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Abstract
Although tyrosyl-DNA phosphodiesterase (TDP1) is capable of removing blocked 3′ termini from
DNA double-strand break ends, it is uncertain whether this activity plays a role in double-strand
break repair. To address this question, affinity-tagged TDP1 was overexpressed in human cells and
purified, and its interactions with end joining proteins were assessed. Ku and DNA-PKcs inhibited
TDP1-mediated processing of 3′-phosphoglycolate double-strand break termini, and in the absence
of ATP, ends sequestered by Ku plus DNA-PKcs were completely refractory to TDP1. Addition of
ATP restored TDP1-mediated end processing, presumably due to DNA-PK-catalyzed
phosphorylation. Mutations in the 2609–2647 Ser/Thr phosphorylation cluster of DNA-PKcs only
modestly affected such processing, suggesting that phosphorylation at other sites was important for
rendering DNA ends accessible to TDP1. In human nuclear extracts, about 30% of PG termini were
removed within a few hours despite very high concentrations of Ku and DNA-PKcs. Most such
removal was blocked by the DNA-PK inhibitor KU-57788, but ~5% of PG termini were removed in
the first few minutes of incubation even in extracts preincubated with inhibitor. The results suggest
that despite an apparent lack of specific recruitment of TDP1 by DNA-PK, TDP1 can gain access to
and can process blocked 3′ termini of double-strand breaks before ends are fully sequestered by DNA-
PK, as well as at a later stage after DNA-PK autophosphorylation. Following cell treatment with
calicheamicin, which specifically induces double-strand breaks with protruding 3′-PG termini,
TDP1-mutant SCAN1 (spinocerebellar ataxia with axonal neuropathy) cells exhibited a much higher
incidence of dicentric chromosomes, as well as higher incidence of chromosome breaks and
micronuclei, than normal cells. This chromosomal hypersensitivity, as well as a small but
reproducible enhancement of calicheamicin cytotoxicity following siRNA-mediated TDP1
knockdown, suggests a role for TDP1 in repair of 3′-PG double-strand breaks in vivo.
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1. INTRODUCTION
DNA topoisomerase I relaxes DNA supercoiling by forming a transient single-strand break
(SSB) in which Tyr723 of the topoisomerase is covalently linked to the 3′ end of DNA [1].
Tyrosyl-DNA phosphodiesterase (TDP1) is a DNA repair enzyme that cleaves these tyrosyl-
phosphate linkages in the rare instances where the topoisomerase fails to religate the break and
dissociate [2]. Polynucleotide kinase/phosphatase (PNKP) then removes the resulting 3′-
phosphate and phosphorylates the 5′ terminus, and the nick is finally sealed by DNA ligase III
[3]. TDP1 can also process the 3′-phosphoglycolate (3′-PG) moieties often formed during free
radical-mediated DNA cleavage [4], as well as various other 3′ modifications [5], although
much less efficiently than phosphotyrosyl (pTyr) termini. However, at SSBs, 3′-PG moieties
can also be efficiently removed by the apurinic/apyrimidinic endonuclease (APE1) [6], and
thus it is unlikely that PG processing at SSBs would be an essential function of TDP1. In
humans, a missense mutation in TDP1 confers spinocerebellar ataxia with axonal neuropathy
(SCAN1) [7], but it remains to be determined how this specific repair defect leads to SCAN1
symptoms.

Despite its demonstrated interactions with SSB repair proteins [8], TDP1 itself is more active
toward DSB ends than SSB ends [9], and unlike APE1 [10], it can act on protruding 3′ termini
[4]. Moreover, when model DSB substrates bearing protruding 3′-PG termini are incubated in
human whole-cell extracts, a substantial fraction of the PG termini are removed, but there is
no detectable processing of such termini in SCAN1 extracts, suggesting that resolution of
protruding 3′-PG termini is entirely attributable to TDP1, at least in cell extracts [11]. However,
SCAN1 cells are at most only marginally sensitive to ionizing radiation [11], which is expected
to generate many 3′-PG-terminated DSBs [12]. Moreover, direct measurements of DSBs, by
neutral elution and repair focus assays, have failed to detect any significant deficits in repair
of radiation-induced DSBS, in either human SCAN1 cells or Tdp1-/- mouse cells [13,14].
Nevertheless, Tdp-/- mice are sensitive to bleomycin, which induces predominantly blunt-
ended 3′-PG DSBs [15].

To better understand the possible role of TDP1 in end joining, we examined the interplay
between TDP1 and core end joining factors, both as purified proteins and in cell extracts. In
addition, chromosome aberrations were examined following treatment of normal and TDP1-
mutant cells, following treatment with calicheamicin, which specifically induces 3′-PG DSBs.

2. MATERIALS AND METHODS
2.1 Materials

Native DNA-PKcs and Ku were prepared from HeLa cells [16], and recombinant Ku and
XRCC4 / DNA ligase IV complex (X4L4) were isolated from baculovirus-infected insect cells,
as described previously [17]. Mutant DNA-PKcs proteins were purified from DNA-PKcs-
deficient Chinese hamster ovary V3 cells complemented with human DNA-PKcs cDNA [16].

