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ABSTRACT

PARP1-dependent poly-ADP-ribosylation (PARyla-
tion) participates in the repair of many forms of DNA
damage. Here, we used atomic force microscopy
(AFM) and single molecule fluorescence microscopy
to examine the interactions of PARP1 with common
DNA repair intermediates. AFM volume analysis indi-
cates that PARP1 binds to DNA at nicks, abasic (AP)
sites, and ends as a monomer. Single molecule DNA
tightrope assays were used to follow the real-time dy-
namic behavior of PARP1 in the absence and pres-
ence of AP endonuclease (APE1) on AP DNA dam-
age arrays. These experiments revealed that PARP1
conducted damage search mostly through 3D diffu-
sion. Co-localization of APE1 with PARP1 on DNA
was found capable of inducing 1D diffusion of other-
wise nonmotile PARP1, while excess APE1 also facil-
itated the dissociation of DNA-bound PARP1. More-
over, auto-PARylation of PARP1 allowed the protein
to switch its damage search strategy by causing a
3-fold increase in linear diffusion. Finally, we demon-
strated that PARP inhibitor olaparib did not signifi-
cantly alter the rate of PARP1 dissociation from DNA,
but instead resulted in more motility of DNA-bound
PARP1 molecules.

INTRODUCTION

Poly(ADP-ribosyl)ation (PARylation) is a unique post-
translational modification carried out by a family of

poly(ADP-ribose) polymerases (PARPs). During this pro-
cess, donor NAD molecules are used by PARPs for the syn-
thesis of negatively charged mono- or poly-(ADP-ribose)
(PAR) chains, which can be recognized by or covalently at-
tached to target proteins (1). PARP1, the founding member
of the PARP family, is a highly abundant nuclear enzyme
(~2 x 10°/cell nucleus) whose activity is tightly regulated.
PARPI, through PARylation, affects a number of cellular
processes including transcription, chromatin remodeling,
cell death signaling, and repair of DNA damage (2). In re-
sponse to certain forms of genomic stress that cause single-
or double-strand breaks in DNA, the enzymatic activity
of PARPI is significantly elevated over an extremely low
basal level (3-6). Although the primary target of PARPI
is itself (7), many proteins, including DNA processing en-
zymes, have been shown to either be modified by PARP1
or bind to PAR (8,9). PAR is rapidly degraded and re-
leased from PARPI by the action of poly(ADP-ribose) gly-
cohydrolase (PARG) and ADP-ribosyl-acceptor hydrolases
(ARHs) (10).

PARPI can be activated by transient DNA single-strand
break intermediates that occur during base excision repair
(BER) (11-14). BER processes a wide range of DNA le-
sions that are produced by alkylation or oxidation of DNA
bases (15,16). The pathway is initiated by DNA glycosy-
lases that specifically recognize and remove modified base
lesions, generating apurinic/apyrimidinic (AP) sites. AP en-
donuclease 1 (APE1) then acts on these AP sites to pro-
duce an incision, which results in a 5'-deoxyribose phos-
phate (5'-dRP) and a 3’-OH. While PARPI recognizes and
binds to AP sites, it is not strongly activated until the le-
sion is cleaved by APE1 (17,18). Studies indicate that auto-
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PARylated PARP1 recruits downstream BER components,
such as DNA polymerase B, XRCCI1, and DNA ligase 111
to the DNA damage site (19,20). It is widely believed that
highly auto-modified PARP1 accumulates sufficient PAR,
such that the net negative charge helps PARPI1 dissociate
from DNA, enabling subsequent repair and ligation steps
to restore DNA (21). However, this notion has recently been
challenged by work from Luger and coworkers who showed
that auto-PARylation of PARP1 only increased the dissoci-
ation of PARPI1 from chromatin, but not free DNA ends
(22). The discrepancy in these reports suggests that there is
a significant gap in our knowledge of the dynamics of un-
modified and auto-modified PARP1 on DNA.

