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Abstract

Nuclear poly(ADP-ribose) polymerases 1 and 2 (PARP1 and PARP2) catalyze the synthesis of poly(ADP-
ribose) (PAR) and use NAD™ as a substrate for the polymer synthesis. Both PARP1 and PARP2 are involved
in DNA damage response pathways and function as sensors of DNA breaks, including temporary single-
strand breaks formed during DNA repair. Consistently, with a role in DNA repair, PARP activation requires its
binding to a damaged DNA site, which initiates PAR synthesis. Here we use atomic force microscopy to
characterize at the single-molecule level the interaction of PARP1 and PARP2 with long DNA substrates
containing a single damage site and representing intermediates of the short-patch base excision repair (BER)
pathway. We demonstrated that PARP1 has higher affinity for early intermediates of BER than PARP2,
whereas both PARPs efficiently interact with the nick and may contribute to regulation of the final ligation step.
The binding of a DNA repair intermediate by PARPs involved a PARP monomer or dimer depending on the
type of DNA damage. PARP dimerization influences the affinity of these proteins to DNA and affects their
enzymatic activity: the dimeric form is more effective in PAR synthesis in the case of PARP2 but is less
effective in the case of PARP1. PARP2 suppresses PAR synthesis catalyzed by PARP1 after single-strand
breaks formation. Our study suggests that the functions of PARP1 and PARP2 overlap in BER after a site
cleavage and provides evidence for a role of PARP2 in the regulation of PARP1 activity.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

DNA of living organisms is subjected to the action
of genotoxic agents of either endogenous or
exogenous origin [1]. The resulting DNA damage, if
left unrepaired, can lead to mutations, premature cell
death, or malignant cell transformation [2,3]. DNA
repair plays a central role in the maintenance of
genome integrity in all forms of life [4]. Base excision
repair and single-strand break repair (BER and
SSBR) pathways are responsible for the repair of
damaged DNA bases, apurinic/apyrimidinic (AP)
sites and SSBs [5]. According to the currently
accepted model of mammalian BER, the processing
of damaged DNA can proceed through three
subpathways and involves not only DNA repair
enzymes but also numerous accessory factors
[6,7]. Among them, nuclear poly(ADP-ribose) poly-
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merases 1 and 2 (PARP1 and PARP2) catalyze the
synthesis of poly(ADP-ribose) [PAR] using NAD™* as
a substrate [8—10]. PARP1 and PARP2 recognize
damaged DNA and synthesize long and branched
PAR chains covalently attached to themselves or
acceptor proteins [11,12]. PARP1 and PARP2 are
considered as primary sensors of DNA breaks and
are implicated in the recognition of radiation-induced
or temporary SSBs formed during DNA repair
[8,12,13]. Disruption of both PARP genes results in
early embryonic mortality, providing strong evidence
for shared functions of these proteins in biological
processes including the DNA damage response
[14]. A PARP1 or PARPZ2 gene knockout or
knockdown increases the sensitivity of cells to
ionizing radiation or monofunctional alkylating
agents treatment, indicating functional redundancy
between these proteins in the repair of damaged
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Fig. 1. Simplified scheme of long DNA substrates containing single-strand damage used in this study. (a) Schematic
presentation of the linear DNA substrates used in AFM experiments U(1400-bp) DNA, AP(1400-bp), 1-nt gap (1400-bp),
1200-bp, and nick(1200-bp). The DNA substrates were treated with UDG, APE1 or Nb.Bsml to produce AP site, 1-nt gap,
or nick, respectively. (b) Schematic presentation of the plasmid DNAs used in this study. The plasmid DNAs were treated
with Na citrate, (Na citrate + APE1) or Nb.Bsml to produce AP site, 1-nt gap, or nick, respectively.
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Fig. 2. AFM imaging and analysis of PARP—DNA complexes: site-specific binding of PARP1 and PARP2 to an AP site,
1-nt gap, or nick. (a) AFM images of complexes of PARP1 (top row) or PARP2 (bottom row) with undamaged DNA (1200-
bp) or with site-specific DNA damage (nick, AP site, or 1-nt gap). DNA substrates (1 nM) were incubated with 2 nM PARP1
or 3.5 nM PARP2 and imaged by AFM in air. The scale bar represents 100 nm; the Z scale represents 6 nm. (b) Fractional
occupancy (%) of a DNA fragment and specific site (AP site, 1-nt gap, or nick) by PARP1. The numbers of DNA molecules
analyzed: 187 for 1200-bp, 134 for nick(1200-bp), 247 for AP(1400-bp), and 218 for 1-nt gap(1400-bp). The results
represent mean = SD of three independent experiments. (c) Fractional occupancy (%) of a DNA fragment and specific site
(AP site, 1-nt gap, or nick) by PARP2. The numbers of DNA molecules analyzed: 147 for 1200-bp, 89 for nick(1200-bp), 64
for AP(1400-bp), and 179 for 1-nt gap(1400-bp). The results are presented as mean + SD of three independent

experiments.

bases and SSBs [12,14]. Overlapping roles of
PARP1 and PARP2 in the recruitment of key
SSBR or BER factors, such as XRCC1 and
polynucleotide kinase-phosphatase (PNKP), to
DNA was also confirmed recently in experiments
on PARP1~~, PARP27~, and PARP1~~PARP27~
mutant cells under conditions of oxidative stress
[15]. Both proteins seem to be involved in BER and
SSBR via interaction with repair proteins and DNA
repair intermediates [12,16-28]. In the case of
PARP1, its interaction with key DNA intermediates
in BER, such as AP sites, 1-nucleotide (1-nt) gaps,
or nicks, has been detected in crude cell extracts by
the photoaffinity labeling technique or NaBH, cross-

linking [18,26-28]. For PARP2, its interaction with
BER DNA intermediates has been mainly charac-
terized using systems reconstituted from purified
proteins [20,21,29,30]. Both PARPs can modulate
BER enzyme activity in in vitro reconstituted systems
[19-21,26,28]. Nonetheless, the effect of these
PARPs on BER seems to be more complex and is
not limited to the interaction with repair proteins and
binding to DNA intermediates [11,13,31]. Numerous
studies indicate that the synthesis of PAR catalyzed
by PARPs performs an important function in the
regulation of DNA repair [11,32]. PARP1 produces
~90% of PAR formed in the cell, and local PAR
synthesis at DNA damage sites is critical for
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Table 1. Binding constants (Kp, nM) for specific site®

DNA damage site AP site 1-nt gap Nick
PARP1 10.4 + 3.1 58+ 17 88=+1.9
PARP2 62.5 + 37.5 22.0 +10.0 3111

@ Measured by AFM imaging (Fig. 2b and c).

recruitment of BER factors and/or enzymes, such as
XRCC1, DNA ligase Ill, PNKP, and aprataxin, to
DNA lesions [33,34]. PARP2 has lower activity than
PARP1, and its contribution to overall PAR synthesis
in response to DNA damage is ~15%—25% [12,35].
Potentially, the competition of PARP2 with PARP1
for binding to DNA structures appearing during repair
may influence their activation and the bulk of PAR
production [12,20]. Despite these important ad-
vances in understanding of the critical functions of
PARP1 and PARP2 in DNA repair, the relative
functions and cooperative actions of these proteins
in the regulation of BER and SSBR are still obscure
[10,36]. PARP1 interacts with BER intermediates
starting from AP site formation [18,28]. It has been
reported that PARP2 is implicated in late BER steps
[10], whereas our previous studies have shown that
this protein is able to interact with DNA containing an
AP site, which is an early DNA intermediate in the
BER pathway [21]. A large number of studies have
evaluated the activation of PARP1 and PARP2 by a
broad range of short single- or double-stranded
oligonucleotides including DNA structures mimicking
BER or SSBR intermediates, thus sometimes
yielding contradictory data on preferential structures
that are more effective in PARP activation
[20,21,29,30,37]. Nevertheless, there are still few
studies evaluating DNA damage specificity of these
enzymes in the context of long DNA substrates
[838—41]. The use of long DNA substrates seems to
be more relevant to in vivo DNA-processing events
and allows researchers to discriminate nonspecific
protein—DNA binding from single-target-site binding
as well as to minimize the influence of DNA ends
[41,42].

