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12 ABSTRACT

13 The human genome contains numerous repetitive nucleotide sequences that display a
14  propensity to fold into non-canonical DNA structures including G-quadruplexes (G4s). G4s
15 have both positive and negative impacts on various aspects of nucleic acid metabolism
16  including DNA replication, DNA repair and RNA transcription. Poly (ADP-ribose) polymerase
17  (PARP1), an important anticancer drug target, has been recently shown to bind a subset of
18 G4s, and to undergo auto-PARYylation. The mechanism of this interaction, however, is poorly
19 understood. Utilizing Mass Photometry (MP) and single-molecule total internal reflection
20 fluorescence microscopy (smTIRFM), we demonstrate that PARP1 dynamically interacts with
21 G4s with a 1:1 stoichiometry. Interaction of a single PARP1 molecule with nicked DNA or DNA
22  containing G4 and a primer-template junction is sufficient to activate robust auto-PARYylation
23 resulting in the addition of poly (ADP-ribose) chains with molecular weight of several hundred
24  kDa. Pharmacological PARP inhibitors EB-47, Olaparib and Veliparib differently affect PARP1
25  retention on G4-containing DNA compared to nicked DNA.

26

27  Key words: G-quadruplex, Poly (ADP-ribose) polymerase (PARP1), PARP inhibitors, single-

28  molecule total internal reflection fluorescence microscopy (smTIRFM), mass photometry (MP)

29 INTRODUCTION

30 Poly (ADP-ribose) Polymerase 1 (PARP1) participates in a wide range of cellular processes.
31 It is a key player in genome maintenance and is a universal sensor of DNA damage, which
32 recruits various DNA repair proteins to damaged DNA and catalyzes the addition of poly(ADP-
33  ribose) chains or PARYylation (1-8), which is the addition of ADP-ribose (ADPr) units from NAD*
34  to target proteins, forming branched chains of negatively charged poly(ADP-ribose) (PAR)

35  (4,5,9). Inits free state PARP1 is composed of several distinct domains arranged like “beads-
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36 on-a-string”. Each of these domains has specific functions and interactions. The N-terminal
37  region contains three zinc finger motifs with Zn1 and Zn2 involved in DNA recognition and Zn3
38 is important for allosteric activation. The BRCT (BRCA1 C-terminal) domain, while
39 dispensable for PARP1 activation, contains auto-modification sites. The WGR (Tryptophan-
40  Glycine-Arginine) domain transfers activation signals from zinc fingers 1 and 2 to the catalytic
41  domain. The HD (helical subdomain) of the catalytic domain serves an auto-inhibitory function.
42  Finally, the ART (ADP-ribosyl transferase) domain contains the enzyme’s active site, and a
43  conserved fold found in all PARP family members (7,10,11). ART domain is composed of a
44  donor (NAD*-binding) site that positions the ‘donor' ADP-ribose for the transferase reaction
45  and an acceptor site that binds either the PARylation target during initiation or the distal ADP-
46  ribose monomer of the growing PAR chain (‘acceptor') during elongation/branching stages
47  (12). The recognition of exposed bases at the DNA damage site by PARP1 zinc fingers
48  induces PARP1 self-assembly from a “beads-on-a-string” flexible arrangement to a highly
49  organized structure, which requires local unfolding of the HD subdomain (7,8,10,11,13,14).
50 There are several sites of ADP-ribosylation reported in PARP1, specifically D387, E488, and
51 E491inthe BRCT domain and in the flexible linker (15). Additional ADP-ribosylation sites have

52  also been identified in functional domains of PARP1, including all three zinc fingers (16).

53  Guanine-rich repetitive sequences with the pattern G3:N1.7G3+N1.7G3+N1.7G3+N1.7 in the human
54 genome can fold into non-canonical DNA structures called G-quadruplexes (G4) (17-19).
55  These structures can fold intra and intermolecularly in single-stranded DNA (18,19). Guanines
56  from each G-repeat form a Hoogsteen base pair, creating square coplanar structures called
57  G-quartets which stack on top of each other, stabilized by -1 interactions, with the phosphate
58 backbone forming the corners. The loop sequences between G-repeats extrude outside the
59 structure. G4 stability depends on loop sequence, length, and the number of guanines in the
60 repeats (18-21). The metal cations, particularly K*, promote G4 folding and stabilization, while
61 Na' has a moderate and Li* has a minimal effect (22-25). G4s exist in three main topologies:
62  parallel, antiparallel, and hybrid, based on the orientation of the phosphate backbone in the
63  G-repeats (26). G4 structures can stall DNA replication forks (27). During replication, G4
64  bypass requires rapid recruitment of proteins that can recognize and process these non-
65  canonical DNA structures (28,29).

66  Recently, several studies have shown that PARP1 interacts with G4 DNA (30,31). G4 binding
67 by PARP1 triggers its catalytic activity and leads to PAR synthesis (21). PARP1 binds with
68  nanomolar affinities to c-KIT and ¢c-MYC promoter G4 DNA structures but shows little binding
69 to human telomeric G4 DNA (32). In this study we utilized single-molecule techniques to

70  explore PARP1-G4 interaction kinetics, stoichiometry and PARYylation.
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71  MATERIAL AND METHODS
72 DNA substrates

73  DNA oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA,
74  USA). The sequences of the individual oligonucleotides and additional modifications are listed
75 in Supplementary Table S1.

76  PARP1 Purification and Fluorescent labeling:

77  Wild type human PARP1 was purified using the protocol published by Pascal lab with minor
78  modifications (33). The concentration of purified PARP1 was calculated by measuring the
79  absorbance at 280 nm, with an extinction of coefficient 120,055 M-'lcm™.

