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To investigate how chromatin architecture is spatiotemporally orga-
nized at a double-strand break (DSB) repair locus, we established a
biophysical method to quantify chromatin compaction at the nucleo-
some level during the DNA damage response (DDR). The method is
based on phasor image-correlation spectroscopy of histone fluo-
rescence lifetime imaging microscopy (FLIM)-Forster resonance
energy transfer (FRET) microscopy data acquired in live cells coex-
pressing H2B-eGFP and H2B-mCherry. This multiplexed approach
generates spatiotemporal maps of nuclear-wide chromatin com-
paction that, when coupled with laser microirradiation-induced
DSBs, quantify the size, stability, and spacing between compact
chromatin foci throughout the DDR. Using this technology, we
identify that ataxia—telangiectasia mutated (ATM) and RNF8 regulate
rapid chromatin decompaction at DSBs and formation of compact
chromatin foci surrounding the repair locus. This chromatin architec-
ture serves to demarcate the repair locus from the surrounding nuclear
environment and modulate 53BP1 mobility.
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he DNA damage response (DDR) is constantly scanning chro-

matin for genomic lesions (1). In the event that DNA damage is
detected, the DDR signals the lesion’s presence, mediates down-
stream repair, and prevents cell division until chromatin restora-
tion is complete (2). Following induction of a double-strand break
(DSB), the ataxia—telangiectasia mutated (ATM) kinase localizes
to the lesion to regulate cell-cycle arrest and signal recruitment
of repair factors to the damaged chromatin (3-5). This includes
the RNF8 E3 ubiquitin—protein ligase, which initiates ubiquitin
signaling at the lesion that is essential for recruitment of additional
repair factors, such as 53BP1 (6-9). In addition, the DDR also
recruits proteins to the repair locus that contribute to chromatin
decompaction or nucleosome eviction (10, 11). Paradoxically,
factors mediating chromatin compaction, such as heterochromatin
protein 1, also localize to DSBs to facilitate repair (12-14). Currently,
it remains unclear how these contrasting chromatin dynamics co-
incide at a DSB repair locus and how this impacts chromatin mac-
rostructure elsewhere in the nucleus. Interrogating DDR-dependent
chromatin dynamics requires a technology capable of simultaneously
probing chromatin structure at DNA lesions and throughout the
entire nucleus, during the entirety of the DNA-repair process.

A basic feature of chromatin structure is the nanometer
spacing (2-50 nm) between nucleosomes (15, 16). Given that the
scale of this structural subunit is below the diffraction limit of
optical and most superresolution imaging modalities, the rear-
rangements in chromatin structure during the DDR are rendered
“invisible.” To get around this technical hurdle, fluorescence re-
covery after photobleaching (17), single-particle tracking (18, 19),
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and fluorescence correlation spectroscopy (20, 21) have been
employed to measure molecular diffusion within the chromatin
landscape and indirectly probe chromatin nanostructure (22, 23).
These methods, however, do not directly observe chromatin com-
paction during DNA repair. What is needed to visualize changes in
chromatin architecture is an experimental means to directly observe
chromatin organization in live cells, at the level of nucleosome
packaging, throughout the entirety of the nuclear volume and for
the duration of the DDR. Furthermore, these data should be
amenable to spatiotemporal image analysis to reveal underlying
stability or dynamic alteration in the chromatin network.

To bridge this experimental gap, here, we establish the phasor
approach to fluorescence lifetime imaging microscopy (FLIM) of
Forster resonance energy transfer (FRET) interaction between
fluorescently labeled histones. FRET is a phenomenon exqui-
sitely sensitive to fluorophore proximity that can report on changes
in nucleosome spacing when the core histone H2B is individually
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tagged to donor and acceptor fluorophores (24, 25). By coupling
this readout of chromatin structure with DSB induction using
near-infrared (NIR) laser microirradiation (26, 27), we are able to
directly measure nanometer changes in chromatin compaction at a
DNA damage site vs. globally throughout the nucleus. Furthermore,
because phasor analysis enables fit-free quantification of spectro-
scopic properties recorded in each pixel of an image (28-30), FRET
maps of chromatin foci are compatible with image-correlation
spectroscopy (ICS) (31). ICS is a general approach to quantitate
fluorophore distribution within an image (32, 33), and phasor
transformation of local image correlation functions (PLICS)
uncovers heterogeneity within fluorophore number, size, and
spatial distribution (34). Therefore, in the context of histone
FRET, phasor-based ICS enables nuclear-wide chromatin organi-
zation to be spatiotemporally characterized in live cells at the level of
nucleosome proximity.

