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Nonhomologous end-joining (NHEJ) is a major repair pathway for
DNA double-strand breaks (DSBs), involving synapsis and ligation
of the broken strands. We describe the use of in vivo and in vitro
single-molecule methods to define the organization and interac-
tion of NHEJ repair proteins at DSB ends. Super-resolution fluores-
cence microscopy allowed the precise visualization of XRCC4, XLF,
and DNA ligase IV filaments adjacent to DSBs, which bridge the
broken chromosome and direct rejoining. We show, by single-
molecule FRET analysis of the Ku/XRCC4/XLF/DNA ligase IV NHEJ
ligation complex, that end-to-end synapsis involves a dynamic
positioning of the two ends relative to one another. Our obser-
vations form the basis of a new model for NHEJ that describes the
mechanism whereby filament-forming proteins bridge DNA DSBs
in vivo. In this scheme, the filaments at either end of the DSB in-
teract dynamically to achieve optimal configuration and end-to-end
positioning and ligation.

genomic integrity | DNA repair | nonhomologous end-joining |
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Chromosomal double-strand breaks (DSBs), considered the
most cytotoxic form of DNA damage, occur as a result of

normal cellular processes (1, 2) as well as cancer therapies (3–5).
The cellular DNA damage response (DDR) and repair pathways
responsible for maintaining genomic integrity are highly regulated
and synchronized processes, both temporally and spatially, in-
volving the coordinated recruitment, assembly, and disassembly
of numerous macromolecular complexes (6, 7). In mammalian
cells, nonhomologous end-joining (NHEJ) is the primary DSB
repair pathway; it is active throughout the cell cycle and is crucial
for viability. Dysfunctional NHEJ is associated with several clin-
ical conditions, including LIG4 syndrome and severe combined
immunodeficiency (1, 8). Despite its importance, however, the
details of how the NHEJ complex assembles at DSBs, brings to-
gether a pair of breaks, and organizes subsequent catalytic re-
pair steps remain unknown.
In NHEJ, DSBs are initially recognized by the Ku 70/80 het-

erodimer (Ku), which encircles dsDNA ends (Ku:DNA) and serves
as a molecular scaffold for recruitment of DNA-dependent pro-
tein kinase catalytic subunit (DNA-PKcs), XRCC4 (X-ray repair
cross-complementing protein 4), XLF (XRCC4 like factor), and
DNA ligase IV (LigIV) (1, 9–14). Previous NHEJ models sug-
gested that after binding of Ku to DNA ends, DNA-PKcs binds
Ku:DNA to form a DNA-PK holoenzyme and bridges the broken
ends (15–18); however, recent experiments indicate that DNA-
PKcs may have different roles in NHEJ, such as the stabilization
of core NHEJ factors, recruitment and retention of accessory
factors, involvement in the DDR signaling cascade, and repair of
complex and clustered DSBs (19–25). In addition, recent struc-
tural studies have shown that XRCC4 and XLF form filamentous

structures in vitro (26–28). Whether such filaments mediate re-
pair in vivo has not yet been determined.
Our present understanding of the cellular NHEJ response to

DSBs is based primarily on in vitro biochemical and structural
studies done with purified proteins, together with cellular ob-
servations in which a radiologic or pharmacologic stimulus dam-
ages DNA, allowing observation of the repair process (29–31).
Typically, cellular assays rely on a microscope to read out the
response, looking for colocalization of DSB repair proteins with
large DDR foci; however, conventional microscopy methods
allow for only an inferential approach, given that the resolution
limit of light is two orders of magnitude greater than the length
scale of proteins. Here we used super-resolution (SR) localiza-
tion microscopy and single-molecule FRET (smFRET) to analyze
the cellular organization of NHEJ proteins and define the dy-
namics associated with end joining in vitro. SR microscopy cir-
cumvents the conventional resolution limit of light microscopy by
temporally separating emitting fluorophores and computationally
fitting the location of each below the diffraction limit. Recon-
structing thousands of points in this manner generates an image
with a resolution typically an order of magnitude better that that
of conventional microscopy (32–34). In addition to this approach,
we used smFRET, a powerful method capable of monitoring the
dynamics of individual nucleoprotein complexes in real time (35).
Using SR microscopy, we identified previously uncharac-

terized repair intermediates formed at DSBs in which Ku resides
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at the break site and XRCC4, XLF, and LigIV form long fila-
mentous structures around and over DSB sites. We categorized
these intermediates into two different structural subtypes, and
defined their kinetics and the structural transitions that occur
during the progression of repair. We further verified the for-
mation of these structures using SR imaging analysis of NHEJ
reactions carried out in vitro with recombinant proteins. Finally,
we used smFRET to characterize the dynamics of end-joining in
vitro, revealing that XRCC4/XLF/LigIV mediates end synapsis,
and that after initial pairing, the DNA ends undergo dynamic
interactions. Our findings identify XRCC4/XLF/LigIV filaments
forming on either side of the break and then merging as a key
step in DSB repair via NHEJ, and provide a detailed mechanism
that is radically different from current models of NHEJ.