Here, we focused on characterization of DNA
binding and activation of PARP1 and -2 by means of
long DNA substrates that represent intermediates of

the short-patch BER pathway and contain a single
damage site. To gain further insight into the features
of PARP1 or PARP2 interaction with these struc-
tures, we performed single-molecule imaging with
atomic force microscopy (AFM), bulk fluorescence
titration, and an assay of PARP automodification
activity. The comparison of PARP1 and PARP2
complexes with DNA at the single-molecule level
elucidated the features of recognition of DNA
damage and PAR synthesis. We demonstrated that
PARP1 predominantly binds as a monomer to a 1-nt
gap or nick, whereas PARP2 can form dimers with
these types of DNA damage. We found that the
presence of SSBs is necessary for efficient binding
of PARP2 to DNA, which is followed by PARP2
autoPARylation. We also noted that the enzymatic
activity and length of PAR produced by PARP2
depend on its initial affinity to the DNA damage site.
Although PARP1 activity is influenced by the type of
DNA damage, the length of synthesized PAR is only
weakly affected by this factor. We showed that the
kinetics of PAR synthesis catalyzed by PARP1 on
SSB are influenced by PARP2, implying competition
between these proteins for their binding. These
findings highlight the importance of PARP2 for BER
and SSBR and for modulation of PARP1 activity in
these processes.

Results

PARP1 and PARP2 show a difference in their
affinity for DNA intermediates of short-patch
BER

Both PARP1 and PARP2 have been reported to
interact with BER DNA intermediates and proteins
and can be involved in the repair process from the
early stages [12,16—28]. The shared substrate
specificity between PARP1 and PARP2 suggests
that both proteins may participate in BER regulation
[12,20]. Although the interaction of PARP1 and
PARP2 with repair intermediates represented by
short DNA duplexes has been well studied, there
has been no detailed research evaluating the PARP
binding to (and activity toward) long DNA substrates.

Fig. 3. AFMimaging and analysis of the distribution of PARP1 and PARP2 in mixture of DNA fragments 1-nt gap(1400-bp)
and nick(1200-bp). (a) AFM images of mixture of nick(1200-bp) (red arrows) and an equal amount of 1-nt gap(1400-bp) (blue
arrows) after incubation with 4 nM PARP1 (top) or 7 nM PARP2 (bottom) and zoomed-in images (right) of nick(1200-bp) and
1-nt gap (1400-bp) with bound proteins. PARP1 (2) interacts with a DNA nick or gap site (white stars) or with a nonspecific site
(white triangles). The scale bar represents 500 or 100 nm; the Z scale represents 7 nm. (b) DNA bound by PARP1 (%) and
site-specific localization of protein complex (%) in mixture of DNAs. The numbers of DNA molecules analyzed: 144 and 163 for
mixtures of 1-nt gap(1400-bp) and nick(1200-bp), respectively, and 84 and 150 for mixtures of 1-nt gap(1400-bp) and 1200-bp,
respectively. The results represent mean + SD of three independent experiments. (c) DNA bound by PARP2 (%) and site-
specific localization of protein complex (%) in mixture of DNAs. The numbers of DNA molecules analyzed: 104 and 121 for
mixtures of 1-nt gap(1400-bp) and 1200-bp, respectively, and 102 and 84 for mixtures of 1-nt gap(1400-bp) and nick(1200-bp),
respectively. The results represent mean + SD of three independent experiments.
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Here, we focused on the comparative analysis of
PARP1 and -2 interactions with single-strand DNA
damage, which can be produced as intermediates of
the classic short-patch BER pathway involved in the
repair of damaged bases and AP sites in DNA [7]. To
assess the participation of PARP1 and PARP2 in the
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interaction with short-patch BER intermediates, we
evaluated the affinity of these proteins to an AP site,
a 1-nt gap with 3'-OH and 5'-deoxyribose phosphate
(dRP), and a nick with 3'-OH and a 5-phosphate (P)
group via previously described AFM- and
fluorescence-based DNA—protein binding assays
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Fig. 3 (legend on previous page)
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Fig. 4. A fluorescence-based binding assay for quantifying PARP1 (a and b) or PARP2 (c and d) binding to plasmid
DNA containing a single-strand DNA damage site (AP site, 1-nt gap, or nick). A fluorescein-labeled protein, Flu-PARP1 or
Flu-PARP2, was titrated with various amounts of plasmid DNAs. Bars indicate the standard error of three independent

experiments.

[41]. The efficiency of binding of PARP1 and PARP2
to long DNA substrates containing a single DNA
damage site was first analyzed by AFM. Three types
of DNA substrates, 1400-bp DNA fragments con-
taining either a single AP site [AP (1400-bp)] or a 1-nt
gap [1-nt gap(1400-bp)] after nucleotide position 615
(43% from one of the termini) and 1200-bp DNA with
a nick in the middle of the chain [nick(1200-bp)] were

synthesized to perform the AFM analysis (Fig. 1a).
These kinds of BER intermediates can be formed by
sequential action of at least three enzymes: UDG,
which excises uracil and generates an AP site,
apurinic/apyrimidinic endonuclease 1 (APE1), which
hydrolyzes the AP site and produces a 1-nt gap
flanked by 3-OH and a 5-dRP group, and DNA
polymerase (3, which excises the 5-dRP group and
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fills in the 1-nt gap, thereby generating a nick with 3'-
OH and a 5'-P group [6]. The treatment of 1200-bp
DNA with the nicking endonuclease resulted in
production of conventional nicks containing 3'-OH
and a 5'-P group mimicking the late BER substrate
formed after fill-in DNA synthesis and before DNA
ligation (Fig. 1a). The interaction of PARP1 and
PARP2 with the long DNA fragment containing a
single nick was characterized by us in another study
[41]. Here, we used nick(1200-bp) DNA to compare
the affinity of these proteins for the nick with the
affinity for other types of single-strand damage, like
an AP site and 1-nt gap formed during BER. Direct
interaction of PARP1 and PARP2 with DNA du-
plexes representing intermediates of the short-patch
pathway of BER has been proved in systems
reconstituted with purified proteins or in cell extracts
[18,19,21,26,28]. The visualization of protein—-DNA
complexes by AFM allowed us to analyze the
interaction of PARPs with BER-related DNA lesions
in detail. At the first step, complexes of PARP1 or -2
with a substrate DNA [AP (1400-bp), 1-nt gap (1400-
bp), or nick(1200-bp)] were analyzed by AFM
imaging (Fig. 2a). The 1200-bp DNA fragment
without single-strand DNA damage served as a
negative control (Fig. 1a). Under the applied
conditions, we observed that 38% to 48% of each
DNA substrate was involved in complex formation
with PARP1 (Fig. 2b). It is worth noting that the
amount of PARP1-DNA complexes was relatively
constant regardless of the appearance of the AP
site, 1-nt gap, or nick in DNA (Fig. 2b). Nonetheless,
in the case of PARP2, the formation of single-strand
DNA damage led to a 1.5- to 5-fold increase in the
percentage of DNA fragments that were bound to the
protein in comparison with 1200-bp DNA (Fig. 2a
and c). Analysis of the position distributions for
PARP1 or -2 complexes showed that 30% to 48% of
PARP1 and 15% to 69% of PARP2 molecules were
located at the specific site (AP site, 1-nt gap, or nick;
Fig. 2b and c). Determination of the fractional
occupancy as the amount of proteins bound to the
AP site, 1-nt gap, or nick helped to calculate site-
specific binding constants for PARP1 and -2 (Tables
1 and S1).