In this study, we use phasor-ICS analysis of histone FLIM-
FRET in HeLa cells stably coexpressing low levels of H2B-eGFP
and H2B-mCherry (HeLa"*®2f?) to investigate how chro-
matin architecture is organized at DSBs by the DDR. We find
that, following DSB induction with an NIR laser, ATM and RNF8
regulate chromatin decompaction at the damage site, coupled with
formation of compact chromatin foci surrounding the repair
locus. Correlation of chromatin architecture with measurements
of 53BP1 accumulation and mobility reveal that DNA repair ac-
tivity is restrained to the decompacted chromatin environment at
the lesion and that the surrounding compact chromatin foci de-
marcate the DNA repair locus from the nuclear environment while
controlling 53BP1 mobility. Collectively, these data reveal how
chromatin architecture is organized by the DDR and demonstrate
that phasor ICS analysis of histone FLIM-FRET is amenable to the
study of local and global chromatin dynamics under conditions of
physical, pharmacological, or genetic alteration.

Results

Phasor Analysis of Chromatin Compaction in Live Cells Using FLIM-
FRET Microscopy. To assay chromatin compaction at the level of
nucleosome proximity, we generated HeLa"™®2fF cells stably
coexpressing histone H2B-eGFP and histone H2B-mCherry (Fig.
14 and SI Appendix, Fig. S1). Tagged histone cDNAs were
transduced via retrovectors and selected for transgene expres-

Fig. 1. Phasor approach to FLIM-FRET analysis of chro-
matin compaction. (A) HeLa"?®" nucleus coexpressing
H2B-eGFP and H2B-mCherry (H2B-mCh). (B) Graphi-
cal depiction of how increasing nucleosome prox-
imity leads to increased FRET between fluorescent
histones. (C) Graphical depiction of phasor trans-
formation of HeLa"?®2"P FLIM-FRET data. (C, Left)
Fluorescence lifetime of H2B-eGFP reports on the
degree of FRET interaction in each pixel. Each line
represents the fluorescent lifetime from a differ-
ent pixel. (C, Right) These data when phasor-
transformed give rise to phasor coordinates (s, g).
The donor phasor is right-shifted to shorter fluo-
rescent lifetimes depending on the efficiency of
FRET interaction. In HeLa"?82"P decreasing lifetime
and increasing FRET corresponds to more compact
chromatin. (D) Untreated, TSA-treated, or Actinomycin
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sion, and cells were sorted for low eGFP and mCherry expression
to minimize the impact of exogenous transgene expression on
cellular function. Stable coexpression of both histones into
chromatin was confirmed by live cell imaging (SI Appendix, Fig.
S1A), which also revealed no increase in underlying genome
instability or mitotic abnormalities in HeLa"™®2* (ST Appendix,
Fig. S1 B-F). Western blot analysis revealed that the cellular
pool of H2B in the HeLa™B2FF cells was distributed as follows:
71.5 + 2.7% endogenous, 9.7 + 0.6% H2B-eGFP, and 18.8 + 2.4%
H2B-mCherry (mean + SEM; SI Appendix, Fig. S2 A and B).
Calculation of all nucleosome outcomes indicated that 51.1% of
nucleosomes contained only endogenous H2B and 45.1% of the
nucleosomes contained only one species of fluorescent tag (14.8%
H2B-eGFP and 30.3% H2B-mCherry), while 3.7% of nucleosomes
contained both an eGFP- and mCherry-tagged H2B as a potential
source of intranucleosomal FRET (S Appendi})_cfz F% S2C). Thus,
on average, 18.5% of the nucleosomes in HeLa™®%" contained a
donor H2B-eGFP molecule.