Results
SR Imaging Characterizes NHEJ Repair Intermediates in Vivo.We used
SR fluorescence localization microscopy (36) to define the mo-
lecular architecture of NHEJ protein organization following
DNA damage. We induced DSBs in human osteosarcoma cells
(U2OS) with the radiomimetic agent bleomycin. The resulting
nanoscale-resolved images reveal specific structural and organi-
zational aspects of the size of the protein-DNA complex cluster,
contours, and interactions of specific proteins that cannot be
obtained via diffraction-limited imaging. To determine the orga-
nization of NHEJ proteins with respect to DSB sites, we initially
established the localization of cellular DSB sites using a modified

TUNEL staining protocol to specifically label free DNA ends
(Fig. S1 A–C). We then used the TUNEL foci as markers to de-
termine the association of Ku with DSB sites. Owing to its high
nuclear abundance, Ku presents a challenge for imaging with
conventional approaches (37); however, our SR imaging allows
the stochastic activation and imaging of subpopulations of Ku.
In contrast to the blurred features observed in the diffraction-
limited images, the association of Ku with DSBs marked by
TUNEL is clearly resolvable in SR images (Fig. 1A). This assay
enabled us to accurately detect the formation DSBs after bleo-
mycin treatment, and to monitor their gradual repair (Fig. 1B).
Quantification of the localization of Ku at DSB sites revealed
that Ku occupies >80% of DSB sites both at the basal level and
in bleomycin-treated cells (Fig. S1D). We also examined Ku/
γH2AX to verify the formation of DSBs and progression of DDR,
and found a significant increase in overlaps between the two
proteins in damaged cells (Fig. S1 E and F).
To determine the spatial organization of the NHEJ machinery,

we examined the associations of the components of the NHEJ
ligation complex, XRCC4, XLF, and LigIV, with Ku and with
DSB sites marked by TUNEL. Antibodies for immunofluores-
cence were validated in U2OS cells after treatment of cells with
siRNAs specific to XRCC4, XLF, or LigIV (Fig. S2 A and B and
Table S1). Formation of NHEJ repair complexes after the in-
duction of DSBs by bleomycin was evident, with a significant
increase in the overlap of key NHEJ factors Ku/XLF, Ku/LigIV,
and LigIV/XRCC4 (Fig. 1C). Several recent in vitro studies
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Fig. 1. Organization of NHEJ proteins in response to DNA damage. (A) Representative nuclei (dashed yellow line) stained for Ku/TUNEL displayed with
conventional resolution microscopy (TIRF) and reconstructed SR microscopy. (Inset) Zoomed region in which Ku associates with a DNA break marked by
TUNEL. (Scale bars: 5 μm and 500 nm, respectively.) (B) Quantification of DNA breaks measured over the course of 6 h by observing the normalized stained
area of TUNEL foci (area of TUNEL particles/nuclear area). The amount of TUNEL staining increases rapidly after DNA damage, but decreases as repairs occur.
Number of cells, n = 39, 14, 14, and 16, respectively. (C) Quantification of the association between various NHEJ proteins at the basal level and after bleomycin
treatment. The number of interactions/nuclei increases after damage. Number of cells, n = 63/12, 27/17, and 20/19, respectively. (D) Repair structures (Cat-
erpillars) from cells in which NHEJ filament proteins interact with a DSB. LigIV/TUNEL shows a long filament capped by a DSB (orange arrows). These structures
are observable using Ku and XRCC4/XLF/LigIV. (Scale bar: 250 nm.) (E) Repair structures (Butterflies) from cells showing NHEJ filament proteins interacting
with a DSB. LigIV/TUNEL shows DSB (orange arrow) roughly near the filament center of mass. These structures are observable using Ku and XRCC4/XLF/LigIV.
In this class of structure, we identified two characteristic subtypes; in the first, gapped filaments are separated by a cluster of Ku, whereas in the second, we
found continuous filaments with Ku at their center. (Scale bar: 250 nm.) Error bars represent SEM. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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have shown that XLF and XRCC4 form extended filaments (26,
27, 38–42). Importantly, our SR imaging revealed that XRCC4
and XLF filaments exist in vivo, and also that LigIV appears to
form filamentous structures in cells (Fig. S2C).
LigIV is thought to modulate the oligimerization of XRCC4,

raising the question as to whether its absence will ablate filament
formation. We treated cells with siRNA for LigIV and still found
filaments containing XRCC4 and XLF, implying that LigIV is
dispensable for filament formation (Fig. S2D). Quantification of
the physical parameters (length, width, perimeter, and area) of
LigIV clusters shows a distinct difference in their distributions,
where LigIV complexes that interact with Ku exhibit a shift to
larger values compared with LigIV complexes that do not interact
with Ku (Fig. S3 A and B). This indicates that the organization of
LigIV complexes is modulated when recruited to DSBs.
In-depth analysis of the structures formed by LigIV at DSBs

