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Repair of Radiation-Induced DNA Double-Strand Breaks is Dependent 
upon Radiation Quality and the Structural Complexity of 

Double-Strand Breaks 
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a Nuclear Medicine Department, Warren Grant Magnuson Clinical Center, National Institutes of Health, Bethesda, Maryland 20892; and 
b Department of General Chemistry, Institute of Physiology and Biochemistry, Medical University of Lodz, Poland 

Pastwa, E., Neumann, R. D., Mezhevaya, K. and Winters, 
T. A. Repair of Radiation-Induced DNA Double-Strand 
Breaks is Dependent upon Radiation Quality and the Struc- 
tural Complexity of Double-Strand Breaks. Radiat. Res. 159, 
251-261 (2003). 

Mammalian cells primarily repair DSBs by nonhomologous 
end joining (NHEJ). To assess the ability of human cells to 
mediate end joining of complex DSBs such as those produced 
by chemicals, oxidative events, or high- and low-LET radia- 
tion, we employed an in vitro double-strand break repair assay 
using plasmid DNA linearized by these various agents. We 
found that human HeLa cell extracts support end joining of 
complex DSBs and form multimeric plasmid products from 
substrates produced by the radiomimetic drug bleomycin, 
60Co y rays, and the effects of 125I decay in DNA. End joining 
was found to be dependent on the type of DSB-damaging 
agent, and it decreased as the cytotoxicity of the DSB-inducing 
agent increased. In addition to the inhibitory effects of DSB 
end-group structures on repair, NHEJ was found to be 
strongly inhibited by lesions proximal to DSB ends. The initial 
repair rate for complex non-ligatable bleomycin-induced 
DSBs was sixfold less than that of similarly configured (blunt- 
ended) but less complex (ligatable) restriction enzyme-induced 
DSBs. Repair of DSBs produced by y rays was 15-fold less 
efficient than repair of restriction enzyme-induced DSBs. Re- 
pair of the DSBs produced by 125I was near the lower limit of 
detection in our assay and was at least twofold lower than 
that of y-ray-induced DSBs. In addition, DSB ends produced 
by 1251 were shown to be blocked by 3'-nucleotide fragments: 
the removal of these by E. coli endonuclease IV permitted 
ligation. o 2003 by Radiation Research Society 

INTRODUCTION 

DNA double-strand breaks (DSBs) are produced contin- 
uously in living organisms as a consequence of oxidative 
metabolism and exposure to external DNA-damaging 

agents such as ionizing radiation or chemicals (1-4). These 
breaks can have serious consequences, such as chromosom- 
al aberrations, increased genetic instability, carcinogenesis 
and cytotoxicity (5, 6). Mammalian cells repair DSBs pri- 
marily by nonhomologous end joining (NHEJ) (7). The 
chemical and physical structure of the DSB end group is 
an important consideration when investigating NHEJ be- 
cause it may directly affect the pathway's ability to repair 
a break. 

Although the term DSB is descriptive of the physical 
state of the DNA, it fails to convey the range of complexity 
existing at most naturally occurring DSB lesions. In addi- 
tion to a physical discontinuity, most naturally occurring 
DSBs contain nucleotide fragments at the strand break 
ends. In the case of most oxidative processes, including 
low-LET ionizing radiation, these fragments primarily con- 
sist of phosphate or phosphoglycolate groups at the 3' ends 
of the break (8-10). Strand break ends blocked by frag- 
mented nucleotides are not the extent of the lesion com- 
plexity produced at DSBs. In addition to blocked ends, nu- 
cleotides proximal to the break site may also become dam- 
aged in one or both strands and at either or both sides of 
the discontinuity. Such lesions are referred to as clustered 
or multiply damaged sites (MDS) (11-13). 

Metabolic oxidative processes might occasionally pro- 
duce these very complex lesions, but they are much more 
common as a result of exposure to densely ionizing DNA- 
damaging agents like ionizing radiation (14-16). Consistent 
with this is an expectation of an increasing yield of MDS 
with increasing LET of an incident radiation (17). 

Data presented in this report are in agreement with this 
expectation and indicate that as the structural complexity 
of DSBs increases, repair by NHEJ becomes severely in- 
hibited. To assess repair of DSBs with increasingly com- 
plex structures, we employed an in vitro DSB repair assay 
that allowed us to measure DSB repair at lesions produced 
by DNA-damaging agents ranging from restriction enzymes 
to site-specific 125I decay (18). We found that, in addition 
to strand break ends, a major inhibitor of NHEJ is damage 
proximal to the DSB end. Damage in the form of single- 

1 Current address: Fidelity Systems, Inc., Gaithersburg, MD, 20879. 
2 To whom correspondence should be addressed. Nuclear Medicine De- 
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252 PASTWA ET AL. 

strand breaks or base damage upstream of a ligatable re- 
striction enzyme-induced DSB was found to be highly in- 
hibitory to NHEJ, but these lesions did not affect the ability 
of T4 DNA ligase to join the ligatable ends. 

In addition to assessing DSB repair, we determined sev- 
eral structural characteristics for site specific 125I-induced 
DSBs, including the presence of nucleotide fragments at 
the 3' ends of the break. 

