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Abstract
Oxidative DNA damage, including both mutamente and cytotoxic le
sions, is implicated in aging and cancer. Studies of the processes which
correct such damage in mammalian cells are, however, still in their early
stages. Here we have summarized our recent work which demonstrates
new features of mammalian oxidative UNA damage repair, such as (a) a
functional role for polylADP-ribosyllation
in the rejoining of UNA strand
breaks and (b) the detective repair of oxidative DNA damage in xerocells.

Introduction
Active oxidizing species, such as hydroxyl and Superoxide radicals,
arise through normal cellular metabolism as well as during inflam
matory events (1,2). Thus, mammalian cells frequently may encoun
ter oxidative DNA damage induced by these reactive species. The
lesions are heterogeneous and include single and double strand DNA
breaks, AP1 sites, and oxidized purines and pyrimidines (3, 4). Repair
of these forms of damage occurs intracellularly by base excision
repair, but as shown below, nucleotide excision repair also may be
involved.
Defective repair of oxygen free radical-induced DNA lesions leads
to a variety of biological consequences, such as mutation induction,
blocking of transcription and replication, and chromosomal aberra
tions. In addition. DNA damage activates an abundant nuclear en
zyme, PARP (5). Furthermore, recent studies indicate that persistence
of DNA damage may transmit signals to other cellular components,
including p53 which may be involved in a G,-S cell cycle checkpoint
(6) and trigger apoptosis (7, 8). These observations suggest that DNA
damage is processed not only by DNA repair enzymes but also by
other nuclear factors involved in a variety of cellular functions. The
delineation of cellular responses to oxidative DNA damage in mam
malian cells is still at a preliminary stage. We have investigated two
specific problems in the repair of oxidative DNA damage by using
gently prepared human cell-free extracts together with plasmid DNA
containing oxidative lesions as substrate. Here we describe a tentative
role of PARP in modulating the repair of oxygen free radical-induced
DNA breaks (9, 10) and the defective repair of oxidative DNA
damage in XP (II).

activation (9). Furthermore, inhibition of PARP activity with 3-aminobenzamide suppresses NAD '-promoted DNA break rejoining ac

Functional Role of PARP in DNA Single Strand Break Repair

In the repair process of DNA single strand breaks induced by
radiomimetic agents such as bleomycin and neocarzinostatin. NAD *-

PARP is a Mr 113,(KM)nuclear enzyme that catalyzes the modifi
cation of proteins by covalent attachment of poly(ADP-ribose) poly
mers (for reviews, see Refs. 5, 12-16). PARP may be classified as a
posttranslational protein modification enzyme, but unlike most other
such enzymes, PARP mainly modifies itself (automodification).
PARP adds several polymer chains containing over 200 ADP-ribose
residues each onto a protein molecule which results in a general
inhibition of PARP activity. Thus, poly(ADP-ribosyl)ation seems to
represent an autoregulatory mechanism of PARP activity, although
other proteins, including histones and topoisomerases, also are known
to be acceptors for poly(ADP-ribosyl)ation.

dependent repair associated with PARP automodification occurs (10).
In particular, repair of bleomycin-induced DNA breaks seems totally
dependent on PARP activation. Repair of modified bases generated by
alkylating agents also is promoted by PARP activation. Such altered
bases arc known to be corrected by base excision repair (sec Fig. 2),
which is initiated by the elimination of damaged bases by DNA
glycosylases. Breaks are induced at the AP sites by AP endonuclease.
followed by excision of deoxyribosephosphate. DNA polymerization,
and ligation. PARP apparently is involved in the process of DNA
break rejoining initiated by AP endonuclease. while the preceding
process of removal of modified bases is unaffected by PARP.
In contrast to DNA base excision repair, major UV-induced DNA
damage, i.e., cyclobutane pyrimidine dimers and pyrimidine-pyrimidonc 6-4 products, is repaired by a poly(ADP-ribosyl)ation-independent process. During the repair of the damage. PARP is not activated,
nor docs NAD ' stimulate the repair. These photoproducts are elim-
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tivity. Thus, consistent with in vivo results, poly(ADP-ribosyl)alion is
apparently involved in the break rejoining reaction. Surprisingly,
however, when PARP was removed from cell-free extracts by affinity
chromatography, the depleted extracts could rejoin DNA breaks effi
ciently even without the addition of NAD '. These results indicate that
in the absence of NAD*, or in the presence of 3-aminoben/amide
with NAD ', PARP binds tightly to y-ray-induced DNA breaks and
inhibits DNA break repair by the prevention of access of DNA repair
enzymes to the damaged sites. Recently, data consistent with our
conclusion were reported by Molinete et al. (18), who observed
inhibition of DNA repair by transfection of the DNA-binding domain
of PARP into cells. It may be concluded that in the process of DNA
break repair, poly(ADP-ribosyl)ation serves as a release mechanism
of PARP from DNA strand breaks (19, 20), which makes the breaks
available to DNA repair enzymes after a short period of protection and
nonaccessibility. Fig. 1 shows a summary of the process.
Involvement of PARP in Base Excision Repair but not in
Nucleotide Excision Repair
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In vitro, PARP is activated by binding to DNA breaks (17). In vivo,
such breaks can be generated by exposure to ionizing radiation or in
the process of base excision repair of damaged DNA bases. In fact, a
rapid increase in the cellular content of poly(ADP-ribose) polymer has
been observed after treatment of cells with DNA-damaging agents,
such as ionizing radiation or alkylating agents. This activation may be
explained by the binding of PARP to intracellularly generated DNA
breaks, and such activation of PARP is believed to modulate the DNA
break rejoining processes. In addition, inhibition of PARP by a
nicotinamide analogue, 3-aminobenzamidc, sensitizes cells to toxic
effects of DNA-damaging agents and increases the number of unre
paired DNA breaks. These observations have been taken to indicate
that PARP may stimulate the DNA break rejoining process by, for
example, recruiting DNA repair enzymes to damaged sites. However,
direct experimental evidence for this model has been lacking.
Using a cell-free DNA repair assay system, we found that y-ray
induced DNA single strand breaks are enzymatically rejoined, and
NAD ' strongly stimulates this activity in association with PARP
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inated by nucleotide excision repair, which requires formation of
multiprotein repair complexes before DNA incision (21); such com
plexes may prevent the binding of PARP to DNA breaks. These
results are summarized in Fig. 2. PARP is involved only in base
excision repair and in repair of DNA breaks induced by ionizing
radiation [poly(ADP-ribosyl)ation-dependent
repair] but not in nucle
otide excision repair [poly(ADP-ribosyl)ation-independent
repair].
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Fig. 1. Model for the involvement of poly(ADP-ribosyl)ation in DNA break rejoining.
(1) PARP competes with DNA repair enzymes in binding to DNA breaks. (2) Binding of
PARP inhibits DNA repair but initiates automodification which reduces the DNA binding
affinity of PARP. (3) As a consequence of automodification. PARP dissociates from DNA
breaks. (4) Digestion of the poly(ADP-ribose) polymers by poly(ADP-ribose)glycohydrolase (PGH) returns PARP to its original form, while DNA repair enzymes complete
DNA strand break rejoining.

