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XPD stalled on cross-linked DNA provides
insightinto damage verification
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The superfamily 2 helicase XPD is a central component of the general

transcription factor Il H (TFIIH), which is essential for transcription and
nucleotide excision DNA repair (NER). Within these two processes, the
helicase function of XPD is vital for NER but not for transcriptioninitiation,
where XPD acts only as a scaffold for other factors. Using cryo-EM, we
deciphered one of the most enigmatic steps in XPD helicase action: the
active separation of double-stranded DNA (dsDNA) and its stalling upon
approaching a DNA interstrand cross-link, a highly toxic form of DNA
damage. The structure shows how dsDNA is separated and reveals a highly
unusual involvement of the Arch domainin active dsDNA separation.
Combined with mutagenesis and biochemical analyses, we identified
distinct functional regions important for helicase activity. Surprisingly,
those areas also affect core TFIIH translocase activity, revealing a yet
unencountered function of XPD within the TFIIH scaffold. In summary,
our data provide a universal basis for NER bubble formation, XPD damage
verification and XPG incision.

The preservation of genetic information is constantly challenged by
endogenous and exogenous agents. To protect genetic information,
efficient countermeasures have evolved'. Among these, nucleotide exci-
sionrepair (NER), atemplate-based repair mechanism, is exceptional
because of its broad substrate specificity. Substrates can range from
adductssuchas acetylaminofluorene and cisplatin DNA cross-links to
cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4
PPs)**. NER constitutes a multistep multiprotein cascade that can be
dividedinto four distinct phases. The first phase comprises initial lesion
recognition and demarks the two possible entry points of the NER
cascade’®. Atone entry point, transcription-coupled repair (TC-NER),
RNA polymerase Il (RNA Pol II) becomes stalled upon encountering a
lesion. At the other entry point, global genome repair (GG-NER), the
XPC complex consisting of XPC, Rad23 and Centrin 2 constantly scans
the genome. Oncealesionis encounteredin TC-NER or GG-NER, phase
twoisinitiated with the recruitment of general transcription factor IIH
(TFIIH) unifying the two entry branches. TFIIH is a ten-subunit complex

that can be divided into the core (XPB, XPD, p62, p52, p44, p34 and
p8) and the cyclin-dependent kinase (CDK)-activating kinase com-
plex (CAK, consisting of CDK7, MAT1 and Cyclin H); this transcription
factor was shown to be essential for transcription and NER’. Initially,
TFIIH, mainly driven by the XPB translocase, opens a bubble around
the lesion. This is aided by the arrival of XPA, enhancing XPB activity
and releasing CAK from TFIIH, thereby activating XPD and initiating
phase 3, thelesion verification step®. Here, the helicase activity of XPD
further opensthe bubble and, when XPD encounters alesion, it stalls,
enabling the maturation of the preincision complex. Phase 4 is initi-
ated with the 5’ phosphodiester incision by the XPF-ERCC1 nuclease
complex mainly positioned by XPA and XPB. Subsequently, gap-filling
DNA synthesis powered by proliferating cell nuclear antigen (PCNA),
replication factor C (RFC) and DNA polymerase 6 is commenced and
triggers 3’ incision by the XPG nuclease, which is associated early on
with the XPD subunit of TFIIH®. Defects in NER can lead to severe dis-
eases such as xeroderma pigmentosum (XP), trichothiodystrophy
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Fig.1| Cryo-EM structure of the XPD complex in the presence of a Y-forked
DNA substrate containing an engineered cross-link. a, Schematic description
of sample preparation prior to vitrification. b, Cryo-EM map of the class 1 XPD-
p44-DNA complex. XPDis colored in green, p44 is colored in cyan and DNA is
coloredinorange.c, Left, structural model of the XPD-p44-DNA complex in
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cartoon representation, color-coded as in b. Right, Rotation (180°) of the model
around itsyaxis. d, Cryo-EM map of the class 2 XPD-p44-DNA complex, color-
codedasinb. e, Close-up of the dSDNA-ssDNA junction and the cross-link at the
Arch domain of XPD, color-coded asinb. The cross-link is shown as spheres.

(TTD) and Cockayne syndrome (CS). The hallmark of XP is ultraviolet
(UV) light sensitivity with a highly increased incidence of skin cancers,
whereas TTD and CS patients suffer from learning disabilities, prema-
ture aging and photosensitivity®.

Recent structural advances on higher-order NER protein com-
plexes have greatly advanced our knowledge of how core TFIIH engages
with undamaged Y-forked DNA, as well as how the XPC complex and
XPA in GG-NER or RNA Pol II, CSA, CSB and UVSSA in TC-NER syner-
gize to prepare TFIIH for bubble opening and lesion verification’
For GG-NER, these studies established how core TFIIH is loaded and
prepared for bubble opening by the XPC complex and XPA'""2, Kokic
etal.providedinsightsinto how core TFIIH interacts with Y-forked DNA
structures representing the 5’ side of the incision bubble junction’.
However, vital information on how XPD and, thus, core TFIIH interact
witha DNA junction at the 3’ prime side of the bubble and how damage
isencountered has not been shownso far.

We determined cryo-EM structures of an XPD-p44-p62 complex
from Chaetomium thermophilum in the presence of a Y-forked DNA
structure containing an engineered interstrand cross-link at 3.1 Areso-
lution. Combined with functional analyses, our data show how XPD
engages withDNA in the unwinding cycle, revealing anunusual double
active DNA opening mechanism, placing the Arch domain of XPD as the
central player. Furthermore, we identified an unexpected role of the
XPD Arch domain for TFIIH translocase activity. Most importantly, our
datareveal how XPD approaches DNA damage during the unwinding
cycleand how stalling occurs oninterstrand cross-linked DNA, leading
toaunified model for the excision bubble and highlighting how damage
verification followed by incision can be achieved in NER.

XPD-p44-p62 cross-linked DNA complexes

We heterologously expressed and purified all core TFIIH subunits from
C. thermophilum as previously described®. Core TFIIH proteins from
C. thermophilum are highly conserved with respect to their human
homologs (human XPD and ctXPD share 74% homology and 55% iden-
tity) and several other studies validated the C. thermophilum proteins

as models for their human counterparts™ . For DNA complex forma-
tion, we used equimolar amounts of XPD and the p44-p62 complex,
resultinginthe heterotrimeric XPD-p44-p62 complex (XPD complex)
at10 pM concentration. As DNA substrate, we used a Y-forked substrate
with aninterstrand cross-link positioned five bases downstream into
the double-stranded DNA (dsDNA) region from the unpairedjunction,
serving as a noncanonical but bona fide NER substrate’® (Fig. 1a; see
Methods for details). We have shown previously that DNA contain-
ing a precursor of this crosslink represents a substrate for the XPD
complex thatis readily unwound but in its cross-linked form can only
be unwound until the cross-link is encountered" (Fig. 1a). Protein and
DNA were mixed at amolar ratio of 1:1.25and adenosine triphosphate
(ATP) was added to the mixture to initiate unwinding of the substrate.
Samples wereincubated for 10 minatroom temperature and then vitri-
fied for cryo-EM data collection. After data collection and processing
(Extended Data Fig. 1), we obtained two volumes (class 1and class 2)
of the XPD-DNA complex at resolutions of 3.1and 3.4 A, respectively,
according to the GSFSC (gold-standard (GS) Fourier shell correlation
(FSC)) (see Methods for details). The three-dimensional (3D) FSC
analysis® revealed sphericity values of 0.85 (class 1) and 0.78 (class
2), indicating slight anisotropy for class 1that was more pronounced
inclass 2because of preferential orientations (Fig. 1b,d, Extended Data
Fig.2a-dand Table1). Both maps were, however, readily interpretable.
The two classes hadin common that XPD and the N-terminal von Wille-
brand factor type A (VWA) domain of p44 could be easily identified but
p62 and the C-terminal zinc finger domains of p44 were unresolved in
the density. This was most likely because of the high flexibility of p62
without p34, where the latter serves as an additional anchor within core
TFIIH” and was also previously observed for p62 with core TFIIHin the
presence of DNA’, We built the model using class 1. Model and data sta-
tisticsare provided in Table 1. We can clearly observe the translocating
strand inthe 5'-3’ direction extending between helicase motor domains
1and 2 (HD1and HD2), passing the iron sulfur cluster (FeS) domain
and prolonging through the unique XPD pore feature (Fig. 1b-d and
Extended DataFig. 3). After leaving the pore, this strand leads into one
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Table 1| Cryo-EM data collection, refinement and validation
statistics

