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Abstract

All organisms must protect their genome from constantly occurring DNA damage. To this end, 

cells have evolved complex pathways for repairing sites of DNA lesions, and multiple in vitro and 

in vivo techniques have been developed to study these processes. In this review, we discuss the 

commonly used laser microirradiation method for monitoring the accumulation of repair proteins 

at DNA damage sites in cells, and we outline several strategies for deriving kinetic models from 

such experimental data. We discuss an example of how in vitro measurements and in vivo 
microirradation experiments complement each other to provide insight into the mechanism of 

PARP1 recruitment to DNA lesions. We also discuss a strategy to combine data obtained for the 

recruitment of many different proteins in a move toward fully quantitating the spatiotemporal 

relationships between various damage responses, and we outline potential venues for future 

development in the field.
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1. Introduction

Throughout the lifetime of an organism, its genetic material is constantly assaulted by many 

endogenous and exogenous DNA-damaging agents. Damage to DNA can result in simple 

base substitutions or more complex changes such as formation of single or double strand 

DNA breaks (SSBs or DSBs). SSBs commonly arise due to the spontaneous oxidative action 

of endogenously-formed free radicals, ultimately resulting in a break in one of the two 

strands of the DNA double helix [1,2]. Such DNA lesions can cause obstruction of the 

transcription and/or replication machineries. Indeed, if SSBs are missed by the surveillance 
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machinery and remain unrepaired in cycling cells, DNA replication forks can collapse in S-

phase cells, resulting in the conversion of SSBs to DSBs. Another direct cause of DSBs is 

exposure to ionizing radiation. When cells fail to repair DSBs, untoward consequences such 

as genomic instability and cell death will occur. All living organisms have evolved highly 

coordinated mechanisms for repairing damaged DNA, thereby safeguarding genome 

integrity [3–6]. These processes are the subject of intense study.

Early in the process of SSB repair (SSBR), poly (ADP-ribose) polymerase 1 (PARP1) 

rapidly accumulates at sites of DNA damage. PARP1 is a molecular sensor of various forms 

of damaged DNA and is enzymatically activated upon binding to damage sites. This results 

in the rapid synthesis of negatively charged poly-ADP ribose (PAR) chains onto itself and 

other target proteins [7, 8]. These PAR chains, consisting of up to several hundred ADP-

ribose molecules in a branched conformation, recruit other repair proteins such as X-ray 

repair cross-complementing protein 1 (XRCC1), ligase 3, polynucleotide kinase 3’-

phosphate (PNKP), aprataxin, and DNA polymerase β to mediate SSBR [9–11]. DSB repair 

(DSBR) occurs via one of two main pathways: homologous recombination (HR), or classical 

non-homologous end joining (c-NHEJ). DSBR usually activates a process known as ‘end 

resection’, wherein the DNA ends undergo nucleolytic cleavage from the 5’ to 3’ end to 

form a long ssDNA segment on the 3’ strand. Repair of DSBs by HR is favored when DNA 

end resection occurs since the long 3’ ssDNA can invade the homologous DNA strand. This 

process occurs predominantly in the late S and G2 phases of the cell cycle, when a sister 

chromatid becomes available [12]. HR is initiated by recruitment of meiotic recombination 

11 (MRE11) and ataxia telangiectasia mutated (ATM) to DSBs. The recombinase RAD51 is 

responsible for strand invasion, ultimately leading to the completion of the repair process by 

RAD52, RAD54 and Polδ [13]. Alternatively, in the absence of a homologous sequence or 

end resection, the c-NHEJ pathway is favored. In this process, the DNA ends are directly 

ligated, which requires factors such as Ku70/80, DNA-PKcs and DNA ligase IV [14–16]. 

The absence of Ku70/80 is compensated by PARP1 recruitment to locations of DSBs [17]. 

In vitro and in vivo studies conducted over the past fifty years have revealed that most of the 

above listed repair proteins often participate in multiple DNA repair pathways; however, the 

exact mechanisms of how the requisite cohort of proteins assemble to perform their activities 

to effectively repair diverse DNA lesions is yet to be fully determined.