To obtain TDP1 protein, an insert encoding FLAG-tagged TDP1 was isolated from the vector
pFLAG-TDP1 and cloned into the adenoviral vector pZERO-TGCMV. The resulting plasmid
was transfected into Ad293 cells to produce a TDP1-expressing Ad-5(delE1,E3) adenovirus
[18]. The supernatant from these cultures was used to infect subconfluent Ad293 cells (twenty
subconfluent 15-cm dishes) at a multiplicity of 3. After three days, TDP1 protein was isolated
from NP-40 lysates and affinity purified on FLAG beads, essentially as described previously
[11] except that all volumes were increased 4-fold. Because the FLAG peptide used to elute
the tagged protein interfered with chromogenic protein assays, TDP1 concentration was
estimated by comparison with known quantities of BSA on Coomassie-stained polyacrylamide
gels.
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A 3′-pTyr 18-mer with sequence TCCGTTGAAGCCTGCTTT was purchased from Midland
Certified Reagents (Midland, TX). Oligomers bearing 3′-PG termini were prepared by
bleomycin-induced cleavage of partial duplexes, as described [19]. These oligomers were
5′-32P-end-labeled using T4 polynucleotide kinase and [γ-32P]ATP (Perkin-Elmer). To
generate an internally labeled substrate with partially complementary (-ACG/-ACG) 3′-PG
overhangs, one labeled and one unlabeled oligomer were ligated into 10- or 11-base 5′
overhangs of 3′-resected plasmid pRZ56, as described previously [20–22].

The DNA-PK inhibitor KU-57788 (aka NU7441, hereafter designated DNA-PKi) and the
ATM inhibitor KU-55933 (ATMi) were generously provided by Dr. Graeme Smith, KUDOS
Pharmaceuticals. KU-55933 inhibits ATM with an IC50 of 13 nM, vs. 1.8 µM for DNA-PK
[23]. KU-57788 inhibits DNA-PK with an IC50 of 14 nM, vs. >100 µM for ATM [24]. Both
are at least 100-fold more potent in inhibiting their target kinase than any of 60 other kinases
tested [23,24].

2.2 DNA end processing and end-joining reactions
Assays for TDP1 activity toward single-strand 3′-PG and 3′-pTyr oligomers were performed
in 60 mM potassium acetate, 50 mM triethanolammonium acetate pH 7.5, 5 mM EDTA, 1 mM
dithiothreitol and 50 µg/ml BSA. TDP1 was diluted immediately before use in 0.1 M NaCl,
50 mM Tris pH 8, 5 mM EDTA, 5 mM dithiothreitol, 500 µg/ml BSA and 10% glycerol, and
the reactions were incubated for 2 hr at 37°C. In experiments with 3′-PG oligomers, samples
were denatured for 2 min at 90°C and then magnesium acetate (15 mM) and PNKP (40 µg/ml,
gift of Michael Weinfeld, Cross Cancer Institute, Edmonton, Alberta, Canada) were added and
the samples incubated for 1 hr to convert 3′-phosphates generated by TDP1 to 3′-hydroxyls
and thereby increase their electrophoretic separation from 3′-PG substrate [4]. Formamide (1–
2 volumes) was added and the samples were denatured at 90°C for 2 min and subjected to
electrophoresis on 20% polyacrylamide sequencing gels (24% gels for blunt-ended substrates).

End processing reactions with plasmids and purified proteins contained 60 mM potassium
acetate, 50 mM triethanolammonium acetate pH 7.5, 1 mM ATP, 1 mM dithiothreitol, 50 µg/
ml BSA and 5 mM magnesium acetate. Reactions were stopped by dilution into at least 2
volumes of ice-cold 0.45 M sodium acetate / 10 mM EDTA / 100 µg/ml tRNA, followed
immediately by extraction with phenol and then with chloroform at 22°C. Samples were
ethanol-precipitated and treated with AvaI (400 units/ml) for 4 hr at 37°C in 25–50 µl of the
buffer provided by the vendor (New England Biolabs). Calf intestinal phosphatase (120 units/
ml) was added and the samples incubated for an additional 1 hr to remove 3′-phosphates.
Phosphatase also removes the 5′-phosphate but the 32P label is 1 base from the AvaI cleavage
site and is retained. Alternatively, the DNA was treated with phosphatase first and denatured
at 90°C for 5 min, then cut with 400 units/ml TaqαI (New England Biolabs, 65°C, 6 hr), which
cleaves single- as well as double-stranded DNA.

For comparison of reaction rates under various conditions, the extent of reaction was calculated
as -In(fraction of remaining PG termini). Titrations with TDP1 protein and oligomeric
substrates indicated that the extent of reaction was accurately proportional to TDP1
concentration (data not shown).

Reactions with HeLa nuclear extracts contained 3.2 mg/ml extract (Promega in vitro
transcription grade), 50 mM triethanolamine-NaOH pH 7.5, 1 mM Mg(OAc)2, 40 mM KOAc,
0.5 mM dithiothreitol, 1 mM ATP, 50 µM of each dNTP or dideoxynucleoside 5′-triphosphate
(ddNTP), 50 µg/ml BSA, and 1 µg/ml DNA substrate. In some cases X4L4 (5 µg/ml) DNA-
PKi (1 µM) or ATMi (1 µM) were added, as indicated. Following substrate addition, samples
were incubated for the indicated times at 37°C, and deproteinized by treatment with proteinase
K followed by phenol/chloroform extraction. DNA was digested with TaqI (and in some cases
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BstXI to detect end joining), precipitated, and analyzed on polyacrylamide sequencing gels
[21].