MATERIALS AND METHODS 

Materials 

Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum, 
nonessential amino acids (10 mM), glutamine (100 mM), penicillin/strep- 
tomycin (10,000 U/ml), S. cerevisiae tRNA, and T4 DNA ligase (1 U/ 
R1) were purchased from Life Technologies (Gaithersburg, MD). Bleo- 
mycin and phenylmethylsulfonyl fluoride (PMSF) were obtained from 
Sigma (St. Louis, MO). Endonuclease IV (10 U/Il) was purchased from 
Trevigen (Gaithersburg, MD). Stul (10,000 U/ml) was purchased from 
New England BioLabs (Beverly, MA). Vistra Green was obtained from 
Amersham Pharmacia Biotech (Piscataway, NJ). 

Protease inhibitors (leupeptin, bestatin, pepstatin and pefablock) were 
purchased from Boehringer Mannheim (Indianapolis, IN) and aprotinin 
was from ICN Biomedicals Inc. (Aurora, OH). Automated oligonucleo- 
tide synthesis reagents were obtained from Glenn Research (Sterling, 
VA). [5-'25I]dCTP (81.4 TBq/mmol) was purchased from New England 
Nuclear (Boston, MA). Plasmid pSP189 and pTC27 were generous gifts 
from Dr. Michael Seidman (National Institute of Aging, Baltimore, MD). 

DNA 

Treatment with Stul. DNA containing DSBs with ligatable (3'-OH and 
5'-PO4) blunt ends was produced by complete digestion of pSP189 with 
Stul restriction endonuclease. Protein was removed and purified linear 
plasmid was recovered in TE buffer, pH 8.0, using a Qiagen (Valencia, 
CA) PCR cleanup kit according to the manufacturer's instructions. 

Treatment with bleomycin. Linear DNA containing DSBs with unli- 
gatable 3'-phosphoglycolate (PG)-blocked ends was prepared by treating 
supercoiled pSP189 plasmid DNA with bleomycin. Plasmid DNA was 
treated as described previously under conditions demonstrated to produce 
strand breaks exclusively (19). Briefly, DNA at 150 pIg/ml in 12.5 mM 
Tris-HC1, pH 8.0, 300 mM sucrose, 0.0188% Triton X-100, 1.25 mM 
EDTA, 5 mM MgCl2, 7.5 mM P-mercaptoethanol and 250 [Lg/ml heat- 
inactivated BSA was treated with bleomycin (0.5 [pg/ml) at 370C for 20 
min in the presence of 100 pLM ferrous ammonium sulfate. The drug was 
removed by ethanol precipitation and linearized DNA was band isolated 
and recovered after 1% agarose gel electrophoresis as described previ- 
ously (20). 

60Co y irradiation. Supercoiled pSPl 89 plasmid DNA (0.5 ag/pl) was 
irradiated in 50 mM sodium phosphate, pH 7.2, at a range of doses be- 
tween 0-100 Gy. The dose rate of the irradiator was 1.4 Gy/min. Dam- 
aged DNA with a yield of linear DNA similar to that obtained with 
bleomycin was identified, and the linear DNA was band purified for use 
in end-joining assays. 

Site-Specific Auger Effect-Induced Double-Strand Breaks 

Oligonucleotides were synthesized on an Applied Biosystems 394 
DNA/RNA synthesizer and band purified from denaturing 20% PAGE. 
The TC1 27 mer TFO (5'-TCTTTTTCTTTCTTTTCTTCTTTTTTC-3') 
labeled with [5-125I]dCTP at position 27 was constructed by primer ex- 
tension (21). The 26 mer tcl-primer (5'-TCTTTTTCTTTCTTTTCTTC 
TTTTTT-3') and the biotinylated 39 mer tcl-template (5'-CCCGAAAA 
AAGAAGAAAAGAAAGAAAAAGACCCCCC-CCCB-3') were an- 

nealed (50 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 50 mM NaC1) and the 
primer was extended with 3'-5' exonuclease- Klenow fragment in the 
presence of [5-'25I]dCTP (81.4 TBq/mmol; primer:template ratio 2:1). The 
125I-labeled TC1 27 mer was isolated by heat denaturation of the duplex 
extension products after binding to streptavidin-labeled magnetic Dyna- 
beads (Dynal, Oslo, Norway). Dynabead-bound template oligonucleotides 
were separated from the mixture in an ice-cold magnet, and unincorpo- 
rated nucleotides were removed from the supernatant containing 125I-TC1 
by Sephadex G-50 spin column chromatography. 

Auger effect damage induced by 125I decay was targeted to pTC27 by 
the 125I-labeled TC1 27 mer TFO targeted to the polypurine/polypyrimi- 
dine TFO binding site engineered into pTC27 immediately upstream of 
the SupF gene. The TFO contains a 125I-dCTP residue at position 27. 
Upon binding to pTC27, the TFO positions 125I-dCTP one-nucleotide up- 
stream from the 5'-end of the pTC27 SupF gene (see Fig. 4A and B). 
Unbound TFO was removed from the mixture by CL-4B sepharose chro- 
matography and the TFO-bound DNA was stored at - 800C to accumulate 
damage. TFO-mediated site-specific DSB induction was demonstrated by 
the production of two appropriate-sized fragments after cleavage of DNA 
damage products with the single site cutter PflMI restriction endonuclease 
(Fig. 4C). Damaged linear DNA containing DSBs was isolated by band 
purification and used in the end-joining assay. 