A number of in vitro and in vivo strategies are currently utilized to dissect DNA damage 

repair, and a complete understanding of these mechanisms requires the use of multiple 

experimental approaches. In vitro approaches include, but are not limited to, the use of 

fluorescence polarization, Fluorescence Resonance Energy Transfer (FRET), and stopped-

flow anisotropy assays to study the mechanisms governing association (and dissociation) of 

repair factors with model DNA fragments, plasmids, or nucleosomes [18, 19]. These 

experiments provide detailed insights into the molecular behavior of individual or small 

subsets of proteins that participate in DNA repair. Several in vivo methods such as PCR-

based assays, the ‘comet assay’, and TUNEL assays can quantitate the degree of cellular 

DNA damage [20]. Fluorescence techniques, e.g. Fluorescence Recovery After 

Photobleaching (FRAP), Fluorescence Loss In Photobleaching (FLIP), Fluorescence 

Correlation Spectroscopy (FCS), and laser microirradiation, can be used to monitor repair 

protein kinetics in a nuclear context and can be interpreted in conjunction with the 
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aforementioned in vitro measurements. In FRAP and FLIP, a small region within the cell is 

rapidly photobleached by a short pulse of high intensity radiation, and the recovery of 

fluorescently-tagged protein to the region (FRAP) or depletion of fluorescence outside the 

region (FLIP) is examined by time-lapse microscopy. On the other hand, FCS measures the 

change in fluorescence intensity as the protein of interest traverses a femtoliter volume 

within the cell [21–30]. While FRAP, FLIP, and FCS are typically designed to quantitate 

protein movement independent of DNA damage, laser microirradiation specifically focuses 

on the process of repair protein accumulation at DNA lesions [31–34].

Recent massive efforts have been placed on using laser microirradiation to understand the 

spatiotemporal details of repair protein accumulation at sites of DNA damage [35, 36]. In 

this approach, damage foci are induced by short wavelength (355 nm – 400 nm) light, and 

the accumulation of repair proteins to the irradiated site is detected either by 

immunofluorescence or by live-cell tracking of the fluorescently-tagged protein(s) of 

interest. Cells can be pre-sensitized by the addition of halogenated nucleotide analogs, such 

as bromodeoxyuridine (BrdU), or DNA-intercalating Hoechst dyes, which enables the use of 

405 nm laser lines typically available on standard laser scanning confocal microscopes. 

Laser microirradiation is a powerful method for monitoring the kinetics of recruitment and 

the sequence of assembly of repair protein complexes on damaged DNA [16, 35–37]. 

However, a major limitation for this approach to reach its full potential has been the lack of 

reliable methods to derive meaningful quantitative information from imaging data. In this 

review, we highlight the widespread use of laser microirradiation over the last four decades, 

and we describe various methods currently in use for analyzing the accumulation of DNA 

repair proteins. In addition, we suggest approaches by which quantitation could be 

improved.

2. A Brief History of laser-induced DNA Damage Studies

One of the earliest reports for the use of intense light to induce DNA damage in vivo dates 

back to 1969 (Fig. 1). Here, an argon ion laser was used to induce lesions on pre-determined 

sites on chromosomes of salamander lung cells stained with acridine orange, and it was 

found that cells could survive localized doses of microirradiation and continue to divide 

[38]. In 1978, another group used a mercury arc lamp to generate 313 nm ultraviolet (UV) 

rays to introduce DSBs in bromouracil-substituted cellular DNA in E. coli cells. Sensitivity 

of E. coli cells to photolysis increased linearly with the number of bromouracil molecules 

incorporated into the DNA [39]. In a modification of this method reported two years later, 

Hoechst 33258 stain was used to enhance the photolytic effect of BrdU treatment in human 

fibroblasts irradiated with 365 nm light. This wavelength of UV-light presented an advantage 

over the earlier approach that used 313 nm light since many aromatic ring-containing 

carcinogens form DNA adducts that strongly absorb 313 nm light [40]. In 1993, Limoli and 

Ward quantitated the formation of DSBs in cellular DNA subjected to photolysis using a 

combination of BrdU, Hoechst 33258, and near-visible UV light using the alkaline filter 

elution method [41]. In the following years, multiple groups continued to make 

improvements to this approach. These efforts enabled the visualization of γ-H2AX foci 

generated in human cells by indirect immunofluorescence by Rogakou et al. Here, the 

irradiating laser was guided along a pre-drawn path using an analog joystick [42]. To 
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understand the significance of γ-H2AX in the DNA damage signaling process, Celeste et al. 

introduced DSBs in Hoechst-stained mouse embryonic fibroblasts (MEFs) using a laser-

dissecting microscope (337 nm). This study suggested that H2AX phosphorylation was not 

required for formation of damage foci but was necessary for the concentration of repair 

factors like NBS1, 53BP1, and BRCA1 at DNA lesions. These efforts together established 

γ-H2AX as a DSB marker in the DNA repair field [43].

