NUCLEUS
2018, VOL. 9, NO. 1, 474-491
https://doi.org/10.1080/19491034.2018.1516485

Taylor & Francis
Taylor &Francis Group

METHODS 8 OPEN ACCESS W) Check for updates

Simultaneous dual-channel imaging to quantify interdependent protein
recruitment to laser-induced DNA damage sites

Joachim Garbrecht? Harald Hornegger*?, Sebastien Herbert*?, Tanja Kaufmann ®*?, Josef Gotzmann ®°,

Kareem Elsayad<, and Dea Slade @2

aDepartment of Biochemistry, Max F. Perutz Laboratories, University of Vienna, Vienna Biocenter (VBC), Vienna, Austria; "Department of
Medical Biochemistry, Max F. Perutz Laboratories (MFPL), Medical University of Vienna, Vienna Biocenter (VBC), Vienna, Austria; <VBCF-
Advanced Microscopy, Vienna Biocenter (VBC), Vienna, Austria

ABSTRACT

Fluorescence microscopy in combination with the induction of localized DNA damage using focused
light beams has played a major role in the study of protein recruitment kinetics to DNA damage sites
in recent years. Currently published methods are dedicated to the study of single fluorophore/single
protein kinetics. However, these methods may be limited when studying the relative recruitment
dynamics between two or more proteins due to cell-to-cell variability in gene expression and
recruitment kinetics, and are not suitable for comparative analysis of fast-recruiting proteins. To tackle
these limitations, we have established a time-lapse fluorescence microscopy method based on
simultaneous dual-channel acquisition following UV-A-induced local DNA damage coupled with a
standardized image and recruitment analysis workflow. Simultaneous acquisition is achieved by
spectrally splitting the emitted light into two light paths, which are simultaneously imaged on two
halves of the same camera chip. To validate this method, we studied the recruitment of poly(ADP-
ribose) polymerase 1 (PARP1), poly (ADP-ribose) glycohydrolase (PARG), proliferating cell nuclear
antigen (PCNA) and the chromatin remodeler ALC1. In accordance with the published data based
on single fluorophore imaging, simultaneous dual-channel imaging revealed that PARP1 regulates
fast recruitment and dissociation of PARG and that in PARP1-depleted cells PARG and PCNA are
recruited with comparable kinetics. This approach is particularly advantageous for analyzing the
recruitment sequence of fast-recruiting proteins such as PARP1 and ALC1, and revealed that PARP1
is recruited faster than ALC1. Split-view imaging can be incorporated into any laser microirradiation-
adapted microscopy setup together with a recruitment-dedicated image analysis package.
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Introduction

Laser microirradiation in combination with live
cell imaging is commonly used for studying the
recruitment of proteins involved in DNA damage
response [1-5]. Imaging real-time recruitment of
fluorescently-tagged proteins to sites of laser-
induced DNA damage enables analysis of the spa-
tiotemporal dynamics of the recruitment process
[6]. DNA lesions are usually induced as spots or
stripes of laser-microirradiated regions across a
nucleus. Damage can be induced using in-built
lasers (e.g., 405 nm lasers targeted to cells in the
FRAP mode of laser-scanning confocal micro-
scopes) or add-on laser modules, such as UV lasers
and near infrared (800 nm) multiphoton lasers [3].

Induction of DNA damage using low-energy UV-
A lasers (315-400 nm) is facilitated by presensiti-
zation with DNA-intercalating Hoechst 33258 and
33342 dyes or with a nucleoside analogue 5-
bromo-2'-deoxyuridine (BrdU), which obviate the
need for high laser intensity [1,4]. UV-A laser light
typically generates UV-type lesions such as cyclo-
butane pyrimidine dimers (CPDs) and 6-4 photo-
products (6-4PPs), as well as oxidative base
damage and abasic sites due to reactive oxygen
species produced in the aqueous cellular environ-
ment [7,8]. UV-A laser is thus particularly suitable
for studying base excision repair (BER) [3].
Presensitization facilitates single-strand breaks
(SSBs) and double-strand breaks (DSBs) upon
UV activation, and thus enables the study of
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proteins involved in single-strand break repair
(SSBR) and double-strand break repair (DSBR) as
well [1-4,9]. Near infrared high-energy lasers gen-
erate a broad spectrum of DNA lesions but with-
out the need for presensitization [4,5,10,11].

High-speed imaging configuration enables analy-
sis of the recruitment and dissociation kinetics
immediately after DNA damage induction, which is
essential for characterization of the dynamic beha-
viour of proteins involved in DNA damage response.
Compared to traditional approaches to studying
DNA-damage induced recruitment by immuno-
fluorescence imaging of ionizing radiation-induced
foci (IRIF) or chromatin-immunoprecipitation
(ChIP), the microirradiation imaging system offers
two distinct advantages: (i) the formation of highly
localized tracks of laser-induced lesions within the
nucleus versus homogeneous distribution of DNA
damage induced by ionizing radiation, which
enables visualization of proteins that do not form
IRIF, and (ii) visualization of recruitment immedi-
ately after DNA damage induction through short-
interval imaging [5].

Kinetics of protein recruitment to laser-induced
DNA damage sites may vary depending on the laser
type, laser power and presensitization methods
(BrdU, Hoechst, or both), all of which influence the
type of damage that is generated within DNA, as well
as the type of cell line (most commonly used are
U20S and Hela), fluorescent tags and protein
expression levels [3,5,11,12]. Comparative analysis
of recruitment kinetics revealed a general agreement
between the temporal protein recruitment sequence
and the timing of the respective step in DNA damage
response in which the protein exerts its function;
DNA damage-sensing proteins are recruited first,
followed by proteins involved in early steps of DSB
repair and chromatin remodelers, whereas proteins
involved in DNA damage signalling and homolo-
gous recombination exhibit a broader range of
recruitment timing [8,12].

Hitherto published fluorescence microscopy
methods are dedicated to the study of single fluor-
ophore (and hence single protein) kinetics by live
imaging or use sequential dual-fluorophore imaging
for studying two proteins. Although these methods
provide a good measurement of a single protein
recruitment, they may not be suitable for compar-
ing two or more proteins due to large cell-to-cell
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biological variability in gene expression and, conse-
quently, protein concentration. In order to over-
come this, a large number of samples needs to be
analysed to yield statistically significant correlations.
Additionally, averaging large populations, without
taking into account possible cross-correlations
between the proteins of interest, may mask weaker
or more complex recruitment kinetics and the local
effects of protein concentration or environment.
Perhaps the major drawback of standard single-
fluorophore imaging techniques is their ineffective-
ness in distinguishing the recruitment sequence of
fast-recruiting proteins.

To compare recruitment dynamics of two pro-
teins, we set up simultaneous dual-channel acquisi-
tion of two fluorescently tagged proteins following
UV-A-induced local DNA damage (355 nm laser
with BrdU presensitization), and developed a stan-
dardized image and recruitment analysis workflow.
To validate our method we used four proteins
involved in DNA damage response: poly(ADP-
ribose) polymerase 1 (PARP1), poly (ADP-ribose)
glycohydrolase (PARG), proliferating cell nuclear
antigen (PCNA) and Amplified in Liver Cancer 1
(ALC1). PARPI1 synthesizes poly(ADP-ribose)
(PAR) from NAD, while PARG removes PAR by
cleaving glycosidic bonds between ADP-ribose
units [13]. PCNA is a ring-shaped clamp around
DNA that serves as a loading platform for proteins
involved in DNA replication and repair [14]. ALC1
is an SNF2-type chromatin remodeling ATPase,
which is activated upon PAR binding to its macro
domain at DNA damage sites [15,16]. PARPI,
PARG, PCNA and ALC1 are all recruited to laser-
induced DNA damage sites albeit with distinct
recruitment kinetics.

