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ABSTRACT

Protein–protein interactions are essential to ensure
timely and precise recruitment of chromatin remod-
ellers and repair factors to DNA damage sites. Con-
ventional analyses of protein–protein interactions
at a population level may mask the complexity of
interaction dynamics, highlighting the need for a
method that enables quantification of DNA damage-
dependent interactions at a single-cell level. To this
end, we integrated a pulsed UV laser on a con-
focal fluorescence lifetime imaging (FLIM) micro-
scope to induce localized DNA damage. To quan-
tify protein–protein interactions in live cells, we mea-
sured Förster resonance energy transfer (FRET) be-
tween mEGFP- and mCherry-tagged proteins, based
on the fluorescence lifetime reduction of the mEGFP
donor protein. The UV-FLIM-FRET system offers a
unique combination of real-time and single-cell quan-
tification of DNA damage-dependent interactions,
and can distinguish between direct protein–protein
interactions, as opposed to those mediated by chro-
matin proximity. Using the UV-FLIM-FRET system,
we show the dynamic changes in the interaction
between poly(ADP-ribose) polymerase 1, amplified
in liver cancer 1, X-ray repair cross-complementing
protein 1 and tripartite motif containing 33 after
DNA damage. This new set-up complements the
toolset for studying DNA damage response by pro-
viding single-cell quantitative and dynamic informa-
tion about protein–protein interactions at DNA dam-
age sites.

INTRODUCTION

DNA damage is ubiquitous: our cells are constantly deal-
ing with spontaneous lesions, environmental exposure to
sun and smoke generates massive DNA damage, while
chemotherapy is based on overloading highly proliferating
cancer cells with DNA damage and replication stress. DNA
damage elicits a complex response comprised of DNA dam-
age sensing, chromatin remodelling, stress signalling and
DNA repair, all of which are mediated through protein–
protein interactions. Protein interactions are essential to en-
sure timely and precise recruitment of DNA damage re-
sponse (DDR) factors to DNA damage sites.

Live cell fluorescence microscopy is a powerful tool to
study the response of fluorescently tagged proteins to DNA
damage. For example, laser microirradiation coupled with
wide-field or confocal fluorescence microscopy has been
broadly used for studying protein recruitment to the sites
of laser-induced DNA damage (1–6). The efforts over the
past two decades have yielded an increasingly detailed pic-
ture of the sequence in which DNA damage sensing factors,
chromatin remodellers, and signalling and repair factors are
recruited to and released from laser microirradiation sites
(7–11). Recently, we developed a dual-channel simultane-
ous imaging approach to monitor and compare the recruit-
ment kinetics of two proteins in response to DNA damage
in the same cell (7).

Comparing the recruitment kinetics of proteins, how-
ever, does not allow conclusions about protein–protein in-
teractions that facilitate their recruitment to DNA dam-
age sites. Many DDR proteins are recruited to DNA dam-
age sites in a poly(ADP-ribose) (PAR)-dependent manner
(7,12–17). PAR is a post-translational protein modifica-
tion generated primarily by poly(ADP-ribose) polymerase 1
(PARP1) upon binding to DNA strand breaks (18). PARP1
activation at DNA damage sites triggers chromatin relax-
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ation due to rapid PARylation of histones leading to his-
tone displacement (19–21). Additionally, PARylation trig-
gers a wave of PAR-dependent recruitment of proteins to
the site of DNA damage (7,12–17). Some proteins such as
the chromatin remodeller amplified in liver cancer 1 (ALC1)
and the single-strand break (SSB) repair scaffold protein X-
ray repair cross-complementing protein 1 (XRCC1) were
shown to directly bind PAR and interact with PARP1
in response to DNA damage (7,12,13,17,22,23). Unlike
ALC1 and XRCC1, the chromatin remodellers CHD3
and CHD4 do not bind PAR and do not interact with
PARP1 directly but require PAR-dependent chromatin re-
laxation for efficient recruitment to DNA damage sites
(15,24,25). Therefore, a comprehensive understanding of
protein networks at DNA damage sites necessitates a com-
bination of kinetic information from protein recruitment
studies and quantitative measurements of protein–protein
interactions.

Here, we established a method that can provide at once a
kinetic and a quantitative measurement of protein–protein
interactions at a single-cell level. The method is based on
measuring the interaction between fluorescently tagged pro-
teins in response to localized DNA damage induced by a
UV laser as a spot in the nucleus of live cells. Protein–
protein interactions are measured based on Förster res-
onance energy transfer (FRET)––a proximity-dependent
non-radiative energy transfer from a fluorescent donor to
a spectrally overlapping acceptor upon excitation of the
donor (26). FRET efficiency between a donor and an ac-
ceptor protein is determined based on fluorescence lifetime
imaging (FLIM), which measures dynamic changes in the
fluorescence lifetime of the donor fluorophore depending
on its close proximity to the acceptor (27). Overall, the UV-
FLIM-FRET system enables real-time measurement of flu-
orescence lifetimes at the site of UV laser-induced DNA
damage and FRET-based quantification of protein–protein
interactions at different time points after DNA damage.
This system represents a unique tool to study and quan-
tify dynamic protein–protein interactions at laser-induced
DNA damage sites.

MATERIALS AND METHODS

Plasmids

mCherry-ALC1 and mEGFP-ALC1 were a kind gift from
Sébastien Huet (15). mCherry-CHD4, mEGFP-CHD4 and
LacI-GFP-nanobody construct were a kind gift from Gyula
Timinszky (25). XRCC1 cDNA was transferred from
pDONR221 to pDEST C-mEGFP. Proliferating cell nu-
clear antigen (PCNA) and tripartite motif containing 33
(TRIM33) were cloned into mCherry IRES puromycin vec-
tors (Clontech) between AgeI and NotI for N-terminal
tagging. PARP1 was cloned into mEGFP and mCherry
IRES puromycin vectors (Clontech) between AgeI and
NotI for N-terminal tagging. PARP1 E988K catalytically
dead mutant, ALC1 D723A and XRCC1 R335A + K369A
PAR binding-deficient mutants were generated by site-
directed mutagenesis. mEGFP-PARG WT and mEGFP-
PARG K409A mutant were generated as previously pub-
lished (28).

Cell culture

U2OS WT and PARP1 KO cells (29) were maintained
in Dulbecco’s modified Eagle’s medium (4.5 g/l glu-
cose) (Sigma) supplemented with 10% fetal bovine serum
(Sigma), 1% L-glutamine (Sigma) and 1% penicillin–
streptomycin (Sigma) under 5% CO2 at 37◦C. U2OS-2B2
cells (25) were grown in the same conditions in medium
supplemented with 25 �g/ml hygromycin. For all exper-
iments, cells were seeded on 35-mm glass-bottom dishes
(175 ± 15 �m; Greiner Bio-One) to achieve a confluence
of 60–80% on the following day. Twenty-four hours after
seeding, cells were pre-sensitized with 10 �M 5-bromo-2′-
deoxyuridine (BrdU; Sigma) and transiently double trans-
fected with combinations of mEGFP and mCherry plas-
mids using polyethylenimine (Polysciences). Twenty-four
hours post-transfection, individual double-transfected cells
with low and comparable expression levels were locally UV
laser microirradiated.