Cell Extraction and Fractionation 

HeLa S3 cells were grown as monolayers at 37?C in DMEM containing 
10% (v/v) fetal bovine serum, 1% (v/v) nonessential amino acids, and 
1% (v/v) penicillin/streptomycin (10,000 U/ml penicillin, 10,000 U/ml 
streptomycin sulfate). Nuclei were isolated from -10 g (wet weight) 
freshly harvested, logarithmically growing cells by a modification of the 
method described previously (18). All cellular extraction procedures were 
performed at 40C unless stated otherwise. Cells were harvested by scrap- 
ing, then washed and pelleted twice in ice-cold PBS (800g). The cell 
pellet was resuspended in 2.5 volumes of hypotonic lysis buffer (10 mM 
Tris-HC1, pH 7.6, 1 mM DTT, 5 mM MgC12, 1 mM EDTA, 10 mM 
pefablock, 10 [pg/ml aprotinin, 1.5 pLg/ml leupeptin, 100 Rg/ml bestatin, 
1 Vpg/ml pepstatin) and swollen on ice for 40 min. The cells were lysed 
by Dounce homogenization (40 strokes with the "loose" pestle). Lysis 
was estimated to be -90% by Trypan Blue dye exclusion. 

The homogenate was immediately brought to 250 mM sucrose, and 
nuclei were recovered by centrifugation at 1000g for 5 min. The nuclei 
were resuspended in an equal volume of hypotonic lysis buffer containing 
250 mM sucrose and repelleted at 1000g for 10 min. 

Isolated nuclei were resuspended in four volumes of nuclear extraction 
buffer [20 mM Tris-HC1, pH 7.6, 1 mM DTT, 2 mM EDTA, 20% (v/v) 
glycerol, 500 mM NaCl, 10 mM pefablock, 10 pRg/ml aprotinin, 1.5 pLg/ 
ml leupeptin, 100 

pog/ml 
bestatin, 1 pIg/ml pepstatin]. After incubation 

on ice for 30 min with occasional gentle mixing, the extract was clarified 
by centrifugation at 25,000g for 20 min. The supernatant was dialyzed 
overnight against buffer A [20 mM Tris-HC1, pH 7.6, 1 mM DTT, 1 mM 
EDTA, 20% (v/v) glycerol, 25 mM NaC1, 0.2 mM PMSF]. 

Extracts were partially purified by chromatography on HiPrep Sephac- 
ryl 200, followed by DEAE Sephacel chromatography as described pre- 
viously. 

Immunodepletion 

Immunoprecipitations were performed by mixing whole cell extract 
and anti-Ku80 (now known as XRRC5) antibody (BD Biosciences Phar- 
mingen, San Diego, CA) at 4:1 (w/w) and incubating at 4?C for 1 h. 
Antibody-bound protein was removed from the extract with protein A 
sepharose and centrifugation. The immunodepleted supernatants were re- 
covered and stored at - 800C until needed for enzyme assays. 

End-Joining Assay 

DNA DSB end-joining repair reactions were typically conducted in 50 
pl total volume. Reactions contained 50 mM Tris-HC1 (pH 8.2), 5 mM 
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MgCl2, 1 mM ATP, 1 mM DTT, 5% polyethyleneglycol (PEG)-8000, 10 
Vig/ml aprotinin, 1.5 jIg/ml leupeptin, 100 ig/ml bestatin, 10 mM pefa- 
block, 100-125 ng substrate DNA, and partially purified HeLa nuclear 
extract, or commercial enzymes, as indicated in the figures. Repair re- 
actions were stopped by the addition of 0.4% SDS and incubation at 650C 
for 15 min. DNA was recovered by extraction with phenol:chloroform 
(1:1), and ethanol precipitation using 0.5 jig tRNA as a carrier. Repair 
products were identified by gel shift after 1% agarose electrophoresis and 
Vistra Green (VG) staining. Images were digitized with a Fluorlmager 
595 system (Molecular Dynamics, Sunnyvale, CA) and quantified den- 
sitometrically using Gel-Pro software (Media Cybernetics, Silver Spring, 
MD). 

Protein Assay 

All protein determinations were made according to the method of Brad- 
ford (22) using bovine plasma gamma globulin as the standard. 

RESULTS 

In Vitro DSB Repair Assay 
To assess the repair of DSBs of different complexities, 

we employed an in vitro DSB repair assay (18). In this 
assay, plasmid DNA is subjected to damage by an agent of 
choice and full-length linear DNA containing a single DSB 
is isolated by band purification and electroelution. This lin- 
ear DNA substrate is then incubated with a partially puri- 
fied human HeLa cell nuclear extract and repair products 
(dimers, trimers, etc.) are identified by gel shift. To make 
a direct detection approach practical and eliminate complex 
and time-consuming detection methods such as Southern 
blotting or radioactive methods, we employed the fluores- 
cent DNA stain Vistra Green (VG). VG is capable of de- 
tecting <20 pg/band of double-stranded DNA (18, 23, 24). 
To establish that the NHEJ pathway is responsible for the 
end joining observed in our system, we examined the effect 
of immunodepleting XXRC5 on product formation. West- 
ern blot analysis of the immunodepleted HeLa extract dem- 
onstrated a slightly less than fivefold reduction in XXRC5 
protein (Fig. 1A). Compared to the undepleted extract, the 
rate of product formation by the immunodepleted extract 
was reduced by an average of about fourfold (Fig. IB). 
These results indicate a requirement for XXRC5 in the end- 
joining reaction and suggest that, under our assay condi- 
tions, NHEJ is the primary pathway responsible for product 
formation. 

