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Abstract

The repair of DNA double-strand breaks (DSB) is central to the maintenance of genomic integrity. 

In tumor cells, the ability to repair DSBs predicts response to radiation and many cytotoxic anti-

cancer drugs. DSB repair pathways include homologous recombination and non-homologous end 

joining (NHEJ). NHEJ is a template-independent mechanism, yet many NHEJ repair products 

carry limited genetic changes, which suggests that NHEJ includes mechanisms to minimize error. 

Proteins required for mammalian NHEJ include Ku70/80, the DNA-dependent protein kinase 

(DNA-PKcs), XLF/Cernunnos and the XRCC4:DNA ligase IV complex. NHEJ also utilizes 

accessory proteins that include DNA polymerases, nucleases, and other end-processing factors. In 

yeast, mutations of tyrosyl-DNA phosphodiesterase (TDP1) reduced NHEJ fidelity. TDP1 plays 

an important role in repair of topoisomerase-mediated DNA damage and 3′-blocking DNA 

lesions, and mutation of the human TDP1 gene results in an inherited human neuropathy termed 

SCAN1. We found that human TDP1 stimulated DNA binding by XLF and physically interacted 

with XLF to form TDP1:XLF:DNA complexes. TDP1:XLF interactions preferentially stimulated 

TDP1 activity on dsDNA as compared to ssDNA. TDP1 also promoted DNA binding by Ku70/80 

and stimulated DNA-PK activity. Because Ku70/80 and XLF are the first factors recruited to the 

DSB at the onset of NHEJ, our data suggest a role for TDP1 during the early stages of mammalian 

NHEJ.
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1. Introduction

DNA repair is critical for cell survival following exposure to a wide range of environmental 

agents, as well as for insuring the integrity of DNA during normal cell division. DNA repair 

competence is a critical determinant for maintaining genome stability, and failure to perform 

accurate repair can cause genome alterations that lead to carcinogenesis (1). One of the most 

cytotoxic forms of DNA damage is the DNA double-strand break (DSB), as unrepaired 

DSBs can lead to cell death or senescence.

The two mechanisms for repairing DSBs are homologous recombination and non-

homologous end joining (NHEJ). Homologous recombination uses a template from an intact 

chromosome for error-free DSB repair. In contrast, NHEJ does not depend on a template for 

repair and has the potential to generate mutations. It is now clear that cells have multiple 

non-homologous repair pathways that have differing likelihoods of generating errors during 

the repair process (2, 3). Mammalian cells mainly rely on NHEJ for repairing DSBs, 

especially at points in the cell cycle when a sister chromatid is unavailable as a template for 

repair (2, 3).

Factors required for classical mammalian NHEJ include the Ku70/80 heterodimer, DNA 

ligase IV, and proteins that interact with these essential NHEJ factors (2, 3). Binding of 

Ku70/80 to exposed DNA ends is thought to initiate NHEJ. This is followed by Ku70/80-

dependent recruitment of the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), 

XLF and the XRCC4:ligase IV complex (4–9). Numerous interactions between Ku70/80, 

DNA-PKcs, XLF and the XRCC4:ligase IV complex retain these so-called “core” NHEJ 

factors at the DSB and stimulates DNA end joining (5–10).

In addition to the core factors that are required for all NHEJ events, DNA end-processing 

factors play an important role in NHEJ. If the DNA ends are incompatible or damaged, then 

processing steps to remove, repair or replace damaged or missing nucleotides may be 

required before ligation can take place. Additional factors implicated in the processing steps 

of NHEJ include the Artemis nuclease, the Pol X family DNA polymerases μ and λ, 

polynucleotide kinase/phosphatase (PNKP), aprataxin (APTX) and the APTX-PNKP like 

factor (APLF) (2, 3).

Tyrosyl-DNA phosphodiesterase (TDP1), a key factor in the repair of DNA damage from 

topoisomerase I, has the ability to remove covalently bound polypeptides and tyrosyl-

phosphates that arise when topoisomerases fail to ligate reaction intermediates (11–14). 

TDP1 is active on a wide variety of substrates and has been shown to remove 3′ 

phosphoglycolate, chain terminating nucleosides, alkylated and undamaged nucleosides to 

leave a 3′ phosphate (12, 15–20). TDP1-deficient cells are, therefore, sensitive to treatment 

with chain terminating nucleosides, alkylating agents, and calicheamicin, which produces 
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DSBs with 3′ phosphoglycolate (12, 15–20). The importance of TDP1 in DNA repair is 

highlighted by the observation that mutation of an active-site histidine in human TDP1 

(H493R) is associated with the human neurodegenerative disorder spinocerebellar ataxia 

with axonal neuropathy (SCAN1) (21).

The role of TDP1 in repair of topoisomerase-mediated DNA damage has been well 

established (14, 18, 22–25), yet a number of studies suggest a broader involvement of TDP1 

in DNA repair. In DT-40 cells, TDP1 deficiency resulted in sensitivity to both ionizing 

radiation and bleomycin (16). SCAN1 cells are reported to be sensitive to calicheamicin, and 

knockdown of TDP1 in HeLa cells resulted in reproducible, if modest, sensitivity to 

calicheamicin (18, 26, 27). In human cells, TDP1 is phosphorylated following exposure to 

ionizing radiation and phosphorylated TDP1 forms nuclear foci that co-localize with 

λH2AX foci, presumably at DSBs (28). The ability of TDP1 to remove adducts from DNA 

ends explains its role in NHEJ of damaged ends (14, 16–18, 25, 27), but does not explain 

why TDP1-deficient yeast exhibited reduced fidelity during NHEJ of ligatable, cohesive 

ends (29). This latter observation identified TDP1 as part of a mechanism that minimizes 

error during NHEJ, and possibly as a common participant in NHEJ. We hypothesize that 

TDP1 participates in NHEJ in mammalian cells. Here, we show that TDP1 interacts with the 

NHEJ core factors XLF and Ku70/80. TDP1 promoted DNA binding by XLF and Ku70/80, 

participated in multiprotein:DNA complexes with XLF and Ku70/80, and increased DNA-

PK activity. Additionally, XLF stimulated TDP1 enzymatic activity on dsDNA. Our data 

demonstrate that TDP1 functionally interacts with proteins that are recruited to the DSB 

during the initial stages of NHEJ and suggest that TDP1 plays a general role during this 

repair process.

