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Abstract

Nucleotide excision repair (NER) removes DNA lesions caused by ultraviolet light (UV),
cisplatin-like compounds and bulky adductsl-2. After initial recognition by XPC in global genome
repair (GGR) or a stalled RNA polymerase in transcription-coupled repair (TCR), damaged
DNA is transferred to the seven-subunit TFIIH core complex (Core7) for verification and dual
incisions by the XPF and XPG nucleases 3. Structures capturing lesion recognition by the yeast
XPC-homolog Rad4 and TFIIH in transcription initiation or DNA repair have been separately
reported®-8. How two different lesion-recognition pathways converge and how the XPB and
XPD helicases of Core7 move lesion DNA for verification are unclear. We report here structures
revealing DNA-lesion recognition by human XPC and DNA-lesion handoff from XPC to Core7
and XPA. XPA, which binds between XPB and XPD, kinks the DNA duplex and shifts XPC and
the DNA lesion by nearly a helical turn relative to Core7. The DNA lesion is thus positioned
outside of Core7, as would occur with RNA polymerase. XPB and XPD, which track the lesion-
containing strand but translocate DNA in opposite directions, push and pull the lesion-containing
strand into XPD for verification.
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Introduction

NER is essential for maintaining genome integrity. Defects in NER are implicated in human
autosomal recessive disorders: Xeroderma Pigmentosum (XP), characterized by extreme
sensitivity to UV and skin lesions, Cockayne syndrome (CS) and Trichothiodystrophy
(TTD), marked by delayed and impaired development, mental retardation and premature
death?.910, The XPC complex is trimeric and composed of XPC (Xeroderma Pigmentosum
complementation group C), RAD23 and CETN2 (Centrin 2) subunit1-12, The XPC-RAD23
heterodimer binds to a variety of lesion sites with nanomolar affinity!3. Crystal structures of
the yeast XPC homolog (Rad4) and Rad23 complexed with damaged DNA show that Rad4
generates a 2-nt bubble by flipping out the lesion, whether it is a mismatched base pair,
abasic site (AP) or UV-induced base dimer, and binds the unpaired non-lesion strand and
DNA duplex 3¢ of the lesion?. CETN2, which enhances lesion recognition and GGR4, is
absent in all published Rad4-DNA structures*15.16,

TFIIH (transcription factor 11 H) contains two helicases, XPB and XPD. Only the ATP-
dependent dsDNA translocase activity of XPB is necessary for transcription initiation’.

In the transcription pre-initiation complex (PIC), XPD serves as a structural partner that
bridges RNA polymerase and TFIIH, while its DNA binding and helicase activity are
blocked by the CAK kinase module of TFIIH (composed of CDK7, MAT1 and Cyclin
H)6-8.18.19 By contrast, during NER the inhibitory CAK module dissociates upon XPA
binding2°, and the XPD helicase activity is essential for scanning ssDNA in the 5" to 3
direction for lesion verification?1-23, In the structure of Core7 and the NER-specific protein
XPA complexed with a Y-shaped ds-ss DNA junction without any lesion, XPB and XPD
bind ds- and ss-DNA, respectively, and XPA is wedged between the two helicases at the ds-
ss junction®. The latest 9 A resolution cryoEM structure of yeast Core7 and Rad4 complexed
with a lesion DNA (Extended Date Fig. 1) suggests that the DNA lesion is placed between
XPB and XPD, and thereby 5¢ to XPD6. If so, the 5¢ to 3¢ translocation activity of XPD
would result in XPD moving away from the lesion and being unable to verify lesions.

We have determined cryoEM structures of human XPC bound to DNA containing the bulky
lesion mimetic Cy5 (a fluorescent dye) or two consecutive abasic sites (AP) in the presence
of Core7, and four additional complexes revealing XPA recruitment and displacement of
XPC and the DNA lesion from Core7 (Extended Date Fig. 2—-3). These structures reveal not
only the intricacy of step-by-step recruitment of NER components, but also the unexpected
yet logical initial placement of lesions outside of Core7, so XPB and XPD with opposite
translocation polarity (3¢ to 5¢ and 5¢ to 3¢) together can scan DNA lesion in GGR and
TCR alike.

DNA lesion recognition complexes

We expressed and purified human trimeric XPC, XPA and Core7 of TFIIH (seven subunits,
XPB, XPD, p62, p52, p44, p34 and p8, also known as TTDA) separately (Fig.la-b). A
Cy5 paired with two thymines and flanked by 29 and 25 bp upstream and downstream,
respectively, was used as a bulky lesion mimic. Formation of protein-DNA complexes was
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confirmed by electrophoretic mobility shift assays (EMSA). Human trimeric XPC binds
the Cy5-DNA with a Kd of <5 nM (Fig. 1c), comparable to published values for human
XPC Kim et al., 2022 and yeast Rad413.14.24 Although Core7 alone or with XPA binds

the same DNA very weakly, Core7 and XPA together formed a distinct super-shifted band
with XPC-DNAZ3 (Fig. 1c). We used GraFix2® to stabilize the complexes of XPC, XPA and
Core7 with the Cy5-DNA and by cryoEM identified C7CD (for Core7, XPC and DNA),
C7CAD (with additional XPA), and C7AD (with XPC displaced but not fully dissociated)
complexes (Fig. 1D-F). These complexes co-existed in the absence of ATP and repair
factors RPA, XPF and XPG. Their structures have been resolved at resolutions of 3.4 to 4.1
A (Extended Data Fig. 2 and Table 1) and reveal the process of lesion recognition by XPC
and subsequent handoff to TFIIH and XPA.

The previously unknown structure of trimeric human XPC was determined at 4.2 A in

the C7CD complex. Due to the mobility, peripheral domains and DNA ends are at lower
resolutions (Extended Data Fig. 2d). In addition to a 3-nt DNA bubble at the lesion site,

the C7CD structure reveals how XPC (indicating the XPC subunit hereafter unless specified
as trimeric XPC) orients Core7 to bind the lesion DNA (Fig. 1d). The U-shaped Core7 is
related to the apo-TFIIH structure (PDB: 6NMI)1® and human and yeast PIC (PDB: 7NVW
and 7ML0)88. Only XPB binds the DNA upstream (5¢) of the lesion. XPD is over 20 A
away from the DNA on the downstream side of Cy5. If present, the CAK module would not
interfere with the C7CD formation.

In the C7CAD complex with XPA and without CAK20, Core7 is transformed from the U
shape to a closed o shape, and XPD contacts both XPB and DNA (Fig. 1e). XPC maintains
its binding of the Cy5 and downstream DNA duplex (Fig. 1e). The presence of XPA moves
Core7 one helical turn away from XPC and shifts the Cy5 from above the 5 crevice between
XPB and XPD in C7CD to outside of Core7 in C7CAD. The DNA duplex between XPA and
XPD is kinked and locally unwound 7 bp upstream of the Cy5 and primed to form a ds-ss
junction.