Also under debate is the stoichiometry of PARP1 bind-
ing to DNA nicks, ends, and abasic sites. There are six inde-
pendent structural domains of the PARPI1 protein. The N-
terminus contains three zinc-finger (ZnF) domains. ZnF1
and ZnF2 are required for DNA binding (23). While not
involved in DNA binding, ZnF3 is essential for activation
(24,25). The central auto-modification domain contains a
BRCA1 C-terminus (BRCT) fold, and is a major auto-
PARylation site. The tryptophan—glycine—-arginine (WGR)
domain serves as a regulatory domain. The C-terminal
catalytic region contains the helical subdomain (HD) and
the ADP-ribose transferase (ART) domain. Activation of
PARPI1 on DNA strand breaks has been described by two
mutually exclusive models based on crystal structures and
biochemical studies (26,27). Ali and coworkers determined
the crystal structure of the intact ZnF1-ZnF2 DNA bind-
ing domain of PARP1 bound to a DNA end with a single-
nucleotide 5" overhang, lending support to the model in
which ZnF1 and ZnF2 cooperate to recognize DNA ends
in a dimeric form (5,28). An X-ray crystal structure of
PARPI from Pascal’s laboratory suggests that PARP1 binds
to double-strand DNA breaks as a monomer and is acti-
vated through domain—domain interactions; where ZnF3
and WGR domains make DNA and protein contacts that
induce a structural distortion in the catalytic domain and
lead to PARPI activation (26,29,30). Recently, through a
combination of solution NMR and X-ray crystallography
on domains of PARP1 including ZnF1 and ZnF2, Euster-
mann et al. provided further structural evidence and mod-
eled PARPI binding to single-strand DNA breaks as a
monomer (31).

As a ‘DNA damage sensor,” PARP1 facilitates DNA re-
pair under low to moderate levels of genomic stress, but
can trigger cell death mechanisms upon excessive damage
(32), due to depletion of NAD and subsequent alteration
in cellular bioenergetics (33). Based on its role in maintain-
ing genome stability, PARP1 has emerged as a promising
drug target for cancer treatment (34-36), with most PARP
inhibitors designed to compete with NAD at the active site.
In addition to catalytic inhibition, some PARP inhibitors
may also induce an allosteric conformational change, trap-
ping the protein on DNA (37,38). Cells deficient in the hu-
man breast cancer tumor suppressors protein, BRCA1 and
BRCAZ2, were shown to be highly sensitive to PARP inhibi-
tion (39-41). Recently, PARP1 inhibitor olaparib has been
approved for treatment of ovarian cancer with BRCA mu-
tations (42).
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To help resolve some of the key unanswered questions re-
garding the stoichiometry and the dynamics of PARP1 on
DNA during BER, we turned to single molecule approaches
using atomic force microscopy (AFM) and oblique angle
fluorescence microscopy. In the present study, we sought
to first characterize the individual behavior of PARP1 and
APE1 on DNA damage-containing DNA, before exploring
how the two proteins could collaborate in damage search.
Finally, we examined the effects of auto-modification, as
well as binding of olaparib, on the interactions between
PARP1 and DNA. Our AFM analysis indicates that full-
length PARP1 can specifically bind to AP sites, DNA nicks,
and ends in a monomeric form. Oblique angle fluorescence
microscopy combined with the DNA tightrope platform al-
lows us to observe individual quantum-dot (Qdot) labeled
PARPI and APEI interacting with DNA arrays contain-
ing AP sites at high temporal and spatial resolutions. We
found that auto-PARylation of PARPI switched its inter-
action with DNA from a three-dimensional (3D) diffusive
search in solution to a one-dimensional (1D) anomalous
subdiffusion along DNA, increasing its lifetime on DNA.
We also provide evidence that PARPI and wildtype (WT)
or catalytically dead APE1 (mAPE1, K87E/E96Q/D210N)
can co-localize at AP sites, and that excess WT or catalyt-
ically dead APE]1 helps to drive PARP1 dissociation from
AP-containing DNA. Highly auto-PARylated PARP1 ap-
pears to be less stable on DNA and goes through a motile
intermediate prior to dissociation. Interestingly, we found
that PARP inhibitor olaparib causes PARP1 to undergo
constrained motion on DNA, possibly through a confor-
mational change, but does not alter its rate of dissociation.
These studies provide new molecular insights into PARP1’s
complex behavior on DNA.

MATERIALS AND METHODS
Materials

37mer tetrahydrofuran (THF)-containing oligonucleotides
(AP37), with and without the 3’-biotin modification, were
purchased from Integrated DNA Technologies (IDT). Re-
combinant His-tagged APE1l and mAPE]1 triple mutant
were expressed in Escherichia coli and purified as previ-
ously described (43,44) (see Supplementary Information).
His-MBP-TEV-tagged PARP1 was expressed in and puri-
fied from Sf9 insect cells (see Supplementary Information).

Atomic force microscopy

Protein samples (100 nM PARP1) or protein-DNA binding
reactions (150 nM DNA and 300 nM PARPI) were diluted
and deposited on freshly cleaved mica surfaces and dried
in a stream of nitrogen gas. 1 wm x 1 wm images were col-
lected on a MultiMode V microscope (Bruker Corp.) in tap-
ping mode and analyzed for particle volume in Image SXM.
TIFF files were exported for bend angle and binding posi-
tion analysis in ImageJ (NIH). Further details are provided
in Supplementary Information.