2.3 DNase footprinting
To assess accessibility of DNA ends, the same internally labeled 3′-PG substrates were
incubated with Ku, DNA-PKcs and/or ATP as above, and then 1.5 µg/ml DNase I (Sigma) was
added and the samples incubated at 37°C for an additional 10 min. Samples were diluted with
1 volume formamide and denatured for 2 min at 90°C prior to analysis on sequencing gels.

2.4 Cytogenetics
Epstein-Barr virus-transformed lymphoblastoid cells from SCAN1 patients [7] were obtained
from Dr. James Lupski, Baylor College of Medicine, and maintained in RPMI1640 medium
with 10% fetal bovine serum. Calicheamicin (gift of Wyeth Pharmaceuticals) was dissolved
in ethanol and stored at −80°C. It was diluted to 20 µM in DMSO and then diluted in complete
medium just prior to use. Cells were treated with 0–30 pM calicheamicin for 24 hr and then 1
µg/ml colchicine was added 1 hr before harvest. Metaphase spreads were prepared by standard
procedures. For centromere labeling, slides were denatured at 72°C in 70% formamide / 2×SSC
for 2 min and then hybridized to a Cy3-labeled pancentromeric probe (Open Biosystems
#SFP3336) for 16 hr at 37°C, and extensively washed. The highest-stringency wash was with
0.5×SSC at 37°C. Chromosomes were counterstained with DAPI, slides were coded and
metaphases were photographed on a Zeiss LSM510 confocal microscope, using a 405-nm
diode laser with 405-nm blocking and 420-nm long pass emission filters for DAPI, and a 543-
nm helium laser with 543-nm blocking and 560–615-nm bandpass emission filters for Cy3.
Spreads were then scored for acentric fragments and dicentric chromosomes. (See
Supplemental Fig. 4 for further details).

2.5 TDP1 knockdown and clonogenic survival assays
HeLa cells were grown in DMEM plus 10% fetal bovine serum and antibiotics (GIBCO). For
each experiment, 12-well plates were inoculated with 8 × 104 HeLa cells per well and 24 hr
later were transfected with 100 nM TDP1 siRNA (DharmaFECT Smart-Pool) or control
siRNA-A (Santa Cruz biotechnology) using DharmaFECT general transfection protocol
(Dharmacon) with 2.4 µl DharmaFECT Reagent 1 in 0.8 ml medium per well. After 24 hr, the
transfection medium was replaced with complete medium and the incubation was continued
for another 48 hr. The cells were then treated with 6, 20 or 60 pM calicheamicin for 4 hr, plated
at 500 – 20,000 cells per 100-mm dish and incubated at 37°C. After 12 days, cells were fixed
in methanol, stained with crystal violet and colonies were counted. Residual cells not plated
were pooled for each siRNA condition and lysed for determination of TDP1 knockdown. The
cells were pelleted and washed twice with PBS, then lysed on ice with 50 µl of 10 mM HEPES-
KOH pH 7.8, 60 mM KCl, 1 mM EDTA, 0.5% NP-40 plus protease inhibitors (2 µg/ml
aprotinin, 1 µg/ml leupeptin, 1 µg/ml pepstatin, 1 mM NaVO4, 0.5 mM PMSF). Lysates were
cleared by centrifugation (500 × G, 5 min) and TDP1 activity in serial 5:1 dilutions was then
determined from the conversion of the 3′-pTyr oligomer to a 3′-phosphate as described above,
with incubation at 37°C for 2 hr.

3. RESULTS
3.1 Properties of recombinant TDP1 isolated from human cells

Previously, we showed that when a substrate bearing a 3′-PG terminus on a 3′ overhang was
incubated with native Ku purified from human cells, there was significant conversion of the
3′-PG to a 3′-phosphate [4]. This persistent contamination of Ku with TDP1 (which was verified
by western blot) after purification through five columns, raised the possibility that Ku might
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recruit TDP1 to DNA ends and thereby enhance PG processing. However, when recombinant
human Ku purified from baculovirus-infected insect cells was added to reactions containing
recombinant human TDP1 purified from E. coli, the effect of Ku was always inhibitory [4].
Since it is possible that the bacterially produced TDP1 might lack proper folding or post-
translational modifications characteristic of human cells, TDP1 was cloned into an adenovirus,
and FLAG-tagged TDP1 (hereafter designated AdTDP1) was affinity-purified from infected
HEK293 cells using FLAG antibody-conjugated beads (Fig. 1A).

The catalytic properties of recombinant AdTDP1 were similar to those of TDP1 expressed in
E. coli, and in particular the ratio of activity toward 3′-pTyr vs. 3′-PG substrates was about
200:1 (Fig. 1B), similar to the ratio of 80:1 seen with the bacterially produced protein [4]. To
examine the effect of secondary structure on TDP1-mediated end processing, a mixture of
substrates bearing 3′-PG termini on a 6-base 3′ overhang, a blunt end, and a 2-base-recessed
end, was titrated with purified TDP1. The 3′ overhang was processed 3 times more efficiently
than the blunt end and 10 times more efficiently than the recessed end (Fig. 1C), presumably
reflecting differences in accessibility of the termini to TDP1.

