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Abstract—To study the interaction of poly(ADP-ribose) polymerase 1 (PARP1) with apurinic/apyrimidinic sites (AP sites)
within clustered damages, DNA duplexes were created that contained an AP site in one strand and one of its analogs situ-
ated opposite the AP site in the complementary strand. Residues of 3-hydroxy-2-hydroxymethyltetrahydrofuran (THF),
diethylene glycol (DEG), and decane-1,10-diol (DD) were used. It is shown for the first time that apurinic/apyrimidinic
endonuclease 1 (APE1) cleaves the DNA strands at the positions of DEG and DD residues, and this suggests these groups
as AP site analogs. Insertion of DEG and DD residues opposite an AP site decreased the rate of AP site hydrolysis by APE1
similarly to the effect of the THF residue, which is a well-known analog of the AP site, and this allowed us to use such AP
DNAs to imitate DNA with particular types of clustered damages. PARP1, isolated and in cell extracts, efficiently interact-
ed with AP DNA with analogs of AP sites producing a Schiff base. PARP1 competes with APE1 upon interaction with AP
DNAs, decreasing the level of its cross-linking with AP DNA, and inhibits hydrolysis of AP sites within AP DNAs contain-
ing DEG and THF residues. Using glutaraldehyde as a linking agent, APE1 is shown to considerably decrease the amount
of AP DNA-bound PARP1 dimer, which is the catalytically active form of this enzyme. Autopoly(ADP-ribosyl)ation of
PARPI1 decreased its inhibitory effect. The possible involvement of PARP1 and its automodification in the regulation of AP
site processing within particular clustered damages is discussed.
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The base excision repair (BER) system is responsible
for repair of damage caused by ionizing radiation and
exogenous oxidizing and alkylating agents that act simi-
larly to endogenous factors [1]. The same system also
repairs apurinic/apyrimidinic (AP) sites. AP sites are pro-
duced by spontaneous hydrolysis of the N-glycoside bond
and also by elimination of an incorrect or damaged base
by DNA glycosylases. Under physiological conditions,
~10,000 AP sites are produced in mammalian cells per
day [2]. Clustered damage, or multiple lesions in which
oxidized bases, AP sites, and strand breaks are combined
within one or two turns of the DNA helix and can be

Abbreviations: A, JAAMP; APE1, human apurinic/apyrimidinic
(AP) endonuclease 1; AP site, apurinic/apyrimidinic site;
BER, base excision repair, DD, decane-1,10-diol residue;
DEG, diethylene glycol residue; DTT, dithiothreitol; PARP1,
human poly(ADP-ribose) polymerase 1; THF, 3-hydroxy-2-
hydroxymethyltetrahydrofuran residue.

* To whom correspondence should be addressed.

located in both strands of DNA present a significant
problem for the cell. Such damage is characteristic for
ionizing radiation and therapeutic radiomimetics [3].
Depending on the type of ionizing radiation, 20-30%
of damages are direct double-strand breaks in DNA,
whereas other damages are located within clusters [4].
The repair of such damage requires careful control of the
succession of repair of individual damages to prevent for-
mation of double-strand breaks, which are most toxic for
cells [3]. Studies in vitro with purified BER proteins and
nuclear extracts have shown that repair of clustered dam-
age can be associated with formation of double-strand
breaks [5]. The presence of breaks within clusters and of
AP sites in the opposite DNA strand increases the proba-
bility of formation of double-strand breaks compared to
the case of multiple damages as different oxidized bases
[6]. Despite the numerous studies on repair of multiple
damages by BER proteins that have been performed using
cell extracts and repair systems reconstructed from indi-
vidual proteins, exact regulatory mechanisms and factors
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responsible for the efficient repair of cluster damages are
not established. Perhaps there are some proteins specifi-
cally interacting with clustered damages and regulating
their repair. Among the known proteins of the BER sys-
tem, this function may be fulfilled by poly(ADP-ribose)
polymerase 1 (PARPI1). PARP1 recognizes breaks in
DNA produced not only under the influence of genotox-
ic agents (e.g. free radicals, ionizing radiation, mono-
functional alkylating agents), but also as a result of func-
tioning of BER enzymes [7]. On interacting with DNA
breaks in the presence of NAD™, the enzymatic activity of
PARPI is manifested resulting in synthesis of negatively
charged polymer, poly(ADP-ribose), covalently bound to
PARPI itself and to acceptor proteins [8]. The automod-
ification of PARP1 is thought to result in its dissociation
from DNA, which promotes the regulation of repair. We
have recently found that PARP1 can interact with AP
sites via formation of Schiff base [9], and it was suggested
that this protein should be involved in the regulation of
processing of AP sites within clustered damages. In this
connection it seems very interesting to study interactions
of PARP1 with DNA containing AP sites within clustered
damages and also mutual influences of PARP1 and APE1
(apurinic/apyrimidinic (AP) endonuclease 1) on interac-
tion with such DNA structures. APEl is the major
enzyme processing AP sites in the cells of higher eukary-
otes [10].

