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SUMMARY 1 

Non-homologous end joining (NHEJ) is the predominant pathway that repairs DNA double-2 

stranded breaks (DSBs) in vertebrates. However, due to challenges in detecting DSBs in living 3 

cells, the repair capacity of the NHEJ pathway is unknown. The DNA termini of many DSBs 4 

must be processed to allow ligation while minimizing genetic changes that result from break 5 

repair. Emerging models propose that DNA termini are first synapsed ~115Å apart in one of 6 

several long-range synaptic complexes before transitioning into a short-range synaptic complex 7 

that juxtaposes DNA ends to facilitate ligation. The transition from long-range to short-range 8 

synaptic complexes involves both conformational and compositional changes of the NHEJ 9 

factors bound to the DNA break. Importantly, it is unclear how NHEJ proceeds in vivo because 10 

of the challenges involved in analyzing recruitment of NHEJ factors to DSBs over time in living 11 

cells. Here, we develop a new approach to study the temporal and compositional dynamics of 12 

NHEJ complexes using live cell single-molecule imaging. Our results provide direct evidence for 13 

stepwise maturation of the NHEJ complex, pinpoint key regulatory steps in NHEJ progression, 14 

and define the overall repair capacity NHEJ in living cells. 15 

  16 
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INTRODUCTION 17 

DNA, the blue-print of life, is remarkably labile and can be damaged in a variety of ways. 18 

Damage that results in DNA double strand breaks (DNA breaks on both strands, DSBs) is the 19 

most toxic genomic lesion 1–3. DSBs that are left unrepaired or repaired incorrectly can result in 20 

mutations or loss of genetic information due to chromosomal rearrangements, and, in some 21 

cases, cell death. Two major DNA double-strand break repair pathways exist in most organisms 22 
1–3. Non-homologous end-joining (NHEJ) directly ligates DNA ends after limited end-processing 23 

to render DNA ends chemically compatible for ligation 2. NHEJ is active throughout the cell cycle 24 

and is estimated to repair 80% of all spontaneous DSBs in human cells 4. Homologous 25 

recombination (HR) utilizes a sister chromatid to serve as a template DNA to repair DSBs 5. Due 26 

to the requirement for a sister chromatid, HR functions only in the S and G2 phases of the cell 27 

cycle. In addition to engaging repair pathways, DSBs also trigger cell cycle checkpoints that 28 

temporarily or permanently halt proliferation or lead to apoptosis of the damaged cell, which is 29 

frequently taken advantage of by cancer therapeutics that induce DNA damage 6. To understand 30 

how human cells respond to DNA damage it is critical to define the repair capacity of the 31 

different DNA repair pathways, i.e. the number of DNA lesions that can be repaired per unit 32 

time. However, determining the capacity of DNA repair pathways has been challenging, since it 33 

requires tracking DNA breaks over time in living cells. 34 

The core NHEJ factors include Ku70, Ku80, DNA-PKcs, XLF, XRCC4 and Ligase 4 2,7.  The 35 

highly abundant heterodimer of Ku70 and Ku80 (Ku70/80) forms a ring structure that binds 36 

double-stranded DNA ends with a high affinity 8.  Ku70/80 serves as the regulatory subunit of 37 

the DNA-dependent protein kinase (DNA-PK), which is activated when Ku70/80 binds DNA 38 

ends, resulting in recruitment of DNA-PKcs, the catalytic subunit of DNA-PK  9. Ku70/80, and to 39 

a lesser extent DNA-PKcs, serve as a scaffold to target the other core NHEJ factors and 40 

numerous end-processing enzymes, many of which possess Ku-binding motifs that facilitate 41 

assembly of various NHEJ complexes  7,8,10.   42 

In recent years, cryogenic electron microscopy (Cryo-EM), and in vitro single-molecule 43 

imaging studies have significantly advanced our understanding of the assembly mechanism 44 

underlying the recruitment of the core NHEJ factors to facilitate DSB repair 11–19. Single-45 

molecule Förster resonance energy transfer (FRET) studies suggest that after Ku70/80 binds 46 

DNA ends and recruits DNA-PKcs, the DNA ends are synapsed, but are positioned more than 47 

100 Å apart in a long-range synaptic complex 16,17. This long-range complex can progress into a 48 

short-range synaptic complex where the ends are in sufficiently close proximity to facilitate 49 

ligation. This transition requires Ku70/80, the catalytic activity of DNA-PKcs, and components of 50 
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the ligase complex (Lig4, XRCC4, and XLF) 17. Recently a plethora of new cryo-EM studies has 51 

provided support for this model and surprisingly defined two types of long-range complexes. 52 

One long-range complex can form with only Ku70/80 and DNA-PKcs (but can also include XLF, 53 

XRCC4, and Ligase4); the other long-range complex is dependent on XLF and has only been 54 

observed in complexes that also include XRCC4 and Ligase 4 11–15. Follow-up mutational 55 

analysis suggested that the different long-range complexes facilitate distinct end-processing 56 

reactions that are required for the repair of DSBs with specific DNA end chemistries 19. 57 

However, there is currently no direct evidence that these complexes exist in living cells.  58 

Moreover, a clear understanding of how NHEJ progresses in vivo is lacking. A key challenge 59 

has been the lack of tools to study the binding of NHEJ factors to chemically well-defined breaks 60 

in living cells. Live cell imaging of laser micro-irradiation (LMI) induced DNA damage has been a 61 

useful approach to visualize the recruitment of DNA repair factors to spatially and temporally 62 

well controlled DNA lesions in real time 20-22. However, LMI induces complex DNA lesions that 63 

include DSBs, single-strand breaks, and base damage and the relative contribution of the 64 

various types of DNA damage to the recruitment of the repair factors is impossible to 65 

disentangle 23-25. In addition, because only two to four copies of each NHEJ factor are expected 66 

to be recruited to a single DSB, the accumulation of NHEJ factors at DNA lesions is difficult to 67 

detect in living cells. 68 

In this study, we address these challenges by developing a single-molecule imaging method 69 

to analyze the recruitment of endogenously HaloTagged NHEJ factors to chemically induced 70 

DNA breaks.  We define the recruitment dynamics of the core NHEJ factors to DSBs and 71 

demonstrate that U2OS cells have the capacity to repair ~1000 DSBs per minute via the NHEJ 72 

pathway. Our results reveal that Ku70/80 and DNA-PKcs are recruited to DSBs before the 73 

components of the ligase complex (XRCC4, XLF, Lig4), consistent with the formation of a long-74 

range complex that only contains Ku70/80 and DNA-PKcs. In addition, we observe that DNA-75 

PKcs dissociates from DSBs ~10 minutes prior to Ku70/80, XLF, and XRCC4. This provides 76 

direct evidence for the presence of DNA-PKcs free, long-lived short-range synaptic complexes 77 

in cells, and suggests a subset of breaks require extensive processing prior to ligation. 78 

Importantly, the dissociation of DNA-PKcs requires its catalytic activity, and its inhibition 79 

prevents the release of all other NHEJ factors analyzed, consistent with an arrest of NHEJ 80 

progression. Finally, we analyze the role of Ligase 4 in NHEJ complex maturation. In the 81 

absence of Ligase 4, the long-range synaptic complex containing XLF and the XRCC4-Ligase 4 82 

fails to form, and Ku70/80 and DNA-PKcs rapidly dissociate from DNA breaks. In addition, 83 

consistent with previous in vitro studies, the catalytic activity of Ligase 4 is not required for short-84 
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range complex formation, but delays the removal of DNA-PKcs, indicating that the interaction of 85 

Ligase 4 with DNA substrate might contribute to the transition to the short-range synaptic 86 

complex. Altogether our work provides direct evidence for the existence of NHEJ complexes 87 

with distinct compositions in living cells, precisely determines their maturation over time and 88 

defines the repair capacity of the non-homologous end joining pathway in cancer cells.  89 
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RESULTS  90 

Generation of functional, endogenously HaloTagged NHEJ factors 91 

To facilitate live cell single-molecule imaging of NHEJ factors, CRISPR-Cas9 and homology-92 

directed repair were used to insert the sequence encoding a 3xFLAG-HaloTag (Halo) at the N-93 

terminus of the endogenous Ku70, DNA-PKcs (generated in our previous work 26), XLF, and 94 

XRCC4 loci in U2OS cells (Fig. 1A). For each gene, all alleles were edited, the insertions were 95 

 

 
 
Figure 1. Generation and validation of HaloTagged core NHEJ proteins in U20S cells.  
(A) Graphical depiction of the long-range XLF-mediated NHEJ synaptic complex and HaloTag (based on PDB: 
7NFC and 6U32) 13,44. (B) Western blots of U2OS cells expressing HaloTagged NHEJ factors and parental 
U2OS cells probed with antibodies against Ku70 (top), XRCC4 (middle), and XLF (bottom). (C) Representative 
images of living cells expressing HaloTagged NHEJ factors and Halo-Rif1 labeled with JFX650 HaloTag ligand 
in the presence or absence of zeocin (Scale bar = 10 um). (D) Clonogenic survival assay of U2OS cells 
expressing HaloTagged NHEJ factors, parental U2OS cells, and U2OS cells with DNA-PKcs knocked out after 
challenge with Zeocin (N = 4, 3 technical replicates per biological replicate, Mean ± S.D.). (E) Fluorescence 
imaging of 2 clones of each HaloTagged NHEJ factor labeled with JF650 HaloTag ligand and separated on an 
SDS-PAGE gel. (F) Quantification of the total protein abundance based on recombinant 3X FLAG-HaloTag 
labeled with JF646 and cell lysates from a specific number of U2OS using in-gel fluorescence intensity values 
after applying a correction factor from western blots (see Fig. S1C-D, N = 3, Mean ± S.D.). 
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verified using Sanger sequencing, and exclusive expression of the tagged protein was 96 

confirmed using western blot (Fig. 1B). To assess subcellular localization of the HaloTagged 97 