Currently, most in vitro DSB repair assays use DNA cut 
with restriction enzymes as the repair substrate. In many 
cases these substrates may be directly ligated or support 
combinations of polymerization and ligation that might not 
occur under normal circumstances (25-28). None of these 
methods make use of substrates that model naturally oc- 
curring DSB structures. As a result, these assays are fo- 
cused upon measuring ligation. This is the final step of 
NHEJ; thus such assays do not permit the analysis of ini- 
tiation involving end-group processing, as would be re- 
quired at any naturally occurring "complex" or blocked 
DSB end (29) (Fig. 2). 
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FIG. 1. HeLa extract XXRC5 immunodepletion. Panel A: The XXRC5 
protein content of the extract was reduced fivefold after immunodepletion. 
Panel B: Kinetic analysis of repair after XXRC5 depletion. The depleted 
extract was employed in end-joining reactions with Stul-linearized DNA 
as the substrate. End-joining activity was reduced proportionate to the 
reduction in XXRC5 protein content, yielding an average fourfold reduc- 
tion in end joining. Untreated HeLa extract ( ), immunodepleted extract 
(m). 

The radiomimetic drug bleomycin produces more com- 
plex unligatable double-strand breaks possessing 5'-P and 
3'-phosphoglycolate (3'-PG) termini that are essentially 
blunt (30). Repair of these strand breaks requires removal 
and conversion of 3'-PG to 3'-OH groups. 

Since 3'-PG represents approximately 50% of the termini 
at strand breaks produced by ionizing radiation (the re- 
maining 50% contain 3'-P) (31), bleomycin-damaged DNA 
is frequently used as a model for radiation-induced DNA 
strand breaks during the study of repair or mutagenicity 
(19, 32-35). Yet there is considerable evidence that radia- 
tion-induced DSBs comprise a wide variety of structures 
ranging from fairly simple breaks containing only blocked 
ends to the more complex MDS (6, 36, 37). 

DSBs can also be caused by 1251, which is an Auger- 
electron emitter that decays by electron capture and internal 
conversion (38-40). Decay results in emission of about 20 
low-energy electrons (below I keV) with ranges of several 
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FIG. 2. Examples of the range of DNA double-strand break complex- 
ity. Panel A depicts the simplest form of DSB, which is blunt ended and 
contains opposable and ligatable 3'-OH and 5'-P ends. Breaks of this 
type are potentially repairable by a single enzymatic step, through the 
action of DNA ligase. Panel B illustrates more complex breaks similar 
to many of those produced by low-LET ionizing radiation or other oxi- 
dative processes. Breaks of this type are not directly ligatable, but they 
require removal of the 3'-PG or 3'-phosphate (P) moieties prior to align- 
ment and ligation. Panel C shows examples of the most complex DSB 
type, multiply damaged sites (MDS). These types of DSBs not only con- 
tain blocked nonligatable ends but may also include nucleotide damage 
in the form of base loss (indicated by a closed circle) and/or chemically 
altered bases (indicated by jagged lines). 

nanometers or less and a highly positively charged telluri- 
um daughter atom. The simultaneous action of the low- 
energy Auger electrons, and possibly the charge neutrali- 
zation of the daughter atom, are thought to produce the 
equivalent of a high-density energy deposition similar to 
that of high-LET radiations like at particles at the decay site 
(41-43). Decay of 1251 incorporated into one strand of a 
DNA duplex (as iododeoxyuridine or labeled aminoacri- 
dines) produces strand breaks located within about 10 bp 
of the decay site with an efficiency approaching one DSB/ 
decay (40, 44, 45). We used a 125I-labeled TFO to induce 
DSBs in a target duplex DNA molecule at an efficiency of 
nearly one DSB/decay (46). 

We employed substrates created by each of these meth- 
ods to produce linear DNA containing increasingly com- 
plex DSB structures. By incorporating these substrates into 
individual repair reactions, we were able to assess their im- 
pact upon the NHEJ pathway. 

DSB Induction by Bleomycin 

Since bleomycin produces several single-strand breaks 
(SSBs) for every DSB, damaged DNA contains a dose- 
dependent mixture of topological forms (supercoiled, open 
circular, and linear). In contrast to restriction enzyme treat- 
ment, the incremental production of DSBs by bleomycin 
restricts the amount of linear DNA that can be produced 
from a given weight of plasmid. Consequently, the yield of 
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FIG. 3. Panel A: Bleomycin damage dose response. Concentrations 
are reported as jig bleomycin/ml of DNA solution treated (150 jig DNA/ 
ml). Lane M contains EcoRI-linearized pSP189 as a marker. The positions 
of the open-circular (oc), linear (1) and supercoiled (sc) forms of pSP189 
DNA are indicated to the right of the gel. Panel B: 60Co y--ray DNA 
damage dose response. Lane M contains high mass markers (Invitrogen). 
Plasmid DNA was irradiated in 50 mM sodium phosphate, pH 7.2, at the 
doses indicated. In both panels A and B, open circular DNA (containing 
single-strand breaks) and linear DNA (containing a single double-strand 
break) are produced in a dose-dependent manner, with a concomitant loss 
of supercoiled DNA. 

linear DNA is low in comparison to restriction enzyme di- 
gestion. To maximize the yield of linear plasmid containing 
bleomycin-induced DSBs, a bleomycin dose-response ex- 
periment was conducted (Fig. 3A). Plasmid damaged by 0.5 
RIg bleomycin/ml (3.4 X 10-3 [ig bleomycin/Rig DNA) was 
found to produce the greatest yield of linear DNA while 
retaining the highest efficiency of repair activity (18). 