80 PARP1 was labeled with Cy3 monofunctional dye (Cytivia, PA23001) or Cy5 monofunctional
81 dye (VWR Catalog# 95017-379). A 16.7x Molar excess of Amersham Cy3 dye or Cy5 dye was
82 added to the PARP1 and incubated for 8 hours at 4°C with rotation. The labeling reaction was
83  stopped with the addition of 50 mM Tris-HCI pH 7.0. The sample was filtered with a 0.22 uM
84  filter and loaded onto a pre-equilibrated Heparin column with a buffer containing 25 mM
85 HEPES-NaOH pH 8.0, 200 mM NaCl, 1 mM EDTA, and 0.1 mM TCEP-HCI. To remove
86  unincorporated dyes, fluorescently labeled PARP1 was eluted from Heparin column with a
87  NaCl gradient ranging from 200 mM to 1M. The PARP1 containing fractions were verified by
88  gel electrophoresis. The labeling efficiency was determined by calculating respective protein
89 and dye concentrations from absorbance at 280 nm (for [PARP1]), 550 nm (for [Cy3]) or
90  650nm (for [Cy5]) (extinction coefficients: 150,000 M-'cm™ for Cy3, 250,000 M-'ecm-* for Cy5).

91 Circular Dichroism

92  The DNA substrates (see Supplementary Table 1) were dissolved in a buffer containing 20
93  mM Tris, 100 mM KCI, 10 mM MgCl, and 1 mM EDTA, to achieve a final concentration of 5
94  uM. The samples were then heated for 5 minutes at 95°C and slowly cooled down to make
95  sure secondary structures were formed. The presence of the DNA secondary structure was
96  probed using JASCO J-810 spectropolarimeter. The measurements were conducted at room
97  temperature, with a scan range of 220 to 320 nm. Each scan consisted of 10 repeats, and the

98 averaged ellipticity values were plotted for each data point.
99  Mass Photometry

100 The Mass Photometry (MP) experiments were conducted on Refeyn Two-MP instrument
101  (Refeyn Ltd., Oxford, UK) on pre-cleaned coverslips (24 mm x 50 mm, Thorlabs Inc., Newton,
102 NJ, USA) with serial washing with deionized water and isopropanol followed by drying. The
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103  silicon gaskets (Grace Bio-Labs, Bend, OR, USA) were cleaned in a similar process as
104  coverslips and were placed onto coverslips for the experiments (34). The MP measurements
105  were performed in an MP buffer containing 20 mM Tris pH 7.4, 100 mM KCI, 1 mM EDTA, and
106 10 mM MgCl.. The calibration was performed using a protein standard mixture: of B-amylase
107  (Sigma-Aldrich, 56, 112, and 224 kDa, St. Louis, MO, USA), and thyroglobulin (Sigma-Aldrich,
108 670 kDa). Before each experiment, a 15 pL buffer was placed into a chamber formed by
109 coverslip-Gasket and focus was searched and followed by locking it using autofocus function.
110 DNA substrates, PARP1 protein and PARPiI [Olaparib, Veliparib and EB-47 (Cat. Nos. 7026,
111 7579 and 4140, Bio-Techne Tocris)] were added to the chamber and mixed by pipetting. To
112 induce PARylation, 0.2 mM NAD* (#N8535, Sigma-Aldrich) was added. The movies were
113 recorded for 60 s (6000 frames) using AcquireMP (Version 2.3.0; Refeyn Ltd., Oxford, UK).
114  All movies were processed and analyzed using DiscoverMP (Version 2.3.0; Refeyn Ltd.,
115  Oxford, UK). Individual molecular weight readings for each experiment were binned into 3 kDa

116 intervals, plotted as histograms, and fitted to multiple Gaussians using GraphPad Prism.
117  Single-molecule total internal reflection microscopy

118 A custom-built prism total internal reflection microscope (TIRFM) was used to perform single-
119  molecule TIRFM experiments (35). The microscope is built on an Olympus IX71 microscope
120 frame and combines 532 nm (Compass 215M-50, Coherent Inc., Santa Clara, CA, USA) and
121 641 nm (Coherent, Cube 1150205/AD) laser beams using a polarizing beam splitting cube
122 (CVI Melles Griot, PBSH-450-700-050), which are directed at the microscope objective at a
123 30° angle. TIR is achieved through a UV fused silica pellin—broca prism (325-1206, Eksma
124 Optics, Vilnius, Lithuania) and an uncoated N-BK7 plano—convex lens (LA1213 Thorlabs Inc.,
125 Newton, NJ, USA). Photons are collected using a 60X, NA 1.20 water immersion objective
126  (UPLSAPO60XW Olympus Corp., Shinjuku City, Tokyo, Japan), and spurious fluorescent
127  signal is removed using a dual bandpass filter (FF01-577/690-25 Semrock Inc., Rochester,
128 NY, USA). Cy3 and Cy5 emissions are separated using a dual-view housing (DV2
129  Photometrics, Tucson, AZ, USA) containing a 650 nm longpass filter (T650lpxr Chroma
130  Technology Corp., Bellows Falls, VT, USA), and fluorescent images are captured using an
131 Andor iXon 897 EMCCD (Oxford Instruments, Abingdon, UK).

132 Surface tethered DNA single-molecule experiments

133 Prior to surface tethering, the mixture of biotinylated DNA oligo and indicated G4-forming
134  oligos (see Supplementary Table 1) were heated together at 95 °C for 5 min and slowly

135  cooled down to allow for annealing and later diluted to working concentration.