We then established a phasor lifetime-analysis workflow to
quantify the local chromatin compaction status within each pixel
of a FLIM-FRET image acquired in a HeLa?B2* nucleus. FRET
detects molecular interaction within 1-10 nm and the efficiency of
energy transfer between a donor and acceptor molecule is exqui-
sitely sensitive to distance (35). Thus, an increasing FRET effi-
ciency in HeLa™ 52" corresponds to a reduced spacing between
nucleosomes containing H2B-eGFP (donor) and nucleosomes
containing H2B-mCherry (acceptor) (graphically depicted in Fig.
1B). FRET efficiency can be quantified by measurement of the
fluorescence lifetime of H2B-eGFP, as this property is increas-
ingly quenched upon closer interaction with H2B-mCherry.
Therefore, in a FLIM-FRET image of HeLa™B2FP which is
diffraction limited, the fluorescence lifetime recorded in each
pixel reports the ensemble average of FRET events occurring on
a spatial scale of 1-10 nm, enabling us to sample chromatin architec-
ture in terms of nucleosome proximity.

To measure the fluorescence lifetime of H2B-eGFP in HeLa"%2*
nuclei, we used two-photon excitation on a laser-scanning confocal
microscope equipped with time-resolved detection. For trans-
lation of fluorescence lifetime into FRET efficiency, we employed
phasor analysis (graphically depicted in Fig. 1C). Phasor analysis
transformed the fluorescence lifetime recorded in each pixel of a

Phasor analysis of chromatin compaction
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FLIM image into a 2D coordinate system (g, s) (SI Appendix; refs.
28 and 29). When these coordinates are placed in a single phasor
plot, the phasor coordinates derived from each pixel give rise to a
series of clusters, which fingerprint all of the measured FRET effi-
ciencies within a FLIM image. Specifically, pixels in a HeLa™5F"
nucleus that contain compacted chromatin, and therefore exhibit a
reduced H2B-eGFP fluorescence lifetime, have an increasingly right-
shifted phasor value with respect to the unquenched lifetime of H2B-
eGFP. Thus, the phasor method enables quantitation of FRET in
each pixel of a FLIM image and spatially maps the different chro-

matin states throughout a HeLa™252F nucleus.

To establish the dynamic range of chromatln compaction states in
our experimental system, we treated HeLa"™5 ™" with the histone
deacetylase inhibitor Trichostatin A (TSA), which has been shown to
loosen chromatin structure (22), or the transcriptional inhibitor
Actinomycin D to compact the chromatin network (36) (Fig. 1D).
Phasor coordinates recorded from the FLIM data in untreated and
treated cells were collated into a single phasor plot (Fig. 1E) and
found to induce varying degrees of chromatin compaction between a
fluorescence lifetime of 2.5 ns (TSA treatment, low compaction) and
2.0 ns (Actinomycin D treatment, high compaction). To translate
this lifetime shift into FRET efficiency, we superimposed the theo-
retical FRET trajectory that H2B-eGFP would adopt upon inter-
action with H2B-mCherry over the measured phasor distribution
(defined by SI Appendix, Eq. S7). From independent measurement
of background autofluorescence in parental Hela cells and the
unquenched donor lifetime in HeLa transduced with H2B-eGFP
(HeLa™BS*y (ST Appendix, Fig. S3 A-E), the FRET trajectory
presented in Fig. 1E enables us to: (i) quantify the phasor location of
“open” vs. “compacted” chromatin to correspond to a 0-21% change
in FRET efficiency; and, most importantly, (ii) resolve this read-
out of chromatin compaction from cellular autofluorescence.

Throughout this study, we employed a phasor-based cursor analysis
centered on the FRET trajectory defined in Fig. 1E to quantify and
pseudocolor the heterogeneous chromatin compaction states recor-
ded in each pixel of a FLIM acquisition (teal-red) independently
from background (teal-bright green) (Fig. 1 E-G). FLIM measure-
ment of HeLa™BSF treated with TSA and Actinomycin D con-
firmed that the local chromatin environment had negligible i %%ct on
the fluorescence lifetime of H2B-eGFP compared with HeLa™252
where H2B-mCherry is present (SI Appendth)Flg S3F). FLIM
analysis of the acceptor channel in HeLa' verified that the
shortened H2B-eGFP lifetimes detected in our FRET maps (Fig.
1G) spatially correlated with a delay in the lifetime of H2B-mCherry
(SI Appendix, Fig. S4 A-D), and thus our phasor cursor analysis does
accurately report bona fide FRET in HeLa'™