DSB Induction by 60Co y Rays 

Figure 3B shows a 60Co y-ray DNA damage dose re- 
sponse. Plasmid DNA (pSP189) was irradiated as indicated 
producing open circular DNA, and linear DNA containing 
a single double-strand break, in a dose-dependent manner 
with a concomitant loss of supercoiled DNA. The 30-Gy 
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b) 
b) 5' - TCTTTTTCTT TCTTTTCTTC TTTTTTC - 3' TC1 

5'- TCAGGAGATC AGAAAAAGAA AGAAAAGAAG AAAAAAGTAG AGGGTTCCCG AGCGG -3' 
3'- AGTCCTCTAG TCTTTTTCTT TCTTTTTCTTC TTTTTTCATC TCCCAAGGGC TCGCC -5' 

Decay of the 1251 results 
in the production of a site 

125I-TFO Binding Site specific DSB. 
a) j 2-TFO Bindin to target 
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Sproximityto the phosphodiester 

?.:" 
backbone opposite G. C) 1 2 3 4 5 6 

SapFC217 - 2oc 
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FIG. 4. Production of site-specific 1251 induced DSB. Site specific positioning of the 1251 is accomplished using a TFO delivery vehicle. Production 
of site-specific DSBs in the target sequence of plasmid TC27 (panels a and b) is demonstrated by the formation of appropriate-sized fragments (2861 
bp and 2091 bp) after cleavage of the damaged plasmid with restriction enzyme PflMI. Panel c: lane 1, high mass markers; lane 2, pTC27 supercoiled 
DNA marker; lane 3, pTC27 linear DNA marker; lane 4, pTC27 open circular DNA marker; lane 5, 0.5 [Lg damaged plasmid; lane 6, 0.5 [Lg PflMI- 
cut damaged plasmid. 

dose produced a proportional yield of DNA forms closest 
to that of the 0.5-Rig/ml bleomycin reactions. Therefore, 
linear DNA isolated from the 30-Gy irradiation mixture was 
employed as a substrate in end-joining assays. 

Site-Specific DSB Induction by 1251 

Using the model system shown in Fig. 4, the 125I-labeled 
TFO, TC1, was used to produce a bona fide site-specific 
radiation-induced DNA DSB. The polypyrimidine 27 mer 
TC1 TFO was designed to recognize and bind in an anti- 
parallel orientation to positions 7-33 of pTC27, placing the 
3'-end of the TFO immediately 5' to the plasmid SupF gene 
(Fig. 4A and B). The triple helical structure places the [5- 
125I]dCMP residue at position 27 of the TFO close to the 
phosphodiester backbone of pTC27 opposite the G at po- 
sition 33. The resulting 125I-C*GC triplet produces localized 
DSBs that typically range from 5 bases upstream to 5 bases 
downstream of the 1251-C position (21, 46, 47). The dam- 
aged DNA product was distributed in three forms: super- 
coiled DNA, open circular DNA and linear DNA (Fig. 4C, 
lane 5). To demonstrate site-specific DSB production in 
pTC27, an amount of damaged DNA equivalent to that run 
in lane 5 was cleaved with restriction enzyme PflMI. The 
unique PflMI restriction site is nearly opposite the TFO- 
binding site (Fig. 4A). Therefore, PflMI cleavage of plas- 
mid molecules that have accumulated site-specific DSBs 
results in the production of two DNA fragments of 2861 
bp and 2091 bp, respectively. In contrast, plasmids that con- 

tain SSBs, or are otherwise intact, will linearize and run as 
linear DNA after electrophoresis. Production of two appro- 
priate-size fragments after cleavage of the damaged plasmid 
DNA demonstrates TFO-mediated site-specific DSB induc- 
tion (Fig. 4C, lane 6). Linear DNA containing site-specific 
DSBs was isolated to serve as a substrate in the repair 
assay. 

Rejoining of DSBs by Recombinant and Human Enzymes 
To examine the structure of DSBs produced by different 

agents and compare their capacity to support end joining, 
we employed recombinant bacterial enzymes (E. coli en- 
donuclease IV; phage T4 DNA ligase) and human HeLa 
enzymes. Endonuclease IV (endo IV) is a class II AP en- 
donuclease that is capable of cleaving 3'-nucleotide frag- 
ments at DNA strand breaks to produce a 3'-OH that can 
serve as a substrate for ligation and polymerization (48). 
T4 DNA ligase rejoins strand breaks possessing 3'-OH and 
5'-P ends, and it is highly efficient at blunt end ligation in 
addition to ligation of complementary overhangs. It has 
also been reported to have a limited ability to join over- 
hangs containing a single-base mismatch and to join short 
overhangs to blunt ends (49). DNA linearized by 1251, y 
rays, bleomycin or StuI was treated with E. coli endo IV 
and T4 DNA ligase either alone or in combination (Figs. 5 
and 6). Endo IV treatment alone had no effect on the mi- 
gration of linearized substrates (Fig. 5A, lanes 3 and 8; Fig. 
6A and C, lane 3). In contrast, T4 ligase produced rejoining 
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FIG. 5. Differential repair of bleomycin-induced DSB ends and Stul-induced blunt ends in the presence of HeLa cell extract or recombinant bacterial 
enzymes. Standard, repair reactions were performed with DNA linearized by either 0.5 jig bleomycin/ml or StuI digestion. The repair reactions contained 
either, 15 pLg HeLa extract, 2 U E. coli endonuclease IV, 5 U T4 DNA ligase, or combinations as indicated. Reactions were incubated at 170C for 18 
h. Panel A: Reaction products visualized in a 1% agarose gel with Vistra Green. The positions of the DNA substrate and products are indicated to the 
right of the gel as linear (L), circular (C), dimer (D), trimer (T), and high-molecular-weight multimers (HM). Panel B: The data from the gels were 
plotted as the percentage of linear substrate DNA converted to end-joined product. Reactions performed with bleomycin-linearized DNA substrates are 
represented by gray bars while those performed with the Stul-linearized DNA are represented by the black bars. This figure is reproduced with 
permission from Pastwa et al. (18). 