Class 1(EMD-19109), (PDB 8REV) Class 2 (EMD-19109)

Data collection and processing

Magnification 105,000 105,000
Voltage (kV) 300 300
Eleotrog exposure 497 497
(e per A?)
Defocus range (um) -1to-2 -1to-2
Pixel size (A) 0.84 0.84
Symmetry imposed C1 C1
Initial particle (no.) 3,784,237 3,784,237
Final particle (no.) 237,064 121,289
Map resolution (A) 31 34

FSC threshold 0143 0143
Map resolutionrange  3.1-7.2 3.4-9.4
(A)
Refinement
Model resolution (A) 3.4

FSC threshold 0.5
Map shgrpening B -100 deepEMhancer
factor (A?)
Model composition

Non-hydrogen atoms 7,797

Protein residues 899

Ligands 3

DNA 24
Bfactors (A2)

Protein 1153

Ligand 15

DNA 293
R.m.s.d.

Bond lengths (&) 0.007

Bond angles (°) 1.003
Validation

MolProbity score 27

Clashscore 161

Poor rotamers (%) 57
Ramachandran plot

Favored (%) 93.8

Allowed (%) 5.9

Disallowed (%) 0.2

turn of dsDNA (Fig. 1c and Extended Data Fig. 3). The complementary
strand extends to the single-stranded DNA (ssDNA)-dsDNA junction
withthreebases that separate into ssDNA at the Arch domain (Fig. 1c,e).
Overall, we can observe 18 bases of the translocating strand and 8 bases
of the nontranslocating strand including the cross-link (Extended
Data Fig. 2e). The dsDNA opening area is located at Arch a3 and a5,
which alsoreveals the location of the DNA cross-link adjacent to theses
helices, indicating that the XPD complex unwound the dsDNA until it
encountered the cross-link (Fig. 1e). This is further supported by the
sequence assignment of the translocating strand and our observation
of adenosine diphosphate (ADP) in the ATP-binding pocket, suggest-
ing that ATP hydrolysis and partial unwinding was performed (Fig. 1c
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Fig. 2| Structure-based functional mutagenesis. a, Superposition of the XPD
Arch domainin complex with cross-linked DNA and apo XPD (PDB 6NMI) in
cartoon representation. Apo XPD is colored in gray with the plug region colored
inred; XPD from this work is colored in green. Conserved residues subjected to
mutagenesis are shown in stick representation.b, Apo XPD asina. The loop region
that was deleted to create uXPD is shown in red. Four amino acids (S-T-G-S) were
inserted to bridge the gap. ¢, As in b except that suXPD was generated with the
additional removal of a2 and the insertion of three residues (S-G-S) to fill the gap.

and Extended DataFig. 2f). However, lowering the density thresholds
for ADP indicated that an ADP-ATP mixture could also be present.
The interstrand cross-link created by the cyclobutene "dU dimer is
reasonably defined in the density. The two phenyl rings, however, could
notbe visualized in the sharpened density, probably because of lower
resolutioninthat region caused by the higher flexibility of the DNA and
Arch domain (Extended Data Fig. 2b,e). Furthermore, the so-called plug
region of XPD is disordered”’. Class 2 mainly reveals similar features
but could be resolved to a resolution of only 3.4 A. The dsDNA region
exhibits higher mobility and fewer features in the density. One major
difference between the two classes, however, is an extended density
that could be attributed to Arch a1, which seems to notably elongate
this helix as compared to class 1and other DNA-containing core TFIIH
XPD structures”"’. This extension could indicate where the plug feature
of XPD moves in the presence of DNA (Fig. 1b,d).

Functional characterization of Arch domain
elements

Our structure suggests that Arch a5 might contribute to unwinding
of the dsDNA by protein-DNA interactions. We, therefore, individu-
ally substituted the conserved residues W373 and R372 located in
Arch a5 to alanine and glutamate resulting in variants W373A/E and
R372A/E (Fig. 2a). W373 and R372 could be potentially involved in
base and backbone interactions, respectively, although the DNA in
our structure can be observed only up to W373. In addition, we inves-
tigated the role of the plug element and generated the unplugged
XPD variant (uXPD) where we removed the loop region (residues 292
to 315) and the super-unplugged XPD variant (suXPD) where we addi-
tionally removed most of Arch a2 (residues 281 to 315) (Fig. 2b,c). All
resulting variants were purified to homogeneity and thermal stability
analysis confirmed correct folding comparable to wild-type (WT) XPD
(Fig. 3a). The highest deviation from the melting point of WT XPD
was observed for W373A (-6 °C) and R372A (-7 °C). However, these
variants still show highly cooperative unfolding, WT-like DNA bind-
ingand ATPase activities, indicating no major structural changes. We
subjected all variants to a detailed biochemical analysis, thatis, DNA
binding, ATPase activity and helicase activity (Fig. 3, Extended Data
Table1and Extended Data Fig. 4).
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Fig.3|Functional characterization of XPD variants. a, Normalized thermal
unfolding curves of XPD and XPD variants analyzed in this work. Melting points
were derived from these curves using GraphPad Prism. b, Binding curves
obtained from fluorescence anisotropy experiments using a 5’ overhang hairpin
substrate. The curves were fitted using GraphPad Prism, resulting in the K,
values givenin Extended Data Table 1. Experiments were performed in at least
three technical replicates. Mean values are plotted with their associated s.d.
Thered star marks the Cy3 label. ¢, ATPase activity of XPD and its variants in the
presence of a Y-forked substrate and p44. Experiments were performed in at
least three technical replicates and one biological replicate. NS, not significant.
d, Helicase activity of XPD and its variants in the presence of a fluorescently
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labeled Y-forked substrate and p44. The red star denotes the Cy3 label at the
3’end thatis quenched by a Dabcyl moiety at the 5’ end of the complementary
strand. Experiments were performed in at least three technical replicates and
onebiological replicate. Data were analyzed using GraphPad Prism. All values are
alsolisted in Extended Data Table 1. Asterisks indicate significance determined
by ordinary one-way analysis of variance (ANOVA) testing in GraphPad Prism.
****p>(0.0001. All error bars represent the s.d. Number of samples: WT XPD, b
(n=10),c(n=15)andd (n=16); XPDW373A,b (n=10),c(n=12) andd (n =10);
XPDW373E,b (n=10),c(n=9)andd (n=15); XPDR372A,b(n=10),c(n=6)andd
(n=9); XPDR372E,b (n=10),c(n=6)andd (n=6); uXPD,b(n=3),c(n=6)andd
(n=6);suXPD,b(n=3),c(n=6)andd (n=6).