136  To extend the lifespan of fluorophores in single-molecule experiments, an oxygen scavenging
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137 system is necessary to reduce reactive oxygen species (ROS) that cause rapid
138  photobleaching. We utilized 12 mM Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
139  carboxylic acid) and gloxy (catalase and glucose oxidase solution) to reduce ROS effects.
140  Trolox is prepared by adding 60 mg of Trolox powder (238813-5G, Sigma-Aldrich) to 10 mL
141  of water with 60 puL of 2 M NaOH, mixing for 3 days, filtering, and storing at 4 °C. Gloxy is
142  prepared as a mixture of 4 mg/mL catalase (C40-500MG, Sigma-Aldrich) and 100 mg/mL
143 glucose oxidase (G2133-50KU, Sigma-Aldrich) in wash buffer (25 mM Tris-HCI pH 7.0, 140
144  mM KCI); special KCI of Spectroscopy grade (#39795, Alfa Aesar, Haverhill, MA, USA) was

145  used for all single molecule experiments.

146 The method for conducting single-molecule TIRFM PARP1-DNA binding experiments is as
147  follows and includes the DNA substrates listed (Supplementary Table 1). Prior to the
148  experiment, quartz slides (25 mm x 75 mm x 1 mm #1x3x1MM, G. Frinkenbeiner, Inc.,
149  Waltham, MA, USA) and cover glass (24 mm x 60 mm-1.5, Fisherbrand, Fisher Scientific,
150 Hampton, NH, USA) are treated with passivation and PEGylation (36). The flow cell is treated
151  with 0.2 mg/mL NeutrAvidin (#3100, Thermo Fisher Scientific, Waltham, MA, USA) to tether
152  biotinylated molecules to the flow cell surface. Excess neutravidin is removed with flow of 1
153  mL wash buffer. To prepare the flow cell for imaging, 100 pM of biotinylated-DNA substrates
154  are added and incubated for 3 min. Excess DNA is then removed using a wash buffer. For
155 image collection, imaging buffer (containing 25 mM Tris-HCI pH 7.0, 140 mM KCI, 10 mM
156  MgClz, 1 mg/mL BSA, 1 mM DTT, 0.8% w/v D-glucose, 12 uM glucose oxidase, 0.04 mg/mL
157 catalase and Trolox) is added to the flow cell. The images are then collected using custom
158  software, single.exe (generously provided by the Taekjip Ha Lab, Harvard Medical School),
159  with 532 nm laser power (for Cy3) and 640 nm laser power (for Cy5) were set to 45 mW.
160  Image collection begins using 100 ms time resolution, gain of 290, background set to 400 and
161  correction set to 1200. The range of concentration in pM of Cy3-PARP1 (Cy5-PARP1) is
162  added to the flow cell with or without Olaparib, Veliparib and EB-47 (Cat. Nos. 7026, 7579 and
163 4140, Bio-Techne Tocris). Images are collected for a total of 4000 or 6000 frames (400 or 600
164  s).

165 Single-molecule data analysis

166  Fluorescent spot finding and trajectory extraction are done using an IDL script (generously
167  provided by the Taekjip Ha Lab, Harvard Medical School). Individual trajectories are then
168  chosen for analysis using in-house MATLAB scripts. Trajectories were selected based upon
169 the following criteria: no fluorescent intensity changes are present prior to frame 300 (in case
170  of NAD" experiments), baseline must be consistent throughout the trajectory and 2 fluorescent

171  events persisting above the baseline for 3 frames must be present. The selected trajectories
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172 are then imported into hFRET (37) and fit to different states of fluorescent intensity. The best
173 fitwas determined from the largest log evidence, a lower bound comparison of the three tested
174  models. The dwell times for the events in each state are then extracted using KERA MATLAB
175  software (38), binned, and plotted as a histogram. The histograms were then fit to a single or
176  double exponential decay using GraphPad Prism. The best fit was determined from an F-test
177  comparing the two exponential fits. For all cases where a single exponential decay was the
178  best fit, we obtained a single dissociation rate constant ko, which was independent of the
179  protein concentration. The dwell-time distribution constructed from all unbound data and fitted
180 with a single-exponential function yielded the association rate von, which increases with
181 increasing protein concentration. The association rate constants k., were calculated from
182  respective von Values and protein concentrations adjusted by labeling efficiency (85% and 100%
183  labeling efficiency for Cy3-PARP1 and Cy5-PARP1). The equilibrium dissociation constant
184  was calculated from the rate constants as Kq = Koi/kon (Table 1). In one case (nicked DNA
185  substrate with EB-47) the “on” dwell time distribution was best fit to a double exponential
186  function yielding ko (Fast) and ko (Slow). To calculate the respective Kg, the protein
187  concentration was adjusted based on Fast and Slow contributions to the double exponential

188  function.
189 RESULTS

190 Design of the DNA substrates for Single-molecule total internal reflection microscopy

191 and mass photometry studies

192  In this study we utilized three main DNA substrates designated as cKITG4 (G-quadruplex
193  forming sequence that is present in promoter region of the c-KIT proto-oncogene (39)), nicked
194  (single strand break) and cKIT G4 with a primer-template junction (cKITG4-PT). The cKITG4-
195  PT consists of cKITG4 flacked by either two hairpins or a hairpin and a biotinylated duplex and
196 s designed to resemble a DNA structure appearing in cells when the DNA replication is stalled
197 by the G4. It has elements of both dsDNA and G4. All substrates used in the mass photometry
198 (MP) studies comprised single oligonucleotides to prevent the appearance of open dsDNA
199 ends. The nicked and cKITG4-PT substrates used in the single-molecule total internal
200 reflection fluorescence microscopy (smTIRFM) studies were assembled using two
201  oligonucleotides with the free end being protected by the hairpin, while the biotin-containing
202  end used for surface-tethering being protected by the surface. The simple cKITG4 substrate
203 in smTIRFM analyses was biotinylated at the 3’ end (Supplementary Table 1).