3.2 Ku and DNA-PKcs inhibit DNA end processing by TDP1
To assess possible recruitment of AdTDP1 by native Ku, processing of a blunt 3′-PG terminus
was examined. Because this substrate is inherently less susceptible to TDP1 than the 3′
overhang substrate, there was no detectable processing by the small amount of contaminating
TDP1 in native Ku, and so the effect of Ku on PG processing by the recombinant TDP1 could
be accurately assessed. Again, however, the addition of Ku was inhibitory, and the recombinant
and native forms of Ku were equally effective in inhibition (Fig. 2). Thus, despite presence of
TDP1 in preparations of highly purified Ku, it appears unlikely that Ku recruits TDP1 or
stimulates its activity at DSB ends. Addition of recombinant X4L4 complex had either no effect
or a slightly inhibitory effect on TDP1 activity, in either the presence or absence of Ku (data
not shown).

In intact cells, it is likely that free DNA ends would be rapidly sequestered by Ku and DNA-
PKcs, given the abundance of these proteins [25,26]. TDP1-mediated PG processing activity
was therefore examined in the presence or absence of DNA-PKcs, and a substrate bearing a
3′-PG on either a 3-base 3′ overhang (Fig. 3A; quantitated in Fig. 3B–C) or a blunt end (Fig.
3D; quantitated in Fig. 3E). For comparison, binding of DNA ends by Ku and DNA-PKcs
under the same conditions was independently determined by DNase footprinting (Fig. 3F). In
the presence of 50 nM Ku, a concentration that by itself reduced the rate of processing about
twofold (data not shown), DNA-PKcs further inhibited TDP1 activity at DNA ends; in the
absence of ATP, 20 nM DNA-PKcs blocked 3′-PG processing almost completely (Fig. 3C).
Similarly, the same combination of Ku and DNA-PKcs completely protected ~30 bp at the
DNA end from DNase digestion (Fig. 3F). Thus, in the absence of protein phosphorylation,
ends sequestered by Ku and DNA-PKcs are highly resistant if not wholly refractory to TDP1.

3.3 ATP abrogates DNA-PK-mediated inhibition
Biochemical and cellular studies suggest that access to DNA ends is modulated by DNA-PKcs
autophosphorylation, with phosphorylation of the 2609–2647 serine/threonine cluster being
particularly important in promoting accessibility [27]. As expected, addition of ATP to
reactions containing TDP1, Ku and DNA-PKcs partially restored PG processing (closed
symbols in Fig. 3A–E). To replicate conditions used in end joining experiments, 1 mM ATP
was added to these reactions; however, consistent with previous studies of DNA-PKcs release
from DNA ends [28], 10 µM ATP was sufficient to promote end processing. Furthermore, 1
mM ATP did not stimulate TDP1 in the absence of DNA-PK, but instead had a slight inhibitory
effect (Supplemental Fig. 2). Unexpectedly, processing in the presence of ATP was slightly
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greater at 20 nM DNA-PKcs than at 6 nM (Fig. 3E). Because DNA-PK activation by
autophosphorylation requires synapsis of two DNA-PK complexes [29,30], increasing the
DNA-PK concentration could increase the rate of autophosphorylation and thereby promote
greater access to DNA ends. Nevertheless, processing in the presence of Ku plus DNA-PKcs
was always less than in the presence of Ku alone.

It has been proposed that 2609–2647 cluster phosphorylation can render DNA ends accessible
to processing without causing complete DNA-PKcs dissociation [31]. However, in the case of
TDP1, conditions that promoted significant PG processing (i.e., addition of ATP) also resulted
in a measurable increase in susceptibility to DNase I (Fig. 3F). Thus, these data do not
distinguish whether TDP1 could act while phosphorylated DNA-PKcs was still bound to the
DSB ends or could only gain access to 3′ termini when DNA-PKcs dissociated. To more
directly assess the importance of 2609–2647 cluster phosphorylation in promoting TDP1-
mediated end processing, the experiments were repeated with mutant alleles of DNA-PKcs
harboring either S/T→A (unphosphorylatable) or S/T→D (mimicking constitutive
phosphorylation) mutations at all six target sites in the cluster. These mutant proteins retain
full kinase activity [31] and they produced similar footprints upon binding to DNA (Fig. 4A).
In the presence of ATP, reactions with the S/T→A mutant showed a modest reduction in
processing (closed diamonds in Fig. 4B–C), while the S/T→D mutant gave results similar to
wild-type. In the absence of ATP, the S/T→D mutant showed more processing than wild-type
DNA-PKcs, but still much less than was seen in the presence of ATP with any of the DNA-
PKcs proteins (open symbols in Fig. 4). Overall, it appears that phosphorylation of other sites
must be at least as important as phosphorylation of the 2609–2647 cluster, which apparently
promotes processing by TDP1 but is in itself neither necessary nor sufficient.