A5’ overhang hairpin substrate was used for the interaction with
DNA, which bound with high affinity to WT XPD (K, =30 nM). The K,
values of the variants ranged from 27 to 54 nM, indicating no substantial
influence on DNA binding (Fig.3b and Extended Data Table1). WT XPD
displayed a robust ATPase activity of 16 uM ATP minin the presence
of Y-forked DNA and p44. For all variants tested, the ATPase activity did
not deviate substantially from WT, indicating no influence on ATPase
activity of each variant (Fig. 3c and Extended Data Table 1). Overall, our
data indicate that DNA binding and ATPase activity were not or only
slightly affected in all investigated variants. Substantial differences
betweenthe WT protein and the variants, however, were observed with
respect to their helicase activity using a Y-forked substrate (Fig. 3d and
Extended DataFig.4). W373A showed enhanced activity thatamounted
t0172%, whereas the glutamate variant, W372E, displayed only a small
decrease to 88% of WT activity. Both R372 variants showed a strong
decreaseinhelicase activity (16% and 19%), indicating that this residueis
highly relevant for dsSDNA separation. uXPD also displayed a substantial
decrease in helicase activity (16%), whereas the additional removal of

Arch a2 in suXPD led to the highest helicase activity with 206% com-
paredtothe WT protein (Fig.3d). Theimportance of Arch a5is further
strengthened by the presence of the XPD TTD variant R378H (located
in Arch a5)*. Interestingly, missense mutations encoding residues in
Archas5 canbefoundinthe cBioportal database (www.cBioportal.org)
from studies of different cancer entities, indicating that there could
be a functional role associated. Overall, the R378H variant and the
cancer-associated cBioportal data support the notion that Arch a5 is
animportant element for XPD function.

The unusual role of the Arch domain for XPD
helicase action

Our data clearly indicate that the Arch domain is essential for XPD
helicase action (Fig. 3). The total removal of the plug region (suXPD)
led to a hyperactive helicase, whereas removing only the loop region
impaired helicase activity (uXPD). In our DNA-bound structure, the
plugregion s disordered; thus, we could not observe any interaction
of'the plug with the dsDNA. Our class 2 data, however, clearly show an
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Fig. 4| XPD helicase mechanism and plug dynamics. a, Suggested movement
of Arch a2 to elongate Arch a1, explaining the additional density observed in our
class 2 data. The long red arrow indicates the motion of the plug, whereas the
short red double arrow shows why the movement could be hindered in uXPD.

b, Two views of XPD in complex with the cross-linked DNA substrate in cartoon
representation. HD2 and the Arch domain are colored in blue and the remainder
of XPDis colored in green. DNA is shown in orange. Blue arrows indicate the
possible domain movement during ATP hydrolysis and ssDNA translocation.
Black arrows indicate the direction of the DNA movement. The red line provides
thelikely path of the nontranslocated strand along the Arch domain supported
by functional data. Left, overview focusing on the ssDNA path. Right, view
focusing onthe XPD pore entry where the dsDNA is separated.

elongation of Arch althat may be attributed to Arch a2 moving up and
‘fusing’ with Arch a1 when DNA is bound (Fig. 4a). To accommodate
this movement, the entire loop region of the plug has to undergo a
conformational change to move upward with the helix. Removal of
theloopinuXPD restricts this movement, trapping Arch a2 in position
and hindering helicase activity; this strengthens the notion of the plug
acting as anegative regulatory element’. Interestingly, Arch a2 and the
plugshield Arch a5, in which we previously located functionally impor-
tant residues for helicase action. Activating XPD, therefore, requires
anupward and outward movement of the plug, potentially leading to
interactions with other proteins required in the NER pathway such as
XPG’ (Fig. 4a).

With the plugin an outward position, XPD is now primed for heli-
case activity. It was established for the bacterial XPD homolog DinG
that ATP-dependent ssDNA translocation mediated by HD1 and HD2
movementis translated into aswingout motion of the Archdomain by
apusher helixinHD2 (ref. 23) (Fig. 4b). According to our structure, the
proposed swingout of the Arch domain would lead to a highly unusual
active pulling onthe nontranslocated strand thatis separated from the
dsDNA at the Arch domain DNA junction (Fig. 4b). This mechanism
would actively engage both the translocating and the nontranslocating
strand to promote the separation of dsDNA. This hypothesis is further
supported by the presence of essential residues that modulate helicase
activity (Fig. 4b, lower panel)™. Our analysis showed that R372 is vital
for activity, possibly because of phosphate backbone interactions,
whereas W373 may be involved inbase interactions, which, if removed,
couldincrease DNA separation capacity. In aprevious study, we identi-
fied R324 and K369 to be essential for helicase activity'*. R324 islocated
in close vicinity to the phosphate backbone of the nontranslocating
ssDNA strand and K369 lies in the proposed path for the nontranslocat-
ing strand across the Archdomain (Fig. 4). Importantly, this proposed
mechanism is most likely conserved in all XPD homologs including

human RTEL1, FANCJ and DDX11, which all contain Arch domains that
could interact with DNA in a similar fashion (Extended Data Fig. 5)

Anunexpectedrole for XPDin the TFIIH
translocase complex

A superposition of our XPD-p44 DNA structure with the core TFIIH
structure revealed no notable differences in the ssDNA interactions
with respect to the translocated strand (Fig. 5a). Furthermore, the
overall orientation of XPD-p44 is highly comparable to that observed
in core TFIIH (root-mean-square deviation (r.m.s.d.) of 1.7 A), indicating
that our structural and functional analysis can be readily transferred
to core TFIIH.

All prior data suggested that XPD is not involved in the dsDNA
translocase activity of core TFIIH"*, To our surprise, however, we
observed that uXPD and suXPD modulate core TFIIH dsDNA translo-
caseactivity. suXPD displays a substantially increased activity of 286%
compared to WT XPD, whereas uXPD shows aslightly decreased activity
(62% of WT XPD), indicating a strong influence of the plug region on
core TFIIH translocase when removed completely (Fig. 5b). Notably,
itis unlikely that XPD engages with ssDNA in core TFIIH dsDNA trans-
locase activity. Thus, our results demonstrate an unexpected dsDNA
interaction of XPD that boosts core TFIIH translocase. This observed
boost upon plug removalislikely to have potentialimplications for NER
but not for the transcriptional TFIIH translocase where holo TFIIH is
involved and XPD helicase is inhibited by the CAK complex>**~, For
the repair process, it was suggested that TFIIH could be involved in
pushing back RNA Pol Il before damage verification in TC-NER?*, A
highly active translocase might be necessary at this stage to facilitate
the pushback and engage core TFIIH with the damage location. This is
supported by the observation that repair factors such as XPA and XPG
alsoincrease core TFIIH translocase and helicase activity®”’. XPA could
facilitate CAK removal, thus enhancing plug flexibility and permitting
the interaction of the Arch domain with XPG". This interaction could
resultin an open plug conformation, as indicated in the class 2 data
(Fig. 4b), whichis essentially mimicked by suXPD.

Toinvestigate the potential interaction between XPD and XPG, we
pursued XPD helicase activity analyses in the presence of equimolar
amounts of incision-incompetent XPG D924A. The addition of XPG
D924Aled to XPD helicase activation (Fig. 5c and Extended Data Table 2),
inline with previous data®*. In the presence of uXPD, this behavior was
similar and we observed substantial activation upon XPG D924 A addi-
tion. However, the ‘hyperactive’ suXPD variant was strongly inhibited
(sixfold) by the addition of XPG D924A (Fig. 5¢), leading to the conclu-
sion that there is cross-talk between the plug region of XPD and XPG,
whichregulates XPD activity. These observations suggest that the plug
region could be involved in XPD-XPG signaling with respect to when
theincision can be made by XPG (as previously observed®), adding an
additional layer of complexity to the Arch domain and plug function.