sites (LigIV/TUNEL overlap) revealed spatially organized com-
plexes in which TUNEL staining either caps or is centered within
elongated filaments of LigIV (Fig. 1 D and E). Similar structures
were observed for Ku/LigIV, Ku/XLF, and Ku/XRCC4 com-
plexes (Fig. 1 D and E). For clarity, we classified the Ku/DSB
capped structures (Fig. 1D) as caterpillar-shaped (“Caterpillars”),
and complexes showing Ku/DSB near the midpoint of the fila-
ment containing structure as butterfly-shaped (“Butterflies”) (Fig.
1E and Fig. S3C). To verify the dependence of these structures on
the NHEJ filament-forming factors, we imaged cells treated with
siRNAs targeting XRCC4, XLF, and LigIV. Cells treated with
siRNAs to knock down filament proteins showed a significant

decrease in the relative frequency of both Ku/LigIV Butterfly and
Caterpillar structures compared with control siRNA-treated cells
(Fig. S4 A and B). In addition, cells treated with the DNA-PKcs
inhibitor NU7441 showed a decrease in both structures, although
not as pronounced as in the case of cells treated with siRNAs
targeting the filament proteins (Fig. S4 C and D).

In Vitro Reconstitution of Repair Intermediates. To further verify the
formation of the repair structures observed in vivo, we developed
an assay to recapitulate the NHEJ structures in vitro using
recombinant NHEJ proteins and dsDNA. In this assay (illus-
trated in Fig. 2A and detailed in Methods), NHEJ proteins were
incubated with linearized plasmid dsDNA, allowing assembly of
NHEJ proteins on the DNA, facilitating NHEJ and formation of
intermediates in that pathway. This reaction was performed in
the absence or presence of the LigIV-specific inhibitor SCR7
(43). A cross-linking reagent [4% (wt/vol) paraformaldehyde
(PFA)] was then added to the reactions to preserve structural
intermediates. The resulting cross-linked nucleoprotein complexes
were adsorbed onto a silanized coverslip surface, followed by
immunofluorescence staining and SR imaging. To confirm that
the resulting complexes are indeed due to the NHEJ reaction
and to rule out labeling artifacts, we performed the same re-
action in the presence of DNA only (i.e., without additional
proteins) and proteins only (i.e., no DNA). The DNA-only
control did not yield any filaments or structures, as expected. In
our assay, XRCC4 and LX (copurified LigIV/XRCC4) were
capable of forming filaments (Fig. S5 A and B), consistent with
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Fig. 2. NHEJ proteins form structures in vitro. (A) (Upper) Cartoon showing the assembly procedure used to reconstitute NHEJ repair structures for in vitro SR
imaging. DNA, protein, and DNA with proteins were reacted for 30 min and then cross-linked. Subsequently, they were bound to a coverslip, immuno-
fluorescently labeled, and imaged as in our cellular SR assay. (Lower) Comparison of the regular diffraction limited microscopy image showing blurred
features and a reconstructed SR image, in which the nanoscale organization and features of NHEJ DDR intermediates are clearly shown. (Scale bar: 250 nm.)
(B) Observation of LX filaments formed in the absence of DNA. NHEJ proteins (6 μM Ku, LX, and XLF) were incubated in the absence of DNA and stained for
LigIV and Ku. (Scale bar: 250 nm.) (C and D) In the presence of DNA, NHEJ proteins (6 μM Ku/LX/XLF) formed two characteristic structures. The first type of
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localized near the center of the LX filaments. Orange arrows illuminate Ku locations. (Scale bar: 250 nm.) (E) Quantification of the frequency of Caterpillar
and Butterfly structures in our reconstituted reactions, showing that the formation of the observed structures is highly reliant on DNA. The addition of 100 μM
SCR7 resulted in a decrease in Butterfly structures. The abundance of each structure is normalized to the amount present in the DNA, Ku, LX, and XLF re-
actions. Error bars represent SEM. ns, P value not significant; *P < 0.05; **P < 0.001.
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previous reports that XLF/XRCC4 can form filaments in the
absence of DNA (41). When the proteins Ku, LX, and XLF were
reacted, we observed similar filaments when staining for LigIV
(Fig. 2B), in agreement with our observation that LigIV can
form elongated structures in vivo without the induction of
external damage.
The products of NHEJ reactions containing DNA, Ku, LX,

and XLF are shown in Fig. 2 C and D. Specifically, we found the
products thus generated display long LigIV-containing filaments
that are either capped or interrupted by Ku foci—visually similar
to the Caterpillar or Butterfly structures that we characterized in
cells. In addition to these structures, we also observed structures
in which Ku is localized on both ends (two-headed Caterpillars)
and structures linked in series (joined Butterflies) (Fig. S5 C and
D). Omitting DNA from the reactions resulted in a significant
decrease in both structures, whereas adding the LigIV inhibitor
SCR7 resulted in a significant decrease in the number of Butter-
flies (Fig. 2E).
We also examined how XLF and XRCC4 affect the reaction