Formation of Schiff base is a reversible process, but
the binding of protein with DNA can be stabilized by
reduction with sodium borohydride [9]. Such covalent
binding of proteins to nucleic acid is often used when
protein—nucleic acid interactions are studied [9, 11-13].

In the present work the interaction of PARP1 with
APE1 was studied using DNA duplexes with structure
imitating DNAs with a definite type of clustered damages
represented by two AP sites located opposite to each
other. On using such model DNAs, it was desirable that
one of the AP sites would be an analog maximally resist-
ant to the action of APE1, and 3-hydroxy-2-hydroxy-
methyltetrahydrofuran (THF), diethylene glycol (DEG),
and decane-1,10-diol residues (DD) were used as analogs
of AP sites. The THF residue is most widely used as a
mimetic of AP sites hydrolyzed by AP endonuclease-1
[14, 15]. The earlier used acyclic analogs of AP sites, eth-
ylene glycol and propandiol residues, are cleaved by
APE]1 with approximately the same catalytic efficiency as
a THF residue [15]. New analogs of AP sites, DEG and
DD residues, were expected to be more resistant to the
action of APE1.

MATERIALS AND METHODS
Reagents used were as follows: dNTP, EDTA, Tris,

TEMED, imidazole, SDS, ammonium persulfate,
dithiothreitol (DTT), and Coomassie G-250 (Sigma,
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USA); MgCl,, formamide, and NP-40 (Fluka,
Switzerland); acrylamide and glycerol (ICN, USA); B-
mercaptoethanol (Serva, Germany); N,N’-methylene
bisacrylamide (BioRad, USA); T4 phage polynucleotide
kinase and uracil-DNA glycosylase from Escherichia coli
(Biosan, Russia); [y-*P]JATP (>110 TBg/mmol)
(Laboratory of Biotechnology, Institute of Chemical
Biology and Fundamental Medicine, Siberian Branch of
the Russian Academy of Sciences (ICBFM SB RAS)).
Other reagents were of domestic production.

Expressing vectors containing cDNA of human
APE1l and PARPI were kindly provided by S. Wilson
(National Institutes of Health, USA) and M. S. Sato
(University of the Laval city, Canada), respectively.
Recombinant proteins were isolated as described in works
[13, 14]. Cell cultures of HelLa, MCF-7, human lung
fibroblasts, K-562, and BL-2 were kindly provided by
coworkers of ICBFM SB RAS M. A. Zenkova, V. A.
Matveeva, and P. P. Laktionov. Whole-cell and nuclear
extracts were prepared as described in work [11]. Protein
concentrations were determined by the Bradford method
[15] with BSA as a standard.

Oligodeoxyribonucleotides without modifications in
the strands were synthesized in the Laboratory of Medical
Chemistry (ICBFM SB RAS). Modified oligonucleotides
were prepared by incorporation into them of inserts based
on DEG, DD, and THF using corresponding phosphor-
amidite synthons synthesized by the method described in
[16]. The 5'-end of oligonucleotides was radiolabeled
using phage T4 polynucleotide kinase [17]; the products
were purified by electrophoresis in denaturing polyacryl-
amide gel with 7 M urea [17].

Oligonucleotides of the following sequences were
used: 5'-GGAAGACCCTGACGTTDEGCCCAACT-
TAATCGCC-3'; 5'-GGAAGACCCTGACGTTDDCC-
CAACTTAATCGCC-3"; 5-GGAAGACCCTGACG-
TTTHFCCCAACTTAATCGCC-3’; 5'-GGAAGACC-
CTGACGTTACCCAACTTAATCGCC-3'; 5'-GGCG-
ATTAAGTTGGGUAACGTCAGGGTCTTCC-3'; 5'-
GGCGATTAAGTTGGGCAACGTCAGGGTCTTCC-
3’; where U is dUMP.

Preparation of DNA duplexes containing AP sites
using uracil-DNA glycosylase from E. coli. Reaction mix-
tures (5-10 pl volume) contained *2P-labeled uracil-con-
taining DNA (1 uM), uracil-DNA glycosylase (4 U/pmol
DNA), and also the following standard components:
50 mM Tris-HCI (pH 8.0), 50 mM NaCl. The reaction
was performed during 15 min at 37°C. AP sites in DNA
were generated immediately before the experiment.