Implications for NER damage verification

Our data provide insights into the formation of the NER bubble prior
to the two incisions. A merge of our structure with the core TFIIH-
XPA-DNA structure’ (Protein Data Bank (PDB) 6R04) led to a stretch
of 11 bases of ssDNA spanning the XPD helicase, which is framed on
both sides by the two dsDNA junctions of the NER bubble (Fig. 5d).
The proposed route of the nontranslocating strand bridges the two
ssDNA ends of both structures where the DNA could not be resolved
because of high flexibility. This model could likely represent an early
stage of bubble opening by the XPB-XPA translocase activity”, directly
followed by XPD engagement and initial unwinding. This initial bubble
thenrequires widening before the primary 5’ incision because both
endonucleases incise at a ssDNA-dsDNA junction®. The excised frag-
ment spans on average -27 bases with the damage being -5 bases away
fromthe 3’ end. Wideningis likely facilitated by XPD, which separates
the dsDNA until it is stalled by a lesion. In our structure, the lesion is
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Fig. 5| XPD cross-linked structure integrates into core TFIIH. a, Superposition
ofthe XPD-p44-DNA complex (color-coded as in Fig. 1c) from this work with
XPD-p44 (coloredingray) in core TFIIH bound to DNA (PDB 6RO4). The DNA
from PDB 6RO4 is colored in dark red. b, Translocase activity of XPD and plug
variantsinatriplex disruption assay. Experiments were performed in at least
three technical replicates and one biological replicate. Data were analyzed
using GraphPad Prism. All values are also provided in Extended Data Table 1.

¢, Helicase activity of XPD and variants in the absence and presence of XPG
D924A. Experiments were performed in at least three technical replicates and
onebiological replicate. Data for uXPD and suXPD were also used in Fig. 3d. Data
were analyzed using GraphPad Prism. All values are also provided in Extended

Relative fluorescence
change per min

3’ junction

Data Table 2. d, Model of the early incision bubble of core TFIIH, color-coded
asina.The XPD structure and orange-colored DNA are from this work, while

the remaining structural elements were taken from PDB 6RO4. Both sets of

DNA (PDB 6RO4 in firebrick red and our data in orange) combined could form

the early bubble. The unresolved part of the DNA is indicated by the red line.
Asterisks indicate significance determined by ordinary one-way ANOVA testingin
GraphPad Prism. *P> 0.05, **P > 0.005 and ****P > 0.0001. All error bars represent
thes.d. Number of samples: b, core WT XPD (n =47), core TFIIH uXPD (n=15) and
core TFIIHuXPD (n=18); ¢, WT XPD (n=6), WT XPD + XPG D924A (n = 6), suXPD
(n=6),suXPD +XPGD924A (n=6),uXPD (n=6) and uXPD + XPG D924A (n = 6).

aninterstrand cross-link, thatis, a noncanonical NER substrate. The
overallarchitecture of the lesion siteindicates that Archa5isnotonly
directly involved in strand separation but also located in close vicin-
ity to the lesion, potentially acting as a sensor (Figs. 4b and 6a). This
hypothesis is further supported by recent molecular modeling stud-
ies of CPD or 6-4 PP lesions in complex with XPD by Fu et al.*>**, Their
analysis suggested that helix a5 of the Arch domain acts as a lesion
sensor for canonical NER lesions, well in line with the role we observed
inour structure (Fig. 6). In addition, we observed interactions of the
known lesion-sensing residues Y192 and R196 (Y191and R195in ctXPD,
respectively)* located in the FeS domain with abackbone phosphate
thatislocated adjacentto the first phosphate of the lesion (P-1, Fig. 6a).
Thisis in contrast to the 6-4 PP model where these two amino acids
engage phosphates belonging directly to the damaged bases (PO and
P1,Fig. 6b) indicating that the lesion moves toward the XPD pore. With
the encounter of the 6-4 PP lesion, the Arch domain locks onto the
damage with arotational movement, completely engulfing thelesionin
the pore. Interestingly, the CPD lesionis stalled outside of the pore and
the Arch domain engages almostidentically to our structure (Fig. 6¢).

Single-molecule studies, however, suggested that the XPD Arch domain
isalsolocked in a closed conformation upon CPD stalling™.
Following from these results, our structural data for the recog-
nition of the noncanonical cross-link lesion may form the basis to
rationalize damage recognition of canonical lesions in the context
of dsDNA unwinding and helicase stalling. After lesion verification is
achieved by XPD, NER proceeds with the 5’ and 3’ incision of the lesion.
The XPA-XPB proteins demark the 5’ junction of the NER bubble and
XPD-XPG demark the 3’ site. The position of the dsDNA of the sub-
strate enables us to model a possible engagement of XPG to perform
the 3’incision. We superimposed the dsDNA of our structure with the
DNA-bound structure of the yeast XPG homolog Rad2 (ref. 36) (PDB
4QO0W), leading to a complex with the catalytic core of Rad2 beingin
close vicinity to the DNA junction, thus revealing a potential 3’ incision
site (Fig. 7). Thismodelis well in line with our biochemical data, show-
ing that the XPD plug interacts with XPG, and with cross-linking data
from Kokic et al.’, where peptides of the plug region were identified to
interact with residues of XPG located adjacent to the C terminus of the
catalytic region. However, in our model, the complex trapped on the
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in cartoon mode and the 6-4 PP lesion is shown as spheres. Relevant backbone
phosphate positions relative to the lesion are indicated (PO and P1). ¢, Lesion-
stalled XPD (gray) upon CPD lesion encounter. XPD and DNA are shown in
cartoon mode and the CPD lesion is shown as spheres. Relevant backbone
phosphate positions relative to the lesion are indicated (PO, Pland P4).band ¢
show representative end states of the molecular dynamics simulations froma
previous study.
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Fig.7|Model of the NER incision bubble. a, Model of the incision bubble of
core TFIIH combined with XPG at the 3’ junction based on the superposition
ofthe XPG (yellow) substrate DNA (cyan) complex with the dsDNA of the XPD-
p44-DNA complex modeled in core TFIIH, color-coded as in Fig. 5d. b, Close-up
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ofa, indicating a possible incision site (red arrow) and location of the canonical
damage (dark-red DNA backbone). Note that the cross-link forces the DNA to be
closed at the potential incision site. Non-interstrand cross-linked damaged DNA
could already be separated at that position.

interstrand cross-link would be stalled nonproductively because XPG
does not encounter the ssDNA-dsDNA junction structure required
forincision. Interestingly, earlier data showed that archaeal XPD can
performbacktracking® and this was also more recently observed for
human XPD?, It is, thus, plausible that XPD, after encountering the
lesion and initial stalling, may backtrack because itis notlocked onto
thelesionasonewould expect with respect to the encounter of canoni-
cal damages. Backtracking would then enable XPG to incise 5" to the
interstrand cross-link (Extended Data Fig. 6). In fact, XPD-mediated
lesion-independent cutting by XPG was recently observed in vitro™.
The 5’ junction would still be demarked by the XPA-XPB complex. This
wouldlead to ashorter, lesion-free double 5’ incision product, which
isin full agreement with earlier studies where this incision pattern
was observed®*,

Incontrast, whenacanonical lesionis encountered, XPD is stalled
differently. For 6-4 PPs, the Arch domain locks onto the lesion with
arotational movement engulfing the lesion in the pore (Fig. 6b),
likely being responsible for further 3’ DNA opening in a dsDNA con-
text. The CPD lesion s stalled outside the pore and the Arch domain
engages almost identically to our structure®** (Fig. 6a,c). The main
difference to the cross-link is that both canonical lesions do not
block the DNA from being further opened by Arch domain dynam-
ics. Thus, additional base separation in the 3’ direction is possible,
creating a structure that can be cleaved by XPG (Extended Data
Fig. 6). This additional base separation is likely enhanced by XPG
itself. However, because the resynthesis machinery induces the 5’ inci-
sion’, cleavage can be triggered by the physical strain thatis imposed
uponresynthesis onthe undamaged template strand, forcing further
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separation of the lesion-containing strand that is mainly bound
to XPD.