Single molecule DNA tightrope assay

Data collection and analysis based on the single molecule
DNA tightrope platform were carried out as previously de-
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scribed (45-47). Briefly, poly-L-lysine coated silica beads
were deposited on the PEG-treated coverslip in a cus-
tom flow cell. Lesion-containing DNA substrates were sus-
pended across the beads via hydrodynamic flow. Purified
proteins were conjugated to secondary antibody-coated
Qdots (Invitrogen) via the appropriate anti-His primary an-
tibody. Images were collected with the appropriate emission
filter applied and exported as TIFF stacks for kymograph
extraction and single particle tracking in ImageJ (NIH).
Mean squared displacement (MSD) of particle trajectories
were then calculated and fitted to the general 1D diffusion
model MSD = 2Dt* via a custom-written script in MAT-
LAB (Mathworks). See Supplementary Information for de-
tails.

RESULTS
PARP1 specifically binds DNA lesions as a monomer

Conflicting models exist for the binding stoichiometry
of PARP1 at DNA strand breaks, suggesting cither a
monomer or dimer (26,27). Here, we use AFM to provide a
direct measurement of the oligomeric state as PARP1 binds
to nicks, ends, and abasic sites in DNA. AFM provides vol-
ume measurements of individual molecules, which can be
directly related to the molecular weight (MW) of the pro-
teins (48), such that we are able to study the oligomeric
states of free PARP1 or PARPI binding to different types
of DNA substrates. Free PARP1 deposited on mica yields
a volume measurement consistent with the protein being
a monomer in solution (Supplementary Figure S1). Fur-
thermore, most PARP1 molecules remain monomeric when
bound to DNA ends or specifically at a nick site within a
514 bp duplex DNA fragment (Supplementary Figure S2C
and D). These results are consistent with the PARP1-DNA
crystal structure from the Pascal laboratory (26).

We then imaged specific binding of PARP1 to duplex
DNA containing an abasic site (Figure 1A). A synthetic
stable abasic site analog tetrahydrofuran (THF) was used
throughout this study, and is simply termed the AP site for
the rest of this work. In this AFM study, the AP site was
placed at 30% of the total contour length from one end
of a 538 bp DNA duplex (AP538). Experiments involving
PARPI binding to AP538 revealed that PARP1 has sim-
ilar affinity for DNA ends and internal sites (Figure 1B).
The position distribution of internally bound PARP1 along
AP538, measured in distance between bound PARP1 and
the closest DNA end as a percentage of total DNA contour
length (538 bp), is shown in Figure 1C. The Gaussian-fitted
internal binding position is centered at 31.1 £ 8.4%, con-
sistent with the known position of the AP site (30%). Vol-
ume analyses of PARP1 particles bound to AP538 at both
AP sites and DNA ends also yielded distributions consis-
tent with the expected molecular weight of monomeric pro-
teins (Figure 1D and E). In addition, AFM data showed
that PARP1 prefers end binding (68.2%) to internal bind-
ing (31.8%) on undamaged 514 bp DNA (N = 145, Supple-
mentary Figure S2G), and that positions of internal binding
events exhibit a broader distribution (42.6 + 18.6%, N = 46,
Supplementary Figure S2H) compared to that of specific
binding to nicks on the same DNA sequence (37.2 + 7.7%,
N = 96, Supplementary Figure S2B).

To further characterize PARP1 binding to AP sites em-
bedded in long DNA substrates, we employed the DNA
tightrope assay in combination with oblique angle fluores-
cence microscopy, as previously described (45-47,49,50).
DNA damage arrays (>40 kb) were created by end-to-
end tandem ligation of 2030 bp linearized plasmids (47,51)
containing a site-specific AP lesion. The resulting DNA
tightropes contained one AP site every 2030 bp and were
suspended across poly-L-lysine-coated 5 wm silica beads us-
ing hydrodynamic flow, resulting in ~90% contour length
of B-DNA (Figure 2A) (50). His-MBP-TEV-tagged PARP1
protein was labeled by a Qdot-antibody sandwich approach
(Figure 2B, see Supplementary Information) (52). In DNA
tightrope assays, 605 nm Qdot-labeled PARP1 molecules
were observed binding to long DNA arrays containing AP
sites (Figure 2C, Supplementary Movie S1). To confirm
the specific binding of PARP1 to AP sites, we used a co-
localization assay, in which a deoxy-thymine moiety 16 bp
downstream from the AP site was modified with biotin (AP-
BiodT) and conjugated to streptavidin (SA)-coated 655 nm
Qdots. Figure 2D and Supplementary Movie S2 reveal three
labeled AP-BiodT sites (red), and two 605 nm IgG Qdot-
labeled PARP1 particles (green), one of which was tran-
siently bound. The kymograph of merged channels shows
co-localization of red and green signals (yellow), indicat-
ing specific binding of PARP1 at the AP site (Figure 2D).
In this co-localization assay (N = 208), we found one-third
of all DNA-bound PARPI particles co-localized with la-
beled AP-BiodT sites, indicating damage-specific binding
events (Figure 2E). The pair-wise distances between Qdot-
labeled AP-BiodT sites (Figure 2F, top) and binding events
of PARPI1 on AP and AP-BiodT DNA were also measured
(Figure 2F, middle and bottom, respectively). These data
suggest PARPI displays both specific and non-specific bind-
ing to AP DNA damage arrays.

