect of DNA damage on the behavior of single p44/p62
complexes on DNA tightropes irradiated with 500 J/m2 of
254 nm UV light, which generates cyclobutane pyrimidine
dimers and 6–4 photoproducts (23). We observed a striking
and significant decrease in the number of diffusing p44/p62
complexes from ∼80% to 50% ((P < 0.05) Figure 4C). These
results clearly indicate that p44/p62 independently recognizes DNA damage and stalls at damaged sites. We also observed a change in the mechanism of p44/p62’s diffusion
in the presence of UV damage; a population of p44/p62
complexes now appeared limited in their total excursion distance on DNA (Figure 4D), similar to the damage recognition protein XPC, which undergoes constrained diffusion
around a lesion (36,37). Although p44/p62 cannot discriminate DNA damage in a dsDNA substrate without XPD
(Figure 3), the observed stalling in the DNA tightrope assay suggests that p44/p62 may have located exposed ssDNA
regions containing UV lesions.
In summary, we have shown an enhanced affinity of
XPD-p44/p62 for damaged dsDNA (Figure 2), enhanced
affinity of p44/p62 for damaged ssDNA but not to damaged
dsDNA (Figure 3), and an ability to differentiate damage
sites on dsDNA tightropes (Figure 4C). Altogether, these
observations are consistent with a role for p44/p62 in recognizing DNA lesions in the opened bubble of TFIIH.

The structural basis of p62-DNA contacts within TFIIH
The recent cryo-EM structure of TFIIH bound to DNA
shows the path of single-stranded DNA as it is passed from
XPB to XPD (22). In this structure, p44 is located in the
same position as in apo-TFIIH (16), but p62 is unassigned.
However, additional cryo-EM densities can be observed in
the structure at a position similar to p62 in apo-TFIIH (Figure 5A) (16). We modeled regions of p62 from the apoTFIIH into the DNA-bound TFIIH structure and found
excellent agreement with the position of p62 (Figure 5B).
This model suggests that the cryo-EM density close to XPD
could represent N-terminal regions of p62. Closer examination of the DNA binding groove within XPD shows that p62
occupies this site in the absence of DNA (Figure 5C), i.e.
in the apo TFIIH structure. Analysis of the same region in
the DNA-bound structure suggests that the p62 loop could
undergo a conformational change to form a helical bundle
that interacts with the Arch domain of XPD and the ssDNA bound to XPD (Figure 5D); however, we cannot entirely exclude the small possibility that another protein (e.g.
XPG) also contributes to this density. How these interactions result in damage recognition is an open question since
the precise mechanism of damage recognition/verification
has not been established. However, it could be postulated
that p62’s Arch interaction affects recognition at the FeS
cluster pocket (38). Or even more speculative, given its position 5 from the FeS cluster, it is also conceivable that a
second recognition site may exist, explaining the origin of
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Figure 5. The position of p62 in apo- and DNA bound TFIIH structures. (A) Representation of the Kokic et al. DNA-bound TFIIH structure (PDB ID:
6RO4) shown in cartoon mode with the EM-envelope displayed as gray mesh. (B) The unmodeled cryo-EM density around p44/p34 was fit using p62
from the Greber et al. apo-TFIIH structure (PDB ID: 6NMI) and the three helical bundle (residues 450–547) superimposed with an rmsd of 0.5 Å after
rebuilding. Residues 397–450 differ in orientation due the concerted movement of XPD-p44 in 6RO4. The additional part of p62 interacting with XPD was
modeled according to the cryo-EM density with no defined amino acid sequence. (C) Close-up view of XPD and p62 based on the apo-TFIIH structure,
with the iron sulphur cluster in XPD shown as spheres. (D) Equivalent view of XPD from the DNA-bound TFIIH structure with the additional cryo-EM
density modeled as p62. The modeled structure has been deposited in the worldwide protein databank, accession code: 7AD8.
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