NHEJ factors, cells were labeled with a fluorescent HaloTag ligand (JFX650), and the tagged 98 

proteins were visualized using widefield fluorescence microscopy. In the presence or absence 99 

of the DSB-inducing drug zeocin, Halo-Ku70, Halo-DNA-PKcs, and Halo-XRCC4 localized 100 

exclusively to the nucleus (Fig. 1C). In contrast, Halo-XLF was detected in both the cytoplasm 101 

and the nucleus, consistent with previous observations by others 27.   To further confirm the 102 

cytoplasmic localization of XLF, we performed cellular fractionations of parental U2OS and the 103 

Halo-XLF cell line. Both wildtype XLF and Halo-XLF are present in cytoplasm and nucleus (Fig. 104 

S1A), demonstrating that XLF cellular localization is not limited to the nucleus in U20S cells. 105 

Notably, Halo-DNA-PKcs, Halo-XLF, and Halo-XRCC4 were excluded from nucleoli (Fig. 1C). In 106 

contrast, in the absence of DNA damage, Halo-Ku70 was present in both the nucleoplasm and 107 

enriched in nucleoli (Fig. 1C). However, in the presence of Zeocin, Halo-Ku70 appeared to be 108 

evicted from nucleoli (Fig. 1C), consistent with observations by others 28. Importantly, none of 109 

the NHEJ factors formed DNA repair foci after induction of DSBs using zeocin, while Halo-Rif1 110 

repair foci were readily detectable after DSBs induction, as expected  29. To assess whether the 111 

HaloTag disrupts cellular function of the tagged NHEJ factors, we carried out clonogenic 112 

survival assays. Zeocin resistance in the four HaloTagged NHEJ factor cell lines was 113 

comparable to parental U2OS cells, while DNA-PKcs knock-out cells were highly sensitive to 114 

Zeocin (Fig. 1D, Fig. S1B). We conclude that the N-terminal fusion of the 3xFLAG-HaloTag 115 

does not significantly alter the DNA repair function of Ku70, DNA-PKcs, XRCC4, or XLF.  116 

 117 

Absolute cellular abundance of Ku70, XLF and XRCC4 118 

To determine the absolute cellular abundance of Ku70, XLF, and XRCC4 we compared the 119 

fluorescence intensity of labeled Halo-Ku70 and Halo-XRCC4 bands on SDS-PAGE gels to that 120 

of a standard containing a known quantity of recombinant 3xFLAG-HaloTag protein labeled with 121 

the same fluorophore and a cell lysate from a specified number of cells (Fig. S1C-D). The 122 

absolute abundance of Halo-XLF was determined by comparing the fluorescence intensity of 123 

Halo-XLF to that of Halo-XRCC4 normalized to total protein loaded (Fig. 1E). To calculate the 124 

absolute abundance of endogenous, untagged proteins the absolute abundance of the 125 

HaloTagged variants was multiplied by the relative expression of the HaloTagged proteins 126 

compared to their untagged counterparts determined by western blot (Fig. 1B). As previously 127 

described, the expression level of Ku70 is very high (1.3 - 1.6x106 molecules per cell) 30.The 128 

expression levels of XLF (54 - 61x103 molecules per cell) and XRCC4 (23 - 28x103 molecules 129 
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per cell) were substantially lower. In previous work we determined that DNA-PKcs is present at 130 

1.20x105 molecules per cell 26. We confirmed the absolute protein number of the tagged NHEJ 131 

factors by using a second fluorescent ligand for the HaloTag (JF657, Fig. S1E). Together these 132 

observations demonstrate that the abundance of the core NHEJ factors spans two orders of 133 

magnitude, with Ku70 being present in a 10-fold excess compared to DNA-PKcs, which in turn 134 

is 2-5 fold more abundance than XRCC4 and XLF. 135 

 136 
Stepwise recruitment of NHEJ factors to laser micro-irradiatation induced DNA lesions   137 

To analyze the recruitment of the tagged NHEJ factors to DNA lesions in real time, we 138 

performed laser micro-irradiation (LMI) experiments using a 405 nm laser of cells sensitized with 139 

Hoechst dye. While LMI induces complex DNA lesions, including DSBs, it provides consistent 140 

 
Figure 2. Recruitment kinetics of the core NHEJ factors to complex DNA lesions 
(A) Representative images of HaloTagged NHEJ factor (JFX650) recruitment to laser-induced DNA lesions over 
time (Scale bar = 10 µm).  (B) Normalized recruitment kinetics of HaloTagged DDR proteins to laser-induced DSBs. 
Data are presented as the average increase in fluorescence post-laser microirradiation normalized to the brightest 
frame for cell analyzed (N = 10 - 15 individual cells analyzed for each HaloTag cell line, Mean ± S.D.). (C) Half-
times (t1/2) of each protein to laser-induced DSBs determined by nonlinear regression assuming one-phase 
association (without dissociation).  
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experimental conditions (pulse length, laser power) and allows analysis of NHEJ factor 141 

localization to site of DNA damage with minimal time delay after induction of DNA damage 20,25. 142 

All tagged NHEJ factors were robustly recruited to LMI-induced damage sites (Fig. 2A-C, Fig. 143 

S2A-D, Movie S1-4).  Halo-Ku70 and Halo-DNA-PKcs were recruited to damaged sites very 144 

rapidly, with a half-maximal accumulation time (t1/2) of ~7 and ~17 seconds, respectively (Fig. 145 

3C, Movie S1-2). Halo-XRCC4 and Halo-XLF were recruited with similar kinetics but were 146 

delayed (t1/2 = 32 and 38 s) compared to Halo-Ku70 and Halo-DNA-PKcs, consistent with 147 

previous results (Fig. 2A-C, Movie S3-4) 31. Similar to zeocin-induced damage, LMI also induces 148 

depletion of Halo-Ku70 from nucleoli (Fig. 2A, Movie S1). These observations demonstrate that 149 

the HaloTagged NHEJ factors can bind to DNA lesions and the delayed recruitment of XRCC4 150 

and XLF is consistent with the initial formation of an NHEJ complex composed of only Ku70/80 151 

and DNA-PKcs.  152 

 153 

Zeocin-induced DSB formation promotes chromatin association of Halo-tagged NHEJ 154 

factors  155 

To analyze the diffusion dynamics of individual HaloTagged NHEJ factors, we carried out highly 156 

inclined laminated optical sheet (HILO) microscopy of cells sparsely labeled with a fluorescent 157 

HaloTag ligand in combination with single-particle tracking (SPT, Movie S5-S9) 20, 32,33. Under 158 

these conditions only a small fraction of the total cellular proteins was labeled, ranging from 159 

0.01% for Halo-Ku70 to 0.6% for Halo-XLF (Fig. S3A-B). Analysis of single-molecule trajectories 160 

using the Spot-On tool allowed us to determine the fraction of static molecules, which we 161 

presume include molecules that are directly associated with chromatin, including DSBs (Fig. 3A-162 

B) 32. In addition, Spot-On calculates the diffusion coefficients of freely diffusing molecules 163 

(DFree) and chromatin bound (DBound) molecules (Fig. 3B) 24. As controls for freely diffusing and 164 

chromatin bound proteins, constructs encoding only the HaloTag fused to three nuclear 165 

localization sequences (Halo-NLS) and HaloTag-histone H2B (Halo-H2B) were transfected into 166 

parental U2OS cells 26.  Halo-NLS diffused rapidly through the nucleus (DFree = 2.6 µm2/s) and 167 

only a small fraction of molecules was static (FBound = 10%, Fig. 3C-D, Fig. S3D, Movie S5-S6). 168 

In contrast and as expected, the majority of Halo-H2B was associated with chromatin (FBound = 169 

80%, Fig. 3C, Fig. S3D). In the absence of DNA damage, all four HaloTagged NHEJ factors 170 

displayed an intermediate level of chromatin bound molecules (FBound = 20-30%, Fig. 3C, Fig. 171 

S3D, Movie S7-S9). Upon DNA damage induction with zeocin the chromatin associated fraction 172 

of all tagged NHEJ factors significantly increased by 10-20% (Fig. 3C, Fig. S3D) demonstrating 173 
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that this single-molecule imaging approach can detect the recruitment of NHEJ factors to DSBs, 174 

even though DNA repair foci specific for the core NHEJ factors are generally not detectable by 175 

traditional microscopy. The increase in the chromatin bound fraction of DNA-PKcs correlated 176 

with the dose of zeocin used (Fig. S3C), consistent with the recruitment of DNA-PKcs to 177 

chromatin as a consequence of DSB formation. To confirm that Halo-DNA-PKcs was recruited 178 

to chromatin in response to DSB induction in a different cell line, we expressed Halo-DNA-PKcs 179 

in CHO-V3 cells (Chinese hamster ovary cells that lack DNA-PKcs). Similar to our observations 180 

in U2OS cells, in CHO-V3 cells the chromatin bound fraction of Halo-DNA-PKcs was also 181 

increased in response to zeocin treatment (Fig. S3E). The diffusion coefficients of freely 182 

diffusing Halo-Ku70, Halo-DNA-PKcs, and Halo-XRCC4 were comparable in the absence of 183 

DNA damage (DFree = 1.6-1.9 µm2/s, Fig. 3D). Halo-XLF diffused more rapidly through the 184 

nucleus (DFree = 2.5 µm2/s), indicating that it does not constitutively associate with the other 185 

NHEJ factors, in particular XRCC4. The diffusion coefficients of freely diffusing and chromatin 186 

bound Halo-Ku70, Halo-XRCC4, and Halo-XLF molecules were not affected by DSBs induction 187 

 
Figure 3. Zeocin-induced DSB formation promotes chromatin association of Halo-tagged NHEJ factors. 
(A) Rational for analyzing DSB association of NHEJ factors using single-molecule imaging. DSB association 
proteins are static while unbound molecules diffuse rapidly through the nucleus. (B) Graphical representation of 
the workflow used for live-cell single-molecule imaging of core NHEJ proteins.  (C) Plot of the Fraction Bound for 
each HaloTag NHEJ protein under untreated conditions and post-zeocin exposure that were analyzed using a two-
state model of diffusion. Each data point represents the fraction bound of each protein in an individual cell (N = 3, 
n ≥ 20 cells for each protein per replicate and condition, Black bar = median). Data were analyzed by two-way 
ANOVA with Tukey’s posthoc test (**** = p < 0.0001).  (D) Diffusion coefficients for freely diffusing HaloTagged 
NHEJ proteins. Each data point represents the DFree calculated from the tracks in an individual cell (N = 3, n ≥ 20 
cells for each protein per replicate and condition, Black bar = median). (E) Total number of DNA breaks bound be 
each tagged DNA repair factor after treatment with zeocin (N = 3, Mean ± S.D.). 
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using zeocin (Fig. 3D, Fig. S3F). In contrast, the DFree of Halo-DNA-PKcs was reduced to DFree = 188 