Among all the Qdot-labeled PARPI1 particles on AP
DNA (N = 129), including both specific and non-specific
binding events, 89.1% of them were non-motile, whereas
only 10.1% underwent 1D diffusion on DNA (Figure 3A,
‘M’ and B and C). In addition, 34.9% of the 129 DNA-
bound PARPI molecules dissociated during a five-minute
observation window (Figure 3A, ‘D’). Finally, 20% of those
1D diffusive PARPI particles (~2% of total) also disso-
ciated during the five-minute observation window (Figure
3A, ‘M&D’). Diffusion behavior of each motile PARPI
molecule (N = 12) was further analyzed by characterization
of its diffusion coefficient (D) and anomalous diffusion ex-
ponent (« factor, see Supplementary Information, Figure
3D, Supplementary Table S1). The mean diffusion coeffi-
cient of PARP1is (2.98 + 1.69) x 1072 wm?/s and its mean
«a factoris 0.54 + 0.10.

APE]1 facilitates dissociation of PARP1 from abasic DNA

Several single molecule studies have suggested that some
types of DNA binding proteins that make multiple contacts
with DNA can undergo facilitated dissociation from DNA
driven by another DNA binding protein in excess (53,54).
Since PARPI is believed to utilize multiple DNA binding
motifs (30), we tested the hypothesis that excess unlabeled
APE1 may increase the rate of PARP1 dissociation from AP
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(D) and (E) Histograms of volume distributions for PARP1 bound at DNA ends (N = 126) and AP sites (N = 113), respectively. Solid curves represent
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at 197.4 £ 61.1 nm?, corresponding to a molecular weight of 139.2 = 46.5 kDa. For specific binding at AP sites (between 20% and 40%) (E), the fitted

curve is centered at 186.5 & 62.7 nm?

TEV-PARP1 is 156.8 kDa.

sites. We found that a 10-fold excess of APE1 (10 nM) led to
a 1.8-fold increase in the fraction of PARP1 (1 nM) that dis-
sociated during the five-minute observation window, from
35.1%t0 63.8% (P < 0.005; Supplementary Figure S3B). To
further test whether the increased dissociation was a result
of APEI incisions at AP sites, we used an excess of mAPEI1
(10 nM) and found the presence of this catalytically dead
mutant resulted in a similar increase of about 1.7 fold in the
fraction of dissociating PARP1 (P < 0.05; Supplementary
Figure S3B). These data thus indicate that APE1 binding
to abasic sites and not catalysis is sufficient to help facilitate
dissociation of PARPI bound to abasic sites.

PARP1 and APE1 co-localize at abasic sites, facilitating
PARP1 movement

Since both APE1 and PARP1 are capable of binding to aba-
sic sites individually, we sought to further investigate their

corresponding to a molecular weight of 132.0 & 47.8 kDa. The predicted molecular weight of monomeric His-MBP-

potential interactions at APE1-processed AP sites. To this
end, we used a two-color antibody sandwich conjugation
strategy in which PARP1 was uniquely labeled with 605 nm
goat anti-mouse IgG Qdot, and APEI with 705 nm goat
anti-rabbit IgG Qdot. We began by characterizing behav-
ior of Qdot-labeled wildtype and mutant APEI individually
on AP DNA, where both proteins exhibited more motil-
ity compared to PARPI (Supplementary Data and Sup-
plementary Figure S4). Control experiments indicated that
there is no exchange of Qdots between APE1 and PARPI.
Since data acquisition occurs over several hours, we wanted
to ensure that all AP sites had been incised by APEI prior
to the mixing experiment. APE1 (1 nM) was incubated with
DNA tightropes containing AP sites for one hour to create
5’-dRP nick sites before a mixture of PARP1 and APE1 (1
nM each) was introduced into the flow cell. We found that
co-localization of APE1 and PARP1 accounted for 6% of
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all particles on APE1-processed AP DNA (Figure 4A, left).
Behavior of PARP1 on APE1-processed AP DNA was sim-
ilar to that of PARPI1 in the absence of APE1 on untreated
AP DNA: motile and dissociated fractions were 14.6% and
37.1%, respectively (compare dark green bars in Figure 4B
to Figure 3A). Addition of NAD to the reaction had no sig-
nificant effect on the motile or dissociated fractions (Figure
4B, green). Furthermore, while the overall co-localization
pattern of PARPI and APEI did not noticeably change
in the presence of NAD (Figure 4A, middle), some of the
co-localized particles were motile. One such co-localization
event is shown in Figure 4D and Supplementary Movie S3,
in which one of the two APE1 molecules (red) remained sta-
tionary throughout, while the other stationary particle be-
came motile upon co-localization of PARPI (green). The
two particles traveled together for about 80 seconds, cover-