In the C7AD structure, the trimeric XPC is largely detached from Core7 except for the

C- terminal 52 residues of XPC (Fig. 1f). The Cy5 and surrounding DNA are disordered

due to their association with the detached and mobile XPC and incomplete transfer to

XPD. Core7, XPA and the upstream DNA in C7AD are configured same as in C7CAD and
superimposable with the structure of XPA and Core7 bound to a splayed non-lesion DNA
(PDB: 6RO4)° except for only 2 nt of ssDNA visibly bound to XPD. We cannot rule out

that some C7AD complexes may have resulted from Core7 and XPA binding to dsDNA ends
instead of XPC-associated lesions.

DNA with two consecutive abasic sites (AP) replacing Cy5 as a lesion substrate (AP-DNA)
also formed three complexes as observed with Cy5-DNA. These structures were determined
at 3.6 to 7.1 A resolution (Extended Data Fig. 3 and Table 1) and share general features
with the Cy5 complexes. Descriptions below are based on the Cy5 complexes with unique
features of the AP-DNA complexes reported.
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Flexible XPC and lesion-DNA association

The human XPC-DNA complexes without Core7 appeared very flexible on cryoEM grids
and yielded no meaningful structures. As shown in cellular studies?®, the trimeric XPC
structure is stabilized by TFIIH on lesion DNAs and becomes well defined in C7CD. Similar
to Rad4, XPC has four globular domains: one TGD (transglutaminase-homology domain)
and three BHDs (B-hairpin domain, 1-3) (Fig. 2a). AlphaFold2” provided a more accurate
human XPC model than the Rad4 crystal structure, due to less than 27% sequence identity
and multiple deletions and insertions. With nearly 200 amino acids (aa) more than Rad4,
human XPC (940 residues) contains four short deletions and a single large insertion of 180
residues in the TGD (Extended Data Fig. 4). This large insertion, composed of >60% Gly,
Ser, Lys, Arg and Pro, is unstructured, but its positive charge and proximity to the DNA
suggest a role in DNA binding. This region is also known to interact with a non-acetylated
histone H3 tail and promote GGR28. As with Rad4, only a four-helix domain (~60 residues)
of RAD23 is traceable and forms a hydrophobic interface with TGD (Fig. 1a, 2a). The
remaining RAD23 is involved in ubiquitin binding and XPC recruitment to UV lesions?°.

Many DNA-binding features are conserved between XPC and Rad4. Among the three
subunits, only XPC directly contacts the DNA, while RAD23 and CETN2 stabilize the XPC
structure and enhance XPC-DNA association (Fig. 2a). XPC binds DNA chiefly along one
side of the duplex with TGD and BHD1 covering 7 bp (+5 to +11) downstream of the

Cy5. The B hairpins of BHD2 ( p22-p23, P703-F733) and BHD3 (B32-p33, 1794-D809)
approach the non-lesion DNA strand from the minor and major groove, respectively (Fig.
2b). Together they create a DNA bubble by displacing the lesion and flipping out bases on
the non-lesion strand, two by Rad4 and three by XPC. T26 and T27 opposite the Cy5 and
the adjacent A28 are inserted into XPC (Fig. 2b). T26 appears sandwiched between Y656
and H685 (Extended Data Fig. 5a), which are unique in XPC. T27 and A28, which are
situated similarly to the bases flipped out by Rad4, are surrounded by conserved F762, F797,
F799, F756, 1794 and P806 (Extended Data Fig. 4).

Interestingly, the AP_C7CD complex adopts two conformations (Extended Data Fig. 3). One
has three bases flipped out as in Cy5_C7CD, and the other has two bases opposite the AP
site (T26 and T27) flipped into the conserved pockets that accommodate T27 and A28 in the
Cys5 structure (Fig. 2¢). Between yeast and human, each structural domain of XPC/Rad4 and
RAD?23 can be individually superimposed, but their relative orientations differ significantly
(Extended Data Fig. 6a—f). Likewise, between flipping out 2 and 3 nt in the non-lesion
strand, RAD23 and domains in XPC re-orient and translocate along DNA by one base pair
(video 1). The TGD distal from the DNA interface moves 25 A. The remarkable flexibility
within trimeric XPC and between XPC and DNA results in reduced structure resolution but
likely underlies the high affinity of XPC for a variety of DNA lesions, large and small.

XPC also exhibits unique features. In contrast to exposed and disordered lesions when
complexed with Rad4, the Cy5 appears ordered. Although displaced from the DNA and the
BHD domains, the aromatic moiety of Cy5 appears surrounded by hydrophobic residues
(1182, F186 and Y189) on a long a-helix (aa 167-224) N-terminal to the TGD domain,
which is named LHN (Fig. 2b). LHN extends to the XPD arm of Core7 in C7CD. Without
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Core7, LHN of Rad4 is shortened and broken in two, both of which bind DNA backbones
with positively charged sidechains®. Next to Cy5, R192 and R196 contact the non-lesion
strand phosphates (Extended Data Fig. 5b). An R192 to Gly mutation in germline cells

is found in young onset prostate cancer patients3?, Notably, neither the LHN hydrophobic
residues nor R192 are conserved in Rad4 (Extended Data Fig. 4). Another long a helix in
XPC (aa 815-866) at the C-terminus of BHD3, thus named LHC, extends toward Core7
and crosses the DNA before contacting XPB. LHC is stabilized by the C-terminal EF-hand
domain of CETN2, which enhances XPC-DNA association!4 (Fig. 2a). CETN2 alone can
bind LHC (aa 837-853)31:32 (Extended Data Fig. 6g—h). With LHC anchored onto Core7 in
C7CD, the preceding BHD3 interacts extensively with the 8-bp DNA upstream of the lesion
(Fig. 2a-h). In the absence of Core7, LHC of Rad4 is disordered, and the DNA is severely
bent (Fig. 2d) away from BHD3 in the crystal structure®.

Recruitment of Core7 and XPA by XPC

In C7CD, the lesion DNA is sandwiched between XPC and Core7 (Fig. 3a). Abutting
BHD3, XPB binds 11 bp DNA upstream of the Cy5 (=5 to —15 bp), burying 1158 AZ at

the interface. The DNA is bent toward XPB with a widened minor groove. Similar DNA
distortion by XPB is also observed in the transcriptional PIC 7 (Extended Data Fig. 7a). Two
long helices LHN and LHC of XPC, 45 A apart, extend from XPC to Core7 like bridges
across the DNA. The N-terminus of LHN (aa 175-186) contacts p62 (aa 175-186) on the
XPD arm, forming a small interface (250 A2). Although disordered in C7CD (due to flexible
inter-domain linkers), the XPC and p62 interface is likely extended by 1000 A2 between the
acidic stretch of XPC (aa 109-156) and the PH (Pleckstrin Homology) domain of p62 (aa
1-108) as reported previously33:34. The C-terminus of LHC (aa 853-866) is anchored by
forming a pair of anti-parallel helices with XPB (aa 706-718) (Fig. 3a). Two following short
helices in XPC (L and M, aa 891-913) form additional interactions with XPB, p52 and p8.
Mutation of A896 to Val in the center of this interface is linked to predisposition to prostate
cancers30. Recruitment of Core7 is oriented by LHN and LHC, and the attachment appears
to support the ~30° movement of XPC between flipping out 2 and 3 nt (Video 1).