The distance from the proposed 3’ incision site to the position of
the lesion in our model is in exact agreement with experimental data
showing that the damage is located asymmetrically on the incised
fragment with -5 bases toward the 5" side, which would match the PO
location for canonical damage recognition (Fig. 7b).

Combined, our data provide vitalinformation onthe essential XPD
helicase, as well as the other FeS-containing helicases FANCJ, RTEL1
and DDX11, revealing an unusual double active unwinding mechanism
engaging both strands. Furthermore, we identified the XPD plug as a
regulatory element that not only is involved in helicase function but
also actively modulates core TFIIH translocase activity. Lastly, we
provided a model of the early NER incision bubble, explaining how
canonical and noncanonical lesions are verified and how XPG could
be positioned for productive incision.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41594-024-01323-5.

References

1. Hoeijmakers, J. H. Genome maintenance mechanisms for
preventing cancer. Nature 411, 366-374 (2001).

2. Gillet, L. C. & Scharer, O. D. Molecular mechanisms of mammalian
global genome nucleotide excision repair. Chem. Rev. 106,
253-276 (2006).

3. Scharer, O. D. Chemistry and biology of DNA repair. Angew. Chem.
Int. Ed. Engl. 42, 2946-2974 (2003).

4. Scharer, O. D. Nucleotide excision repair in eukaryotes. Cold
Spring Harb. Perspect. Biol. 5, a012609 (2013).

5. Tsutakawa, S. E. et al. Envisioning how the prototypic molecular
machine TFIIH functions in transcription initiation and DNA repair.
DNA Repair (Amst.) 96, 102972 (2020).

6. Kuper, J. &Kisker, C. At the core of nucleotide excision repair.
Curr. Opin. Struct. Biol. 80, 102605 (2023).

7. Compe, E. & Egly, J. M. TFIIH: when transcription met DNA repair.
Nat. Rev. Mol. Cell Biol. 13, 343-354 (2012).

8. Diderich, K., Alanazi, M. & Hoeijmakers, J. H. Premature aging and
cancer in nucleotide excision repair-disorders. DNA Repair (Amst.)
10, 772-780 (20M1).

9. Kokic, G. et al. Structural basis of TFIIH activation for nucleotide
excision repair. Nat. Commun. 10, 2885 (2019).

10. Kokic, G., Wagner, F. R., Cherney, A., Urlaub, H. & Cramer, P.
Structural basis of human transcription-DNA repair coupling.
Nature 598, 368-372 (2021).

1. Kim, J. et al. Lesion recognition by XPC, TFIIH and XPA in DNA
excision repair. Nature 617, 170-175 (2023).

12. van Eeuwen, T. et al. Cryo-EM structure of TFlIH/Rad4-Rad23-
Rad33 in damaged DNA opening in nucleotide excision repair.
Nat. Commun. 12, 3338 (2021).

13. Kappenberger, J. et al. How to limit the speed of a motor: the
intricate regulation of the XPB ATPase and translocase in TFIIH.
Nucleic Acids Res. 48, 12282-12296 (2020).

14. Peissert, S. et al. In TFIIH the Arch domain of XPD is
mechanistically essential for transcription and DNA repair.

Nat. Commun. 11, 1667 (2020).

15. Kuper, J. etal. In TFIIH, XPD helicase is exclusively devoted to DNA
repair. PLoS Biol. 12, e1001954 (2014).

16. Barnett, J. T., Kuper, J., Koelmel, W., Kisker, C. & Kad, N. M. The
TFIIH subunits p44/p62 act as a damage sensor during nucleotide
excision repair. Nucleic Acids Res. 48, 12689-12696 (2020).

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

Radu, L. et al. The intricate network between the p34 and p44
subunits is central to the activity of the transcription/DNA repair
factor TFIIH. Nucleic Acids Res. 45, 10872-10883 (2017).

Wood, R. D. Nucleotide excision repair proteins and interstrand
crosslink repair. Environ. Mol. Mutagen. 51, 520-526 (2010).
Neitz, H., Bessi, I., Kuper, J., Kisker, C. & Hobartner, C.
Programmable DNA interstrand crosslinking by alkene-alkyne
[2+2] photocycloaddition. J. Am. Chem. Soc. 145, 9428-9433
(2023).

Tan, Y. Z. et al. Addressing preferred specimen orientation in
single-particle cryo-EM through tilting. Nat. Methods 14, 793-796
(2017).

Greber, B. J., Toso, D. B., Fang, J. & Nogales, E.The complete
structure of the human TFIIH core complex. eLife 8, e44771(2019).
Boyle, J. et al. Persistence of repair proteins at unrepaired DNA
damage distinguishes diseases with ERCC2 (XPD) mutations:
cancer-prone xeroderma pigmentosum vs. non-cancer-prone
trichothiodystrophy. Hum. Mutat. 29, 1194-1208 (2008).

Cheng, K. & Wigley, D. B.DNA translocation mechanism of an XPD
family helicase. eLife 7, 42400 (2018).

Fishburn, J., Tomko, E., Galburt, E. & Hahn, S. Double-stranded
DNA translocase activity of transcription factor TFIIH and the
mechanism of RNA polymerase |l open complex formation.

Proc. Natl Acad. Sci. USA 112, 3961-3966 (2015).

Aibara, S., Schilbach, S. & Cramer, P. Structures of mammalian
RNA polymerase Il pre-initiation complexes. Nature 594, 124-128
(2021).

Schilbach, S. et al. Structures of transcription pre-initiation
complex with TFIIH and Mediator. Nature 551, 204-209

(2017).

Gregersen, L. H. & Svejstrup, J. Q. The cellular response to
transcription-blocking DNA damage. Trends Biochem. Sci. 43,
327-341(2018).

Lindsey-Boltz, L. A. et al. Nucleotide excision repair in human cell
lines lacking both XPC and CSB proteins. Nucleic Acids Res. 51,
6238-6245 (2023).

Li, C. L. et al. Tripartite DNA lesion recognition and verification by
XPC, TFIIH, and XPA in nucleotide excision repair. Mol. Cell 59,
1025-1034 (2015).

Bralic, A. et al. A scanning-to-incision switch in TFIIH-XPG
induced by DNA damage licenses nucleotide excision repair.
Nucleic Acids Res. 51, 1019-1033 (2023).

Selby, C. P, Lindsey-Boltz, L. A., Li, W. & Sancar, A. Molecular
mechanisms of transcription-coupled repair. Annu. Rev. Biochem.
92, 115-144 (2023).

Fu, I., Geacintov, N. E. & Broyde, S. Differing structures and
dynamics of two photolesions portray verification differences

by the human XPD helicase. Nucleic Acids Res. 51, 12261-12274
(2023).

Fu, I., Mu, H., Geacintov, N. E. & Broyde, S. Mechanism of lesion
verification by the human XPD helicase in nucleotide excision
repair. Nucleic Acids Res. 50, 6837-6853 (2022).

Mathieu, N., Kaczmarek, N., Ruthemann, P., Luch, A. & Naegeli, H.
DNA quality control by a lesion sensor pocket of the xeroderma
pigmentosum group D helicase subunit of TFIIH. Curr. Biol. 23,
204-212 (2013).

