
5 6 6  |  N A T U R E  |  V O L  5 3 5  |  2 8  j U L y  2 0 1 6

LETTER
doi:10.1038/nature18643

Sliding sleeves of XRCC4–XLF bridge DNA and 
connect fragments of broken DNA
Ineke Brouwer1*, Gerrit Sitters1*†, Andrea Candelli1†, Stephanie j. Heerema1†, Iddo Heller1, Abinadabe j. de Melo2, 
Hongshan Zhang2, Davide Normanno2, Mauro Modesti2§, Erwin j. G. Peterman1§ & Gijs j. L. Wuite1§

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.

It has long been assumed that the NHEJ components  assemble 
sequentially, starting with the Ku heterodimer (Ku70 and Ku80 
 subunits) binding to DNA ends and protecting them, followed by the 
DNA-dependent protein kinase catalytic subunit (DNA-PKcs), which 
promotes end synapsis. According to this model, end-processing 
factors are recruited next, and DNA ligase 4 (LIG4) in complex with 
XRCC4 stimulated by XLF ligates the broken ends. Recent studies have, 
however, challenged this sequence of events5. In particular, XRCC4 is 
present in large excess over LIG4 (ref. 6) and associates with XLF to 
form complexes promoting LIG4-independent broken end  bridging7–9. 
Crystal structures and biochemical analysis of XRCC4–XLF  complexes 
revealed that they form alternating helical filaments capable of bridging 
DNA10–13. The biological relevance of these filaments is the subject of 
current studies. Recent super-resolution microscopy of human U2OS 
cells showed that XRCC4, XLF and LIG4 assemble as filamentous 
 structures adjacent to bleomycin-induced DSBs2. XRCC4 and XLF 
can form similar structures, even in cells lacking LIG4, indicating that 
XRCC4–XLF filaments have a central role in NHEJ. To gain insight 
into the dynamics of these filaments and their interactions with DNA, 
we used a single-molecule approach combining dual optical  trapping, 
microfluidics and fluorescence microscopy14–16. To study DNA 
 bridging, we needed to extend this approach by adding two additional 
traps to our instrument, thus allowing the independent  manipulation 
of two double-stranded DNA (dsDNA) molecules and the direct 
 visualization of interactions between them. This instrument allowed 

us to investigate the bringing and holding together of DNA fragments 
by human XRCC4 and XLF, key intermediate steps in NHEJ.

First, we studied the interaction of fluorescently labelled XLF 
and XRCC4 (Extended Data Figs 1–3) on DNA held taut by two 
 optically trapped microspheres (Fig. 1). Such experiments show that 
both  proteins bind to end-occluded dsDNA but not to stretched 
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Figure 1 | Interaction of XRCC4 and XLF with DNA. a, b, d–f, 
Kymographs of dsDNA with 10 nM XLF (3 ms pixel integration time)  
(a), 100 nM XLF (b), 7 nM XRCC4 (d), 120 nM XRCC4 (e) and  
7 nM XRCC4 and 100 nM XLF (only XRRC4 was excited) (f).  
c, g, Concentration-dependent DNA-binding of XLF (c) and XRCC4 (g). 
AU, arbitrary units. Error bars denote s.e.m. h, Kymograph of XRCC4 
and XLF binding. At tensions above ~ 65 pN the DNA overstretches by 
unpeeling from DNA ends until 18% of the molecule consists of ssDNA. 
No binding of XLF and XRCC4 to ssDNA was observed. i, Kymographs 
of XRCC4 and XLF binding in the presence of proteins (left) and after 
exchange with protein-free buffer (right; same construct and settings,  
6 s later). j, Force-extension curve of dsDNA incubated (under tension) in 
200 nM XRCC4 and 200 nM XLF (blue) compared to bare dsDNA (black). 
Inset, simultaneous kymograph. Dark regions in the DNA appearing 
above ~ 60 pN are due to ssDNA generated by force-induced melting. Red, 
enhanced green fluorescent protein (eGFP)-labelled XLF; green, XRCC4–
Alexa Fluor 555; yellow, colocalization. Scale bars, 4 μ m and 5 s. Pixel 
integration time: 3 ms (a) or 0.1 ms (others). Data are representative of  
13 (a), 17 (b), 15 (d), 11 (e), 10 (f), 6 (h), 12 (i) and 8 (j) experiments.
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single-stranded DNA (ssDNA) (Fig. 1h and Extended Data Fig. 4a).  
In the absence of XRCC4, XLF binds to DNA transiently at low 
 concentrations (Fig. 1a), and forms stable oligomers at higher 
 concentrations (Fig. 1b), a large fraction of which is able to diffuse 
over DNA. The amount of XLF bound to the DNA increased  drastically 
with increasing XLF concentrations and saturated around 100 nM 
(Fig. 1c), suggesting cooperative binding. XRCC4 exhibits a different 
 behaviour: at all concentrations tested, XRCC4 binds DNA in a less 
cooperative manner, forming stable oligomers that are able to diffuse 
over DNA (Fig. 1d, e, g). Both XLF and XRCC4 oligomers appeared to 
bind directly from solution and, once bound to the DNA, oligomers 
did not appear to grow in size (Extended Data Fig. 4e).