When XPA is present in C7CAD, XPB and Core7 are shifted upstream one helical turn
away from Cy5, which remains bound to XPC (Video 2). The vacated DNA is occupied

by XPA and XPD (Fig. 3b—d). The N-terminal 100 residues of XPA, which interact with
RPA35:36 are disordered (Fig. 1a). The central ap domain of XPA (aa 137-196) approaches
the adjacent minor and major grooves opposite Core7 (Fig. 3b). W175 on the XPA B-hairpin
is intercalated between adjacent base pairs —=7 and -8 from the Cy5 (Fig. 3d, Extended Data
Fig. 5¢), causing DNA unwinding and kinking 50° toward Core7. HD2 (helicase domain 2)
of XPD binds the lesion strand around the kink (Fig. 3b).

XPA bears an uncanny similarity to the BHD3 of XPC in its tertiary structure and DNA-
binding mode. The ap domain of XPA and BHD3 (XPC) are separated by 35 A (equal to

a full helical turn) in C7CAD (Fig. 3b). But due to the severe DNA unwinding at the lesion
site, the p-hairpin of XPA contacts the minor groove, while the B-hairpin of BHD3 contacts
the adjacent major groove. The XPA structure is superimposable with its apo form37 and

in complexes with DNA538:39 However, unlike previously reported XPA-DNA complexes,
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XPA binds the DNA duplex in C7CAD and not a ds-ss junction or DNA end (Fig. 1e and
3h).

A long helix following the ap domain in XPA (aa 196-233), named LHA, replaces LHC
(XPC) and is inserted between XPC and DNA in C7CAD (Fig. 1e, 3b). The extended LHA
first binds the DNA across the minor groove and then reaches the XPB arm of Core7. The
linker (aa 234-243) and C-terminal p domain of XPA (aa 244-273) consecutively interact
with XPB, p8 and p52 (Fig. 3c, 3e), as suggested in previous analyses®. Anchoring of XPA
in the XPB arm appears important as mutations (including H244R) or truncation of the last
~50 residues of XPA are implicated in UV sensitivity and neurological impairment40-43,
LHA and LHC cross one another at an ~40° angle, and CETN2 appears to stabilize the small
XPA-XPC interface at the crossover (Fig. 3b), which corroborates previous biochemical
observations#4.

In the presence of XPA, the C-terminus of XPC is ordered and traceable to the penultimate
residue K393 (Fig. 3f). The last 50 residues of XPC forming helices L, M and N are
anchored in the HD2 of XPB, p52, p8 and p34, approximately 35 A away from the

XPA attachment site, thus enabling the transition of C7CD to C7CAD (Video 2). A
truncated XPC with a K928Q mutation is implicated in cancer susceptibility®°. K939 caps
the C-terminus of the preceding helix L (aa 924-933) (Extended Data Fig. 5d), and the
polymorphic variation K939Q, which is implicated in bladder cancers#6, may perturb the
XPC structure and weaken the XPC and Core7 association. When Cy5 is replaced by two
abasic sites, the structure of Core7 in C7CAD changes very little, while the AP-DNA is
overall more bent (Fig. 3g). Locally AP-DNA bound by XPB is less bent than Cy5-DNA.
Concomitantly, both LHA and LHC move slightly away from DNA (Video 3).

Modular and flexible TFIIH

Core7 undergoes significant conformational changes from C7CD to C7CAD, with the XPB
and XPD arms moving closer and crossing each other (Video 4-5). XPB is attached to p34
via p52 and p8, and XPD to p34 via p44 and p62 (Extended Data Fig. 8a—c). While the
interfaces of p34 with p52 and p44 remain unchanged, the modular structures and domain
flexibility in p52 and p44 underlie the movements of the XPB and XPD arms (Video 6-7).
In C7CD, the XPD arm is secured by the extended p62, which wraps around p52-p34-p44
and also around the unattached XPD-p44. The XPB arm is fastened by the four-domain p52
(see below) and by XPC and XPA at the interface of XPB, p52, p8 and p34 (Fig. 3b-f). In
C7CAD, the two arms of Core7 are united by XPD binding to XPB and DNA and by p34
and p44 (aa 8-54) interacting with the first three domains of XPB (Fig. 1a, Extended Data
Fig. 8b).

The five non-enzymatic subunits in TFIIH are modular and repetitive. p34 and p44 both
contain a central VWA domain, and each has additional zinc finger domains (Fig. 1a). The
p34-vWA domain forms a stable interface with the C-terminal RING finger domain of p44
(RF), while the C-terminal double zinc finger domain of p34 (DZF) and the zinc ribbon
domain of p44 (ZR) form a highly flexible joint in the XPD arm (Extended Data Fig. 8c—d).
DZF of p34, which is all B strands in C7CD, is altered to contain an a helix in C7CAD.
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p52 contains four domains. Two at the N-terminus resemble one another and form a stable
interface with the VWA domain of p34. Two at the C-terminus fold like DRD (Damage
Recognition Domain), as do their interacting partners, the N-terminal DRD of XPB*/ and
p8 (Extended Data Fig. 9 and 8e—f). Despite the name, none of DRD domains in Core7
interacts with DNA. We note that the heterodimer formed by p52 and p8 (Fig. 3f, Extended
Data Fig. 9) is superimposable with the p8 homodimer#8 without detectable sequence
homology. The p8 dimer may partially rescue the lethal defects of deleting domains 3 and 4
of p52 in Drosophila®®. The small p8 functions like glue to keep the dynamic Core7 together
and also tie down XPA*2 (Fig. 3b—c, f).

Coordination of XPB and XPD motors in NER

The C7AD structure is nearly identical to that of Core7 and XPA complexed with a splayed
non-lesion DNA®. The DNA strands are separated by XPA, where W175 stacks with the
last base pair (Fig. 4a-b), and only two nucleotides of the lesion strand enter the DNA-
binding groove of XPD. The bulk of XPC and the associated DNA lesion are disordered,
and only the C-terminal helices of XPC remain bound to Core7. The absence of ATP and
other NER factors probably prevents XPC from releasing the lesion DNA. Based on the
structures of C7AD and Core7 and XPA with the non-lesion DNA (PDB: 6R0O4)°, after
XPC’s dissociation XPD helicase will bind and scan the lesion strand. In addition to the
FesS, cluster proposed to detect DNA lesions®®-52, the ssDNA exit in XPD adjacent to XPA
is narrow and lined with aromatic side chains (Fig. 4b) that may allow normal DNA through
but stall on DNA lesions.