2. Materials and methods

2.1 Plasmids, cloning and mutagenesis

Plasmids pET15b.FLAG.hTDP1, pET15b.hTDP1.H263A and pET15b.hTDP1.H493R were 

derived from pET15b.hTDP1 by site directed mutagenesis (Quickchange II, Stratagene) 

using oligonucleotides summarized in supplemental methods. Plasmids pET15b-XLF and 

pET15b.FLAG.XLF were cloned as follows: the full-length XLF cDNA from pGEX-XLF (a 

generous gift from Steve Jackson, University of Cambridge, Cambridge, UK) was amplified 

using 5′ primers Xho.Start.XLF or Xho.FLAG.XLF and 3′ primer XLF.stop.Bam. PCR 

products were digested with XhoI and BamHI and ligated into pET15b that had been 

digested with XhoI and BamHI. Plasmid pMAL-XLF was cloned as follows: pGEX-XLF 

was digested with BamHI and HindIII to release the XLF cDNA, which was gel purified and 

ligated into pMAL-c2 (NEB) that had been digested with BamHI and HindIII. Plasmid 

pMAL-XLF-1-224 was derived from pMAL-XLF by site directed mutagenesis 

(Quickchange II, Stratagene) using oligonucleotides summarized in supplemental methods. 

Plasmid pClPuroMyc-hTDP1 was a generous gift from Sherif El-Khamisy (University of 

Sussex, Brighton, UK). All cDNA sequences were confirmed by direct DNA sequence 

analysis.
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2.2 Protein expression and purification

All XLF and TDP1 proteins were expressed and purified using the following method: 

BL21(DE3)pLysS Rosetta2™ E. coli cells (EMD Biosciences) were transformed with the 

relevant plasmid, grown in Luria Broth (LB) at 37°C until the culture reached OD-600 1.0, 

at which point cells were chilled on ice to reduce culture temperature, transferred to an 18°C 

shaker incubator, induced with 1 mM IPTG and grown for 18 hours. Cells were harvested by 

centrifugation (5000xg, 15 min, 4°C) and cell pellets were stored at −80°C. Cells were 

resuspended in lysis buffer (20 mM Tris pH 7.9, 500 mM NaCl, 5 mM imidazole, 2 mM 

DTT and 1 mM PMSF) at 5% of original culture volume. Lysozyme was added to 2 mg/ml 

and cells were lysed (20 min, room temperature (RT)) with gentle mixing. Cell lysate was 

sonicated (Bransen Digital Sonifier 10%, 8x 20 sec burst), cellular debris was removed by 

centrifugation (14,000xg, 15 min, 4°C) and the resulting supernatant was bound in batch to 

1 ml of Ni-NTA (Qiagen) with gentle end-over-end mixing (1 hour, 4°C), washed in batch 

with wash buffer (20 mM Tris pH 7.9, 250 mM NaCl, 15 mM Imidazole and 0.5 mM DTT), 

packed onto a column, washed with 10 column volumes of wash buffer and eluted with 20 

mM Tris pH 7.9, 250 mM NaCl and 1 M imidazole. The eluate was diluted to 100 mM NaCl 

with 20 mM Tris pH 7.9, loaded onto a 1 ml hi-Trap Q column (GE) that had been 

equilibrated with Q buffer (50 mM Tris pH 7.9, 1 mM EDTA, 2 mM DTT, 5% glycerol) 

with 50 mM NaCl, washed with 5 ml Q-buffer with 50 mM NaCl and eluted with a 50 mM 

to 1 M NaCl linear gradient in Q buffer. Peak fractions were pooled and dialyzed (50 mM 

Tris pH 7.9, 50 mM NaCl, 1 mM EDTA, 2 mM DTT, and 10% glycerol) for 16 hours at 

4°C, snap-frozen and stored at −80°C. Protein concentrations were determined by Bradford 

assay.

2.3 Electrophoretic Mobility Shift Analysis (EMSA)

For examination of DNA binding by TDP1 and NHEJ factors, the 61-nt EMSA.top 

oligonucleotide was labeled with 32P and annealed to EMSA.bottom to produce a 61-bp 

duplex with protruding 3′ ends. Labeled DNA (15 fmol) and proteins were incubated for 30 

min at 25°C in 10 μl reaction in 50 mM Hepes pH 8.0, 50 mM NaCl, 0.5 mM EDTA pH 8.0, 

1 mM DTT and 10% glycerol. For super-shifts, labeled DNA and proteins were combined 

for 10 min at RT, anti-FLAG antibodies (SIGMA) were added and the reaction was 

incubated for an additional 20 min at RT. The reactions were resolved on 5% (29:1) 

acrylamide gels (15 cm gel, 160 V, 220 min or 7.5 cm gel, 100 V, 65 min), after which the 

gel was dried and 32P was detected by phosphorimager (BioRad PMI).