3.4 Inhibition of DNA-PK blocks most but not all TDP1-mediated end processing in cell
extracts

When model DSB substrates bearing protruding 3′-PG termini are incubated in human whole-
cell extracts, a substantial fraction of the termini are converted to 3′-hydroxyls [4]. The absence
of such conversion in SCAN1 extracts [11] and in Tdp1-/- mouse fibroblast extracts [32]
strongly suggests that this reaction is catalyzed by TDP1 and PNKP. When the same substrate
was incubated in HeLa nuclear extracts, a small fraction (~5%) of PG termini were removed
within 5 min (Fig. 5A–C). PG removal continued for several hours, but at a steadily decreasing
rate, so that even after 5 hr, ~70% of PG ends remained intact (closed circles in Fig. 5C). This
decrease in the rate of processing did not appear to be due to loss of TDP1 activity over time,
as a substrate added to extract that had been preincubated for 2 hr was likewise subject to an
initial burst of rapid processing (open inverted triangles in Fig. 5C). Moreover, when a single-
stranded 3′-PG substrate was incubated in the same diluted extracts, most of the glycolate was
removed within 20 min and the reaction proceeded to completion by 2 hr even at an eightfold
lower concentration (0.4 mg/ml) of extract (Fig. 5F). These results suggest that TDP1 in HeLa
extracts is sufficiently abundant and stable to effect complete processing of exposed 3′-PG
termini, and that the failure to completely process 3′ overhangs is due to protection of these
ends by other cellular components.

To determine whether the levels of Ku and DNA-PKcs in HeLa nuclear extracts would be
sufficient to block TDP1-mediated processing, Western blots were performed with various
quantities of nuclear extract and of purified recombinant Ku and DNA-PKcs (Supplemental
Fig. 3). These titrations indicated that HeLa extracts contained 560 ± 90 nM DNA-PKcs and
4.1 ± 1.4 µM Ku, which would result in concentrations of approximately 110 nM DNA-PKcs
and 820 nM Ku in end joining reactions. Judging from the in vitro studies (Fig. 3), in the
absence of DNA-PKcs phosphorylation, these concentrations would be more than adequate to
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block all processing. To test this prediction, reactions were performed in extracts containing
the DNA-PK inhibitor KU-57788 (DNA-PKi).

When added 10 min before the substrate, DNA-PKi had little if any effect on PG removal in
the first 5 min, but processing at later times was blocked completely (Fig. 5B, 5C and 5E). In
the absence of inhibitor, there was also a detectable level of end joining, as indicated by the
formation of diagnostic 42- and 24-base fragments (Fig. 5A), and this joining was also
completely blocked by DNA-PKi, as expected (Fig. 5A, 5D and 5E). It has been reported that
in intact cells, most if not all DNA-PKcs phosphorylation in the 2609–2647 cluster is catalyzed
by ATM rather than DNA-PK itself [33]. However, an ATM inhibitor (ATMi) did not prevent
end joining (Fig. 5A). Moreover, it did not inhibit processing of PG ends; if anything, ATMi
appeared to slightly stimulate PG removal during the first 5 min (Fig. 5E). Overall, the results
suggest that, when its catalytic activity is blocked, DNA-PK forms a complex on DNA ends
that completely protects the ends from processing by TDP1. Thus, the rapid, DNA-PKi-
resistant processing in the first 5 min probably occurred before the repair complex had fully
formed on the DNA end.

3.5 TDP1-mutant SCAN1 cells show chromosomal hypersensitivity to calicheamicin
Calicheamicin is a natural product which upon activation forms a diradical species that
simultaneously attacks both strands of DNA on a 3-base 3′ stagger [34]. One end of each
calicheamicin-induced DSB has a 5′-phosphate, and 3-base 3′ overhang with a 3′-phosphate.
The opposite DSB end has a 5′ aldehyde and a 2-base 3′ overhang with either a 3′-phosphate
or a 3′-PG (Fig. 6A). Thus, the calicheamicin-induced DSBs that bear 3′-PG termini are similar
to the synthetic substrates that require TDP1 for processing in cell extracts.

To determine the possible role of TDP1 in repair of these DSBs in intact cells, TDP1-mutant
SCAN1 lymphoblastoid cells were treated with calicheamicin, and then assayed for formation
of micronuclei (Fig. 6B). Consistently, either with or without 1 mM caffeine (to minimize G2
arrest), the fraction of cells containing micronuclei was about 1.5-fold higher for SCAN1 cells
than for identically treated normal cells derived from unaffected relatives. Similarly, levels of
acentric chromosome fragments as measured on metaphase spreads with fluorescent-stained
centromeres, were ~1.5-fold higher for SCAN1 cells than for normal cells (Fig. 6C). 4).
Furthermore, numbers of dicentric chromosomes were much greater in SCAN1 than in normal
cells, and there was a particularly dramatic increase in the number of cells having more than
one dicentric (Fig. 6D). Elevated levels of calicheamicin-induced dicentric chromosomes were
detected consistently in two other SCAN1 lines as well (Supplemental Fig. 5). These results
suggest that calicheamicin-induced DSBs were repaired less accurately and perhaps less
efficiently or more slowly in SCAN1 than in normal cells. However, there was little if any
chromosomal hypersensitivity to ionizing radiation (Supplemental Fig. 6).