products. Eliminating XLF from the reaction resulted in a sig-
nificant decrease in the number of both Caterpillar and Butterfly
structures, whereas supplementation with XRCC4 resulted in a
reduction in Caterpillar structures, but no statistically significant
change in the number of Butterfly structures (Fig. S5E). Replacing
magnesium with calcium in our reaction buffer resulted in a sharp
decrease in both Butterfly and Caterpillar structures, similar to
treatment with SCR7. Finally, removal of the 5′ phosphate from
the DNA resulted in no change in the number of Caterpillar
structures and a decrease in the number of Butterfly structures
(Fig. S5E). Quantification of the mean length of LX filaments in
the different reactions revealed that LX forms longer filaments

in the presence of DNA, with lengths comparable to those of
digested plasmid DNA (Fig. S5F). Overall, the structures obtained
from our reconstituted in vitro assays are visually consistent with
our findings of Caterpillar and Butterfly structures observed in
vivo, and formally demonstrate that the structures observed in cells
are indeed repair intermediates. Moreover, our assay also dem-
onstrates that Ku/LX/XLF proteins together constitute a suffi-
cient system for generating these structures in vitro.

Particle Averaging of NHEJ Structures.We further characterized the
observed structures in cells using dual-color single-particle aver-
aging. For each particle, the two color channels were separated,
followed by alignment, averaging, and recombination of the im-
ages (Fig. S6 A–D). Whereas the Caterpillar structure could not
be easily separated into further classes, the Butterfly structures
could be readily subdivided into two subclasses based on whether
they were a single “continuous” filament or two adjoining fila-
ments separated by Ku; we term the latter structure a “gapped”
filament. The resulting particle averages of Caterpillars, contin-
uous Butterflies, and gapped Butterflies, shown in Fig. 3 A–C,
define novel DDR intermediates in the NHEJ pathway. These
structures show the organizational tendencies of NHEJ repair
intermediates. The Caterpillar structure is a single DSB to which
Ku is bound, thus recruiting a filament containing XRCC4, XLF,
and LigIV, whereas the Butterfly structure represents end-to-end
synapses of two DSBs.

Structural Kinetics of Repair Intermediates. To determine the con-
text of the observed Butterfly and Caterpillar structures in the
DSB repair pathway, we monitored their accumulation and dis-
solution after induction of cellular damage. A small number of
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these structures were observed in cells owing to a basal-level
DDR in the absence of damaging agents. After treatment of cells
with bleomycin, we observed a significant increase in their oc-
currence within the next hour, followed by a decrease back to
basal levels by 6 h after treatment (Fig. 3D). Notably, more Cat-
erpillar structures than Butterfly structures were seen both at the
basal level and after DSB induction; this may reflect persistent
unpaired breaks or partially disassembled Butterfly structures
after repair. We speculate that unpaired breaks may arise from
the complexity of the break and/or proximity to chromatin struc-
tures that prohibit the assembly of filaments. Kinetic analysis of
the presence of gapped and continuous Butterfly subpopulations
after DSB induction showed a reciprocal relationship, in which
the continuous subpopulation increased sharply in the first 15 min
of recovery, whereas the gapped species showed the opposite re-
sponse (Fig. 3E). These data are reminiscent of previous analyses
of the kinetics of DSB repair by NHEJ in which a fraction of le-
sions was repaired in less than 30 min (44, 45); thus, continuous
filaments likely represent fully rejoined DSBs before dissociation
of the NHEJ complex (Fig. S6E).

Real-Time smFRET Analysis of the End-Joining Reaction. To investigate
the dynamics of the end-joining process, we monitored the syn-
apsis of the two ends in real time using an smFRET assay (Fig.
4A). This dsDNA capture assay is based on a long (∼80 bp) dsDNA
substrate with complementary four nucleotide overhangs labeled
with the FRET acceptor fluorophore, which is tethered to the
surface of a perfusion chamber, and a donor-labeled dsDNA
substrate, which is added along with the NHEJ proteins (oligonu-
cleotide sequences are detailed in Table S2). Because only donor-
labeled dsDNA molecules are directly excited, no signal is produced
unless the incoming donor dsDNA attaches to the surface-bound
acceptor dsDNA, thereby directly probing synapsis and end-
joining. The donor and acceptor dsDNA substrates were designed
to have only one end accessible for loading of Ku, end-joining,
and ligation (Fig. 4A). Specifically, one of the ends of the donor
substrate was blocked with a closed stem loop structure that was
sufficient to prevent loading of Ku (Fig. S7A), and one of the
ends of the acceptor substrate was biotinylated directly to a

neutravidin-covered PEG surface, occluding loading and ligation
of that end (46). By positioning the donor (green) and acceptor
(red) FRET pair at the accessible ends of incoming and surface-
bound dsDNA, respectively, this experiment allowed us to directly
monitor the end-to-end distance changes during synapsis and
end-joining.
We established which NHEJ proteins are required for effec-