Image Correlation Analysis of FRET Quantifies Global Chromatin
Network Organization. Global chromatin organization is dynamic
and nonrandom (37, 38). Thus, next, we developed methodology
to quantify the temporal stability and spatial reorganization of
local chromatin compaction, as detected by live-cell phasor
FLIM-FRET imaging, in a single cell over time. To quantify the
stability, size, and spacing of compact chromatin foci, we first
extracted the coordinates of pixels in a high-FRET state within a
FLIM acquisition (16-21% FRET efficiency) and derived a map
of compact chromatin localization (Fig. 2 A-C). To identify
which compact chromatin foci persisted in a cell over time, we
then developed an image-correlation analysis method termed
longevity analysis (Fig. 2 D-F). In longevity analysis, a moving
average (MAV) is applied across a time series of chromatin
compaction maps derived from FLIM-FRET data (Fig. 2D) to
produce a longevity map (graphically presented in Fig. 2E). The
amplitude recorded in each pixel of a longevity map directly
reports how long a structure persists in time. Longevity analysis
therefore enabled us to extract and spatially map stable vs. dynamic
compact chromatin foci (Fig. 2 F, Leff) and provided a quantitative
readout of chromatin network dynamics that can be tracked
throughout the nucleus for the entirety of the DDR (Fig. 2 F, Right).

Longevity analysis identifies when and where compact chro-
matin foci undergo a rearrangement. However, it does not reveal
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how compact chromatin spatially redistributes within a given
time window. To visualize this, we established an additional
method based on PLICS (34) to uncover the size and spacing
between compact chromatin foci (Fig. 2 G-I). PLICS analysis
started with a localized spatial autocorrelation analysis within
square (m X m) matrices that surround each pixel (;, j) in a derived
chromatin-localization map (graphically presented in Fig. 2H). This
gave rise to a series of 2D autocorrelation functions (ACFs) that,
when collapsed into a one-dimensional (1D) decay, described the
size of the objects centered at that pixel. The local ACF in each
pixel was then transformed into a set of phasor coordinates (g, s),
which, when placed in a single phasor plot, identified the different-
sized compact chromatin structures (Fig. 2 H, Upper). The phasor
coordinates corresponding to different-sized compact chromatin
foci were then pseudocolored and spatially mapped back to the
source image (Fig. 2 H, Lower Right).

Next, we extended PLICS analysis to an “inverse PLICS”
(iPLICS) approach that enabled us to identify the spacing be-
tween compact chromatin clusters (SI Appendix, Fig. S54). Here,
the negative of a chromatin compaction map was first derived.
Then, when these data were analyzed through the PLICS
workflow, we calculated localized 2D spatial correlation func-
tions that, when collapsed into a 1D ACF, described the char-
acteristic spacing between structures within a square (m X m)
matrix. Transforming each decay into phasor coordinates (g, s)
enabled us to identify spacing between compact chromatin foci
and pseudocolor the source image. To demonstrate the feasi-
bility of PLICS and iPLICS, we simulated an image containing
circular binary structures with a diameter of three pixels that
were evenly spaced by eight pixels and correctly recovered the
size and spatial distribution of these structures (SI Appendix, Fig.
S5 B and C). Thus, when PLICS and iPLICS were applied to the
HeLa"22FF nucleus shown in Fig. 2G, we were able to detect
compact chromatin foci between 0 and 620 nm (Fig. 2 I, Left),
with an average compact chromatin foci size of 305 nm and
spacing of 485 nm between structures (Fig. 2 I, Right). Collec-
tively, these parameters characterized in a single cell the nuclear-
wide spatial organization of local chromatin compaction at the
level of nucleosome proximity, with submicrometer resolution.

Chromatin Compaction Is Spatiotemporally Controlled During the
DDR. We next coupled our phasor FLIM-FRET workflow with
NIR laser microirradiation to investigate chromatin compaction
dynamics during the DDR in live HeLa"?82F cells. This mul-
tiplexed approach enabled induction of DSBs within a defined
region of interest (ROI) and measurement of local vs. global rear-
rangements in chromatin structure as a function of time. NIR laser
microirradiation can be tuned to induce different types of DNA
damage by modulating the laser frequency, wavelength, or ower
(10, 27). To determine conditions that generate DSBs in HeLa™%*"
we identified laser settings that induced lesions which recruited eGFP—
53BP1 to the irradiated ROI in transiently transfected parental HeLa
cells (SI Appendix, Fig. S6) (26). These settings were used for the
remainder of the experimentation described below.