Determination of APE1 activity. Reaction mixtures
(10 pl) contained 3?P-labeled AP DNA (0.1 uM), 25 nM
APEI1, 5 mM MgCl, (CaCl,), and also standard compo-
nents: 50 mM Tris-HCI (pH 7.8), 40 mM NaCl, 1 mM
DTT, 0.1 mg/ml BSA. The reaction was performed for
15 min at 37°C and stopped by addition of sodium boro-
hydride and EDTA to the concentration of 20 mM. The
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reaction mixtures were incubated for 30 min at 0°C. The
products were analyzed by electrophoresis in 20% poly-
acrylamide gel in the presence of 7 M urea [17] with a
subsequent radioautography. On determination of sub-
strate properties of AP sites within AP DNA containing
analogs of AP sites the APE1 concentration was 3 nM,
and the time was varied from 0.25 to 5 min. On determi-
nation of the substrate properties of AP site analogs the
APE]1 concentration was 30 nM, and the time of incuba-
tion is indicated in the caption to Fig. 1. Radioactivity of
the products was measured using a Molecular Imager
device and Quantity One software (BioRad).

Modification of PARP1 by DNA duplexes containing
AP sites. Reaction mixtures (10 pl) contained **P-labeled
AP DNA (0.1 pul), 5 mM EDTA or 5 mM MgCl,/CaCl,,
50 mM Tris-HCI (pH 7.8), 40 mM NacCl, 0.1 mg/ml
BSA, 0.24 uM PARPI1, 25 nM APEI1. The reaction was
carried out at 37°C for 15 min, then sodium borohydride
was added to the final concentration of 20 mM, and the
incubation was continued on ice for 30 min. The reaction
products were analyzed by electrophoresis in 10% poly-
acrylamide gel in the presence of SDS [18] with subse-
quent radioautography.

Modification of extract proteins by DNA duplexes
containing AP sites. AP DNA extract proteins were mod-
ified as described for recombinant PARP1 (without addi-
tion of BSA) at the extract protein concentrations 1.4 and
0.16 mg/ml for the whole-cell and nuclear extracts,
respectively. The further procedures were similar to those
described above.

Detection of protein—protein interactions by cross-
linking with glutaraldehyde. Reaction mixtures (10 pl)
contained 32P-labeled AP DNA (0.1 pM), 0.24 uM
PARPI1, 25 nM APE1, 5 mM CacCl,, and also standard
components: 50 mM Tris-HCI (pH 7.8), 40 mM Nac(l,
1 mM DTT. The reaction mixtures were incubated at
37°C for 15 min, then glutaraldehyde was added to con-
centration of 0.1%, and incubation was continued at the
same temperature for 10 min. Then to stabilize Schiff
bases the reaction mixtures were supplemented with sodi-
um borohydride to the concentration of 20 mM and incu-
bated for 30 min at 0°C. The reaction products were ana-
lyzed by electrophoresis in 10% polyacrylamide gel in the
presence of SDS [18] with subsequent radioautography.

RESULTS AND DISCUSSION

Non-nucleotide insertions as analogs of AP sites.
DNA duplexes were created using 32-meric synthetic
oligonucleotides containing in the middle of the strand
non-nucleotide insertions of THF, DD, and DEG
residues [19, 20]. Analysis of the DNA strand cleavage by
positions of the AP site analogs within the DNA duplexes
DEG-DNA, THF-DNA, and DD-DNA (Fig. 1)
revealed that APE1 hydrolyzed DNA with acyclic analogs
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of AP sites (DD and DEG residues) significantly less effi-
ciently than THF-containing DNA. On one hand, DD
and DEG residues can be considered as analogs of AP
sites because APE1 cleaves the DNA strand by their posi-
tions. On the other hand, when DD and DEG residues
are used for imitating AP sites within clustered damages,
the DNA cleavage by their positions is insignificant as
compared to the cleavage in an AP site. Note that as
opposed to natural AP sites these analogs are unable to
produce Schiff bases, and this can be useful in some stud-
ies.

