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Fig. S1. 

Single-particle cryo-EM image processing workflow for Ku70/80-DNA with and without 

PAXX. Schematic showing particle picking using WARP and processing including 2D classification 

and ab initio reconstruction using CryoSPARC. The two main classes generated with the 

corresponding number of particles is shown and the final two maps following non-uniform refinement 

with resolutions for an FSC of 0.143 are given.  

  



 

 

 

Fig. S2. 

Cryo-EM data of Ku70/80-DNA with PAXX. a) Examples of 2D classes. b) Angular distribution 

calculated in cryoSPARC for particle projections shown as a heat map. c) FSC resolution curves and 

viewing distribution plot. d) Local resolution map of the Ku-DNA with PAXX cryo-EM map. The 

colours corresponding to each resolution are displayed on the specific key chart below the maps. 

  

               

     

 

 

 
 

             



 
 

Fig. S3.  

Open and closed vWA of Ku70 upon PAXX binding and the X-ray crystallographic contacts. 

a) An overlay of Ku70/80 with no PAXX bound with Ku70 in orange, Ku70/80 in DNA-PK with 

Ku70 in red and Ku70 with the P-KBM of PAXX bound with Ku70 in yellow. Ku80 is always shown 

in green and DNA removed for clarity to show the clear openings of Ku70. b) An overlay of the cryo-

EM structure of Ku70/80 (orange and green) with PAXX bound (cyan) with the X-ray crystallography 

structure with PAXX bound (shown in grey) with the DNA shown in yellow. c) An overlay of the 

cryo-EM structure of Ku70/80 with no PAXX bound (orange and green) with the X-ray 

crystallography structure with no PAXX bound (grey) with the DNA in yellow. d) The vWA domain 

of Ku70 in the open state (bound to PAXX KBM (cyan)) makes crystal contacts with Ku70/80 

symmetric molecules in the crystal (in pink (1), in salmon (2), and in light blue in background). e) 

Positioning the closed state of Ku70 vWA at this position indicates that it would disrupt a major 

crystal contact (noted « 1 »). f) The vWA domain of Ku70 in the closed state makes crystal contacts 

with Ku symmetric molecules in the crystal (in pink (1) and in grey (2)) g) Positioning the open state 

of Ku70 vWA at this position indicates that it would make steric clash in the crystal packing (noted 

« 2 »). This observation and the similarity of the cryo-EM and crystal structures suggests that the 

open and closed conformation are present in solution. During crystal growth, the two forms are 

selected and make specific crystal contacts.  

 

 

 

 

 

 

 

 

 

 

    

    
       

    
      

        
      

             
 

 

 

                            
                            

 

 

                                       
                                      

                                  
                                

                                          
                                            

 

 

 

 

 

  

  
          

              

                    

 

          

          

             



 

 

Fig. S4. 

a) Scheme of Ku70 and Ku80 domains. KuΔC is a construct deleted of both Ku70 and Ku80 C-termini 

(Ku70 1-544, Ku80 1-551). b) Logo motif of the PAXX KBM, motif obtained from multiple sequence 

alignments of these proteins as indicated (46). c) Superposition of the cryo-EM (dark colours) and 

crystal structures (light colours) of the Ku70/80/DNA complex bound to the KBM of PAXX (rmsd 

of 1,05Å over 910 Cα). d)  Superposition of Ku80 (dark green) with XLF KBM (magenta) with Ku70 

(light orange) bound to PAXX KBM (cyan) (rmsd of 2,6Å over 151 Cα). The N-terminus and C-

terminus of the XLF and PAXX KBM are indicated.  e) Alphafold-Multimer (AF) model of 

Ku70/80/PAXX protein interactions. Ku70/80 model of AF (light colours) is superimposed with the 

cryo-EM of Ku-DNA-PAXX(KBM) (dark colour) (rmsd of 0,58Å over 231 Cα). The PAXX dimer 

modelled by AF is shown in light and dark blue. f) AF’s model of PAXX KBM superimposes well 

with the PAXX KBM observed in the cryo-EM structure on the C-terminal part (P195 to T204). The 

N-terminal part prediction (R179-P195) since AF does not predict an opening of the Ku70 vWA 

region (arrows). 