PARPI is rapidly and transiently recruited to
DNA damage sites reaching a maximum about
1 minute on average after microirradiation [17].
Its initial recruitment is mediated by the Zn-finger
DNA-binding domain and by PAR-binding, while
its dissociation is dependent on its catalytic activ-
ity [17]. DNA-damage dependent activation of
PARP1 represents an early response to genotoxic
stress with PARP1 often referred to as the sensor
of DNA strand breaks [18]. The first catalytic
target is the auto-modification domain of PARP1
itself, followed by PARylation of histones and
other proteins at DNA damage sites [19,20].
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PARP1 promotes chromatin relaxation at DNA
damage sites by PARylating and displacing histone
H1 [21,22] and recruiting chromatin remodelers
such as ALC1 [15,16,23], SMARCA5 [24] and
CHD2 [25]. Chromatin relaxation allows access
to DNA repair factors, some of which are recruited
through binding PAR. PARP1 mediates the initial
accumulation of MRE11-RAD50-NBS1 (MRN)
complex at DNA lesions and promotes rapid
recruitment of BRCAl, BRCA2 and EXOIl
involved in homologous recombination [26-29].
PAR also promotes recruitment of XRCC1 as a
scaffold protein in base excision repair [17,30,31]
and XPA as a scaffold protein in nucleotide exci-
sion repair [32].

Unlike PARP1, PCNA is slowly recruited to DNA
damage sites reaching maximum intensity 4-6 min
after microirradiation [33,34]. PCNA remains stably
bound at DNA damage sites to coordinate timely
recruitment of DNA replication and repair factors
[6,33,34]. As a ring-shaped homotrimer, PCNA
encircles and slides along DNA, and recruits proteins
via the interdomain connector loop on the outer
surface serving as the common PCNA-protein inter-
action interface [14]. Structure-specific endonu-
clease ZRANB3, exonuclease EXO1, DNA methyl
transferase DNMT1, replication licensing factor
CDT1, PCNA loader RFC1 and PARG bind PCNA
via the PCNA-interacting protein motif (PIP-box),
which also mediates their recruitment to laser-
induced DNA damage sites in a PCNA-dependent
fashion [35-42]. In the case of EXO1 and PARG,
PARP1 promotes early recruitment, while PCNA is
responsible for their retention at DNA damage
sites [36-38].

Rapid PAR-dependent recruitment to laser-
induced DNA lesions is followed by rapid disso-
ciation to ensure transient association of proteins
with DNA damage sites, unless their sustained
residence is required for DNA repair (as in the
case of EXO1 [38]). By cleaving PAR, PARG pro-
motes timely protein dissociation from DNA
damage sites, as shown in the case of BRCAI,
XRCC1, CHD2 and TRIM33 [25,26,43,44].

Using simultaneous imaging of PARP1, PCNA,
PARG or ALC1 we confirmed previously pub-
lished recruitment kinetics of these proteins and
revealed additional aspects of their relative recruit-
ment dynamics.

Results

Image processing of simultaneous protein
recruitment to damage sites

The type and the amount of DNA damage induced
by laser microirradiation is known to depend on the
laser type, intensity and the use of presensitizers
[3,5,11,12]. U20S cells were presensitized with
BrdU and 355 nm UV-A laser was applied in two
settings: (i) at 20% laser intensity (130 uW at the
sample) and laser pulse duration of 5 ms/pixel (for
recruitment analysis shown in Figure 2-6) and
(ii) at 80% laser intensity (820 uW at the sample)
and laser pulse duration of 0.3 ms/pixel (for recruit-
ment analysis shown in Figure 7). DNA damage
induced by the two different laser settings was ana-
lyzed in U20S cells transiently transfected with
mEGFP-PARP1 to facilitate identification of
damaged cells for subsequent immunofluorescence
analysis of PAR and yH2AX generated along the
laser path (Figure 1). Both laser settings induced
fast and transient recruitment of PARP1, coupled
with transient accumulation of PAR, in contrast to
sustained accumulation of yH2AX, which persisted
> 30 min after irradiation (Figure 1). While PARP1
recruitment and PAR production may be used as a
marker of both SSBs and DSBs [29,34], phosphor-
ylation of the histone variant H2AX (yH2AX) is
primarily induced at DSBs and is known to spread
megabases away from the damage site and persist
beyond the time required for DSB repair [45,46].
Given that PAR and yH2AX do not exhibit the
same distribution along the laser stripe (Figure 1,
bottom overlay panels), both SSBs and DSBs seem
to be formed under our experimental conditions.

In order to monitor recruitment of two different
proteins to laser-induced DNA damage sites, U20S
cells were co-transfected with two plasmids expres-
sing mEGFP- and m/tagRFP- or mCherry-tagged
proteins. Split-view time-lapse imaging was per-
formed on a widefield microscope using OptoSplit
II, which enables simultaneous acquisition of two
images with different emission colours onto the
same camera chip (Figure 2a). Images were
acquired every 0.5 s for a period of 300 s. Multiple
steps in image processing and analysis will be pre-
sented using simultaneous imaging of PARG-
mEGFP and mRFP-PCNA as an example (overview
in Figure 2e).
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Figure 1. DNA damage induction with a UV-A 355 nm laser coupled with BrdU presensitization. U20S cells were transfected
with mEGFP-PARP1, presensitized with 10 uM BrdU for 16 h and exposed to laser microirradiation along a defined stripe. Two UV
laser settings were used: 20% laser intensity, 5 ms/pixel pulse duration or 80% laser intensity and 0.3 ms/pixel pulse duration.
Immunofluorescence images show DNA damage markers PAR and yH2AX at different time points after laser-induced DNA damage.
Image acquisition settings and brightness/contrast adjustments were the same between time points and conditions to allow direct

comparison of the stainings. Scale bar = 5 pum.

The first step in image processing was ‘difference of
Gaussians’ (DoG) filtering in Fiji with variance values
of 65 nm and 13 um to reduce the salt and pepper
high frequency noise as well as out of focus emission
and field of view (FOV) excitation heterogeneity.
After filtering, histograms of the fluorescence inten-
sity of the damaged area and the entire nucleus were
extracted during the whole acquisition. Damaged area
was selected as a rectangular region covering also a
small portion of the non-damaged area to account for
subtle cellular movement during acquisition
(Figure 2a). In order to minimize photobleaching
and phototoxicity induced by the sample excitation,
we used the lowest possible excitation power. As a
consequence, signal to noise ratios (SNR) were low.
We used the median of the 20 highest intensities
(‘medMax’ in Figure 2b) to assess recruitment, as
despite DoG filtering the maximum values can be
subject to significant salt-and-pepper type noise. The
average intensity of the damaged area (‘mean’ in
Figure 2b) was not used given that the selected region

of interest also comprises the non-damaged area as
shown in Figure 2a. However, it should be noted that
chromatin relaxation might also lead to a decrease of
the maximum value [47].

