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            Abstract
Nucleotide excision repair removes DNA lesions caused by ultraviolet light, cisplatin-like compounds and bulky adducts1. After initial recognition by XPC in global genome repair or a stalled RNA polymerase in transcription-coupled repair, damaged DNA is transferred to the seven-subunit TFIIH core complex (Core7) for verification and dual incisions by the XPF and XPG nucleases2. Structures capturing lesion recognition by the yeast XPC homologue Rad4 and TFIIH in transcription initiation or DNA repair have been separately reported3,4,5,6,7. How two different lesion recognition pathways converge and how the XPB and XPD helicases of Core7 move the DNA lesion for verification are unclear. Here we report on structures revealing DNA lesion recognition by human XPC and DNA lesion hand-off 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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                    Fig. 1: Structures of lesion recognition and handoff.[image: ]


Fig. 2: Structure of the human XPCâ€“DNA complex.[image: ]


Fig. 3: Structures of C7CD and C7CAD.[image: ]


Fig. 4: DNA translocation and dual incision.[image: ]


Fig. 5: Diagram of the NER mechanism.[image: ]
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                Data availability

              
              The structures and cryo-EM maps have been deposited with the PDB and the EMDB, respectively, under the accession codes 8EBS, 8EBT and 8EBU, and EMD-27996, EMD-27997 and EMD-27998 for C7CD, C7CAD and C7AD of Cy5; 8EBV, 8EBW, 8EBX and 8EBY, and EMD-27999, EMD-28000, EMD-28001 and EMD-28002 for C7CD1, C7CD2, C7CAD and C7AD of AP. The focused refinement maps of XPCâ€“lesion DNA in Cy5_C7CD and the C-terminal domain of XPC in C7CAD and C7AD have been deposited with the EMDB under the accession codes EMD-29674 and EMD-29673, respectively. Other research materials reported here are available on request.
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Extended data figures and tables

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 Ã…). (b) Human XPA and Core7 are complexed with undamaged but branched DNA (PDB: 6RO4). These structures are 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 (Cy5) is downstream of the XPD motor (5â€² to 3â€²) and close to the lesion sensor Fe4S4 of XPD. when XPD translocates along the lesion strand (orange), Cy5 would be â€œseenâ€� and stall the XPD motor.


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 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 are superimposed with the final structural models.


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) 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 a, see Supplementary Fig. 3.


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 BHD domains 1-3, secondary structures are preceded by domain name â€œ1â€�, â€œ2â€� and â€œ3â€�. Disordered regions are indicated by dashed lines.


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 semi-transparency 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).


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 16Â° 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 2OBH 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.


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.


Extended Data Fig. 8 Repetitive and flexible structure of TFIIH (Core7).
(a) The U-shaped 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 Ïƒ-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 Î² hairpin of p34-DZF in C7CD is changed to a short Î± 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 (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.


Extended Data Fig. 9 Comparison of DRD (Damage Recognition Domain) domains.
Two MutS DRDs (domains I and VI from 1EWQ) 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 Î² strands are labeled 1 to 4, and strands 2 and 4 are each followed by an Î± helix (A and B). In the P52-p8 heterodimer, the two subunits complement each other by supply the partner DRD with the first Î² strand (shown in semi-transparent blue and labeled 1â€²).


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 37â€‰Â°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 Fig. 5.


Extended Data Table 1 CryoEM data collection and processing, and structural model refinementFull size table
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Reporting Summary

Peer Review File

Supplementary Video 1
Movement of XPC between flipping out 3 and 2 nt. The movie 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 ~36Â° rotation and ~3.4 Ã… translation.


Supplementary Video 2
Movement of Core7 relative to XPC-DNA upon XPA binding. The movie 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.


Supplementary 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.


Supplementary Video 4
Conformational changes from the U-shaped Core7 in C7CD to the Ïƒ shape in C7CAD. The XPB and XPD arms move relatively to the unchanged p52-p34-p44 interface at the U-turn.


Supplementary 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 Ïƒ shape in C7CAD.


Supplementary 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.


Supplementary 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.





Rights and permissions
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Kim, J., Li, CL., Chen, X. et al. Lesion recognition by XPC, TFIIH and XPA in DNA excision repair.
                    Nature 617, 170â€“175 (2023). https://doi.org/10.1038/s41586-023-05959-z
Download citation
	Received: 09 August 2022

	Accepted: 15 March 2023

	Published: 19 April 2023

	Issue Date: 04 May 2023

	DOI: https://doi.org/10.1038/s41586-023-05959-z


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