  

                                                        

    

    
                                                                    

  

  

 
        

       

        

    

                   

 

 

 

 

 

       

    
        

    



 

 
 

Fig. S5. 

a) Zoom of the alignment of sequences of metazoan PAXX on the P-KBM regions.  Coloured by type 

of amino acids   b) Zoom of alignment of metazoan XLF in the X-KBM region c-d) Zooms of the 

alignments of metazoan sequences of c) Ku70 and d) Ku80 in the regions of Ku70 and Ku80 involved 

in the interaction with PAXX KBM. Blue arrows are positions in contact at 4 Å in X-ray structure. 

Red arrows are positions in contact at 4 Å in X-ray structure and mutated e) Surface representation 

of conserved residues of Ku in contact with P-KBM generated with Consurf. (right) Sequence of the 

C-terminus of PAXX coloured according to the conservation of the amino acids (from red (highly 

conserved) to pale yellow and white (not conserved). 

  

                                            

                                           

                                                                                    

                                                                                    

                                
                     

 

 

 

 

 



 

 
 

Fig. S6. 

Isothermal titration calorimtery (ITC) of Ku70/80-DNA with the P-KBM of PAXX. a, b) 

Thermograms and isotherm obtained for Ku WT with P-KBM and DNA F or G. c, d, e) Thermograms 

and isotherm obtained for Ku WT with three PAXX mutants as labelled.  

  

                                   

                          
                                  

                          

                                  

                              

                                   

                             
                                  

                               

  

   



 

 

 
Fig. S7. 

Ku70 variants with mutation in the PAXX binding site. a) SDS-PAGE of purified KuFL, KuΔC and 

three variants of KuF with mutations H163A and R165E. b) nanoDSF analysis of KuFL wild type and 

three variants of in KuFL apo form c) nanoDSF analysis of KuFL wild type and three mutants in 

complex with DNA(F) d) calorimetry analysis (ITC) of Ku variants-DNA(F) complex versus PAXX 

KBM. 

  

                   
           

                  
           

                  
           

    
             

         

  

 

 



 

 

 
 

Fig. S8. 

Expression of Ku70 mutants in U2OS cells. a) Control of expression of Ku70 constructs in U2OS 

cells. b) Monitoring of the recruitment of WT and mutant GFP-Ku70 at DNA damage sites over 1 

min after laser micro-irradiation in U2OS cells. Results were plotted as mean values ± SEM. c) 

Control of expression of NHEJ protein in U2OS cells upon Ku extinction. d) Ku-dependency of 

NHEJ proteins recruitment to chromatin damaged with calicheamicin. e) Control of expression of 

NHEJ protein in Ku70 U2OS cells expressing Ku70 constructs.   

  

 

 

            

     
            

    

  
 

 



 

 
 

Fig. S9. 

Single-particle cryo-EM image processing workflow for Ku80-mediated LR DNA-PK dimer 

with PAXX. Schematic showing particle picking using WARP and processing including 2D 

classification and ab initio reconstruction using CryoSPARC. The main class generated with the 

corresponding number of particles is shown and the final map after non-uniform refinement with a 

resolution for an FSC of 0.143 is given.  

 



 
Fig. S10. 

Cryo-EM data of Ku80-mediated LR DNA-PK dimer with PAXX. a) Examples of 2D classes. b) 

Angular distribution calculated in cryoSPARC for particle projections shown as a heat map. c) Local 

resolution map of the DNA-PK dimer with PAXX cryo-EM map. d) FSC resolution curves and 

viewing distribution plot for the consensus map. The colours corresponding to each resolution are 

displayed on the specific key chart below the maps. e and f) Local resolution of the two locally 

refined half maps. The colours corresponding to each resolution are displayed on the specific key 

chart below the maps. g and h) FSC resolution curves and viewing distribution plots of local maps 1 

and 2. 

  

                 

  

 

             

 

  

                              

                          

 

 

              

            

            

              

            

            



 

 
Fig. S11. 

Cryo-EM map comparison of the Ku80-mediated dimer without (grey map) and with LX4 and 

PAXX (yellow map). 

  

       

         

               

                    

           

    

      

 

 



 

 

 

 
Fig. S12. 

PAXX fitting in the Ku80-mediated DNA-PK dimer. a) The histogram of cross correlation 

coefficient score of the PAXX fits obtained using the ADP_EM exhaustive sampling procedure. b) 

The best fitting model of PAXX (shown as red cartoon) within the NHEJ super complex density map. 