2.4 Affinity capture “Pull-down” assay

BL21(DE3)pLysS Rosetta2™ E. coli cells were transformed with the relevant plasmid, 

grown in LB at 37°C to OD-600 1.0, chilled on ice, transferred and 18°C shaker, induced 

with 1 mM IPTG and grown for 18 hours. Cells were harvested by centrifugation (8000xg, 

15 min, 4°C) and resuspended in JL buffer (20 mM Tris-HCl pH 7.4, 200 mM NaCl, 1 mM 

EDTA, 1 mM DTT) with 1mM PMSF and lysed by sonication as previously described. Cell 

debris was removed by centrifugation (14,000xg, 30 min, 4°C) and the resulting supernatant 

was collected as lysate. 100 μl amylose resin (50% slurry) was washed with 500 μl of JL 

buffer and maltose-binding protein (MBP) fusion proteins were bound to the amylose resin 
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by combining 250 μl cell lysate with the washed resin for 1 hour at 4°C with gentle end-

over-end mixing. Resin was collected by centrifugation (4300xg, 1 min, RT), and the 

supernatant was removed. Resin was washed twice with 1 ml JL buffer and once with 

binding buffer (50 mM tris-HCl pH 7.4, 100 mM KOAc, 1 mM EDTA, 5% glycerol, 2 mM 

DTT). 100 μg of his-tagged proteins was added to the resin in binding buffer in a final 

volume of 300 μl with 1 mg/ml BSA and subject to gentle end-over-end mixing for 1 hour at 

4°C. Resin and bound proteins were collected by centrifugation (4300xg, 1 min, RT). Resin 

pellets were washed three times with 1 ml binding buffer and eluted with 50 μl of elution 

buffer (column buffer with 10 mM maltose) by gentle agitation at 4°C for 10 min. Resin was 

collected by centrifugation (4300xg, 1 min, RT) and the supernatant was saved as the eluate. 

Protein samples were separated on SDS-PAGE, transferred to PVDF membrane (Immobilon 

P) and individual proteins were detected by Western blot analysis. Antibodies used: Anti-

MBP (NEB), 1:10,000. Anti-his6 (GE), 1:1000. Anti-XLF (30) 1:1000.

2.5 Co-immunoprecipitation

HCT 116 cells were transiently transfected with pClPuroMyc-hTDP1 using lipofectamine 

2000 (Invitrogen) according to manufacturer’s instructions and cells were harvested 24 

hours after transfection. Extracts were prepared and immunoprecipitations (IPs) were carried 

out previously described (31) (supplemental methods). For detection of proteins in IP, 

samples were heated to 100°C for 3 min, separated by SDS-PAGE (8%) and Western 

transferred. Antibodies used in Western blot analysis: Ku80, monoclonal antibody clone 111 

(NeoMarkers) 1 μg/ml. Myc-hTDP1, 9E10 myc hybridoma (32) supernatant (undiluted).

2.6 DNA-PK assay

The SignaTECT DNA-PK assay system (Promega) was used according to manufacturer’s 

instructions with the following modifications. Kinase reactions were conducted with 46 nM 

purified, recombinant Ku70/80, 230 nM TDP1 protein, 13 nM of purified DNA-PKcs, 1 

μg/μl BSA and 3 nM of PstI-linearized pBluescript DNA.

2.7 TDP1 activity assay with purified enzyme

TDP1 activity assays using a 3′ phosphotyrosine substrate were performed as previously 

described (19, 24, 29, 33, 34). TDP1 assays using 3′ biotin-adduct substrates were 

performed as follows: To create the single-stranded 3′ biotin-adduct substrate, TDP1 3′ 

biotinylated substrate top was 5′ end labeled with 32P. To create the double-stranded TDP1 

substrate, 32P-labeled TDP1 3′ ′ biotinylated substrate top was annealed with EMSA.bottom. 

Purified, recombinant his-tagged TDP1 was combined with 25 fmol of 32P labeled 3′ biotin-

adduct substrate in 10 μl of TDP1 reaction buffer (50 mM Tris-Cl, pH 8.5, 100 mM NaCl, 

25 μg/ml BSA, 0.5 mM EDTA) with 1% PVA, incubated at 37° C for 15 min and the 

reaction was stopped by addition of 10 μl of 2x TBE-Urea Sample Buffer (Invitrogen). 

Samples were boiled for 4 min, chilled on ice then resolved on a 7.5% urea-acrylamide gel 

at 1800 volt for 2.5 hours. Gel was then dried, exposed overnight and bands were detected 

using a BioRad Personal Molecular imager phosphorimager. Proteins used for Tdp1 activity 

assays are shown in Figure S2.
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3. Results

3.1 TDP1 and XLF interact to form a TDP1:XLF:DNA complex

Based on our results in yeast, which demonstrate that TDP1 can affect the efficiency and 

accuracy of NHEJ (29), we sought to determine whether human TDP1 interacts with 

components of the human NHEJ apparatus. In TDP1-deficient yeast, NHEJ junctions 

showed an increased frequency of aberrant gap filling by DNA polymerases (29). XLF-

deficient cells showed reduced gap filling by DNA polymerases at NHEJ junctions (35). 