Among superfamily 2 (SF2) helicases, XPB, the yeast homolog of CSB (Cockayne
syndrome group B) (PDB: 5VVR), and the chromatin remodeler Snf2 (PDB: 61Y2)°3:54
translocate dsDNA. These helicases and associated DNA duplexes are superimposable.
When the viral SF2 helicase NS3, which binds and translocates ssRNA (PDB: 308C)®°, is
included in the superposition, the translocating (or tracking) strand associated with all three
dsDNA translocases overlays with the ssSRNA (Extended Data Fig. 6b). While translocating
DNA duplex, XPB tracks only one strand with its HD1 and HD2 (Helicase Domains 1 and
2), which is the lesion strand in NER (Fig. 4a) and DNA template strand in transcription®. If
DNA were immobile, XPB would move along the lesion strand in the 3" to 5 direction and
thus away from the Cy5 lesion. When constrained in the repair or transcription machinery,
XPB would be stationary and translocate the DNA duplex toward XPA and XPD in NER
(Fig. 4a) and RNA polymerase in PIC.

As shown in previous studies, XPD is a stronger motor than XPB and dictates the direction
of Core7 movement 5¢ to 3¢ along the lesion strand when both motors are active22:23, We
hypothesize that XPD translocates along the lesion strand, pulling it into Core7 until it is
stalled by a DNA lesion. When XPD is stuck, XPB becomes the only working motor and
pushes the DNA upstream of the lesion toward XPA and XPD (Fig. 5). Armed with the
duplex-separation B-hairpin and W175, XPA separates the DNA duplex pushed toward it by
XPB and enlarges the DNA bubble. When the DNA bubble reaches 24-34 nt in size®5, dual
incision by XPF and XPG takes place.
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To test this hypothesis, we developed an in vitro dual incision assay, replacing circular
plasmid DNA substrate?2:57:58 with a linear 94 bp DNA containing either a Cy5 or two
consecutive AP sites. DNA cleavage occurred after addition of ATP, XPF, XPG and RPA
(Fig. 4c). As predicted for the XPB-driven bubble formation, a 62-bp duplex upstream to the
lesion leads to efficient dual incision at ~20 nt 5¢ and <10 nt 3¢ to the lesion. Shortening

the upstream duplex to 52 bp reduced the dual incision by six-fold (Extended Data Fig.

10). Removal of Cy5 is more efficient than AP, confirming that XPD discriminates between
different lesions. As reported previously®®, XPG can cleave 3¢ to the lesion in the absence of
XPF, but the 5¢ incision by XPF requires the presence of XPG (Fig. 4c).

Conclusion

Methods

Damaged DNA has a propensity to bend and deform and is recognized by XPC viaa 2 or

3 nt bubble in which normal bases in the non-lesion strand are specifically bound by XPC.
With LHN and LHC, XPC recruits and, importantly, orients Core7 so that XPD contacts the
lesion strand. XPA plays a key role in shifting Core7 relative to XPC-lesion DNA, so the
lesion falls downstream and 3’ to XPD (Fig. 5)7-8. Although it is unknown how TFIIH is
recruited to a stalled transcription site, TFIIH likely interacts with RNA polymerase as in
PIC with the lesion between them. After XPA dissociates the CAK module2®, Core7 would
bind the lesion DNA as if recruited by XPC. Subsequent NER reactions would occur as
outlined for GGR and TCR alike (Fig. 5).

Protein expression and purification

The recombinant human Core7 (XPB, XPD-Flag and p8, p62 and p34, p52 and His-p44)23,
Flag-XPC?22 were expressed in Sf9, and RAD23B-His®0, Trx-His-centrin214, RPAS! and
XPA (Trx-His-XPA) in E. coli cells, and each was purified as previously described. To
reconstitute trimeric XPC, 0.4 L Sf9 suspension culture expressing Flag-XPC was pelleted,
mixed with 20 mg Rad23-His and 10 mg Centrin2 (separately purified) in 25 ml of the
lysis buffer (50 mM Tris-HCI pH 7.5, 300 mM KCI, 20 mM Imidazole, 5% Glycerol,

10 mM B-mercaptoethanol (bME), and 0.01% Triton X-100) with 0.25 mM PMSF, 10
ug/ml Pepstatin A, Complete Protease Inhibitor Cocktail tablet [EDTA-free, Roche]) and
lysed by sonication. The lysate was cleared by centrifugation (35,000 x g) for 30 min at
4°C and loaded onto a HisTrap column (5 ml, GE Healthcare Bioscience). After washing
with 1 M KCl in the lysis buffer, the XPC trimer was eluted with 120 mM Imidazole

in the lysis buffer. The eluent was mixed with equal volume of M2-wash buffer (50 mM
Tris-HCI (pH 7.5), 300 mM KCI, 5% glycerol, 0.007% Triton X-100, 0.25 mM PMSF),
and incubated with 8 ml anti-FLAG M2 agarose beads (Sigma) at 4°C for 1 hour. After
extensive wash, trimeric XPC was eluted by 0.3 mg/ml 1X-FLAG peptide (Sigma) in the
wash buffer with 5 mM bME and further purified through a Heparin column (5ml, GE
Healthcare Bioscience) equilibrated with the Heparin-binding buffer (50 mM Tris-HCI pH
7.5, 300 mM KCl, 5% Glycerol, 10 mM bME, 0.007% Triton X-100, 0.25 mM PMSF). The
bound XPC protein was eluted with a 75 ml-linear gradient of 0.3 to 1 M KCI. The XPC
protein was concentrated and passed through a Superose 6 column (10/300, GE Healthcare
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Bioscience) in 25mM Tris-HCI (pH7.4), 300 mM KCI, 5 mM DTT, 10% Glycerol, 0.007%
Triton X-100. The eluted peak fractions were pooled, concentrated and stored at —80°C.
The C-terminal MBP tagged XPG (XPG-MBP), XPF and the N-terminal Hisg and MBP
tandemly tagged ERCC1 (His-MBP-ERCC1) were cloned into the pLEXm vector®2. XPG
and XPF/ERCC1 were separately expressed in HEK293 cells and purified using an amylose
affinity column. MPB tags were removed by PreScission Protease treatment. XPG was
further purified on Mono Q (10/100 GL, GE Healthcare Bioscience), and the eluant in 50
mM Tris-HCI pH 8.0, 400 mM NaCl, 5 mM DTT, 10% glycerol was concentrated, flash
frozen, and stored at —80°C. After removing the MBP tag, XPF/ERCC1 was concentrated
and purified on a Superdex 200 column (16/60, GE Healthcare Bioscience) with buffer
containing 20 mM Tris-HCI pH8.0, 300 mM NacCl, 10% glycerol and 5 mM DTT. To further
purify XPF/ERCC1 complex, the peak fraction from Superdex 200 column was loaded onto
a 5ml Heparin column equilibrated with buffer (50 mM Tris- HCI pH8.0, 10% glycerol, 5
mM DTT). The XPF/ERCC1 complex was eluted with a 120 ml linear gradient of 0.05 to