According to the available data, the rate of cleavage
by APE1 of intact or borohydride-reduced AP sites is 50-
80% lower in the presence of oppositely located AP sites
(reduced AP sites) [21-23]. To determine the efficiency of
imitating AP sites within clustered damages by the stud-
ied analogs, we compared the rates of cleavage of AP sites
within DNA containing opposite the AP site the follow-
ing residues: dAMP (AP DNA-A), THF (AP DNA-
THF), DD (AP DNA-DD), and DEG (AP DNA-DEG).
The results of this comparison presented in Fig. 2 show
that the AP site is not as well imitated by a DD residue as
by residues of THF and DEG, because the efficiency of
hydrolysis of AP sites within AP DNA-DD is higher than
within AP DNA with the two other insertions. As expect-
ed, the cleavage rate was maximal for AP DNA-A con-
taining a single AP site. Thus, considering the decreased
efficiency of hydrolysis of AP sites within AP DNAs con-
taining non-nucleotide insertions and the ability of APE1
to cleave DNA strands at the positions of these groups,
such DNAs can be considered as structures imitating a
particular type of clustered damage. Note that residue
DEG was more resistant to the action of APE1 than
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Fig. 1. Substrate features of non-nucleotide insertions as analogs of
AP sites in the reaction catalyzed by APE1. Reaction mixtures
(10 pl) containing standard components, 0.1 pM DNA with non-
nucleotide insertions, and 30 nM APEI were incubated at 37°C.
The incubation time for DEG-DNA (6-8) was 5, 10, and 15 min
and for THF-DNA (2-4) and DD-DNA (10-12) it was 0.5, 1.0,
and 1.5 min, respectively. 7, 5, 9) Control (incubation without
APE1). The products were separated by electrophoresis in 20%
polyacrylamide gel in the presence of 7 M urea. Arrows with one
and two asterisks indicate cleaved and uncleaved oligonucleotides,
respectively.
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Fig. 2. Kinetic curves of cleavage of AP sites within AP DNA by
AP endonuclease 1. Reaction mixtures (10 pl) containing stan-
dard components, 0.1 pM AP DNA with non-nucleotide inser-
tions, and 3 nM APEI were incubated at 37°C. At the indicated
time intervals, the reaction was stopped, AP sites were reduced
with borohydride (20 mM) at 0°C for 30 min, and the products
were separated by electrophoresis in 20% polyacrylamide gel in
the presence of 7 M urea. /) AP DNA-A; 2) AP DNA-DD; 3) AP
DNA-THE, 4) AP DNA-DEG. Mean values and standard errors
are presented, n = 3.

residues DD and THF (Fig. 1), whereas hydrolysis of an
AP site within AP DNA-DEG by AP endonuclease 1 was
also the least efficient.

Interaction of PARP1 and APE1 with AP DNA. We
have earlier shown that PARP1 interacts with AP sites
producing Schiff bases [9] that can be stabilized by reduc-
tion with borohydride. In addition to photoaffinity mod-
ification, this covalent binding of proteins to nucleic acid
can be used in studies of protein—nucleic interactions [9,
11, 12]. To assess the efficiency of the interaction of
PARP1 with AP DNA having different structure and the
influence of APE1 on the interaction of PARP1 with
these DNAs, the levels of AP DNA binding to PARPI
were determined in the presence and in the absence of
APEIl. The binding of DNA with PARP1 and APE1 does
not require the presence of bivalent metal ions, but the
ions are necessary for catalytic activity of both proteins
[10, 15, 24-26]. PARPI1 can catalyze poly(ADP-ribo-
syl)ation in the presence of Mg?** and Ca" [24], whereas
APEL1 does not use Ca** as a cofactor in hydrolysis of AP
sites [25]. Therefore, interactions of PARP1 with AP
DNA and influence of APE1 were studied in both the
absence and presence of cofactor ions.

Formation of Schiff bases with AP sites is character-
istic for base excision repair enzymes, such as bifunction-
al DNA glycosylases, where this intermediate is involved
in the catalysis: cleavage of the sugar-phosphate skeleton
of DNA at the AP site through the B-elimination mecha-
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nism [2, 12]. But in some cases the formation by proteins
of Schiff bases with AP DNA is not accompanied by
cleavage of the DNA strand. Thus, MutY, unlike other
monofunctional DNA glycosylases, forms such an inter-
mediate with AP DNA but is unable to cleave the DNA
[12]. Incubation of PARP1 with AP DNA under condi-
tions used in the subsequent experiments did not result in
considerable cleavage of AP DNA (data not presented),
which allowed us to use PARP1 cross-linking to AP DNA
for studies on the interaction of the protein with AP
DNA.

The first series of experiments was performed in the
absence of Mg?* to prevent a possible hydrolysis of AP
sites by APEI1. Figure 3 shows radioautographs of gels
upon separation of products of AP DNA binding to
PARPI1. Note that in the case of AP DNA-DEG a rather
intensive product of AP DNA cross-linking is observed,
which can be assigned to APE1 by the apparent molecu-
lar weight (7 and 9 in Fig. 3b). Upon prolonged exposure
of the gel with the recording screen, similar but less inten-
sive products are observed for AP DNA-THF and AP
DNA-DD, but not for AP DNA-A. It seems that distor-
tions in the structure of AP DNA duplexes caused by
insertions of analogs of AP site can draw together a lysine
of the enzyme to deoxyribose of AP site. Note that the
formation of Schiff base is not involved in catalysis of
cleavage of AP sites by APE1 [10, 22, 23].