A direct comparison of PARP1's affinity values for
the DNA damage sites revealed slight differences in
the apparent Kp (Kp app) Values; this protein showed
the following ranking of binding affinity: 1-nt gap >
nick > AP site. In comparison to PARP1, PARP2
binds efficiently to the nick, and the differences
among PARP2 affinity values for the nick, 1-nt gap,
and AP site are more pronounced and decrease in
the following order: nick » 1-nt gap » AP site. Among
the BER-related DNA damage types tested here,
PARP2 binds efficiently to an SSB with 3'-OH and 5'-
P (nick) formed at the final stage of BER, with the
affinity close to that of PARP1 for this type of damage
[41]. In particular, the AP site and 1-nt gap were

bound by PARP2 with lower affinity relative to
PARP1 (Table 1). These data indicate that there is
no significant difference in the binding affinity of
PARP1 for the AP site, 1-nt gap, or nick, and that
PARP2 has an evident binding preference for the
nick. To determine directly whether PARPs have a
preference for one damage site over the others, we
also performed AFM imaging of PARP-DNA com-
plexes formed in mixtures containing equal concen-
trations, close to 1:1, of two DNA substrates, namely,
1-nt gap(1400-bp) and nick(1200-bp) DNA frag-
ments or 1-nt gap(1400-bp) and 1200-bp DNA
fragments (Fig. 3). It should be noted that the use
of DNA substrates of different lengths allowed us to
distinguish between proteins interacting with 1400-
bp or 1200-bp DNA fragments in the same image
(Fig. S1a—c). The mixture of two DNAs (containing
the 1-nt gap and the 1200-bp fragment without a
nick) served as a control in the redistribution analysis
(Fig. 3b and c). Using the AFM images, we
determined the percentage of DNA molecules
bound by PARPs for each type of DNA in the
mixtures of the substrates [1200-bp + 1-nt gap
(1400-bp) or nick(1200-bp) + 1-nt gap(1400-bp)].
The analysis of AFM images uncovered a significant
preference of PARP2 for nicked DNA over the 1-nt
gap—containing DNA (Fig. 3c). Thus, ~50% of
complexes were formed between PARP2 and
nicked DNA (Fig. 3c). Much less of the 1-nt gapped
DNAs in the mixture, ~15%, was bound by PARP2.
In contrast to PARP2, PARP1 showed a slight
preference for binding to the 1-nt gapped DNA
over nicked DNA substrates (70% versus 43%; Fig.
3b). For all binding assays with a mixture of
damaged DNAs, the position of the DNA-bound
proteins was also identified (Fig. 3b and c). The
analysis of the PARP1 and -2 protein position on the
DNA in the mixture of the fragments also uncovered
a strong preference of PARP2 to the nick over the 1-
nt gap damage site (40% versus 4%) and that
PARP1 preferentially binds to the 1-nt gap (31%
versus 16%; Fig. 3b and c).

Thus, these results of a single-molecule assay
mean that PARP1 binds with high affinity to an AP
site and 1-nt gap, whereas PARP2 has lower affinity
for these lesions; however, these proteins have
nearly equivalent affinity for the nick site in double-
stranded DNA. This finding also suggests that there
is an obvious difference between PARP1 and
PARP2 in their affinities for DNA intermediates of
early stages of the BER pathway.

In addition to the AFM single-molecule binding
assay, the interactions of PARP1(2) with a long
DNA molecule containing single damage produced
by BER enzymes were analyzed by fluorescence
titration, under the conditions identical to those in
the AFM experiments (Fig. 4). For each PARP1(2)—
DNA complex, Kpapp Was estimated by plotting
fluorescence intensity changes of fluorescein-
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Fig. 5. Oligomeric states of PARP1 and PARP2 molecules bound to undamaged DNA, an AP site, 1-nt gap, or nick. (a)
A box plot showing the volume distribution of PARP1 bound to undamaged DNA or to a specific site (nick, AP site, or 1-nt
gap). Box charts are formatted as a box (25th to 75th percentiles), vertical bars (5th to 95th percentiles), and data points
(diamonds, n = 20 particles) overlapping with the mean value (the empty square) and median value (the horizontal line in
the box). **P < 0.01, *P < 0.05, ns: nonsignificant according to the two-tailed ttest. (b) AFM images of different structures
of PARP1-1200-bp DNA complexes. When a single protein interacts with the DNA (red arrow in the left-hand panel), it is
possible to measure both the volume and position of the protein on the DNA molecule. Nonetheless, PARP1 has a
tendency to oligomerize and form aggregates in which numerous DNA and protein molecules are embedded and preclude
any PARP volume measurements (the zoomed-in image in the right-hand panel). Only isolated complexes were analyzed
to create the graph (a). The scale bar represents 100 or 200 nm; the Z scale represents 8 nm. (c) A box plot showing the
volume distribution of PARP2 bound to undamaged DNA or a specific site (nick, AP site, or 1-nt gap). Box charts are
formatted as a box (25th to 75th percentiles), vertical bars (5th to 95th percentiles), and data points (diamonds, n = 20
particles) overlapping with the mean value (the empty square) and median value (the horizontal line in the box). **P < 0.01,
*P < 0.05, ns: nonsignificant according to the two-tailed t test. (d) Top: AFM images of PARP2 bound to 1200-bp DNA
(left), a nick site (middle), or 1-nt gap site (right). In comparison with PARP1, the propensity of PARP2 for oligomerization is
low, and no aggregates were detected in AFM images. The scale bar represents 100 nm; the Z scale represents 6 nm.
Bottom: a cross-section of proteins bound to DNA allowing for determination of protein volume. The height and width at the
half height of each peak are indicated on the y- and x-axes, respectively. Box charts are depicted as a box (25th to 75th
percentiles), vertical bars (5th to 95th percentiles), and data points (diamonds, n = 20 particles) overlapping with the mean
value (the empty square) and median value (the horizontal line in the box). **P < 0.01, *P < 0.05, ns: nonsignificant
according to the two-tailed ¢ test.

