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Cellular DNA Repair of Oxidative Deoxyribose Damage by
Mammalian Long-Patch Base Excision Repair
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2-Deoxyribonolactone (dL) arises as a major DNA damage induced by a variety of agents, involving free radical

attack and oxidation of Cl'-deoxyribose in DNA. We investigated whether dL lesions can be repaired in mammalian

cells and the mechanisms underlying the role of DNA polymerase B in processing of dL lesions. Pol § appeared to be '
trapped by dL residues, resulting in stable DNA-protein cross-links. However, repair DNA synthesis at site-specific dL.

sites occurred effectively in cell-free extracts, but predominantly accompanied by long-patch base excision repair (BER)

pathway. Reconstitution of long-patch BER demonstrated that FEN1 was capable of removing the displaced flap DNA

containing a 5'-dL residue. Cellular repair of dL lesions was largely dependent on the DNA polymerase activity of Pol f.

Our observations reveal repair mechanisms of dL and define how mammalian cells prevent cytotoxic effects of oxidative

DNA lesions that may threaten the genetic integrity of DNA,
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INTRODUCTION

Cellular DNA is constantly damaged by endogenous and
exogenous reactive species. The outcome of DNA damages
is generally adverse, contributing to degenerative processes
such as aging and cancer (Friedberg, 2003; Hoeijmakers,
2001). Abasic (AP) sites are expected to be the most fre-
quent lesion in DNA, which can be formed by spontaneous
hydrolysis of N-glycosylic bond or as a consequence of the
removal of inappropriate bases by DNA glycosylases (Ata-
mna et al., 2000; Krokan et al., 1997). In either case, the
resulting AP sites are repaired by base excision repair (BER)
pathway. Consistent with its importance in maintaining
genomic stability and cell viability, BER pathway is highly
conserved, and most of the central BER enzymes are essen-
tial at the whole animal and cell level (Wilson and Thom-
pson, 1997).

Oxidative damage to DNA, mediated by free-radicals
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and reactive oxygen species, produces structurally distinct
AP sites that modulate biochemical reactivity of the lesion.
These lesions include C1'-oxidized AP site, 2-deoxyribono-
lactone (dL), which is the earliest-identified X-ray damage
in DNA (von Sonntag, 1991). The dL damage is also known
to arise in DNA by numerous genotoxic agents including
UV and y-irradiation, chromium (V) carcinogens, and the
anticancer antibiotic neocarzinostatin that belongs to ene-
diyne family (Hashimoto et al., 2001; Pratviel et al., 1991,
Sigman et al., 1993). Under simulated physiological con-
dition, the half-life of DNA cleavage at dL sites in duplex
DNA was measured as ~50 h (Zheng and Sheppard, 2004)
implying that the lesion is rather stable and may encounter
with the cellular repair machinery that normally operate to
repair regular AP sites. However, very little is known about
the fate of dL in the cells due to the lack of the method to
study dL lesion specifically. In the present study, we have
employed DNA substrates containing defined site-specific
dL residues to monitor which cellular repair pathway in-
volves in the repair of dL lesions. The results show here
that the repair of dL occurs via long-patch BER pathway,
and its preventive effects on the formation of deleterious
DNA-protein cross-links are discussed.
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MATERIALS AND METHODS
_ 1. Materials

All reagents were from Sigma/Aldrich (St Louis, USA).
Radionuclides were obtained from PerkinElmer Life Science
(Wellesley, USA). Neocarzinostatin was gift from Dr. Peter
Dedon of Massachusetts Institute of Technology, USA.
DNA oligonucleotides containing dlL precursor residues
were provided by Dr. Bruce Demple of Harvard University,
USA. Recombinant Pol §, FEN1 nuclease, and Apel were
purified as described previously (Masuda et al., 1998; Pra-
sad et al.,, 2000). All other enzymes were obtained from
New England BioLabs (Beverly, USA). HeLa and DNA
Pol B proficient or deficient SV-40 immortalized mouse
embryonic fibroblast (MEF) cell lines were obtained from
American Type Culture Collection (Manassas, USA).