204  Before starting single molecule experiments, we verified folding of the DNA substrates using
205 CD spectroscopy (Supplementary Figure 1). The simple cKITG4 yielded an expected
206  spectrum with a negative peak around 242 nm and a positive peak at 262 nm (40). The nicked
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substrate produced a spectrum characteristic of dsDNA (41), and cKITG4-PT spectrum was

the sum of that for cKITG4 and nicked substrates (Supplementary Figure 1A and B).
Dynamic interaction of PARP1 with surface tethered DNA

We first used smTIRFM to study the dynamic interactions of PARP1 protein and surface-

tethered DNA, and to determine binding stoichiometry.
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Figure 1. Dynamic binding of PARP1 monomers to the surface-tethered DNA substrates. A. Raw
smTIRFM fluorescence trajectory showing Cy3 and Cy5-PARP1 infused in single molecule slide
chamber and red and green fluorescence signal suggest Cy5-PARP1 and Cy3-PARP1 binding on cKIT
DNA. B. SDS-PAGE gel of purified PARP1 stained with Coomassie Brilliant Blue and the same gel
with fluorescence scan showing Cy3 and Cy5 labeled PARP1. C, E, and G. Representative trajectories
with nicked, cKIT and cKIT-PT DNA substrate tethered to the surface and Cy3-PARP1 being infused in
the chamber. The raw fluorescence data are shown in green, overlaid with an idealized trajectory
represented by a black line. D, F, and H. Dwell-time distributions for nicked, cKIT and cKIT-PT DNA
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221  substrates which were constructed from the “on” dwell times and fitted using a single-exponential

222 function. Note: Asterisk (*) indicates a consistent PARP1 contaminant.

223 The biotinylated DNA substrates (Supplementary Table 1) were folded and annealed in KCI.
224  The folded DNA substrates (100 pM) were immobilized on the surface of the TIRFM reaction
225  chamber, and Cy3-labeled PARP1 (85% labeling efficiency) was flowed into the chamber in
226 the presence of K* buffer (Table 1 lists [Cy3-PARP1] in each experiment). The movies were
227  recorded for 6000s yielding fluorescence trajectories that show the time-based changes in
228  Cy3 fluorescence in a specific location in the TIRFM reaction chamber and represent Cy3-
229  PARP1 binding to and dissociating from individual surface-tethered DNA molecules (Figure 1
230 and Supplementary Figure 2-3). We observed fluctuations in the magnitude of Cy3-labeled
231  PARP1 fluorescence when bound to DNA, which could be interpreted as either the presence
232 of multiple PARP1 molecules binding or as photophysical effects. Notably, N-terminal Cy3
233  labeling of PARP1 can position the Cy3 fluorophore in such a way that PARP1 binding to DNA
234  affects the Cy3 environment resulting in protein enhanced fluorescence (PIFE). This contrasts
235  with a study where a Halo tag was placed on the N-terminus for Cy3 labeling, resulting in a
236  less noisy signal (42). To resolve whether multiple PARP1 molecules bind simultaneously to
237  the surface-tethered DNA substrate, a 1:1 mixture of PARP1 proteins labeled with either Cy3
238 or Cy5 (100 % labeling efficiency) fluorescence dye was utilized for two-color smTIRFM
239  experiments (Figure 1 A and B). Prior to smTIRFM analysis, the DNA binding capacity and
240  enzymatic activity of Cy3 and Cy5 PARP1 for PARylation were verified in MP experiments and
241  determined to be identical to that of the unlabeled protein (Supplementary Figure 5). Within
242  the smTIRFM reaction chamber, 100 pM of cKITG4 DNA was immobilized, followed by the
243  infusion of equimolar concentrations of Cy3- and Cy5-labeled PARP1 (100 pM). Our
244  observations of individual molecule trajectories revealed an absence of simultaneous two-
245  color fluorescence events. We consistently observed either red or green signals intermittently
246  appearing in the same trajectory, indicating that only one PARP1 molecule occupied the
247 cKITG4 at a given time (Figure 1A). This observation confirms that only a single PARP1
248  molecule can simultaneously bind to the G4.

249  After confirming the binding stoichiometry, the data with cKITG4, nicked and cKITG4-PT were
250 fitted with 2 state model using hFRET (37). Note that the two-state model was also a preferred
251  model selected by hFRET for data collected for all substrates. In the representative trajectories,
252 raw fluorescence data shown in green are overlaid with an idealized trajectory represented by
253  a black line. We observed dynamic binding and dissociation of PARP1 protein to/from each
254  DNA substrate with dwell times lasting a few seconds (Figure 1 and Supplementary Figures
255  3-4).
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256  No binding was observed in control experiments that had no surface-tethered DNA. All
257  trajectories in each experiment were collectively analyzed using hFRET (37) and KERA (38)
258 as discussed in the Materials and Methods section. The 2 states are labeled as “off”
259  (unbound/free DNA) and “on” (bound). The dwell time is represented by Tau (1), and we
260 obtained values for both the “on” dwell time (Ton) and “off” dwell time (7o) for each data set.

261  We observed a dwell time of 1.79 + 0.09 s on nicked DNA, a canonical PARP1 substrate. In
262  contrast, cKITG4 DNA substrates exhibited a longer dwell time of 3.95 £ 0.22 s, indicating a
263  2.2-fold increase in residence time when bound to G-quadruplexes. Furthermore, our analysis
264  of cKITG4-PT substrate revealed a dwell time of 1.31 + 0.04 s, suggesting distinct behavior
265 compared to both nicked and cKITG4 substrates. Equilibrium dissociation constants
266  calculated for nicked and cKITG4 substrates were consistent with a trend observed for “on”
267  dwell times, with nicked-PARP1 exhibiting a Kd of 3.96 + 0.20 nM and cKITG4-PARP1
268  displaying a Kd of 0.04 + 0.002 nM, a 99-fold difference suggesting higher affinity for G4 DNA.
269 In contrast, the Kd calculated for cKITG4-PT substrate 3.24 + 0.09 nM, similar to the nicked
270 DNA.