0.7 µm2/s after zeocin treatment (Fig. 3D). Similarly, the DBound of of Halo-DNA-PKcs was also 189 

reduced after DSB induction (Fig. S3E). This suggests that DNA-PKcs globally transitions into a 190 

different macro-molecular complex after DNA damage induction, or it forms many transient 191 

interactions with chromatin that slow down its diffusion dynamics.  192 

 In addition to defining the diffusion dynamics of the HaloTagged NHEJ factors, these 193 

experiments allowed us to estimate the number of DNA breaks bound by each tagged NHEJ 194 

factor per cell. The number of chromatin-bound molecules was determined by multiplying the 195 

increase in the static fraction upon zeocin treatment (Fbound zeocin – Fbound Untreated) with the average 196 

number of molecules detected per imaging frame for each protein. This number was then 197 

divided by the labeling efficiency to account for the small fraction of molecules that are 198 

detectable (Fig. S3B). In addition, we multiplied the number by 3 because we only sample a 1 199 

µm thick plane of the cell nucleus, which is 4 µm in height (Fig. S3G, see methods for details) 34.  200 

Finally, the resulting number was divided by the number of molecules expected to be present at 201 

a single DSB (2 for Ku70 and DNA-PKcs, 4 for XRCC4, 2 for XLF, see Fig. 1A). Assuming the 202 

increase in the fraction of chromatin-bound molecules after zeocin treatment is exclusively the 203 

result of DSB binding, Halo-Ku70 and DNA-PKcs were associated with 13000 and 8500 breaks 204 

per cell (Fig. 3E), respectively. Halo-XRCC4 and Halo-XLF only associated with 600 and 200 205 

DSBs per cell (Fig. 3E), respectively. These numbers are consistent with the hierarchy of NHEJ 206 

factor recruitment, and the relative abundance of the tagged proteins.  207 

 Altogether, these results demonstrate that single-molecule imaging can be used to study 208 

the recruitment of NHEJ factors to DSBs in living cells and to estimate the total number of 209 

breaks bound by each protein analyzed.  210 

 211 

Kinetics of NHEJ factor recruitment to Calicheamicin induced DSBs   212 

To determine the kinetics of chromatin association of the HaloTagged NHEJ factors, SPT was 213 

used to analyze recruitment to calicheamicin induced DSBs; calicheamicin mostly induces DNA 214 

breaks with 3' overhangs, a high percentage of which have 3' phospho-glycolate adducts 35,36. 215 

Cultures of cells expressing Halo-Ku70, Halo-DNA-PKcs, and Halo-XRCC4 were treated with 216 

various concentrations of calicheamicin for 3 minutes and individual cells were imaged for ~10 217 

seconds each in one-minute intervals, before and after damage induction to determine the 218 

fraction of chromatin bound molecules (Fig, 4A, Movie S10, each data point represents a 219 

different cell). Prior to treatment with calicheamicin the fraction of chromatin bound molecules 220 

remained constant for all NHEJ factors (Fig. 4B, Movie S10).  After DNA damage induction the 221 
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 222 
chromatin bound fraction of Halo-Ku70, Halo-DNA-PKcs, and Halo-XRCC4 increased (Fig. 4B, 223 

Fig. S4A, Movie S10), consistent with their rapid recruitment to DSBs. Importantly, the fraction 224 

bound of Halo-DNA-PKcs cells was not increased after treatment with DMSO (Fig. S4B). In the 225 

case of Halo-Ku70 the maximal fraction bound increased as the concentration of calicheamicin 226 

was increased, and gradually decreased over time, consistent with NHEJ repairing the DSBs 227 

 

Figure 4. Time course analysis of the recruitment of Halo-tagged NHEJ factors to DNA breaks. 
(A) Experimental approach to analyze the chromatin binding of the tagged DNA repair factors over time. (B) Plot 
of the static fraction of Halo-Ku70, Halo-DNA-PKcs, and Halo-XRCC4 before and after DNA damage induction 
(shaded area) with various concentrations of calicheamicin for 3 minutes. Graphs represent the rolling average 
over three consecutive timepoints (for individual graphs with experimental error see Figure S4A). (C) 
Quantification of the timing of the recruitment of Halo-Ku70, Halo-DNA-PKcs, and Halo-XRCC4 after DNA 
damage induction (N = 3, Mean ± S.D.). (D) Quantification of the number of break bound Halo-Ku70 (pooled 
data for 5 time points after DNA damage induction), Halo-DNA-PKcs (pooled data for 10 time points after DNA 
damage induction), and Halo-XRCC4 (pooled data for 10 time points after chromatin recruitment) molecules 
after DNA damage induction with various concentrations of calicheamicin (N = 3, Mean ± S.D.). (E) 
Quantification of the DNA repair rate by using static Halo-Ku70 as a marker for the initial number of DNA breaks 
(Fig. 4D) and the dissociation of XRCC4 (Fig. 4B) to mark the completion of DNA repair by NHEJ (N = 3, Mean ± 
S.D.) 
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induced by the drug treatment (Fig. 4B,C, Fig. S4A). The time frame for which the fraction 228 

bound of Halo-Ku70 remained elevated was elongated with increasing calicheamicin 229 

concentration, indicating that the total DSB repair time was increased (Fig. 4B-C, Fig. S4C).  In 230 

contrast, for Halo-DNA-PKcs and Halo-XRCC4 only small changes in the fraction of chromatin 231 

bound molecules were observed as the number of breaks was increased (Fig. 4B, Fig. S4A). In 232 

addition, the fraction of chromatin bound Halo-DNA-PKcs and Halo-XRCC4 remained constant 233 

over an extended period of time before rapidly dropping (Fig. 4B-C, Fig. S4A,C), rather than 234 

gradually decreasing as observed for Halo-Ku70 (Fig. 4B). The duration of this plateau was 235 

extended with increasing calicheamicin concentration for both Halo-DNA-PKcs and Halo-236 

XRCC4 (Fig. 4C). 237 

To determine the total number of DNA breaks bound by the tagged NHEJ factors, we 238 

carried out the same calculations outlined above for zeocin treated cells, averaging the first 5 239 

cells after calicheamicin treatment for Halo-Ku70 or the first 10 cells after DNA recruitment was 240 

observed for Halo-DNA-PKcs and Halo-XRCC4. The total number of breaks bound by Halo-241 

Ku70 was elevated from 22000 to 55000 breaks per cell with increasing concentrations of 242 

calicheamicin (Fig. 4D). In contrast, Halo-DNA-PKcs and Halo-XRCC4 bound to ~10000 and 243 

~1000 breaks per cell for all calicheamicin concentrations used, respectively (Fig. 4D). These 244 

observations suggest that the number of breaks induced in this experiment exceeds the 245 

capacity of DNA-PKcs and XRCC4 and these factors are functioning at maximum speed, 246 

conceptually similar to an enzyme in the presence of large excess of substrate (Fig. S4D). In 247 

contrast, the chromatin recruitment of Ku70 appears not to be saturated, consistent with Ku70 248 

being present in at least a 10-fold excess compared to DNA-PKcs and XRCC4. It is important to 249 

note that we are not measuring the repair timing of individual DNA breaks in this experiment 250 

since we are only imaging each cell for 10 seconds. Instead, these experiments report on the 251 

rate with which the aggregate of all DSBs are repaired in the cell population. In total, these 252 

results are consistent with Ku70 rapidly binding most, if not all, DSBs that are induced, which 253 

exceeds the total number of cellular DNA-PKcs and XRCC4 molecules (Fig. S4D). Thus, in 254 

order to repair all of the DSBs in these experiments, DNA-PKcs and XRCC4 must sequentially 255 

localize to breaks, explaining the extended time period during which the chromatin associated 256 

fraction of these factors does not change (Fig. S4D). Consistent with this interpretation the 257 

duration of the chromatin association plateaus of DNA-PKcs and XRCC4, but not their height, 258 

increase with the number of DSBs induced.  259 

 260 

The overall repair capacity of the NHEJ pathway in human cells 261 
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To define the rate of NHEJ (i.e. the number of breaks repaired per minute), we used Halo-Ku70 262 

as a marker to determine the number of DNA breaks initially present after exposure to 263 

Calicheamicin (Fig. 4D). To measure total repair time, the time from damage induction until 264 

dissociation of Halo-XRCC4 was determined, which marks completion of DNA ligation and 265 

dissociation of the XRCC4-Ligase 4 complex (Fig. 4B,C). Both the repair time and initial break 266 

number increased with increasing concentrations of calicheamicin (Fig. 4B,D). The repair rate 267 

after treatment with 20 nM and 40 nM of calicheamicin was identical (~1100 breaks per minute), 268 

while the repair rate after break induction with 80 nM was slightly lower (~750 breaks per 269 

minute) (Fig. 4E). These observations suggest that the maximal DNA break repair capacity in 270 

U2OS cells is approximately 1100 DSBs per minute. 271 

 272 

Analysis of the relative timing of NHEJ factor recruitment reveals kinetics of short-range 273 

synaptic complex formation 274 

To precisely determine the relative timing of the recruitment of Halo-Ku70, Halo-DNA-PKcs, 275 

Halo-XRCC4, and Halo-XLF to DSBs, time course experiments were performed after induction 276 

of DSBs with 40 nM Calicheamicin. While Halo-Ku70 and Halo-DNA-PKcs were recruited to 277 

DSBs immediately after break induction, the chromatin recruitment of Halo-XRCC4 and Halo-278 

XLF was delayed by ~6 minutes relative to Halo-Ku70 and Halo-DNA-PKcs (Fig. 5A,B). Halo-279 