Ghoneim, M. & Spies, M. Direct correlation of DNA binding and
single protein domain motion via dual illumination fluorescence
microscopy. Nano Lett. 14, 5920-5931(2014).

Mietus, M. et al. Crystal structure of the catalytic core of Rad2:
insights into the mechanism of substrate binding. Nucleic Acids
Res. 42,10762-10775 (2014).

Qi, Z., Pugh, R. A., Spies, M. & Chemla, Y. R. Sequence-dependent
base pair stepping dynamics in XPD helicase unwinding. eLife 2,
e00334 (2013).

Nature Structural & Molecular Biology | Volume 31| October 2024 | 1580-1588

1587


http://www.nature.com/nsmb
https://doi.org/10.1038/s41594-024-01323-5

Article

https://doi.org/10.1038/s41594-024-01323-5

38. Mao, C. & Mills, M. Characterization of human XPD helicase
activity with single-molecule magnetic tweezers. Biophys. J. 123,
260-271(2024).

39. Mu, D. et al. DNA interstrand cross-links induce futile repair
synthesis in mammalian cell extracts. Mol. Cell. Biol. 20,
2446-2454 (2000).

40. Bessho, T., Mu, D. & Sancar, A. Initiation of DNA interstrand
cross-link repair in humans: the nucleotide excision repair system
makes dual incisions 5' to the cross-linked base and removes a
22- to 28-nucleotide-long damage-free strand. Mol. Cell. Biol. 17,
6822-6830 (1997).

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

Nature Structural & Molecular Biology | Volume 31| October 2024 | 1580-1588

1588


http://www.nature.com/nsmb
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41594-024-01323-5

Methods

Protein expression, purification and mutagenesis

Thegenes encoding ctXPB, ctXPD, ctp62, ctp52, ctp44, ctp34 and ctp8
were cloned from C. thermophilum complementary DNA (cDNA). The
cDNA sequence of ctXPB was codon-optimized for expressionin Escher-
ichia coli (ATG:biosynthetics). CtXPB and ctXPG wereinserted into the
pFastBac vector (Thermo Fisher) containing a C-terminal Twin-Strep
tagand alOxHistag. CtXPD, ctp44, ctp34 and ctp8 were inserted indi-
vidually into the pPBADM-11 vector containing an N-terminal 6xHis tag
with a tobacco etch virus (TEV) cleavage site. Ctp62 and ctp52 were
eachinserted into the pETM-11 vector (EMBL) without a tag. CtXPB
and ctXPG D924A from the pFastBac vector were expressed using the
baculovirus system. Bacmids were prepared in SF21 cells in EX-CELL 420
medium (Sigma-Aldrich) at 27 °C. The cell culture medium containing
the viruses was harvested after approximately 72 h. For ctXPB, Hi5 cells
were grown in EX-CELL 405 medium (Sigma-Aldrich) at 27 °C until
adensity of 0.5 x 10° cells per ml was reached, followed by transfec-
tion with 10% (v/v) virus-containing medium. Protein expression was
allowed for 72 h at 27 °C. CtXPG D924 A was expressed under similar
conditions using SF9 cells. CtXPD was expressed in ArcticExpress (DE3)
RIL cells (Agilent). Ctp62/ctp44 and ctp52/ctp34 were coexpressed in
BL21CodonPlus (DE3) RIL cells (Agilent). The E. coli cells were grown at
37 °Cineither Lennox broth (ctp44, ctp8, ctp52-ctp8 and ctp52-ctp34)
or Terrificbroth (ctXPD and ctp62/ctp44) medium (Carl Roth) toreach
a final optical density at 600 nm (OD600) of 0.6 or 1.2, respectively.
When the final OD,,, was reached, protein expression wasinduced by
addition of 0.5 mM IPTG for pETM-11 vectors or 3.3 mM arabinose for
pBADM-11vectors,accompanied by atemperature reductionto15 °C,
and protein expression was allowed overnight. For expression of ctXPD,
the temperature wasreduced to30 °Conce an OD,, 0f 0.6 was reached
and the cells were allowed to grow until an OD,, of 1.2 was reached,
followed by induction and protein expressionat 11 °C.

Ctp44 and ctp62 were copurified by immobilized metal affinity
chromatography (IMAC) using Ni-IDA beads (Macherey-Nagel), fol-
lowed by size-exclusion chromatography (SEC) using a HiLoad 16/600
Superdex 200 prep grade column (Cytiva) with 20 mM HEPES pH 7.5,
250 mM NaCl and 1 mM TCEP. The elution fractions containing ctp44
and ctp62 were pooled and used for anion-exchange chromatography
(AEC). For AEC, the mixture was applied to aMonoQ 5/50 GL column
(Cytiva), with buffers containing20 mMHEPES pH7.5,50 or 1,000 mM
NaCland1 mM TCEP.

Toobtain ctXPD, the protein was purified by IMAC, followed by SEC
and AEC. The SEC buffer contained 20 mM HEPES pH 7.5,150 mM NaCl,
5mMMgCl,and1 mM TCEP. The AEC buffers contained 20 mM HEPES
pH?7.5,800r1,000 mM NaCl, 5 mM MgCl,and 1 mM TCEP.

CtXPB (Hi5 cells) was purified using a 5-ml StrepTrap HP column
(Cytiva) followed by SEC using a HiLoad 16/600 Superdex 200 prep
grade column. For SEC, the buffer contained 20 mM HEPES pH 8.0,
200 mM NaCland1 mM TCEP.

Ctp52/ctp34, ctp44 and ctp8 were purified by IMAC (Ni TED or Ni
IDA; Macherey-Nagel) and SEC using a HiLoad 16/600 Superdex 200
prep grade column (Cytiva). For ctp52/ctp34 and ctp44, the SEC buffer
contained20 mMHEPES pH 7.5,250 mM NaCland1 mM TCEP. For ctp8,
the SEC buffer contained 20 mM HEPES pH 8 and 375 mM NacCl.

CtXPG D924A was purified by affinity chromatography using an
N-terminal histidine tag and NiIDA resin (Macherey-Nagel). After IMAC
purification, the protein was subjected to SEC on a HiLoad 16/600
Superdex 200 prep grade column (Cytiva) with 20 mM HEPES pH 7.5,
250 mMNaCland1 mM TCEP. After SEC, ctXPG D924 A was subjected to
AEC usingaMonoQ 5/50 GL column (Cytiva), with buffers containing
20 mMMHEPESpH7.5,50 or 1,000 mM NaCland1 mM TCEP. All proteins
were concentrated to 50-1,000 pM, flash-frozenin liquid nitrogen and
stored at—80 °C.

For the generation of the C. thermophilum XPD-p44-p62 complex,
we mixed equimolar amounts of p44-p62 and XPD. Core TFIIH was

generated by mixing equimolar amounts of the purified components,
resultingin active complexes as described before™. XPD single-amino
acid variants were generated by site-directed mutagenesis*. uXPD and
suXPD were generated by deleting the sequences encoding residues
292-315 for uXPD (replaced with the linker sequence S-T-G-S) and
281-315 for suXPD (replaced with the linker sequence S-G-S) using
sequence-independent and ligation-independent cloning (SLIC)*>. The
N-terminal domain of p44 (residues1-287) was generated by deleting
the C-terminal residues from 288 to the end using SLIC. All variants
were purified following the protocol used for the WT proteins without
modifications.