labeled proteins owing to complex formation at  damage per 4361 bp, for example, a supercoiled
various DNA concentrations (Fig. 4). For this pBR plasmid with an AP site [AP(pBR)], a circular
purpose, we employed undamaged circular plasmid pBR plasmid with a 1-nt gap [1-nt gap(pBR)], or a
DNA or the ones containing on average one nick [nick(pBR)] (Figs. 1b and S2). According to the
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Fig. 6. Analysis of PAR synthesis activity of PARPs in the presence of plasmid DNA containing single-strand DNA
damage (AP site, 1-nt gap, or nick). (a, b) The radioactive poly(ADP-ribosyl)ation assay showing time-dependent
autoPARylation of PARP1 (a) and PARP2 (b) in the presence pBR, AP(pBR), 1-nt gap(pBR), or nick(pBR). The data are
presented as the average of three independent measurements. The graph illustrates quantification of >2P-labeled PAR.
The data shown are mean values and standard deviations from three independent experiments including the experiment
shown in Fig. S4a and b. (c) Chain length distribution of ADP-ribose polymers synthesized by PARP1 or PARP2 in the
presence of plasmid DNA bearing an AP site, 1-nt gap, or nick. The diagram depicts quantification of the *2P-labeled
detached PAR shown in Fig. S4c. Quantitative analysis of the PAR chain length expressed as a percentage of short,
medium, or long polymers. The values denote the average of three independent measurements.

data, both PARP2 and PARP1 have only small
differences in the affinity for AP(pBR) as compared
to undamaged pBR (Fig. 4). In agreement with the
high-affinity binding of the 1-nt gap and nick versus
undamaged or abasic sites by PARP2 as revealed
by AFM, we observed that the introduction of an
SSB resulted in a one-order-of-magnitude increase
in the binding affinity of this protein for plasmid
DNAs (Fig. 4c and d). For PARP1, the affinity for 1-
nt gap-containing or nick-containing DNA was
higher too, but the difference between the estimat-
ed Kp values for nonbreak and SSB-containing
plasmids was <5-fold (Fig. 4a and b) and higher
affinity was detected for nick-containing plasmid
DNA. This result somewhat contradicts AFM
images of PARP1 complexes with linear DNA

(Fig. 2b), which show that the extent of PARP1
binding to DNA was slightly higher for the 1-nt gap
than for the nick-containing substrate (Fig. 2b).
Thus, Kp values revealed that the affinity of PARP1
and PARP2 was the highest for nick(pBR) followed
by 1-nt gap(pBR) and then AP(pBR) and undam-
aged pBR (the last two affinity values are similar).
PARP1 was found to have higher affinity than
PARP2 for all the plasmid DNAs tested. This finding
could be explained by the fact that PARP1 has
higher affinity for undamaged DNA than PARP2
does, which results in a significant contribution of
nonspecific DNA binding by PARP1 [41]. Overall,
the binding affinity data suggest that the two
proteins have pronounced differences in their
relative affinities for damaged versus undamaged
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= £ nick(pBR) =

Fig. 7. AFM visualization the shape of PAR polymers synthesized by PARPs in the presence of plasmid DNAs
containing single-strand DNA damage (AP site, 1-nt gap, or nick). (a) Large-scale AFM images (left to right) of 1-nt gap
plasmid DNA, PARPs bound to DNA and auto-PARylation of PARPs. PARPs (3.5 nM) were incubated with plasmid DNA
(0.35 nM) at 37 °C for 30 min in the presence of 100 yM NAD™*. Blue arrow indicates PARylated proteins bound to DNA
molecules, and the red circle encloses the PARylated protein bound to DNA. The scale bar represents 100 nm; the Z scale
represents 6 nm. (b) Comparative analysis of the shape of PARylated PARP1 in the presence of different DNA substrates.
PARP1 (3.5 nM) was incubated with plasmid DNA (0.35 nM) at 37 °C for 30 min in the presence of 100 uM NAD™. Blue
arrows indicate PARylated proteins on the mica surface. The scale bar represents 100 nm; the Z scale represents 6 nm.

DNA substrates; PARP1 and PARP2 have close
affinity values for the nick site but differ significantly
in their affinity for the 1-nt gap and AP sites.

PARP1 and PARP2 form dimeric complexes at
an SSB

Both PARP1 and PARP2 can form and act as
dimers at a site of DNA damage [12,30,43-46],
although other studies suggest that PARP1 func-
tions as a monomer [47-50]. In this context, the
protein volume measurement by AFM can provide
additional information on the oligomeric state of
PARPs in the complexes with DNA [50,51]. To
address this question, we analyzed the AFM volume
of PARP1 and PARP2 bound to damage sites (AP
site, 1-nt gap, or nick) or undamaged DNA (Figs. 1a
and 5). These AFM images contained both free and

DNA-bound PARP molecules, and the protein
volume distributions of the two forms were studied
independently (Figs. 5a, ¢, and S3). For free proteins
detected on a mica surface under the selected
conditions, most of PARP1 and PARP2 patrticles had
volumes similar to those expected for the monomer:
208 + 28 and 142 + 19 nm®, respectively (Fig.
S3b). This result is consistent with our previous
study, where the volume of the free proteins was
measured by means of AFM images [41]. It should
be pointed out that PARP1 has a tendency for
oligomerization that results in formation of small
aggregates in which many DNA and protein mole-
cules are embedded (Fig. 5b, right-hand panel). The
calculation of volumes as well as analysis of the site-
specific binding is impossible in such particles;
therefore, they were discarded, and only isolated
complexes were taken into account for the volume
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determination (Fig. 5b, left-hand panel). The detailed
analysis of the protein volume depending on the
protein's position along the 1200-bp, nick(1200-bp),
AP(1400-bp), or 1-nt gap(1400-bp) DNA fragments
indicated that PARP1 binds to undamaged sites, the
AP site, and 1-nt gap preferentially as a monomer
but is prone to oligomerization, forming dimers at the
nick site (Fig. 5a and b). Thus, our results are
consistent with other studies, which have evaluated
the interaction of PARP1 with long DNA containing
an abasic site analog (tetrahydrofuran) using AFM
[50]. PARP2 bound as a monomer to undamaged
DNA and to an AP site (Fig. 5¢ and d). PARP2
oligomerization, in which dimers predominate, oc-
curred after its interaction with a 1-nt gap or nick (Fig.
5c). These results suggest that the interaction of
PARP2 with a 1-nt gap and nick promotes the
formation of PARP2 dimers, and the protein recog-
nizes damaged and undamaged sites in a different
way. At the same time, PARP1 is predominantly
dimeric only when bound to a nick site. The observed
dimerization of PARPs could affect their catalytic
activity.