XLF was associated with around 600 DNA breaks after DSB induction with 40 nM calicheamicin 280 

(Fig. S5A). This suggests that DSBs are initially bound by Ku70/80 and DNA-PKcs and XRCC4 281 

and XLF are recruited at a later time point, consistent with their delayed association observed 282 

using LMI (Fig. 3). Halo-DNA-PKcs dissociated from chromatin ~22 minutes after DNA damage 283 

induction (Fig. 5A,B). Relative to Halo-DNA-PKcs, Halo-Ku70, Halo-XRCC4, and Halo-XLF 284 

remained bound to DSBs for an additional 10 minutes (Fig. 5A,B), consistent with the formation 285 

of the ligation competent short-range synaptic complex that lacks DNA-PKcs. 286 

To determine whether the catalytic activity of DNA-PKcs is required for its dissociation from 287 

DSBs and in turn the completion of DNA repair marked by the departure of the other NHEJ 288 

factors, the experiment was repeated in the presence of an DNA-PK inhibitor (Nu7441) 37. When 289 

DNA-PKcs kinase activity was inhibited, all four NHEJ factors remained associated with 290 

chromatin for >60 minutes (the end of the experiment) (Fig. 5C), suggesting that DNA-PKcs 291 

target phosphorylation is required for DNA-PKcs displacement from DSBs (consistent with 292 

previous in vitro studies) and potentially short-range complex formation and end ligation. 293 

Importantly, this observation is consistent with the requirement for DNA-PKcs catalytic activity 294 

for the transition to the short-range complex in single-molecule FRET experiments 17 . To 295 
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assess whether DNA-PKcs autophosphorylation at the ADCDE-sites, which is important for 296 

DNA-PKcs function 37–42, is required for its dissociation from DSBs, wildtype Halo-DNA-PKcs 297 

and Halo-DNA-PKcs with the ABCDE sites mutated to alanine (ABCDE mutant) were expressed 298 

in DNA-PKcs-deficient U2OS cells. Similar to Halo-DNA-PKcs in the presence of the DNA-PKcs 299 

300 
inhibitor, the ABCDE mutant remained associated with chromatin for the entirety of the 301 

experiment, while wildtype Halo-DNA-PKcs dissociated from chromatin 20 minutes after DSB 302 

induction (Fig. 5D, Fig. S5B). These data are consistent with previous studies showing that 303 

 

Figure 5. Compositional changes of the NHEJ complex are controlled by DNA-PK activity. 
(A) Plot of the static fraction of each HaloTag NHEJ protein over time. A single cell was imaged at each 
timepoint. After 30 minutes DSBs were induced with 40 nM calicheamicin for 3 minutes (shaded area) and cells 
were imaged for 60 minutes thereafter (N = 3, Mean ± S.D.). (B) Quantification of the timing of the recruitment of 
Halo-Ku70, Halo-DNA-PKcs, Halo-XLF, and Halo-XRCC4 after DNA damage induction (N = 3, Mean ± S.D.). (C) 
Plot of the static fraction of each HaloTag NHEJ protein over time in the presence of a DNA-PK inhibitor 
(Nu7441, 2 nM). A single cell was imaged at each timepoint. After 30 minutes DSBs were induced with 40 nM 
Calicheamicin for 3 minutes (shaded area) and cells were imaged for 60 minutes thereafter (N = 3, Mean ± 
S.D.). (D) Plot of the static fraction of wildtype Halo-DNA-PKcs or Halo-DNA-PKcs with mutated 
autophosphorylation sites (ABCDE mut.) expressing in U2OS cells in which DNA-PKcs was knocked out. A 
single cell was imaged at each timepoint. After 30 minutes DSBs were induced with 40 nM calicheamicin for 3 
minutes (shaded area) and cells were imaged for 60 minutes thereafter (N = 3, Mean ± S.D.). 
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ABCDE autophosphorylation is required for DNA-PKcs dissociation from chromatin after DNA 304 

damage 42,43. 305 

It total, these observations in living cells are consistent with a stepwise maturation of the 306 

NHEJ complex at DSBs that requires DNA-PK kinase activity; Ku70/80 and DNA-PKcs initially 307 

recognize DSBs and recruit XRCC4, Lig4, and XLF. DNA-PKcs autophosphorylation-induced 308 

dissociation occurs well before repair is complete, while the other core NHEJ factors remain 309 

associated with the break sites, consistent with progression to the short-range synaptic 310 

complexes where final repair occurs.    311 

 312 

Ligase 4 is required for retention of Ku70 and DNA-PKcs at DSBs and its catalytic activity 313 

is dispensable for transition to short-range complexes. 314 

Ligase 4 has been shown to be necessary for short-range complex formation in vitro 17,44 . To 315 

assess the role of Ligase 4 in the maturation of the NHEJ complex in living cells, Ligase 4 was 316 

knocked out in cells expressing Halo-tagged Ku70, DNA-PKcs, or XRCC4 and NHEJ factor 317 

recruitment to DNA breaks was analyzed after DSB induction with 40 nM Calicheamicin. Re-318 

expression of wild type Ligase 4 recapitulated the recruitment kinetics of Halo-Ku70, Halo-DNA-319 

PKcs, and Halo-XRCC4 observed in the presence of endogenous Ligase 4 (Fig. 6A,B, Fig. 5A, 320 

Fig. S5C-E, Movie S11-13). In the absence of Ligase 4, Halo-Ku70 and Halo-DNA-PKcs were 321 

recruited to DSBs immediately after induction and simultaneously dissociated from DNA breaks 322 

after approximately 16 minutes, substantially faster than in the presence of Ligase 4 (Fig. 6A,B, 323 

Fig. 5A, Fig. S5C-E, Movie S11-12). Halo-XRCC4 was not recruited to DSBs in Ligase 4 324 

knockout cells (Fig. 6A, Movie S13), consistent with previous results 45,46. These observations 325 

demonstrate that Ligase 4 is required for the recruitment of XRCC4 to DNA breaks, and that 326 

Ligase 4 stabilizes Ku70 and DNA-PKcs at DSBs, potentially by promoting the stability long-327 

range synaptic complexes (Fig. 1A).   328 

To dissect the structural and catalytic contributions of Ligase 4 to NHEJ complex 329 

formation and maturation, a previously described catalytically inactive allele of Ligase 4 (Ligase 330 

4 5XK) was introduced into Ligase 4 deficient cells (Fig. S5C-E) 44. In the presence of 331 

catalytically inactive Ligase 4 both Halo-XRCC4 and Halo-Ku70 were retained at DNA breaks 332 

for the entire duration of the experiment, demonstrating that DNA ends must be ligated for Ku70 333 

and XRCC4 to be removed from DSBs (Fig. 6A,B). In contrast, DNA-PKcs dissociated from 334 

DNA breaks, albeit after a longer delay compared to cell expressing catalytically active Ligase 4 335 

(Fig. 6A, Fig. 5A). This suggests that the short-range synaptic complex can form without the 336 

ability to ligate DNA ends and that DNA-PKcs dissociates from breaks prior to the 337 
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 338 
repair event. To confirm these observations, we carried out laser micro-irradiation experiments 339 

in Ligase 4 knockout cells expressing Halo-Ku70, Halo-DNA-PKcs, or Halo-XRCC4 transfected 340 

with a control vector or expression plasmids encoding wild type Ligase 4 or catalytically inactive 341 

Ligase 4 (Movie S14-16). Consistent with the single-molecule imaging experiments, in the 342 

absence of Ligase 4, Halo-Ku70 and Halo-DNA-PKcs rapidly dissociated from laser induced 343 

 

Figure 6. Ligase 4 is required for the retention of Ku70 and DNA-PKcs at DNA breaks. 
(A) Plot of the static fraction of Halo-Ku70 (top row), Halo-DNA-PKcs (middle row), or Halo-XRCC4 (bottom row) 
over time in ligase 4 knockout cells, transiently expressing wildtype ligase 4 (left column), a vector control 
(middle column) or ligase dead ligase 4 (right column). After 20 minutes DSBs were induced with 40 nM 
Calicheamicin for 3 minutes (shaded area) and cells were imaged for 60 minutes thereafter (N = 3, Mean ± 
S.D.). (B) Quantification of the timing of the recruitment of Halo-Ku70, Halo-DNA-PKcs, Halo-XLF, and Halo-
XRCC4 after DNA damage induction in Ligase 4 knockout cells expressing a control plasmid, or expression 
vectors for wildtype and catalytically inactive Ligase 4 (N = 3, Mean ± S.D.). (C) Laser micro irradiation of U2OS 
cells with ligase 4 knockout, expressing Halo-Ku70 (left), Halo-DNA-PKcs (middle), or Halo-XRCC4 (right), 
transiently expressing wildtype ligase 4, a vector control, or catalytically inactive ligase 4 (N = 30-45 cells per 
condition, Mean ± S.E.M.). 
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DNA lesions, while Halo-XRCC4 was not recruited to sites of DNA damage (Fig. 6C, Fig. S5F-344 

G, Movie S14-16). In addition, Halo-Ku70 was retained for an extended period of time in cells 345 

expressing catalytically inactive Ligase 4 (Fig. 6B, Fig. S5F). Importantly, similar to the 346 

observation made by single-molecule imaging, Halo-DNA-PKcs dissociated from DNA lesions in 347 

the presence of catalytically inactive Ligase 4 (Fig. 6B, Fig. S5F), consistent with the formation 348 

of an NHEJ complex that lacks DNA-PKcs when DNA ligation is not possible. 349 

In summary, these observations demonstrate that Ligase 4 is structurally required to 350 

retain Ku70 and DNA-PKcs at DSBs and that the short-range synaptic complex that lacks DNA-351 

PKcs can form without the ability to ligate DNA ends. 352 

  353 

 

Figure 7. Model for NHEJ. Stepwise maturation of the NHEJ complex throughout DNA break repair, highlighting 
key transition points controlled by DNA-PKcs catalytic activity and structural contributions of the XRCC4-Ligase 
4 complex. 
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DISCUSSION 354 