Cryo-EM sample preparation and data collection

PhedU containing DNA to generate the cyclobutene "'edU
dimer cross-link by alkene-alkyne [2 + 2] photocycloaddition
was produced and annealed as previously described (fork 1,
5’-AGCTACCATGCCTGCACGAATTAAGCA(""*dU)CGCGTAATC
ATGGTCATAG-3’; fork 2, 5-CTATGACCATGATTACGC(™dU)CTGCT
TGGAATCCTGACGAACTGTAGA-3")". We mixed the cross-link contain-
ing DNA substrate with 10 uM XPD-p44-p62 complex atamolar ratio
0f1.25:1. Samples were mixed in20 mM HEPES pH 7.5, 50 mMKCI, 1 mM
TCEP and 5 mM MgCl,, the same buffer used for XPD activity analysis, to
ensure efficient partial substrate unwinding (see our previous study”).
Samples were incubated on ice for 10 min and 5 mM ATP was added
to initiate the helicase cycle. The mixture was further incubated for
10 minatroom temperature to allow efficient substrate engagement.
Samples were subsequently immediately used for cryo-grid prepara-
tion. Then 3 plof sample were applied to glow-discharged R2/2 carbon
grids (Quantifoil), which were blotted for 5 s at a blot force of 25 and
plunge-frozeninliquid ethane witha Vitrobot Mark IV (Thermo Fisher)
operated at4 °C and 100% humidity. Data were collected at the CMO1
facility of the European Synchrotron Radiation Facility (ESRF)*. Micro-
graphs were acquired at anominal magnification of x105,000 (0.84 A
per pixel) using a dose rate of 17.5 e” per pixel per s over atime of 2 s,
resulting in a total dose of 49.7 e” per A2 fractionated over 50 frames.
Movies were recorded over a defocus spread of =1 pm to -2 um with
a0.2-umsstep size. Overall, atotal of 24,603 movies were collected.

Cryo-EM processing and model building

Motion correction and dose weighting were performed using
MotionCor2 (ref. 44) within the CryoSPARC framework®. CTF correc-
tion was achieved using patch CTF from CryoSPARC*. We used the
template-based picking algorithmin CryoSPARC with alow-resolution
model of the complex that was obtained in house using a Thermo Fisher
Titan-Krios G3 with an X-FEG source (300 kV) and a Falcon Ill camera.
Initial picking and two-dimensional classification (fourfold binning)
in CryoSPARC resulted in 3,784,237 particles that were subjected to
CryoSPARC ab initio modeling with subsequent heterologous refine-
mentof theresulting three classes, which revealed one class containing
XPD-p44 with2,016,863 particles that were subsequently re-extracted
with twofold binning. This set was subjected to nonuniform 3D refine-
mentin CryoSPARC and subsequently analyzed using the 3D variability
function. The 3D variability analysis resulted in five clusters that were
subjected to further heterologous refinement. Of the five classes,
two contained dsDNA located at the Arch domain; these classes were
pooled andre-extracted at full size (box size: 384 pixels). Nonuniform
3D refinement was performed on this set followed by an additional
round of 3D variability analysis and heterologous refinement. In this
round, the final class 1and class 2 data were obtained with 237,064 and
121,289 particles, respectively (see Extended Data Fig.1for details and
overview). Thisresulted in an overall resolution of 3.1 A for class 1and
3.4 Afor class 2, as defined by the GSFSC 0.143 criterion (Extended Data
Fig.2a,c). Local resolution maps showed the highest resolution for the
XPD and ssDNA parts of the density, degrading in the Arch domain and
dsDNA regions (Extended DataFig. 2b,d). For model building, we used
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AlphaFold2 models of p44 and XPD from C. thermophilum that were
assembled on the basis of the arrangement of XPD-p44 in PDB 6RO4.
This complex was used for map docking in Phenix*®. The results of the
initial map docking were furtherimproved by manual model building
in Coot". No further density was observed that could be attributed to
p62orthe C-terminal part of p44. The DNA and the cross-link were built
manually in Coot and sequence assignment was based on cross-link
location and map quality. Manual model building was iterated with
rounds of real-space refinement using the Refmac5 (ref. 48) pipelinein
CCPEM* and phenix.real_space_refine*®. The final model and density
correlation statistics are givenin Table 1.

Invitro DNA-dependent ATPase activity assay

XPD ATPase activity was measured using an in vitro ATPase assay in
which ATP consumption is coupled to the oxidation of nicotinamide
adenine dinucleotide (NADH) by pyruvate kinase and lactate dehy-
drogenase activities, as described previously™*. The assay was carried
out under saturating concentrations of ATP (5 mM) using WT XPD, its
variants and p44 (1-287) ataconcentration of 250 nMin 20 mM HEPES
pH7.5,50 mMKCI, 5 mM MgCl,and 1 mM TCEP. Y-forked DNA (strand
1, 5"-AGCTACCATGCCTGCACGAATTAAGCAATTCGTAATCATGGTCAT
AGC-3’; strand 2, 5-GCTATGACCATGATTACGAATTGCTTGGAATCCT
GACGAACTGTAG-3") wasadded at afinal concentration of 250 nM. The
mix of all reagents, with the exception of ATP, was preincubated at 30 °C
until astable baseline was achieved. Enzyme catalysis was initiated by
the addition of ATP. The activity profiles were measured at 340 nm
using a CLARIOstar (BMG LABTECH) plate reader. Reactions were fol-
lowed until total NADH consumption was reached. Initial velocities
wererecorded and ATP consumption was determined using the molar
extinction coefficient of NADH. Measurements were carried out with
at least three technical replicates and one biological replicate. Mean
values were plotted with their associated s.d. The mean and s.d. were
determined using GraphPad Prism software.

Invitro helicase assay

Helicase activity was analyzed using a fluorescence-based helicase
assay described previously™. We used a Y-forked substrate with a Cy3
label at the 3’ end of the translocated strand (5-AGCTACCATGCCTGC
ACGAATTAAGCAATTCGTAATCATGGTCATAGC-3’-Cy3) and a Dabcyl
modification on the 5’ end of the opposite strand (Dabcyl-5-GCTATG
ACCATGATTACGAATTGCTTGGAATCCTGACGAACTGTAG-3’). Assays
were carried out in 20 mM HEPES pH 7.5, 50 mM KCI, 5 mM MgCl, and
1mM TCEP. DNA concentrations were varied from 500 to 31.25 nM (1:1
dilutions) and proteins were used at a concentration of 250 nM. For
Fig.3d and Extended Data Table 1, only the 250 nM DNA concentrations
of these experiments were used. The complete series can be found in
Extended DataFig. 4. For the XPG measurements, XPG D924N was used
at250 nM final concentration with250 nM DNA substrate and 250 nM
XPD-p44. The mix of all reagents, with the exception of ATP, was pre-
incubated at 30 °C until a stable baseline was achieved. The reaction
was subsequently started with the addition of 5 mM ATP. Live kinetic
measurements were recorded with a CLARIOstar plate reader (BMG
LABTECH). Initial velocities of the kinetic data curves were fitted with
the MARS software package (BMG LABTECH) and represent the aver-
agesofatleast three technical replicates and one biological replicate.
Mean values were plotted with their associated s.d. The mean and s.d.
were determined using GraphPad Prism software.

Fluorescence anisotropy

DNA binding was analyzed by fluorescence anisotropy using a
self-annealinghairpinwitha5’Cy3label (Cy3-5-TTTTTTTTTTTTTTTCCC
GGCCATGCGAAGCATGGCCGTT-3’). Assays were carried outin 20 mM
HEPES pH 7.5, 50 mM KCI, 5 mM MgCl,, 1 mM TCEP and 5 nM DNA at
room temperature. WT XPD and variants were used at concentra-
tions of 31.5-2,000 nM. After mixing, the reaction was incubated for

5 min before recording. 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 fit-
ted with GraphPad Prism and represent the averages of at least three
technical replicates. Mean values were plotted with their associated
s.d. (Extended Data Fig. 3).