In following years, the use of a laser scanning microscope to generate a precise path of DNA 

damage followed by real time live-cell imaging became a widely used approach in the field 

of DNA repair. Concomitantly, the biological functions of many repair proteins including 

NBS1, XRCC1, PARP1, and PARP2 were uncovered, resulting in a clearer understanding of 

the DNA repair signaling process [31,44, 45]. Since then, longer wavelengths of light 

(365-405 nm) have been utilized for introducing DSBs in mammalian cells stained with 

Hoechst dyes to compare the functions of repair proteins that participate in different repair 

mechanisms [31, 46, 47]. Some groups also began using laser microirradiation without prior 

chemical pre-sensitization in an attempt to investigate particular kinds of DNA lesions [48, 

49]. In fact, DNA sensitization is not required when high-energy multiphoton near-infrared 

(NIR) lasers are used to inflict DNA damage; however, such high energies may ultimately 

cause premature cell death [48–51]. It is important to note that the type of DNA lesions 

induced and the way these lesions are processed could vary with the choice of the chemical 

sensitizer, the wavelength of light, and the duration of the pulse. These variations result in 

formation of a poorly understood mixture of DNA damage types such as pyrimidine dimers, 

inappropriate base modifications and inter-strand crosslinks [48, 52]. This heterogeneity has 

deterred researchers from comparing their findings to those of other groups, thereby limiting 

the ability to comprehend the interplay between different repair pathways.

Laser microirradiation has also been used as a tool to investigate remodeling of chromatin 

structure that accompanies the DNA repair process [53, 54]. The dynamic alteration of 

chromatin architecture that occurs as a consequence of disruption of DNA double-helical 

structure has been visualized using a photoactivatable version of GFP-tagged histone H2B 

(PAGFP-H2B) [55]. The 364 nm laser line was used to simultaneously induce DSBs and 

photoconvert the PAGFP to the active form. This study concluded that local chromatin 

undergoes rapid ATP-dependent decondensation immediately after the DNA damaging event 

[55], and another group independently established that this process was mediated by PARP1-

dependent PARylation [56].

The last five years have witnessed an insurgence of information regarding the recruitment of 

several DNA damage response (DDR) proteins to laser-induced damage sites. In 2015, Izhar 

et al. performed a focused screen for proteins that arrived at DNA lesions post UV laser 

microirradiation [37]. Their work revealed that multiple families of transcription factors 

localized at damage sites in a DNA binding domain-dependent and/or a PARP-dependent 

manner [37]. In another study, Kochan et al. revisited numerous DSBR-related reports and 

performed a systematic analysis of laser-microirradiation data generated for 79 repair 

proteins to obtain insight into the spatiotemporal details of DSBR [36]. More recently, in 

2018, Aleksandrov et al. carried out the mammoth task of measuring and mathematically 

modeling the recruitment kinetics of 70 proteins at laser-induced damage sites both in the 
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presence and absence of a PARP inhibitor in living HeLa Kyoto cell lines [35]. This work 

provided information on the timing and sequence of arrival and removal of repair proteins at 

complex DNA lesions under similar experimental conditions [35]. Since then, many more 

research groups have relied on the powerful approach of laser microirradiation to probe the 

kinetics of recruitment of several repair proteins and their mutant counterparts [18, 33, 57–

60].