Non-homologous end joining repairs the vast majority of DNA double strand breaks in human 355 

cells. In addition to its central importance in maintaining genome integrity, toxic NHEJ can be 356 

unleashed in tumors with defects in other DNA repair pathways to specifically eliminate cancer 357 

cells 1,2. Therefore, quantitatively defining the molecular mechanisms underlying NHEJ is critical 358 

to understand the basic biology of DNA repair and has important clinical implications for 359 

targeting DNA repair pathways as a therapeutic approach to treat cancer  467,48. Recent single-360 

molecule FRET and Cryo-EM studies suggest that NHEJ is initiated by the formation of a long-361 

range synaptic complex, which can have several distinct compositions that likely exist in 362 

equilibrium 11-15,17. These long-range complexes transition into short-range synaptic complexes, 363 

which facilitate ligation of the DNA ends, in a step that requires DNA-PK kinase activity. While 364 

these elegant studies defined critical aspects of the molecular mechanism underlying NHEJ, our 365 

knowledge of how NHEJ proceeds in living cells was limited.   366 

Because NHEJ factors are both highly abundant and only small numbers (two to four) of the 367 

core NHEJ proteins are recruited to DNA breaks, it has been challenging to detect their 368 

recruitment to DSBs in living cells 20. In addition, well established methods to analyze the 369 

recruitment of DNA repair factors to sites of DNA damage in real time, for example laser micro-370 

irradiation, generate complex DNA lesions, making it difficult to interpret experimental outcomes 371 
23-25. To overcome this hurdle, we used single-molecule live-cell imaging to study the kinetics of 372 

NHEJ factors recruitment to drug induced DSBs. The key assumption is that the immobilization 373 

of individual NHEJ factors in response to treatment with DNA damaging agents is caused by 374 

their binding to DSBs. The single-molecule approach has two key advantages: individual 375 

molecules can be detected making it possible to visualize the recruitment of factors that are not 376 

present at breaks in large numbers, and small molecule drugs can be used to induce a titratable 377 

number of chemically defined DNA lesions (as opposed to the complex lesions that result from 378 

LMI) 20, 23-25,. Using this approach, we analyze the temporal and compositional maturation of 379 

NHEJ factors bound to DNA breaks and defined of the overall kinetics and repair capacity of the 380 

NHEJ pathway in living cells. 381 

 382 

Repair capacity and overall rate of the non-homologous end joining pathway 383 

Our single molecule imaging-based approach to directly visualize the recruitment of NHEJ 384 

factors to DNA breaks allowed enumeration of the chromatin bound DNA repair factors 385 

providing an estimate of the overall rate of DSB repair by the NHEJ pathway. A key assumption 386 

is that almost all breaks are rapidly bound by Ku70/80. Given the high abundance of Ku70 (> 387 
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106 molecules per cell) relative to the estimated number of breaks induced in the experiment (< 388 

105 breaks per cell), this appears to be a reasonable assumption. Using Ku70 binding to DSBs 389 

as a read out of the total breaks initially present in cells and the dissociation of the XRCC4-390 

Ligase 4 complex as the time point at which all breaks have been repaired, our experiments 391 

indicate that the NHEJ pathway can repair up to 1100 DNA breaks per minute in U2OS cells. 392 

Importantly, the repair rate measured after DSB induction with 20 nM and 40 nM of 393 

Calicheamicin was identical, with both the break number and repair time doubling. Although the 394 

individual measurements in these experiments exhibit variability, the notable concurrence in 395 

repair rates across diverse experimental conditions augments our confidence in both the 396 

efficacy of our approach and the validity of our interpretation. After damage induction with 80 nM 397 

Calicheamicin, a slight reduction in the repair rate to ~750 breaks per minute was observed. 398 

While this reduction could simply be a consequence of the large experimental error of this data 399 

point it is tempting to speculate that the overall NHEJ repair rate slows down as the number of 400 

breaks induced approaches the number of DNA-PKcs molecules present in the cell. Break 401 

tethering and long-range synaptic complex formation requires a DNA-PKcs molecule to be 402 

bound to each DNA end of a DSB. When cells were exposed to 80 nM Calicheamicin the 403 

number of DSBs exceeds 50,000 per cell, which would require 100,000 DNA-PKcs molecules; a 404 

number comparable to the abundance of DNA-PKcs determined in this work. Under these 405 

conditions it would be possible that repair is delayed because simultaneous binding of DNA-406 

PKcs to both DNA ends is less likely.  407 

While Ku70/80 likely rapidly associates with the vast majority of DNA breaks induced, our 408 

results demonstrate that DNA-PKcs only binds to approximately 10000 DSBs, regardless of the 409 

number of DNA breaks present. This suggests that a large number of breaks in our experiments 410 

are only bound by Ku70/80 or Ku70/80 and DNA-PKcs. In addition, we observed a reduction in 411 

the mobility of freely moving DNA-PKcs molecules in the nucleus (DFree). This indicates that the 412 

properties of DNA-PKcs are changed cell wide, once a substantial number of DNA breaks are 413 

present in cells. A key unaddressed question is why DNA-PKcs does not appear to associate 414 

with a large fraction of Ku70/80 bound DNA ends. One possibility is that many Ku70/80 bound 415 

ends are not ideal substrates for DNA-PKcs because the DNA end is not sufficiently exposed for 416 

DNA-PKcs to engage. For instance, if Ku70/80 associates with a DNA end in close proximity to 417 

a nucleosome, which might require chromatin remodeling prior to DNA-PKcs binding. However, 418 

we currently do not have evidence for this model and future studies are necessary to decipher 419 

to mechanism by which DNA-Pkcs is recruited to Ku70/80 bound DNA ends. 420 
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In contrast to Ku70 and DNA-PKcs, XRCC4 and XLF were only associated with 1000 and 421 

600 DNA breaks under our experimental conditions, respectively. In combination with the 422 

observed repair rate of approximately 1000 breaks per minute per cell, this suggests that the 423 

XRCC4-Ligase 4 complex and XLF complete their repair function in 30-60 seconds before 424 

moving to the next DNA break. Our results are consistent with the hierarchy of NHEJ factor 425 

recruitment to DNA breaks and indicate that the XRCC4-Ligase 4 complex and XLF are the rate 426 

limiting factors that control the repair capacity of the NHEJ pathway in human cells. 427 

Interestingly, we observed that the majority of Halo-XLF localized to the cytoplasm, rather than 428 

the nucleus. In addition, work by others has demonstrated that phosphorylation of XLF by Akt 429 

kinase promotes its export to the cytoplasm 27. Together, these observations suggest that the 430 

regulation of the subcellular localization of XLF could regulate the repair capacity of the NHEJ 431 

pathway in human cells. 432 

In total, we conclude that NHEJ has the maximal cellular capacity to repair approximately 433 

1100 DSBs per minute. This rate is controlled by the availability of the XRCC4-Ligase 4 434 

complex and XLF and end repair takes 30-60 seconds once the ligation machinery associates 435 

with the DNA break. 436 

 437 

Stepwise maturation of the NHEJ complex in living cells 438 

Our observations demonstrate that Ku70 and DNA-PKcs are recruited to DSBs immediately 439 

after their formation. In contrast the recruitment XRCC4 and its constitutive binding partner 440 

Ligase 4, along with XLF, is only detectable approximately 6 minutes after the association Ku70 441 

and DNA-PKcs. The observation that Ku70 and DNA-PKcs are targeted before XRCC4 and XLF 442 

is consistent with an initial DNA end synapsis by the domain-swap Ku70/80-DNA-PKcs dimer. 443 

This dimer can also exist bound to XRCC4, Ligase 4, and XLF, and transitions into the XLF-444 

dependent long-range complex by an unknown mechanism (Fig. 7) 12-14. Mutational experiments 445 

suggest that short-range complex formation requires prior formation of the XLF-dependent long-446 

range synaptic complex (Fig. 7) 19.  The four core NHEJ factors remain associated with DSBs for 447 

~15 minutes at which point DNA-PKcs dissociates. We believe that during the 15-minute 448 

window in which all NHEJ factors analyzed are observed to be bound to DNA breaks the bulk of 449 

end-joining occurs. DNA-PKcs, XRCC4, and XLF transition from one break to the next, 450 

explaining why their fraction bound remains constant during this time interval, while the fraction 451 

bound of Ku70 gradually decreases as breaks are repaired (Fig. S4D). Once DNA-PKcs 452 

dissociates from DNA breaks, Ku70, XRCC4, and XLF remained bound to chromatin for an 453 

additional 10 minutes. This suggests that a number of DNA breaks remain in a short-range 454 
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synaptic complex for an extended period of time, rather than being repaired in 30-60 seconds 455 

after XRCC4-Ligase 4 association as outlined above. Since DNA-PKcs binding is no longer 456 

observed, it is unlikely that these breaks transition back into a long-range synaptic complex (Fig. 457 

7). We believe these breaks likely require extensive end processing or represent DNA lesions 458 

that are incompatible with repair by NHEJ. Once these breaks are repaired or committed to an 459 

alternative repair pathway all NHEJ factors dissociate from chromatin. Importantly, the 460 

dissociation of DNA-PKcs requires the kinase activity of DNA-PK, specifically DNA-PKcs 461 

autophosphorylation at the ABCDE sites, as previously suggested 41-43. Moreover, upon 462 

inhibition of DNA-PK catalytic activity all core NHEJ factors remain associated with DSBs, 463 

demonstrating that short-range synaptic complex formation requires phosphorylation of 464 

functionally relevant DNA-PK targets including the ABCDE sites, consistent with the FRET 465 

studies 17.  466 

An important limitation of our work is that we cannot determine the time point of long-range 467 

complex formation. Graham et al. reported that NHEJ long-range complexes are short-lived 468 

(only a few seconds) whereas short-range NHEJ complexes are considerably more stable 17. 469 

We suggest that while DNA-PKcs is associated with DNA ends, numerous long-range 470 

complexes form at a single DSB in an iterative fashion to facilitate different aspects of end-471 

processing. Although how each DSB is shuttled between different complexes has not been 472 

determined. Emerging data suggest that DNA-PKcs’s unique DNA End Blocking helix, which 473 

appears to melt the DNA termini within the DNA-binding cradle, may provide a mechanism for 474 

