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            Abstract
Non-homologous end joining (NHEJ) is the primary pathway for repairing DNA double-strand breaks (DSBs) in mammalian cells1. Such breaks are formed, for example, during gene-segment rearrangements in the adaptive immune system or by cancer therapeutic agents. Although the core components of the NHEJ machinery are known, it has remained difficult to assess the specific roles of these components and the dynamics of bringing and holding the fragments of broken DNA together. The structurally similar XRCC4 and XLF proteins are proposed to assemble as highly dynamic filaments at (or near) DSBs2. Here we show, using dual- and quadruple-trap optical tweezers combined with fluorescence microscopy, how human XRCC4, XLF and XRCC4–XLF complexes interact with DNA in real time. We find that XLF stimulates the binding of XRCC4 to DNA, forming heteromeric complexes that diffuse swiftly along the DNA. Moreover, we find that XRCC4–XLF complexes robustly bridge two independent DNA molecules and that these bridges are able to slide along the DNA. These observations suggest that XRCC4–XLF complexes form mobile sleeve-like structures around DNA that can reconnect the broken ends very rapidly and hold them together. Understanding the dynamics and regulation of this mechanism will lead to clarification of how NHEJ proteins are involved in generating chromosomal translocations3,4.
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                    Figure 1: Interaction of XRCC4 and XLF with DNA.[image: ]


Figure 2: DNA bridging by XRCC4 and XLF.[image: ]


Figure 3: Mobility of XRCC4–XLF bridges.[image: ]


Figure 4: XRCC4–XLF complexes keep DNA fragments together.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Generation of human XLF ATTO-647N-labelled fluorescent variant by the ‘Cys light’ method.
a, Domain architecture of the XLF polypeptide and amino acid sequences of the wild-type and Cys148 variant obtained by site-directed mutagenesis. All Cys residues were changed to Ser except Cys148, leaving a single solvent accessible Cys residue. Three-dimensional model of the XLF dimer where the position–specific labelling sites are indicated by the black arrows. b, Denaturing and reducing polyacrylamide gel electrophoresis of XLF Cys148 variant after labelling with ATTO 647N maleimide. Left, bright-field image of the gel before staining. Centre, the emission of ATTO 647N. Right, is an image of the gel after staining with Coomassie. M, molecular mass markers. c, Mass spectrometry of the labelled full-length protein. Top, the spectra of XLF Cys148 (red) after labelling with ATTO 647N and compared to the wild-type unlabelled protein (black) giving Δm = 790 Da. Bottom, the calculation of the degree of labelling (D.O.L.), as the relative integrated intensity of the labelled protein (dark grey area) versus the unlabelled protein (light grey area) signals, giving 0.82 dye per monomer. d, DNA bridging activity of the XLF variants. Left, a scheme of the bridging assay in which an end-biotinylated 1,000-bp DNA fragment is coupled to streptavidin-coated magnetic beads. Protein-mediated DNA bridging is assessed by recovery of an unlabelled 500-bp DNA fragment. Right, image of an agarose gel stained with ethidium bromide to detect the bridged 500-bp DNA fragment (indicated by the black arrow) and the corresponding quantification. Asterisk indicates biotinylated 1,000-bp DNA fragment adsorbed non-specifically on the surface of the magnetic beads.


Extended Data Figure 2 Generation of human XLF fluorescent variants by eGFP tagging.
a, Domain architecture of the XLF polypeptide and amino acid sequences of the C- and N-terminal eGFP fusions. b, Denaturing and reducing polyacrylamide gel electrophoresis of the purified eGFP fusions. c, DNA bridging activity of the XLF variants. Top, a scheme of the bridging assay where an end-biotinylated 1,000-bp DNA fragment is coupled to streptavidin-coated magnetic beads. Protein-mediated DNA bridging is assessed by recovery of an unlabelled 500-bp DNA fragment. Bottom, an image of an agarose gel stained with ethidium bromide to detect the bridged 500-bp DNA fragment (indicated by the black arrow). Asterisk indicates biotinylated 1,000-bp DNA fragment adsorbed non-specifically on the surface of the magnetic beads.