3.6 Knockdown of TDP1 by siRNA in HeLa cells confers calicheamicin sensitivity
Attempts to assess calicheamicin cytotoxicity toward SCAN1 cells by a cytometry-based
growth assay [35] yielded inconclusive results; although calicheamicin hypersensitivity was
seen in some experiments, there was variability among individual cell lines that was
comparable to differences between normal and SCAN1 lines (data not shown). Therefore,
clonogenic survival assays were performed on HeLa cells following knockdown of TDP1 with
a pool of four siRNAs (Fig. 7). Assays based on removal of tyrosine from a 3′-pTyr 18-mer
indicated an 8-fold reduction in TDP1 activity in extracts of the siRNA-treated cells, compared
to an unrelated control siRNA (Fig. 7A). TDP1 knockdown was associated with a small but
reproducible increase in cytotoxicity, with a 1.25-fold increase in log cell kill at 60 pM
calicheamicin (Fig. 7B).
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4. DISCUSSION
Previous work showed that TDP1-mutant SCAN1 cells, as well as extracts from these cells,
are deficient in the rejoining of SSBs induced by topoI inhibitors [14,36], clearly implicating
TDP1 in repair of topoI-mediated breaks. Moreover, TDP1 binds directly to DNA ligase III,
the primary ligase in the SSB repair pathway [36]. In vitro, TDP1 can also resolve 3′-PG
termini, which are typical of free radical-mediated DNA breaks, and extracts of SCAN1 cells
as well as Tdp1-/- murine fibroblasts are completely deficient in processing of protruding 3′-
PG termini at DNA DSB ends [11,32]. While these results suggest a possible role for TDP1
in resolving 3′ blocks at DSB termini, direct assays for repair of radiation-induced DSBs in
intact cells did not reveal any apparent DSB repair defect in either SCAN1 cells or Tdp1-/-
mouse fibroblasts [13,14]. However, interpretation of these data is complicated by the fact that
the frequency of 3′-PG termini at these DSB ends is uncertain. Although early studies suggested
that about half of radiation-induced DNA breaks had 3′-PG termini [12], a more recent estimate
by mass spectrometry yielded a much lower estimate of ~10% [37]. If this latter value is correct,
then a 3′-PG processing defect might not confer either significant radiosensitivity or a
noticeable defect in DSB rejoining.

To further assess the possible role of TDP1 in repair of DSBs with blocked 3′ termini, we
examined the interplay between TDP1 and the core NHEJ component DNA-PK, at DNA ends.
Given the high levels of Ku and DNA-PKcs in human cells [25], it is highly likely that free
DNA ends, regardless of their source, would rapidly recruit both Ku and DNA-PKcs. Thus,
any putative end processing by TDP1 would take place in the context of ends sequestered by
DNA-PK.

Experiments with purified proteins suggest that when Ku and unphosphorylated DNA-PKcs
are bound to a DNA end bearing a PG on a short 3′ overhang, the PG is completely protected
from TDP1-mediated glycolate removal (Fig. 3). Moreover, whereas phosphorylation of the
2609–2647 serine/threonine cluster in DNA-PKcs has been proposed to induce a
conformational change that promotes end accessibility [31], S/T→D mutations that mimic such
phosphorylation increased 3′-PG processing in the absence of ATP only very slightly. This
result is somewhat at odds with a previous finding that the same S/T→D DNA-PKcs mutant
allowed digestion of DNA ends by exonuclease V in the absence of ATP, under conditions
where the wild-type enzyme protected the ends almost completely when phosphorylation was
blocked by wortmannin [31]. This disparity may reflect differences in the details of binding of
the individual enzymes to DNA, for example the proposed requirement that DNA become at
least transiently single-stranded in order to properly bind to TDP1 [28]. Nevertheless, addition
of ATP strongly promoted 3′-PG processing, suggesting that DNA-PK-mediated
phosphorylation, of either itself or other proteins, does make ends more accessible. In whole-
cell extracts, the S/T→A mutant form of DNA-PK still supports some end processing and gap
filling, while both these processes are blocked completely by DNA-PKi, even in the presence
of the S/T→D mutant. These results, like those reported above, suggest that there are other
DNA-PK-catalyzed phosphorylations that are at least as important as the 2609–2647 cluster
in promoting end accessibility and processing. However, none of these data distinguish whether
this accessibility reflects dissociation of DNA-PKcs from some ends, or only a conformational
change in DNA-PKcs that still remains bound.

In an attempt to distinguish between these alternatives, DNase footprinting was performed. If
DNA-PKcs underwent a major conformational change without dissociation, a qualitatively
different footprint might result. Instead, the DNase cleavage pattern seen after incubation in
the presence of ATP was weaker but otherwise similar to that seen in the absence of DNA-PK
(Fig. 3F), consistent with the view that a fraction of the DNA ends was free of any DNA-PK
while the rest remained fully sequestered. There are at least 12 potential sites of
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autophosphorylation on DNA-PKcs, and extensive autophosphorylation of DNA end-bound
DNA-PKcs can result in complete dissociation from the DNA [38]. Since in our experiments
DNA-PKcs is present in at least a 10-fold excess with respect to DNA ends, it is expected that
any such dissociated, phosphorylated DNA-PKcs would be replaced by a fresh
unphosphorylated molecule. If reloading of DNA-PKcs onto the DNA end were sufficiently
rapid, then there would be little or no processing until the entire pool of unphosphorylated
DNA-PKcs was exhausted, at which point the rate of PG processing would abruptly increase.
On the contrary, however, PG processing in the presence of DNA-PK and ATP appeared to
proceed linearly from time zero (Fig. 3B and 3E), consistent with a model [39] in which each
DNA-PKcs dissociation is followed by an interval when the DNA end is relatively accessible
to TDP1, before the end is again sequestered by a new molecule of DNA-PKcs.