3. Methods for quantitative analysis of laser microirradiation data

Laser microirradiation experiments are most frequently described by a fluorescence intensity 

time series for the region of interest after the damage event (Fig. 2). Such graphs depict the 

accumulation (and subsequent dissipation) of fluorescently labeled repair proteins at laser-

induced damage sites. In practice, intensity values are generated from raw images using 

proprietary (Nikon Elements, ZEN) or publicly available (ImageJ) [61] imaging software 

packages, and each point within the timeseries is generally normalized to pre-irradiation 

values and corrected for background fluorescence. Furthermore, the fluorescence loss that 

occurs over the course of the experiment (photobleaching) can also be accounted for. A 

common practice in the field is to average data from 10-20 independently damaged nuclei 

and report a mean value with error for each time point within the curve [31,62, 63].

Currently, one of the most widely used methods for quantitating accumulation timescales for 

various DNA repair proteins is to report the time required for half of the maximum 

accumulation to occur (t1/2). This is the quickest form of analysis currently in use, and it is a 

reliable method for comparing the accumulation of multiple repair proteins within a single 

nucleus. However, when accumulation kinetics are being compared between distinct nuclei, 

it is important to note that t1/2 is strongly influenced by the shape and size of the nucleus 

under examination [64] . Therefore, averaging multiple timeseries as part of a single kinetics 

population is not necessarily correct, as populations with diverse features (such as 

bimodality) cannot be solely assessed from a single mean and standard deviation [64–66]. 

Moreover, while t1/2 can be used to swiftly assess the speed of protein accumulation, it 

provides little information on the underlying physics of the protein transport process 

(simple, facilitated or anomalous diffusion).

An additional layer of quantitation can be obtained from accumulation data by fitting it to an 

exponential model [I(t) = A(1−e−kt)], where the accumulation rate constants (k) can be 

derived directly from the equation of best fit. Many proteins can be described by a first-order 

exponential fit [36, 67], but some proteins may require additional exponential terms [35, 68]. 

In these cases, the first-order term may describe a phase of rapid accumulation, whereas a 

second-order exponential would describe accumulation at longer timescales. Another 

method based in exponential fitting is the “Consecutive Chain Reactions” (CRC) model 

employed by Aleksandrov et al. to rationalize both protein accumulation and removal as a 

series of consecutive reactions, each with its own characteristic rate [35]. These approaches 

provide quantitative information about the underlying kinetic rates of accumulation, 

allowing for potential comparisons between the activation of different repair proteins. If 

these experiments are performed under similar conditions, one can actually determine the 

sequence of arrival to damage sites for a collection of proteins [35]. Nonetheless, 
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exponential fitting still suffers from similar restrictions as does t1/2 evaluation, since these 

models are both affected by nuclear size and shape [64]. As a result, it is difficult to deduce a 

direct and meaningful physical interpretation of the diffusion process involved, especially 

when multiple nuclei are averaged to provide a single intensity timeseries [64]. Furthermore, 

it is important to exercise caution and avoid the spurious use of multiple exponentials for 

fitting accumulation curves, as the inclusion of unwarranted extra parameters to the model 

could lead to arbitrarily strong fits to the experimental data and lead to a potential 

misinterpretation of the underlying biological processes [69].

Recent efforts in our own lab have focused on developing a quantitative method to explain 

repair protein accumulation at DNA lesions that recognizes the role of nuclear shape and 

size. Quantitation of Fluorescence Accumulation after DNA Damage (Q-FADD) assumes 

that repair proteins move within the nucleus by simple free diffusion [64], as previous 

studies have shown that many proteins may navigate to sites of DNA damage through a free 

diffusion process [70–73]. Q-FADD utilizes a Monte Carlo simulation to describe molecular 

motion within a two-dimensional, nucleus-shaped grid to track protein accumulation within 

the defined region-of-interest (ROI), i. e. the DNA damage site. Originally, Q-FADD was 

developed to explain the diffusive behaviors of PARP1, PARP2, and Histone Parylation 

Factor 1 (HPF1), a new player in the DNA repair field [64, 74, 75]. Notably, the effective 

diffusion coefficient (Deff) derived from Q-FADD can be directly compared to Deff from 

other methods, such as FRAP and FCS [76]. While Q-FADD is able to provide Deff values in 

agreement with these other methods, levels of information such as dwell times and binding 

kinetics are integrated into a mobility fraction parameter, and derivation of these underlying 

properties requires orthogonal information from separate techniques.