Next, we addressed the interaction between the two proteins. In the 
presence of XLF, the affinity of XRCC4 for the DNA was enhanced 
(Fig. 1f, h) and XRCC4 was distributed more homogenously over 
the DNA (compare Fig. 1d to 1f). By contrast, XRCC4 did not  
significantly alter the affinity of XLF for DNA (Fig. 1c). We noticed 
that when a DNA molecule was moved to a protein-free solution 
after incubation in the presence of XLF and XRCC4, the  fluorescence 
 signal decreased much faster than the estimated bleaching rate  
(Fig. 1i), indicating that proteins (presumably dimers) were dissociating 
rapidly (that is, within 10 ms) and thus were bound transiently to the 
DNA (Extended Data Fig. 4d). The proteins that remain are  assembled 
in oligomers (Extended Data Fig. 4b, c), most of which diffuse (88 
out of 94). Moreover, these protein complexes dissociate at least four 
orders of magnitude slower (tens of seconds to tens of minutes) than the 
transiently bound dimers (Extended Data Figs 4f and 5g, h). Of these 
oligomers, 29 ±  5% (mean ±  s.e.m.) contained both XRCC4 and XLF, 
9 ±  3% only XRCC4 and 62 ±  8% only XLF (of a total of 94 detected 
oligomers at a concentration of 50 nM each). Together, these results 
suggest that XLF regulates the loading of (heteromeric) complexes 
onto DNA, possibly by influencing the oligomeric state of XRCC4 in 
solution17,18.

A large fraction of the stably bound complexes containing XLF, 
XRCC4 or both switched back and forth between static and diffusive 
binding (36 out of 94) (Extended Data Fig. 6a). A smaller fraction 
seemed to be fixed (>120 s) on the DNA (4 out of 94), illustrating 
that the complexes can interact with the DNA in different ways. 
The typical switching time between the static and the mobile state is 
 approximately 10 s (Extended Data Fig. 6f). For the mobile  fraction, 
diffusion  coefficients were 0.7 ±  0.1 μ m2 s−1, 0.7 ±  0.1 μ m2 s−1 and 
0.6 ±  0.2 μ m2 s−1 for XLF, XRCC4 and XRCC4–XLF complexes, 
 respectively, at 25 mM KCl (Extended Data Fig. 6b). These values 
were not strongly dependent on DNA tension and complex size, but 
increased at higher ionic strength (Extended Data Fig. 6c, d). Under 
all conditions tested, the diffusion was faster than would be expected 
for complexes  undergoing rotation-coupled diffusion along the DNA19 
(Extended Data Fig. 6e), suggesting sliding without tracking the helical 
pitch. Furthermore, the mechanical properties of DNA were not altered 
upon binding of XRCC4 and XLF, even at high density (Fig. 1j). On the 
basis of these observations, we propose that, in mobile complexes, the  
proteins bind around the DNA as a sleeve: once loaded, the stably bound 
complexes slide along the DNA in a diffusive manner  experiencing 
little friction.