DNA-PK to sample DNA ends so that appropriate NHEJ complexes are formed depending on 475 

the end chemistry of the DNA end bound 19. Once ligatable, ends are paired within an XLF-476 

mediated dimer, DNA-PKcs autophosphorylates ABCDE sites in trans, resulting in dissociation 477 

of DNA-PKcs and progression to the ligation competent short-range complex. Our observations 478 

suggest that the transition into this short-range complex that lacks DNA-PKcs does not require 479 

the catalytic activity of Ligase 4, consistent with single-molecule FRET studies 17. However, 480 

DNA-PKcs dissociation is substantially delayed in cells expressing catalytically inactive ligase 4, 481 

which suggests that Ligase 4 and potentially its DNA binding activity contributes to the 482 

conformational changes required for short-range complex formation, consistent with recent work 483 

from Stinson et al 16. 484 

 485 

In total, this study establishes a new methodology to analyze NHEJ factor association with 486 

chemically well-defined DNA breaks at the single-molecule level. This approach allowed us to 487 

define the overall repair capacity of the NHEJ pathway in human cancer cells and directly 488 
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visualized the compositional changes in the NHEJ complex during double-strand break repair in 489 

living cells. 490 
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Materials and Methods 505 

Cell Lines and Cell Culture 506 

U2OS cells were cultured in RPMI supplemented with 10% fetal bovine serum (FBS), 100 507 

units/mL penicillin, and 100 µg/ml streptomycin. CHO-V3 cells were grown in alpha-MEM 508 

containing 10% FBS, 2 mM L-glutamine, 0.1 mM non-essential amino acids, 1 mM sodium 509 

pyruvate, 100 U/ml penicillin, 100 µg/ml streptomycin, and 10 µg/ml ciprofloxacin. Stable 510 

transfectants of CHO-V3 cell were selected and maintained in complete medium containing 10 511 

µg/ml puromycin. All cells were grown at 37°C in a humidified atmosphere with 5% CO2.  512 

 513 

Molecular Cloning, Plasmids and Genome Editing 514 

Endogenous tagging of Ku70, XLF, and XRCC4 was performed with CRISPR/Cas9 mediated 515 

homology-directed repair (HDR) to precisely introduce HaloTag. To achieve this, sgRNAs were 516 

inserted into the BbsI site of the pX330 plasmid (pX330-U6-Chimeric_BB-CBh-hSpCas9 was a 517 

gift from Feng Zhang, Addgene plasmid # 42230) 49. Each HDR donor plasmid was was 518 

constructed from three DNA fragments by Gibson assembly: a left homology arm (449 bp), a 519 

right homology arm (449 bp), and an insertion in-between the homology arms including a 3x 520 

FLAG tag, an inverted SV40 promoter, a Puromycin resistance cassette (PuroR) flanked by 521 

LoxP sites (for further selection), the HaloTag, and a TEV protease cleavage site, followed by a 522 

short peptide linker sequence, as previously described 50, 51. Homology arms were ordered as 523 

G-blocks from IDT. U2OS cells were transfected with 1 μg of pX330 plasmid and 1 μg of the 524 

HDR donor plasmid using 1 ug FuGene 6 (Promega). Approximately 2-3 days post-transfection, 525 

edited cells were selected with 1 ug/mL puromycin. These cells were then transfected with 2 μg 526 

of plasmid encoding eGFP-Cre recombinase (CAG-GFP-IRES-CRE was a gift from Fred Gage, 527 

Addgene plasmid # 48201) 52. To obtain individual clones cells were labeled with JFX650, and 528 

single cells that were eGFP and JFX650 positive were sorted into 96-well cell culture plates 529 

containing 50% conditioned media (media supernatant from previous cultures of U2OS cells 530 

filtered through a 0.2 µm filter).  For knockout of DNA-PKcs, cells were transfected with two 531 

gRNA plasmids (TGCAACTTCACTAAGTCCA, GAAAAAGTACATTGAAATT). Knockout was 532 

confirmed by Western blot and Sanger sequencing. For transient transfection of wild type Halo- 533 

DNA-PKcs and Halo-ABCDE plasmids, 1ug of plasmid and FuGene 6 (Promega) were used. 534 

CHO-V3 transfectants expressing human DNA-PKcs were derived by stably transfecting cells 535 

with 10 ug expression plasmid and 1 ug pSuper-Puro with PEI. 48 hours after transfection, cells 536 

were plated at limiting dilution in media containing 5ug/ml puromycin. Isolated clones were 537 

screened for DNA-PKcs expression by immunoblotting. Ligase 4 KO cell lines were generated 538 
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using a gRNA and Cas9 nuclease targeting the coding region of Ligase 4. The gRNA 539 

(CATACGTTCACCATCTAGCT) was previously cloned into pCas2a-Puro. 500 ng of plasmid 540 

was transfected into 5*105 cells using a Neon nucleofector (ThermoFisher, 4x10 ms pulses at 541 

1230 V) and given 48 hours to recover. Clones were selected by plating limiting dilutions into 10 542 

cm dishes in complete media + 2 ug/mL puromycin for 48 hours. After colonies had grown to 543 

~50 cell size, individual clones were manually transferred to a 24-well plate and allowed to grow 544 

to confluency. Ligase 4 KO clones were analyzed by western blot probed with anti-Ligase 4 545 

(Abcam, 26039). Ligase 4 was transiently complemented into KO cell lines by transfecting 546 

500,000 cells with 100 ng of pmaxGFP (Lonza) and 500 ng of expression plasmid (empty 547 

vector, pcDNA3-Ligase 4 WT, or pcDNA3 catalytically inactive Ligase 4 described as 5xK-R in 548 

Goff et al. 2022) 44. Approximately 100,000 cells/well were plated into 24-well glass-bottom 549 

dishes (Cellvis, P24-1.5H-N) and allowed to recover for 48-72 hours before imaging. 550 

 551 

Antibodies and immunoblotting 552 

Cell extracts were prepared in 2x Laemmli buffer with  b-mercaptoethanol. Proteins were 553 

resolved by SDS–PAGE using Mini-PROTEAN TGX stain-free gels (BioRad), except for DNA-554 

PKcs for which homemade 6% polyacrylamide gels were used. Proteins were transferred to 555 

PVDF using either a Trans-Blot Turbo system (with Turbo transfer buffer) (BioRad) or by 556 

traditional wet tank transfer using CAPS Buffer with 10% Methanol (for DNA-PKcs). Antibodies 557 

used in this study were anti-DNA-PKcs (1:1000 dilution) 53, anti-XLF (Invitrogen PA596310, 558 

1:1000), anti-XRCC4 (Invitrogen, PA5-82264, 1:2000), anti-Ku70 (Invitrogen, MA5-12933, 559 

1:1000), anti-Lamin B1 (Proteintech, 12987-1-AP), and anti-Tubulin (Proteintech, 66031-1-Ig). 560 

HRP-conjugated secondary antibodies were used at 1:5000 dilutions and chemiluminescence 561 

signal was produced using the Clarity western ECL substrate (BioRad) and detected using a 562 

ChemiDoc imaging system (BioRad). All western blots were carried out in at least 3 technical 563 

replicates and were analyzed using ImageQuant TL 8.2. 564 

 565 

Measurement and quantification of in-gel fluorescence and protein abundance 566 

To measure total protein abundance by in-gel fluorescence, cells were labeled for 30 minutes 567 

with 500 nM JF646, JFX650, or JF657 HaloTag ligand. For the analysis the labeling efficiency 568 

during single-molecule imaging experiments cells were either labeled for 30 minutes with 500 569 

nM JFX650 to determine the total number of HaloTagged NHEJ factors present or using single-570 

molecule imaging labeling conditions (Halo-Ku70 100 pM for 30 seconds, Halo-DNA-PKcs 1 nM 571 

for 1 minute, Halo-XRCC4 50 nM for 1 minute, Halo-XLF 10 nM for 1 min).  Samples were 572 
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loaded and separated on Mini-PROTEAN TGX stain-free gels (BioRad) and fluorescence and 573 

then total protein were detected using a BioRad Chemidoc, using the Cy5.5 filter and stain-free 574 

gel detection after 45 seconds of UV activation, respectivly. For in-gel fluorescence 575 

quantification of the HaloTagged proteins, we used a previously described method 26,54. Briefly, 576 

we created a standard curve using known amounts of recombinant 3X FLAG-HaloTag labeled 577 

with JF646, or JF657 and cell lysates from a known number of U2OS cells to evaluate protein 578 

abundance in two clones for each cell line. To account for the possibility of different expression 579 

of HaloTagged proteins relative to untagged proteins, we determined the ratio of HaloTagged 580 

relative to endogenous protein expression using western blot. All in-gel fluorescent SDS-page 581 

gels were carried out in at least 3 technical and 3 biological replicates. All gels were analyzed 582 

using ImageQuant TL 8.2. For quantification of the labeling efficiency in single-molecule imaging 583 

experiments, the fluorescence signal was normalized to the total protein signal to normalize for 584 

differences in loading and cell number. 585 

 586 

Clonogenic Survival Assays 587 

The day before zeocin treatment, 500 cells were seeded in six-well plates in triplicate. The next 588 

day, cells were treated using a range zeocin (Gibco) concentrations for four hours, and then 589 

media with zeoncin was replaced with fresh complete media without drug. Approximately 7–10 590 

days after exposure to zeocin, 6-well plates were rinsed with PBS, and cells were fixed and 591 

stained in crystal violet solution (20% ethanol and 1% w/v crystal violet). The crystal violet 592 

solution was removed by carefully careful washing with water. Dry plates were imaged using the 593 

Coomassie Blue filter set on a BioRad Chemidoc. Colony counts were determined using 594 

ImageQuant TL 8.2. All colony survival assays were performed with 4 biological replicates. 595 

 596 

Live cell imaging  597 

Live cell imaging was carried out on a Olympus IX83 inverted microscope equipped with a 4-line 598 

cellTIRF illuminator (405 nm, 488 nm, 561 nm, 640 nm lasers), an Excelitas X-Cite TURBO LED 599 

light source, an Olympus UAPO 100x TIRF objective (1.49 NA), an Olympus UPlanApo 60x 600 