Based on these findings we hypothesized that XLF and TDP1 might collaborate to regulate 

DNA polymerase action, or general access to DNA 3′ ends, during NHEJ. We looked for 

evidence of TDP1:XLF physical interactions by using purified maltose-binding protein 

(MBP)-tagged XLF (MPB-XLF) to pull-down purified his-tagged TDP1 (his6-TDP1) on 

amylose resin. As shown in Fig. 1A, retention of his6-TDP1 on amylose resin required XLF, 

which indicates a TDP1:XLF interaction. In similar experiments, we found that MBP-TDP1 

retained his6-XLF on amylose resin, and that glutathione-S-transferase-XLF (GST-XLF) 

was capable of retaining his6-TDP1 on glutathione sepharose, whereas GST alone was not 

(data not shown). To address the possibility that TDP1:XLF interactions are mediated by 

DNA we performed pull-down experiments in the presence of ethidium bromide (EtBr). 

EtBr can interfere with protein:DNA interactions and is frequently used to reduce false 

positive results mediated by contaminating DNA in protein-protein interaction assays (36–

38). Neither EtBr (Fig. 1A) nor DNase treatment (not shown) affected the ability of MBP-

XLF to affinity capture his6-TDP1, which indicates that TDP1 and XLF physically interact 

and that TDP1:XLF interactions are likely not mediated by DNA.

XLF and TDP1 have been described as exhibiting length-dependent DNA-binding and 

prefer longer DNAs to shorter substrates (23, 39–41). Physical interaction between XLF and 

TDP1 may influence the way these proteins bind DNA. To assess the effect of TDP1 on 

DNA binding by XLF we carried out electrophoretic mobility shift assays (EMSA) using a 

5′ 32P-labeled 61-bp duplex DNA probe, which would provide sufficient length for 

simultaneous binding of multiple proteins. To determine whether TDP1 stimulates DNA 

binding by XLF, we carried out EMSA using sub-optimal amounts of TDP1 and XLF such 

that neither protein alone bound DNA (Fig. S1A). When XLF and TDP1 were combined, a 

stable protein:DNA complex was observed as a distinct band (Fig. 1B). To determine 

whether this reaction specifically required XLF, we carried out EMSA reactions in which 

XLF was replaced with BSA. Reactions containing TDP1 and XLF produced a distinct 

band, while reactions combining TDP1 and BSA did not (Fig. 1B). Similar results were 

obtained when TDP1 was replaced with BSA (data not shown). These data show that, when 

combined, XLF and TDP1 form a stable protein:DNA complex.

To identify the protein constituents of the mobility shifted species, we used FLAG-tagged 

TDP1 in EMSA reactions that included XLF, DNA and anti-FLAG monoclonal antibodies 

(mAbs). This combination (Fig. 2A) produced a distinct band with lower mobility than the 

band observed with similar reactions lacking anti-FLAG mAbs. We interpret this “super 

shift” as a ternary complex of 32P-labeled DNA, FLAG-tagged TDP1, anti-FLAG mAbs, 

and possibly XLF. Control reactions containing untagged TDP1, XLF and DNA produced a 
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stable protein:DNA complex that was unaffected by treatment with anti-FLAG mAbs (Fig. 

2A), which demonstrate the specificity of the anti-FLAG mAbs. Additional controls show 

that DNA binding by FLAG-TDP1 and untagged TDP1 were stimulated by XLF equally 

well and that anti-FLAG mAbs harbored no DNA binding activity (Fig. 2A). In similar 

experiments we combined FLAG-XLF with untagged TDP1 and found that anti-FLAG 

mAbs super-shifted the protein:DNA complex assembled with FLAG-XLF, but had no 

affect on similar reactions that contained untagged XLF (Fig. 2B). In both experiments, 

treatment with anti-FLAG mAbs super-shifted the entire protein:DNA complex, indicating 

that all of the protein:DNA complexes were TDP1:XLF:DNA with no detectable 

TDP1:DNA or XLF:DNA sub-populations. We observed that complexes containing FLAG-

tagged XLF had modest, but consistent, higher mobility than complexes assembled with 

untagged XLF. We attribute this to the high negative charge of the FLAG tag (DYDDDDK) 

and to the fact that XLF is a homodimer that contributes two FLAG tags to each 

protein:DNA complex.

3.2 The C-terminal domain of XLF is required for interaction with TDP1

To identify the determinants of TDP1:XLF interactions we carried out mutational analysis 

of XLF and used our MBP pull-down assay to see how well XLF mutants interacted with 

wild-type TDP1. XLF is composed of an N-terminal globular head domain that mediates 

interactions with XRCC4 (residues 1–141), a coiled-coil domain that mediates 

homodimerization (residues 142–230) and a C-terminal DNA-binding domain (residues 

231–299) (42–46) (Fig. 3A). Removal of the C-terminal DNA-binding domain of XLF 

produced XLF 1–224, which was unable to bind DNA alone (43), or with TDP1 (Fig. 3B), 

and did not physically interact with TDP1 (Fig. 3C).

To examine the role of DNA binding by XLF in TDP1:XLF and TDP1:XLF:DNA 

interactions we used the single amino acid substitution mutant XLF-K293A, which is 

severely impaired for DNA binding (43). XLF-K293A was unable to bind DNA alone or in 

the presence of TDP1 (Fig. 3D). TDP1 binding by XLF-K293A was reduced relative to 

binding by wild type XLF (Fig. 3E). These observations show that DNA binding by XLF 

plays an important role in formation or stability of the TDP1:XLF:DNA complex and 

suggest that XLF directly contacts the DNA in this TDP1:XLF:DNA complex. These data 

also indicate that residues at the extreme C-terminus of XLF, which mediate XLF:Ku70/80 

interactions (7), contribute to TDP1:XLF interactions.

3.3 DNA binding by TDP1 is required for stable TDP1:XLF:DNA complexes

We next sought to determine the role of DNA binding by TDP1 in TDP1:XLF:DNA 

interactions. To do this, we needed TDP1 mutants with reduced DNA-binding activity. 