The efficiency of interaction of PARP1 with DNA
was quantitatively characterized by the level of PARPI1
modification, which was determined as the fraction of
DNA bound to PARP1 (Table 1). Under certain condi-
tions the level of protein modification makes it possible to
judge its affinity for the DNA duplex. Thus, a positive
correlation between the level of modification and protein
affinity for DNA intermediates of BER with different
structure was demonstrated for DNA polymerase § and
APE]1 using photoactivated DNAs and the method of gel
retardation [27]. Considering this, the lowest affinity for
PARPI should be specific for AP DNA-THEF. However, it
may be that the yield of PARPI cross-linking to AP
DNAs with different structure can depend on conforma-
tion of the PARP1—AP DNA complex. The mutual ori-
entation of acceptor amino acid and deoxyribose of the
AP site can be different in complexes with different AP
DNAs due to distortions in the structure caused by the
analog of the AP site.

The addition of APE1 decreases the level of PARP1
modification for all DNA duplexes. This effect is the most
pronounced in the cases of AP DNA-A and AP DNA-
DD. In the presence of two proteins in the reaction mix-
ture the binding efficiency of each with DNA depends on
the ratio of affinities of these proteins for DNA. In the
presence of APEI, the level of PARP1 modification
decreases differently for all AP DNAs. APE1 competes
more efficiently with PARP1 for binding with AP DNA-
A and AP DNA-DD, whereas AP DNA-THF and AP
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Fig. 3. Modification of PARP1 by AP DNA (a) and the influence of APE1 on modification of PARP1 (b). Reaction mixtures (10 pl) contain-
ing standard components, [**P]AP-DNA (0.1 pM), 0.24 uM PARPI (where indicated), and 25 nM APE1 (where indicated) were incubated
at 37°C for 15 min. Then the Schiff bases were reduced with sodium borohydride (20 mM) at 0°C for 30 min. The reaction products were sep-
arated by electrophoresis in 10% polyacrylamide gel by the Laemmli method. The arrows with the square and with the dot indicate covalent

adducts PARP1—-AP DNA and APE1—-AP DNA, respectively.

DNA-DEG are less efficiently displaced by APE1 from
the complexes with PARPI.

On using DNAs with residues of deoxyribitol (an ana-
log of an AP site) opposite to dAMP or two deoxyribitol
residues opposite to each other, it was shown for APE1 that
insertion into DNA of another analog of the AP site result-
ed in a significant decrease in the affinity of APE1 for
DNA: the value of K increased 70-fold [23]. Overall, this

Table 1. Influence of APE1 on level of PARP1 modification

is consistent with the less pronounced influence of APE1
on the levels of PARP1 modification by AP DNA-THF
and AP DNA-DEG than by AP DNA-A and AP DNA-
DD, based on the suggestion that within the clustered
damage a DD residue does not imitate an AP site as well as
residues of THF and DEG. Note that there are no data in
the literature on the influence of single or multiple AP sites
(or their analogs) on the affinity of DNA for PARP1.

Level of PARP1 modification, %
AP DNA
in absence of APE1 in presence of APE1
without Me?* Ca** Mg** without Me* Ca** Mg**
AP DNA-A 52107 6.0+ 1.0 6.2+0.8 2.6+0.8 3.3+0.6 4.6+0.3
AP DNA-THF 4.0+0.3 7.6+0.4 6.5+0.4 3.7+0.8 4.0+09 43+0.5
AP DNA-DEG 4.7+0.6 8.0+ 1.0 6.1+0.2 3.5+ 0.6 4.1+£0.7 50+ 1.0
AP DNA-DD 5.0+ 1.0 6.5%0.1 6.0% 1.0 26+0.8 2.6x0.1 3.6 £0.7

Note: Mean values and standard errors are presented, n = 3.
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Data on the influence of Ca** on the level of PARP1
modification by AP DNA presented in Table 1 indicate an
increase in the efficiency of the interaction of PARP1
with all AP DNAs, but for AP DNAs containing non-
nucleotide insertions this effect is more pronounced.
There is no literature data on the direct influence of Ca**
on the affinity of PARP1 for DNA, but Ca’" is a cofactor
in the reaction of autopoly(ADP-ribosyl)ation [24]. The
increase in the PARP1 modification in the presence of
Ca** can be caused either by an increase in the protein
affinity for DNA or by conformational changes in the
enzyme complex with DNA leading to optimization of
positions of deoxyribose of the AP site and of the primary
amino acid of the protein. The presence of APEI
decreases the level of PARP1 modification for all AP
DNAs, but the decrease is the most pronounced in the
case of AP DNA-DD. Overall, in the presence of Ca*"
APEI decreases the level of PARP1 modification a little
more effectively. There is also no literature data on the
influence of Ca** on the efficiency of DNA binding with
APE]1; therefore, it is difficult to take this factor into con-
sideration. However, because Ca’" is not a cofactor on
hydrolysis of AP sites by APE1 [25], the decrease in the
level of PARP1 modification in the presence of APEI is
not associated with cleavage of AP DNA.