Laser microirradiation

We equipped a commercially available time-correlated sin-
gle photon counting (TCSPC) microscope (MicroTime 200,
PicoQuant, Berlin) with a custom in-house built optical
set-up to focus a 355 nm 20 kHz pulsed laser (iLASpulse;
Roper) onto the sample. A single spot in the nucleus of a
double-transfected cell was targeted with the 355 nm pulsed
laser for 1 s to induce DNA damage. Intensity and duration
of damage were controlled using an acousto-optic modula-
tor (AOM): output 12.8 �W at the sample, 0.64 nJ per pulse
(1.07 W peak power, 600 ps pulse width). FLIM was done
before and 1–20 min after UV laser microirradiation. Alter-
natively, the cells were fixed with 4% paraformaldehyde 1–
5 min after damage and prepared for immunofluorescence
staining and acceptor photobleaching.

Fluorescence lifetime imaging

FLIM was performed on double-transfected cells showing
low fluorescence intensity and comparable intensity levels
of mEGFP and mCherry signals for the chosen acquisition
parameters. Acquisitions were done sequentially, before and
1–20 min after UV laser microirradiation using a TCSPC
set-up (MicroTime 200, PicoQuant, Berlin) equipped with
single photon sensitive hybrid PMA detectors, a stable envi-
ronmental control (37◦C, 5% CO2) and an objective heater
system (Bioptechs). mEGFP excitation was achieved with
a 485 nm pulsed laser diode (40 MHz repetition rate; pulse
width ∼100 ps) and the laser output was set to ensure that
detection rates in basal conditions remain below 400 000–
800 000 counts per second (1–2% of the repetition rate) and
detection rates at the damage site never exceed 5% of the
repetition rate. With a pixel dwell time of 3.4 ms, this al-
lowed the detection of up to 6000 photons per pixel. Emis-
sion was detected through a suitable interference bandpass
filter (525/45 Semrock) and the confocal pinhole was fixed
at 70 �m. A 60×/1.2 NA water immersion objective (UP-
lanSApo, Olympus) was laterally scanning the cells to gen-
erate 128 × 128 pixel 2D fluorescent lifetime maps with an
effective pixel size of 0.156 �m. The 2D fluorescence life-
time maps were subsequently exported as binary files and
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processed with SimFCS (Laboratory for Fluorescence Dy-
namics) to generate a phasor plot of the real versus imagi-
nary parts of the Fourier transform components of the de-
cay curve for each scanned voxel (30). Different positions on
such a plot represent different lifetimes, which can be traced
to a specific location on the image and highlighted. Phasors
representing donor-only lifetime overlap with phasors rep-
resenting donor lifetime in the presence of a non-interacting
acceptor (marked in red in Figure 1D), while phasors rep-
resenting shortened donor lifetime in the presence of an in-
teracting acceptor (marked in yellow in Figure 1D) are sep-
arated along a FRET trajectory. The FRET efficiency (E)
in % was read out from the software and calculated as E
= (1 − (τDA/τD)) × 100, where τDA represents the lifetime
of an mEGFP-tagged protein (donor, D) in the presence of
an mCherry-tagged protein (acceptor, A) and τD represents
the lifetime of an mEGFP-tagged protein (donor, D) in the
presence of an mCherry empty vector. Lifetimes and FRET
efficiencies were directly read out from the phasor plot gen-
erated by SimFCS (30,31) after normalization to the life-
time of Atto488 (32). The sample size (N) for each experi-
ment is listed in Supplementary Table S1 along with median
values, 25th and 75th percentiles, and mean and confidence
intervals. Detection rate-dependent correction of lifetimes
(only for data in Supplementary Figure S3G and I) was per-
formed based on τ corr ≈ τ/(1 − P/4), where τ is the mea-
sured lifetime and P is the average number of photons in a
given laser period (33). In our case, the laser repetition rate
was 40 MHz such that a laser period amounts to 25 ns.

Antibodies

Rabbit anti-�H2AX (1:600; Bethyl A-300-081A), mouse
anti-�H2AX (1:500; Millipore JBW301), mouse anti-CPD
(1:500; Cosmo Bio NMDND001) and rabbit anti-PAR
polyclonal (1:1000; Trevigen 4336-BPC-100) were used for
immunofluorescence. Secondary Alexa Fluor® anti-rabbit
647 and anti-mouse 568 antibodies (Life Technologies) were
used at 1:500 dilution. DAPI (5 mg/ml, Life Technologies)
was used at a final concentration of 0.5 �g/ml to visualize
nuclei.

Immunofluorescence

Individual cells were locally microirradiated as described
earlier, fixed 1–5 min after damage with 4% formaldehyde
in phosphate-buffered saline (PBS) for 10 min and washed
twice in PBS for 5 min. Cells were subsequently permeabi-
lized with 0.5% Triton–PBS for 8 min and washed three
times with PBS. For anti-CPD staining, DNA was dena-
tured with 0.5 M NaOH for 8 min at room temperature (RT)
and washed three times with PBS. Cells were blocked for 30–
60 min at RT with 3% bovine serum albumin–0.1% Tween–
PBS. Coverslips were incubated in appropriate dilutions of
primary antibodies for 1 h at RT, washed three times with
PBS and incubated in 1:500 dilutions of secondary antibod-
ies for 1 h at RT. After two washes with PBS, coverslips were
incubated for 5–10 min in a 1:10 000 dilution of DAPI (Life
Technologies) in PBS, washed once with PBS and once with
water and overlaid with 60% glycerol + 20 mM Tris (pH 8).

Confocal microscopy and acceptor photobleaching

Images were acquired with LSM710 confocal microscope
(Zeiss), mounted on Zeiss Axio Observer Z1 equipped with
Plan-Apochromat 63×/1.4 oil immersion objective, a 405
nm laser diode (1.7 �W laser power at the sample), a 488 nm
argon laser (2.8 �W), a 561 nm DPSS laser (23.2 �W) and a
633 nm HeNe laser (1.7 �W). Acceptor photobleaching was
performed at a random nucleoplasmic region of undamaged
cells or at an undamaged and damaged region of the nucleus
in microirradiated cells. The damaged region was identified
by mEGFP- and mCherry-tagged protein recruitment and
�H2AX immunofluorescence staining. An mCherry-tagged
protein (acceptor, A) was bleached with a high intensity
(50% output) of the 561 nm DPSS laser for five iterations
and a pixel dwell time of 25.21 �s per pixel. Images before
and after acceptor photobleaching were acquired with Zen
Black software (version 2.1, Zeiss) and processed with Im-
ageJ by measuring the intensity of an mEGFP-tagged pro-
tein (donor, D) before (IDA) and after (ID) acceptor photo-
bleaching. FRET efficiency (E) in % was calculated as E =
(1 − (IDA/ID)) × 100. The sample size (N) for each experi-
ment is listed in Supplementary Table S2 along with median
values, 25th and 75th percentiles, and mean and confidence
intervals.