TDP1 is composed of a poorly conserved N-terminal domain (residues 1–148) and a well-

conserved catalytic domain (residues 149–609) (Fig. 4A) (12, 13, 47). Mutation of TDP1 

active site histidine (H) 263 to alanine (A) results in TDP1-H263A, which is catalytically 

inactive (Fig. S3D) (13). We found that TDP1-H263A has reduced affinity for double-

stranded DNA (Fig. S1B) and was unable to form TDP1:XLF:DNA complexes (Fig. 4B). 

TDP1-H263A retained the ability to physically interact with XLF (Fig. 4C). TDP1 mutation 

H493R, found in the human SCAN1 disorder, reduced enzyme activity and caused 
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accumulation of the TDP1-H493R:DNA covalent reaction intermediate (24) (Fig. S3E). 

TDP1-H493R failed to bind DNA alone (Fig. S1B) or in combination with XLF (Fig. 4B). 

TDP1-H493R had reduced, but detectable, physical interaction with XLF (Fig. 4C). Using 

anti-his6 antibodies directed against the N-terminal his-tag, we observed a C-terminally 

truncated form of TDP1-H493R that could interact with XLF (Fig. 4C). These data may 

suggest that TDP1-H493R may be more susceptible to proteolysis than other TDP1 proteins. 

These data show that TDP1:XLF interactions are not sufficient for assembly of TDP1 and 

XLF on DNA and indicate that TDP1 DNA binding, or catalytic activity, plays an important 

role in formation of TDP1:XLF:DNA complexes. Additionally, these observations illustrate 

the role of the TDP1 active site in DNA binding by TDP1.

It has been suggested that the TDP1 N-terminal domain mediates interactions with DNA 

repair proteins (28, 48–50). Deletion of the N-terminal domain of TDP1 produced the 

catalytically active TDP1-ΔN (Fig. S3C) (19), which could physically interact with XLF 

(Fig. 4C), but had reduced DNA-binding activity (Fig. S1B) and did not form a 

TDP1:XLF:DNA complex (Fig. 4B). These data demonstrate an unexpected role for the 

TDP1 N-terminal domain in binding double-stranded DNA.

Like mutants TDP1-H263A and -H493R, TDP1-ΔN was able to physically interact with 

XLF (Fig. 4C). The observation that TDP1 mutants lacking DNA binding activity retain the 

ability to physically interact with XLF provides additional evidence that the TDP1:XLF 

interaction is likely not mediated by DNA. Collectively, these data show that DNA binding 

by TDP1 is required for TDP1:XLF:DNA complex formation and suggest that TDP1 makes 

contact with XLF and DNA.

3.4 XLF stimulates TDP1 activity on double-strand DNA, but not on single-strand DNA

We used the ability of TDP1 to remove a 3′ biotin adduct from DNA (19) to compare the 

effect of XLF on TDP1 activity on the single-stranded (ss) and double-stranded (ds) DNA 

substrates diagramed in Figure 5. To generate the ssDNA substrate (ss61-bio) a 3′ 

biotinylated 61-mer was 5′ end labeled with 32P. To generate the dsDNA substrate (ds61-

bio) the labeled ss61-bio was annealed to a complementary 61-mer to produce 3′ extensions. 

In the assay, varying amounts of purified recombinant TDP1 (Fig. S2) were combined with 

the appropriate DNA substrate in the presence or absence of purified recombinant 60 nM 

XLF, reactions were terminated by the addition of urea-containing sample buffer, reaction 

products were boiled then separated by denaturing gel electrophoresis and the labeled strand 

was detected by phosphorimager. As shown in Figure 5, XLF had no effect on the ability of 

TDP1 to remove the 3′ biotin adduct from the ssDNA substrate. In the absence of XLF, 

TDP1 was more active on the ssDNA than the dsDNA substrate. In contrast, TDP1 was 

significantly more active on dsDNA than on ssDNA when XLF was present in the reaction 

(Fig. 5B and C). These data indicate that interactions between XLF and TDP1 facilitate the 

ability of TDP1 to act on dsDNA.

3.5 TDP1 interacts with Ku70/80 and stimulates DNA binding

The Ku70/80 heterodimer interacts with several proteins that are required for NHEJ and is 

thought to play an important role in assembly of the NHEJ apparatus (2, 3). To determine 
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whether TDP1 interacts with Ku70/80 we expressed myc-tagged human TDP1 in HCT 116 

cells and used anti-myc antibodies to immunoprecipitate (IP) TDP1 and TDP1-interacting 

proteins. Western blot analysis of the IP revealed the presence of Ku80 in IPs of cells 

transfected with the myc-TDP1 expression vector, pClPuroMyc-hTDP1, but not in IPs of 

untransfected cells (Fig. 6A). These data show that TDP1 interacts with Ku70/80 in human 

cell extracts.

If the interaction between TDP1 and Ku70/80 affects DNA binding by Ku70/80 the 

interaction could have a significant impact on NHEJ as a whole. To determine whether 

TDP1 stimulates DNA binding by Ku70/80 we carried out EMSA under sub-optimal 

binding conditions that did not produce stable DNA binding by Ku70/80 or TDP1 and found 

that TDP1 stimulated DNA binding by Ku70/80 (Fig. 6B). Under these conditions, TDP1-

ΔN had only a subtle effect on DNA binding by Ku70/80, which indicated a role for the 

TDP1 N-terminal domain in TDP1 functional interactions with Ku70/80 (Fig. 6B).