271 To further explore PARP1 interactions with G4 substrates, we investigated their binding to
272 other G4-forming DNA substrates such as cMYCG4 (G4 forming sequence located in the
273 promoter region of cMYC) and hTELG4 (G4 forming sequence present in the ends of human
274  telomeres). While cMYCG4 exhibited binding behavior like cKITG4, interactions with hTELG4
275  were considerably weaker, confirming a potential role of G4 topology in these interactions
276  (Supplementary Figure 6). Additionally, we examined PARP1 binding to non-G4 structures,
277  including double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA) (Supplementary
278  Figure 7). Given PARP1's role as a DNA damage sensor, it was not surprising to observe

279  robust interaction with dsDNA and weaker binding to ssDNA in the smTIRFM experiments.
280 PARP1 interacts with G4-containing DNA with a 1:1 stoichiometry

281 A DNA substrate that PARP1 would encounter in the cell at the sites of stalled DNA replication
282  contains a folded G4 and a primer-template junction, which is also one element that can be
283 found at PARP1’s canonical nicked DNA substrates. To investigate how many PARP1
284  molecules can simultaneously bind G4 DNA, we utilized MP, a single-molecule technique that
285 uses interferometric light scattering to accurately measure masses of macromolecules and
286  macromolecular complexes as they transition from the solution to the glass surface of the MP
287  slide (43,44).

288  Full-length human PARP1 protein was expressed and purified using a bacterial expression

289  system (Figure 1B) and we noticed consistent impurity at around ~70 kDa size which we have
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290 marked with an asterisk (Figure 2), and used as an internal control for MP experiments.

291
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292 Figure 2. Mass Photometry Analysis of the PARP1 Enzymatic Activity. A. PARP1 binding to and
293 activity on nicked DNA substrate: Peak 1 represents PARP1 alone. Following the addition of nicked
294 DNA, Peak 2 emerges showing the PARP1-nicked complex, and after the addition of NAD*, Peak 3
295  forms corresponding to PARylated PARP1, indicating successful PARylation. B. PARP1 activity with
296  cKITG4 substrate: Peak 1 represents PARP1 alone, Peak 2 corresponds to PARP1 in complex with
297  cKITG4, and Peak 3 shows robust PARylation. Note: Asterisk (*) indicates a consistent PARP1

298 contaminant that serves as internal control.

299 We used nicked DNA (~22 kDa) and cKITG4-PT (~39 kDa) substrate to study their
300 complexation with PARP1 protein (113 kDa). Note that because PARP1 can efficiently bind
301 dsDNA ends, all our substrates were annealed from single oligonucleotides (See
302 Supplementary Table 1). Initially, 10 nM of PARP1 protein was introduced to MP, showing
303 the expected peak at ~113 kDa (along with the ~70 kDa impurity). Subsequently, 10 nM nicked
304 DNA was added, and we observed the expected size shift of 22 kDa, with a peak at ~135 kDa.
305  Similarly, when cKITG4-PT-nicked substrate was introduced, we observed a size shift from
306 113 kDa to ~152 kDa with the 70 kDa impurity remaining in the same spot, indicating that the
307 impurity is not involved in DNA binding. With both DNA substrates, we were able to verify the
308 interaction with PARP1 protein. Different concentrations of DNA and/or proteins were

309 introduced on the MP glass slide in combination, and we observed shifts of 1 molecule of
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310 PARP1 and 1 molecule DNA in each case, suggesting 1:1 complex (Figure 2 A and B). In
311  the case of cKITG4 DNA substrate without dsDNA feature, we did not observe visible shift in
312  molecular weight likely due to the small size of the DNA substrate (Supplementary Figure 8),
313  as we readily observe binding in the smTIRFM experiments. Additionally, as a control, we
314  tested PARP1 complexation with ssDNA, and didn’t observe any binding and subsequent
315  PARylation upon addition of NAD* (Supplementary Figure 9).

316 A monomer of PARP1 bound to nicked or G-quadruplex containing DNA is sufficient to
317 activate a robust self-PARylation

318 To induce PARylation in the MP experiments, we introduced 200 uM NAD® to equimolar
319  concentrations (10 nM each) of PARP1 and either nicked DNA or cKITG4-PT DNA. This
320 resulted in a robust PARYylation, which manifests as a new higher molecular weight peak
321 (Figure 2A and B). Time-based measurements demonstrated that PARP1-mediated
322  PARylation saturated within approximately 4 minutes (Supplementary Figure 10), reaching
323 a maximum size of ~350 kDa and ~500 kDa for nicked and cKITG4-PT DNA, respectively.
324  Notably, PARylation was significantly more pronounced with cKITG4-PT DNA compared to
325 nicked DNA. Based on the observed size shifts of the complex, it is estimated that
326  approximately 503 and 815 ADP-ribose units were attached to PARP1 in the case of nicked
327  and cKITG4-PT DNA, respectively.