ing a distance of ~8 kbp. To test if PARP1 and APE1 can
co-localize at AP sites that are not cleaved by APEI, we
used mAPE1 (K87E/E96Q/D210N) in combination with
PARP1 on AP DNA. Under this condition, we also ob-
served co-localization for 6% of all molecules (Figure 4A,
right and 4E), similar to behavior of WT APE1 and PARP1
on processed AP DNA. Taken together, these data suggest
that: (i) PARP1 infrequently interacts with APE1 at AP sites
and 5'-dRP nicks; (ii) their co-localization is independent of
the presence of NAD and (iii) such interaction with APE1
allows 1D diffusion of PARP1 on DNA.
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Auto-modified PARP1 on APE1 processed abasic DNA
shows anomalous subdiffusion and increased constrained mo-
tion

It has been suggested that auto-PARylation increases the
dissociation of PARP1 from DNA (21). Since it was not
possible to quantify the amount of modified PARP1 in the
DNA tightrope assay flow cell after the addition of NAD
and APEL1 in the presence of AP DNA, instead, we pre-
pared auto-PARylated PARP1 prior to introducing it in
the flow cell. This auto-modification was achieved by in-
cubating two-fold excess of PARP1 (100 nM) with 50 nM
37 bp DNA duplex and 100 .M NAD at room temper-
ature for two hours. PAR synthesis induced by dsDNA
ends was confirmed by mouse anti-PAR antibody (Figure
SA, lane 4), while no PAR signal could be detected when
NAD was omitted (Figure 5A, lane 3). The interactions of
auto-PARylated/auto-modified PARP1 (AM-PARP1) with
DNA was investigated by both AFM (Supplementary Fig-
ure S5) and DNA tightrope assay (Figure 5).

Examination of AFM volumes of PARP1 molecules on
a 514 bp duplex with a nick 36% from one end (N514),
indicated that a distinct second population correspond-
ing to larger protein volumes emerged only after auto-
PARylation (Supplementary Figure S5A and S5B). Fit-
ting volume histogram of AM-PARPI1 and comparing to
that of unmodified proteins, we quantitatively demonstrate
that at least 68% of all PARP1 molecules are PARylated
under the experimental conditions used (see Supplemen-
tary Information). Surprisingly, we still observed internal
binding of AM-PARPI to N514 DNA fragments (Supple-
mentary Figure S5C and S5D). Compared to unmodified
PARPI, internal binding events of AM-PARP1 decreased
from 45% to 25% of the total (Supplementary Figure S5C
and S5F). Also, the distribution of internal binding posi-
tions of AM-PARP1 on N514 (36.4 £ 17.1%, Supplemen-
tary Figure SSE) is broader than that of PARPI (Supple-
mentary Figure S2B, 37.2 £+ 7.7%, P < 0.05). Both the over-
all binding behavior and the position distribution of inter-
nally bound AM-PARPI on N514 are similar to that of
non-specific binding of unmodified PARP1 on undamaged
514 bp fragments (Supplementary Figure S2). These data
suggest that AM-PARPI may be more motile at nick sites
on DNA and exhibit less overall specificity.

To directly test this hypothesis, we imaged AM-PARPI
on APEl-processed AP DNA using the tightrope assay
(Figure 5F, and Supplementary Movie S4). Compared to
unmodified PARPI, the motile fraction of AM-PARPI1
molecules increased ~3-fold, while 8-fold fewer molecules
dissociated during the five-minute observation window
(Figure 5B, purple). Furthermore, a large fraction of these
motile AM-PARP1 molecules displayed constrained mo-
tion with an average diffusion coefficient of (0.84 4+ 0.57) x
1072 um?/s and an anomalous diffusion exponent « factor
of 0.59 £+ 0.05 (Figure 5C, purple, and 5SD). One important
control in these experiments was whether the 37 bp duplex
used to activate PARP1 that is present in the flow cell affects
PARPI interaction with DNA. We found that the presence
of the 37 bp duplex increased PARP1 dissociation (Supple-
mentary Figure S6), and thus is not contributing to the large
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increase in the bound population of PARP1 after PARyla-
tion.