Spinning disc microscopy and UV laser microirradiation

U2OS-2B2 cells were seeded on four-chambered 35-mm
glass-bottom dishes (175 ± 15 �m; Greiner Bio-One)
and each well transfected as described earlier with the
following plasmids: 100 ng LacI-GFP-nanobody, 100 ng
mEGFP-tagged protein and 100 ng mCherry-tagged pro-
tein and pre-sensitized with 10 �M BrdU (Sigma) 24 h
prior to imaging. Laser microirradiation was performed on
a spinning disc confocal microscope (Visitron) equipped
with a 355 nm pulsed laser (iLASpulse; Roper), an in-
tegrated point-scanning laser manipulation unit, a high-
speed/high-resolution camera (EvolveEM512 EMCCD;
Photometrics/Teledyne) and an environmental chamber to
maintain physiological conditions (37◦C, 5% CO2). The
samples were visualized with Visitron spinning disc (Yoko-
gawa X1) set up on a Zeiss Axio Observer Z1-stand using an
EC PlanNeoFluar 100×/1.30 NA oil iris objective lens, ex-
cited with a 488 nm–100 mW diode laser and a 561 nm–100
mW laser diode; equipment control and image capture were
handled by Visiview software (Visitron). The 355-nm laser
settings were as follows: 0.03 �J per pulse (54 W peak power
× 600 ps pulse width), 21 kHz repetition rate. Laser microir-
radiation across a nucleus was applied at 1 ms per pixel. Im-
ages were captured for 5 min in 500 ms intervals with an ex-
posure time of 100 ms. Quantification of mCherry-tagged
protein accumulation at the site of LacO-tethered mEGFP-
tagged protein was done by measuring the fluorescence in-
tensity of mCherry at the LacO site (ILacO) normalized to
the intensity of mCherry in a randomly chosen nucleoplas-
mic control region (IC) of the same nucleus. The increase of
mCherry intensity at the LacO site was calculated as % in-
crease = (1 − (IC/ILacO)) × 100 before or 1, 2 and 5 min after
UV laser microirradiation. The sample size (N) for each ex-
periment is listed in Supplementary Table S3 along with me-
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dian values, 25th and 75th percentiles, and mean and confi-
dence intervals.

Statistical analysis

Error bars represent the 25th and 75th percentiles. Statis-
tical significance was calculated using two-tailed Student’s
t-test. P-values <5% (P < 0.05) were considered statistically
significant.

RESULTS

Validation of UV-FLIM-FRET as a new tool that combines
UV laser damage with FLIM to quantify protein–protein in-
teractions at DNA damage sites

To set up a system that allows measurement of protein–
protein interactions at DNA damage sites at a single-cell
level, we equipped the confocal FLIM system from Pico-
Quant with a controllable pulsed 355 nm UV laser to in-
duce highly localized DNA lesions within nuclei of mam-
malian cells (Supplementary Figure S1). TCSPC FLIM is
a method that can robustly distinguish the lifetimes of dif-
ferent fluorophores in a fluorescence intensity-independent
manner (27). Cells were co-transfected with an mEGFP-
tagged protein donor and an mCherry-tagged protein ac-
ceptor, which constitute a spectrally suitable pair of fluo-
rophores for FRET (34). FRET occurs only when donor
and acceptor proteins are in close physical proximity up to
10 nm and if donor and acceptor dipole orientations are
permitting energy transfer (35). FRET from the donor flu-
orophore (mEGFP) to the acceptor fluorophore (mCherry)
is measured as a decrease in the fluorescence lifetime of the
mEGFP donor (34). FLIM is not affected by fluorophore
concentration, fluorescence intensity, photobleaching, spec-
tral fluorophore crosstalk or differences in optical set-ups of
different microscopes, and is thus robust and reproducible
(27). Furthermore, FLIM measurements can be performed
on a timescale suitable for DDR and with low phototoxic-
ity making it a preferred method for live cell FRET studies.
Transient overexpression of FRET protein pairs was chosen
given that FLIM is independent of fluorophore concentra-
tion and that FRET quantification in live cells requires suf-
ficiently high fluorescence intensity to reach desired photon
counts in short acquisition times.

To confirm the suitability of the mEGFP–mCherry
FRET pair and to determine the maximum FRET effi-
ciency that can be measured with this system, we transfected
mEGFP-empty and mCherry-empty vectors as a negative
FRET control and mEGFP–mCherry fusion as a positive
FRET control (28,36). TCSPC FLIM measurements were
used to generate a map of fluorescent lifetime decay curves
and the derived fluorescence lifetimes for each pixel in the
scanned area (Supplementary Figure S2A and B). Rou-
tine FLIM data analysis involves fitting the fluorescent de-
cay curves with a suitable decay kinetics model (27) (Sup-
plementary Figure S2B). A double-exponential reconvolu-
tion fit yielded a median and maximum FRET efficiency of
21.4% and 26.3%, respectively, for the mEGFP–mCherry
fusion (N = 23; Supplementary Figure S2C). To enable
high-throughput analysis of multiple FLIM ‘images’ and

to circumvent curve fitting (which can also introduce un-
certainties for complex decay dynamics), the time domain
can be Fourier transformed and expressed as a phasor cor-
responding to each pixel of the FLIM map. These calcu-
lated phasors are typically represented in a so-called pha-
sor plot, with a given decay curve represented as a single
point in a plot of the real versus imaginary components of
the calculated phasor, corresponding to the real and imagi-
nary Fourier components of the fluorescence lifetime decay
curve (30) (Figure 1D, and Supplementary Figure S2E and
K). The phasor approach is suitable for studying FRET-
induced lifetime changes of donor fluorophores with com-
plex, multi-exponential decay dynamics without prior as-
sumption of a model for the decay dynamics (31).

Phasor analysis using the SimFCS software (Globals
Software) allows the experimenter to mark a cluster of
phasors on the phasor plot, which automatically high-
lights the corresponding pixels on the FLIM image (Fig-
ure 1D, and Supplementary Figure S2D and J). To estab-
lish the positions of phasors, we measured Atto488 as a
calibration sample as well as untransfected cells to deter-
mine the background. In cells transfected with mEGFP-
empty and mCherry-empty vectors (negative control) and
mEGFP–mCherry fusion (positive control), phasors for
the unquenched donor (mEGFP-empty), quenched donor
(mEGFP in mEGFP–mCherry fusion) and background
are marked using the SimFCS software, which automati-
cally calculates a FRET trajectory and displays the FRET
efficiency of phasors located along this curve. Maximum
and median FRET efficiency measured for the mEGFP–
mCherry fusion was 27.7% and 18.4% (Supplementary Fig-
ure S2F). Given that the mEGFP–mCherry fusion repre-
sents ideal proximity for FRET, we conclude that the max-
imum FRET efficiency that can be measured with our sys-
tem is 28%, provided that the same amounts of donor and
acceptor are available.