2. Preparation of DNA repair substrates

Oligonucleotide 30-mer (GTCACGTGCTGCAXACG-
ACGTGCTGAGCCT) containing a site-specific dL precu-
rsor residue (X; 1'-#-butylcarbonyl-uridylate) was hybridized
to the 31-mer complementary strand and labeled at the
3"-end by incorporation of [o-P] dCTP using exonuclease-
free Klenow fragment of DNA polymerase 1. **P-labeled
plasmid pGEM DNA substrate were constructed as descri-
bed previously (Sung and Mosbaugh, 2003), except that
the oligonucleotide primer containing a site specific dL
precursor residue was **P-labeled at the 3-end and annea-
led to single-stranded pGEM DNA, To generate a site-
specific dL lesion in DNA substrates, 10 pmol of duplex
DNA containing a dL precursor residue was subjected to
photolysis in a Photochemical Reactor (Rayonet Corp.,
Branford, USA) at UV 350 nm for 90 min as previously
described (DeMott et al., 2002).

3. Preparation of cell-free extracts

HelLa and MEF cell-free extracts were prepared from
confluent cells as previously described (Bennett et al., 2001),
and dialyzed extensively against 20 mM Hepes-KOH (pH
7.6), 100 mM NaCl, 1 mM dithiothreitol, 0.1 mM EDTA, 1
mM PMSF, 10% (v/v) glycerol, and 1x protease inhibitor
cocktail. The protein concentration of cell-free extracts was
determined using Bio-Rad Protein Assay reagent (Hercules,
USA).

4. DNA repair assay

Standard DNA repair reaction mixtures (100 pl) contai-
ned 100 mM Hepes-KOH (pH 7.5), 50 mM KCl, 5 mM
MgCl,, 1 mM dithiothreitol, 0.1 mM EDTA, 2 mM ATP,
0.5 mM B-NAD, 20 uM each of dNTP, 5 mM phosphocrea-
tine, 200 units/ml phosphocreatine kinase, 10 nM of DNA
substrate, and the indicated amounts of cell-free extracts or
purified enzymes. Following incubation at 30°C for the
specified times, the reaction products were isolated as
previously described (Sung et al., 2001), and digested with
BamHI and Hindlll where indicated in the figure legends.
To examine the formation of DPC, the DNA products were
resolved by 1% agarose gel electrophoresis or by 8% SDS-
PAGE. Repair processing of DNA and its associated repair
patches were determined by the analysis of reaction pro-
ducts by 15% denaturing (8 M urea) polyacrylamide gel
electrophoresis.

5. Cell viability assay

Cell viability was determined by MTT assay (Mosmann,
1983). After treatment of indicated amounts of neocarzino-
statin for 2 h, the cells were cultured for 24 h and 100 ml of
the MTT (5 mg/ml) was added to each well of 24- well
plates. Supernatants were then removed and the formazan
crystals were solubilized in 1 ml of dimethylsulfoxide.
Optical density was determined at 540 nm using an ELISA
reader.

RESULTS

1. Formation of DNA -protein cross-links mediated by
dL lesions

The major oxidized form of AP site, a dL. lesion, has been
recently implicated in the formation of DNA-protein cross-
link (DPC) by various bacterial repair enzymes (Greenberg
et al., 2004). Utilizing the plasmid DNA substrate contain-
ing a site-specific dL residue, we examined whether the key
mammalian DNA repair polymerase, Pol B, involves the
repair of dL residue (Fig. 1). Incubation of dL-containing
DNA with purified Pol B, and following electrophoretic
analysis on an agarose gel revealed the formation of new
DNA species that appeared to be distinct from free forms
of closed (form I) and nicked (forrﬁ II) plasmid DNA
molecules (Fig. 1B). The covalent nature of the linkage
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Fig. 1. Detection of the dL-specific DNA-protein cross-link with
Pol B. (A) A diagram of the plasmid pPGEM DNA substrate, which
contained the target dL lesion bracketed by BamHI and Hindlll
restriction sites. The location of the 32P-labeled nucleoside is in-
dicated by an asterisk. (B) Standard DNA repair reaction was carr-
ied out by incubation of *?P-labeled pGEM DNA substrate (10
nM) containing a photochemically generated dL site without (lane
1) or with 20 nM Pol § (lane 2). The resulting DNA products were
analyzed by agarose gel electrophoresis along with 1 kb DNA
ladder (lane M). (C) DNA products isolated from the reaction
conducted without (lane 1) or with 1 nM Apel and 20 nM Pol
(lane 2) were digested with BamHI and HindIIl. Samples were
analyzed by SDS-PAGE and *?P-labeled DNA bands were visua-
lized by PhosphorImager. The band positions of the M, markers
are indicated in the left.

between Pol B and *’P-labeled DNA was confirmed by
SDS-PAGE analysis (Fig. 1C). The major radiolabeled sp-
ecies with electrophoretic mobility (Mr ~45,000) greatly
shifted from the free DNA was consistent with the stable
cross-linking between Pol p (Mr ~39,000) and 18-mer
DNA fragment (Mr ~6,000) that was produced by the in-
cision of dL site by Apel. Similar result was observed pre-
viously but with the oligonucleotide DNA containing a dL.
lesion (DeMott et al., 2002). Therefore, these results suggest
that Pol § cannot process dL lesion, but forms the DPC that
is highly specific to the lesion rather than the architecture
of DNA molecule.