Data was smoothed by a factor of three by aver-
aging the intensity at each time point (I(x,t;)) with that
of the immediately preceding (I(x,t;;)) and the sub-
sequent time point (I(xty;)) in order to further
reduce noise (Figure 2c). Furthermore, photobleach-
ing was corrected by dividing measured fluorescence
intensity with the average nucleus fluorescence for
each time point (compare ‘w/bgcorr’ to ‘w/o bgcorr’
in Figure 2d). Two approaches are available for quan-
tifying protein recruitment to DNA damage sites
while taking into account unavoidable differences in
protein expression levels among cells. In the first
approach, the initial intensity (Iy) is subtracted from
the measured intensity at each time point (I;-Io). This
is based on the assumption that the initial fluores-
cence intensity does not affect the amount of protein
being recruited to a damage site. Second, fluorescence
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marked ‘1" is used for bleaching correction; ROl marked ‘2’ for damage quantification. b) Comparison of quantification methods.
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intensity at any given time point (I;) can be normal-
ized against initial intensity prior to damage (Iy),

yielding relative fluorescence intensity <RFI :II—:))

(Figure 2d). In addition to RFI, we also determined
the relative kinetics of protein recruitment as
explained below.

Image analysis of simultaneous protein
recruitment to damage sites

We developed a standardized image analysis pipe-
line to investigate several aspects of protein recruit-
ment to DNA damage sites. For population-based
analysis, the recruitment profiles for a given protein
in a cell population were visualized by plotting RFI
of each channel from different cells (Figure 3a). For
cell-by-cell analysis, both channels were plotted
together to examine simultaneous recruitment of
two proteins at a single cell level (Figure 3b).
Higher initial intensities for the red channel were
chosen in order to minimize the bleed-through
effect from the green channel (compare the initial
intensity values I, for the two channels in
Figure 3a). The initial fluorescence intensity of
each cell was colour coded to investigate the large
amplitude range between individual cells
(Figure 3a). For some cells we noticed an influence
of the initial fluorescence intensity on the amplitude
of recruitment; cells with lower initial intensity
recruited and dissociated faster, while cells with
higher intensity showed comparatively delayed
recruitment and dissociation (Figure 3a). To inves-
tigate the effect of the initial intensity on protein
recruitment in more detail, we compared initial
intensity to the time point at which a protein
reaches 50% of its maximum RFI (Figure 3c).
Based on the linear regression analysis, there is no
correlation between the initial intensity and the
recruitment kinetics for either PARG-mEGFP or
mRFP-PCNA (R? < 0.5). This applies to the simul-
taneous recruitment scenario (Figure 3) as well
as when investigating individual recruitment
kinetics (Supplementary Figure 2). As a result, we
could not determine a range of initial intensities
with homogenous recruitment profiles. It should
be noted, though, that in the low intensity range
the heterogeneity of recruitment kinetics was more
pronounced. To minimize the influence of initial
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intensity on recruitment kinetics, comparable inten-
sity ranges between conditions were used and a
large number of cells was analyzed for generating
average recruitment profiles, resulting in reprodu-
cibility throughout acquisitions.

To analyze recruitment kinetics independent of
the amplitude, we calculated the fraction of max-
imum recruitment (FMR) by rescaling RFI from 0
to 1, 0 being RFI at ty and 1 being maximum RFI
(Figure 3d,e). This type of analysis proved very
useful for investigating the kinetic mechanism of
protein recruitment. We could observe two popula-
tions, which again did not show linear correlation
with initial intensity when compared to the fraction
of maximum recruitment at the last measured time
point (Figure 3f and Supplementary Figure 2B). The
existence of two distinct populations was particu-
larly prominent for PARG-mEGFP (left panel in
Figure 3d). Importantly, the existence of different
subpopulations would be lost in standard kinetic
analyses due to averaging.

We analyzed this further by clustering the cells
according to the last rescaled RFI value (t = 300 s)
into four clusters (Figure 4a,b). In the case of PARG-
mEGFP we confirmed the existence of two subpopu-
lations with different recruitment dynamics
(Figure 4a). The two subpopulations, though less
pronounced, were also identified for mRFP-PCNA
(Figure 4b). For better presentation we generated a
heatmap display, whereby FMR values for each cell
were displayed throughout the course of recruitment
with a colour code, blue indicating lowest FMR values
and yellow indicating highest. In addition, the cells
were sorted according to the mean FMR value
between time point 15 and 150 (Figure 4c). This
type of display confirmed the existence of two distinct
populations, especially in the case of PARG-mEGFP-
expressing cells, where maximum recruitment was
reached faster followed by faster dissociation (top
cluster in the left panel of Figure 4c).

We tested whether two PARG or PCNA sub-
populations could be linked with nuclear size as an
indirect marker of the cell cycle stage. To this end
we plotted the size of each nucleus to the time
point when a given protein reaches 50% of its
maximal recruitment (Supplementary Figure 3).
We could not observe a linear correlation between
the nuclear size and the recruitment kinetics of
PARG and PCNA.
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Figure 3. Data analysis pipeline. a) Single cell recruitment of PARG-mEGFP (left panel) and mRFP-PCNA (right panel), colour coded
according to initial fluorescence intensity. b) Dual-channel recruitment on a single cell level. mRFP-PCNA shows higher fold change
than PARG-mEGFP in all cells. ¢) Scatter plot of the time point when 50% of maximum RFI was reached relative to the initial
fluorescence intensity. Linear regression analysis yields R* = 0.46 for PARG-mEGFP and R®> = 0.34 for mRFP-PCNA. d) Fraction of
maximum recruitment (FMR) shown for individual cells. For PARG-mEGFP (left), two different kinetic trends with partial correlation
with initial intensity are distinguishable: in cells with lower initial intensities maximum recruitment is reached faster followed by
faster dissociation; high-intensity cells exhibit slower recruitment without dissociation during the 300 s of imaging. This effect is less
prominent for mRFP-PCNA (right). e) Dual-channel FMR on a single cell level. PARG-mEGFP shows faster initial recruitment compared
to mRFP-PCNA in all cells. f) Scatter plot of the fraction of maximum recruitment (FMR) after 300 seconds relative to the initial
intensity. Linear regression analysis yields R? = 0.22 for PARG-mEGFP and R? = 0.37 for mRFP-PCNA.

In addition, we performed a cross-correlation
analysis to investigate whether the initial fluores-
cence intensity of one protein may affect the
recruitment kinetics of the other (Supplementary

Figure 4). Linear regression analysis revealed no
cross-correlation between the initial intensity and
the recruitment kinetics for PARG and PCNA
(R?* < 0.6).
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PARP1 and PCNA promote PARG recruitment and
residence at DNA damage sites

To validate our imaging and analysis approach, we
used three proteins: PARG, PARP1 and PCNA.
PARG is recruited initially through PARP1 and sta-
bilised by PCNA [36,37]. PCNA and PARG form
characteristic replication foci in S-phase cells, but
exhibit a diffuse pattern in G1 and G2 phase of the
cell cycle [36,37]. As replication foci were found to
interfere with accurate image analysis, we restricted
our analysis to cells lacking foci.

PARP1 was silenced in cells in which PARG-
mEGFP and mRFP-PCNA were transiently co-
expressed (Figure 5). In control cells, PARG and
PCNA were rapidly recruited to DNA damage

sites, reaching maximum recruitment on average
after 100 and 150 s, respectively (Figure 5a). PARG
showed faster initial recruitment and faster dissocia-
tion compared to PCNA (Figure 5c). While PARP1
silencing had negligible effects on PCNA recruit-
ment, the rate of PARG association to and dissocia-
tion from DNA damage sites was reduced
(Figure 5a-f). As a result, the mechanism of PARG
and PCNA recruitment was mutually indistinguish-
able in PARP1-depleted cells (Figure 5d, f).