Extended Data Figure 3 Generation of human XRCC4 fluorescent variants by the ‘Cys light’ method.
a, Domain architecture of the XRCC4 polypeptide and amino acid sequences of the wild-type, C93 and C218 variants obtained by site-directed mutagenesis. All Cys residues were changed to Ala except, respectively C93 and C218, leaving for each variant a single solvent accessible Cys residue. Three-dimensional models of the XRCC4 dimer where the position-specific labelling sites are indicated by the black arrows. b, Denaturing and reducing polyacrylamide gel electrophoresis of XRCC4-C93 and -C218 variants after labelling with Alexa Fluor 555 maleimide. Left, bright-field image of the gel before staining. Centre, the emission of Alexa Fluor 555. Right, an image of the gel after staining with Coomassie. c, Mass spectrometry of the labelled full-length proteins. Top, the spectra of XRCC4-C93 (orange) and XRCC4-C218 (green) after labelling with Alexa Fluor 555 and compared to the wild-type unlabelled protein (black), giving Δm = 830 Da and Δm = 835 Da for labelled XRCC4-C93 and XRCC4-C218, respectively. Bottom, the calculation of the degree of labelling, as the relative integrated intensity of the labelled protein (dark grey area) versus the unlabelled protein (light grey area) signals, giving 0.91 and 0.94 dye per monomer for XRCC4-C93 and XRCC4-C218, respectively. d, DNA bridging activity of the XRCC4 variants. Top, a scheme of the bridging assay in which an end-biotinylated 1,000-bp DNA fragment is coupled to streptavidin-coated magnetic beads. Protein-mediated DNA bridging is assessed by recovery of an unlabelled 500-bp DNA fragment. Bottom, image of agarose gel stained with ethidium bromide to detect the bridged 500-bp DNA fragment (indicated by the black arrow) and the corresponding quantification (the image is from the same gel as in Extended Data Fig. 1d but only the lanes relevant to the analysis of fluorescently labelled XRCC4 are shown). Asterisk indicates biotinylated 1,000-bp DNA fragment adsorbed non-specifically on the surface of the magnetic beads.


Extended Data Figure 4 Quantification of XRCC4 and XLF binding to dsDNA.
a, Fluorescence image of an overstretched dsDNA molecule in the presence of 100 nM eGFP–XLF. Under the given salt conditions and at this DNA extension, significant DNA melting and formation of ssDNA is expected. XLF shows a high affinity to bind to dsDNA (bright fluorescent signal), whereas it does not appear to bind to ssDNA (dark region). b, c, Size of the DNA-bound protein complexes for XRCC4 (b) and XLF (c) as determined from their fluorescence intensities (after incubation with 50 nM XRCC4 (b) or XLF (c)). d, Sections of a kymograph measured in the protein channel (25 nM eGFP–XLF). Short protein-binding events are visible as brief, local bursts of fluorescence. Events are shorter than the line scan time (10 ms). e, Typical intensity time traces of bound XRCC4 and XLF indicate that the complexes bind as a whole from solution and not monomer by monomer. The decrease of the fluorescence intensity in time is due to photobleaching of the fluorophores. f, Two successive kymographs (separated by white line). Two separate kymographs are recorded owing to technical limitations on the maximum recoding time of XRCC4–Alexa Fluor 555 binding measured using a very low excitation power to reduce the effect of photobleaching. Under these conditions, XRCC4 oligomers stay bound for long periods of time (in the order of several minutes). Scale bars, 5 s and 2 μm. Data are representative examples of 7 (a), 13 (d) and 5 (f) experiments.


Extended Data Figure 5 Properties of protein bridges.
a, b, Bridging also occurs in the absence of free protein in solution. Fluorescence images (XRCC4–Alexa Fluor 555 and XLF–ATTO 647N fluorescence in a, and XRCC4–Alexa Fluor 555 fluorescence in b) acquired in the absence of free protein in solution of two XRCC4–XLF-coated dsDNA molecules before (a) and after (b) wrapping and subsequent unwrapping shows that bridging does not require the presence of free protein in solution. Representative example out of 2 experiments. c, d, DNA–protein bridges also occur in the presence of either XRCC4 or XLF. Fluorescence images of bridges formed by wrapping and subsequent unwrapping in the presence of XRCC4–Alexa Fluor 555 (c) or eGFP–XLF (d). Representative example out of 10 (c) or 19 (d) experiments. e, f, In ~5% of the cases, rupture of protein bridges resulted into two intact dsDNA molecules bound with XRCC4–Alexa Fluor 555 and XLF–ATTO 647N. Fluorescence images before (e) and after (f) rupture of such a protein bridge. Representative example out of 9 experiments. g, h, Fluorescence images taken of an XRCC4–XLF bridge at t = 0 min (g) and t = 95 min (h), showing that the bridge and the protein complexes remain stably bound to the DNA segments. Green, XRCC4; red, XLF, yellow, colocalization. Scale bars, 2 μm.