To determine the effect of TDP1 on Ku70/80 bound to DNA, we optimized EMSA 

conditions for DNA binding by Ku70/80. Addition of 1% polyvinyl alcohol to EMSA 

reactions containing Ku70/80 improved DNA binding by Ku70/80 and produced two well-

defined species that we interpret as Ku70/80:DNA complexes. Under these conditions, 

addition of TDP1 resulted in a new protein:DNA complex with a unique mobility (Fig. 6C). 

Addition of anti-Ku80 mAbs super-shifted all of the protein:DNA complex (Fig. 6C), which 

demonstrated that all of the detectable protein:DNA species contained Ku70/80. Anti-FLAG 

antibodies super-shifted a fraction of the protein:DNA complexes (Fig. 6C). The fraction of 

protein:DNA complexes that were not super-shifted had a banding pattern identical to that 

produced by Ku70/80 binding in the absence of TDP1. Given the importance of the TDP1 

N-terminal domain in TDP1:Ku70/80 interactions (Fig. 6B), it is likely that recognition of 

the N-terminal FLAG tag by anti-FLAG antibodies super-shifts some FLAG-TDP1:Ku70/80 

complexes, and disrupts or prevents the formation of others.

3.6 TDP1 stimulates phosphorylation by DNA-PK

In vertebrates, Ku70/80 is the DNA binding subunit of DNA-PK. The DNA-PK catalytic 

subunit (DNA-PKcs) is a core NHEJ factor and DNA-PKcs autophosphorylation helps to 

regulate DSB repair pathway choice (51, 52). Assembly of the DNA-PK holoenzyme at 

exposed DNA termini can block DNA end processing. Activation of the kinase and 

subsequent trans autophosphorylation causes dramatic structural changes that lead to DNA-

PK inactivation and dissociation of DNA-PKcs from Ku70/80 and DNA, which permits 

access to DNA ends and may regulate the transition to subsequent steps in the NHEJ 

reaction (53–57). Factors that affect DNA binding by Ku70/80 may affect DNA-PK activity 

and progression through the NHEJ reaction. We found that wild type TDP1 stimulated 

DNA-PK activity by approximately 2.5-fold, while the TDP1 N-terminal deletion mutant, 

TDP1-ΔN, which did not stimulate DNA binding by Ku70/80 did not (Fig. 6D). These data 

show that TDP1 is capable of regulating DNA-PK activity via the TDP1 N-terminal domain. 

We suggest that TDP1 helps to coordinate events at DNA ends during the NHEJ reaction. 

The 3′ nucleosidase activity of TDP1 allows it to act as a negative regulator of some end 

processing events by generating 3′ phosphates that prevent the action of DNA polymerases 
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and likely prevent the action of DNA ligases. TDP1 can also contribute to regulation of 

DNA end accessibility through control of DNA-PK activity.

4. Discussion

The NHEJ core factors constitute an apparatus capable of joining DNA ends with little to no 

dependence on sequence homology. As a result, NHEJ is mechanistically prone to error and 

may rejoin inappropriate partners (e.g. translocations) or alter the DNA sequence at the 

break point to cause mutation. Despite this error-prone mechanism, many NHEJ events are 

accurately repaired (29, 58–60). In addition to the core NHEJ factors, a number of end-

processing proteins participate in NHEJ to make non-ligatable DNA ends suitable substrates 

for ligase IV. These accessory factors influence the frequency and patterns of error at NHEJ 

junctions.

Unlike accessory factors PNKP, APTX and APLF, which are recruited through interactions 

with XRCC4 (2), TDP1 does not appear to bind to XRCC4 (data not shown). Instead, TDP1 

contacts the NHEJ apparatus through interactions with XLF and Ku70/80. TDP1 alters the 

DNA-binding properties of XLF and Ku70/80. Most significantly, we found that XLF 

stimulates TDP1 activity on dsDNA, but not on ssDNA.

TDP1 has been shown to preferentially bind ssDNA or blunt dsDNA over dsDNAs with 5′ 

or 3′ extensions (40, 61, 62). In keeping with this preference, TDP1 alone preferentially 

removed a 3′ biotin adduct from ssDNA as compared to a dsDNA substrate with a biotin 

adduct on a 3′ extension. Addition of XLF to these reactions had no effect on TDP1 activity 

on the ssDNA substrate, which was expected as XLF is a dsDNA binding protein (41). XLF 

and TDP1 stimulate DNA binding by one another and form a TDP1:XLF:DNA complex, 

which is mediated by TDP1:XLF physical interactions. We found that XLF increased TDP1 

activity on dsDNA, and that when XLF was present dsDNA was the preferred TDP1 

substrate. These data show that the interaction between TDP1 and XLF has functional 

consequences that support a role for TDP1 in DSB repair.

Previously, TDP1 was identified as a contaminant in highly purified Ku70/80 from human 

placenta (17) and we found that TDP1 immunoprecipitates from HCT 116 lysates contained 

Ku70/80. Together, these data demonstrate a stable TDP1:Ku70/80 interaction. We went on 

to determine that TDP1 stimulates DNA binding by Ku70/80. Finally, TDP1 stimulates the 

protein kinase activity of DNA-PK. Ku70/80 is the DNA binding subunit of DNA-PK and 

the stimulatory effect of TDP1 on DNA-PK may be, in part, due to its interaction with 

Ku70/80. While we have not ruled out the possibility that TDP1:Ku70/80 interactions may 

be mediated by DNA, the stimulatory effect of TDP1 on DNA-PK demonstrates the 

functional relevance of TDP1:Ku70/80 interactions.