The C-terminal peptide of PAXX bound to ku70/80 is shown as sphere model (coloured by atom 

type). c) The 2-fold axis of the PAXX predicted fit (shown as green cylinder) is shown in alignment 

with the 2-fold axis of DNA-PKcs (shown as light brown cylinder). This figure is same as Figure 2, 

but the density map corresponding the fits is not shown for clarity. 

  

   



 

 
Fig. S13. 

Single-particle cryo-EM image processing workflow for DNA-PK with LX4, XLF and PAXX. 

Schematic showing particle picking using WARP and processing including 2D classification and ab 

initio reconstruction using CryoSPARC. The two main classes generated with the corresponding 

number of particles is shown and the final two maps following non-uniform refinement with 

resolutions for an FSC of 0.143 are given.  

 



 
Fig. S14. 

Cryo-EM data of Ku80-mediated LR DNA-PK dimer with PAXX and XLF. a) Examples of 2D 

classes. b) Angular distribution calculated in cryoSPARC for particle projections shown as a heat 

map. c) Local consensus resolution map of the DNA-PK dimer with PAXX and XLF cryo-EM map. 

The colours corresponding to each resolution are displayed on the specific key chart below the maps. 

d) FSC resolution curves and viewing distribution plot for the consensus map. e and f) Local 

resolution of the two locally refined half maps. The colours corresponding to each resolution are 

displayed on the specific key chart below the maps. g and h) FSC resolution curves and viewing 

distribution plot. 

  

  

 
 

              

             

                                

                          

              

            

            

              

                        

  

 

 



 

 
Fig. S15. 

Cryo-EM data of XLF-mediated LR DNA-PK dimer with PAXX and XLF. a) Examples of 2D 

classes. b) Angular distribution calculated in cryoSPARC for particle projections shown as a heat 

map. c) Local resolution map of the DNA-PK dimer with PAXX and XLF consensus cryo-EM map. 

The colours corresponding to each resolution are displayed on the specific key chart below the maps. 

d) FSC resolution curves and viewing distribution plot of the consensus map. e and f) Local 

resolution of the two locally refined half maps. The colours corresponding to each resolution are 

displayed on the specific key chart below the maps. g and h) FSC resolution curves and viewing 

distribution plot of local map 1 and 2. 

  

  

 

             

             

 

 

                            

                        

 

            

                        

            

              
              

 

 



 
 

Fig. S16. 

Single-particle cryo-EM image processing workflow for Ku70/80-DNA with PAXX and XLF. 

Schematic showing particle picking using WARP and processing including 2D classification and ab 

initio reconstruction using CryoSPARC. The main class generated with the corresponding number of 

particles is shown and the final map after non-uniform refinement with a resolution for an FSC of 

0.143 is given. 

  



 

 
 

Fig. S17. 

Cryo-EM data of Ku70/80-DNA with PAXX and XLF. a) Examples of 2D classes. b) Angular 

distribution calculated in cryoSPARC for particle projections shown as a heat map. c) FSC resolution 

curves and viewing distribution plot. d) Local resolution map of Ku70/80-DNA with PAXX and XLF 

cryo-EM map. The colours corresponding to each resolution are displayed on the specific key chart 

below the maps. 

  

     

               

 

 

 
 

            



 
 

Fig. S18. 

Assessing DSB synapsis via DNA-PKcs P-S2056. a) Western blotting on extracts from HEK293T 

cells as indicated, treated or not with 200 pM calicheamicin for 1 hr, after 1hr pre-incubation or not 

with an inhibitor of DNA-PK (NU7441, 3µM: PKi) or ATM (KU55933, 10µM:ATMi), as stated. b-

c) Western blotting on extracts from HEK293T cells as indicated, treated or not with 150 pM (b) or 

300 pM (c) calicheamicin for 1 hr ; (b) is the extended version of Figure 5f). 

  



 
 

Fig. S19. 

PAXX binding to Ku is necessary to maintain DNA ends synapsis in the absence of XLF. 

Western blotting on extracts from HEK293T cells as indicated, treated or not with 200 pM 

calicheamicin for 1 hr. PAXX/XLF double KO cells were complemented with either wild-type (WT) 

or mutated (F201A) PAXX as indicated. 