Invitro translocase activity assay

Core TFIIH dsDNA translocase activity was detected using a
well-established triplex disruption assay®**. The dsDNA translo-
case activity was measured by displacement of a fluorescently
labeled triplex-forming oligonucleotide (TFO) from a triple-helix
DNA substrate and was carried out as described previously” using
150 nM triplex DNA with a black hole quencher (BHQ) used for Cy3
quenching (forward, 5-GTCTTCTTTTAAACACTATCTTCCTGCT
CATTTCTTTCTTCTTTCTTTTCTT-3’;reverse, 5-BHQ-AAGAAAAGAAA
GAAGAAAGAAATGAGCAGGAAGATAGTGTTTAAAAGAAGAC-3’ and
5-Cy3-TTCTTTTCTTTCTTCTTTCTTT-3’). Correct triplex formation
was confirmed by native polyacrylamide gel electrophoresis (PAGE). The
baseline was recorded for 10-15 min before the addition of 2 mM ATP.
TFO displacement was measured for 60 min at an excitationwavelength
0f520-540 nm and an emission wavelength of 590-620 nmwith again
0f 1,900 using a CLARIOstar plate reader (BMG LABTECH) in 384-well
F-bottom FLUOTRAC™ nonbinding microplates (Greiner Bio-One). Core
TFIIH was assembled with all subunits present in equimolar amounts
withafinal concentration of 500 nM and equilibrated onice for 45 min.
Assays were performed at 30 °Cin 20 mMHEPES pH 7.5,4.5% (v/v) glyc-
erol, 135 mM KCI, 9 mM MgCl,, 2 mM phosphoenolpyruvate, 0.7 mM
TCEP and 1.62 U PK. Initial velocities of the kinetic data curves were
fitted withthe MARS software package (BMG LABTECH) and represent
the averages of at least three technical replicates and one biological
replicate. Mean values were plotted with their associated s.d. Themean
ands.d. were determined using GraphPad Prism software.

Differential scanning fluorimetry

Correct folding of the XPD variants was tested by thermal shift assays
using SYPRO Orange (Invitrogen) and a qPCR machine (Stratagene
mx3005p). The final reaction mix of 25 pl comprised 2.5 pM XPD, 0.1%
SYPRO Orange, 20 mM HEPES pH 7.5,200 mM NacCl, 5 mM MgCl, and
1 mMTCEP. Unfolding was observed as anincrease in fluorescence that
was detected at an excitation wavelength of 492 nm and an emission
wavelength of 610 nm. Data were plotted using GraphPad Prism and
represent the average of at least three different measurements.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Cryo-EM dataand coordinates were deposited to the Electron Micros-
copy Data Bank (EMDB) and PDB, respectively. The class 1 data and
XPD-DNA complex model are available under accession codes EMD-
19109 and PDB 8REV. The class 2 data are available under accession code
EMD-19109. Other research data will be made available upon request.
Source data are provided with this paper.
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24603 micrographs

3.784,237 particles after initial template based picking
in CryoSPARC (4x binned)

Extended Data Fig. 1| Workflow of cryo EM data processing. a) Representative
micrograph of the XPD complex/DNA sample revealing the single particles to be
evenly distributed, n = 24603. The white scalebar represents 50 nm. b) Reference
free 2D class averages obtained with CryoSPARC. The selected classes have been

Ab initio modeling and heterogenous refinement

@ 2.016,863 particles (2x binned)
& non uniform refine 3.5 A

3D variability analysis and heterogenous refinement

457,749 particles (full
resolution) non uniform
refinement 3.3 A

class1

class2
121,289 particles 3.4 A 237, 064 particles 3.1 A
obtained from the initial round of template based particle picking and represent
3.784,237 particles. ¢) Schematic workflow of data processing in CryoSPARC. All
employed steps are indicated.
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Extended Data Fig. 2| Map quality of the resulting cryo EM maps.

a, ¢) GSFSC (for details see methods section) and 3DFSC correlation plots for
class1(a) and class 2 (c) indicating the resolution limits and anisotropy of the
data, respectively. a) Contains in addition amodel vs map FSC analysis generated
with the PHENIX package*. b, d) Local resolution maps of class 1(b) and class 2

(d) cryo EM maps. e) Density of the DNA substrate. Gray density represents the
map plotted with 10 sigma, light gray density represents lower resolution data of
the same map plotted at 5 sigma. The map carving radius around objects was set
to5 A. The DNAis shown in cartoon mode. f) Density for ADP plotted at 10 sigma.
ADPisshownin stick mode, whereas the protein is drawn as cartoon.
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Extended Data Fig. 3| Overview of XPD architecture. The XPD crosslink rotated 180° around the y-axis. Abbreviations are as follows, arch= XPD Arch
DNA structure is shown in cartoon representation. Structural elements are domain, HD1and HD2= helicase motor domains 1and 2, FeS= XPD iron sulfur
highlighted and color coded. Left panel: Front view of XPD. Right panel:left panel ~ cluster domain.
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Extended Data Fig. 4 | Helicase activity of XPD variants. DNA dependent XPD/ values are plotted with their associated SD N values for samples: XPD wild type
p44 helicase activity. DNA was used in a concentration range from 500- 31.25 nM n=16,XPDW373An=10,XPD W373En =15, XPDR372An=10,XPDR372En =6,
with L:1dilutions. Curves were fitted with GraphPad Prism and represent the uXPDn=6,suXPDn=6.

averages of at least three technical replicates and one biological replicate. Mean
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Extended DataFig. 5| FeS containing helicases. Superposition of the structure obtained in this work with AlphaFold models of a) FANCJ (colored in salmon),
b) DDX11 (colored in cyan), and ¢) RTEL1 (colored in pink). All models are shown as cartoon. All proteins contain an Arch domain suggesting a conserved mode
tounwind DNA.
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Extended Data Fig. 6 | Hypothetical lesion recognition model for canonical backtracking can take place. Backtracking pulls XPG across the lesion enabling
and non canonical lesions. The figure shows possible lesion recognition cutting 5’ to the lesion. Lower panel: canonical lesion encounter enables XPD
strategies for non canonical and canonical NER lesions. Upper panel: When lesion locking and XPG cutting 3’ to the damage as observed in regular NER.

XPD encounters a non canonical crosslink no lesion locking occurs and XPD
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Extended Data Table 1| Biochemical data

Protein DNA ATPase Helicase Melting point | Translocase
binding PUM*min'+SD | AF*min™ °C (R? of fit) AF*min'*1000
kD *1000 = SD
(R? of fit)

XPD wild type | 30(0.97) | 164 32+8 56 (0.69) 2.1+0.9

R372A 54(0.84) |[12+8 5+3 49 (0.76) n.d.

R372E 36(0.88) | 10+5 6+4 54 (0.78) n.d.

W373A 27(0.91) |[21+8 5517 51(0.72) n.d.

W373E 45(0.84) | 126 28 +16 50 (0.71) n.d.

uxXPD 30(0.98) [12=+7 52 56 (0.99) 1.3+0.6

suXPD 37(0.99) [ 114 66 =7 54 (0.88) 6.0 2.7

This table shows the values for the biochemical data presented in Figs. 3 and 5b.
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Extended Data Table 2 | XPG dependent XPD helicase activity

Protein Helicase
AF*min™ *1000 = SD
XPD wild type 24 =3
XPD wild type + XPG D924A 37 %10
suXPD 66+4
suXPD + XPG D924A 21 +8
uXPD 5%2
uXPD + XPG D924A 15 +1

This table shows the values for the biochemical data in Fig. 5c.
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