In the UV-FLIM-FRET set-up, cells were pre-sensitized
with the nucleoside analogue BrdU, which upon UV laser
microirradiation yields a complex mixture of DNA lesions
including CPDs, oxidative damage, SSBs and double-strand
breaks (DSBs) (5,37–39). UV laser microirradiation was ap-
plied as a single spot in the nucleus (Figure 1B). Induction
of DSBs, SSBs and CPDs was verified by immunofluores-
cence staining with an antibody against �H2AX, PAR and
CPDs, respectively. Five minutes after UV laser microirra-
diation, a strong signal of �H2AX, PAR and CPDs was de-
tectable within a small region of the nucleus (Figure 1F).
FLIM images were obtained before UV laser damage and at
different time points after damage. Phasor analysis allowed
us to distinguish changes in the donor (mEGFP) lifetime in
the presence of an acceptor at a laser-induced damage site
as opposed to the rest of the nucleus (Figure 1D and Sup-
plementary Figure S2G–L).

To determine the suitability of SimFCS for FRET anal-
ysis at DNA damage sites in the UV-FLIM system, we
compared curve fitting and the phasor approach in a small
sample set of mEGFP-PARP1 + mCherry-empty (nega-
tive control) and mEGFP-PARP1 + mCherry-ALC1 before
damage, and 1 and 2 min after DNA damage (Supplemen-
tary Figure S2G–L). Curve fitting requires multiple steps of
global double-exponential reconvolution fitting, fitting in-
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Figure 1. The UV-FLIM-FRET system and the experimental outline for analysing interaction between mEGFP- and mCherry-tagged proteins before
and after UV laser-induced microirradiation by three independent methods. (A) Lifetime of Atto488 at increasing excitation power until detector pile-
up artefacts became apparent as a drop in measured lifetimes. (B) Live U2OS cells transiently co-transfected with mEGFP-tagged protein (donor) and
either with mCherry-empty vector or with mCherry-tagged interaction partner (acceptor) and imaged before and after inducing DNA damage. Sites of
laser damage are visible by increased photon count numbers caused by rapid protein recruitment to the site of laser microirradiation (indicated with an
orange box within the nucleus). (C) Fluorescence lifetime decay curves plotted as a pixel-by-pixel heatmap of measured mEGFP lifetimes scaled from red
(3 ns lifetime) to light blue (1.5 ns lifetime) to visualize changes in the lifetime of the donor in the presence of an acceptor directly at sites of UV laser
microirradiation (orange boxes) or in the rest of the nucleus. (D) Phasors representing background fluorescence (marked with a green circle on the phasor
plot), donor-only lifetime (marked with a red circle on the phasor plot, corresponding regions where no FRET occurs are highlighted in red on the FLIM
image of the cell) and phasors representing shortened donor lifetime in the presence of an interacting acceptor (marked with a yellow circle on the phasor
plot, corresponding regions of FRET on the FLIM map highlighted in yellow) are separated along a FRET trajectory (marked with a yellow line on
the phasor plot). (E) Experimental outline for FLIM, immunofluorescence, acceptor photobleaching and LacO tethering. (F) mEGFP-ALC transfected
cells were fixed after damage and damage sites identified by the accumulation of mEGFP-ALC1 and co-localization with �H2AX, PAR and cyclobutane
pyrimidine dimers (CPDs) detected by immunofluorescence staining. (G) Acceptor photobleaching on cells fixed after UV laser damage. Damage sites
were identified by �H2AX immunofluorescence staining and by increased fluorescence intensity due to protein accumulation at the damage site (marked
by an orange square). Acceptor was bleached in a region marked with a red square and the intensity of mEGFP measured across a region marked with a
purple square before and after bleaching the acceptor. (H) Accumulation of mCherry-tagged prey at the LacO site (white arrow) in live U2OS-2B2 cells
was observed in a fluorescence three-hybrid assay when the prey was able to interact with the mEGFP-tagged bait tethered at LacO with a LacI-GFP
nanobody. All scale bars indicate 10 �m.
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side a DNA damage region of interest (ROI) and in an in-
verted ROI outside of the damage site for each condition.
The two approaches yielded comparable results, demon-
strating that they are both suitable for the measurement of
interaction at the site of damage compared to the rest of the
nucleus (Supplementary Figure S2G–L). The phasor ap-
proach was used for the analysis of all further experiments
as it involves fewer steps and allows analysis of multiple cells
simultaneously, without selecting different ROIs, and inde-
pendently of curve fitting.

One of the caveats of FLIM is detector pile-up effects
caused by the unavoidable dead time of a detector after pho-
ton detection (27,40). As this can result in artificially low-
ered lifetimes, it is recommended to keep the photon detec-
tion rate below 10% of the excitation repetition rate (27).
This is particularly relevant for DDR experiments as the
strong recruitment of many DDR proteins to laser damage
sites results in an increase of photon counts at the dam-
age site compared to the rest of the nucleus. In order to
validate the detection limitation range for the UV-FLIM-
FRET imaging configuration, we measured the lifetime of
Atto488, which is highly photostable and has a monoex-
ponential decay (32). Increasing the laser excitation power
for consecutive measurements until the photon count lim-
its of the detectors were reached allowed us to establish a
threshold of 8000 counts per pixel below which the mea-
sured lifetime remained comparable to the expected life-
time (4 ns) (32) (Figure 1A). Calculating a false-positive
FRET efficiency based on these lifetimes showed that be-
low 6000 counts the rate of false-positive FRET remained
negligible (Supplementary Figure S3A). We applied simi-
lar conditions to measure the lifetime of mEGFP-empty
in the presence of mCherry-empty at an increasing num-
ber of counts per pixel and found that, similar to Atto488,
the rate of false-positive FRET was negligible below 6000
counts per pixel for mEGFP (Supplementary Figure S3A).
Six thousand counts per pixel with the UV-FLIM-FRET
imaging settings correspond to a detection rate at 5% of the
excitation laser repetition rate. For all further experiments,
we chose excitation settings that ensured the detection rate
did not exceed 5% and the maximum mEGFP counts per
pixel did not exceed 6000. As a quality control, the max-
imum number of counts per pixel at the damage site was
plotted against the calculated FRET efficiency for each cell
(Supplementary Figure S3). This analysis confirmed no in-
fluence of the increase in photon counts on FRET efficiency
with the exception of mEGFP-ALC1 + mCherry-TRIM33
(Supplementary Figure S3G).