Using dual-channel imaging we can further dis-
tinguish whether the observed phenomena are due
to an averaging effect or occur at a single cell level.
To this end, we determined the ratio between the
rescaled red (mRFP-PCNA) and green (PARG-
mEGFP) FMR on a single cell level and compared
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Figure 5. PARG and PCNA are recruited with comparable kinetics when PARP1 is silenced. a, b, e) Relative fluorescence
intensity (RFI) and ¢, d, f) fraction of maximum recruitment (FMR) for a, c) siControl-, b, d) siPARP1-transfected cells and e, f) siControl
and siPARP1 cells expressing PARG-mEGFP and mRFP-PCNA. In siControl cells PARG shows faster recruitment while PCNA shows a
bigger fold change. PARP1 silencing results in comparable recruitment profiles for PARG and PCNA. g) Mean ratio of FMR for mRFP-
PCNA and PARG-mEGFP on a single cell level shows a plateau at very early times for siPARP1. Initial noise signal is due to relatively
strong noise prior to recruitment. h) Scatter plot of the time of 50% of maximum recruitment for PARG-mEGFP vs mRFP-PCNA. Error

bars represent mean +/- SEM.

the average of the ratios between siControl and
siPARP1 conditions. Within 15 s after laser-
induced DNA damage the average of the ratios
reached a plateau in the silenced population,
while control cells exhibited a continuous increase
of the red/green ratio (Figure 5g). Simultaneous
imaging also showed that both proteins reach their
50% maximum at comparable time points when

PARPI is silenced (Figure 5h). We thus conclude
that similar recruitment kinetics of PARG and
PCNA in the absence of PARPI is not an aver-
aging artefact but occurs on a single cell level.
We also evaluated the effect of PCNA silencing
on PARP1 and PARG in cells expressing PARP1-
tagRFP and PARG-mEGFP (Figure 6). In control
cells, PARP1 and PARG reached maximum
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Figure 6. PCNA stabilizes PARG at DNA damage sites. a, b, €) Relative fluorescence intensity (RFl) and ¢, d, f) fraction of maximum
recruitment (FMR) for a, c) siControl-, b, d) siPCNA-transfected cells and e, f) siControl and siPCNA cells expressing PARG-mEGFP and
PARP1-tagRFP. In siControl cells PARG and PARP1 remain bound to DNA damage sites during 300 s of imaging. PCNA silencing
results in PARG dissociation from damage sites, without affecting PARP1 recruitment kinetics.

recruitment levels at 100 and 120 s respectively
(Figure 6a) and showed a similar recruitment
mechanism (Figure 6c). While PCNA silencing
did not affect the recruitment mechanism of
PARPI1, it accelerated PARG dissociation from
DNA damage sites (Figure 6b,d-f).

Taken together, our results confirm that (i) the
initial PARG recruitment is PARP1-dependent and
faster relative to PCNA, and that (ii) PCNA pro-
motes PARG stabilization at DNA damage sites
[36,37], and reveal that (iii) in the absence of
PARP1, PARG and PCNA are recruited with the
same kinetic mechanism. Reproducing earlier find-
ings validates our imaging method and analysis
approach, while adding mechanistic details to the
relative recruitment dynamics of PARG and PCNA
in the presence and absence of PARP1.

Simultaneous imaging to determine the
recruitment sequence of two fast-recruiting
proteins, PARP1 and ALC1

Simultaneous imaging of protein recruitment to
laser-induced DNA damage sites may be particu-
larly advantageous in the case of fast-recruiting
proteins, where even subtle variations in recruit-
ment kinetics among cells would preclude direct
comparison of two proteins when analyzed in dif-
ferent cells or in a sequential regimen. Thus we
compared early recruitment dynamics of PARP1
and ALCI, both of which are known as fast recrui-
ters with maximum recruitment reached within
< 1 min [15-17,29,48,49] (Figure 7).

In previous experiments, the 355 nm UV laser
was at 20% of full power and irradiation speed of
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Figure 7. Dual-channel imaging allows distinction in kinetics between fast-recruiting proteins PARP1 and ALC1. Relative
fluorescence intensity (RFI) of a, b) ALC1-mEGFP and mCherry-PARP1 in PARP1 WT and KO cells, ¢, d) ALC1-mEGFP and mCherry-
PARP1 E988K in PARP1 WT and KO cells, e, f) mEGFP-PARP1 and mCherry-ALCT in PARP1 WT and KO cells, and g, h) mEGFP-PARP1
E988K and mCherry-ALC1 in PARPT WT and KO cells during a, ¢, e, g) 60 s or b, d, f, h) 1.2 s of imaging after laser-induced DNA
damage. Image processing was performed without smoothing. Error bars represent mean +/- SEM.

5 ms/pixel. Using a stripe length of 100 pixels the  were localized near the site of damage were
damage induction procedure lasted for ~ 1.5 s due  bleached throughout this process as well as those
to the mechanical characteristics of the laser setup.  that were recruited during this time, which pro-
As a result, fluorescently tagged molecules that  hibited recruitment analysis at early time points.



In order to analyze early recruitment, we
decreased irradiation time to 0.3 ms/pixel and
reduced the stripe length to 60 pixels. To induce
a similar amount of damage, laser intensity had to
be increased to 80% (Figure 1). Additionally, we
also decreased the exposure time to achieve higher
temporal resolution. To counteract the resulting
loss of signal-to-noise ratio, we adjusted the exci-
tation intensity to 80% in the green and to 64% in
the red emission channels. To maintain an accep-
table signal-to-noise ratio, the exposure time of
50 ms with 100 ms interval was used.

To compare early recruitment of ALCI and
PARP1, we used a combination of mEGFP- and
mCherry-tagged proteins, as these fluorophores have
comparable bleaching behaviour (Supplementary
Figure 5). We focused on the first 1.2 s of the time
lapse series (Figure 7b, d, f, h). DNA damage was
induced after having acquired three frames
(200 ms). When using a combination of mCherry-
PARP1 and ALCI-mEGFP, PARP1 showed visibly
faster recruitment (red and green curves in
Figure 7b). However, in the case of mEGFP-PARPI
and mCherry-ALC1 the difference was less pro-
nounced (red and green curves in Figure 7f). These
differences were not due to initial fluorescence inten-
sity as individual cells showed comparable recruit-
ment profiles for a given protein despite variations
in initial intensity (Supplementary Figure 6A,B). They
were also not due to the initial intensity of one protein
affecting the recruitment of the other (cross-correla-
tion analysis in Supplementary Figure 6C,D). To test
if this is due to the biophysical properties of the two
fluorophores, we co-expressed each protein with
two different tags (mCherry-ALC1 and ALCI-
mEGFP, or mCherry-PARP1 and mEGFP-PARPI;
Supplementary Figure 7). In the case of ALC1, both
fluorophores showed almost identical recruitment
profiles (Supplementary Figure 7A,B). Conversely,
mEGFP-PARP1 showed slower recruitment with
a lower RFI compared to mCherry-PARPI
(Supplementary Figure 7C,D), which may explain a
less pronounced difference in recruitment between
mEGFP-PARP1 and mCherry-ALC1 (Figure 7f).