TIRF oil-immersion objective (1.50 NA), a CAIRN TwinCam beamsplitter, two Andor iXon Ultra 601 

EMCCD cameras or two Hamamatsu Orca BT Fusion cameras, a cellFRAP with a 100 mW 405 602 

nm laser, an environmental control enclosure for temperature, CO2, and humidity control. The 603 

microscope was operated using the Olympus cellSense software. 604 

 605 

Laser Micro-irradiation 606 
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Cells were labeled with the Halo-tag ligand JFX650 (a kind gift from the Lavis lab, Janelia 607 

Farms, Ashburn, VA) at a concentration of 500 nM in complete media for 30 min at 37°C, 608 

washed three times, and pre-sensitized with Hoechst (1 µg/ml) for ten minutes. The 405-nm 609 

laser was directly coupled to the epifluorescence optical path of the microscope with 100x or 610 

60x objective and images were acquired every second using the 630 nm LED light source. DNA 611 

lesions were generated in a straight line across the nucleus by micro-irradiation with the 405-nm 612 

laser at 25% laser power using 20 ms pulse. For quantitative analyses, we first cropped cells 613 

and drift corrected using NanoJ in Fiji 55. Intensity profiles of the laser micro-irradiated stripe 614 

were generated using ImageJ and data was analyzed using GraphPad Prism by fitting an 615 

exponential one-phase association model and one-phase decay model. For association phase 616 

we fit the data points from damage induction until maximal binding was observed. For 617 

dissociation we only considered data from the time point of maximal binding until the end of the 618 

experiment. 619 

 620 

Single-molecule imaging 621 

Cells were grown on 24-well glass bottom dishes (Cellvis, P24-1.5H-N) for 24 hours prior to 622 

imaging. Cells were sparsely labeled with JFX650 or JF646 dye 56,57 in complete media (Halo-623 

Ku70 100 pM for 30 seconds, Halo-DNA-PKcs 1 nM for 1 minute, Halo-XRCC4 50 nM for 1 624 

minute, Halo-XLF 10 nM for 1 min) and were washed three times with fresh media and 625 

incubated for an additional 15 min at 37°C (5% CO2) to remove excess dye. Cells were treated 626 

with 100 ug/mL zeocin or DMSO for one hour prior to HaloTag labeling and imaged at 146 627 

frames per second for 3000 frames using the Andor 897 Ultra EM-CCD camera. For 628 

calicheamicin treatment, cells were labeled and imaged for 30 minutes prior to addition of 629 

calicheamicin for 3 minutes while in cellVivo chamber. Calcicheamicin was removed with at 630 

least 3 quick washes with complete media. To inhibit DNA-PK cells were treated with 100 nM 631 

Nu7441 for 2 hours prior to and during imaging. Cells for imaged at 179 frames per second for 632 

1500 frames using the Hamamatsu Orca Fusion BT sCMOS camera. All experiments were 633 

carried out in triplicate or more with at least 15 cells analyzed for each experiment. 634 

 635 

Analysis of Live-Cell Imaging 636 

To analyze the single-molecule particles TIFF files, we used the batch parallel-processing 637 

version of SLIMFAST in MatLab 2020b 32. For tracking, the following settings were used for all 638 

the proteins: Exposure Time = 5.6 or 6.8 ms, NA = 1.49 or 1.50, PixelSize = 0.16 or 0.1083 µm, 639 

Emission Wavelength = 664 nm, Dmax = 5 µm2 s-1, Number of gaps allowed = 2, Localization 640 
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Error = 10-5, Deflation loops = 0. We only analyzed particles located in nucleus using bright field 641 

images to make a mask of nucleus in ImageJ. Using tracked particles, we determined the 642 

diffusion coefficients and the bound fractions using the MATLAB version of SpotOn 32. The 643 

following settings were used: TimeGap = 5.6 or 6.8 ms, dZ = 0.700 µm, GapsAllowed = 2, 644 

TimePoints = 8, JumpsToConsider = 4, BinWidth = 0.01 µm, PDF fitting. We applied a 2-state 645 

model with the following settings: D_Free2_1State = [0.5 5], D_Bound2_State = [0.0001 0.5] 646 

with an assumption that NHEJ factors are or chromatin bound or are freely diffusing. To 647 

compare diffusion coefficients and bound fractions, we performed by two-way ANOVA analysis 648 

with Tukey’s posthoc test in GraphPad Prism. We analyzed either trajectories from individual 649 

cells or pooled sets of cells as indicated in the text. 650 

 651 

Quantification of DNA break number and NHEJ rate 652 

The number of DNA breaks bound be each DNA repair factor analyzed by single-molecule 653 

imaging was calculated by determining the increase in the fraction bound after DNA damage 654 

induction (Fbound pre damage – Fbound post damage). The Fbound pre damage was determined by pooled SpotOn 655 

analysis of all cells imaged prior to damage. The Fbound post damage was determined by pooled 656 

SpotOn analysis of the first 5 cells post damage for Halo-Ku70, or the first 10 cells after 657 

chromatin recruitment was observed for Halo-DNA-PKcs, Halo-XRCC4, and Halo-XLF. We only 658 

used 5 cells for Halo-Ku70 because the Fbound for Halo-Ku70 rapidly decreased after initial 659 

recruitment, while it remained constant for extended periods of time for the other factors 660 

analyzed. The fraction bound was then multiplied by the average number of single molecule 661 

localizations per imaging frame to determine the number of bound molecules observed, which 662 

was also provided by the pooled SpotOn analysis. The number of bound molecules was then 663 

divided by the labeling efficiency for each protein (Fig. S3B). Because the majority of the 664 

nucleus is outside of the focal plane of the objective used in this experiment, we further adjusted 665 

our number to account for the subsection of the nucleus images. The central 1 µm thick slice of 666 

a sphere with a 4 µm diameter is 1/2.7 of the total volume of the sphere. Since we cannot be 667 

certain that we always imaged the center of the nuclear volume we divided by 1/3 rather than 668 

1/2.7 to account for the reduction in the fraction of the nucleus imaged when not imaging the 669 

exact center of the nucleus. Finally, the number was divided by the number of repair factors 670 

bound to each DNA break. 671 

 672 

Quantification of the timing of NHEJ factor recruitment to DNA breaks 673 
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Bound fractions from single-molecule analysis were analyzed using custom MATLAB script. The 674 

algorithm preprocessed the fraction bound values using moving average filter. Next, the 675 

threshold was determined as a mean plus standard deviation of fraction bound values from all 676 

replicas before the drug treatment. Finally, the start and end point of DNA repair state were 677 

detected using sliding window with a length of 3 if the median of values within the window was 678 

above or below the threshold, respectively. 679 

 680 

Cellular fractionation  681 

Cellular fractionation was performed as previously described 58. Briefly, 20 million cells were 682 

trypsinized, collected, and washed in ice-cold PBS before swelling in a hypotonic buffer (10 mM 683 

HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl2, and 0.5 mM DTT). Then, using a pre-cooled dounce 684 

homogenizer and the tight pestle, swollen cells were ruptured with 13 strokes (VWR Cat. 62400-685 

595). The purify the nuclei, burst cells were centrifuged at 218xg for 5 min. To further improve 686 

the quality of purified nuclei, the nuclear pellet was resuspended in buffer S1 (0.25 M sucrose, 687 

10 mM MgCl2), layered on top of buffer S2 (0.35 M sucrose, 0.5 mM MgCl2) in a 15 ml falcon 688 

tube, and centrifuged at 1430xg in a swinging bucket rotor for 5 min. Nuclei then were 689 

resuspended in buffer S2. Samples of each fraction were analyzed by western blot. 690 

 691 

 692 
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SUPPLEMENTAL MATERIAL 871 