The level of AP DNA cross-linking to PARPI and
the influence of APE1 on this process were also assessed
in the presence of Mg?*. Moreover, in this case the effi-
ciency of hydrolysis of AP sites was also determined.
Overall, the efficiency of PARP1 modification for all AP
DNAs in the presence of Mg?" is higher than in the
absence of bivalent metal ions, but the difference between
the levels of cross-linking of AP DNAs used is less pro-
nounced. The influence of APE]1 is similar: the level of
modification of PARP1 in its presence decreases in the
reaction with any of DNA duplexes used in this work. The

Table 2. Influence of PARP1 on level of AP DNA cleav-
age by APEI1

Efficiency of AP site cleavage
by APEIL, %
AP DNA
in absence in presence
of PARP1 of PARPI
AP DNA-A 94 +5 93+5
AP DNA-THF 93 +8 62+ 10
AP DNA-DEG 94+ 10 58+ 12
AP DNA-DD 93 +7 90 + 8

Note: Efficiency of AP site cleavage by APE]1 is determined as the frac-
tion of radiolabeled product corresponding to cleaved oligonu-
cleotide in the total contents of radiolabeled products in the
sample. Mean values and standard errors are presented, n = 3.
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Fig. 4. Detection of protein—protein interactions of PARP1 and
APE] using cross-linking with glutaraldehyde. Reaction mixtures
(10 pl) containing **P-labeled AP DNA (0.1 pM), 0.24 uM
PARPI1 (where indicated), 25 nM APE1 (where indicated), 5 mM
CaCl,, and standard components were incubated at 37°C for
15 min, then glutaraldehyde was added (to 0.1%) and incubation
was continued for 10 min at the same temperature. Reduction
with NaBH, and subsequent analysis were performed as described
in the caption to Fig. 3. Arrows with one and two squares indicate
PARP1—-AP DNA and PARPIx2—AP DNA covalent adducts,
respectively.

strongest decrease in the level of modification was
observed in the case of AP DNA-DD. When the reaction
is performed in the presence of Mg?* the conditions are
most similar to physiological ones, but in this case the
cleavage of AP DNA occurs concurrently with the modi-
fication, and this also can influence the level of modifica-
tion of PARPI.

For different DNAs the degree of cleavage of AP
sites by APE1 strongly depends on the presence of PARP1
(Table 2). Under the described conditions, no protective
effect of PARP1 is observed for AP DNA-A and AP
DNA-DD, whereas PARP1 significantly decreases the
efficiency of cleavage of AP sites for AP DNA-THF and
AP DNA-DEG. This is consistent with the hypothesis
that the structure of the DD residue does not imitate an
AP site as well as the structures of the two other non-
nucleotide insertions, because it is known that the pres-
ence of AP sites in complementary DNA strands decreas-
es the rate of AP site hydrolysis by APE1 [23]. The influ-
ence of APE1 varies depending on the conditions of the
experiment and on the type of AP DNA, but it is reason-
able to suppose that APE1 and PARP1 should compete
for binding with AP DNA. However, it may be that for-
mation of the PARPI-APEI—-AP DNA triple complex
can be associated with changes in the conformation of
PARP1 leading to a decrease in the number of
PARP1—AP DNA cross-links. Competitive interactions
of PARPI1 and APEI in the presence of DNA duplexes
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with an AP site analog cleaved by APE1 have been
demonstrated in some works [27-30]. We have monitored
the existence of PARP1-APE1—-AP DNA triple com-
plexes using two approaches: cross-linking with glu-
taraldehyde [31] and coprecipitation with antibodies
against APE1 [29].

Data on the cross-linking of the components of the
complex by glutaraldehyde are presented in Fig. 4. No
product with molecular weight corresponding to the AP
DNA—-PARPI1—-APE1 complex was detected in the gel
radioautograph. However, a product with higher molecu-
lar weight was recorded, the electrophoretic mobility of
which corresponded to a protein with apparent molecular
weight approximately equal to twice the molecular weight
of PARP1. This product is likely to be AP DNA bound to
PARPI dimer with two protein molecules cross-linked by
glutaraldehyde. It is known that on binding with damaged
DNA PARP1 is dimerized, and then a mutual poly(ADP-
ribosyl)ation of these molecules occurs [32, 33].