Given that endogenous PARP1 may limit access
of exogenous PARP1 to DNA damage sites, we
further examined relative PARP1 and ALCI
recruitment in PARP1 knock-out (KO) U20S
cells [50]. Indeed, both mCherry-PARP1 and
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mEGFP-PARP1 recruitment in PARP1 KO cells
was faster and more pronounced compared to
PARP1 WT cells (compare KO orange and WT
red curve in Figure 7b; KO blue and WT green
curve in Figure 7f), whereas ALC1 recruitment
was slighty increased or did not change (compare
KO blue and WT green curve in Figure 7b; KO
orange and WT red curve in Figure 7f). These
experiments unequivocally demonstrated that
PARPI recruitment precedes ALCI.

Earlier recruitment of PARP1 compared to ALC1
was to be expected considering that ALC1 recruit-
ment to DNA damage sites is known to be PAR-
dependent and an ALC1 PAR-binding mutant
shows severely impaired recruitment [15,16]. To
substantiate the dependence of ALC1 recruitment
on PARP1 catalytic activity, we repeated the experi-
ments in PARP1 WT and KO cells using a catalytic
mutant of PARP1, E988K, which shows slower accu-
mulation and longer residence at DNA damage sites
[17,51] (Supplementary Figure 8). In PARP1 WT
cells, ALCI-mEGFP or ALCIl-mCherry showed
slower recruitment when co-transfected with
PARP1 E988K compared to PARP1 WT
(Figure 7b, d, f, h). In PARP1 KO cells, ALCI recruit-
ment was completely impaired in the presence of
PARP1 E988K (Figure 7d, h), confirming that
PARP1 catalytic activity is a prerequisite for ALC1
recruitment.

Collectively, our results underscore the unique
value of simultaneous dual-fluorophore imaging
for elucidating the recruitment sequence of fast-
recruiting proteins.

Discussion

Laser microirradiation has become an established
methodology for studying the recruitment of pro-
teins to DNA damage sites. Microscopy setups
based on imaging of a single fluorescently labelled
protein population after laser-induced DNA
damage allow investigation of the kinetics of a
single protein population recruitment to damage
sites. Accurate comparison of recruitment kinetics
with other proteins may be limited due to high
cell-to-cell variability [52]. To overcome this lim-
itation, it is necessary to image proteins within a
single cell. One possibility is to image two chan-
nels sequentially, which entails reduced temporal
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resolution. In order to image dual protein recruit-
ment with high temporal resolution, we coupled a
widefield microscope with a commercially avail-
able wavelength-splitter, allowing simultaneous
imaging of two channels by spatially dividing the
emission light. Dual-channel imaging allows direct
comparison of the recruitment kinetics of two
proteins in a single cell.

Analysis of recruitment kinetics relies on fast
imaging and robust quantification of changes in
fluorescence intensity at the damage site com-
pared to undamaged regions. Most commonly,
recruitment is quantified using relative fluores-
cence intensity (RFI) given by the intensity at
each time point (I;) divided by the intensity at
time point 0 (Iy). The RFI thus represents the
fold change of the initial intensity upon recruit-
ment. Bleaching correction is also included in
standard recruitment analysis by dividing fluor-
escence intensity with the total nucleus fluores-
cence at each time point. We improved the
standard analysis pipeline at multiple levels. In
addition to the bleaching and background cor-
rection, we calculated the intensity at each time
point by using the median of the twenty highest
intensities within the damaged region rather
than just the mean or the median value. Most
importantly, we introduced an additional
recruitment parameter, fraction of maximum
recruitment (FMR), whereby RFI is rescaled
from 0 to 1, 0 being RFI at t, and 1 being
maximum RFI. FMR displays the kinetics of
protein recruitment independent of the ampli-
tude, which is particulary useful for analyzing
relative recruitment kinetics of two proteins.

Analyzing protein recruitment at a single cell
level reveals heterogeneity in recruitment kinetics
among different cells. Heterogeneity may be partly
due to variable expression levels. For example,
overexpression of ALCI was shown to prolongue
its retention at damage sites compared to endo-
genous ALC1 [44]. Our data show some correla-
tion between initial fluorescence intensity, as an
indicator of protein expression levels, and the time
of maximum recruitment, whereby lower initial
intensity leads to faster recruitment. This may be
due to increased levels of protein already present
at the damage site, reducing the need for fast
recruitment to the site. Selecting cells with lower

expression levels is particularly important for tran-
sient transfections, but also for stably expressed or
endogenously tagged proteins, as endogenous pro-
tein expression levels may vary up to 1000-fold in
a cell population. When analyzing co-recruitment
of two proteins, it is important to bear in mind
that relative expression levels may mutually affect
recruitment kinetics. Our analysis method com-
prises cell-by-cell analysis of potential effects of
expression levels (measured by initial fluorescence
intensity) on recruitment strength (maximum
fluorescence intensity) and recruitment kinetics
(e.g., time at which the maximum or half-maxi-
mum RFI is reached). This in-built comparison is
a useful tool to distinguish biological effects from
potential artefacts introduced by variable expres-
sion levels and enables us to robustly compare
different protein pairs and different experimental
conditions.

Heterogeneity in recruitment kinetics observed
among cells may also stem from BrdU, which is
used as a presensitizer to lower the energy
required to induce strand breaks. Variable effi-
ciency of BrdU incorporation may result in a vari-
able density of strand breaks, which is known to
affect the kinetics of protein recruitment to DNA
damage sites [3].

The analysis of relative recruitment kinetics of
PCNA and PARG using the 355 nm laser micro-
irradiation system with split-view showed that
PARG has faster initial recruitment and faster dis-
sociation compared to PCNA. While PARPI1
depletion does not affect PCNA recruitment, as
shown previously [34,36,53], it decreases PARG
recruitment to DNA damage sites [36,37]. Using
simultaneous dual-channel imaging we showed
that in the absence of PARP1, PARG and PCNA
are recruited with a comparable kinetic mechan-
ism at a single cell level.

The added value of simultaneous dual-chan-
nel imaging is the analysis of the recruitment
sequence of fast-recruting proteins, such as
PARP1 and ALC1. The chromatin remodeler
ALC1 is rapidly recruited to DNA damage
sites in a PAR-dependent fashion [15,16]. PAR
binding to the macro domain of ALC1 releases
its autoinhibitory effect on ALC1 ATPase activ-
ity [54,55]. Mutations of residues in the macro
domain that are required for the autoinhibitory



effect of the ALC1 macro domain on ALCI
ATPase activity were shown to accelerate
ALC1 recruitment to DNA damage sites [55].
Taken together, ALCI recruitment is expected
to occur after PARP1 recruitment. However,
given that both PARP1 and ALC1 are recruited
rapidly, standard single-channel imaging or
standard sequential dual-channel imaging can-
not be used to determine their relative recruit-
ment sequence. Simultaneous dual-channel
imaging allowed us to show that PARPI is
indeed recruited earlier than ALC1 and that
ALC1 recruitment is entirely dependent on
PARP1 catalytic activity.