Catalytic activity of PARP1 and PARP2 is
dependent on the type of single-strand DNA
damage

To characterize DNA-dependent PARP1 and
PARP2 activation during BER, it is important to
understand how PAR synthesis can be affected by
the type of single-strand damage. To analyze PAR
synthesis catalyzed by PARP1(2), we performed
PARP1 and PARP2 automodification assays in the
presence of long DNA substrates bearing one site-
specific damage. Because PARP1 and -2 are
activated by SSBs and blunt ends in the case of
linear DNA substrates, the catalytic activity of these
proteins was examined with supercoiled and circular
plasmid DNAs [pBR, AP(pBR), 1-nt gap(pBR), and
nick(pBR)] (Fig. 1b). At the first step, the PAR
synthesis activity of PARP1(2) was evaluated by a
standard approach in a polyacrylamide gel electro-
phoresis (PAGE)-based assay that allows for the
measurement of enzymatic activity (Figs. 6a and b,
and S4a and b). As expected, the presence of a nick
or 1-nt gap in the circular plasmid DNA influenced
the PARP1(2) activity (Fig. 6a and b). In contrast, we
did not observe noticeable stimulation of PAR
synthesis for the AP site—containing pBR versus
intact pBR for both proteins (Fig. 7a and b). Of note,
nick formation did not lead to an increase in PARP1
activity in comparison with the supercoiled DNAs;
however, the presence of the 1-nt gap induced
stronger protein autoPARylation (Fig. 6a). AFM
measurements of the protein volumes revealed
that PARP1 interacts with the nick via dimer
formation (Fig. 5a). This observation suggests that
PARP1's binding in monomeric form to the 1-nt gap

leads to its strong autoPARylation, but the dimeric
form interacting with the nick is less effective in PAR
synthesis (Fig. 6a). These results are consistent with
the data indicating that more effective PAR synthesis
is catalyzed by PARP1 when the protein acts as a
monomer and PAR synthesis likely proceeds via an
intramolecular mechanism [52]. In the case of
PARP2, the level of its autoPARylation clearly
correlated with the increase in the binding affinity of
the protein for DNA damage sites tested here (Fig.
6b and Table 1). Nonetheless, an increase in PAR
synthesis was observed clearly after longer incuba-
tion (30—45 min), indicating a slow rate of PARP2
autoPARylation despite its higher affinity for the 1-nt
gap or nick versus AP site or undamaged DNA. In
addition, AFM analysis revealed PARP2 dimeriza-
tion upon binding to the 1-nt gap or nick (Fig. 5¢),
suggesting that the dimers are more efficient in PAR
synthesis in the case of PARP2 (Fig. 6b).

To further characterize the features of PAR
synthesis when intact DNA (pBR) or plasmids
bearing a single type of damage (AP, 1-nt gap, or
nick) served as substrates (Fig. 1b), we studied the
size of PAR polymers when polymers were detached
from protein after chemical treatment [53]. The
detached PAR polymers synthesized by PARP1 or
PARP2 in the presence of the plasmid substrates
were separated by denaturing PAGE and then
classified into three groups according to the length
distribution: short (1-15mers), medium
(16—-30mers), and long (>31mers; Figs. 6¢c and
S4c). The length distribution of PAR polymers
synthesized by PARP1 for the intact pBR plasmid
was estimated as follows: ~28% of short, ~21% of
medium, and ~52% of long polymers (Fig. 6¢). For
PARP1, the introduction of a single AP site, 1-nt gap,
or nick into plasmid DNA led to only slight changes:
~3% in the length distribution of PAR in comparison
with intact pBR (Fig. 6¢). For example, the percent-
age of short PAR polymers decreased, but produc-
tion of long chains increased by ~3%. Thus, the
presence of a lesion in plasmid DNA mainly
modulates the total PARP1 activity but does not
significantly change the length distribution of the
resulting PAR polymers. For PARP2, the PAR chain
length distribution obtained after 45-min incubation
for intact DNA was estimated as follows: ~31% of
short, ~22% of medium, and ~ 47% of long polymers.
This distribution was close to those obtained after
15-min incubation of PARP1 with the same substrate
(Fig. 6¢). In contrast to PARP1, SSB formation in the
plasmid DNA caused a reduction in the amount of
PAR in the fractions of short and medium polymers,
shifting the PAR production catalyzed by PARP2
toward longer polymers.

In addition, we performed the morphology analysis
of shape of PAR polymers synthesized by the
proteins (Fig. 7). For this purpose, plasmid DNAs
were incubated with PARP1 or PARP2 in the
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presence of NAD* and the formation of PAR PAR polymers formed in the presence of AP site, 1-
polymers was detected by AFM (Fig. 7a). PARyla-  nt gap, or nick (e.g., PARP1 PARylation, see Fig.
tion of PARPs was observed for all DNA plasmids, 7b). PARylated proteins looked like branched “star’-
but we did not observe specific features of shape of  like structures of different size for all DNAs used [41].
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Therefore, the DNA lesions affected the mode of
PAR synthesis differently in the case of PARP1 and
PARP2 (Fig. 6). In the case of PARP1, a marked
increase in the catalytic activity was observed only
for a plasmid bearing a single 1-nt gap, but
production of long PAR polymers was only slightly
more effective relative to other plasmid DNAs. For
PARP2, single DNA damage (1-nt gap or nick)
increased the enzymatic activity and the amount of
long PAR polymers. These results are consistent
with our previous finding that the size of PAR
produced by PARP2 depends on the initial affinity
of this protein for DNA breaks [41]. On the other
hand, the type of DNA damage can influence PARP1
catalytic activity, but the PAR chain length distribu-
tion is affected only weakly.

PARP2 competes with PARP1 for the binding to
BER intermediates and influences PAR
synthesis

Although numerous studies have proved the
dependence of BER and SSBR on PARP1, the
participation of PARP2 and PAR formation in the
repair process is still debated [10,36]. It has been
demonstrated before that PARP2 is less effective in
PAR synthesis than PARP1 both in vitro and in vivo
[20,35]. It appears that PARP2-dependent PAR
synthesis has a smaller influence than PARP1 on
the regulation of the BER process [11,13,54,55].
Nevertheless, PARP2 can regulate BER and SSBR
not only directly through interaction with BER
enzymes and DNA intermediates but also indirectly
via regulation of PARP1 activity [12,20]. For exam-
ple, PARP2 can compete with PARP1 for the binding
to DNA repair intermediates, thereby preventing
PARP1 activation. The ability of PARP2 to suppress
PARP1 activity has been detected by using of short
DNA duplexes mimicking DNA intermediates of
different DNA damage repair pathways [20]. We
next tested whether PARP2 impairs the activity of
PARP1 when DNA substrates were represented by
plasmid DNAs containing single-strand DNA dam-
age (AP site, 1-nt gap, or nick) (Fig. 1b). To this end,
we analyzed total PAR synthesis, when both
proteins were present in the reaction at equimolar
amounts (Fig. 8). The relative PAR synthesis activity
of PARP1 and PARP2, and of the mixture of PARP1
and PARP2 was analyzed in a time-dependent
manner as fold activation above or below the levels
of PARP1-catalyzed PAR synthesis after a 2-min
reaction for each DNA substrate (Fig. 8b). We first
estimated PAR synthesis catalyzed by PARP2
relative to PARP1 (Fig. 8b). Indeed, we observed a
lower activity of PARP2 compared to PARP1;
however, the difference in the level of their autoP-
ARylation was strongly dependent on the type of
DNA substrates. The quantitative analysis shows
that PARP2 was less efficient in PAR production

than PARP1 (Fig. 8b). The level of PARP2 PARYyla-
tion in the presence of nicked, intact, AP site, or 1-nt
gapped plasmid DNA turned out to be approximately
1.7-, 2.7-, 3.7-, and 11.4-fold lower in comparison
with the PARP1 reactions. When the PAR synthesis
was analyzed in the equimolar mixture of the two
proteins, the productivity of PAR synthesis for
PARP1 was almost unaffected by the presence of
PARP2 when intact DNA plasmid (pBR) or AP(pBR)
was used as a substrate (Fig. 8b). For plasmid DNAs
bearing a 1-nt gap or nick, the presence of PARP2
led to a decrease of PAR synthesis in comparison
with the reaction catalyzed by PARP1 alone (Fig.
8b). When PARP2 was added together with PARP1,
the productivity of PAR formation decreased by 30%
and 15% for 1-nt gap(pBR) and nick(pBR) sub-
strates, respectively (Fig. 8b).