  



 

Table S1. Cryo-EM data collection and refinement statistics. (Ku denotes Ku70/Ku80 

heterodimer bound to DNA.  SC denotes super complex of DNA-PK, XRCC4 and DNA Ligase 4). 

 

 

  

 Ku-PAXX 

 

PDB:7ZWA 

EMD:14995 

Ku-PAXX-XLF 

 

PDB:7ZTG 

EMD:15022 

SC-PAXX 

Ku80 dimer 

PDB:8BH3 

EMD:16044 

SC-PAXX-XLF 

Ku80 dimer 

PDB :8BHY 

EMD :16074 

SC-PAXX-XLF 

XLF dimer 

PDB :8BHV 

EMD :16070 

Data collection and processing      

Detector Gatan K3 Gatan K3 Gatan K3 Gatan K3 Gatan K3 

Magnification    130k 130K 130K 130K 130K 

Energy filter slit width (eV) 20 20 20 20 20 

Voltage (kV) 300 300 300 300 300 

Flux on detector (e/pix/sec) 13.689 17.82 12.55 15.24 15.24 

Electron exposure on sample (e–/Å2) 44.39 52.1 47.87 48.03 48.03 

Target defocus range (μm) 0.8-2.4 0.8-2.4 0.8-2.5 0.9-2.4 0.9-2.4 

Calibrated pixel size (Å) 0.65 0.65 1.304 1.304 1.304 

Symmetry imposed C1 C1 C1 C1 C1 

Extraction box size (pixels) 380 400 540 520 520 

Initial particle images (no.) 2143882 1055761 327163 343564 343564 

Final particle images (no.) 161215 173112 35211 30390 11019 

Refinement      

Map resolution at FSC=0.143 (Å)* 2.80 2.68 4.55 5.33 4.51 

Model composition      

    Non-hydrogen atoms 9038 8918 89330 90547 91487 

    Protein residues 1055 1039 11012 11026 11179 

    Nucleotides 31 30 106 102 103 

B factor (Å2)      

    Protein 132.51 161.70 712.5 708.7 786.7 

    DNA 170.97 172.92 495.9 504.7 649.9 

R.m.s deviations      

    Bond lengths (Å) 0.002 0.002 0.003 0.003 0.004 

    Bond angles (°) 0.512 0.462 0.617 0.726 0.692 

Validation      

    Molprobity score 1.70 1.25 2.25 2.33 2.46 

    Clashscore 7.51 3.85 21.08 23.47 29.60 

    Poor rotamers (%) 0.00 0.00 0.04 0.12 0.05 

Ramachandran plot      

   Favored (%) 95.89 97.66 93.44 92.54 91.47 

   Allowed (%) 4.11 2.34 6.51 7.35 8.44 

   Disallowed (%) 0.00 0.00 0.06 0.11 0.09 



 Ku∆C - pKBM PAXX- 3’ overhang DNA 

PDB:8ASC 

Data collection  

Space group P1 21 1 

Cell dimensions    

    a, b, c (Å) 85.02, 428.57, 96.06 

    α, β, γ  (°)  90.00, 90.01, 90.00 

Resolution (Å) 2.973 (2.973) * 

Rsym or Rmerge 0.255 (1.661) 

I / σI 6.0 (1.5) 

Completeness (%) 86.7 (53.4) 

Redundancy 7.8 (6.6) 

  

Refinement  

Resolution (Å) 45.32 – 2.95 

No. reflections 34 164 

Rwork / Rfree 0.252/0.298 

No. atoms  

    Protein 33 555 

    Ligand/ion 2 808 

    Water 25 

B-factors  

    Protein 97.31 

    DNA/ion 146.77/87.76 

    Water 28.41 

R.m.s. deviations  

    Bond lengths (Å) 0.0059 

    Bond angles (°) 1.248 

 

Table S2. 

Data collection and refinement statistics for the X-ray crystallography structure of Ku70/80-

DNA-PAXX PKBM.  
* Data set for one crystal. *Values in parentheses are for highest-resolution shell. 

[AU: Equations defining various R-values are standard and hence are no longer defined in the footnotes.] 

[AU: Ramachandran statistics should be in Methods section at the end of Refinement subsection.] 

[AU: Wavelength of data collection, temperature and beamline should all be in Methods section.] 

 

  



 

Movie S1. 

Movie to show the transition between Ku70/80 without PAXX and with PAXX bound.  
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