For all experiments, we measured the fluorescence intensity
(Fig. SAg’ and lifetime (Fig. 3B) of H2B-eGFP in each pixel of a
HeLa™ P nucleus starting 10 min before NIR irradiation and
then at regular time intervals from 0 min to 6 h after DSB in-
duction. From the FLIM maps derived during the DDR (Fig.
3B), we observed that 0 min after NIR laser microirradiation,
chromatin compaction was induced at the periphery of the DNA
damage site (red pixels). Then, within the following 60 min, this
compacted chromatin architecture rearranged outside the DNA
damage site to form a border of compacted chromatin foci sur-
rounding a central region of open chromatin at the DNA lesion
(Fig. 3C). We noted that laser microirradiation did partially
photobleach the NIR-treated ROI (Fig. 34 and SI Appendix, Fig.
S7A), and, while FLIM is in theory concentration-independent, a
reduction in H2B-eGFP fluorescence would result in an increase
in the contribution of background signal in the NIR-treated ROL
However, because the linear combination of cellular autofluorescence
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and unquenched donor followed a distinct phasor trajectory from that
of energy transfer between H2B-eGFP and H2B-mCherry, this arti-
fact was resolvable from FRET (SI Appendix, Fig. S3).

To quantify the temporal progression of chromatin compac-
tion at the DNA damage site, and any potential changes in global
chromatin network organization, we next quantified the fraction
of pixels in a compacted state inside and outside of the NIR-
treated ROI in HeLa™B?F" (Fig. 3D). This analysis revealed: (i)

A -10 min

H2B-eGFP lifetime (ns)

the fraction of pixels with compact chromatin inside the NIR-
treated locus sharply increased in the first 30 min after DSB
induction and persisted for up to 3 h (Fig. 3E); and (if) there was
no significant change in the percentage of pixels with compact
chromatin in the nuclear-wide undamaged chromatin network
outside of the NIR-treated ROI %ﬁg 3F). Comparison of this result
with NIR treatment in HeLa"® " (SI Appendix, Fig. S7 B and C)
confirmed that, in the absence of H2B-mCherry, the increase in

Fig. 3. FLIM-FRET analysis of chromatin compaction
reveals chromatin architectural changes during the
DDR. (A and B) Time series of H2B-eGFP fluorescence
intensity images (A) and lifetime maps (B) acquired

C E F in a HeLa"?8-2"" 10 min before and at hourly intervals
—08 +NIR|_08 +NIR after NIR irradiation. The white square indicates the

é -NIR B -NIR NIR laser-treated locus. (C) Digital enlargement of the

£ 0.8 508 DNA damage site selected in B and the corresponding

g g time series of lifetime maps within this ROI. (D) Masks

OUTSIDE NIR E04 ) selected for analysis of the number of pixels in a com-

o © W pacted (high-FRET) vs. noncompacted (low-FRET) state

o £02 §02 = at the DNA damage site vs. outside this ROI. (€ and F)

E 2 Fraction of pixels within (E) and outside (F) of the NIR-

25— .0 .0 s Tssese GTzZ3ase :;E:i?:ej ROI ﬂ)'at areina co:pidgd Sfrt(ildulzing th(;
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(n = 10 cells, mean + SEM). (Scale bars, 5 pm.)
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autofluorescence at the DNA damage site had negligible impact on
our capacity to detect FRET at this location in the hour following
DSB induction in HeLa™52F (ST Appendix, Fig. S7 D and E).

Uniform Induction and Heterogenous Resolution of Chromatin
Organization in the DDR. To reveal the underlying spatiotempo-
ral dynamics of compact chromatin foci formation and propa-
gation at induced DSBs, we applied the longevity, PLICS, and
iPLICS workflow to phasor FLIM-FRET datasets from NIR-
irradiated HeLa™B"" cells (Fig. 44). Longevity analysis was per-
formed by using an MAV of 10 min during the first hour after NIR
irradiation (Fig. 4B) and every hour for 6 h postirradiation (S/
Appendix, Fig. S8 A and B). This revealed induction of stable
compact chromatin foci around the damage site 10-30 min
postirradiation (Fig. 4B). Plotting the number of stable compact
chromatin foci formed as a function of time revealed the
chromatin network to be dynamic during the first 30 min after
DSB induction, before stabilizing by 60 min (Fig. 4C). While
stable compact chromatin foci were uniformly generated in all cells
analyzed within the first 30 min following irradiation, we observed
intercell heterogeneity in resolution of this structure over the course
of 6 h (SI Appendix, Fig. S8C).