328 PARP1 inhibitors do not prevent PARP1-G4 DNA interaction

329  PARRP inhibitors (PARPI) exhibit a spectrum of PARP1 trapping activity, by either increasing
330 or decreasing the PARP1 residence time on nicked DNA (13,42). It is unknown whether the
331 same effect can be observed on the G4-containing DNA substrates. We studied three PARPI,
332 which have been previously characterized for their proretention/prorelease activities on nicked
333  DNA; Olaparib, an FDA-approved drug for treatment of recombination deficient cancers
334  (45,46), veliparib (47), another cancer drug which is under clinical trials, and EB-47 a non-
335 clinical PARP inhibitor (48). It was reported that Olaparib moderately increases PARP1
336 residence on nicked DNA, while EB-47 significantly increases, and Veliparib promotes
337 dissociation/release of the PARP1-nicked DNA complex (13,42). In the MP experiments, 10 nM
338 PARP1 was incubated with Olaparib, Veliparib, or EB-47 at indicated concentrations and then
339  combined with 10 nM of nicked or cKITG4-PT DNA. While none of the three inhibitors
340 interfered with PARP1 binding to either DNA substrate, they all inhibited the PARYylation
341  (Figure 3 and Supplementary Figure11).
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343 Figure 3. Mass photometry analysis of DNA substrate interactions with PARP1 in presence of
344 PARPiI. Panels A and C depict nicked and cKIT-PT DNA substrates, revealing a molecular weight shift
345 (indicated by the transition from a gray line) upon PARP1 addition. This shift suggests the formation of
346 PARP1-nicked and PARP1-cKIT-PT complexes. Following the introduction of 0.2 mM NAD*, there is a
347 clear formation of high molecular weight PAR chains, demonstrating the PARylation process. In contrast,
348 panels B and D illustrate the same experimental setup but with the addition of PARPi (Olaparib), a
349 PARRP inhibitor. In this scenario, upon NAD+ addition, no PAR chain formation is observed, highlighting
350 the inhibitory effect of Olaparib on PARP1's enzymatic activity.

351  In smTIRFM experiments that followed PARP1 binding to nicked DNA we observed a similar
352  trend as previously reported, but different effect of the inhibitors on PARP1 interaction with
353  G4-containing substrates. In these experiments, the biotinylated nicked, cKITG4 and cKITG4-
354  PT DNA substrates were immobilized on a reaction chamber surface, and Cy3-labeled PARP1
355  molecules were infused in the presence of inhibitors (75 nM Veliparib, 30 nM Olaparib and 75
356 nM EB-47). Figure 4 and Supplementary Figures 12-13 show respective dwell time
357 distributions, Table 1 lists calculated rate and equilibrium constants, while representative

358 trajectories are shown in Supplementary Figures 14-22.

359  For nicked DNA, dwell time constants (1) for PARP1 with Veliparib and Olaparib were 1.33
360 0.08 s and 2.78 £ 0.12 s, respectively. Addition of EB-47 changed the “on” dwell time
361  distribution of PARP1/cKITG4-PT to a double exponential decay with Tsst of 1.18 £ 0.1 s and
362  Teow Of 7.72 £ 0.5 s. All other “on” and “off” dwell time distributions were best fit with respective
363  single exponential functions. The preference of a double exponential fit in the case of cKITG4-
364 PT suggests two distinct complexes with different stabilities. Corresponding equilibrium
365  dissociation constants were 2.67 + 0.20 nM for PARP1 with Veliparib, and 0.82 + 0.04 nM for


https://doi.org/10.1101/2025.01.06.631587
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.06.631587; this version posted January 8, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

366  Olaparib and for EB-47 as Kdrast 0.42 £ 0.04 and Kdgow 0.01 £ <0.01.

367 It is important to note that while PARPi modulated PARP1 Kds for the respective DNA
368  substrates, all these affinities were in a low nM range and that the MP experiments, therefore,

369  were conducted under the stoichiometric binding conditions.
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370 Figure 4. Dwell time distribution of PARP1 on cKITG4 DNA in the presence of PARPI.
371 Biotinylated partial duplex DNA containing the cKIT sequence was immobilized on a surface, while Cy3-
372 labeled PARP1 (Cy3-PARP1) was infused into the reaction chamber with or without PARPI.
373 Representative fluorescence trajectories (green) overlaid with idealized fits (black) are shown in
374 Supplementary Figure 14-22. Dwell-time distributions, constructed from all “OFF” and “ON” states, were
375  analyzed and fitted using a single-exponential function. (A-B) Cy3-PARP1 in the absence of PARPI.
376  (C-D) Cy3-PARP1 in the presence of Veliparib. (E-F) Cy3-PARP1 in the presence of Olaparib. (G-H)
377 Cy3-PARP1 in the presence of EB-47.
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378 PARRPI increased dwell times for nicked DNA compared to PARP1 alone (1.79 £ 0.09 s), in
379  particular Olaparib and EB-47 increased dwell times by ~1.55x and ~4.3x and veliparib
380 decreased the dwell time ~0.74x respectively. The trend we observed is similar to a study
381  which reported change in relative retention efficiency in single-molecule colocalization assay
382  as ~-8% change in PARP1-nicked DNA retention time with Veliparib, ~7% with Olaparib and
383  ~15% with EB-47. Increase in PARP1 retention for EB-47 (~15%) and a modest increase for
384  Olaparib, whereas Veliparib induced a decrease in retention follows a similar pattern to our
385 smTIRFM studies (see Table 1) (42). These results demonstrated that EB-47 and Olaparib
386 modify the PARP1-DNA complex increasing the retention, whereas veliparib facilitated the

387 release.

388 However, with cKITG4 DNA, dwell times did not exhibit a clear trend with PARPi but were
389 somewhat reduced compared to uninhibited PARP1 (see Table 1). The cKITG4-PT substrate
390 showed no significant changes in dwell times or dissociation constants with or without PARPiIs
391  insmTIRFM.
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393 Figure 5. NAD* Reduces PARP1 binding to DNA. Biotinylated partial duplex DNA containing the
394  nicked (A-B), cKITG4-PT (C-D) and cKITG4 (E-F) sequence were immobilized on a surface, while Cy3-
395 labeled PARP1 (Cy3-PARP1) was infused into the reaction chamber (A, C, and E). In the second half
396 panel, 5 mM NAD* was infused in reaction chamber with Cy3-PARP1 (B, D, and F) which showed
397  significantly a smaller number of binding events in the second half of the trajectory (Green shaded area
398 inB,DandF).