1 M NaCl and the peak fractionations were pooled, concentrated, flash frozen, and stored at
-80°C.

DNA substrates

All oligonucleotides were synthesized by Integrated DNA Technologies (IDT) and purified
in-house using denaturing PAGE (Supplementary Information Table 1). For structural
studies, Cy5 and 2AP-containing oligos (Top56_iCy5 and Top56_2AP) were each annealed
with complementary Bot56 at 1:1 molar ratio at 20 4M concentration by heating to 95°C
and slow cooling to 4°C. Resulting DNA duplexes were purified from excess ssSDNA using
native PAGE. For dual incision assays, the Cy5 strand was prepared by ligating Top_F1_47,
Top_F2_iCy5, and Top_F3 10 5P oligos after annealing with Bot_F1_74 (Supplementary
Table 1). The top strand containing an internal Cy5 (94 nt) was gel purified and annealed
with the bottom strand mm94_Bot_62/30, which resulted in a 94 bp duplex with three
mismatched base pairs 5’ of the Cy5 to enhance dual incision activity. To make 2AP DNA,
Top_F2_2AP was 32P labeled at the 5" end and ligated with Top_F1_53 and Top_F3_21 5P
after annealing with Bot_F1 74 and gel purified to generate the 94 nt DNA oligo with two
abasic sites (2AP) and the internal isotope label. The same bottom strand mm94_Bot 62/30
was annealed with the 2AP oligo.

CryoEM preparation and data collection

NER initiation complex was assembled by mixing 0.6 1M lesion-containing duplex DNA
(56B2_iCy5 or 56B2_2AP, Supplementary Table 1) with Core7, XPC, and XPA at 1:1:1:1.5
molar ratio in 25 mM HEPES (pH 7.9), 100 mM KCI, 2 mM TCEP, 10% glycerol and
incubation at 25°C for 10 min. These protein:DNA complexes were stabilized and purified
using the GraFix method?®. A glycerol (15-30%) and glutaraldehyde (0-0.04%) gradient
was prepared with BioComp Gradient Master 108, and centrifuged at 165,000 g for 14

h at 4°C. The fractions containing the protein-DNA complexes were pooled and treated
with 100 mM (final) Tris-HCI (pH 8.0) to quench the excess glutaraldehyde. The protein
complex sample was dialyzed against 25 mM HEPES (pH7.9), 100 mM KCI, 2 mM MgCl,,
2 mM TCEP, 0.5% glycerol in a Slide-A-Lyzer MINI (2 ml, 20 kDa MWCO) for 12 h

and concentrated to 0.4 mg/ml for cryoEM grid preparation directly. A home-made 3-nm
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carbon film was layered on Quantifoil (R1.2/1.3) holey carbon grids (EMS), which were
glow-discharged for 30 seconds in an easy-glow system before usage. A 2 /4 drop of each
protein-DNA sample was applied to the grid in an FEI Vitrobot 1V at 4°C with 100%
humidity. The grid was blotted for 4 s with force 4 and plunge-frozen in liquid ethane cooled
by liquid nitrogen. The Titan Krios G3 electron microscope (Thermofisher) equipped with

a Gatan imaging filter (GIF) Quantum system and a post-GIF Gatan K3 Summit direct
electron detector (Multi-Institute Cryo-EM Facility (MICEF)) of NIH operated at 300 kV
with SerialEM (version 3.8.4)53 was used to collect 6243 movies of Cy5_C7CAD and

3883 movies of 2AP_C7CAD at 105K nominal magnification in super- resolution mode
(corresponding to calibrated pixel size 0.4165A at the sample level). During data collection,
each movie was recorded with an exposure time of 2.5 s and an accumulated dosage of about
54.1 electrons / A2, which was fractionated into 22 frames (113 ms exposure each).

Structure determination and refinement

Beam-induced movement in each movie was corrected using MotionCor2%4 with dose-
weighting applied, and the pixels were binned 2X to 0.833 A size to generate a set of
dose-weighted and another of dose-unweighted micrographs. Getf® was used to estimate
CTF (contrast transfer function) parameters on dose-unweighted micrographs. For both
Cy5 and AP data (Extended Data Fig. 2 and 3), particles were picked automatically

using Gautomatch (www2.mrc-Imb.cam.ac.uk/research/locally-developed-software/zhang-
software/) as well as the build-in algorithms in RELION (ver. 3.1)56 and extracted from
dose-weighted micrographs, separately. To speed up the data processing, all particles were
downscaled to a pixel size of 1.666 A and a box size of 192x192. 2D and 3D classification
were carried out in RELION (ver. 3.1)56,

The C7CD non-duplicated particles were selected, combined and auto-refined. To improve
the conformational purity of Core7 and XPC-DNA portions, subtraction and focused 3D
classification without alignment were applied. Selected subsets of particles were re-extracted
with a pixel size of 0.833 A and a box size of 394x394, and subjected to CTF refinement,
Bayesian polishing and auto-refinement in RELION (ver. 3.1). The final reconstruction

of XPC_DNA reaches 4.2 A resolution, and Core7 3.9 A (Extended Data Fig. 2). The
composite map of C7CD was generated by aligning and merging the two focused maps in
UCSF Chimera®’. For AP_C7CD, two different conformations were identified are refined to
lower resolutions than Cy5_C7CD (Extended Data Fig. 3).

The C7CAD non-duplicated particles were selected, combined and subjected to auto-
refinement. Volume subtraction was made on the XPC-DNA region, and the subtracted
particles were subjected to focused 3D classification to segregate C7AD from C7CAD.

To improve the density around the lesion-mimic Cy5 region in C7CAD, the XPC-DNA
region was masked and treated with another round of focused 3D classification. Volume
subtraction and 3D classification were also performed on the XPC C-term helices and their
interacting Core7 region. The good classes belonging to C7AD, C7CAD and the XPC
C-term helices were selected, and the corresponding raw particles were separately subjected
to CTF refinement, Bayesian polishing and auto-refinement in RELION (ver. 3.1). Finally,
the reconstruction of the Cy5-DNA C7CAD complexes reached 4.4 A, C7TAD 3.3 A, and
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the XPC C-term helical region 3.4 A (Extended Data Fig. 2). For AP_C7CAD, similar

data processing strategies were applied. C7CAD and the C7AD were also segregated and

separately refined (Extended Data Fig. 3). DeepEMhancer was used to reduce noise in final
68

maps®e.

Coordinates of TFIIH Core7 subunits (PDB: 6NMI and 6RO4) were used as initial models
to build the C7CD and C7CAD/CT7AD, respectively. Coordinates of XPA (PDB: 6RO4),
CETN2 (PDB: 2GGM) and yeast XPC were initially docked into cryoEM maps. The

human XPC structure predicted by AlphaFold (Q01831, residues 167-940)%7:69 was docked
to replace yeast XPC. After initial fitting into the map using Chimera®’, all parts were
manually adjusted in Coot’?, A standard B-form DNA was fitted into the Cy5 cryoEM maps
of C7CD and C7CAD initially, and the DNA surrounding the Cy5 was rebuilt manually in
Coot. The AP-DNA in C7CD and C7CAD were built based on the Cy5-DNA. The final
models were refined in PHENIX Real-Space refinement’1, and validated using MolProbity’2
(Extended Data Table 1). The “Gold Standard” of 0.143 Fourier Shell Correlation (FSC)
criterion was applied to determine the resolution of each structure’3, and ResMap was used
for the local resolution estimation’# (Extended Data Fig. 2 and 3). Structural figures were
made using Pymol version 2 (Pymol.org/2/).