We have employed Q-FADD to elucidate the dynamic mechanism of PARP1 recruitment in 
vivo [18]. Indeed, PARP1 is among the fastest proteins recruited to sites of DNA damage 

[35], but the means by which PARP1 so rapidly seeks out sections of DSBs was largely 

unknown. In vitro kinetics work showed that purified PARP1 rapidly binds to DNA ends and 

that the release of bound DNA requires formation of a ternary complex with a second piece 

of DNA [18]. These data suggested that PARP1 navigates DNA through an intersegment 

transfer scheme, similar to how a child navigates playground monkey bars by a hand-over-

hand exchange. Mutation studies identified the WGR domain of PARP1 as responsible for 

this action, as W589A mutation or WGR domain deletion prevented ternary complex 

formation. Similarly, Q-FADD analysis showed that W589A mutation significantly 

decreased the observed Deff value describing PARP1 accumulation (3.7 ± 0.6 μm2/s vs 2.1 

± 0.2 μm2/s, p = 0.0094), providing in vivo evidence for the “monkey-bar” mechanism of 

PARP1 mobility and confirming the important role of the WGR domain for biological 

efficacy (Fig. 3). As the mechanism was proposed by in vitro observations and confirmed 

through in vivo microirradiation quantitation, this study provides a classic example for the 

enhanced level of biological insight that can be gained from the combined use of quantitative 

in vivo and in vitro techniques.

Until now, we have focused on the importance of quantitating microirradiation data for 

individual proteins. However, comparative analysis of multiple repair proteins also benefits 

from more quantitative approaches. For example, the recent study by Aleksandrov et al. used 
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a divisive clustering algorithm (DIANA) to group a wide range of proteins in different 

arrival and removal clusters according to their measured t1/2 values [35]. From their results, 

they were able to show that when proteins are clustered according to their accumulation 

timescales, members of the same response pathway can be found within the same arrival 

cluster. By comparing to a library of known protein-protein interactions, they were also able 

to identify proteins that regulate DNA damage repair between pathways and timescales. 

Upon addition of PARP inhibitors, it was observed that proteins from PARP-independent 

pathways experienced changes in both their accumulation and depletion rates. Thus, 

inhibiting one repair pathway can cause the cell to alter priority in favor of another. 

Moreover, these results suggest that complex crosstalk may exist between various repair 

responses. As such, Aleksandrov et al. have demonstrated the importance of using several 

levels of quantitation to promote better understanding of the cellular response to DNA 

damage.

4. Perspective/Future Directions

Here, we have revisited the 50-year history of the laser microirradiation field, and we have 

highlighted several techniques that are currently used for quantitating microirradiation 

observations. Recent advancements in fluorescent labeling [77, 78]. as well as superior 

imaging systems and user-friendly computational tools have resulted in the ability to derive 

deeper biophysical knowledge from laser microirradiation experiments. Since robust 

modeling of irradiation data can provide insight into protein transport mechanisms, 

distribution of mobile and immobile protein populations, as well as (dis)association 

constants, continued emphasis should be placed on using these enhanced resources to 

develop even more robust quantitative modeling approaches, similar to current developments 

in methods such as FRAP and FCS [72, 79–81].

While the quantitation methods discussed in this review provide a range of insights to 

biological processes, differences in results obtained from various experimental approaches 

are still difficult to interpret [24] . First, the presence of the fluorescence tag may affect 

diffusion kinetics in a protein-specific manner [82]. Additionally, proteins could have 

smaller Deff values or accumulation rate constants because they bind to other proteins or 

immobile chromatin structures, whereas proteins with a larger accumulation rate or Deff 

value may encounter fewer binding and unbinding events. In this way, quantitative models 

should still be interpreted with caution and supplemented with other measurements, 

although future developments in modeling techniques could potentially be extended to 

include prediction of protein residence times on chromatin and thereby recover this 

information.

Improvements to quantitative in vivo modeling should also not stop at the per-protein or 

single timeseries level. While the previously discussed study by Aleksandrov et al. was 

conducted on t1/2 values [35], it is important to note that methods such as DIANA clustering 

are not restricted to t1/2 measures alone. This type of analysis can be used to compare 

accumulation rates from exponential fits, as well as Deff values from Q-FADD analyses. 