In conclusion, dual-channel
imaging of protein recruitment to laser-induced
DNA damage sites allows comparative analysis
of recruitment kinetics of two proteins at a sin-
gle cell level. Compared to standard single-chan-
nel imaging, simultaneous dual-channel imaging
has the potential to reveal differences in relative
recruitment dynamics of two proteins, which
would otherwise be masked due to averaging of
cell populations, and is particularly useful for
studying fast-recruiting proteins.

simultaneous

Materials and methods
Cell culture

U20S WT and PARP1 KO [50] cells were maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM
45 g/l glucose) (Sigma) supplemented with 10%
fetal bovine serum (Sigma), 1% L-glutamine
(Sigma), 1% penicillin-streptomycin (Sigma) under
5% CO, at 37°C. Transfections were performed with
polyethylenimine (PEL Polysciences). siRNA trans-
fections were performed using Lipofectamine
RNAiMax (Ambion, Life Technologies) according to
manufacturer’s instructions. siRNA against PARP1
(5'-GCAGCTTCATAACCGAAGALt-3') was pur-
chased from Ambion (Silencer® Select). ON-
TARGETplus SMARTpool siRNA against PCNA
(L-003289-00-0005) was obtained from
Dharmacon. Both siRNAs were used at a final con-
centration of 50 nM. Cells were assayed 72 h after
transfection. The level of RNAi knock-down was
determined by Western blotting (Supplementary
Figure 1).
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Plasmids

mRFP-PCNA was from Cristina Cardoso [56] and
mCherry-ALC1 from Sébastien Huet [23]. PARG
and PARP1 ¢DNA were transferred from
pDONR221 to pDEST C-mEGFP and pDEST
C-tagRFP respectively (from Daniel Gerlich).
PARP1 was cloned into mEGFP and mCherry
IRES puromycin vectors (Clontech) between Agel
and Notl for N-terminal tagging. PARP1 E988K
catalytically dead mutant was generated by site-
directed mutagenesis. The following amounts of
plasmids were used for double plasmid transfec-
tion: 900 ng PARG-mEGFP with 100 ng mRFP-
PCNA, 900 ng PARG-mEGFP with 200 ng
PARP1-tagRFP, 300 ng mEGFP-PARP1 or 320
ng mEGFP-PARP1 E988K with 100 ng mCherry-
ALC1, 80 ng ALC1-mEGFP with 320 ng mCherry-
PARP1 or 350 ng mCherry-PARP1 E988K, 320 ng
mEGFP PARP1 with 380 ng mCherry-PARPI, 80
ng ALC1-mEGFP with 100 ng mCherry-ALCI1.

Antibodies

The following antibodies were used for immuno-
fluorescence: rabbit anti-PAR polyclonal (Trevigen
4336-BPC-100) and mouse anti-yH2AX (Millipore
JBW301). The following antibodies were used for
Western blotting: rabbit anti-PARP1 (1:2000; Cell
Signaling 9542), rabbit anti-PCNA (1:1000; abcam
ab18197) and mouse anti-a-tubulin (1:5000; Sigma
Aldrich T6074).

Immunofluorescence

1.5x10° U20S cells were seeded on fibronectin
coated (1 pg/ml) 35 mm glass-bottom dishes
(175 pm £ 15 pm; Greiner Bio-One) 24-48 h
before transfection with 300 ng of mEGEFP-
PARP1 and pre-sensitization with BrdU (10 pM).
Cells were damaged at indicated times before fix-
ing and their positions recorded. Cells were fixed
with 4% formaldehyde in PBS for 10 minutes
while the dish remained inside the microscope
on a stable stage to allow locating the damaged
cells in their recorded positions. Temperature was
maintained at 37°C throughout the IF staining to
prevent drifting of the focus. Fixed cells were
washed twice in PBS for 5 minutes, permeabilized
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with 0.5% Triton X-100 in PBS for 8 minutes and
washed three times with PBS. Cells were blocked
in 0.1% Triton X-100 and 1% BSA in PBS for
20 min. Primary antibodies were diluted 1:500 in
blocking buffer and incubated for 30 min after
which the cells were washed three times with
PBS. Secondary goat anti-rabbit 647 Alexa Fluor®
and goat anti-mouse 568 Alexa Fluor® antibodies
(Life Technologies) were used at 1:500 dilutions in
PBS for 30 minutes. Prior to image acquisition the
cells were washed twice with PBS and maintained
in PBS. Image acquisition was performed on Zeiss
Axio Observer inverted microscope equipped with
a Yokogawa CSU-X1-Al Nipkow spinning disc
unit (Visitron Systems; pinhole diameter 50 um,
spacing 253 um), sCMOS camera (Pco.edge 4.2)
camera and an EC Plan-NeoFluor 100x/1.30 NA
oil objective (Zeiss). The images were acquired
with three laser diodes emitting at 488 nm (set to
88%), 561 nm (set to 100%) and 640 nm (set to
100%) with exposure times of 100 ms.

Laser microirradiation split-view live imaging
widefield microscopy

1.5x10° U20S cells were seeded on fibronectin
coated (1 pg/ml) 35 mm glass-bottom dishes
(175 pm +/- 15 um; Greiner Bio-One) 24 h before
transfection. The cells were transfected with plas-
mids 24-48 h prior to imaging and presensitized
with 10 pM 5-bromo-2'-deoxyuridine (BrdU;
Sigma) 16 h prior to imaging. Acquisition was per-
formed using a Zeiss Axio Observer inverse wide-
field microscope equipped for laser-induced
microirradiation with a Roper iLASpulse module
(355 nm passively Q-switched pulsed laser, 16 mW
average power, 0.8 pJ/pulse, repetition rate 21kHz,
pulse width 400 ps). An environmental chamber
system (PECON) allows stable conditions for tem-
perature and CO2. An EC Plan-NeoFluor 100x/
1.30NA objective was used for imaging. Excitation
was carried out using a Spectra-X light engine. For
simultaneous imaging excitation LEDs for GFP and
REFP, filtered by a dual-band 468/553 filter and a
single-band 554/23 filter (Semrock) were used
respectively. The beam splitter was a dichroic
7T405/488/561/640rpc  (Chroma). For PARG-
PARPI and PARG-PCNA UV laser intensity was

set to 20% and laser pulse duration was 5 ms/pixel
along a stripe length of 11 um. For PARP1-ALC1 UV
laser intensity was set to 80% and laser pulse dura-
tion was 0.3 ms/pixel along a stripe length of 6.6 pm.
20% and 80% laser intensity generate 130 and 820
uW power at the sample respectively. For simulta-
neous emission the Optosplit II setup (Cairn
research) was used. The splitting cube hosted a
Chroma 512/42m, T570lpxr and Chroma ET570lp
set of filters. For emission clean-up LP515 and BP/
605/70 filters were used for detecting green and
orange dye emissions respectively. An sCMOS cam-
era (Pcoedge 42) was used for detection.
Microscope control and image acquisition was per-
formed using (Visitron Systems, version 3.1.0.5).
Standard acquisition sequence contained 600 time
points at an interval of 0.5 s. Channels were simulta-
neously acquired at 100 ms exposure time for a single
slice. For Figure 7: 600 time points with 0.1 s interval
and 50 ms exposure time. An additional z-stack was
acquired after the time-lapse in order to ensure that
the position of maximum recruitment remained in
focus during the complete acquisition. Cells were
individually chosen according to a stringent fluores-
cence intensity range to minimise residual GFP
bleed-through effects (RFP intensity>GFP intensity,
GFP intensity range: 140-200, RFP intensity range:
200-400). Only cells in G1/2 phase were analysed
after preselection according to the absence of
S-phase-specific replication foci typical for PARG
and PCNA. Fiji was used for image analysis [57]
and MATLAB for data processing using a custom
written script (provided as Supplementary material).
Time-lapse figures were created with OMERO.fig-
ure [58].