Altogether, these results suggest that PARP2's
influence on the productivity of PAR synthesis was
more pronounced when DNAs bearing 1-nt gap or
nick were used for PARP activation. Consequently,
in the context of PARP1 activation by SSBs formed
during BER, PARP2 can efficiently recognize and
bind to the repair intermediates and affects PAR
synthesis by suppressing and/or changing the
kinetics of this reaction.

Discussion

BER and SSBR are the main pathways for the
removal of damaged bases and processing of AP
sites and SSBs in mammalian cells [5]. The repair
process can be modulated by accessory factors,
among them PARP1 and PARP2 [9,12]. Both
PARPs are known to function in BER and SSBR
by interacting with repair enzymes and BER DNA
intermediates or by promoting the synthesis of PAR
at the site of DNA damage [13,36,55]. Although
numerous studies support the importance of
PARP1 for BER regulation, the function of PARP2
in this repair is not fully understood yet, but PARP2
along with PARP1 seems to contribute to the repair
process [10,12,15]. On the one hand, PARP2 has
been proposed to play an auxiliary role in BER, by
functioning as a “backup” polymerase when the
function of PARP1 is impaired [12,15]. On the other
hand, these PARPs may perform different func-
tions in DNA repair [54,56,57]. The ability of
PARP2 to influence the enzymatic activity of
PARP1 gave rise to the assumption that PARP2
may be effective at regulation of PARP1 activation
[12,20,58].

Previously, our comparative analysis of PARP1
and PARP2 interactions with BER intermediates
has been restricted by the use of short DNA
duplexes [20]. Using long DNA and AFM single-
molecule visualization enabled us to examine
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PARP1 and PARP2 activation by different types of
single-strand DNA damage. The research present-
ed here extends our previous works and provides
further insight into the recognition of DNA repair
intermediates followed by PAR synthesis catalyzed
by these polymerases. The general aim was to find
possible differences between the interactions of
PARP1 and PARP2 with the types of single-strand
DNA damage that mimic BER intermediates,
namely, AP site, 1-nt gap, and nick. Accordingly,
this investigation was focused on the quantitative
characterization of PARP1 and PARP2 binding to
different DNA damage sites and on the comparison
of catalytic activities of PARPs on these DNA
structures formed during BER. Our experiments
indicate that the affinity of PARP1 for an AP site and
1-nt gap is higher than that of PARP2; meanwhile,
both proteins bind to a nick with similar affinity. This
finding suggests that PARP1 participates in early
steps of BER, whereas both PARPs efficiently
interact with a nick and may contribute to the
regulation of the final repair stage: ligation per-
formed by the DNA ligase III-XRCC1 complex. It is
noteworthy that PARP1 has a preference for
binding to a 1-nt gap over an AP site or nick, but
PARP2 shows binding preference for a nick over a
1-nt gap or AP site, thus pointing to damage-
specific binding to DNA intermediates in BER.

Our data also reveal that PARP1 binds to
undamaged DNA, an AP site, or a 1-nt gap mainly
as a monomer, but the interaction with a nick takes
place in both monomeric and dimeric forms. Similar
to PARP1, PARP2 was found to bind to undamaged
DNA and AP sites as a monomer; however, PARP2
dimerizes on a 1-nt gap or nick site. Furthermore,
autoPARylation of PARP1 appears to depend on the
oligomerization state (monomer versus dimer): the
binding of PARP1 in the monomeric form to a 1-nt
gap leads to strong activation of PARP1, whereas
dimer formation at the nick site leads to less effective
autoPARylation (Figs. 5a and 6a). In the case of
PARP2, its dimerization at SSBs (a nick or 1-nt gap)
probably causes more effective automodification
(Figs. 5¢ and 6b). Consequently, the monomer-to-
dimer transition can contribute to the regulation of
enzymatic activity of PARPs. Besides, it should be
noted that in contrast to PARP1, the efficiency of
autoPARylation of PARP2 and polymer chain
formation is greatly affected by PARP2's initial
affinity for the single-strand break DNA damage
sites (Table 1 and Fig. 6¢).

We also demonstrate that PARP2 can modulate
the PAR synthesis catalyzed by PARP1, and this
effect apparently correlates with the initial affinity of
PARP2 for DNA damage. Total PAR synthesis in the
presence of intact or AP site—containing DNA was
affected to a lesser extent by the addition of PARP2
to PARP1, implying that these proteins compete with
each other or form heterodimers at SSBs, such as a

1-nt gap or nick [12,20]. Taking into account the
importance of PARP1 activation and PAR formation
for modulation of DNA repair [11,13,29,55,57], one
could expect indirect implication of PARP2 in BER
via regulation of PARP1-catalyzed PAR synthesis.
In these cases, the activity of PARP1 can be
suppressed by the binding of PARP2 to the DNA
damage site or by formation of a functional hetero-
dimer that has a lower PAR synthesis activity in
comparison with the PARP1 homodimer. In support
of this hypothesis, PARP2 has been reported to be
effective at inhibiting PAR synthesis catalyzed by
PARP1 in the presence of various DNA substrates
[20]. Moreover, cell experiments show that PARP2
depletion increases PAR formation in thymocytes
and B cells [59,60].

Therefore, the functions of PARP1 and PARP2 in
BER after SSB formation may overlap, providing
evidence for the participation of PARP2 in the
regulation of PARP1 activity through competition
for DNA binding and/or changes in the kinetics of
PAR synthesis. The PARP1-driven synthesis of
PAR and the kinetics of PAR synthesis have
important functions in the regulation of BER and
SSBR in vivo and in vitro [15,54,55]. Therefore,
PARP2 in addition to direct interaction with BER
DNA intermediates may indirectly influence BER
via regulation of PAR synthesis by PARP1 after
SSB formation during BER.

Materials and Methods

Materials

The pET32a-hPARP-1-His and pXC53-hAPE1
plasmids and the mPARP-2 recombinant baculo-
virus were kindly provided by Dr. M. Satoh (Laval
University, Canada), Dr. S. H. Wilson (NIEHS, NIH,
USA), and by Dr. Valerie Schreiber (Université de
Strasbourg, IREBS, lllkirch, France), respectively.
The human recombinant proteins PARP1 and
APE1 were overexpressed in Escherichia coli
and purified as described previously [16,19].
Murine PARP2 was expressed in insect cells and
purified according to protocol described by Amé et
al. [61]. Yeast nicotinamide mononucleotide ade-
nylyltransferase (NMNAT) was kindly provided by
Dr. Stanislav I. Shramm (IMG RAS, Moscow,
Russia). Recombinant E. coli uracil DNA glycosy-
lase (UDG) was acquired from Biosan, whereas
plasmid pBR322 and Asel and Notl restriction
enzymes as well as Nb.Bsml (a nicking endonu-
clease) were from New England BioLabs. Restric-
tion enzymes Bglll and BamHI, Taqg DNA
polymerase, and T4 DNA ligase were purchased
from Thermo Scientific-Fermentas, and DNA poly-
merase | (Large [Klenow] fragment) was from
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Invitrogen. Afel and Smal restriction enzymes and
SE buffer were bought from SibEnzyme, whereas
radioactive [*?P]JATP and o[*2P]dCTP were pro-
duced in the Laboratory of Biotechnology (ICBFM
SB RAS). Synthetic oligonucleotides were pro-
duced in the Laboratory of Medicinal Chemistry
(ICBFM SB RAS). Chemicals [MgCl,, putrescine,
dNTPs, putrescine, B-NAD™*, and 5(6)-carboxyflu-
orescein N-hydroxysuccinimide ester (FSE)] were
purchased from Sigma-Aldrich.