399 NAD* Reduces PARP1 binding to DNA

400 Our MP experiments revealed a 1:1 interaction between PARP1 molecules and cKITG4-PT
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401  DNA, accompanied by robust PARYylation (Figure 2B). To investigate whether PARylated
402 PARP1 retains the ability to interact with DNA substrates, we carried out smTIRFM
403  experiments in the presence of NAD*, a substrate for PARP1 enzymatic activity (49-53). The
404  presence of NAD" in the DNA binding experiments creates an environment that promotes
405 auto-PARylation of PARP1. The addition of 5 mM NAD* with PARP1 to smTIRFM chamber
406  resulted in two distinct changes in PARP1-DNA complexes. First, the PARP1 association to
407 DNA was dramatically reduced. Single-molecule trajectories from these experiments were
408 largely devoid of more than one binding event (Figure 5), further demonstrating the loss of
409  DNA binding. Notably, binding events are more frequently observed close to the beginning of
410 the trajectories, with over two-fold higher frequency of binding in the first 300 seconds of the
411  experiments compared to the last 300 seconds. This suggests that the initial PARP1 binding

412 triggers autoPARYylation, which in turn precludes subsequent binding.
413  DISCUSSION

414  Our MP and smTIRFM experiments showed that PARP1 dynamically interacts with G4s and
415  undergoes robust PARYylation, especially when the substrates contain both G4 and a primer-
416  template junction (represented by the cKITG4-PT). With MP experiments we show that PARP1
417  forms a 1:1 complex with both nicked and G4-PT DNA, and this 1:1 complex is sufficient for
418  PARYylation to occur. The 1:1 PARP1-DNA complex was verified using the 2-color smTIRFM
419  experiments, where we saw that two color (Cy3 and Cy5) PARP1 molecules cannot coexist

420  with the same DNA molecule and to bind on it they must compete.

421  Notably, in the presence of both nicked and cKITG4-PT DNA, accumulation of the PAR chains
422  proceeded for several minutes, while the smTIRFM experiments suggested the “on” dwell
423  times for the PARP1-DNA complexes of several seconds, which were further reduced in the
424  presence of NAD*. Combined, these data suggest that the initial PARylation of the DNA-bound
425 PARP1 results in the protein release from the DNA substrate and continuous enzymatic
426  activity of the unbound protein. We noticed a more pronounced PARylation in the case of
427  cKITG4-PT DNA compared to a canonical PARP1 substrate, namely nicked DNA, with up to
428  ~815 ADP-ribose units attached. The growth of PAR chains in the MP experiments continued
429  for several minutes, which is much longer than the dwell times of the bound states recorded
430 in the smTIRFM experiments. The most likely explanation is that the PARYylation is activated
431 by the PARP1 binding to the DNA substrate but continues after PARP1 dissociation. The
432  change in the dwell times of cKITG4-PARP1 complexes observed in the smTIRFM
433  experiments suggest that the simple cKITG4 can also promote PARYylation, but the resulting
434  chains were too short to be detected in the MP experiments. A recent study investigated the

435  structure-specific functions of PAR by examining the effects of different branching lengths (54).
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436  We can relate our findings to this study: we observed shorter PAR chains with the nicked DNA
437  substrate, whereas the cKITG4-PT DNA substrate resulted in the formation of extensive PAR

438  chains, suggesting that these structures may play diverse roles in cellular processes.

439  Single-molecule studies were conducted to examine the effects of PARPi on PARP1 using
440  both nicked and G4-containing DNA substrates. Three potent PARPI were selected, inspired
441 by a previously published study that categorized these inhibitors based on their allosteric
442  effects on PARP1 (13). This classification defines PARPI into three types: Type | (proretention),
443  which strongly enhance retention; Type Il (modest proretention or no effect); and Type llI
444  (prorelease), which promote dissociation. Consistent with this framework, the Type | inhibitor
445  EB-47 demonstrated enhanced retention of PARP1 on nicked DNA. Clinically relevant PARPI,
446  such as Olaparib, were classified as Type Il, exhibiting moderate retention, while Veliparib, a
447  Type lll inhibitor, was shown to promote dissociation (13). Our smTIRFM experiments using
448  biotinylated nicked DNA substrates revealed similar trends. EB-47 and Olaparib increased
449  PARP1 retention times, while Veliparib facilitated increased dissociation, aligning with their
450 respective classifications. Additionally, we observed a pattern of tighter binding affinities (Kds)
451  and longer dwell times for PARP1 when interacting with nicked DNA substrates, which mimic
452  single-strand breaks. EB-47 showed the strongest trapping activity, followed by Olaparib and
453  Veliparib, indicating varying degrees of retention effects (see Table 1). These findings are
454  consistent with a study that used fluorescence polarization assays to calculate equilibrium
455  dissociation constants (Kds) of PARP1 binding to SSB DNA with and without PARPi. Without
456  an inhibitor, the Kd was ~90 nM, while Veliparib increased it to ~300 nM (~3.4x difference),
457  Olaparib reduced it to ~60 nM (~0.67x difference), and EB-47 drastically reduced it to ~5 nM
458  (~0.06x difference) (13). This trend closely aligns with our calculated Kds values (see Table
459 1), where EB-47 significantly enhances PARP1 binding/trapping, followed by Olaparib and
460 Veliparib promoting release. Furthermore, dissociation rate constants (kd) of PARP1 from
461  nicked DNA substrate were measured using surface plasmon resonance in the presence or
462  absence of the PARPI, for EB-47, Olaparib, and Veliparib, the kd values changed by ~0.34x,
463  ~0.69x%, and ~1.42x, respectively, showing a similar trend to our data (EB-47 > Olaparib >
464  Veliparib, see Table 1) (13). This consistency highlights the distinct allosteric effects of each
465 PARPi on PARP1 trapping and dissociation dynamics.