To further confirm that this increased motile fraction
is due to auto-PARylation, we directly labeled PARy-
lated PARP1 with anti-PAR antibody, which preferentially
binds long chains of poly-ADP-ribose. These highly mod-
ified PARP1 (HM-PARP1) molecules, selectively labeled
through anti-PAR antibody, represent a subset of the AM-
PARPI1 population, specifically those with higher levels
of PARylation. In contrast, AM-PARPI is visualized by
Qdot conjugation through anti-His antibody that recog-
nizes the 6X-His tag present on all PARP1 molecules re-
gardless of their state of modification. Compared to AM-
PARP1, HM-PARPI1 showed relatively poor (~83% less)
binding to APEl-processed DNA and an increase in the
motile fraction, although with a slightly lower average dif-
fusion coefficient of (0.31 +£0.11) x 1072 um?/s and «
factor of 0.73 £+ 0.08 (Figure 5C orange and Supplemen-
tary Table S2). Extensive PARylation of PARPI1 also re-
sulted in a 6-fold increase in dissociation as compared to
AM-PARP1, and most of these particles were moving along
the DNA prior to dissociation (Figure 5B, orange). Taken
together these data suggest that relatively lower levels of
auto-PARylation help mobilize PARP1 to perform con-
strained motion around a DNA lesion, which may reduce
steric interference for the next repair protein in the cascade.
Through PAR binding, auto-PARylated PARP1 may help
facilitate the recruitment of other repair proteins to the site.
Only after high levels of PARylation of PARP1 does the ac-
cumulation of a large net negative charge help release HM-
PARPI1 from DNA.

Olaparib increases constrained motion of PARP1

Olaparib, a competitive inhibitor of PARPI1 that occupies
the NAD binding pocket at the catalytic site, has been pro-
posed to trap PARP1 on DNA (37). We conducted single
molecule experiments to further investigate whether ola-
parib increases binding of PARP1 to DNA by trapping it
at the damage site. Consistent with previous reports, bulk
studies using electrophoretic mobility shift assays (EMSAS)
showed that addition of NAD caused PARP1 dissociation
from a 16 bp DNA duplex, which is completely inhibited
by the presence of olaparib (Supplementary Figure S7A).
Surprisingly, addition of PARP1 and olaparib (10 wM) into
the flow cell with AP-containing DNA tightropes led to
an increase in the motile fraction of PARPI, and a simi-
lar fraction of dissociated particles as compared to uninhib-
ited PARPI (Figure 5B). It is interesting to note that disso-
ciating molecules also showed a slight increase in motion
prior to dissociation (Figure 5B and 5G and Supplemen-
tary Movie S5). Most of the motile PARP1 particles per-
formed constrained motion, as evidenced by limited move-
ments of ~500-1000 bp around fixed points, as well as «
factors significantly lower than 1 (Figure SE). Compared to
free PARPI1, we found that addition of olaparib increased
both constrained (from 6.9% to 18.8%) and random motion
(from 2.3% to 8.0%, Figure 5D and E).
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Figure S. Auto-PARylation of PARP1 increases its motility on APEI processed abasic DNA. (A) Western blot of the in vitro auto-PARylation assay using
37 bp duplex DNA as a substrate for activation of PARPI. (B) Bar graph showing behavior of PARP1 (cyan, N = 118), auto-modified PARP1 from in
vitro auto-PARylation reactions (AM-PARPI1, purple, N = 126), highly modified PARP1 (HM-PARPI, orange, N = 27), and PARP1 in the presence of
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paused). Student’s 7-test was used to test for statistical significance in the difference between behavior of PARP1 (control, denoted by #) and that of AM-
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on AP DNA in the presence (red, N = 25) and absence (blue, N = 12) of olaparib. Data in the absence of olaparib are re-plotted from Figure 3D. Still
movie frame (fop) and kymograph (bottom) of AM-PARP1 on APE] processed AP DNA (F) and PARP1 on AP DNA in the presence of olaparib (G).
Corresponding particles in the movie frame and kymograph are as labeled.