Addition of APE1 into the reaction mixture lowers
the total amount of product of PARP1 cross-linking with
AP DNA, and especially of the product assigned to the
catalytically competent PARP1 dimer. Such an influence
of APE1 on PARPI1 labeling indicates that these proteins
compete for binding to DNA. The coprecipitation with
antibodies against APE1 also did not reveal PARP1—
APE1—AP DNA complexes (data not presented).

Using photoactive DNA intermediates of BER, we
showed earlier that PARP1 covalently bound to DNA can
undergo poly(ADP-ribosyl)ation, which results in a
decrease in the amount of product of the PARP1 cross-
linking with DNA and in generation of products with the
lower electrophoretic mobility corresponding to the cova-
lent adduct poly(ADP-ribosyl)ated PARP1—-DNA [34].
The generation of such products allows us to record the
automodified form of PARPI1 and in the case of cellular
extract to identify PARP1-related products among other
protein—DNA cross-links. This property of the protein
was also confirmed for PARP1 covalently bound with AP
DNA-A through Schiff base [9]. A similar property of
PARPI has also been shown for AP DNAs containing
analogs of AP sites opposite the natural AP site. Figure 5
exemplifies data for AP DNA-THE PARPI, and the
whole-cell extract of MCF-7.

Automodification of PARPI is considered to be a
mechanism regulating the interaction of this protein with
DNA due to decrease in the affinity of poly(ADP-ribo-
syl)ated PARP1 for damaged DNA. The weaker binding
of PARP1 with DNA provides for the availability of a
damaged site for enzymes of repair and this, in turn, can
increase the efficiency of consequent stages of repair.
Such regulation has been considered for stages of BER
upon formation of a break in the DNA strand [8]. To elu-
cidate a possible regulatory role of PARP1 in the APE1-
catalyzed processing of AP sites (single and within DNA
with analogs of AP sites), we compared the influences of
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Fig. 5. Poly(ADP-ribosyl)ation of PARP1 covalently bound to AP
DNA-THF Reaction mixtures (10 pl) containing **P-labeled AP
DNA-THF (0.1 uM), proteins of extract from MCF-7
(1.4 mg/ml), or 0.4 uM PARPI, and standard components were
incubated at 37°C for 15 min, then 0.5 mM NAD" and 10 mM
MgCl, were added and the incubation was continued for 5 min at
the same temperature. Reduction by NaBH, and subsequent
analysis were performed as described in the caption to Fig. 3. The
arrow with square indicates a covalent PARP1—AP DNA adduct.

PARPI and its poly(ADP-ribosyl)ated form on the activ-
ity of this enzyme. Results of this comparison are pre-
sented in Fig. 6. Under conditions of PARP1 automodifi-
cation, the depth of cleavage of AP sites by APEI increas-
es. The effect is maximal for AP DNA-DEG (~25%), for
AP DNA-THF and AP DNA-DD it is 10 and 3-5%,
respectively. Thus, the efficiency of hydrolysis of AP sites
within clustered damages can be regulated by functional
interactions of APE1 with PARP1 and its poly(ADP-
ribosyl)ated form. We showed earlier that PARP1 and its
autopoly(ADP-ribosyl)ation are involved in the regula-
tion of the latest stages of BER, and their influence on the
long-patch pathway is more pronounced. Automodifi-
cation of PARP1 weakens its inhibitory effect and seems
to be a prerequisite for the Pol 3-dependent variant of the
long-patch pathway [17, 35, 36].

Interaction of AP DNA with proteins of cell extracts.
The finding of interactions of recombinant PARP1 with
AP sites within clustered damage has stimulated ques-
tions whether such interactions can occur in the presence
of other cell proteins, e.g. in cell extracts. Data on AP
DNA cross-linking with proteins of extracts from some
cultured cell lines are presented in Fig. 7. These experi-
ments were performed in the absence of Mg?* to prevent
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Fig. 6. Effect of PARP1 automodification on cleavage of AP sites within AP DNA. Reaction mixtures (10 pl) containing ?P-labeled AP DNAs
(0.1 uM), 25 APEI1 (where indicated), 0.24 pM PARP1 (where indicated), 0.2 mM NAD™ (where indicated), 5 mM MgCl,, and standard
components were incubated at 37°C for 15 min. Reduction by NaBH, and subsequent analysis were performed as described in the caption to
Fig. 2. Arrows with one and two asterisks indicate cleaved and uncleaved oligonucleotides, respectively.