Next, we addressed whether these XRCC4–XLF complexes have a 
role in bringing and holding DNA fragments together, crucial steps in 
NHEJ. To study this in a well-controlled way (Extended Data Fig. 7), we 
developed an instrument combining quadruple-trap optical tweezers 
with wide-field fluorescence microscopy. Using this instrument, we 
independently trapped two end-occluded dsDNA molecules, held them 
taut and wrapped them (Extended Data Fig. 8). We incubated these 
intertwined dsDNA molecules in a channel containing 200 nM XLF 
and 200 nM XRCC4 for 2 min. We moved these DNA molecules into 
a protein-free buffer, unwrapped them and visualized whether bridge  
formation had occurred using fluorescence. The mechanics of the 
bridge were probed by moving the microspheres and detecting the 

resulting forces. An example of such an experiment is shown in  
Fig. 2a (see also Supplementary Video 1 and Extended Data Fig. 9).  
In this experiment, the fluorescence image showed that a bridge 
was present after incubating and unwrapping the DNA molecules  
(Fig. 2a, 4 s). At the DNA–DNA interaction site, a yellow patch is clearly 
visible, demonstrating that both XRCC4 and XLF are present at the 
bridge. Subsequently, we moved the bottom-right microsphere to apply 
a high force (> 100 pN) until we observed a sudden force drop, due to 
one of the DNA ends detaching from the bottom-right bead (Fig. 2a, 
24 s). Thereafter, the top-right microsphere was moved, resulting in the 
detachment of a second DNA end from this microsphere (Fig. 2a, 62 s). 
The resulting tether now consisted of two DNA fragments, originating 
from different DNA molecules, held together by XRCC4–XLF. The 
mechanical properties of this protein–DNA complex were indistin-
guishable from those of bare dsDNA, with a different length from the 
original DNA molecules. This experiment directly demonstrates that 
XRCC4–XLF protein complexes can bridge and hold together broken 
DNA fragments.

To quantify this bridging behaviour, we repeated the dual-DNA 
experiment 203 times. From these experiments, several key features of 
bridging were extracted. In contrast to the observation on single DNA 
molecules that only ~ 30% of the complexes contained both XRCC4 
and XLF, all 152 bridges between two DNA molecules contained both 
proteins (Extended Data Fig. 10). Bridging was observed in two-
thirds of the cases, both for wrapped (140 out of 183 tests) and crossed  
(12 out of 20 tests) DNA pairs (Extended Data Fig. 8). Bridges also 
formed between DNA pairs that were pre-incubated with proteins and 
subsequently wrapped/unwrapped in the absence of protein (Extended 
Data Fig. 5a, b). XRCC4–XLF bridges were stable for at least 90 min at 
low force (Extended Data Fig. 5g, h). High force applied to the bridge 
resulted in rupture: in 9 out of 96 cases the protein bridge ruptured 
(Extended Data Fig. 5e, f), and in the remainder of the cases either 
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Figure 2 | DNA bridging by XRCC4 and XLF. a, Fluorescence images 
(bottom) and corresponding cartoons (top) of two bridged dsDNA 
molecules after wrapping, incubating (2 min in 200 nM XRCC4 and 
200 nM XLF) and unwrapping. At 4, 24, 62 and 87 s images are overlays 
of green and red images. Arrows denote bridge location. X marks 
microsphere detached from bridge. b, Intensity profiles (top) and 
logarithmically scaled kymographs (bottom) along DNA indicated in 
insets. Dashed line denotes bridge position. c, Distribution of rupture 
forces of bridged complexes (such as shown at 87 s in a). Open circles 
measured in 50 mM potassium acetate, 20 mM Tris-acetate, 10 mM 
magnesium acetate and 100 μ g ml−1 BSA (pH 7.9), filled circles in 20 mM 
Tris-HCl (pH 7.6), 25 mM KCl and 1 mM DTT. Inset, force-extension 
curve of such a complex. Green, XRCC4–Alexa Fluor 555, red, eGFP–XLF, 
yellow, colocalization. Scale bars, 5 s and 1 μ m. Data are representative 
examples of 117 experiments.
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one of the DNA molecules broke or detached from a microsphere  
(Fig. 2a, 24 s). To assess the strength of the bridges more directly, we 
determined the rupture forces of bridged DNA fragments tethered 
between two microspheres (for example, the tether in Fig. 2a, 62–87 s). 
Such complexes ruptured over a wide range of forces (Fig. 2c). Most 
events occurred during DNA overstretching (at ~ 65 pN), indicating 
breakage of the DNA due to nicks20 and therefore not rupture of the 
protein bridges. A substantial fraction broke at higher forces, up to 
250 pN, by detachment of the biotin–streptavidin DNA–microsphere 
linkers21, by rupture of the protein bridge, or by the DNA sliding out 
of the sleeve. Together, these experiments indicate that XRCC4–XLF 
complexes readily form highly stable and strong (at least > 65 pN) 
DNA–protein bridges.