EMSA Assay

Bot56 DNA was 5’-labeled using y32P-ATP and annealed with complementary Top strand
(Top56_iCy5 or Top56_2AP). The lesion-containing DNA duplexes (5 to 10 nM) were
incubated with equal molar of XPC, 5 to 20 nM XPA, Core7, and additional protein mixes in
20 /A reaction buffer (25 mM Tris-HCI (pH 8.0), 100 mM KCI, 8% Glycerol, 0.007% Triton
X-100, 5 mM DTT, 7 mM MgCl,) at 30°C for 30 min, and electrophoresed on a 4% native
gel in 1X TBE buffer at 4°C. Gels were visualized using a Typhoon FLA 9500 Phosphor
Imager. Kq of trimeric XPC and lesion DNA was estimated to be <5 nM because 10 nM of
each resulted in nearly full shift of labeled lesion DNA.

Dual Incision assay

The dual incision reaction was performed in 20 /4 reaction buffer (25mM Tris-HCI pH

8.0, 50 mM KOAc, 5mM DTT, 0.1mg/ml BSA, 10% glycerol) with 0.025 zM substrate,
0.05 uM XPC, 0.1 zM Core7, 0.15 gM XPA, 0.1 uM RPA, 0.05 M XPF, 0.025 y/M

XPG. Cy5-DNA and internally 32P-labeled AP-DNA were generated by ligation of 2-3
oligos (Supplementary Table 1) and purified using denaturing PAGE. Dual incisions were
monitored by fluorescence (Cy5) and radiation (AP). After pre-incubating NER proteins
and DNA substrate at 37°C for 5 min, 3 mM ATP and 7.5 mM MgCl, were added to start
the dual incision assay. The reactions at 37°C were stopped after 5, 10, 20, 30, or 60 min
by adding proteinase K to 0.25 mg/ml and incubation at 56°C for 15min. To denature the
DNA oligos, the reaction mixture was heated at 95°C for 5 min in TBE-Urea sample buffer
(Bio-Rad) before loading onto 15% polyacrylamide TBE-Urea gel. The gel and dual incision
products were scanned and analyzed by Typhoon FLA 9500 Phosphor Imager.
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Extended Data Table 1.
CryoEM data collection and processing, and structural model refinement
Cy5 AP complexes
complexes
Data collection
Pixel Size (A) 1.245 1.245
Defocus -2t0-3 -2t0-3
range(xm)
Voltage (kV) 300 300
Total electron 54.12 54.12
dose (e7/ A?)
Extracted 1,645,921 1,145,832
particles
Type of complex C7CD C7CAD C7AD C7CD- C7CD- C7CAD C7AD
confl conf2

PDB/EMDB 8EBS / 8EBT/ 8EBU/ 8EBV/ 8EBW/ 8EBX/ 8EBY /
accession code, 27996 27997 27998 27999 28000 28001 28002.
focused map EMD-29764 EMD-28591 EMD-29763
EMDB accession
code
Particles in final 188,623/ 127,485/ 169,304 / 65,301 66,841 103,713 137,438
reconstruction / 89,824 45,955 177,287
particles in
composite map
Symmetry C1l C1 C1l C1l C1l C1l C1l
imposed
Map resolution 3.8 3.9 3.3 7.1 5.6 3.6 3.6
(A, FSC=0.143)
Map sharpening B -50 -50 -50 -50 =50 -50 -50
factor (A?)
Model refinement and validation
CC_mask 0.79 0.75 0.84 0.69 0.72 0.78 0.8
CC_volume 0.77 0.74 0.82 0.66 0.71 0.77 0.78
CC_peaks 0.7 0.64 0.73 0.57 0.61 0.68 0.67
Model resolution 4.0 4.0 3.6 8.2 7.0 3.7 3.7
(A, FSC=0.5)
Average B-factor
(A2

Protein 133.2 105.4 155.9 524.2 4213 145.6 135.1

Nucleotide 288.7 243.1 162.5 658.4 593.4 260.9 159.4

Ligand 162.8 298.6 285.2 539.5 451.0 349.3 246.5
RMSD Bond 0.003/0.48 0.002/0.44 0.002/0.43 0.002 / 0.002/ 0.002/ 0.002/
length (A) / angle 0.41 0.43 0.47 0.46
)
Ramachandran

Most favored 97.3 96.3 96.3 98.14 97.78 95.82 95.29
(%)

Allowed (%) 2.7 3.7 3.7 1.86 2.22 4.12 4.67

Disallowed (%) 0 0 0 0 0 0.06 0.04
Clash score 9.4 7.7 75 8.7 11.4 7.8 8.5
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Cy5 AP complexes
complexes

Molprobity score 2.1 1.9 1.9 17 19 2.1 2.1
Rotamer outlier 3.6 2.2 22 2.3 2.2 3.0 25
(%)

C-beta outliers 0 0 0 0 0 0 0
(%)

3 XPC
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Extended Data Fig. 1.
Structures of NER complexes. (a) Yeast Rad4 (XPC) complexed with Core7 and damaged

DNA (orange and yellow) (PDB: 7K04 at 9.25 A). (b) Human XPA and Core7 are
complexed with undamaged but branched DNA (PDB: 6R0O4). These structures are
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superimposed at XPB. The DNA damage site is far away and upstream of the lesion sensor
Fe4S4 (marked by the grey arrowheads). (c) For comparison, the structures reported here,
human XPC and Core7 complex with Cy5-DNA (C7CD), is shown after superposition with
7K04. (d) In human XPC, XPA and Core7 complexed with Cy5-DNA (C7CAD), the DNA
lesion (Cyb5) is downstream of the XPD motor (5¢ to 3¢) and close to the lesion sensor
Fe4S4 of XPD. when XPD translocates along the lesion strand (orange), Cy5 would be
“seen” and stall the XPD motor
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Extended Data Fig. 2.