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6

z:zﬂng:ﬂn

PARP1T + — + — + =

{
{
{

- < L 9
< = T
Z 1
@) ! 3
o o (]
» . < o e
< <
T N~ O N ®© N~ O N © N~ O 9«
= 1 = a1 =
o L o 4J4 9o L Lo 4J 9 w o 4
r O &® m T O ® m T O * o
= T = T S T

AP DNA-A AP DNA-THF AP DNA-DEG

Fig. 7. Modification of extract proteins by DNA duplexes containing an AP site. Reaction mixtures (10 pl) contained *?P-labeled AP DNAs
(0.1 uM), extract proteins (1.4 mg/ml for whole-cell extracts and 0.16 mg/ml for nuclear extracts). Other conditions were similar to those
described in the caption to Fig. 3. a) Whole-cell extracts, cell type is indicated under the radioautograph. b) Nuclear extract from the K-562
cells. Samples corresponding to 7, 3, and 5 additionally contained 0.1 uM recombinant PARP1. Arrows with square and diamond indicate
PARP1-AP DNA and Ku80—AP DNA covalent adducts, respectively.

the cleavage of AP sites by endogenous AP nucleases of It should be noted that the amount of product of AP
the extracts. The labeling of the extract proteins unam- DNA cross-linking corresponding to PARP1 widely
biguously indicates that PARP1 efficiently interacts with  varies depending on the cell type. Addition of Mg**
AP DNA in the presence of other proteins of the cells. decreases the level of modification of all proteins (data
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not presented). The identification of a designated product
of AP DNA cross-linking with proteins is based on the
apparent molecular weight of the product determined by
its electrophoretic mobility and also on the partial disap-
pearance of this product accompanied by concurrent
appearance of products with higher molecular weight
during the modification of proteins of AP DNA extracts
in the presence of NAD™ and Mg?* (data not presented).
As noted above, this approach can be used for discrimi-
nating products of PARP1 cross-linking with AP DNA
from products of modification of other proteins. Note
that in the extracts the levels of PARP1 modification for
AP DNA-DEG and AP DNA-THF are higher than for
AP DNA-A (compare /-4 with 5-8 and 9-12 in Fig. 7a),
as differentiated from specimens with recombinant
PARPI (Fig. 3 and Table 1). Such differences can be due
to influences of cell proteins, which can either compete
with PARP1 or promote its more efficient interaction
with DNA. In similar experiments with addition of
nuclear extract from K-562 cells, some of the reaction
mixtures were supplemented with recombinant PARP1
(1, 3, and 5 in Fig. 7b). The same tendency was observed
without addition of PARP1: endogenous PARP1 binds to
AP DNAs with analogs of AP sites more efficiently than
to AP DNA-A (compare 2 with 4and 6 in Fig. 7b). Upon
addition of PARPI, the amount of the corresponding
product increases (compare 7, 3, 5with 2, 4, 6 in Fig. 7b)
and the intensity of the product with the lower molecular
weight decreases. This product was earlier identified by us
as Ku80, a subunit of Ku-antigen, which is a multicopy
nuclear protein possessing a high affinity for double-
stranded termini of DNA [11]. Note that for AP DNA-A
Ku80 is the major product of modification in extracts
from all cells except BL-2 (/-3 in Fig. 7a and 2 in Fig.
7b), as shown earlier for some extracts including those
used in the present work [11]. The observed type of pro-
tein labeling suggests a competition of PARP1 with Ku-
antigen for binding with DNA. However, it may be that a
protein from the extract unable to form cross-linking with
AP DNA influences the binding of PARP1 with AP DNA
and promotes its more efficient interaction with AP
DNAs containing analogs of AP sites in the complemen-
tary strand.

Thus, PARPI can interact with both single AP sites
and AP sites within clustered damages. PARPI and its
automodification seem to be involved in the regulation of
hydrolysis of AP sites by APE1 within definite types of
clustered damages. This regulation is especially impor-
tant for minimizing formation of double-strand breaks,
which are the most toxic for cells [3]. Double-strand
breaks can arise under spontaneous or BER enzyme-cat-
alyzed cleavage of AP sites within clustered damages.
These results are consistent with the revealed ability of
PARP1 to decrease formation of double-strand breaks in
cellular DNA under conditions of intensive oxidative
damage of DNA [37] when AP sites are often produced as
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intermediates. Moreover, PARPI1 is also known as a pro-
tein involved in determination of cell sensitivity to ioniz-
ing radiation [38], whereas clustered damages are a spe-
cific type of DNA damage caused by ionizing radiation
and some radiomimetics used as antitumor preparations

[3].
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