Local spikes in the count rate at detection rates below
10% were reported to affect the measured lifetime and re-
quire mathematical corrections (33). To test whether such a
correction should be applied to our measurements, we used
the dataset where we detected a correlation between count
rate and FRET efficiency (ALC1 + TRIM33; Supplemen-
tary Figure S3G). The median difference between the mea-
sured lifetimes and the corrected lifetimes was below 0.6%
and the single most affected data point had a difference
of <1.5% (Supplementary Figure S3I). Thus, within our
constrained imaging settings, none of the FRET data were
skewed by high count rates and additional correction was
not necessary. Furthermore, to ensure that loss of FRET is

a biological effect and not an artefact caused by the lack of
acceptor molecules within the sample, we routinely plotted
the mCherry counts against the FRET efficiency for all ex-
periments to ensure consistency in the relative abundance
of mCherry (Supplementary Figure S3).

Given that lifetimes of fluorophores are highly sensitive
to changes in environmental conditions such as pH or to
changes of the biochemical environment within the cell,
FLIM-FRET experiments need to include a control to as-
sess FRET-independent variability of the donor lifetime in
the absence of an acceptor (27). To this end, in all our exper-
iments we used a donor-only control in which the lifetime
of mEGFP-tagged proteins was measured in the presence
of the mCherry-empty vector to ensure that laser microir-
radiation and subsequent cellular responses do not trigger
changes in the lifetime of mEGFP. The stability of measured
mEGFP lifetime in our experimental set-up is depicted in
a representative sample cell (Figure 1B–D, left panels, and
Supplementary Figure S2G and J, left panels) and routinely
quantified throughout our experiments as a negative control
(plotted as dark grey).

To validate the suitability of the UV-FLIM-FRET sys-
tem for measuring protein–protein interactions at DNA
damage sites, we used two additional approaches. First,
we performed acceptor photobleaching on UV laser-
damaged fixed cells and measured the intensity of the donor
(mEGFP-tagged protein) before and after bleaching the ac-
ceptor (mCherry-tagged protein). Increase in donor inten-
sity after bleaching the acceptor, referred to as donor un-
quenching, indicates interaction between the donor and the
acceptor (41) (Figure 1G). Second, we validated our results
independent of FRET measurements using a fluorescence
three-hybrid assay (25,42). In this assay, an mEGFP-tagged
protein bait is tethered to a LacO array through a LacI-
GFP-nanobody. Accumulation of an mCherry-tagged pro-
tein prey at the LacO site indicates interaction between the
protein pair (Figure 1H). This assay was used to distin-
guish between PAR-dependent recruitment of DDR pro-
teins to the site of DNA damage resulting from PAR bind-
ing or from chromatin relaxation induced by PAR (25). It
robustly and sensitively discriminates protein–protein in-
teraction that is independent of DNA damage (accumu-
lation of prey at LacO-tethered bait in basal conditions)
from DNA damage-dependent interaction (accumulation
of prey at LacO-tethered bait after DNA damage) and co-
recruitment to the damage site without interaction (no ac-
cumulation of prey at LacO).

DNA damage-induced transient interaction between PARP1
and ALC1

For proof-of-concept experiments, we used well-
characterized pairs of DNA damage-dependent inter-
actors, PARP1 and ALC1 (Figure 2) and PARP1 and
XRCC1 (Figure 3). The chromatin remodeller ALC1 is
recruited to DNA damage sites upon PAR binding and
promotes chromatin relaxation (12,13,15). PAR binding
triggers a conformational change that releases ALC1
from auto-inhibited to ATPase active state (22,23). To
test whether UV-FLIM-FRET can detect DNA damage-
induced interaction between PARP1 and ALC1, we
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Figure 2. DNA damage- and PAR-dependent transient interaction between ALC1 and PARP1. (A) DNA damage-dependent FLIM-FRET efficiencies
(%) between mEGFP-PARP1 and mCherry-ALC1 (light blue points). No FRET was measured in the absence of an acceptor (grey points) or when
PARP1 activity and PAR binding were abrogated (dark blue and orange points). (B) FRET measured by acceptor photobleaching for the same FRET
pairs as in (A). (C) Switch-tag FLIM-FRET. (D) Switch-tag FRET measured by acceptor photobleaching. (E) Fluorescence three-hybrid assay shows
damage-dependent accumulation of mCherry-PARP1 at the LacO dot (white arrow) where mEGFP-ALC1 was tethered (left panels and light blue points)
but not where the PAR binding-deficient mEGFP-ALC1 D723A was tethered (right panels and orange points). mCherry-PARP1 catalytic dead mutant
E988K does not accumulate at the mEGFP-ALC1 dot (middle panels and dark blue points). Scale bar indicates 10 �m. The scatter plots show individual
quantifications; bars indicate median, and 25th and 75th percentiles (all values listed in Supplementary Tables S1–S3).
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Figure 3. DNA damage- and PAR-dependent persistent interaction between XRCC1 and PARP1. (A) DNA damage-dependent FLIM-FRET efficiencies
(%) between mEGFP-PARP1 and mCherry-XRCC1 (light blue points). No FRET was measured in the absence of an acceptor (grey points) or when PARP1
activity and PAR binding were abrogated (dark blue and orange points). (B) FRET measured by acceptor photobleaching for the same FRET pairs as
in (A). (C) Switch-tag FLIM-FRET. (D) Switch-tag FRET measured by acceptor photobleaching. (E) Fluorescence three-hybrid assay shows damage-
dependent accumulation of mCherry-PARP1 at the LacO dot (white arrow) where XRCC1-mEGFP was tethered (left panels and light blue points) but
not where PAR binding-deficient XRCC1-mEGFP R335A K369A was tethered (right panels and orange points). mCherry-PARP1 catalytic dead mutant
E988K does not accumulate at the XRCC1-mEGFP dot (middle panels and dark blue points). Scale bar indicates 10 �m. All scatter plots show individual
quantifications; bars indicate median, and 25th and 75th percentiles (all values listed in Supplementary Tables S1–S3).
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transfected mEGFP-PARP1 and mCherry-ALC1 or a
switch-tag combination into U2OS PARP1 KO cells (29)
(Figure 2). U2OS PARP1 KO cells were used in all further
FRET experiments that involved PARP1 as a donor
or an acceptor to exclude the influence of endogenous
PARP1.