Applying PLICS and iPLICS to the same dataset revealed
that, in the first 30 min following NIR laser irradiation, there was
an increase in the size of compact chromatin foci surrounding
the NIR-treated ROI (Fig. 4 D-G). This local chromatin re-
organization gave rise to an overall increase in the detected
compact chromatin foci size (Fig. 4E) and a subtle reduction in
the global spatial distribution of compacted chromatin foci
during the first 30 min following DSB induction (Fig. 4F). Sim-
ilar to longevity analysis, PLICS and iPLICS demonstrated a
uniform increase across multiple cells in compact chromatin foci
size (320 nm up to 370 nm) and decrease in spacing between foci
(505 nm down to 470 nm) within the first 30 min of the DDR
(Fig. 4G). Thus, the stable border of compact chromatin de-
tected by longevity analysis at the perimeter of the DNA damage
site arose from a local increase in chromatin foci size.

ATM and RNF8 Regulate DDR-Dependent Chromatin Dynamics. To
probe DDR-dependent regulation of chromatin architecture, we
inhibited key DDR enzymes and measured the impact on chro-
matin dynamics following DSB induction. For these experiments,
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we targeted ATM kinase with the potent and specific inhibitor
KU-55933 (39). Additionallg, we used CRISPR/Cas9 to geneti-
cally delete RNFS in HeLa"™®*, ATM inhibition in HeLa™*%%*
cells was confirmed by Western blot (SI Appendix, Fig. S9A4), and
RNFS deletion in HeLa"™®?* RNF8 knockout (KO) cells was
confirmed by sequencing the targeted locus and visualizing sup-
pressed 53BP1 recruitment to DSBs induced by ionizing or NIR
laser irradiation (SI Appendix, Fig. S9 B-E). We acguired phasor
FLIM-FRET data in KU-55933-treated HeLa"™®?"F cultures and
HeLa"™52F RNF8 KO cells 10 min before and from 0 min to 6 h
after NIR irradiation (Fig. 54). ATM inhibition corresponded with
an inhibition of acute chromatin compaction surrounding the lesion
site within the first hour after break induction (green curve, Fig. 5B)
and showed a gradual increase in global chromatin compaction
throughout the experiment (green curve, Fig. 5C). RNFS deletion
suppressed both local rearrangement of chromatin architecture at the
lesion (red curve, Fig. 5B) and inhibited alteration of global chro-
matin compaction following break induction (red curve, Fig. 5C).
Longevity analysis revealed that both ATM inhibition and
RNFS8 deletion disrupted formation of the stable chromatin
border surrounding the damage site (Fig. 5D). ATM inhibition
and RNFS8 deletion also altered global compact chromatin sta-
bility over the 6-h imaging duration following DSB induction
(Fig. 5E). Specifically, KU-55933 conferred the gradual accu-
mulation of stable compact chromatin foci throughout the nucleus
with no geographical connection to the NIR-treated ROI, while
RNFS8 deletion resulted in more dynamic chromatin throughout
the experiment. Likewise, PLICS and iPLICS analysis revealed
that both KU-55933 and RNF8 KO suppressed the increase in
compacted chromatin foci size in the first 30 min after break in-
duction (Fig. 5F). Over the course of the experiment, ATM inhibition
corresponded with a persistent and gradual increase in compact
chromatin foci size and reduced spacing throughout the nucleus,
irrespective of the damage site (green curves, Fig. 5 G and H).
Conversely, RNF8 KO cells fluctuated between significant in-
creases and decreases in compact chromatin foci size and spacing,
without exhibiting any trend (red curves, Fig. 5 G and H). Together,
these results demonstrate that ATM and RNFS spatiotemporally
regulate chromatin decompaction and compaction activities at the
DSB locus and the surrounding global chromatin network organi-
zation. We note that the nuclear-wide gradual increase in chro-
matin compaction with KU-55933 treatment is a phenotype that
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continued after DSB induction and occurred geographically, in-
dependent of damage location. We anticipate that this reflects an
off-target effect of KU-55933 or a cellular response to acute ATM
inhibition that is independent of the cellular response to DSBs.