tive synapsis and end-joining. The concentrations of surface-bound
acceptor dsDNA and incoming donor-dsDNA were kept fixed
(250 pM and 1 nM, respectively), and the protein concentrations
and ratios were changed to generate optimal end-joining. The ef-
ficiency was quantified as the number of resulting donor/acceptor
FRET pairs observed immediately after the addition of NHEJ
proteins and donor dsDNA substrate to the perfusion chamber.
Fig. 4B and Fig. S7B show representative images of individual
donor/acceptor molecule pairs after the addition of different
NHEJ proteins and donor-labeled dsDNA, and quantification
of their end-bridging efficiency is illustrated in Fig. 4C. We found
that LX/XLF supports synapsis, but the presence of Ku in the
complex (Ku/LX and Ku/LX/XLF) stimulates greater synapsis.
The addition of DNA-PKcs with either Ku or Ku/LX/XLF did
not increase the number of individual complexes, but resulted
in large foci indicative of multiple paired donor complexes (visible
in Fig. 4B). The observation of large foci mediated by DNA-
PKcs is in agreement with recent studies showing that DNA-
PKcs facilitates the aggregated joining of multiple DNA breaks,
playing a role in the repair of clustered DSBs rather than simple
DSBs (23, 47, 48). Thus, these findings specifically identify Ku/
LX/XLF as the core complex required to mediate synapsis and
productive end-joining.
To determine the positioning of the two dsDNA ends during the

end-joining process, we compared an smFRET population histo-
gram of dsDNA molecules actively undergoing synapsis and liga-
tion with a histogram of fully ligated dsDNA molecules (Fig. 5A).
These histograms were generated by measuring the FRET signal
either immediately after initiation of the NHEJ reaction by the
addition of Ku/LX/XLF along the donor strand, or after purifi-
cation of ligated molecules by a high-salt buffer (1 M NaCl) wash
of bound DNA complexes after an additional 15-min incubation.
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The histogram for complexes formed during synapsis (Fig. 5A,
Reaction) shows a broad distribution (FWHM ∼0.3) centered at
FRET ∼0.55, whereas after the salt buffer wash (Fig. 5A, Liga-
tion), the FRET histogram narrows to a width of FWHM ∼0.15
around the center of FRET ∼0.65. The FRET values after buffer
wash are in agreement with the expected FRET value in which the
FRET pair is located in a fully ligated dsDNA (4.3 nm; FRET
∼0.65). The broadening observed immediately after addition of

the ligation complex implies dynamic processes associated with
initial synapsis of the two ends. Quantification of the mean
number of complexes per imaging area exhibiting FRET in-
teraction during the NHEJ reaction and postligation following the
high-salt buffer wash is shown in the Inset of Fig. 5A, Ligation.
This analysis revealed that ∼60% of the molecules that form
synaptic complexes during the NHEJ reaction are not ligated
within the reaction time, and dissociate after the high-salt wash.
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was carried out with 50 nM Ku/LX/XLF. (C) Two representative smFRET trajectories for surface dsDNA with distal acceptor dye. Initial pairing of the two dsDNA
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acceptor surface dsDNA. These trajectories resembles those in which the dye is placed close to the accessible DNA end showing repetitive transitions between
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These trajectories resemble those in which the dye is placed close to the accessible DNA end (as in Fig. 5E), showing repetitive transitions between adjacent
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To further probe the pairing step of NHEJ, we examined syn-
apsis in additional substrates that are unable to undergo ligation
(i.e., dideoxy 3′ ends or lacking 5′ phosphates) (Fig. S8A).
We used two substrates lacking 5′ phosphate, with the acceptor
dye positioned either at the free DNA end (no Phosphate) or at
∼60 bp from the free DNA end (Distal). Pairing in these sub-
strates resulted in smFRET histograms with similar broad distri-
butions (Fig. 5A, Distal). Importantly, the wide FRET distribution,
along with high FRET states observed in the distal acceptor sub-
strate, indicate that the DNA substrate may be interacting in an
adjacent configuration. A similar FRET distribution was obtained
for a substrate with 5′ phosphates but blocked for ligation with
dideoxy at 3′ ends (Fig. 5A, ddC), indicative of a ligation-independent
pairing process. To verify these observations, we also carried out
an NHEJ reaction in the presence of the LigIV inhibitor SCR7
with the ligatable substrates shown in Fig. 5A, which showed
only a slight reduction in pairing efficiency, although ligation was
prohibited (Fig. S8 B and C). Taken together, these findings
identify an initial NHEJ pairing process that is distinct from the
end-ligation step.