UV-FLIM-FRET revealed no interaction between
mEGFP-PARP1 and mCherry-ALC1 under basal con-
ditions but strong interaction at UV laser-induced DNA
damage sites (Figure 2A). Quantification based on pha-
sor analysis revealed maximum interaction 1 min after
damage (median FRET efficiency = 5.8%) followed by
a subsequent decline (4.9% and 3.8%, 2 and 5 min after
damage, respectively) (Figure 2A). The interaction was
limited to the DNA damage site, as FRET was not detected
in undamaged regions of the nucleus (Supplementary
Figure S6A). Switching donor and acceptor tags resulted
in comparable FRET measurements; mEGFP-ALC1 and
mCherry-PARP1 reached maximum interaction 1 min
after damage (median FRET efficiency = 6.6%) followed
by a decline of interaction (5.9%, 2.9% and 1.2%, 5,
10 and 15 min after damage, respectively) (Figure 2C).
This confirmed that UV-FLIM-FRET measurements are
independent of the fluorophore type.

To test whether PARP1–ALC1 interaction is PAR depen-
dent, we used the PARP1 catalytic dead mutant E988K,
which is recruited to laser damage sites with similar in-
tensity but slightly delayed kinetics and prolonged reten-
tion compared to wild-type PARP1 (6,7). Additionally, we
used the ALC1 macrodomain mutant D723A, which can-
not bind PAR and shows diminished recruitment to laser
damage sites (12,13). In line with the published data, UV-
FLIM-FRET showed loss of interaction between ALC1
and the PARP1 catalytic dead mutant E988K as well as the
ALC1 macrodomain mutant D723A and PARP1 wild type
(Figure 2A and C).

The UV-FLIM-FRET results were corroborated by ac-
ceptor photobleaching (Figure 2B and D) and the fluo-
rescence three-hybrid assay (Figure 2E). Acceptor photo-
bleaching experiments showed an increase in interaction
at laser damage sites (5.5% and 3.1% median FRET effi-
ciency), which was lost with the catalytic dead PARP1 or
the PAR binding-deficient ALC1 (Figure 2B and D). Fur-
thermore, the fluorescence three-hybrid assay did not detect
interaction between mEGFP-ALC1 and mCherry-PARP1
in basal conditions but showed laser damage-induced ac-
cumulation of mCherry-PARP1 at mEGFP-ALC1 tethered
to the LacI-GFP-LacO array, as previously published (Fig-
ure 2E) (25). PARP1 and ALC1 mutants showed loss of
interaction at the LacO array, in accordance with the UV-
FLIM-FRET and acceptor photobleaching results, indi-
cating damage-dependent activation of PARP1 and PAR-
mediated interaction with ALC1 (Figure 2E).

The fluorescence three-hybrid assay detected PARP1–
ALC1 interaction at the LacO array away from the dam-
age site. In the fluorescence three-hybrid assay, bait tether-
ing at the LacO array (e.g. mEGFP-ALC1) facilitates accu-
mulation of a potential interactor (e.g. mCherry-PARP1),
which makes this method particularly suitable for detect-
ing transient or weak interactions. Although less sensitive
than the fluorescence three-hybrid assay, UV-FLIM-FRET

allows quantification of protein–protein interaction at high
spatial and temporal resolution.

DNA damage-induced persistent interaction between PARP1
and XRCC1

The scaffold protein XRCC1 binds PAR generated by
PARP1 or PARP2 through a phospho-binding pocket in
its BRCT domain (17,43). Another basic patch on the op-
posite side of the BRCT domain is critical for DNA bind-
ing (44). XRCC1 recruitment to DNA damage sites is
PAR dependent (17,45), while its retention at DNA dam-
age sites is dependent on its DNA binding ability (44).
UV-FLIM-FRET measurements showed no interaction be-
tween mEGFP-PARP1 and mCherry-XRCC1 in basal con-
ditions but strong DNA damage-induced interaction with
11.4% median FRET efficiency 1 min after laser damage
(Figure 3A). PARP1–XRCC1 interaction persisted 2 min
after damage (12.1%) and was slightly reduced 5 min after
damage (9.4%). PARP1–XRCC1 interaction was limited to
the site of damage with no interaction measured in the rest
of the nucleus (Supplementary Figure S6C and D). Switch-
ing donor and acceptor protein confirmed strong interac-
tion between XRCC1-mEGFP and mCherry-PARP1 at the
damage site with a median FRET efficiency of 7% 1–5 min
after damage, reduced to 6%, 5% and 4.7% 10, 15 and 20
min after damage, respectively (Figure 3C). The decrease in
interaction between PARP1 and XRCC1 was delayed and
more gradual compared to PARP1 and ALC1, suggesting
that the interaction between PARP1 and XRCC1 is more
persistent (Figures 2 and 3).

The interaction was abolished with the PARP1 catalytic
dead mutant E988K (Figure 3A and C). To further ex-
amine the PAR binding dependence of the interaction, we
paired PARP1 with the XRCC1 PAR binding-deficient mu-
tant R335A K369A (17), which also resulted in a striking
loss of interaction (Figure 3A and C).

Acceptor photobleaching yielded comparable results
with strong damage-dependent interaction (FRET effi-
ciency = 11.4% and 4.4%) (Figure 3B and D). The inter-
action was again abrogated by the catalytic dead PARP1
or the PAR binding-deficient XRCC1 (Figure 3B and D).
The fluorescence three-hybrid assay did not detect interac-
tion between XRCC1 and PARP1 at the LacO array in basal
conditions but revealed strong colocalization in response to
laser microirradiation, which was dependent on the PARP1
catalytic activity and the PAR binding ability of XRCC1
(Figure 3E).

In summary, UV-FLIM-FRET revealed a strong but
transient DNA damage- and PAR-dependent interaction
between PARP1 and ALC1, and a more persistent interac-
tion between PARP1 and XRCC1 at DNA damage sites.
The UV-FLIM-FRET set-up is thus highly suitable for
quantification of protein–protein interactions in response to
DNA damage with high temporal resolution.

Interaction between ALC1 and XRCC1 increases at DNA
damage sites in a PAR binding-dependent fashion

ALC1 and XRCC1 were shown to co-immunoprecipitate
in a PAR-dependent manner under basal conditions, with
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a slight reduction after H2O2 treatment (12). UV-FLIM-
FRET confirmed strong basal interaction between XRCC1-
mEGFP and mCherry-ALC1 (FRET of 6%) or between
mEGFP-ALC1 and mCherry-XRCC1 (FRET of 6.8%)
(Figure 4A and C). Surprisingly, FRET between XRCC1
and ALC1 increased after laser damage to 13–15% after
1 min and continued to rise to 20–22% 5 min after dam-
age, but this strong increase was limited to the site of dam-
age (Figure 4A and C, and Supplementary Figure S6E
and F). PAR binding mutations of ALC1 or XRCC1 did
not impair their interaction under basal conditions but al-
most completely abrogated DNA damage-induced increase
in FRET at the damage site (Figure 4A and C, and Supple-
mentary Figure S6E and F). Acceptor photobleaching con-
firmed PAR-independent interaction in basal conditions
(2–3% FRET efficiency) and PAR-dependent increase af-
ter laser damage (4–5% FRET efficiency) (Figure 4B and
D). In addition, the fluorescence three-hybrid assay showed
weak interaction between ALC1 and XRCC1 at the LacO
array independent of DNA damage or PAR binding, fol-
lowed by an increased co-accumulation at the LacO site af-
ter laser microirradiation only when PAR binding ability of
both proteins remained intact (Figure 4E). Overall, ALC1
and XRCC1 can interact independent of DNA damage but
show a strong increase in interaction after DNA damage,
which is dependent on PAR binding.