2. Alteration of DNA repair mode due to inability of
Pol § in removing dL lesion

Pol B is a key DNA polymerase that plays dual functions
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Fig. 2. DNA synthesis associated with the repair of dL lesion in
HelLa cell-free extracts. (A) Schematic representation of the partial
segment of pGEM DNA is depicted. The location of the **P-
nucleotide residue is indicated by an asterisk. The repair DNA
synthesis initiated at the target occurred in the direction of the
arrow. (B) Standard repair reaction mixtures containing 10 nM of
pGEM DNA substrate harboring a pre-incised dL site were in-
cubated with 50 ug of HeLa cell-free extract for 0, 2, 5, 10, and
30 min. DNA products were isolated, treated with BamHI and
HindIll, and analyzed by DNA sequencing gel.

in BER by both removing a 5'-deoxyribophosphate (dRP)
residue through its associated dRP lyase activity and in-
itiating the repair synthesis by filling in one nucleotide gap
(Matsumoto and Kim, 1995; Sobol et al., 1996). Consequ-
ently, Pol B is essential in the predominant mammalian BER
pathway that results in a single-nucleotide repair patch;
referred as short-patch BER. To examine whether the DPC
formation of Pol B at dL site alters the repair pathway of
this major oxidized AP lesion, we next determined repair
patches produced during the repair of dL lesion. When dL-
DNA substrates were incubated with HeLa cell-free extracts
a time-dependent increase of DNA synthesis was observed
from the target dL residue (Fig. 2). Interestingly, this repair
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DNA synthesis at the dL lesion also produced patch sizes
of 2~12 nucleotides (Fig. 2). This observation was consis-
tent with the pattern of DNA synthesis shown in an alter-
native BER sub-pathway, long-patch BER, which has been
previously identified according to the utilization of alternate
DNA polymerase activities (Fortini et al., 1998). It has
been shown that long-patch BER pathway involves the
strand displacement repair synthesis of at least two or more
nucleotides and the excision of 5'-dRP residue as a part of
the flap oligonucleotide by FEN1 nuclease (Huggins et al.,
2002). Taken together, our results indicated that the mode
of conventional short-patch BER was altered to the long-
patch BER due to the inability of Pol P to process dL resi-
dues.
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Fig. 3. Efficient processing of the flap DNA containing dL
lesion by long-patch BER pathway. A duplex 3-*P-labeled 31-
mer DNA substrate (10 nM) containing a site-specific dL site was
incubated for 1 h at 30°C with 1 nM Apel, 10 nM Pol B, and 1
nM FEN|1, where indicated. The reactions were conducted in the
absence (lanes 1~7) or the presence (lanes 8) of dNTPs, but
excluding dTTP. Schematic representation of the substrate is de-
picted above the panel. The asterisk indicates the position of the
radiolabel, X denotes a dL residue, and the underlined nucleotide
sequence represents the DNA segment that is displaced by the
limited DNA synthesis of 7 nucleotides. Each reaction product
was analyzed by DNA sequencing gel.

3. Repair of dL lesion by an alternative long-patch
BER

We next determined whether the processing of dL residue
indeed occurred by long-patch BER. The profiles of DNA
processing at the target dL were monitored in the reactions
reconstituted with various enzymes involved in long-patch
BER. The treatment of 3'-end **P-labeled DNA substrates
with Apel converts majority of DNA substrates to disce-
rnable 18-mer DNA products (Fig. 3, lane 2), consistent
with the incision at the 5' site of dL residues by Apel (De-
Mott et al., 2002; Xu et al., 2003). Additional treatments
with either Pol § or FEN1 alone did not mediate further
processing of DNA, except that the residual nuclease acti-
vity of FEN1 mediated nonspecific DNA degradation (Fig.
3, lanes 3 and 4). On the other hand, the reactions conta-
ining both Pol B and FEN1, in addition to Apel, produced
discernable DNA products of 11 nucleotides, but only in
the presence of dANTP (Fig. 3, lanes 4~7). The generation
of 11-mer DNA products was indicative of the strand di-
splacement DNA synthesis of 7 nucleotides by Pol §§ and

~ the following removal of flap DNA by FEN1. This result

first demonstrates the repair of dL lesions through combined
actions of long-patch BER enzymes, Apel, Pol B, and
FEN1, which are involved in the incision of DNA at the
lesion, DNA synthesis of displacing 5'-dL lesion, and the
cleavage of the resulting 5'-dL flap DNA, respectively.