Defects in NHEJ core factors can prevent immunoglobulin gene rearrangement and can 

cause immunodeficiency (2). However, this is not true for all NHEJ factors. XLF is required 

for NHEJ, yet XLF−/− mice are not immunodeficient because the fundamental role of XLF 

in NHEJ is masked by functional redundancy with ATM (63, 64). Similarly, functional 

redundancy of DNA-PKcs with ATM permits V(D)J signal joint formation in DNA-PKcs-

deficient cells (65–67). These observations argue that immunodeficiency does not always 
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accompany defects in NHEJ, and that the lack of immunodeficiency in TDP1−/− mice (68, 

69) does not rule out participation of TDP1 in some NHEJ reactions.

Several observations implicate TDP1 in DSB repair. TDP1 is a substrate for ATM and 

DNA-PK and TDP1 phosphorylation by these DSB repair kinases is triggered by 

topoisomerase I (TopI) associated DSBs, as indicated by co-localization with λH2AX foci 

(28, 49). Additional reports indicate that TDP1 deficiency leads to altered DSB repair (16, 

26). TDP1 interacts with poly(ADP-ribose) polymerase 1 (PARP1) (50), which has been 

implicated in NHEJ through interactions with DNA-PK (70–72). Our previous findings 

show that, in yeast, TDP1-deficiency has a significant impact on NHEJ (29), and we show 

here that human TDP1 interacts with human NHEJ factors. In contrast, TDP1+/+ and 

TDP1−/− murine astrocytes showed little difference λH2AX focus formation in response to 

H2O2, camptothecin or ionizing radiation (69). It has been reported that mouse astrocytes 

are radioresistant with reduced levels of ATM, and lack 53BP1 focus formation following 

exposure to ionizing radiation (73). 53BP1 plays an important role in preventing DNA end 

resection and promoting NHEJ (74) and the unusual behavior of 53BP1 in murine astrocytes 

suggests that DSB repair may be unconventional in this cell type.

The majority of DSBs produced by environmental exposure to DNA damaging agents have 

chemically altered ends that require processing before ligation can occur. Because removing 

chemically damaged bases is critically important to DSB repair, cells have multiple end-

processing factors. One mechanism for processing of damaged 3′ termini is TDP1. Removal 

of a damaged 3′ nucleoside by TDP1 leaves a 3′ phosphate, which can be removed by PNKP 

(40, 75–77). An important NHEJ end-processing factors is the Artemis nuclease, which can 

act alone as a 5′ exonuclease and as part of the DNA-PKcs:Artemis complex as a 5′- or 3′-

endonuclease (2, 78). Additionally, APLF possess activities that can trim single-stranded 3′ 

extensions at a DSB (79, 80). Finally, Ku70/80 has been shown to possess dRp/AP lyase 

activity (81). While these enzymes are capable of removing damaged nucleotides that might 

block ligation, some can also act on undamaged DNA and may facilitate joining of non-

complementary ends.

We previously proposed a model in which TDP1 acts at undamaged 3′ ends to generate 3′ 

phosphates, which prevents error-inducing DNA synthesis during NHEJ (29). While TDP1 

is not active against DNA ends with 3′ phosphates, it binds tightly to 3′ phosphate ends and 

may further protect the exposed 3′ terminus (23). Our current data indicates that TDP1 

participation in NHEJ is likely mediated by interactions with Ku70/80 and XLF. Because 

Ku70/80 and XLF are thought to be among the first NHEJ factors to bind to the DSB (2, 5), 

we suggest that TDP1 is recruited to the break during the early stages of NHEJ. This timing 

may allow TDP1 to act at exposed 3′ ends prior to assembly of DNA-PK, which has been 

shown to block TDP1 access to the 3′ nucleoside (18). We suggest that the function of TDP1 

in NHEJ is production of the 3′ phosphate, which we have shown can influence the events 

that take place at DNA ends (29).
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Highlights

• End-processing factor TDP1 physically interacts with the NHEJ factor XLF to 

form a TDP1:XLF:DNA complex

• XLF stimulates TDP1 enzymatic activity on dsDNA

• TDP1 also interacts with Ku70/80 and stimulates DNA binding by Ku70/80

• TDP1 stimulates the protein kinase activity of DNA-PK
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Fig. 1. TDP1 physically interacts with and stimulates DNA binding by XLF
(A) TDP1 and XLF physically interact. MBP-XLF, or MBP alone, was used to pull down 

his6-TDP1 on amylose resin as described in materials and methods. Lane 4, EtBr (100 

μg/ml) was added to pull down reaction. Lane 6, his6-TDP1 protein positive control for 

Western blot. Samples were separated by SDS-PAGE, Western transferred and his6-TDP1 

was detected using anti-his6 monoclonal antibodies.

(B) Formation of DNA-binding complex when TDP1 and XLF are combined. EMSA was 

carried out as described in materials and methods using a 5′ 32P-labeled 61-bp duplex 

oligonucleotide. TDP1 and XLF were used at sub-optimal concentrations such that neither 

protein bound DNA alone. Bovine Serum Albumin (BSA) was used as indicated.
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Fig. 2. Formation of a ternary TDP1:XLF:DNA complex
(A) Protein:DNA complex formed in the presence of TDP1 and XLF contains TDP1. EMSA 

was carried out using 100 ng of TDP1 or N-terminally FLAG-tagged TDP1 (FLAG-TDP1), 

300 ng of XLF and anti-FLAG monoclonal antibodies (αFLAG) as indicated.

(B) Protein:DNA complex formed in the presence of TDP1 and XLF contains XLF. EMSA 

was carried out using 100 ng of TDP1, 300 ng of XLF or N-terminally FLAG-tagged XLF 

(FLAG-XLF) and anti-FLAG monoclonal antibodies (αFLAG) as indicated.
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Fig. 3. DNA binding by XLF is required for XLF:TDP1 interactions
(A) Schematic diagram of XLF.