Interaction between ALC1 and TRIM33 at DNA damage
sites is dependent on ALC1 PAR binding

TRIM33, also known as TIF1-� , is a transcriptional repres-
sor with ubiquitin ligase activity and a chromatin binding
PHD finger-bromodomain (46). TRIM33 exhibits PAR-
dependent recruitment to laser-induced DNA damage sites
without directly binding PAR (14). Instead, recruitment of
TRIM33 was shown to be mediated by interaction with the
ALC1 macrodomain and dependent on ALC1 PAR bind-
ing (14). In basal conditions, FLIM measurements revealed
weak interaction between mEGFP-ALC1 and mCherry-
TRIM33 (4% median FRET efficiency) but no interaction
with acceptor photobleaching (−0.2% median FRET effi-
ciency) (Figure 5A and B). UV-FLIM-FRET and accep-
tor photobleaching both showed increased interaction be-
tween ALC1 and TRIM33 at the damage site of microir-
radiated cells (7.7% and 2.2% median FRET efficiency, re-
spectively) (Figure 5A and B) and damage-independent in-
teraction in the rest of the nucleus (Supplementary Fig-
ure S7A). With the ALC1 PAR binding mutant, the in-
teraction was completely abrogated both before and after
laser damage (Figure 5A and B). The discrepancy between
FLIM and acceptor photobleaching may stem from fixa-
tion artefacts. Cell fixation can result in reduced fluores-
cence signal and may explain why FRET efficiencies mea-
sured by acceptor photobleaching are lower than the more
robust and intensity-independent live cell FLIM-FRET
results. Fluorescence three-hybrid experiments confirmed
weak PAR binding-dependent colocalization of mCherry-
TRIM33 with mEGFP-ALC1 in basal conditions with a
slight increase after damage (Figure 5C). Moreover, severely
reduced recruitment of TRIM33 to the laser damage site
when combined with the PAR binding-deficient ALC1 indi-

cates that ALC1 activation is necessary to facilitate recruit-
ment of TRIM33 (Figure 5C). Taken together, these results
show that live cell FLIM-FRET is the method of choice par-
ticularly in cases where weak interactions can be lost upon
cell fixation or when small changes may not be easily quan-
tifiable by intensity-based methods.

PARG and PCNA interact independent of DNA damage

Poly(ADP-ribose) glycohydrolase (PARG), the enzyme re-
sponsible for removal of PAR by cleaving ADP-ribose (47),
is recruited to the sites of laser microirradiation in a PAR-
and PCNA-dependent manner (1,7,28). PARG has a non-
canonical PCNA-interacting peptide (PIP) box in which a
single point mutation, K409A, abrogated interaction with
PCNA (28). We confirmed strong and PIP box-dependent
interaction between mEGFP-PARG and mCherry-PCNA
in basal conditions using FLIM (15.8% median FRET ef-
ficiency), acceptor photobleaching (8.4% median FRET ef-
ficiency) and fluorescence three-hybrid assay (Supplemen-
tary Figure S4). Significantly, PARG–PCNA interaction
was unaffected by UV laser damage (Supplementary Fig-
ure S7B). A slight increase in interaction between PARG
K409A and PCNA after damage in acceptor photobleach-
ing experiments may be due to fixation artefacts, given that
this was not observed in UV-FLIM-FRET and fluorescence
three-hybrid assays. Of note, both PCNA and PARG are
strongly recruited to DNA damage sites and yet do not
show stronger interaction compared to basal conditions,
suggesting that an increase in protein concentration at the
damage site due to protein recruitment does not lead to a
false-positive increase in FRET measurements.

UV-FLIM-FRET does not detect indirect chromatin-
mediated interactions

FRET between two proteins in a locally crowded environ-
ment such as DNA damage sites could be due to their chro-
matin proximity. To test whether UV-FLIM-FRET detects
such false-positive FRET, we investigated interaction be-
tween PARP1 and CHD4 at DNA damage sites (Supple-
mentary Figure S5) and in nuclear regions away from the
damage site (Supplementary Figure S7C and D). The chro-
matin remodeller CHD4 is recruited to DNA damage sites
in a PAR-dependent manner but does not interact with
PARP1 or PAR directly (25,48,49). UV-FLIM-FRET did
not detect interaction between CHD4 and PARP1 either
in basal conditions or after laser microirradiation (Sup-
plementary Figure S5A and B), which was confirmed by
the fluorescence three-hybrid assay (Supplementary Figure
S5C) (25). CHD4 recruitment to laser damage sites was
reduced in the presence of the PARP1 catalytic dead mu-
tant E988K, confirming that CHD4 recruitment is PAR
dependent (Supplementary Figure S5C) (48,49). Taken to-
gether, UV-FLIM-FRET robustly distinguishes chromatin-
mediated proximity, as is the case of PARP1 and CHD4,
from direct interaction.

DISCUSSION

DDR is fast, dynamic and complex. DNA lesions are the
sites of intense trafficking of proteins that sense DNA dam-
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Figure 4. DNA damage- and PAR-dependent increase of interaction between ALC1 and XRCC1. (A) FLIM-FRET efficiencies (%) between XRCC1-
mEGFP and mCherry-ALC1 (light blue points). No FRET was measured in the absence of an acceptor (grey points). PAR binding-deficient mutants
(dark blue and orange points) do not show DNA damage-induced increase in interaction. (B) FRET measured by acceptor photobleaching for the same
FRET pairs as in (A). (C) Switch-tag FLIM-FRET. (D) Switch-tag FRET measured by acceptor photobleaching. (E) Fluorescence three-hybrid assay
shows damage-dependent increase of accumulation of mCherry-XRCC1 at the LacO dot (white arrow) where mEGFP-ALC1 was tethered (left panels
and light blue points) but only weak accumulation without damage-dependent increase where PAR binding-deficient mEGFP-ALC1 D723A was tethered
(middle panels and dark blue points). PAR binding-deficient mCherry-XRCC1 R335A K369A does not accumulate at the mEGFP-ALC1 dot (right panels
and orange points). Scale bar indicates 10 �m. The scatter plots show individual quantifications; bars indicate median, and 25th and 75th percentiles (all
values listed in Supplementary Tables S1–S3).
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Figure 5. DNA damage- and PAR-dependent increase of interaction between ALC1 and TRIM33. (A) FLIM-FRET efficiencies (%) between mEGFP-
ALC1 and mCherry-TRIM33 (light blue points). No FRET was measured in the absence of an acceptor (grey points) or for the PAR binding-deficient
ALC1 (dark blue points). (B) FRET measured by acceptor photobleaching for the same FRET pairs as in (A). (C) Fluorescence three-hybrid assay shows
damage-dependent increase of accumulation of mCherry-TRIM33 at the LacO dot (white arrow) where mEGFP-ALC1 was tethered (light blue points)
but not where PAR binding-deficient mEGFP-ALC1 D723A was tethered (dark blue points). Scale bar indicates 10 �m. The scatter plots show individual
quantifications; bars indicate median, and 25th and 75th percentiles (all values listed in Supplementary Tables S1–S3).