A similar situation appears to prevail in nuclear extracts (Fig. 5), where PG removal likewise
proceeds continuously from time zero despite high concentrations of DNA-PKcs (~0.1 µM)
and Ku (~0.8 µM). The fact that there is significant PG removal in the first 5 min even when
DNA-PK kinase activity is blocked, also suggests that end sequestration by DNA-PKcs is not
immediate and that there is opportunity for end processing before the end-bound repair complex
is fully formed. Moreover, the experiments with cell extracts indicate that such processing can
occur in the presence of not only DNA-PK, but of all proteins required for efficient NHEJ.

In intact cells, the chromosomal sensitivity of SCAN1 cells to calicheamicin provides
additional evidence of a role for TDP1 in DSB repair. The calicheamicin-induced DSB is
unique in that one end of the break often bears a 3′-PG and a 5′-aldehyde [34,40]; thus, at least
one of these blocking groups must be removed in order for end joining to proceed. Most free
radical-mediated DSBs resulting from deoxyribose oxidation at positions other than C-4′ will
bear 5′-phosphate and 3′-phosphate termini [41,42], and the latter can be readily converted to
3′-hydroxyls by PNKP, which binds to the core NHEJ protein XRCC4. Thus, the vast majority
of DSBs induced by diffusible free radicals could presumably be rejoined in at least one strand
without any additional enzymes for removal of modified ends. The presence of abnormal
termini in both strands at one end of the calicheamicin-induced DSB may explain, in part, the
extraordinary cytotoxicity of this compound, as well as the apparent requirement for TDP1 for
optimal repair. These doubly blocked ends are likely to be resistant to many of the 3′→5′ and
5′→3′ exonucleases that otherwise might initiate resection-based end joining [43]. Their
resolution may instead require either a specific end-processing enzyme such as TDP1, or an
endonucleolytic cleavage near the terminus, perhaps preceded by limited helicase-mediated
unwinding of the terminal base pairs.

Thus, taken together, the results suggest that despite lack of demonstrable specific interactions
with core NHEJ proteins, TDP1 can participate in resolution of blocked 3′ DSB termini in the
context of NHEJ. Although Artemis nuclease plus DNA-PK can also process blocked termini
on 3′ overhangs, this processing is slow and inefficient for very short overhangs [35]. Therefore,
in SCAN1 cells, 3′-PG-terminated DSBs may tend to persist longer than in normal cells,
potentially increasing the probability that they will be incorrectly joined. The very small
enhancement of calicheamicin cytotoxicity seen in TDP1-knockdown cells, as well as the
finding that in SCAN1 cells calicheamicin-induced dicentrics are enhanced more than
chromosome breaks, suggest that TDP1 deficiency confers a marked increase in misrepair but
perhaps only a slight defect in the extent of overall rejoining.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of recombinant AdTDP1 isolated from human cells. A. Silver-stained SDS /
10% polyacrylamide gel showing affinity purification of AdTDP1 on FLAG beads. Samples
include the initial lysate (5 µl), the supernatant following pelleting of the beads (10 µl), the
beads pelleted after elution of protein with FLAG peptide (5 µl), and the eluted protein (10 µl).
B. A mixture of a 3′-pTyr 18-mer (▼) and a 3′-PG 14-mer (●) (20 nM each) was titrated with
various dilutions of AdTDP1, and processing was assessed by gel electrophoresis
(Supplemental Fig. 1), as described in the Methods. C. A mixture of plasmid substrates bearing
3′-PG termini on a 5-base 3′ overhang (◆), a blunt end (○) or a 2-base 3′-recessed end (●) was
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titrated with AdTDP1. See Supplemental Fig. 1 and ref. [35] for a detailed description of these
substrates. Incubations were for 2 hr at 37°C, and all samples were subsequently treated with
PNKP to convert TDP1-induced 3′-phosphate to 3′-hydroxyl termini.
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Figure 2.
Inhibition of TDP1-mediated 3′-PG processing by Ku. A. A plasmid bearing a 3′-PG on a 3-
base 3′ overhang (see Fig. 3A) was treated with 30 nM AdTDP1 for the indicated times at 37°
C in the presence of 0 (●), 50 (○) or 150 nM (▼) native human Ku, and glycolate removal was
assessed as described in the METHODS. B. TDP1-mediated glycolate removal was assessed
following treatment for the indicated times without Ku (●) or in the presence of 50 nM
recombinant Ku (▼) or native Ku (○). C. Gel from which the data in (B.) were derived.
Following deproteinization, the samples were treated with AvaI to release a labeled 15-mer
from the end of the plasmid, and then with calf intestinal phosphatase to remove the 3′-
phosphate.