To relate our observations of the stable XRCC4–XLF bridges 
between two DNA molecules to the highly mobile sleeves present 
on single DNA molecules, we tested whether the bridges are also 
mobile. In our quadruple-trap assay, we moved one DNA molecule 
with respect to the other and tracked the position of the protein bridge 
in the  fluorescence images (for example, Fig. 3a–c, Extended Data  
Fig. 9 and Supplementary Video 2). In 47 out of 60 such experiments, 
we observed that bridges could slide along one (22 cases) or both  
(25 cases) of the DNA molecules (Fig. 3d). This mobility indicates 
that the bridges  consist of one or a few sleeves. A single sleeve could 
surround two DNA molecules, allowing them to slide independently 
within the sleeve. Alternatively, two mobile sleeves, each surrounding 
a single DNA molecule, might interact to form a bridge. The static 
binding mode observed on single DNA molecules (Extended Data  
Fig. 6a) might explain why some of the bridges cannot slide along one 
or both DNA molecules.

The observations so far, using end-occluded DNA, raise the  question 
of how XRCC4–XLF complexes interact with DNA fragments and 
DNA ends. Fast bridge formation between the two fragments is vital 
for NHEJ since it avoids interactions that could lead to  chromosomal 
 translocations. To study the interaction of XRCC4–XLF with DSBs, 
XRCC4–XLF bridges (n =  30) were exposed to the restriction enzyme 
SfoI, inducing a single DSB in both DNA molecules. Figure 4a–d 
illustrates such an experiment (see also Supplementary Video 3). 
This experiment was performed in slight buffer flow, such that, after 
 introducing DSBs, the DNA ends were extended in the direction of 
the flow to prevent the DNA from bridging onto itself. XRCC4–XLF 
bridges are most of the time still capable of sliding along the DNA 
 fragments (Fig. 4e). At some point, this sliding is stalled, probably when 
the bridge runs into a stationary XLF and/or XRCC4 complex or a DNA 
end. Typically, we do not see the DNA ends sliding out of the bridge 

when the bridge reaches the end of the DNA fragment (Fig. 4f). These 
experiments show directly that after DSB formation, XRCC4–XLF 
bridges are able to hold together the broken DNA fragments such that 
their ends remain in close proximity to each other, while the mobility 
of the complexes ensures that the ends remain accessible for further 
processing by other repair factors.

To study more directly what happens when an XRCC4–XLF  complex 
encounters a free DNA end, we tethered a blunt-ended dsDNA 
 molecule to a single microsphere and extended it using buffer flow. 
We expected that DNA-bound XRCC4–XLF complexes are driven 
towards the DNA end by the buffer flow. Indeed, in fluorescence images 
recorded after moving the construct to a protein-free environment, we 
observed accumulation of XRCC4 and XLF at the DNA end (Fig. 4g) 
in all 14 experiments. This suggests that some of the protein sleeves 
do not seem to slide off the blunt end under the influence of buffer 
flow. However, further experimentation is required to understand how 
sleeves intrinsically interact with ends and how they are affected by 
other factors, such as Ku.