Fig. 2. DNA binding of PARP during base excision repair but not in nucleotide
excision repair. Nucleotide excision repair is initiated by enzymatic recognition of
pyrimidine dimers (T-T), followed by removal of an oligonucleotide and gap filling. This
process requires the formation of repair protein complexes which may inhibit binding of
PARP to the DNA breaks. On the other hand, base excision repair and oxygen free
radicals generate DNA breaks to which PARP binds.

oxidative damage, including DNA single strand breaks, and formami
dopyrimidine-DNA glycosylase- and E. coli endonuclease Ill-sensi
tive sites. When this plasmid substrate was used in the assay, DNA
repair replication occurred in the reaction with cell-free extracts from
normal cells. Such repair synthesis was not observed with untreated
control DNA. Furthermore, the repair reaction showed several char
acteristics of nucleotide excision repair, such as slow kinetics and lack
of PARP activation (10).
When XP cell-free extracts were used in the assay with the oxidized
and enzyme-treated plasmid DNA, negligible amounts of repair rep
lication were observed. Furthermore, the strongly reduced repair rep
lication, compared with that seen with normal cell extracts, was
restored by mixing two XP cell extracts derived from different XP
complementation groups and by supplementation of purified XPA
protein to XPA cell-free extracts, indicating that the reduced repair
activity of oxidative damage was due to the known deficiency of
nucleotide excision repair in XP.
Since reactive oxidizing species are generated through normal cell
metabolism, cellular DNA may undergo continuous oxidation at a low
level (25). Hence, any oxidative DNA damage requiring nucleotide
excision repair for correction would accumulate in XP cells, and such
a buildup of nonrepaired lesions may be a cause of the neurological
deterioration and increased frequency of endogenous tumor formation
in XP patients.
In cell survival assays, most XP cells show close to normal resis
tance to ionizing radiation. Thus, XP cells, in general, appear to have
normal repair activity for oxidative DNA damage. However, cell
survival assays tend to show the effects of the most lethal and
abundant DNA lesions, which mask the effects of other forms of DNA
damage. Thus, the cell-free DNA repair assay used here has the
advantage of disclosing the nature of lesions requiring nucleotide
excision repair among other forms of more abundant damage. Cur
rently, we are attempting to identify the nature of the lesion that
cannot be repaired by XP cell extracts. Preliminary data indicate that
this lesion may be identical to covalent intrastrand purine dimers, AA
and AG, recently found by Carmichael et al. (26) in H2O2/Cu2+treated DNA.
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the assay was pretreated with Escherichia coli endonuclease III and
formamidopyrimidine-DNA
glycosylase to cleave DNA molecules
containing oxidized pyrimidines and purines with fragmented or ox
idized imidazole rings and then subjected to ethidium bromide/CsCl
centrifugation to purify the remaining closed circular DNA. The
resulting DNA plasmids essentially were freed from known types of

DNA binding

Base-excision

[poly(AOP-r!bosyl)fltton dependent]

DNA Lesions

XP is a human genetic disorder with an autosomal recessive mode
of inheritance (for reviews, see Refs. 22 and 23). There are seven
genetic complementation groups from A through G, and the defective
gene products in these groups are involved in nucleotide excision
repair, particularly in damage recognition and incision processes.
Typical clinical features of XP are skin lesions, including frequent
carcinomas and melanomas, and hypersensitivity to sunlight. In ad
dition, severe cases of XP exhibit neurological abnormalities as well
as increased frequency of endogenous tumor formation. The origins of
the latter symptoms have been unclear, although formation of DNA
damage by endogenous agents has been proposed as a possible
explanation (24).
By using a cell-free assay system, we have observed DNA repair of
previously unrecognized lesions in plasmids treated with -y-rays or
H2O-,/Cu2+ (11). The oxidatively damaged plasmid substrate used in
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What is the main physiological function of PARP? Considering the
abundance of this protein in cell nuclei, PARP presumably serves
important functions, perhaps having a structural role in chromatin
and/or acting as a temporary protection mechanism for DNA breaks
during the early stages of recombination and repair.
Defective Repair of Oxygen Free Radical-induced
in XP

DNA DAMAGE
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