Chromatin Architecture Demarcates DSB Repair Locus Boundaries. To
determine how chromatin architecture at DSBs relates to the
local DNA repair environment, we correlated the spatial local-
ization of compact chromatin in HeLa'®2*" with eGFP-
53BP1 localization and mobility in parental HeLa cells. To
measure 53BP1 mobility, we employed pair-correlation analysis:
a branch of spatiotemporal correlation spectroscopy demon-
strated in a study of Ku-GFP dynamics during DSB repair (26).
Pair-correlation analysis is based on the acquisition of fluctua-
tions in fluorescent intensity in each pixel of a line or frame scan
(40, 41) and then spatial cross-correlation of pairs of fluorescent
fluctuations located outside and inside a DSB site, to determine
the mobility of a fluorescently tagged DNA-repair factor within
or adjacent to a lesion (26). For these experiments, HeLa pa-
rental cells were transiently transfected with eGFP-53BP1, and
then eGFP-53BP1 mobility was monitored before and during the
first hour after DSB induction via NIR laser microirradiation. By
employing the exact same NIR laser microirradiation settings
used for the FLIM-FRET experiments presented in Figs. 3-5,
eGFP-53BP1 mobility data acquired in parental HeLa cells

could be sz%atially linked with the observed chromatin dynamics
in HeLa"®? (Fig. 6 4 and B).

Quantitation of chromatin compaction alonlgpa line intersect-
ing the NIR laser-treated focus in HeLa"™®2* confirmed that
by 30 min after DSB induction, compact chromatin foci adopted
a localization at the periphery of the damage site (Fig. 6 C, Top).
Starting within the first minute following break induction, eGFP-
53BP1 accumulated at the NIR-laser—treated locus, reaching
maximum intensity by 30 min (Fig. 6 C, Middle). Notably, the
radial spread of eGFP-53BP1 was constrained to the decom-
pacted interior of the DNA damage site. We then plotted the
time delay of 53BP1 movement by performing pair correlation
across the same line intersecting the NIR-laser—treated focus (S/
Appendix, Fig. S10). These data revealed delayed eGFP-53BP1
mobility at the break 0 min after DNA damage (Fig. 6 C, Bottom).
Then, by 30-60 min, delayed eGFP-53BP1 mobility was constrained
to the interface of the compact chromatin border. Notably, the de-
tected eGFP-53BP1 dynamics superimposed spatiotemporally with
outward propagation of the compact chromatin foci and spread of
eGFP-53BP1 accumulation. Also, ATM inhibition and RNF8
deletion in parental HeLa suppressed eGFP-53BP1 localization
and delayed mobility at the damage site (Fig. 6D). Within the
context of chromatin architecture, eGFP-53BP1 accumulated in
the decompacted chromatin internal to the break while being
excluded from the compact chromatin surrounding the laser-treated
ROI. We interpret these data to indicate that establishment of a
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transient compact chromatin border demarcates the repair locus
from the surrounding chromatin environment.

Discussion

In this study, we established a biophysical method to measure
chromatin organization in live cells using the phasor approach to
FLIM-FRET analysis of fluorescently labeled histones. Coupling
this technology with ICS and laser microirradiation enabled us to
identify DDR-dependent chromatin architectural changes that
occur with DSBs. In doing so, we found that ATM and RNFS8
regulate formation of compact chromatin foci at the periphery of
a DSB-repair locus, and these chromatin dynamics modulate
53BP1 mobility.

A major advance of this study is that the imaging and analysis
tools we have developed enable local chromatin structure to be
measured on a nuclear-wide scale in a living cell, while main-
taining sensitivity toward heterogeneity of individual chromatin
foci dynamics during the DDR. We achieved this through phasor
analysis of FLIM and image-correlation spectrums. Phasor pro-
vides a fit-free solution that does not require a priori knowledge
of system complexity (28, 34). Instead, phasor analysis of histone
FLIM-FRET directly maps the chromatin compaction status at
each pixel, independent of the multitude of potential compaction
states. This, in turn, enabled us to extract the localization of
specific chromatin foci, assess their temporal stability by lon-
gevity analysis, and characterize spatial organization in terms of
individual chromatin foci size or spacing by PLICS and iPLICS.