Preparation of long DNA substrates and plasmid
DNA

The DNA duplex (0.5 uM) 31mer with uracil was
obtained by hybridization of an oligonucleotide (5'P-
gatcctctagagtcgacUctgcaggceatgeg-3') with the com-
plementary oligonucleotide in a 1:1 ratio. Oligonu-
cleotide mixtures were incubated for 3 min at 95 °C
and then slowly cooled to room temperature. The
1400-bp DNA fragment was prepared after insertion
of the 31mer DNA duplex containing uracil at a
defined position and of 4-nucleotide 5" overhangs
into the mutant pEGFP-N1 plasmid (without a BamHI
site) according to a protocol described by Enoiu et al.
[62] with some modifications. Briefly, to prepare a
sticky-ended linearized plasmid, 10 yg of a mutant
pEGFP-N1-bis plasmid was completely digested
with 0.5 U/pl Bglll in 1x FastDigest buffer at 37 °C
for 2 h, as determined by 0.8% agarose gel
electrophoresis of an aliquot (Fig. S5). After that,
the linearized plasmid was deproteinized with phenol
and chloroform, precipitated with ethanol, and
resuspended in TE buffer. The linearized plasmid
(0.02 pmol/pl) containing 4-nucleotide 5" overhangs
was ligated to the complimentary 5 phosphorylated
ends of a 31mer DNA duplex (0.02 pmol/pl) using
1.5 U/pl T4 DNA ligase at 4 °C overnight in FastDi-
gest buffer (Fermentas) and 0.5 mM ATP in the
presence of 0.06 U/ul BamHI and 0.06 U/ul Bglil.
The ligated products were deproteinized by extrac-
tion with phenol-chloroform followed by ethanol
precipitation. The precipitated DNA pellets were
resuspended and digested with 0.3 U/ul Asel and
Notl in 1x NE Buffer 3 at 37 °C for 3 h. Next, the
sticky ends of the DNA fragments were filled using
0.075-0.225 U/ul DNA polymerase |, Large (Kle-
now) fragment in the presence of four dNTPs to a
final concentration of 250 uM each at 37 °C for 3 h.
The obtained DNA fragments were purified in 1.5%
agarose, and bands corresponding to 1400-bp DNA
fragments were excised and purified with the Gel
Extraction Kit (Fermentas). The vyield of the U-
containing 1421-bp DNA fragment [U(1400-bp)]
was 5% of the starting plasmid.

To verify the presence of a site-specific U at
position 622 bp from one end in the purified
fragment, 0.9 nM U(1400-bp) DNA was incubated

with 1 U/ul UDG for 15 min at 37 °C in a buffer
consisting of 20 mM Tris—HCI (pH 8.0), 1 mM DTT,
20 mM NaCl, and 1 mM EDTA and then incubated
with 20 nM APE1 and 300 nM gol B in the presence
of 5 mM MgCl, and 20 uCi a[*?P]dCTP for 30 min
at 37 °C, followed by heat inactivation for 20 min at
65 °C. The resulting products were subjected to
restriction digestion with 0.5 U/pl Afel and 0.5 U/pl
Smal in SE buffer for 1 h at 37 °C (Fig. S6). The
reactions were stopped by the addition of a 2-fold
volume of a solution consisting of 90% of formam-
ide, 10 mM EDTA, 0.1% of bromophenol blue, and
0.1% of xylene cyanol, then the mixtures were
heated at 90 °C for 3 min, and the products were
separated by denaturing electrophoresis in a 10%
polyacrylamide gel. The gels were dried and
subjected to phosphorimaging for quantification
using Molecular Imager (Bio-Rad) and software
(Quantity One).

To prepare the 1421-bp DNA fragment containing
a single AP site [AP(1400-bp)], the 2.8 nM DNA
fragment was incubated with 12 nM UDG in a buffer
consisting of 20 mM Tris—HCI (pH 8).0, 20 mM
NaCl, 1 mM DTT, and 1 mM EDTA for 20 min at
37 °C. To prepare the 1421-bp DNA fragment
containing an SSB with 3'-OH and a 5-dRP 1-nt
gap [1-nt gap(1400-bp)], the 2.8 nM DNA fragment
with the AP site was treated with 25 nM APE1 in the
presence of 5 mM MgClI, for 20 min at 37 °C. The
1200-bp DNA fragment containing an SSB with 3'-
OH and a 5'-P nick nick(1200-bp) was prepared by
means of the Nb.Bsml nicking endonuclease as
described elsewhere [41].

The pBR plasmid containing up to two AP sites per
DNA circle was prepared by heat and acid treatment
[63]. Briefly, plasmid DNA (0.25 mg/ml) was incu-
bated in a buffer consisting of 20 mM sodium citrate
(pH 5.0) and 200 mM NaCl at 70 °C for 30 min. The
reactions were stopped by the addition of 1 M Tris—
HCI (pH 8.0), rapidly chilled on ice, and subjected to
the analysis. To prepare the pBR plasmid containing
up to two SSBs with 3'-OH and 5'-dRP [1-nt gap
(pBRY)], the AP site-containing pBR plasmid (29 nM)
was incubated with 20 nM APE1 in 1x NE Buffer 1
for 1 h at 37 °C, followed by heat inactivation for
10 min at 65 °C. The amounts of supercoiled and
circular forms of DNA were estimated by 0.8%
agarose gel electrophoresis (Fig. S2) [63]. Agarose
gel electrophoresis showed that this treatment
introduces approximately one AP site (1-nt gap)
per DNA molecule within 30 min (Fig. S2b and c).
DNA concentrations were determined by measuring
absorbance at 260 nm. Due to the labile nature of
the UDG- or APE1-treated DNA, all the DNA
substrates were prepared just before AFM or
biochemical experiments. Nicked pBR were obtain-
ed by incubating pBR322 with Nb.Bsm1 nicking
endonuclease according to the recommended
protocol.
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AFM

Protein complexes for AFM analysis were
formed in reaction mixtures (20 pl) containing
binding buffer [12.5 mM Hepes (pH 8.0),
12.5 mM KCI, and 1 mM DTT], 2 nM PARP1 or
3.6 nM PARP2 and 0.8-1.0 nM DNA substrate.
For experiments with a mixture of DNA substrates,
3.5 nM PARP1 or 7 nM PARP2 was incubated with
an equimolar amount of 1200-bp or nick(1200-bp)
and 1-nt gap(1400-bp) in binding buffer. According
to our previous studies, putrescine (Pu®*) was
selected as counterion for PARP1(2), protein—DNA
complex, and PARylated PARPs adsorption on
mica surface [41]. The reactions were incubated on
ice for 1-5 min followed by the addition of
putrescine (Pu?*) to a final concentration of
5 mM. After that, a 10-ul droplet was deposited
on the surface of freshly cleaved mica at room
temperature for 30-s incubation and was dried for
AFM imaging. For experiments with auto-
PARylation of PARP1, 35 nM PARP1 was incu-
bated with 3.5 nM nicked pBR, supercoiled pBR,
AP-pBR, or 1-nt gap-pBR in the AFM deposition
buffer in the presence of 100 yM NAD* and 10 mM
MgCl, at 37 °C for 15-120 min. Next, the samples
were diluted 10-fold in AFM deposition buffer
containing 5 mM Pu?* and immediately deposited
on mica. AFM images were captured in air on a
Nanoscope V Multimode 8 (Bruker, Santa-
Barbara, CA, USA) in PeakForce Tapping (PFT)
mode with Scanasyst-Air probes (Bruker). In this
experiment, continuous force—distance curves
were recorded at 2048 x 2048 pixels at a line
rate of 1.5 Hz, and the tip was oscillated in the
vertical direction with an amplitude of 100-300 nm
and at low frequency (1-2 kHz).