Structure determination of three Cy5 structures. (a) Diagram of Cy5-DNA and Cy5. (b) The
workflow of cryoEM data processing and model generation. (c) FSC analysis of the quality

8

C7AD: DNA
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and map resolution and model fit of each complex structure. (d) For each complex, angular
distributions of particles used for the final threedimensional reconstruction, and a surface
presentation of its map colored according to the local resolution estimated by ResMap with
the scale bar on the side, are shown. (e) Representative regions of the three cryoEM maps
are superimposed with the finalstructural models
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Extended Data Fig. 3. Structure determination of four AP structures.
(a) Diagram of the AP-DNA, and EMSA results of 5 nM 32P-labeled AP-DNA binding

by 5 nM each of XPA, Core7, Core7 and XPA (C7A), XPC, XPC and XPA (CA), Core7
and XPC (C7C) and Core7 with XPC and XPA (C7CA). The EMSA results were replicated
at least six times. (b) The workflow of cryoEM data processing and model generation. (c)
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FSC analysis of the quality and map resolution and model fit of each complex structure. (d)
For each complex, angular distributions of particles used for the final three-dimensional
reconstruction, and a surface presentation of its map, colored according to the local
resolution estimated by ResMap with the scale bar on the side, are shown. (e) Representative
regions of the three cryoEM maps (DNA) are superimposed with the final structural models.
For gel source data of 3a, see Supplementary Figures 3.
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Extended Data Fig. 4. Structure-based sequence alignment of human XPC and yeast Rad4.
Conserved residues are highlighted in yellow (hydrophobic core), grey (structural stability),

green (subunit interface), cyan (DNA binding, and underscore indicating base interactions),
and red (disease mutation). Protein secondary structures are indicated by box (for helix) and
arrow (strand). They are labeled alphabetically for helices and numerically for strands. In

Nature. Author manuscript; available in PMC 2023 August 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kim et al. Page 17

BHD domains 1-3, secondary structures are preceded by domain name “1”, “2” and “3".
Disordered regions are indicated by dashed lines

Y656
3. 126~nonlesion
A strand

"\ leasion
strand

Extended Data Fig. 5.
cryoEM maps of DNA bound by XPC and XPA. (a) The flipped out T26 in Cy5_C7CD. (b)

The LHN has close contacts with Cy5 and the non-lesion strand across the minor groove.
The cryoEM map in the above two panels are shown as semitransparency? grey surface. (c)
cryoEM map corresponding to XPA and DNA in Cy5 _C7CAD. Map volume is color coded
and labeled. (d) A close-up of the C-terminal 52 residues of XPC (aa 889-940). XPB, p52,
and p8 of Core7 and XPC are represented by the cryoEM map of C7CAD and C7AD of
Cy5-DNA and color coded. Helices L, M and N of XPC are show as ribbon cartoons and
labeled. The penultimate K939 of XPC, which is shown in a stick model, caps the carboxyl
end of helix N. Potential interactions between the sidechain amine of K939 (shown as a
sphere) and carbonyl oxygens are indicated by dashed yellow lines. Residues F935, P936
and F937 of XPC are anchored in a hydrophobic pocket in XPB (green).
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|

Extended Data Fig. 6. Domain comparison of XPC, Rad4, RAD23 and CETN2.
(a) Superposition of TGD of XPC (slate blue) and Rad4 (semi-transparent grey). (b)

Superposition of BHD1 of XPC and Rad4. (c) Superposition of BHD2 of XPC and Rad4.
(d) Superposition of BHD3 of XPC and Rad4. (e) Superposition of Rad23 and RAD23
(pale green cartoon with molecular surface) reveals that TGD domains of XPC (blue) and
Rad4 (grey) differ by a 16° rotation. (f) Superposition of TGD domains of XPC and Rad4
reveals that BHD1, BHD2 and BHD3 diverge increasingly. (g) Crystal structures of CETN2
(2GGM in pink and 20BH in light blue) complexed with XPC peptide (LHC, blue) are
superimposed. Symmetry mate of XPC is shown in pale green. (h) CETN2 (light green) and
XPB (dark green) in C7CD are included in superposition. The LHC (XPC, dark blue) is
shifted and interacts with the C-terminal helix of XPB when complexed with Core7.
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a Tracking (template or lesion) strand
3 non-lesion strand
5 5

C7CD (XPB, XPD)
PIC (PDB: 7NVW)

%
4

y ( Q 3’ lesion strand

XPB: lesion, non-lesion

NE3: ssRNA (308C)
CSB: DNA (5VVR)
Snf2: DNA (61Y2)

Extended Data Fig. 7.
Structure comparison of C7CD with PIC and XPB with SF2 helicase. (a) Superposition of

XPB (green) in C7CD and in human PIC (PDB: 7NVW, light grey) shows the bent DNA
associated with XPB and different position of XPD (cyan in C7CD and light grey in PIC)
in the U-shaped Core7. (b) Superposition of HD2 of four SF helicases, XPB, Rad26 (CSB
homolog), Snf2 and NS3 reveals that the tracking strands superimpose well in all cases
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Extended Data Fig. 8. Repetitive and flexible structure of TFIIH (Core7).
(a) The Ushaped Core7 in C7CD. The N-terminal helices of p44 that contact XPB are

outlined in a rounded rectangle. The XPD (left) and XPB (right) arm are well separated. (b)
The o shaped Core7 in C7CAD with p34 superimposed to C7CD and viewed in the same
orientation as in panel a. The interface at p34-p44 and p34-p52 (inside the dashed oval)?
remain unchanged. (c) The stable interfaces of p34 with p44-RING finger (RF) and p52. The
C-terminal p34-DZF (double Zinc finger) and p44-ZR (Zing Ribbon) domain are labeled.
(d) A B hairpin of p34-DZF in C7CD is changed to a short a helix in C7CAD. A part of

p62 becomes disordered in C7CAD. (e) The third domain of p52 (DRD fold) contacts the
N-terminal DRD domain (blueish) of XPB, which is followed by the second DRD domain
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(greenish) of XPB. The N-terminal helices of p44 (pink) contact the back side of XPB. (f)
The fourth domain of p52 (grey) and p8 (light purple) form a heterodimer.

MutS (I, MRD) XPB (I, DRD1) XPB (Il, DRD2)

Extended Data Fig. 9. Comparison of DRD (Damage Recognition Domain) domains.
Two MutS DRDs (domains | and VI from LEWQ) are shown on the left side for comparison.

Five DRD domains in TFIIH are shown after superposition with MutS DRDs. Each DRD is
colored in rainbow fashion from the blue N- to red C-terminus. Four B strands are labeled

1 to 4, and strands 2 and 4 are each followed by an a helix (A and B). In the P52-p8
heterodimer, the two subunits complement each other by supply the partner DRD with the
first B strand (shown in semi-transparent blue and labeled 1°).
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a

Cy5_52/40
5’ ~GTTGACGACATACAGCTCAACGATGCCACTTCAGCATTGCACTCATGTTCTGiCy5CACTAGTACTACGACTACGCCTCGGCTCGAGTGTTCGATC-3
3’ ~CAACTGCTGTATGTCGAGTTGCTACGGTGAAGTCATAACATGAGTATAAGAC-TT-GTGATCATGATGCTGATGCGGAGCCGAGCTCACAAGCTAG-5