In this study we have demonstrated that the combination of dual- 
and quadruple-trap optical tweezers with fluorescence microscopy is 
a powerful tool to study the roles of XRCC4 and XLF in NHEJ. Our 
experiments show that binding of XRCC4 is stimulated by XLF and 
that together they form stably bound, yet mobile complexes on dsDNA. 
These complexes can form strong, mobile DNA bridges  capable of 
holding the DNA fragments in close proximity to one other. Our and 
previous2 observations can be explained as follows (Fig. 4h): XRCC4 
and XLF bind to the DNA fragments of a DSB in a highly diffusive 
manner. These complexes can bridge the DNA fragments at any 
 location, preventing the fragments from moving apart. The mobility 
of the bridges could allow them to slide along the DNA leaving the ends 
accessible for processing. Our method with the capability to observe 
directly how XRCC4–XLF complexes dynamically interact with DNA 
and each other in NHEJ can be used in future experiments to address 
remaining questions in NHEJ, including how the loading of XRCC4–
XLF complexes is restricted to broken DNA, how they are remodelled 
and regulated, and how Ku, DNA-PKcs, LIG4 and other NHEJ factors 
come into play.
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Figure 3 | Mobility of XRCC4–XLF bridges. a, b, Overlays of eGFP–XLF 
logarithmically scaled fluorescence before (cyan) and after (magenta) 
moving a microsphere (white arrow). DNA molecules were incubated 
in crossed configuration. Circles denote microsphere positions; dashed 
lines denote DNA; coloured arrows denote bridge location. Data are 
representative examples of 13 experiments. c, Distance from bridge  
to bead edges (of complex shown in a and b) as a function of time. Shaded 
regions denote bead motion as indicated by the arrows in the cartoons.  
d, Histogram of XRCC4–XLF bridge mobility (both wrapped and crossed 
configurations). Error bars denote s.e.m.
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Figure 4 | XRCC4–XLF complexes keep DNA fragments together.  
a–d, Inverse fluorescence images of XRCC4–Alexa Fluor 555 eGFP–
XLF bridge (see Supplementary Video 3; 532 nm excitation). DSBs are 
introduced using SfoI, cleaving each DNA in one site. Free ends extend in 
buffer flow (black arrows). Blue arrows denote location of one XRCC4–
XLF complex. e, Relative position of bridge shown in b–d between the 
beads. Inset denotes contour length and force as a function of time.  
f, Force-extension curve of the complex in b–e. g, Fluorescence image of 
proteins at the end of a 32.2-kb flow-stretched blunt-ended SYTOX Red-
stained DNA molecule. Green, XRCC4–Alexa Fluor 555; red, eGFP–XLF; 
blue, SYTOX Red; white, colocalization. Arrow shows flow direction. 
Inset, zoom with different intensity scaling. h, Proposed mechanism 
for XRCC4 (green) and XLF (red) in bridging and holding together 
DNA fragments (grey) after a DSB (scissors). Scale bars, 2 μ m. Data are 
representative examples of 30 (a–f) and 14 (g) experiments.
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Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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MethOdS
No statistical methods were used to predetermine sample size. The experiments 
were not randomized, and investigators were not blinded to allocation during 
experiments and outcome assessment.
Dual-trap optical tweezers with confocal fluorescence. The optical set-up 
used for dual-trap optical trapping experiments has been described previously16. 
In brief, two optical traps are generated using a 10 W 1,064 nm CW fibre laser 
(YLR-10-LP, IPG Photonics), of which the beam is expanded using a 75 mm and 
150 mm lens. To align the trapping beam with the confocal DNA imaging, the 
 collimation can be modified by translating the 75 mm lens on an automated stage 
(AG-LS25). The trapping beam is split into two independently steerable paths 
using a polarizing beam splitter. In one trap, steering is achieved with an accurate 