Acknowledgments

We thank Thomas Peterbauer (MFPL BioOptics) for assis-
tance with the split-view imaging system. We thank Christina
Cardoso, Daniel Gerlich and Sébastien Huet for sharing
plasmids. We thank Nicholas Lakin for PARP1 KO U20S
cells.

Disclosure statement

No potential conflict of interest was reported by the authors.



Funding

This work was supported by the Vienna Science and
Technology Fund [WWTF; LS14-001]. KE acknowledges
funding from the Austrian Federal Ministry of Science,
Research & Economy, and the City of Vienna .

Author contributions

J.G performed experiments, developed and performed image
analysis, and wrote the manuscript; H.-H. performed experi-
ments and image analysis, and wrote the manuscript; S.H.
performed proof-of-concept experiments and developed
image analysis; T.K. performed experiments and wrote the
manuscript; ].Go., KEE. and D.S. designed and supervised the
study; D.S. wrote the manuscript.

ORCID

Tanja Kaufmann @ http://orcid.org/0000-0002-9734-260X
Josef Gotzmann (@ http://orcid.org/0000-0001-6392-2115
Dea Slade @ http://orcid.org/0000-0002-0052-5910

References

[1] Lukas C, Bartek J, Lukas J. Imaging of protein move-
ment induced by chromosomal breakage: tiny ‘local’
lesions pose great ‘global’ challenges. Chromosoma.
2005;114(3):146-154.

[2] Gassman NR, Wilson SH. Micro-irradiation tools to
visualize base excision repair and single-strand break
repair. DNA Repair. 2015;31:52-63.

[3] Kong X, Mohanty SK, Stephens J, et al. Comparative
analysis of different laser systems to study cellular
responses to DNA damage in mammalian cells.
Nucleic Acids Res. 2009;37(9):e68.

[4] Dinant C, de Jager M, Essers ], et al. Activation of multi-
ple DNA repair pathways by sub-nuclear damage induc-
tion methods. J Cell Sci. 2007;120(Pt 15):2731-2740.

[5] Reynolds P, Botchway SW, Parker AW, et al
Spatiotemporal dynamics of DNA repair proteins fol-
lowing laser microbeam induced DNA damage - when
is a DSB not a DSB? Mutat Res. 2013;756(1-2):14-20.

[6] Mortusewicz O, Leonhardt H, Cardoso MC.
Spatiotemporal dynamics of regulatory protein
recruitment at DNA damage sites. ] Cell Biochem.
2008;104(5):1562-1569.

[7] Kielbassa C, Roza L, Epe B. Wavelength dependence of
oxidative DNA damage induced by UV and visible
light. Carcinogenesis. 1997;18(4):811-816.

[8] Aleksandrov R, Dotchev A, Poser I, et al. Protein
dynamics in complex DNA lesions. Mol Cell. 2018;69
(6):1046-1061.¢5.

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

NUCLEUS (&) 489

Limoli CL, Ward JF. A new method for introducing
double-strand breaks into cellular DNA. Radiat Res.
1993;134(2):160-169.

Ferrando-May E, Tomas M, Blumhardt P, et al
Highlighting the DNA damage response with ultra-
short laser pulses in the near infrared and kinetic
modeling. Front Genet. 2013;4:135.

Saquilabon Cruz GM, Kong X, Silva BA, et al
Femtosecond near-infrared laser microirradiation
reveals a crucial role for PARP signaling on factor
assemblies at DNA damage sites. Nucleic Acids Res.
2016;44(3):e27—-27.

Kochan JA, Desclos ECB, Bosch R, et al. Meta-analysis
of DNA double-strand break response kinetics. Nucleic
Acids Res. 2017;45(22):12625-12637.

Barkauskaite E, Jankevicius G. Structures and mechan-
isms of enzymes employed in the synthesis and degra-
dation of PARP-dependent protein ADP-ribosylation.
Mol Cell. 2015;58(6):935-946.

Choe KN, Moldovan GL. Forging ahead through dark-
ness: PCNA, still the principal conductor at the repli-
cation fork. Mol Cell. 2017;65(3):380-392.

Ahel D, Horejsi Z, Wiechens N, et al. Poly(ADP-
ribose)-dependent regulation of DNA repair by the
chromatin remodeling ALC1. Science.
2009;325(5945):1240-1243.

Gottschalk AJ, Timinszky G, Kong SE, et al. Poly(ADP-
ribosyl)ation directs recruitment and activation of an
ATP-dependent chromatin remodeler. Proc Natl Acad
Sci U S A. 2009;106(33):13770-13774.

Mortusewicz O, Ame JC, Schreiber V, et al. Feedback-
regulated poly(ADP-ribosyl)ation by PARP-1 is
required for rapid response to DNA damage in living
cells. Nucleic Acids Res. 2007;35(22):7665-7675.

de Murcia G, Menissier de Murcia J. Poly(ADP-ribose)
Polymerase: a Molecular Nick-Sensor. Trends Biochem
Sci. 1994;19(4):172-176.

Ogata N, Ueda K, Kawaichi M, et al. Poly(ADP-
ribose) synthetase, a main acceptor of poly(ADP-
ribose) in isolated nuclei. J Biol Chem. 1981;256
(9):4135-4137.

Huletsky A, de Murcia G, Muller S, et al. The effect of
poly(ADP-ribosyl)ation on native and H1-depleted
chromatin. A role of poly(ADP-ribosyl)ation on core
J Biol Chem. 1989;264

enzyme

nucleosome  structure.
(15):8878-8886.

Poirier GG, de Murcia G, Jongstra-Bilen J, et al. Poly
(ADP-ribosyl)ation of polynucleosomes causes relaxa-
tion of chromatin structure. Proc Natl Acad Sci U S A.
1982;79(11):3423-3427.

Strickfaden H, McDonald D, Kruhlak MJ, et al. Poly(ADP-
ribosyl)ation-dependent transient chromatin decondensa-
tion and histone displacement following laser microirra-
diation. J Biol Chem. 2016;291(4):1789-1802.

Sellou H, Lebeaupin T, Chapuis C, et al. The poly
(ADP-ribose)-dependent chromatin remodeler Alcl



490 J. GARBRECHT ET AL.

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

induces local chromatin relaxation upon DNA damage.
Mol Biol Cell. 2016;27(24):3791-3799.

Smeenk G, Wiegant WW, Marteijn JA, et al. Poly
(ADP-ribosyl)ation links the chromatin remodeler
SMARCA5/SNF2H to RNF168-dependent DNA
damage signaling. ] Cell Sci. 2013;126(Pt 4):889-903.
Luijsterburg Martijn S, de Krijger I, Wiegant Wouter
W, et al. PARPI links CHD2-mediated chromatin
expansion and H3.3 deposition to DNA repair by
non-homologous end-joining. Mol Cell. 201661
(4):547-562.

Li M, Yu X. Function of BRCA1 in the DNA damage
response is mediated by ADP-ribosylation. Cancer
Cell. 2013;23(5):693-704.

Zhang F, Shi ], Bian C, et al. Poly(ADP-ribose) med-
iates the BRCA2-dependent early DNA damage
response. Cell Rep. 2015;13(4):678-689.

Zhang F, Shi J, Chen S-H, et al. The PIN domain of
EXO1 recognizes poly(ADP-ribose) in DNA damage
response. Nucleic Acids Res. 2015;43(22):10782-10794.
Haince J-F, McDonald D, Rodrigue A, et al. PARP1-
dependent kinetics of recruitment of MRE11 and NBS1
proteins to multiple DNA damage sites. ] Biol Chem.
2008;283(2):1197-1208.