Dynamics of NHEJ Ligation Complex. To characterize the dynamics
of end-to-end positioning, we examined individual smFRET tra-
jectories obtained immediately after initiation of the NHEJ re-
action. Fig. 5B shows two representative trajectories that dem-
onstrate the initial encounter between the two ends (denoted by
an arrow). In this experiment, a signal was observed only after
arrival of the donor dsDNA (Fig. 5B, Left: t = 2 s, Right: t = 3 s).
The two trajectories shown in Fig. 5B differ in their pairing
configuration during initial encounter; the one on the left shows
an initial encounter at a high FRET, followed by dynamic fluc-
tuations in the FRET signal, whereas that on the right shows an
initial encounter at low FRET, followed by an increase to in-
termediate FRET. The variation in the initial encounter FRET
values along with the width in the FRET histogram in Fig. 5A
shows that the initial pairing configuration is likely to be such that
the ends are positioned not in an end-to-end configuration, but
rather away from each another, as illustrated in the cartoons
shown next to the trajectories. This conclusion is further sup-
ported by our quantification of the initial FRET value and change
in FRET values after initial binding (Fig. S8D).
To further validate that the initial encounter can occur when

the dsDNAs are in an adjacent configuration with the ends
positioned away from one another, we examined initial pairing
trajectories from the distal acceptor substrates. In this FRET
configuration, high FRET would result only when the two dsDNA
substrates were paired in an adjacent configuration. With these
FRET substrates, we observed initial pairing trajectories displaying
high FRET values with dynamic fluctuations (Fig. 5C). To exclude
the possibility that these high FRET values stem from the donor-
labeled end of the free dsDNA substrate randomly engaging with
immobilized DNA, we used two additional free dsDNA sub-
strates that were labeled farther away from the free end (Fig. S8
E–I). These substrates were reacted with either end-labeled or
internally/distal-labeled surface- immobilized dsDNA. These re-
actions exhibited broad distributions of FRET values spanning
both high and low FRET values. Notably, high FRET values
were detected even for substrates in which both the free
dsDNA and the surface-immobilized dsDNA are labeled away
from their accessible ends. Thus, the observed behavior is not
likely to be a result of random interaction with the free dsDNA
end. Taken together, these observations establish that the two
ends can be paired in an adjacent configuration in which the two
ends are situated away from each another while undergoing dy-
namic end-to-end rearrangements.
We next examined whether the observed dynamic repositioning

of the ends stems from the initial pairing configuration or occurs
throughout the NHEJ process. To determine this, we analyzed

smFRET trajectories obtained for the substrates shown in Fig.
5A (Reaction), donor/acceptor substrates that are already paired
but not ligated and do not demonstrate initial encounter events.
Unlike fully ligated molecules that exhibit steady FRET values
throughout the trajectory (Fig. S8J), these trajectories displayed
rapid transitions in FRET values (Fig. 5E). We infer that the
dynamics observed are characteristic of NHEJ pairing inter-
actions and are not a direct consequence of the initial encounter
event. Similar dynamic transitions were observed for the distal
acceptor substrate and the ddC substrate blocking ligation, as
well as the substrate without phosphate (Fig. 5 F and G). These
dynamics, along with the broad FRET populations, are consis-
tent with multiple adjacent pairing configurations afforded by
the long XRCC4/XLF/LigIV filaments. In such a scheme, dynamic
transitions between these configurations result in proper position-
ing of the paired ends. We note that the adjacent configuration
that we describe is broadly termed and refers to the various
modes of interaction between adjacent filaments, including a
range of configurations in which the filaments are not strictly
parallel or are antiparallel.

Discussion
In the work reported here, we used an array of single-molecule
methods to define the organization, dynamics, and kinetics of
NHEJ proteins in vitro and in vivo. Using SR microscopy, we
resolved the organization of NHEJ proteins and identified pre-
viously unknown NHEJ-specific repair structures (Fig. 1). Using
an in vitro SR assay with recombinant NHEJ proteins, we further
established the structures of the repair intermediates that we
observed in cells (Figs. 2 and 3), which enabled us to define a
minimal system for their assembly in vitro. Using smFRET anal-
ysis, we dissected the initial steps of the end-joining process and
associated dynamics and showed that XRCC4/XLF/LigIV com-
plexes mediate pairing of dsDNA ends (Figs. 4 and 5). Our findings
thus provide crucial new insights into the mechanism of DNA
DSB repair via NHEJ.
The formation of XRCC4 and XLF filaments has been shown

to occur in vitro, posing fundamental questions regarding the
roles of these filaments, particularly in vivo (27, 28). Moreover,
the involvement of LigIV with these structures was uncertain (26).
Our discovery that filaments do indeed form in cells, and that
these localize to DSB sites, sheds new light on the physical or-
ganization of the NHEJ repair complex (Fig. 1). Taken together,
these observations explain how the broken ends are maintained in
the same complex, and how LigIV arrives at the break site after
pairing. The formation of long filaments capable of interacting
with one another at either side of the break enables multiple
pairing configurations, thereby increasing the pairing probability
of the two ends. Once initial pairing is achieved, the interaction
between nucleoprotein complexes at either side of the break
maintains the broken ends together while they are processed for
ligation. Given that XRCC4 is approximately three times more
abundant than LigIV, and that the two proteins persist in a het-
erodimer form of XRCC4/LigIV, it is likely that all LigIV is
bound by XRCC4, such that XRCC4/XLF and XRCC4/LigIV
form interwoven filaments (49). Importantly, based on our kinetic
analysis, we conclude that these filaments are capable of dynamic
rearrangement around the break site during the progression of
repair (Fig. 3).
An understanding of the initial steps that occur after a DSB