DISCUSSION

Using single molecule approaches, we investigated the dy-
namic properties of PARP1 and APEl during the re-
pair of abasic sites and identified several novel features of
the interactions involving these two proteins and DNA.
First, AFM studies and single molecule fluorescence imag-
ing on the DNA tightrope platform revealed that PARP1
binds DNA as a monomer with significant specificity to-
wards AP sites. Most PARP1 molecules (~90%) bound
to AP-containing DNA tightropes were non-motile, and
about half of these molecules dissociated during a five
minute observation period. Second, APE1 and PARP1 were
found to co-localize on AP DNA, and this interaction
facilitated PARPI movement. Third, auto-PARylation of
PARPI1 switched its search mode from 3D diffusion to
anomalous 1D subdiffusion, increasing constrained mo-
tion by about 2-fold over unmodified PARP1. Low levels
of PARylation resulted in an 8-fold decrease in dissociation
compared to either unmodified or highly-modified PARP1.
AFM studies of auto-PARylated PARPI1 (68% modified)
demonstrated that the specificity of the protein towards AP
sites decreased about 2-fold and a significantly higher per-
centage of PARP1 molecules bound to ends of DNA du-
plexes. Finally, addition of olaparib, a competitive inhibitor
of PARPI, led to a 2.5-fold increase in the observed fraction
of motile particles with no significant change in dissocia-
tion, as compared to untreated PARPI.

PARP1 binds various DNA lesions as a monomer

While several studies have suggested that PARP1 binds to
DNA as a monomer (26,29,31), others have proposed that
PARPI forms dimers at DNA ends and works in trans to
activate its catalytic activity (5,28). Our AFM results un-
equivocally show that PARP1 binds to nicks, AP sites, and
DNA ends as a monomer. Single molecule DNA tightrope
experiments using PARP1 molecules labeled with Qdots of
two different emission wavelengths also did not show any
co-localization of the two colors, which would otherwise in-
dicate dimeric binding events.

PARP1 and APEI interactions on DNA

Since both PARP1 and APE1 have affinity for abasic sites,
we reasoned that the two proteins may have the capacity
to interact directly at such sites of damage. Data presented
here suggest that co-localization of PARP1 with APE],
while infrequent, does occur. Due to the sizes of the Qdots
used for protein visualization, it is possible that steric hin-
drance between the Qdots contributed to the decreased level
of PARP1 and APEI co-localization observed. Control ex-
periments with tandem-ligated undamaged plasmids as a
DNA tightrope substrate showed little background bind-
ing of either PARP1 or APE1 on DNA, indicating stable
binding and co-localization events observed likely occurred
only at specific sites of damage. PARP1, which is normally
non-motile, can also undergo 1D diffusion in the presence
of APE1. Furthermore, our observation that a 10-fold ex-
cess of APEI led to an increase in PARP1 dissociation from
DNA is consistent with the concept of ‘facilitated dissoci-
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ation’. Put forth by Marko et al., facilitated diffusion de-
scribes the enhancement of dissociation of proteins that
have multiple contacts with DNA, in the presence of other
DNA binding domains (54). Thus, we envision that, as por-
tions of PARP1 begin to micro-dissociate, APEI is able to
bind to DNA, blocking the rebinding of a critical domain
of PARPI to DNA and allowing macro-dissociation of the
entire PARP1 molecule. It is interesting to note that the ad-
dition of 37 bp fragments into the flow cell of the DNA
tightrope assay also led to an increase in the number of par-
ticles that dissociated. Again, this finding could be inter-
preted by evoking the same mechanism: micro-dissociation
of one of PARP1’s multiple DNA binding domains from the
DNA tightrope allows it to bind to a free 37 bp fragment
and thus occludes rebinding of the domain to the tightrope.
The presence of either excess DNA-binding proteins or a lo-
calized high concentration of DNA, as found in the nucleus,
would increase the rate of dissociation of PARP1. For repair
proteins that are believed to undergo a 3D diffusive process
in search for their targets, facilitated dissociation has im-
portant implications for increasing the rate at which these
proteins can locate and bind to target sites in DNA in vivo.
By increasing the off-rate, a repair enzyme could sample a
larger fraction of DNA in a shorter time period.

Distinct DNA damage search strategies for APEl1 and
PARP1

Data presented in this study suggest that PARPI binds
specifically to abasic sites, in agreement with our previous
bulk biochemical studies (18). Considering that both APE1
and PARPI1 are highly abundant within the cell, it is in-
teresting to compare and contrast how these two proteins
search for and bind to AP sites within genomic DNA. Both
catalytically active and inactive APEl were found to be
long-lived and slide on AP-containing DNA at ~ 0.02 —
0.03 um?/s on average, yielding a mean residence time of
~ 2 — 3 s at each base. Given APE1’s rapid k., of at least
~850 s~! (55), catalysis at AP sites should in theory man-
ifest as a series of pauses punctuating the diffusive kymo-
graph. However, at a temporal resolution of ~10 fps, such
feature could not be discerned from our kymographs. In-
terestingly, diffusion coefficients of both WT and mutant
APE1 were measured to be consistently higher than the the-
oretical upper limit for diffusion along DNA with rotation
(56), which implies that APE1 may slide along the DNA
linearly and not track its helical groove. Thus, we cannot
conclusively distinguish between particles undergoing lin-
ear sliding and those diffusing with helical tracking. Future
experiments looking at the salt dependence of APE]1 linear
diffusion will help reconcile a hopping versus sliding model.