products in the presence of StuI-cut DNA but not with the 
more complex substrates (Fig. 5A, lane 9; Fig. 6A and C, 
lane 4). However, when these substrates were reacted with 
endo IV and T4 DNA ligase in combination, repair prod- 
ucts are formed with almost identical distribution in DNA 
linearized with Stul, bleomycin, y rays or 1251 (Fig. 5A, 
lanes 5 and 10; Fig. 6A and C, lane 5). The bleomycin- 
linearized substrate results not only confirmed its DSB ends 
to be blocked (Fig. 5A, lanes 4 and 5) but, due to the 
efficient end joining obtained with the endo IV/T4 DNA 

ligase combination, also supported previous reports of the 
largely blunt-ended structure of bleomycin-induced DSBs 
(18, 30). The yield of end-joined product for bleomycin- 
and StuI-cut DNA in the presence of recombinant enzymes 
was essentially the same (30-35%) (Fig. 5B). This dem- 
onstrates that only the 3'-PG nucleotide remnants at the 
bleomycin-induced DSBs affect the ability of these sub- 
strates to support end joining. Therefore, collateral SSB 
damage introduced into the DNA by bleomycin, or poten- 
tial damage resulting from handling during purification, 
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FIG. 6. Repair of 30 Gy y-ray-induced or site-specific '25I-TFO-induced DSBs by recombinant and human enzymes. Reaction mixtures contained 

15 jig cell extract, 2 U E. coli endonuclease IV, 5 U T4 DNA ligase, or combinations as indicated. Reactions were incubated at 170C for 18 h. Panel 
A: Reaction products of the y-ray-linearized DSB repair substrate visualized in a 1% agarose gel with Vistra Green. The position of the DNA substrate 
and products are indicated to the right of the gel as linear (L), circular (C), dimer (D), and trimer (T). Panel B: The data from the gel were plotted as 
the percentage of linear substrate DNA converted to end-joined product. Panel C: Reaction products of the 125I-TFO-linearized DSB repair substrate 
visualized in a 1% agarose gel with Vistra Green. Panel D: The data from the gel were plotted as the percentage of linear substrate DNA converted 
to end-joined product. 

does not significantly reduce the capacity of the substrate 
to support end joining with respect to blunt DSB ends of 
otherwise undamaged Stul-cut DNA. 

In contrast, DSBs produced by y rays and 1251 are pro- 
gressively more refractory to direct end joining by the com- 
bined action of endo IV and T4 ligase, supporting the as- 
sumption that these molecules possess more complex or 
heterogeneous end structures. The y-ray-linearized sub- 
strate supported less than half (12%) of the endo IV/T4 
ligase-mediated end joining observed for the bleomycin- or 
Stul-linearized substrates. Surprisingly, in the presence of 
T4 ligase alone, the y-ray-linearized DNA also supported 
a substantial amount of end joining (5%), suggesting that 
up to 40% of the y-ray-linearized molecules capable of sup- 
porting direct end joining possess 3'-OH ends and do not 
require processing prior to ligation. 

In contrast, reaction of the 1251-linearized substrate with 
T4 ligase alone did not result in any product formation, 

whereas 2% of the substrate was converted to product by 
the combined action of endo IV and T4 ligase (Fig. 6B and 
D). These results also show some important structural char- 
acteristics of the 125I-induced DSBs. The observation that 
up to 2% of the 125I induced DSBs can be rejoined by the 
combined action of T4 DNA ligase and endo IV demon- 
strates that at least a subpopulation of these breaks must 
contain 3'-nucleotide fragments that are recognizable by 
endo IV. Also, the lack of rejoining with the remaining 98% 
of the 125I-induced DSBs indicates that these breaks consist 
of a more complex structure than the 2% of ends that were 
capable of supporting rejoining. This suggests a possible 
heterogeneity of DSB end conformations that are largely 
unligatable and/or the presence of end-group structures in- 
capable of being recognized by endo IV. 

The linear substrate DNAs were also incubated for repair 
by HeLa cell extract. Although high-molecular-weight re- 
pair products were formed with all four substrates, substan- 
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tially more product was formed with StuI-cut DNA (40%) 
than with the damaged substrates. This yield of product was 
essentially equal to that obtained for Stul-cut DNA in the 
combined endo IV/T4 ligase reaction. In contrast, repair 
mediated by the HeLa extract only resulted in 10% product 
formation with the bleomycin-linearized substrate, 2% 
product formation with the y-ray-linearized substrate, and 
less than 0.5% product formation with the 1251-linearized 
substrate (Fig. 5B, and Fig. 6B and D). 