466 A completely different effect was observed with the G4-containing DNAs. Our analyses utilized
467  two configurations of the G4 DNA substrate: the cKITG4, which was a small DNA substrate
468  and only contained a G-quadruplex, and the cKITG4-PT, which was larger and consisting of
469 G4 and two dsDNA arms one of which represented a primer-template junction. While initially,
470 the cKITG4-PT was designed to simply increase the substrate size for the MP experiments, it
471  revealed different complexation and ability to activate PARylation compared to its smaller
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472  counterpart. In cells, the replication-stalling G4s are expected to have features similar to our
473  cKITG4-PT and therefore to strongly activate PARP1. In the smTIRFM experiments, which
474  are not limited by the size of DNA biomolecules, we observed a ~80x tighter Kd for cKITG4
475  DNA substrate compared to cKITG4-PT. In case of cKITG4 DNA with PARPi, we observed
476  ~4x, ~7x and ~30x higher Kds (Veliparib, Olaparib and EB-47) compared to no PARPiI. Notably,
477  this reduction in affinity was due to the slower association rates and not to the change in the
478  stability of the cKITG4-PARP1 complex. Differently from both cKITG4 and nicked DNA, none
479  of the three inhibitors affected PARP1 binding to the cKITG4-PT DNA.

480 PARPiI inhibitors exhibit pleiotropic activities. PARPI can either bind to catalytic site on PARP1,
481  preventing NAD* binding and PARylation or allosteric trapping on DNA substrate in cells,
482  however different inhibitors differ in their capacity (9,13,42,55,56). Recognizing effects of
483  PARPi on different PARP1-G4 complexed vs. other lesions recognized by PARP1 could
484  potentially lead to the development of more effective anti-cancer drugs (55).

485 It was shown recently that FANCJ helicase may help to activate PARP1 (57). In FANCJ
486  deficient cells, PARP1 becomes trapped on G4 DNA, reducing cell sensitivity to PARPI. The
487 same study also showed that interaction between FANCJ and MMR proteins is crucial for
488  PARP1 activity. Without MSH2, cells become more sensitive to PARPI. In BRCA1-deficient
489  cells, losing FANCJ is like losing or inhibiting PARP1. This emphasizes the importance of
490 PARP1 activity during DNA replication for these cells. It was proposed that the effectiveness
491  of PARPI in BRCA1-deficient cancers may be due to inhibiting PARP1 activity during s-phase
492  of cell division rather than trapping it on DNA which was thought to be the mechanism earlier.
493  Notably, FANCJ has a capacity to recognize the replication stalling G4s (58), and to both
494  unfold and refold them (59). The FANCJ activity at these G4s may help to maintain their
495  presence until they are either replicated through or recruit PARP1 and trigger PARYylation
496  signaling. On the other hand, PARP1 interaction with G4s may act as a signal to G4 other
497  specific helicases including BLM, WRN, and DNA2, which all have specificity for different DNA
498 G4 structures (60). This facilitates rapid sampling of the G4s to bring the best helicase to
499  process the G4s. PARP1 dissociates from the G4s and a helicase, in conjunction with a non-

500 replicative polymerase resolves the replication block.
501
502 SUPPLEMENTARY DATA

503 Supplementary Data are available at NAR online.
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526
527 Table1
Protein- | Inhibitor | Protein State 1 (kon) * State 2 (koff) State 2 (1) Kd = Kkoft/Kon
DNA s M s s (nM)
PARP1- N/A 100 pM (1.41+0.24)x 108 | 0.56 +0.03 1.79+0.09 3.96+0.2
nicked
PARP1- | Veliparib | 100 pM (2.82+£0.24) x 108 | 0.75+0.05 1.33+0.08 2.67+0.16
nicked (75 nM)
PARP1- Olaparib | 100 pM (4.35+0.35)x 108 | 0.36 +0.02 2.78+0.12 0.82+0.04
nicked (30 nM)
PARP1- EB-47 100 pM Fast Fast Fast Fast
nicked (75 nM) (2.02 £0.02) x 10° | 0.85+0.07 1.18 0.1 0.42 £ 0.04
Slow Slow Slow
(9.99+£0.98) x 10° | 0.13+0.01 7.72+0.53 Slow
0.01+0
Percent Fast
83.15
Percent Slow
16.85
PARP1- N/A 200 pM (5.735 + 0.141) x | 0.25+0.01 3.95+0.22 0.04 £ 0.002
cKITG4 10°
PARP1- | Veliparib | 200 pM (2.265 + 0.112) x | 0.35+0.02 2.87+0.16 0.15+0.01
cKITG4 (75 nM) 10°
PARP1- Olaparib | 200 pM (1.147 + 0.088) x | 0.31+0.01 3.24 £ 0.07 0.27 £ 0.01
cKITG4 (30 nM) 10°
PARP1- EB-47 200 pM (2.824 + 0.294) x | 0.34 £ 0.01 2.95+0.09 1.2+0.04
cKITG4 (75 nM) 108
PARP1- N/A 100 pM (2.35+0.12) x10® | 0.76 £ 0.02 1.31+£0.04 3.24 £0.09
cKITG4-
PT
PARP1- | Veliparib | 100 pM (2.59 £ 0.353) x 10® | 0.99 + 0.04 1.01 £0.04 3.82+0.14
cKITG4- | (75 nM)
PT
PARP1- Olaparib | 100 pM (212+0.12) x 10® | 0.84 £ 0.02 1.19 £ 0.03 3.96 £ 0.11
cKITG4- | (30 nM)
PT
PARP1- EB-47 100 pM (212+0.47)x10® | 0.61+0.02 1.65 + 0.06 2.87 £ 0.1
cKITG4- | (75 nM)
PT
528
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