break but before ligation is of fundamental importance. Much of
what we currently know about the temporal dynamics of NHEJ
proteins in DSBs relies on time-resolved microscopy experiments
using fluorescent-tagged NHEJ components (12, 19, 37, 50); how-
ever, none of those studies addressed issues relating to posi-
tioning of the ends and the repair machinery during synapsis or
the dynamics associated with the repair process before ligation.
Specifically, it is not known how the broken ends are brought
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together, with respect to either their initial pairing configura-
tions or the nature of the pairing interaction. Our smFRET
analysis provides critical mechanistic insight into these processes.
We show that initial pairing can occur in different configurations,
both end-to-end and adjacent, and that the synaptic complex can
stay bound together while dynamically and continually tran-
sitioning between end-to-end and adjacent configurations (Fig. 5).
This provides a platform for continually repositioning the two
ends while they are being processed. Importantly, the adjacent
configuration is consistent with an interaction between XRCC4/
XLF/LigIV proteins on each dsDNA strand that is localized away
from the ends, as would be anticipated in filaments. Crystal
structures of ligases interacting with strand-break substrates in-
dicate that an end-to-end configuration is required for the final
step in NHEJ (51, 52). We suggest that the alternate, adjacent
configuration that we observed here is critical to allow engage-
ment of ends by processing enzymes (e.g., Artemis). Together
with the observed dynamic switching between the two config-
urations, this allows for repeated cycles of processing and
attempted ligation while continuously maintaining synapsis of
a given end pair.
Taken together, our findings present a unique picture of the

organization and dynamics of the NHEJ system and provide a
basis for a new integrated model for DNA DSB repair via the
NHEJ pathway (Fig. 6). We propose a model consisting of two
distinct kinetic steps, illustrated in Fig. 6: (i) pairing of the broken
ends and (ii) alignment of the ends within the synaptic complex to
enable ligation. On formation of a DSB, Ku binds to broken ends,
recruiting XRCC4/XLF/LigIV to form filaments on DNA in the
vicinity of the break (53–57), resulting in Caterpillar structures.
The presence of filaments at either side of the break is advan-
tageous, allowing for more pairing configurations compared with
pairing events occurring only at the ends, thereby increasing the
probability of pairing. When two Caterpillar structures meet, the
XRCC4/XLF/LigIV filaments pair in either a direct end-to-end or
an adjacent configuration, forming Butterfly structures (41, 42).

The interaction within the synaptic complex after pairing is dy-
namic, ensuring that the DSB ends remain together while pro-
viding accessibility for accessory factors to process chemically
incompatible ends for ligation. Moreover, the alignment of the
paired ends within the synaptic complex is beneficial because
of the reduced dimensionality of the search process (58). We
speculate that the directionality of the alignment process may
be mediated by the interaction of Ku with the opposite fila-
ment (19, 59). When the DNA ends are properly positioned in
a Butterfly structure, the filament will form a continuous
bridge across the break. The distribution of LigIV along the
filament, together with continual repositioning of the broken
ends, allow for appropriate end-to-end configuration and li-
gation to occur. Finally, we speculate that the association of
DNA-PKcs with the Ku/LX/XLF structures may further sta-
bilize these repair intermediates, providing an additional level
of regulation and coordination of the NHEJ repair process.

Methods
Cell Culture. U2OS cells (American Type Culture Collection) were cultured as
specified by the supplier. Cells were serum-starved for 72 h before DNA
damage was induced, to cause cells to be primarily in G1/G0, which is known
to favor the NHEJ pathway. Cells were damaged with 50 μg/mL bleomycin for
various times either for fixed exposure (0–60 min to monitor accumulated
damage) or for a recovery experiment (5 min of exposure, a media wash,
and 0–360 min of recovery time) (60). SiRNAs, purchased from Qiagen (Table
S2), were transfected into unsynchronized U2OS cells with RNAiMAX Lipo-
fectamine (Life Technologies). Cells were subsequently cultured for 3 d
before being harvested, to access RNA interference efficiency with Western
blot analyses. DNA-PKcs was inhibited by treating cells with either DMSO or
3 μM NU7441 for 1 h, after which the cells were damaged and fixed.
Western Blot Analysis. Western blot analyses were performed as described
previously (61). Antibodies used in these analyses included XRCC4 (HPA006801;
Sigma-Aldrich), XLF (NBP2-03275; Novus Biologicals), and DNA ligase IV
(ab80514; Abcam).