Extended Data Figure 6 Quantification of diffusion behaviour of XRCC4 and XLF on dsDNA.
a, Typical kymographs showing switching of XLF–ATTO 647N (red signal, top) XRCC4–Alexa Fluor 555 (green signal, middle) and XLF–XRCC4 (yellow signal, bottom) complexes between static and diffusive states. Scale bars, 1 s and 2 μm. b, Typical MSD curve of an individual XRCC4–Alexa Fluor 555 complex. Inset, kymograph of corresponding complex. Red line denotes linear fit to the first three data points; from the slope, a diffusion coefficient of 0.51 μm2 s−1 is determined. See Methods for details on MSD analysis. c, Diffusion coefficients of mobile XRCC4 and XLF complexes at different salt conditions (low salt: 25 mM KCl, high salt: 160 mM KCl) and DNA tensions. d, Diffusion coefficients of mobile XRCC4 protein complexes as a function of complex size. Grey circles, individual data points; black circles, average of 8 successive data points. e, Comparison of the observed diffusion coefficients of XRCC4 (green), XLF (red) and XRCC4–XLF complexes (yellow) to the expected diffusion coefficients based on the helical diffusion model19 (solid black line). To calculate the quantity on the horizontal axis, a hydrodynamic radius of 7–22 nm was used, based on the inner and outer radii of the XRCC4–XLF filament as proposed previously13. f, Average observed dwell times of protein complexes before switching to a different mode. The analysis is performed on 121 events. The shortest dwell time that could be determined with certainty was 1 s. All error bars denote s.e.m.


Extended Data Figure 7 Rupture events in force-extension curves can be caused by DNA–protein bridges or nonspecific sticking of protein-bound DNA to the trapped microspheres.
a, c, Force-extension curves of dsDNA–XRCC4–XLF complexes (red) after incubation at low tension shows rupture events. Black data sets show force-extension curve of bare dsDNA. b, A single, continuous fluorescence kymograph corresponding to red curve in a. At the indicated time (orange arrow in a and b) a protein bridge suddenly ruptures into multiple smaller protein complexes. d, Fluorescence kymograph corresponding to red curve in c reveals that rupture event corresponds to the rupture of a non-specific interaction between a DNA-bound protein complex and the polystyrene microsphere. Scale bars, 1 s and 2 μm.


Extended Data Figure 8 Schematic representation of dual-DNA configurations used in quadruple-trap experiments.
a–c, Wrapped (a), unwrapped (b) and crossed (c) DNA configurations.


Extended Data Figure 9 Quantification of DNA bridging by XRCC4–XLF.
a, b, Normalized length of DNA segments over time during experiments such as shown in Figs 2 and 3. a, The static bridge in the experiment described in Fig. 2 and Supplementary Video 1. b, The mobile bridge in the experiment described in Fig. 3 and Supplementary Video 2.


Extended Data Figure 10 Protein bridges always contain both XRCC4 and XLF.
a, Typical examples of XRCC4–XLF bridges formed by incubating two wrapped DNA molecules in 200 nM eGFP–XLF and 200 nM XRCC4–Alexa Fluor 555 for 2 min. In all 152 bridges that were analysed, clear colocalization of the proteins at the junction is observed.
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Bridging by XRCC4-XLF complexes
Video of XRCC4-Alexa Fluor 555 fluorescence (green) and eGFP-XLF fluorescence (red) of the experiment shown in Figure 2. DNA molecules were wrapped, incubated for 2 minutes in a buffer containing 200 nM XRCC4 and 200 nM XLF, brought into a protein-free buffer and subsequently unwrapped. Then individual microspheres were moved to exert tension on the XRCC4-XLF bridge and the DNA ends detach from the microspheres. (MP4 12969 kb)


Mobility of XRCC4-XLF bridges
Video of eGFP-XLF fluorescence bound to two optically trapped DNA molecules bridged by XLF-XRCC4 (individual frames are shown in Figure 3). The movie shows that the bridge slides along one of the DNA molecules when the other DNA molecule is moved. The bridge was formed by incubating the construct for 2 minutes in a buffer containing 200 nM XRCC4 and 200 nM XLF and brought into a protein-free buffer before imaging. (MP4 3292 kb)


XRCC4-XLF complexes keep DNA fragments together after DSBs
Video of XRCC4-Alexa Fluor 555 (green) and eGFP-XLF fluorescence (red) during induction of DSBs in both DNA molecules in an experiment such as shown in Figure 4a-d. A complex of XRCC4 and XLF holds the DNA fragments together in a mobile manner after the occurrence of the DSBs. (MP4 35132 kb)
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        Editorial Summary
Sleeve-like structures that aid DNA repair
Broken DNA ends must be held together so that the DNA can be repaired. However, the details of this process are not clear. Ineke Brouwer et al. use a combination of single-molecule techniques to examine the dynamics of the XRCC4 and XLF repair proteins at DNA ends. They find that the proteins form heteromeric mobile sleeve-like complexes that rapidly slide along the DNA, bridging the DNA ends and holding broken fragments together to facilitate their rejoining.
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