Zhou et al. Page 15

DNA Repair (Amst). Author manuscript; available in PMC 2010 August 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Inhibition of TDP1-mediated 3′-PG processing by DNA-PK in the presence or absence of ATP.
All samples also contained 50 nM recombinant Ku and incubation was for 20 or 80 min at 37°
C in the presence (closed symbols) or absence (open symbols) of ATP. DNA-PKcs
concentration in (B.) and (D.) was 0 (▼), 6 (●,○) or 20 nM (■,□). Substrates were a plasmid
bearing 3′-PG termini on either a 3-base 3′ overhang as shown (A., quantitated in B. and C.,
treatment with 8 nM TDP1) or an otherwise identical substrate with a 3′-PG blunt end (D.,
quantitated in E., treatment with 37 nM TDP1). Panel (C.) shows pooled data (mean ± SEM)
from 3 experiments with the 3′ overhang, with incubation in the presence or in the absence of
ATP; the extent of processing for each sample after 80 min incubation was determined and
then normalized to that for the sample containing Ku but no DNA-PKcs. In parallel, the 3′-
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overhang substrate was incubated for 20 min in the presence of Ku, with or without 20 nM
DNA-PKcs and/or 1 mM ATP as indicated, and then subjected to DNase footprinting (F.). A
replicate footprinting experiment (not shown) gave essentially the same result.
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Figure 4.
Effect of mutations in the 2609–2647 serine/threonine cluster of DNA-PKcs on PG processing.
A. The substrate shown was incubated in the absence of ATP for 10 min with 50 nM Ku and
20 nM either wild-type DNA-PKcs or DNA-PKcs having six S/T→A or six S/T→D mutations
in the 2609–2647 cluster, then subjected to DNase footprinting. B. The same substrate was
incubated with 50 nM Ku and 8 nM TDP1, in the presence (closed symbols) or absence (open
symbols) of ATP, with either no DNA-PKcs (△), or 20 nM DNA-PKcs, either wild-type (●,○),
or having the same six S/T→A (◆,◊) or S/T→D (▼,▿) mutations. PG processing was analyzed
as in Fig. 3. B. Compilation of data from three replicate experiments. Symbols are the same as
in (B.). The extent of processing under each condition has been normalized to that seen with
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wild-type DNA-PKcs in the presence of ATP. The mutated residues in DNA-PKcs are T2609,
S2612, T2620, S2624, T2638 and T2647.
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Figure 5.
Effect of kinase inhibitors on processing of 3′-PG ends in HeLa extracts. A. The substrate
shown, bearing PG termini on 3-base 3′ overhangs, was incubated in HeLa nuclear extracts
(3.2 mg/ml) for 5 min or 5 hr, with or without DNA-PKi, ATMi and exogenous recombinant
X4L4 as indicated. The 14-base fragment represents the free 3′-hydroxyl derived from removal
of 3′-PG by TDP1 and PNKP. The 24-base fragment represents intermolecular head-to-head
joining, by the same mechanism shown for head-to-tail joining. The top portion of the gel is
shown at tenfold higher contrast to visualize end-joining bands. B.-D. Quantitation of data
from an experiment similar to that shown in A., with incubations in the presence of DNA-PKi
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(▼), its solvent (DMSO) alone (○) or no addition (●). In a fourth sample (▿), the substrate was
added after pre-incubation of the extract for 2 hr. The amount of each species is expressed as
a fraction of the total radioactivity in the lane, excluding a small fraction that remained in the
well. End joining (D.) is the sum of the 42- and 24-base products. E. Compilation of PG removal
data from three such experiments, showing mean + SEM. F. Processing of 3′-PG termini on a
single-strand 14-mer by various dilutions of HeLa extract, in the presence of 5 mM EDTA;
samples were then denatured and treated with PNKP to remove 3′-phosphates.
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Figure 6.
Chromosomal sensitivity of SCAN1 cells to calicheamicin. A. Structure of calicheamicin-
induced DSBs. B. SCAN1 (#1664) or normal (#1668) cells were treated with the indicated
concentrations of calicheamicin and then stained with DAPI, and the fraction of cells with
micronuclei was determined. Approximately 100 cells were scored in each of three independent
experiments (mean ± SEM). C. Following calicheamicin treatment, metaphase cells were
collected for 1 hr with colchicine, and then metaphase spreads were prepared and hybridized
with a fluorescent (Cy3) centromeric probe (typical metaphase shown in Supplemental Fig.
4). Approximately 50 metaphases were photographed and scored for acentric fragments and
dicentric chromosomes, and the number of each type of aberration per cell was calculated. D.
Same data as (C.), but expressed as the fraction of cells having at least one, or more than one
aberration of each type. The mitotic index was between 2% and 4% for all samples.
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Figure 7.
Effect of TDP1 knockdown on calicheamicin cytotoxicity toward HeLa cells. Cells were
transfected with TDP1 siRNA (●), control siRNA (○) or transection reagent alone (▼) for 24
hr, incubated for 48 hr, treated for 4 hr with calicheamicin and then either lysed for
determination of TDP1 activity (A), or plated for determination of clonogenic survival (B).
Error bars represent the SEM for three survival determinations from two independent
experiments. TDP1 activity titrations indicated a 7.9-fold decrease following TDP1
knockdown; a second independent experiment indicated an 8.0-fold decrease (not shown).
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