The difference in the ability of the HeLa cell extract to 
catalyze end joining with these substrates is a function of 
the extract's ability to process the DSB structure for end 
joining. This observation demonstrates the increasing DSB 
complexity as the DNA-damaging agent is stepped through 
StuI, bleomycin, y rays and 125I. However, with the excep- 
tion of the Stul-cut substrate, far more repair is observed 
with the damaged substrates in the presence of endo IV and 
T4 ligase than with HeLa extract. Since the ligation activity 
of the HeLa extract is nearly equal to that of T4 ligase (Fig. 
5), it has the capacity to produce an amount of product 
from each of the damaged substrates equal to that formed 
in the recombinant enzyme reactions. Therefore, the ex- 
tract's inability to do this must represent (1) a reduced ca- 
pacity to process the end-group structures produced by the 
DNA-damaging agents, (2) an inability to ligate end con- 
formations recognized by T4 ligase, or (3) an inability of 
the NHEJ complex to load onto the ends of the damaged 
DNA due to secondary damage upstream from the break 
ends. 

To test the potential of secondary damage upstream of 
the break ends to affect repair by the NHEJ pathway, but 
not direct end joining mediated by T4 ligase, y-ray-dam- 
aged open circular DNA was isolated and cut to completion 
with StuI (data not shown). The StuI-linearized y-ray-dam- 
aged open circular DNA was employed in a series of re- 
actions similar to those described above (Fig. 7). This sub- 
strate supported direct end joining by T4 ligase at an effi- 
ciency equal to that observed with otherwise undamaged 
DNA cut with Stul. This demonstrates that although the 
DNA contains y-ray-induced SSBs and base damage, this 
secondary damage does not affect the ability of the restric- 
tion enzyme-induced DSBs to be ligated. Although the 
Stul-linearized y-ray-damaged open circular DNA was 
readily ligatable, HeLa extract-mediated end joining of this 
substrate was only 2%. This equals the amount of end join- 
ing the HeLa extract produced with the y-ray-linearized 
substrate (Fig. 6B). These results suggest that although the 
HeLa extract had a capacity to rejoin the StuI-cut ends of 
the y-ray-damaged open circular DNA that was equal to 
that of T4 ligase, secondary damage upstream of the DSB 
inhibits interaction with the NHEJ complex, subsequent end 
alignment, and ligation. Furthermore, HeLa extract-medi- 
ated end joining of the y-ray-linearized DNA (Fig. 6) may 
be influenced by lesions proximal to the DSB end as well 
as by processing of DSB end-group blocking structures. 
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FIG. 7. Repair by recombinant and human enzymes of Stul-cut blunt 

ends in open circular DNA created by y-ray-induced damage (30 Gy). 
Reaction mixtures contained 15 [Lg cell extract, 2 U E. coli endonuclease 
IV, 5 U T4 DNA ligase, or combinations as indicated. Reactions were 
incubated at 170C for 18 h. 

DSB Repair Time Course 

A time course reaction was performed to examine the 
effect of DSB complexity on the kinetics of rejoining by 
the HeLa cell extract. We compared the initial rate of end 
joining on StuI-, bleomycin-, y-ray- and 1251-linearized sub- 
strates. These assays indicate a sixfold lower rate of repair 
for bleomycin-induced DSBs than for the ligatable blunt- 
ended DSBs produced by StuI (Fig. 8). Repair of bleomy- 
cin-induced DSBs appears to involve a lag phase between 
0 and 1 h that is not evident in the end-joining reactions 
with blunt-ended DNA. Repair of y-ray-induced DSBs oc- 
curred at a 15-fold lower rate than repair of Stul-induced 
DSBs. Repair of the 125I-TFO-induced DSBs was nearly 
undetectable, and it proceeded at a rate at least twofold 
lower than that observed for y-ray-induced DSBs. 

DISCUSSION 

In the present work, we examined the ability of the hu- 
man NHEJ pathway to directly rejoin DSBs with a range 
of lesion complexities and structural organization that exist 
in naturally occurring DSBs similar to those expected in 
vivo. We established that end joining by HeLa extracts, as 
measured in our assay, is directly dependent upon the pres- 
ence of XXRC5 (Fig. 1), thus implicating the KU protein- 
driven NHEJ pathway as the mechanism of repair mediated 
by the extract. This finding is further supported by the lack 
of closed-circular product formation by the HeLa extract 
(Fig. 5A). Production of closed circles has been shown to 
be characteristic of in vitro reactions mediated by direct 
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FIG. 8. Time course of the reactions for HeLa cell extract-mediated 
repair of DNA containing Stul-induced blunt end DSBs (closed dia- 
monds), bleomycin-induced DSBs (closed squares), y-ray-induced DSBs 
(closed triangles), and site-specific '25I-induced DSBs (crosses). Reactions 
were conducted at 170C with 15 pLg of HeLa extract for the times indi- 
cated. 

DNA ligase IV/XRCC4 end joining but not by the complete 
KUIPRKDCII/DNA ligase IV/XRCC4 NHEJ complex (50). 