Cell Viability (%)

Neocarzinostatin (nM)

Fig. 4. Pol B plays a key role in the cellular repair of dL lesions
induced by neocarzinostatin. Shown are cell viability curves after
treatment with 0, 0.2, 0.4, 0.8, 2, 4, and 10 nM of neocarzinostatin
of wild type MEF cells (closed circle) and Pol B knock-out MEF
cells (opened square). Mean values and S.D. of three experiments
are indicated.
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4. Pol B plays an important role in dL repair through
its DNA polymerase activity

In long-patch BER, the involvement of other DNA
polymerases, such as Pol & and Pol ¢, has been suggested
(Fortini et al., 1998). Pol B, however, has been also impli-
cated in initiating DNA strand displacement of long-patch
BER by incorporation of the first nucleotide (Dianov et al.,
1999). Thus, we next examined whether Pol f plays such
roles in dL repair by using MEF cells proficient (+/+) or
deficient (—/-) of Pol B (Fig. 4). To introduce dL lesions
into genomic DNA, we utilized neocarzinostatin, which is
an antitumor antibiotic that exhibits cytotoxic action through
DNA damage via hydrogen abstraction, mainly forming dL
lesions (Urbaniak et al., 2004). After treatments with neo-
carzinostatin, Pol B knock-out cells exhibited significantly
decreased cell survival compared to the wild-type cells
(Fig. 4). This result suggests that DNA polymerase activity
of Pol B is required to mediate long-patch BER and, thereby,
remove dL lesions rapidly before the action of dRP lyase
of Pol B to form deleterious DPCs in DNA.

DISCUSSION

In general, a long-patch BER has been considered to be
a minor pathway relative to the predominant short-patch
BER in the repair of various DNA damages. Until now, it
is not known which factor(s) are involved in the selection
of either short- or long-patch BER mode. One study sugge-
sted that the removal of 5-dRP, which appeared to be a
late-limiting step in BER, is critical to determine the mode
of BER (Srivastava et al., 1998). Similarly, the dL lesion
itself may be also important in the selection of BER modes,
since the 5'-dL residue in DNA is refractory to the dRP
lyase activity of Pol B and rather forming DPC (Fig. 1).
This may induce 'switch over' the repair pathway toward
the strand displacement DNA synthesis associated with
long-patch BER. Overall, this notion indicates that long-
patch BER may evolve in repairing DNA lesions that cannot
be repaired by short-patch BER.

Pol B and FENI interact functionally, revealed by the
stimulatory effects on each of the catalytic activity by the
other enzyme (Prasad et al., 2000). Recently, it has been
shown that the substrate mimicked the initial transient
long-patch BER intermediate constituted a nick with 5'-

tetrahydrofuran, which is resistant to Pol § excision, is poor
substrate for Pol f§ -mediated DNA synthesis; but, DNA
synthesis is strongly stimulated by FEN1, suggesting that
FENI1 removes a barrier to Pol § DNA synthesis (Liu et al.,
2005). Therefore, in the case of dL repair, FEN1 appears to
provide at least two major contributions; (i) stimulating Pol
B polymerase activity to displace the 5'-dL residue from its
DNA template and (ii) removing the lesion from DNA by
its efficient catalytic activity on the displaced flap DNA.

Recently, adenomatous polyposis coli (APC), the tumor
suppressor protein, has been implicated in preventing Pol
B-mediated strand displacement synthesis by masking the
domain of Pol B which interacts with PCNA, thereby de-
creasing the long-patch BER, but not short-patch BER
(Narayan et al., 2005). While the critical role of APC has
been suggested in the susceptibility of cells to carcinogenic
and chemotherapeutic agents (Narayan et al., 2005), it would
be also interesting to determine whether the expression of
high level APC affects the repair of dL or the formation of
dL-mediated DPC. In spite of the efficient repair of dL
lesion by long-patch BER, considering that the dRP lyase
activity of Pol B mediates at least ~30% of AP site repair
(Bennett et al., 2001), we can not rule out the possibility of
cellular DPC formation by dL lesions. The potential bio-
logical and clinical significance of such DPCs remains to
be explored. Furthermore, the development of the metho-
dology to measure cellular dL lesions quantitatively would
be helpful in understanding the biological significance of
this oxidative lesion, and also providing useful information
in developing potential chemotherapeutic agents.
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