AFM data analysis

The “section” tool in the Nanoscope Analysis
software (version 1.70) was employed to determine
the molecular dimensions of the protein particles.
Cross-sections of PARP1(2) alone or interacting with
DNA were made, and the height (h) and diameter (1)
at half-maximal height of each single particle were
measured (Fig. S3a). The molecular volume of the
protein particles was determined according to the
following equation [64]:

_mh
6

The volumes were calculated from two scanned
areas (3 x 3 ym) and two independent samples.
Significance of differences in volume measurements
was determined by the t test. Measurements of
parameters h and r were also performed on naked

Vv (3r2 + 1)

DNA to assess the influence of the tip and the scan
parameters on the volume measurements (Fig.
S3c). The DNA contour length and PARP1(2)-
binding position on DNA were analyzed in the
Imaged software as presented in Fig. S1d—f and
described elsewhere [41]. The length of the DNA
contour was manually traced in AFM images. In the
case of DNA—protein complexes, the contour length
was manually traced as the shortest possible DNA
path through the bound protein.

The AFM site-specific binding affinity (Kp) values
of PARP1(2) for the AP site, 1-nt gap, or nick were
calculated directly by estimating the number of
specific and nonspecific complexes and fractional
occupancy rates of proteins bound to specific DNA
sites (Table S1) as described previously [65].
Specific sites correspond to AP, 1-nt gap, or nick
sites, whereas nonspecific sites correspond to all
other DNA sites, including undamaged DNA and
DNA ends. PARP1(2) interacts with specific site
when it is localized between 194 and 224 nm from
one 1400-bp DNA end. For nick site, PARP should
be localized between 199 and 229 nm from nick
(1200-bp) DNA end (Figs. 1a and S1d—f).

Fluorescence titration and calculation of appar-
ent binding constants of complexes of PARP1 or
PARP2 with plasmid DNA substrates containing
a single DNA damage site

Fluorescence measurements were performed on
a POLARstar Optima multidetection microplate
reader (BMG Labtech, Offenburg, Germany) in a
96-well assay “V” bottom black plate (Axigen), and
thus, one well contained one titration point. As a
substrate, we chose fluorescein-labeled PARP1(2)
(FIlu-PARP1 and -2). These proteins were labeled
with FSE as described previously [41]. The concen-
trations of Flu-PARP1(2) conjugates and labeling
efficiency were determined according to the manu-
facturer's protocol (Thermo Scientific) via the follow-
ing extinction coefficients: €550 = 120,000 M~ cm™
for PARP1, €250 = 70415 M~ cm™" for PARP2, and
€280 = 23400 cm™' M™" and &495 = 60000 M~ cm-
=1 for fluorescein. The degree of labeling was
determined: 96% for PARP1 and 90% for PARP2.
Titration was carried out by adding various amounts
of plasmid DNA (0.1-20.0 nM) to a fixed concentra-
tion (5—-10 nM) of Flu-PARP1 or Flu-PARP2 in a
buffer consisting of 50 mM Hepes—KOH (pH 8.0),
50 mM NaCl, and 1 mM DTT. The excitation
wavelength was set to 485 nm, and emission
wavelength was set to 520 nm. All the reaction
mixtures were prepared at room temperature. The
plate was incubated at 28 °C in the microplate
reader. Each experiment was repeated at least three
times.
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An SDS-PAGE-based radioactive assay of
PARP1 and PARP2 autoPARYylation

[32PINAD labeled on the adenylate phosphate
was synthesized as described earlier [66] with some
modifications. Briefly, the reaction mixture (100 pl)
containing 2 mM B-nicotinamide mononucleotide,
1 mM ATP, 0.25 mCi of [a-®?P]JATP (1000 Ci/
mmol), 1.5 mg/ml NMNAT, 25 mM Tris—HCI
(pH 7.5), and 20 mM MgCl, was incubated for 1 h
at 37 °C. The enzyme was denatured for 10 min at
65 °C, and precipitated protein was removed by
centrifugation.

The poly(ADP-ribosyl)ation assay was performed
in the reaction mixtures (50 pl) consisting of 50 mM
Hepes—KOH (pH 8.0), 50 mM NaCl, 1 mM DTT,
5 mM MgCl,, 3 nM plasmid DNA, 100—-10 uM NAD*
supplemented with 8 pCi of [*?P]NAD™, and 20 nM
PARP1 or PARP2. The reactions were initiated by
the addition of NAD™. The reaction mixtures were
incubated at 37 °C for 2—-45 min, and the assay was
stopped by adding SDS sample buffer and heating
for 5 min at 90 °C. The reaction mixtures were
analyzed by 10% SDS-PAGE (Fig. S4a and b). The
gels were dried and subjected to phosphorimaging
for quantification using Molecular Imager (Bio-Rad)
and software (Quantity One).

The chemical release and analysis of protein-
free poly(ADP-ribose) polymers

To analyze the length of PAR synthesized by
PARP1 or PARP2, the reactions were carried out in
mixtures (80—120 pl) consisting of 50 mM Hepes-
KOH pH 8.0, 50 mM NaCl, 1 mM DTT, 5 mM MgCl,,
3 nM plasmid DNA, 50 mg/ml BSA, 20 nM PARP2
or PARP1, and 10 uM NAD™* supplemented with
8 uCi of [**P]NAD™. The reactions were initiated by
the addition of NAD* followed by incubation at 37 °C
for 15 min for PARP1 and 45 min for PARP2. The
reactions were stopped by the addition of an equal
volume of 20% trichloroacetic acid and were
processed as described earlier [53]. The chemical
release of PAR chains was performed in 0.1 N
NaOH, 20 mM EDTA at 60 °C for 2 h according to
Ref. [53], after which the samples were neutralized
with 0.1 N HCI, dried in a vacuum concentrator,
resuspended in an aqueous solution (50% of urea,
25 mM NaCl, and 4 mM EDTA), and analyzed in a
modified DNA sequencing gel [67]. The gels were
dried and subjected to phosphorimaging using
Molecular Imager (Bio-Rad) and software (Quantity
One) for quantification of PAR polymer production
(Fig. S4c). The size distribution of PAR polymers
was determined as the average content (%) of a
short-, medium-, or long-polymer fraction relative to
the total amount of polymers produced during the
reaction.
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