age, remodel chromatin and communicate the stress signal
to DNA repair or transcription machinery. Protein–protein
interactions dictate the dynamics of DDR by coordinating
protein trafficking at DNA lesions. In this study, we estab-
lished UV-FLIM-FRET as a new tool to study and quan-
tify the dynamics of protein–protein interactions at a single-
cell level using time-resolved fluorescence microscopy. We
built the system by coupling a pulsed UV laser with a com-
mercially available FLIM microscope. DDR proteins are
labelled with two different fluorophores, mEGFP (donor
fluorophore) and mCherry (acceptor fluorophore). Interac-
tion between donor and acceptor leads to a non-radiative
energy transfer phenomenon called FRET. FRET causes
a reduction in fluorescence lifetime, which is measured by
FLIM. After applying DNA damage with the UV laser at
a defined region within the cell, the UV-FLIM-FRET sys-
tem can measure the immediate effect of UV laser-induced
DNA damage on the interaction of protein pairs in live cell.

Conventional methods for studying the dynamics
of protein–protein interactions in DDR such as co-

immunoprecipitation, proximity-based biotinylation or
cross-linking followed by mass spectrometry analysis do
not allow the analysis of protein–protein interactions at a
single-cell level and in exact spatial relation to the DNA
damage site (50–52). Protein colocalization studies based
on conventional fluorescence microscopy (at a single-cell
level) or chromatin immunoprecipitation (genome-wide)
cannot be used as a readout for direct protein–protein bind-
ing (53). Although colocalization correlation coefficients
are becoming more reliable with the development of differ-
ent super-resolution and 3D imaging techniques (53), cell
fixation can introduce artefacts and does not allow dynamic
measurements. Bimolecular fluorescence complementation
(BiFC) detects protein–protein interaction based on the
reconstitution of a fluorescent protein from complemen-
tary fragments fused to two proteins of interest in live
cells. However, BiFC may detect indirect protein–protein
interaction and is not suitable for analysing transient
interactions (53). Proximity ligation assay is suitable for
in situ protein–protein interaction studies but requires the
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design of specific probes, which limits versatility and can
lead to artefacts (54). Furthermore, methods that rely on
cellular induction of endonuclease expression to produce
highly localized DSBs have limited temporal resolution
(55). The fluorescence three-hybrid assay, used as a control
assay in our study, can assess DNA damage-induced
interaction between an mEGFP-tagged protein, tethered
to the LacO array through a LacI-GFP-nanobody, and an
mCherry-tagged protein (25). Due to the abundance of the
mEGFP bait tethered at the LacO array, this method offers
a highly sensitive detection of protein–protein interaction
but lacks quantification of interactions with spatial and
temporal resolution.

FRET was chosen for measuring protein–protein interac-
tions at UV laser-induced DNA damage sites as it is quan-
tifiable and allows single-cell analysis of transient or stable
interactions between two proteins with high temporal reso-
lution (56). Moreover, FRET only measures direct protein–
protein interactions and is thus superior to other methods
that are suitable for studying protein–protein interactions
in cells but that also detect indirect interactions. FRET has
two distinct consequences for the donor fluorophore: re-
duced fluorescence intensity and reduced fluorescence life-
time. Intensity-based FRET approaches such as acceptor
photobleaching require fixation of cells after DNA dam-
age, which can lead to artefacts and precludes the analysis
of any transient interactions due to low temporal resolution
(41). Unlike intensity-based FRET approaches, FLIM en-
ables robust quantification of FRET based on the reduction
in donor lifetime (27). Instead of the traditional FLIM anal-
ysis based on curve fittings for calculating donor lifetimes,
we employed the phasor approach, which transforms FLIM
images into polar plots and provides fluorescence lifetime
measurements for laser-induced damage site as well as any
other location within the nucleus (30,31).

In addition to FRET, the FLIM microscope is also
suitable for fluorescence cross-correlation spectroscopy
(FCCS), which is based on correlating the temporal fluctu-
ations of the measured fluorescence intensity of two fluores-
cently labelled proteins that occur in confocal (∼femtolitre)
volume (57). FCCS is particularly suitable for large proteins
and was used to measure interaction between DNA repair
proteins BRCA2 and RAD51 at DNA breaks randomly
induced by ionizing radiation (58). However, precise and
spatially defined quantification of protein–protein interac-
tions necessitates localized DNA damage induction com-
bined with 2D imaging, which is now made possible with
the UV-FLIM set-up.

FLIM-FRET can be used to study chromatin com-
paction dynamics by measuring FRET between fluores-
cently tagged histones at the site of near-infrared (NIR)
laser damage (20). FLIM-FRET was also harnessed for
studying PARylation dynamics at NIR laser-induced DNA
damage sites using a TMR-labelled NAD+ analogue as a
PARP1 cofactor, which is incorporated into PAR (59). Us-
ing EGFP-labelled PARP1 or PAR binding protein as a
donor in combination with the TMR-labelled PAR as an
acceptor allows measurement of PARP1 auto-modification
or PAR binding at laser-induced DNA damage sites (59).

The UV-FLIM-FRET system presented in this study en-
ables quantification of protein–protein interactions at UV
laser-induced DNA damage sites. We showed that the UV-

FLIM-FRET system has the power to temporally and spa-
tially distinguish between three different types of interac-
tions: (i) DNA damage-induced interaction (e.g. PARP1–
ALC1, PARP1–XRCC1); (ii) interaction under basal con-
ditions that increases after DNA damage (e.g. ALC1–
XRCC1, ALC1–TRIM33); and (iii) comparable interac-
tion under basal and DNA damage conditions (e.g. PARG–
PCNA). Using the UV-FLIM-FRET system, we revealed
the dynamic interactions between different DDR proteins
and found that in all cases DNA damage-induced interac-
tion is dependent on PAR as mutations that impair PARy-
lation or PAR binding abrogate interaction between these
protein pairs. This system is, however, not limited to PAR-
mediated interactions and can be applied for studying the
whole range of DDR proteins. Taken together, UV-FLIM-
FRET is the method of choice for studying DNA damage-
dependent protein interactions at a single-cell level and at
high temporal resolution.
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