In stark contrast to the rapid linear diffusion of APEI
on DNA containing AP sites, interactions between PARP1
and the same DNA substrate featured very little motion
of the protein in addition to appreciable dissociation from
DNA. Such behavior indicates that PARP1 likely interro-
gates DNA mainly through a 3D search mechanism. In
addition, the small motile fraction of PARPI molecules
diffused on DNA with a low energy barrier to free dif-
fusion (~ 0.1 kpT). Previous work using bulk biochemi-
cal approaches suggested that auto-PARylation of PARP1
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causes increased dissociation from DNA (9). Surprisingly
we found that auto-PARylated PARP1, while being less
prone to dissociation from DNA, also switches its search
mechanism to facilitated diffusion and exhibits increased
diffusion along the DNA. This sliding behavior, constrained
to 500-1000 bp in each direction, has an anomalous diffu-
sion exponent consistently less than 1. In the presence of
APEL1, on APEl-processed AP-containing DNA, unmod-
ified PARPI diffused with a steeper energy barrier to free
diffusion (~ 1.7 kg T), similar to that experienced by AM-
PARPI1 (~ 1.4 kgT). HM-PARP1 was subject to an even
more rugged energy landscape (~ 2.4 kgT). This decrease
in diffusion coefficients may be due to a combination of
the presence of nicked sites in DNA after APE1 processing,
conformational changes upon PARylation, and increased
hydrodynamic drag due to a larger hydrodynamic radius in
the presence of long PAR chains.

Collapse of search dimensionality from 3D to 1D has
long been recognized as an important strategy to accel-
erate the search process (57). Such a change in diffusive
behavior has also been observed for the bacterial UvrA
and UvrAB nucleotide excision repair complexes, the for-
mer displaying a 3D search, and the latter sliding on DNA
(45). Furthermore, the increase in anomalous subdiffusion
on DNA, which we term constrained motion, has been re-
cently observed for the Rad4-Rad23 nucleotide excision re-
pair damage sensor (47). Thus, constrained motion may
be a general feature of damage searching for DNA repair
enzymes (58). Multiple theoretical models have been ex-
tensively studied to model and describe experimentally ob-
served anomalous subdiffusion in membranes or systems
with molecular crowding effects (59). For proteins that in-
teract with and diffuse one-dimensionally on DNA, subd-
iffusive behavior has also been predicted to emerge due to
position-correlated and Gaussian-distributed random po-
tential energy landscapes (60,61).

Working Model of PARP1 binding to AP sites

We hereby propose the following working model (Figure 6)
for the action of PARP1 at AP sites and nicks in DNA,
consistent with all the data presented in this study. Both
PARPI and APEI search for damage (AP) sites in DNA
via 3D diffusion (Figure 6A). PARP1 can bind to the AP
site with APEI and stimulate its activity (62), which in
turn produces a 5'-dRP (Figure 6B, left). Direct interac-
tion between PARP1 and APE1 also provides motility to
the otherwise non-motile PARPI. In the presence of NAD,
PARPI bound at the 5’-dRP site is activated and undergoes
auto-PARylation (Figure 6C, left), which can be blocked by
olaparib (red star). PAR chains generated through auto-
PARylation decrease the lesion specificity of PARP1 and
allow the protein to undergo 1D anomalous subdiffusion
on DNA around the lesion (Figure 6C, left), facilitating
the recruitment of and hand-off to other repair proteins
that might be otherwise sterically blocked to process the 3'-
OH and deoxyribose sugar moiety. Finally, highly modified
PARPI undergoes constrained and random motion and is
prone to dissociation while sliding along DNA (Figure 6D).
Alternatively, PARP1 can directly bind to an AP site in the
absence of APE1 (Figure 6B, right). Binding of olaparib in
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the enzyme’s catalytic pocket inhibits auto-modification of
PARPI1 and likely induces a conformational change of the
protein, such that PARP1 can undergo constrained motion
around the AP site as well as dissociate from DNA (Figure
6C, right). Since olaparib blocks the active site of PARP1
and therefore any auto-PARylation, PARP1 becomes invis-
ible to other SSBR/BER proteins that require PAR, such as
DNA Ligase Illa (63) and XRCC1 (64).

In summary, results from our single molecule exper-
iments answer the question of PARPI stoichiometry at
sites of DNA damage, suggest cooperation between APE1
and PARPI1 during BER, and provide evidence that auto-
PARylated PARPI, through constrained motion, may serve
as a mobile damage sensor for the recruitment of other BER
proteins.
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