Cy5_62/30
5’ ~GCTGCGGTCCGTTGACGACATACAGCTCAACGATGCCACTTCAGCATTGCACTCATGTTCTGiCy SCACTAGTACTACGACTACGCCTCGGCTCGA-3 1
3’ -CGACGCCAGGCAACTGCTGTATGTCGAGTTGCTACGGTGAAGTCATAACATGAGTATAAGAC-TT-GTGATCATGATGCTGATGCGGAGCCGAGCT-5"
Cy5_72/20
5’ ~ACTGGGAACAGCTGCGGTCCGTTGACGACATACAGCTCAACGATGCCACTTCAGCATTGCACTCATGTTCTGiCy 5SCACTAGTACTACGACTACGC-3
3’ =TGACCCTTGTCGACGCCAGGCAACTGCTGTATGTCGAGTTGCTACGGTGAAGTCATAACATGAGTATAAGAC-TT-GTGATCATGATGCTGATGCG-5"
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Extended Data Fig. 10. Length of Cy5_DNA substrate required for efficient dual incision.
(a) Sequence of three Cy5 DNA substrates, each of which contains a total 94 bp but different

upstream (left) and downstream length from Cy5 (right). (b) Diagrams of the three DNA
substrates. (c) Dual incision results of each DNA substrate (sub) after incubation with
Core7, XPC, XPA, RPA, XPF and XPG at 37°C for 60 min. DNA cleavage intermediate
(int) and final product (prod) are marked. (d) Means and standard deviations (error bars)
of triplicated dual incision reactions as well as individual data points are shown in the bar
graph. For gel source data, see Supplementary Figures 5.
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Fig. 1. Structures of lesion recognition and handoff.
(a) Primary structure of TFIIH (Core7), XPC and XPA. Structural domains are shown as

rectangles and annotated. Each protein has a distinct color. Dotted lines and rectangles
indicate disordered regions. (b) A protein SDS gel shows the purity of XPC, XPA and
Core7. (c) EMSA results of 10 nM Cy5-DNA binding by 10 nM XPC, XPA, Core7, Core7
and XPA (C7A), XPC and XPA (CA), Core7 and XPC (C7C), and Core7 with XPC and
XPA (C7CA). Data shown in 1b and 1c were reproduced at least six times. (d-f) cryoEM
maps of C7CD (d), C7CAD (e) and C7AD (f) are color coded as in Fig. 1a. For gel source
data of 1b and 1c, see Supplementary Figures 1 and 2.
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Fig. 2. Structure of human XPC-DNA complex.
(a) DNA duplex (yellow non-lesion and orange lesion strand) is bound by XPC (slate blue).

RAD?23 (pale green) and CETN2 (pea green) stabilize XPC. An orthogonal view is shown
in the insert. (b) Lesion is recognized by BHD2 and BHD3. The flipped out Cy5 and
opposite normal bases are stabilized by aromatic sidechains. (c) The flipped-out bases in
Cy5 (multicolor) and AP-DNA (Conf2, pink) are shifted by 1 bp but overlap. (d) Overlay
of the Cy5-DNA (yellow and orange) complexed XPC and DNA bound by Rad4 (PDB:
2QSH). DNA lesions complexed with Rad4 are disordered.
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Fig. 3. Structures of C7CD and C7CAD.
(a) In C7CD, where XPC and Core7 interact are circled in red. (b) In C7CAD, Core7 is

shown in molecular surface, and others in ribbon diagrams. (c) XPA contacts XPB, p8 and
p52 sequentially. (d) The ap domain of XPA binds and kinks the DNA duplex. (e) p52 and
p8 form a heterodimer, and p8 binds XPA. (f) L, M and N helices of XPC are anchored in
Core7. The cryoEM map (C7CAD) is shown as semi-transparent surface. (g) DNA in C7CD
(light grey), Cy5_ (orange/ yellow) and AP_C7CAD (wheat) are shown after superposition
of XPB. The B hairpins of XPA (hot pink) and XPC (blue) mark the distorted DNA sites.
Light purple arrows indicate the shift of DNA and XPC from C7CD (light grey) to CTCAD
with XPB superimposed.
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Fig. 4. DNA translocation and dual incision.
(a) XPB binds the upstream DNA opposite XPA and moves along the lesion strand (orange)

3’ to 57 (indicated by the olive arrow). If the protein is stationary, DNA would move in the
opposite direction (indicated by the red arrow). (b) Structure of C7AD with the XPD-bound
lesion strand borrowed from 6RO4 (brown). The red arrow indicates the direction of sSDNA
translocation by stationary XPD. (c) Dual incision of Cy5- and AP-DNA required Core7,
XPC, XPA, XPF (F), XPG (G), RPA (R) and ATP. Bands of substrate (sub), intermediate
(int) and product (prod) are indicated. Means and standard deviations (error bars) of
triplicated dual incision reactions are shown in the plot. For gel source data of 4c, see
Supplementary Figures 4.
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Fig. 5. Diagram of NER mechanism.
In GGR, lesion recognition by XPC and hand-off to TFIIH (Core7) and XPA are based

on this study. In TCR, TFIIH recruitment is based on the PIC structure (PDB: 7NWO0). In
both pathways, a lesion is loaded 3" to XPD. The ATPase activity of XPD leads TFIIH to
translocate along ssDNA (indicated by the blue arrow) and scan for lesions (verification).
A small lesion may be bypassed by XPD and allow continuous ssDNA scanning. A bulky
DNA lesion would stall the XPD motor and render Core7 stationary. DNA upstream of the
lesion is then translocated by XPB toward XPD (indicated by the orange arrow), and XPA
separates the duplex and helps to enlarge the DNA bubble for dual incision.
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Video 1.
Movement of XPC between flipping out 3 and 2 nt. The video was generated based on

Cy5_C7CD and AP_C7CD (conf2). Protein subunits are color-coded according to Fig. 1a.
The trimeric XPC translocates downstream of the lesion by 1 bp, which involves ~36°
rotation and ~3.4 A translation.
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Video 2.
Movement of Core7 relative to XPC-DNA upon XPA binding. The video was generated

based on Cy5_C7CD (C7CD) and Cy5_C7CAD. The attachment of the C-terminus of XPC
to Core7 (XPB-p52-p8) prevents Core7 and XPC from dissociation. XPA is included in the
last frame.
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Video 3.
Structural changes between Cy5 C7CAD and AP_C7CAD. AP-DNA is more bent at the

lesion site than Cy5, but it is more relaxed (straight) upstream of the lesion, where XPB and
XPA bind.
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Video 4.
Conformational changes from the U-shaped Core7 in C7CD to the o shape in C7TCAD. The

XPB and XPD arms move relatively to the unchanged p52-p34-p44 interface at the U-turn.
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Video 5.
An orthogonal view of the XPB and XPD movement between C7CD and C7CAD. This

viewpoint shows the crossing of XPB and XPD subunits when forming the closed o shape in
C7CAD.
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Video 6.
Movement of the XPD arm from C7CD to C7CAD. The flexible joint formed by p34-p44 in

the XPD arm is stabilized by the p62 helical bundle.
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Video 7.
Movement of the XPB arm from C7CD to C7CAD. The extensive domain interface between

p52 and XPB allows XPB to undergo precession-like movement.
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