piezo mirror (Nano-MTA2X Aluminium, Mad City Labs) and in the other trap 
with a coarse  positioning piezo stepper mirror (AG-M100N). After recombining 
the two paths they are coupled into the objective via two 300 mm lenses. Back-focal 
plane interferometry is used for force measurements and the microsphere positions 
are determined using template-matching on images obtained from bright field 
LED illumination on a metal-oxide semiconductor (CMOS) camera (DCC1545M, 
Thorlabs). For the confocal fluorescence excitation two excitation bands (centred 
at 467 nm and 543 nm) from a single laser system (ALP-710-745-SC, Fianium Ltd) 
are used. We selected these bands using an AOTF (AOTFnc-VIS-TN, AA Opto-
Electronic). For beam scanning, a fast tip/tilt piezo mirror (S-334.1SD, Physik 
Instrumente GmbH & Co, scan rate up to 200 Hz) is used. For detection, fibre- 
coupled APDs (APDs SPCM-AQRH-14-FC, fibres SPCM-QC9, Perkin Elmer) 
are used. The multimode fibres (62 μ m diameter) serve as pinholes that provide 
the background rejection.
Quadruple-trap optical tweezers with wide field fluorescence. The setup used 
for dual DNA manipulation using quadruple-trap optical tweezers has been 
 demonstrated previously22. In brief, four optical traps are created using a 20 W 
1064 nm CW fibre laser (YLR-20-LP-IPG, IPG Photonics) with a coupled optical 
isolator. The laser beam is split in two paths by a polarizing beam splitter after 
which they are expanded using lenses with focal lengths of 75 mm and 150 mm. 
Both beams are split again, one by a 50/50 beam splitter and one by a polarizing 
beam splitter after the polarization is rotated 45° by a half-wave plate, creating four 
optical paths of which three have the same polarization. The 150 mm lenses are 
placed on a linear stage (AG-LS25, Newport) to modify the collimation and with 
that the height of the traps, enabling manipulation of 2 of the traps in 3  dimensions. 
Beam steering of three traps is done by course-positioning piezo stepper  mirrors 
(AG-M100N) and one is steered by an accurate piezo mirror (Nano-MTA2X 
Aluminium, Mad City Labs). The four optical paths are recombined into two 
paths using a 50/50 beam splitter cube (in this way, 50% of the power is lost) 
and a  polarizing beam-splitter cube, after which these two paths are recombined 
using 50/50 beam splitter cube (here, again 50% of the laser power is lost). Two 
300 mm lenses are used to couple the beam into the objective. Force detection on 
two trapped microspheres is achieved on two position sensitive detectors (PSDs, 
DL100-7PCBA3, Pacific Silicon Sensor) by back focal plane interferometry. 
To detect the force on the first trapped microsphere, three paths with the same 
 polarization are separated and dumped by a polarizing beam splitter. The light 
from the trapped microsphere with the unique polarization is then detected on 
one of the PSDs enabling force detection. To detect the force on the second trapped 
 microsphere, the optical path of a 980 nm laser (IQ2C140, Power Technology) is 
then  overlapped with the path of one of the three traps with identical  polarization. 
Force detection is achieved by detecting the 980 nm light on a second PSD. 
Microsphere-to-microsphere distances are measured by template-matching on 
images created by LED on a complementary metal-oxide semiconductor (CMOS) 
camera (DCC1545M, Thorlabs). Fluorescence excitation is performed in an epi-, 
wide-field illumination by a 491 nm laser (Calypso 50, Cobolt), a 532 nm laser 
(Compass 215M-20, Coherent) and a 635 nm laser (IQ1C10(635-12B), Power 
Technology). The emitted fluorescence signal is detected after a band-pass filter 
and imaged on an EMCCD camera (Cascade 512 B, Princeton Instruments).
DNA, proteins and buffers. End-biotinylated bacteriophage λ DNA was con-
nected to streptavidin-coated polystyrene beads to generate the DNA constructs as 
described previously23. For the experiments with DNA blunt ends, the restriction  
enzyme PmeI (NEB) was used to cleave the DNA and generate blunt ends.  