Immunofluorescence. Cells were washed with PBS and then extracted with
cold CSK buffer containing 0.5% Triton X-100 (37), then washed again with
PBS and immediately fixed with 4% (wt/vol) PFA for 20 min. Coverslips were
blocked with blocking solution [20 mg/mL BSA, 0.2% gelatin, 2% (wt/vol)
glycine, 50 mM NH4Cl, and PBS], then stained with primary antibodies (at
dilutions specified by the manufacturer either overnight at 4 °C or for 1 h at
room temperature) and secondary antibodies (usually at 1:1,000–5,000 for
30 min at room temperature) in blocking solution before imaging. TUNEL
staining was provided with a commercial Click-iT TUNEL Alexa Fluor 647
Imaging Assay (Life Technologies), with the Click-iT reaction performed with
the labeling reagents from a Click-iT EdU Alexa Fluor 647 Imaging Assay (Life
Technologies), using a 1:100 dye dilution. The following antibodies were
used for protein detection: γH2AX JBW301 (MA12022; Thermo Scientific),
γH2AX (NB100-384; Novus Biologicals), Ku 70/80 (MS-285-P1; Thermo Scien-
tific), DNA ligase IV (ab80514; Abcam), XLF (ab33499; Abcam), XRCC4
(HPA006801; Sigma-Aldrich), and secondary antibodies conjugated to Alexa
Fluor 568 and Alexa Fluor 647 (Life Technologies).

SR Imaging. SR imaging was achieved through a modified assay based on a
direct stochastic optical reconstruction microscopy approach, as reported
previously (32–34, 62, 63). In brief, buffer containing 100 mM 2-mercaptoe-
thylamine (MEA), 0.8% glucose, and an oxygen-scavenging system (contain-
ing 1 mg/mL glucose oxidase and 0.02 mg/mL catalase) was used during
image acquisition. Images were acquired on a custom-built TIRF microscope
(SI Materials and Methods) and reconstructed with the freely available
ImageJ QuickPALM plug-in (64).
Protein Purification.

Ku70/86. Purification of Ku70/86 has been described previously (65). In
brief, Hi-5 insect cells (B855-02; Invitrogen) were coinfected with baculovirus
containing C-terminal His-tagged Ku70 and untagged Ku86. Cells were lysed
and purified by Ni-NTA affinity chromatography (Qiagen), DNA affinity
chromatography, and MonoQ 5/50 GL anion-exchange chromatography (GE
Healthcare). LX (LigIV/XRCC4) and XLF were purified from Hi-5 cells (Life
Technologies) overexpressing baculovirus-delivered constructs, and then
purified by successive chromatography using first hexahistidine affinity
and then anion exchange (Mono Q; GE Healthcare), as described previously
(11, 66). DNA-PKcs was purified as described previously (67).

Pairing

Alignment

Ligation

Ku/XRCC4/XLF/LigIV

Fig. 6. Model for DSB repair via NHEJ. After Ku loading, XRCC4/XLF/LigIV
filaments are recruited, creating Caterpillar structures. Synapsis between
two Caterpillar structures commences, such that the structures can align
end-to-end, as seen in our SR images. When the two DNA ends are in an
end-to-end configuration in which the ends are compatible for ligation,
the filament will merge over the two ends to initiate end ligation.
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In Vitro SR Imaging Assay. Plasmid DNA (pUC19; New England Biolabs) was
digested with BglI to yield two fragments of ∼1.1 and 1.5 kb. In vitro NHEJ
reactions were carried out in NEB4 buffer (20 mM Tris acetate pH 8.3, 10 mM
magnesium acetate, 50 mM potassium acetate, and 2 mM DTT). Then
5–30 nM DNA was reacted with purified proteins at a concentration of 6 μM
for Ku, LX, and XLF. The reaction was supplemented with DMSO or 100 μM
SCR7 to test inhibition. Removal of the 5′ phosphate was done with
recombinant shrimp alkaline phosphatase. The reaction was carried for
30 min at room temperature, and terminated by the addition of PFA (4%wt/vol),
resulting in a cross-linked reaction product. For SR imaging, the reaction
product was added to a flow chamber with a presilanized coverslip surface
and then incubated for 15 min, resulting in adsorption of the product onto the
coverslip. This was followed by a wash of the flow chamber with NEB4 buffer
and then the addition of blocking solution (from the previously described SR
assay). The surface adsorbed proteins were then labeled and imaged in a
manner similar to that described for our SR assay used for imaging cells.
smFRET Assay DNA Preparations. All oligonucleotides were purchased from In-
tegrated DNA Technology. The oligonucleotide sequences are shown in Table
S1. For annealing, the appropriate oligonucleotides were mixed and heated
for 10 min at 95 °C, followed by slow cooling.

smFRET Reactions. Reactions were carried out at room temperature in a
standard buffer composed of NEB4 (20 mM Tris acetate pH 7.5, 10 mM
magnesium acetate, 50 mMpotassium acetate, and 2 mMDTT), and an oxygen-
scavenging system (1 mg/mL glucose oxidase, 0.8% wt/vol glucose, 0.02 mg/mL
catalase, and 5 mM Trolox). smFRET assays were performed as described
previously (68). In all experiments, 250 pM DNA was immobilized on a PEG-
coated glass surface via a biotin-neutravidin linkage. Analysis was per-
formed as described previously (35, 68). Trajectories were weighted equally
for histograms, which included a sufficient number of molecules.
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