 872 

 873 
Supplemental Figure 1. Analysis of sub-cellular localization, functionality, and total abundance of 874 
HaloTagged DNA repair factors. (A) Western blot analysis of cytoplasmic (Cyt.) and nuclear (Nuc.) fractions from 875 
parental U20S and Halo-XLF cells probed with antibodies against XLF, Lamin (nuclear marker), and Tubulin 876 
(cytoplasmic marker). (B) Clonogenic survival assay of of a second independent clone of for all U2OS cells 877 
expressing HaloTagged NHEJ factors, parental U2OS cells, and U2OS cells with DNA-PKcs knockout after challenge 878 
with zeocin (N = 4, 3 technical replicates per biological replicate, Mean ± S.D.). (C-D) Fluorescence imaging (JF646) 879 
and total protein staining for two clones of (C) Halo-Ku70 and (D) Halo-XRCC4 expressing cells, alongside a protein 880 
standard containing a known amount of recombinant 3xFLAG-HaloTag protein labeled with JF646 and whole cell 881 
lysate of a known number of cells. 882 
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 883 
Supplemental Figure 2. Analysis of HaloTagged NHEJ factor recruitment to LMI induced DNA lesions. (A-D) 884 
Plots showing normalized fluorescence intensity and recruitment of (A) Halo-Ku70, (B) Halo-DNA-PKcs, (C) Halo-XLF, 885 
and (D) Halo-XRCC4 to laser-induced DNA lesions. Each shade represents data from an individual cell that was 886 
analyzed, and the fluorescence intensity was normalized to the brightest frame of each accumulation curve.  887 
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 888 
Supplemental Figure 3. Labeling analysis and single-particle tracking of HaloTagged NHEJ factors. (A) 889 
Fluorescence imaging and total protein staining of an SDS-PAGE gel with a standard of each HaloTagged NHEJ factor 890 
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after labeling under saturation conditions (30 minutes, 100 nM HaloTag ligand) or partial labeling for single-molecule 891 
imaging (30 seconds for Halo-Ku70, 1 minute for Halo-DNA-PKcs, Halo-XRCC4, and Halo-XLF, 10 nM HaloTag ligand) 892 
with JFX650 HaloTag ligand. (B)  Quantification of the fluorescence intensity normalized to total protein loading for the 893 
gels shown in (A) (Mean ± S.D.). (C) Fraction bound of Halo-DNA-PKcs in the presence of increasing amounts of 894 
Zeocin. Each data point represents the Spot-On fit of the pooled data from all cells in a biological replicate (N = 3, n ≥ 895 
20 cells for each protein per replicate and condition, Black bar = median). Data were analyzed by two-way ANOVA with 896 
Tukey’s posthoc test (** = p < 0.01, **** = p < 0.0001). (D) Plot of the Fraction Bound for each HaloTag NHEJ protein 897 
under untreated conditions and post-Zeocin exposure that were analyzed using a two-state model of diffusion. Each 898 
data point represents pooled data from all cells in a biological replicate. (N = 3, n ≥ 20 cells for each protein per replicate 899 
and condition, Black bar = median). Data were analyzed by two-way ANOVA with Tukey’s posthoc test (**** = p < 900 
0.0001). Same data presented in Figure 3B but analyzed by Spot-On using the pooled step size distribution from all 901 
cells for each biological replicate. (E) Plot of the Fraction Bound for Halo-DNA-PKcs wild type and Halo-DNA-PKcs 902 
ABCDE mutant transiently expressed in CHO-V3 cells under untreated conditions and post-Zeocin exposure that were 903 
analyzed using a two-state model of diffusion. Each dot represents the fraction bound of each protein in an individual 904 
cell (N = 3, n ≥ 20 cells for each protein per replicate and condition, Black bar = median). Data were analyzed by two-905 
way ANOVA with Tukey’s posthoc test (**** = p < 0.0001).  (F) Diffusion coefficients of static molecules of HaloTag 906 
DDR proteins. Each data point represents the DBound calculated from the tracks in an individual cell (N = 3, n ≥ 20 cells 907 
for each protein per replicate and condition, Black bar = median). (G) Graphical rational for the calculation of the total 908 
number of breaks bound by the DNA repair factors in the single-molecule imaging experiments. 909 
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 910 
Supplemental Figure 4. Labeling analysis and single-particle tracking of HaloTagged NHEJ factors. (A) Plot of 911 
the static fraction of Halo-Ku70, Halo-DNA-PKcs, and Halo-XRCC4 before and after DNA damage induction (shaded 912 
area) with various concentrations of Calicheamicin for 3 minutes (N = 3, Mean ± S.D). Lines represent the rolling 913 
average over three consecutive timepoints. (B) Plot of the static fraction of Halo-DNA-PKcs after treatment with DMSO 914 
for 3 minutes (shaded area, N = 3, Mean ± S.D). (C) Quantification of the time window of chromatin association for 915 
Halo-Ku70, Halo-DNA-PKcs, and Halo-XRCC4. The time between the vertical bars is considered the binding time, the 916 
horizontal dashed bar indicates the binding threshold. (D) Model for the consecutive repair of DNA breaks in our time 917 
course experiments. Because Ku70 is present in large excess relative to DNA-PKcs and XRCC4 its binding is expected 918 
to be reduced when breaks are repaired, while the static fraction of DNA-PKcs and XRCC4 remains constant, when 919 
the number of breaks present exceed the number of DNA-PKcs and XRCC4 molecules present in the cell. 920 
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 921 
Supplemental Figure 5. Kinetics of chromatin recruitment of Halo-DNA-PKcs under control conditions. (A) 922 
Quantification of the number of break bound Halo-XLF (pooled data for 10 time points after chromatin recruitment) 923 
molecules after DNA damage induction with 40 nM calicheamicin (N = 3, Mean ± S.D.).  (B) Plot of the static fraction 924 
of Halo-DNA-PKcs in U2OS cells with endogenous DNA-PKcs knocked out and Halo-DNA-PKcs expressed by stable 925 
transfection after treatment with DMSO (shaded area, N = 3, Mean ± S.D.). (C-E) Fluorescence gels (top), western 926 
blots (middle), and total protein stain of cell lysates generated from parental U2OS cells, and U2OS cells expressing 927 
(C) Halo-Ku70, (D) Halo-DNA-PKcs, or (E) Halo-XRCC4 labeled with JF657 Halo-ligand in which endogenous ligase 928 
4 was knocked out, transiently transfected with a control vector (Ctrl.) of expression vectors for wildtype ligase 4 (WT) 929 
or catalytically inactive ligase 4 (KD). (F-G) Half-maximal association (F) and dissociation times (G) for laser micro 930 
irradiation experiments of U2OS cells with ligase 4 knockout, expressing Halo-Ku70 (left), Halo-DNA-PKcs (middle), 931 
or Halo-XRCC4 (right), transiently expressing wildtype ligase 4, a vector control, or ligase dead ligase 4 (N = 30-45 932 
cells per condition, Mean). Each data point represents the fit of the data derived from an individual cell. Half-maximal 933 
association and dissociation times were fit by using only the data prior or after maximal fluorescence accumulation for 934 
each cell, respectively. 935 

  936 
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SUPPLEMENTAL MOVIE LEGENDS 937 

Movie S1. Representative movie demonstrating recruitment of JFX650-labeled 3xFLAG-938 

HaloTagged Ku70 to DNA DSBs after laser microirradiation. Images were acquired at one frame 939 

per second.  940 

 941 

Movie S2. Representative movie demonstrating recruitment of JFX650-labeled 3xFLAG-942 

HaloTagged-DNA-PKcs to DNA DSBs after laser microirradiation. Images were acquired at one 943 

frame per second.  944 

   945 

Movie S3. Representative movie demonstrating recruitment of JFX650-labeled 3xFLAG-946 

HaloTagged XRCC4 to DNA DSBs after laser microirradiation. Images were acquired at one 947 

frame per second.  948 

   949 

Movie S4. Representative movie demonstrating recruitment of JFX650-labeled 3xFLAG-950 

HaloTagged XLF to DNA DSBs after laser microirradiation. Images were acquired at one frame 951 

per second.  952 

 953 

Movie S5. Representative live-cell single-molecule imaging movie of Halo-NLS transiently 954 

expressed in U2OS cells, labeled with JFX650, and acquired at 179 frames per second using 955 

the Hamamatsu ORCA BT Fusion camera. 956 

  957 

Movie S6. Representative live-cell single-molecule imaging movie of Halo-H2B transiently 958 

expressed in U2OS cells, labeled with JFX650, and acquired at 179 frames per second using 959 

the Hamamatsu ORCA BT Fusion camera. 960 

 961 

Movie S7. Representative live-cell single-molecule imaging movie of 3xFLAG-HaloTagged 962 

Ku70 in a control cell (left) and a cell treated with zeocin (right), labeled with JFX650, and 963 

acquired at 146 frames per second using the Andor 897 Ultra camera. 964 

 965 

Movie S8. Representative live-cell single-molecule imaging movie of 3xFLAG-HaloTagged XLF 966 

in a control cell (left) and a cell treated with zeocin (right), labeled with JFX650, and acquired at 967 

146 frames per second using the Andor 897 Ultra camera. 968 

 969 
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Movie S9. Representative live-cell single-molecule imaging movie of 3xFLAG-HaloTagged 970 

XRCC4 in a control cell (left) and a cell treated with zeocin (right), labeled with JFX650, and 971 

acquired at 146 frames per second using the Andor 897 Ultra camera.  972 

 973 

Movie S10. Representative live-cell single-molecule imaging movies of 3xFLAG-HaloTagged 974 

DNA-PKcs labeled with JFX650 before and after treatment with calicheamicin, acquired at 179 975 

frames per second using the Hamamatsu ORCA Fusion BT camera. 976 

 977 

Movie S11. Representative single-molecule imaging movie of Halo-Ku70 in Ligase 4 knockout 978 

out cells expressing wild-type Ligase 4 (top row), a vector control (middle row), or catalytically 979 

inactive Ligase 4 (bottom row) before DNA damage induction with calicheamicin (left column), 980 

immediately after DNA damage induction (middle column), and 35 minutes after DNA damage 981 

induction (right column)  imaged at 171 frames per second using the Hamamatsu ORCA Fusion 982 

BT camera. 983 

 984 

Movie S12. Representative single-molecule imaging movie of Halo-DNA-PKcs in Ligase 4 985 

knockout out cells expressing wild-type Ligase 4 (top row), a vector control (middle row), or 986 

catalytically inactive Ligase 4 (bottom row) before DNA damage induction with calicheamicin 987 

(left column), immediately after DNA damage induction (middle column), and 35 minutes after 988 

DNA damage induction (right column)  imaged at 171 frames per second using the Hamamatsu 989 

ORCA Fusion BT camera. 990 

 991 

Movie S13. Representative single-molecule imaging movie of Halo-XRCC4 in Ligase 4 992 

knockout out cells expressing wild-type Ligase 4 (top row), a vector control (middle row), or 993 

catalytically inactive Ligase 4 (bottom row) before DNA damage induction with calicheamicin 994 

(left column), immediately after DNA damage induction (middle column), and 35 minutes after 995 

DNA damage induction (right column)  imaged at 171 frames per second using the Hamamatsu 996 

ORCA Fusion BT camera. 997 

 998 

Movie S14. Representative laser micro-irradiation movie of Halo-Ku70 in Ligase 4 knockout out 999 

cells expressing wild-type Ligase 4 (left panel), a vector control (middle panel), or catalytically 1000 

inactive Ligase 4 (right panel) imaged at 1 frame per second using the Hamamatsu ORCA 1001 

Fusion BT camera. 1002 

 1003 
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Movie S15. Representative laser micro-irradiation movie of Halo-DNA-PKcs in Ligase 4 1004 

knockout out cells expressing wild-type Ligase 4 (left panel), a vector control (middle panel), or 1005 

catalytically inactive Ligase 4 (right panel) imaged at 1 frame per second using the Hamamatsu 1006 

ORCA Fusion BT camera. 1007 

 1008 

Movie S16. Representative laser micro-irradiation movie of Halo-XRCC4 in Ligase 4 knockout 1009 

out cells expressing wild-type Ligase 4 (left panel), a vector control (middle panel), or 1010 

catalytically inactive Ligase 4 (right panel) imaged at 1 frame per second using the Hamamatsu 1011 

ORCA Fusion BT camera.5 1012 

 1013 
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