Moreover, there are a variety of clustering algorithms one might employ. The DIANA 

method is a divisive form of hierarchical clustering, where clusters are formed by iteratively 
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separating proteins from a master family, but one could also cluster proteins in an 

agglomerative manner, where proteins are iteratively merged from individuals in to clusters 

instead of divided from a larger pool [83]. Beyond hierarchical schemes, centroid-based 

measures like the k-means method [84] or density-based methods such as DBSCAN [85] 

provide alternative approaches to characterizing pathways of DNA damage response from 

microirradiation data. In this way, through rigorous quantitation at multiple levels, the 

cellular response to DNA damage events can ultimately be fully understood.
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ABBREVIATIONS

SSBs Single strand breaks

SSBR Single strand break repair

DSBs Double strand breaks

DSBR Double strand break repair

PARP1/2 Poly ADP-ribose polymerase 1/2

PAR Poly ADP-ribose

XRCC1 X-ray repair cross-complementing protein 1

PNKP polynucleotide kinase 3’-phosphate

HR homologous recombination

c-NHEJ classical non-homologous end joining

ssDNA single stranded DNA

DNA-PKcs DNA-dependent protein kinase, catalytic subunit

FRET Fluorescence Resonance Energy Transfer

MRE11 meiotic recombination 11

ATM ataxia telangiectasia mutated

TUNEL terminal deoxynucleotidyl transferase dUTP nick-end labeling

FRAP Fluorescence Recovery After Photobleaching

FLIP Fluorescence Loss In Photobleaching

FCS Fluorescence Correlation Spectroscopy

Mahadevan et al. Page 8

DNA Repair (Amst). Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



BrdU bromodeoxyuridine

UV ultraviolet

NBS1 Nibrin

NIR near-infrared

PAGFP-H2B photoactivatable GFP-tagged histone H2B

DDR DNA damage response

CRC Consecutive Chain Reactions

Q-FADD Quantitation of Fluorescence Accumulation after DNA Damage

ROI region-of-interest

HPF1 Histone Parylation Factor 1

Deff effective diffusion coefficient

DIANA Divisive Analysis

DBSCAN density-based scan
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Figure 1. 
Timeline of DNA microirradiation studies. While this timeline is not exhaustive, it 

highlights a few of the many significant microirradiation experiments over the 50-year 

history of the field.
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Figure 2. 
A schematic of the microirradiation measurement and analysis workflow. First, cells are 

transfected with a vector containing the fluorescently labeled protein of interest. Then, cells 

may be pre-sensitized for DNA damage by the introduction of BrdU, Hoechst dyes, or both. 

After pre-sensitization, cells are placed in a confocal microscope and microirradiated with a 

laser beam, producing a region-of-interest (ROI) across the length of the cell (as shown 

above). Immediately preceding and following microirradiation, accumulation of labeled 

repair proteins to DNA lesions in the ROI is captured by live images over a set course of 

time. These images are then analyzed and converted to a fluorescence intensity timeseries, 

which is fit using the techniques described in Section 3.
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Figure 3. 
The “monkey bar” mechanism of PARP1 mobility. (A) Stopped-flow kinetics models show 

that wild-type PARP1 (blue) releases pre-bound DNA fragments ([DNA*]) at a significantly 

slower rate than the W589A mutant (green). The W589A mutant showed no difference in 

off-rate observation between low A Timeline of Microirradiation-based Studies(0.4 μM, 

solid line) and high (4 μM, dashed line) concentrations of competitor DNA, but wild-type 

PARP1 displays faster release of the initially bound strand when exposed to a higher 

concentration of competitor DNA. In addition, fitting of W589A kinetics were adequately 

described by a two-state equation, whereas wild-type data required formation of an 

intermediate state. (B) Violin plots of modeled Deff values from Q-FADD analyses on wild-

type (blue) and W589A (green) microirradiation data. These models show that wild-type 

PARP1 diffuses significantly more quickly to DNA lesions than the W589A mutant (p-value 

= 0.0094). (C) Graphical representation of the “monkey bar” mechanism derived from the 

combination of these data. The WGR domain of PARP1 releases from the currently bound 

DNA strand and binds to a neighboring strand of DNA, then the original strand of DNA is 

released and the complex collapses around the newly bound DNA fragment. Figures were 

adapted from our published (free-access) data [18].
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