El-Khamisy SF, Masutani M, Suzuki H, et al. A
requirement for PARP-1 for the assembly or stability
of XRCC1 nuclear foci at sites of oxidative DNA
damage. Nucleic Acids Res. 2003;31(19):5526-5533.
Breslin C, Hornyak P, Ridley A, et al. The XRCCl1
phosphate-binding pocket binds poly (ADP-ribose)
and is required for XRCCI1 function. Nucleic Acids
Res. 2015;43(14):6934-6944.

Fischer JMF, Popp O, Gebhard D, et al. Poly(ADP-
ribose)-mediated interplay of XPA and PARPI leads to
reciprocal regulation of protein function. FEBS J.
2014;281(16):3625-3641.

Mortusewicz O, Leonhardt H. XRCC1 and PCNA are
loading platforms with distinct kinetic properties and
different capacities to respond to multiple DNA
lesions. BMC Mol Biol. 2007;8:81.

Lan L, Nakajima S, Oohata Y, et al. In situ analysis of
repair processes for oxidative DNA damage in mam-
malian cells. Proc Natl Acad Sci U S A. 2004;101
(38):13738-13743.

Sebesta M, Cooper CDO, Ariza A, et al. Structural
insights into the function of ZRANB3 in replication
stress response. Nat Commun. 2017;8:15847.
Mortusewicz O, Fouquerel E, Ame JC, et al. PARG is
recruited to DNA damage sites through poly(ADP-
ribose)- and PCNA-dependent mechanisms. Nucleic
Acids Res. 2011;39(12):5045-5056. Epub 2011 Mar 11.
Kaufmann T, Grishkovskaya I, Polyansky AA, et al. A
novel non-canonical PIP-box mediates PARG interaction
with PCNA. Nucleic Acids Res. 2017;45(16):9741-9759.
Cheruiyot A, Paudyal SC, Kim I-K, et al. Poly(ADP-
ribose)-binding promotes Exol damage recruitment

(39]

(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

and suppresses its nuclease activities. DNA Repair.
2015;35:106-115.

Ciccia A, Nimonkar AV, Hu Y, et al. Polyubiquitinated
PCNA recruits the ZRANB3 translocase to maintain
genomic integrity after replication stress. Mol Cell.
2012;47(3):396-409.

Roukos V, Kinkhabwala A, Colombelli J, et al.
Dynamic recruitment of licensing factor Cdtl to
sites of DNA damage. J Cell Sci. 2011;124(Pt 3):422-
434.

Mortusewicz O, Schermelleh L, Walter J, et al.
Recruitment of DNA methyltransferase I to DNA
repair sites. Proc Natl Acad Sci U S A. 2005;102
(25):8905-89009.

Hashiguchi K, Matsumoto Y, Yasui A. Recruitment of
DNA repair synthesis machinery to sites of DNA
damage/repair in living human cells. Nucleic Acids
Res. 2007;35(9):2913-2923.

Wei L, Nakajima S, Hsieh CL, et al. Damage response
of XRCC1 at sites of DNA single strand breaks is
regulated by phosphorylation and ubiquitylation after
degradation of poly(ADP-ribose). J Cell Sci. 2013;126
(Pt 19):4414-4423.

Kulkarni A, Oza J, Yao M, et al. Tripartite motif-con-
taining 33 (TRIM33) protein functions in the poly
(ADP-ribose) polymerase (PARP)-dependent DNA
damage response through interaction with amplified
in liver cancer 1 (ALCl) protein. J Biol Chem.
2013;288(45):32357-32369.

Rogakou EP, Boon C, Redon C, et al. Megabase chro-
matin domains involved in DNA double-strand breaks
in vivo. J Cell Biol. 1999;146(5):905-916.

Kinner A, Wu W, Staudt C, et al. Gamma-H2AX in
recognition and signaling of DNA double-strand
breaks in the context of chromatin. Nucleic Acids
Res. 2008;36(17):5678-5694.

Lebeaupin T, Smith R, Huet S, et al. Poly(ADP-
Ribose)-dependent chromatin remodeling in DNA
repair. Methods Mol Biol. 2017;1608:165-183.

Pines A, Vrouwe MG, Marteijn JA, et al. PARP1 pro-
motes nucleotide excision repair through DDB2 stabi-
lization and recruitment of ALCI. J Cell Biol. 2012;199
(2):235-249.

Young LM, Marzio A, Perez-Duran P, et al. TIMELESS
forms a complex with PARP1 distinct from its complex
with TIPIN and plays a role in the DNA damage
response. Cell Rep. 2015;13(3):451-459.

Ronson GE, Piberger AL, Higgs MR, et al. PARP1 and
PARP2 stabilise replication forks at base excision repair
intermediates through Fbhl-dependent Rad51 regula-
tion. Nat Commun. 2018;9(1):746.

Rolli V, O’Farrell M, Menissier-de Murcia J, et al.
Random mutagenesis of the poly(ADP-ribose) poly-
merase catalytic domain reveals amino acids involved
in polymer branching. Biochemistry. 1997;36
(40):12147-12154.



(52]

(53]

(54]

(55]

Uphoft S, Kapanidis AN. Studying the organization of
DNA repair by single-cell and single-molecule imaging.
DNA Repair (Amst). 2014;20:32-40.

Okano S, Lan L, Caldecott KW, et al. Spatial and
temporal cellular responses to single-strand breaks
in human cells. Mol Cell Biol. 2003;23(11):3974-
3981.

Singh HR, Nardozza AP, Moller IR, et al. A poly-ADP-
ribose trigger releases the auto-inhibition of a chroma-
tin remodeling oncogene. Mol Cell. 2017;68(5):860-
871.e7.

Lehmann LC, Hewitt G, Aibara S, et al. Mechanistic
insights into autoinhibition of the oncogenic

(56]

(57]

(58]

NUCLEUS (&) 491

chromatin remodeler ALC1. Mol Cell. 2017;68
(5):847-859.¢7.

Sporbert A, Domaing P, Leonhardt H, et al. PCNA acts
as a stationary loading platform for transiently inter-
acting Okazaki fragment maturation proteins. Nucleic
Acids Res. 2005;33(11):3521-3528.

Schindelin J, Arganda-Carreras I, Frise E, et al. Fiji - an
open source platform for biological image analysis. Nat
Methods. 2012;9(7):676-682. doi:10.1038/nmeth.2019.

Allan C, Burel J-M, Moore J, et al. OME remote objects
(OMERO): a flexible, model-driven data management sys-
tem for experimental biology. Nat Methods. 2012;9

(3):245-253.


https://doi.org/10.1038/nmeth.2019

	Abstract
	Introduction
	Results
	Image processing of simultaneous protein recruitment to damage sites
	Image analysis of simultaneous protein recruitment to damage sites
	PARP1 and PCNA promote PARG recruitment and residence at DNA damage sites
	Simultaneous imaging to determine the recruitment sequence of two fast-recruiting proteins, PARP1 and ALC1

	Discussion
	Materials and methods
	Cell culture
	Plasmids
	Antibodies
	Immunofluorescence
	Laser microirradiation split-view live imaging widefield microscopy

	Acknowledgments
	Disclosure statement
	Funding
	Notes on contributor
	References