(B) C-terminally truncated XLF fails to bind DNA in the presence of TDP1. EMSA was 

carried out as described in materials and methods using 100 ng TDP1 and 300 ng of wild 

type XLF (WT) or C-terminally truncated XLF mutant XLF 1-224 (ΔC).

(C) C-terminally truncated XLF does not interact with TDP1. MBP-XLF, or XLF 1-224 

(ΔC) were used to pull down wild type his6-TDP1. Samples were separated by SDS-PAGE 

and Western transferred. His6-TDP1 proteins were detected in the pull-down eluates (top) 

and input (bottom) using anti-his6 monoclonal antibodies. MBP-XLF proteins were detected 

with anti-MBP polyclonal antibodies (center). Lane 3, his6-TDP1 protein positive control 

for Western blot.

(D) XLF DNA-binding mutant XLF-K293A fails to bind DNA in the presence of TDP1. 

EMSA was carried out as described in materials and methods using 100 ng TDP1 and 300 

ng of wild type XLF (WT), mutant XLF-K293A (K293A) or BSA.

(E) DNA-binding mutant XLF-K293A interacts with TDP1. MBP-XLF, or XLF-K293A 

(K293A), were used to pull down wild type his6-TDP1 on amylose resin. Samples were 

separated by SDS-PAGE and Western transferred. His6-TDP1 proteins were detected in the 

pull-down eluate (top) and input (bottom) samples using anti-his6 monoclonal antibodies. 

MBP-XLF and MBP proteins were detected with anti-MBP polyclonal antibodies (center). 

Lane 7, his6-TDP1 protein positive control for Western blot.
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Fig. 4. DNA binding by TDP1 is required for TDP1:XLF:DNA interaction but not for 
TDP1:XLF physical interaction
(A) Schematic diagram of TDP1.

(B) Active site, SCAN1 and N-terminal deletion mutants of TDP1 do not bind DNA in the 

presence of XLF. EMSA was carried out as described in materials and methods using 300 

ng of XLF and 100 ng of wild type TDP1 (WT), active site mutant TDP1-H236A (H263A), 

SCAN1 mutant TDP1-H493R (H493R) or N-terminally truncated TDP1-ΔN (ΔN).

(C) Physical interactions between active site and N-terminal truncation mutants of TDP1 

and XLF. MBP-XLF was used to pull down wild type his6-TDP1, N-terminally truncated 

his6-TDP1-ΔN and active site mutants his6-TDP1-H236A and -H493R. Samples were 

separated by SDS-PAGE, Western transferred and his-tagged TDP1 proteins were detected 

in the pull-down eluates using anti-his6 monoclonal antibodies. Lanes 4 and 5, his6-TDP1 

and his6-TDP1-ΔN positive controls for Western blot. * indicates C-terminally truncated 

form of TDP1-H493R that can interact with XLF
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Fig. 5. XLF stimulates TDP1 activity on dsDNA, but not on ssDNA
(A) Removal of 3′ biotin adduct from single-strand DNA template ss61-bio by TDP1. (Top) 

Schematic diagram of single-strand DNA substrate ss61-bio and TDP1 product ss61-P. 

indicates 32P. - indicates no TDP1. (Bottom) 32P-labeled ss61-bio was combined with TDP1 

(4.7, 9.4, 18.75, and 37.5 nM) in with 0 or 60 nM XLF.

(B) Removal of 3′ biotin adduct from double-strand DNA template ds61-bio by TDP1. 

(Top) Schematic diagram of double-strand DNA substrate ds61-bio and TDP1 product ds61-

P. (Bottom) 32P-labeled ds61-bio (ds61-bio) was combined with TDP1 (4.7, 9.4, 18.75, and 

37.5 nM) in with 0 or 60 nM XLF. (C) Quantitation of TDP1 activity in 3 independent 

experiments shows that XLF has no effect on TDP1 activity on ssDNA, but increases TDP1 

activity on dsDNA. Error bars represent standard deviation.
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Fig. 6. TDP1 functionally interacts with Ku70/80
(A) Ku70/80 co-immunoprecipitates with myc-tagged TDP1. Extracts were prepared from 

pClPuroMyc-hTDP1 and untransfected cells. Myc-TDP1 was immunoprecipitated from 

lysates using anti-myc mAbs, immune complexes were separated by SDS-PAGE and 

Western transferred. Myc-TDP1 was detected using anti-myc mAbs (α-myc). Ku80 was 

detected using anti-Ku80 mAbs (α-Ku80).

(B) TDP1 stimulates DNA binding by Ku70/80. EMSA was carried out as described in 

materials and methods using 100 ng of Ku70/80 and 300 ng of wild type TDP1 (WT) or N-

terminally truncated mutant TDP1-ΔN (ΔN).

(C) TDP1 binds to Ku70/80-bound DNA. EMSA optimized for Ku70/80 binding was 

carried out essentially as described in materials and methods with 1% polyvinyl alcohol to 

stabilize Ku70/80:DNA complexes. 100 ng of Ku70/80, 300 ng of FLAG-TDP1, anti-Ku80 

mAbs (α80) and anti-FLAG mAbs (αF) as indicated.

(D) TDP1 stimulates DNA-PK activity. DNA-PK assays were carried out using 0.23 μM of 

wild type TDP1 (WT) or N-terminally truncated mutant his6-TDP1-ΔN (ΔN). Average of 2 

experiments done in triplicate and normalized to reactions without TDP1.
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