Our findings indicate that as the structural complexity of 
a DSB lesion increases, the ability of the NHEJ pathway 
to rejoin the break decreases. This direct observation of 
DSB end joining further supports the theory put forward 
by numerous observations that the increasing lethality of 
ionizing radiation observed with increasing radiation LET 
is a function of increasing DSB complexity. The more 
structurally complex the break, the more difficult it is to 
process for repair. Comparative analysis for repair of DSBs 
produced by different agents demonstrates damage-depen- 
dent differences not only in the repair reaction but also in 
the structural complexity of the lesion being repaired. When 
HeLa cell extract was the source of repair activity, 1251-, y-Y 
ray- and bleomycin-induced DSBs were rejoined much less 
effectively than readily ligatable, Stul-induced DSBs (Figs. 
5 and 6). In the HeLa extract NHEJ reactions, this may be 
largely a function of increased SSBs and/or base damage 
proximal to the DSB end as depicted in Fig. 2C. Bleomycin 
and, to a larger extent, y-ray- and 125I-induced DSBs are 
accompanied by secondary lesions proximal to the DSB 
end. These secondary lesions appear to inhibit repair by the 
NHEJ complex even at readily ligatable DSBs ends. This 
is demonstrated by the inability of the HeLa cell extract to 
promote efficient ligation of StuI restriction enzyme DSBs 
produced by cutting open circular DNA created by y-ray 
damage. Stul efficiently and completely linearized the y- 
ray-damaged open circular DNA; moreover, the Stul-in- 
duced DSBs were efficiently ligated by T4 DNA ligase, 
demonstrating that the y-ray-induced secondary damage 
did not interfere with the enzyme's ability to interact with 

the DSB ends (Fig. 7). Therefore, secondary lesions prox- 
imal to the DSB end, which most likely occur within or 
near the footprint of the eukaryotic NHEJ complex (KU/ 
PRKDC/DNA ligase IV/XRCC4), are highly inhibitory to 
the NHEJ reaction. This result is consistent with the nature 
of the DNA-damaging mechanisms of the DNA-damaging 
agents tested in this study and with the relative likelihood 
of secondary lesions being produced close to the DSB end. 
In the case of bleomycin, approximately six SSBs are pro- 
duced for every DSB, resulting in an average frequency of 
one SSB for every 827 bp of our target plasmid DNA (51, 
52). Therefore, based upon a footprint of approximately 25 
bp per KU heterodimer, about 3% of the bleomycin-line- 
arized molecules in our reaction would be likely to contain 
an SSB that might interfere with loading of the NHEJ com- 
plex (53). In the case of y-ray-induced damage, estimates 
of up to 60% of DSBs consisting of a complex structure 
including proximal base damage have been reported, while 
as many as 90% of the DSBs induced by high-LET radia- 
tion are estimated to consist of these complex structures 
(54). Because of the highly localized energy deposition of 
125I, '25I-induced DSBs may approach 100% for complexity 
proximal to the DSB end (55). 

Our observation of a reduced repair reaction rate for 
DSBs blocked by 3'-PG compared to 3'-OH ends is con- 
sistent with the observations of others (56, 57). The appar- 
ent time lag in initiating repair for bleomycin-induced 
DSBs compared to Stul-induced DSBs may reflect the need 
to remove 3'-PG from the substrate prior to formation of 
multimeric products; The progressive reduction in product 
formation in the reactions employing y-ray- and 125I-in- 
duced DSBs indicates the increasing structural complexity 
of these lesions. 

By employing the bacterial enzymes, endonuclease IV 
and T4 DNA ligase, we have demonstrated for the first time 
the DSBs produced by 125I to be blocked by 3'-nucleotide 
fragments (Fig. 6C). The 5'-end group chemistry of Auger- 
electron-induced DSBs have been determined indirectly by 
Maxam-Gilbert sequencing on target sequences that had 
been damaged by bound 125I-labeled TFOs (21, 46). These 
reactions were performed with 3'-end labeled duplexes, and 
they indicated that the 5'-end groups of the break sites are 
5'-P. No determination of the 3'-end structure has been re- 
ported. Identification of a complex 3'-end structure at 125- 
induced DSBs, in addition to the highly inhibitory effect 
of damage proximal to the DSB ends, may begin to explain 
the poor repair observed by us 

(-2%, 
Fig. 6D and Fig. 8) 

and many others, for Auger-electron-induced DSBs (42, 55, 
58-60). Our results also indicate that the majority of 

125I- induced DSBs are not directly ligatable after 3'-end pro- 
cessing by endo IV. In contrast, at least a small subset of 
Auger-electron-induced DSBs are ligatable after 3'-end 
processing, indicating that the 5'-ends possess PO4 groups. 
Furthermore, based upon the range of T4 DNA ligase struc- 
tural recognition, these results also indicate that the possible 
range of DSB end conformations consists of directly op- 
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posable blunt ends, complementary or single-base mis- 
matched overhangs of equal length, or short overhangs li- 
gated to blunt ends. These results, in conjunction with the 
comparatively poor yield of rejoined products observed in 
the time-course reactions, suggest that DSBs produced by 
125I are much more structurally complex than those pro- 
duced by y rays and by bleomycin. 

The differential repair results obtained with direct liga- 
tion reactions using prokaryotic enzymes and end-joining 
reactions catalyzed by NHEJ, and in particular the results 
observed for inhibition of NHEJ by damage proximal to 
the DSBs site, indicate the need to construct substrates in 
which the DSB end-group structure and damage proximal 
to the DSB end can be investigated independently. This will 
allow a detailed analysis of the contribution of each lesion 
type and the mechanism(s) by which each lesion affects the 
ability of complex DSB lesions to be repaired. 

Received: September 17, 2001; accepted: September 11, 2002 
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