The streptavidin microspheres (4.5 μ m diameter, Spherotech) were attached to the 
ends of the DNA using laminar flow23.

All recombinant proteins have been expressed and purified from Escherichia 
coli cells. Biochemical analysis of the XRCC4 and XLF variants are described in 
Extended Data Figs 1–3 (expression vectors are available upon request) using 
 previously established procedures13,24. Concentrations indicated throughout the 
text are the injected concentrations. Because a fraction of the  protein is depleted 
from the solution as it sticks to the plastic and glass in the flow- system (u-Flux, 
LUMICKS B.V.), these are considered upper limits of the actual  concentration 
present during measurements.

XRCC4 fluorescent labelling was performed with maleimide Alexa Fluor  
555 at position 93 or position 218. XLF fluorescent labelling was performed with 
 maleimide ATTO 647N at position 148 or with eGFP. For all protein samples  
used, protein activity was similar to wild-type activity. This was confirmed  
by biochemical DNA bridging assays (Extended Data Figs 1–3). Mass  spectrometry 
analysis was performed in order to quantify the degree of labelling of the  
proteins (Extended Data Figs 1–3). In single-molecule assays, no difference  
was detected between the two different XRCC4 labelling positions (position 93 
or 218).

Mass analyses were performed on a MALDI–TOF-TOF Bruker Ultraflex III 
spectrometer (Bruker Daltonics) controlled by the Flexcontrol 3.0 package (Build 
51). This instrument was used at a maximum accelerating potential of 25 kV and 
was operated in linear mode and the m/z range from 20,000 to 80,000. The laser 
 frequency was fixed to 100 Hz and approximately 1,000 shots by sample were 
cumulated. Five external standards (Protein Calibration Standard II, Bruker 
Daltonics) were used to calibrate each spectrum to a mass accuracy within 
100 p.p.m. Peak picking was performed with Flexanalysis 3.0 software (Bruker) 
with an adapted analysis method. One microlitre of sample was mixed with 1 μ l of 
a saturated solution of Sinapinic Acid in an acetonitrile/0.1%TFA mixture (30:70). 
Then 1 μ l was spotted on the target, dried and analysed.

Protein–DNA interactions and force-stretching experiments were conducted in 
20 mM Tris-HCl (pH 7.5), 1 mM DDT and, unless otherwise indicated, at 25 mM 
KCl.

The restriction enzyme SfoI used for the induction of DSBs was obtained 
 commercially from NEB. Experiments were performed in 40 U ml−1 SfoI in 
CutSmart buffer supplied with the enzyme.
Protein binding. Binding of XRCC4 and XLF was quantified by quantifying the 
fluorescence. This was done by determining the average amount of photons per 
second and per watt of excitation power. All values were background corrected. 
Note that due to the difference in quantum and instrumental detection efficiency 
of eGFP and Alexa Fluor 555 the absolute amount of binding of XRCC4 (Fig. 2c) 
and XLF (Fig. 2g) cannot be compared directly.
Protein diffusion. The one-dimensional diffusion of protein complexes along 
the DNA was quantified by tracking the mobile proteins for a large number of 
frames (typically more than 100) and calculating their diffusion coefficient 
(D) by using a mean square displacement analysis (MSD)25 (Extended Data  
Fig. 6b). The diffusion coefficient obtained at low salt concentrations (25 mM KCl)  
was 0.73 ±  0.09 μ m2 s−1 for XLF complexes, 0.68 ±  0.09 μ m2 s−1 for XRCC4  
complexes and 0.6 ±  0.2 μ m2 s−1 for complexes containing both XRCC4 and 
XLF. These  values are independent of DNA tension (Extended Data Fig. 6c) and  
complex size (Extended Data Fig. 6d), but increase with increasing salt 
 concentration: at 160 mM KCl, the diffusion constant was 2.0 ±  0.2 μ m2 s−1 for 
XRCC4 complexes.
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Extended Data Figure 1 | See next page for caption.
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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  
Δ m =  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.
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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.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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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 Δ m =  830 Da and  

Δ m =  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.
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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 μ m. Data are representative examples 
of 7 (a), 13 (d) and 5 (f) experiments.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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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 μ m.
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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 μ m. 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 μ m2 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.
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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 μ m.
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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.
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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.
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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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