Together, our longevity and PLICS analysis revealed the uni-
form alteration of chromatin architecture within the first 30 min
following damage induction, which is consistent with a highly
regulated process. Resolution of chromatin architecture occurs
thereafter with cell-to-cell heterogeneity over 3—-6 h. This is
consistent with the kinetics of DDR focus resolution, and in
agreement with resolution of chromatin alteration at DSBs oc-
curring with completion of repair. We anticipate that the observed
resolution heterogeneity reflects differing cell-to-cell repair kinetics,
dependent upon the genetic location where breaks occurred, the cell
cycle, or other unknown factors (42, 43). Critically, it suggests that
DDR-dependent changes in chromatin architecture are tightly reg-
ulated through the repair process from break induction to repair
completion. Additionally, these observations identify that our anal-
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ysis is sufficiently sensitive to monitor single-cell heterogeneity in
chromatin macrostructure.

Correlation between our phasor FLIM-FRET and eGFP-
53BP1 pair-correlation analysis provided insight into the re-
lationship between chromatin architecture and establishment of
the repair focus. Immediately following break induction, delayed
53BP1 mobility was observed at the damage site. By 30 min,
53BP1 accumulation had maximized, and mobility was not de-
tected within the decompacted chromatin interior of the repair
focus. At the same time, delayed 53BP1 mobility was observed
only at the interface of the expanding compact chromatin border.
These data are consistent with 53BP1 binding to the decom-
pacted chromatin, as this substrate becomes available with out-
ward expansion of the compact chromatin border. Mobility of
53BP1 is detected at the chromatin border as this protein con-
tinues to localize to the break, but its binding is restricted within
the compact chromatin environment. We interpret these findings
to signify that the compacted chromatin boundary serves to
distinguish the decompacted repair locus from the remainder of
the nucleus.

The significance of this physical separation of the repair locus
from the surrounding environment may provide an important
function to the DNA-repair process. Chromatin decompaction
and nucleosome eviction is proposed to ease access of DNA-
repair factors to their DNA substrate and increase repair kinetics
(11, 44). Conversely, the compacted chromatin border excludes
53BP1 retention and may also inhibit the spurious binding of
other DNA-repair factors. We also predict that the compacted
chromatin border likely contributes to DDR-dependent tran-
scriptional inhibition, which is predicted to halt passage of RNA
polymerases through a DDR locus to enable efficient repair (45).
DDR-dependent transcriptional silencing occurs in cis and is
dependent upon ATM and RNF8 (5). This is consistent with our
observation that formation of the compact chromatin border
surrounding the damage focus is ATM- and RNF8-dependent.

Consistent with their key function in the DDR, we identified
that ATM and RNFS8 regulate chromatin architecture at NIR
laser-induced DSBs. RNF8-dependent chromatin decompaction
is also consistent with a role for this protein in regulating the
local chromatin environment to promote assembly of checkpoint
and repair machineries at DNA lesions (46). As RNF8 activity
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Fig. 6. Chromatin architecture demarcates the repair
locus. (A) FLIM-FRET maps acquired in HeLa"?52% cells
10 min before and 0, 30, and 60 min after micro-
irradiation (Upper) and expanded images of the DSB

5 100 5 100 5 10

30 min 60 min

i H | ROI (Lower). (B) eGFP-53BP1 intensity images acquired
i 4 cafh ol [\ in HeLa cells 10 min before and 0, 30, and 60 min after
Mﬁp M microirradiation (Upper) and expanded images of the
: i DSB ROI (Lower). (C) Correlation of compact chromatin

Distance (pm)

foci localization along the horizontal axis as a function
of time (Top; image from 0 min is shown), with 53BP1

o

localization (Middle; image from 0 min is shown), and
mobility in terms of time delay (Bottom). eGFP-53BP1
localization and mobility are averaged along the hor-

N 20N

C 5. 0mn_ 30mn 60min [Dg .. -10min__ 0min
B R I T e & 0.8[H28 2FP
k] E £ +KU-55933 i
§ g § 0.4 § 0.4|RNF8 KO W
G < 2 E-] :!Q’ Qm‘%l Q :
2 g 0 g 0
L 05100 5100 5 10 L 0 5 100
Distance (pm)
bz >
c A 20 % < 20[FzB-2rP
i c cE
e E 1 s +KU-55933
&3 »8 0.4 u P\\m S E jplrareko A
2w 5 T E
w5 2 A 5 &
& g ol 28 obiudutialn AL e
w

0 5100 5100 5 10 0 5 100 5

100 5 100 5
Distance (pm)

10 izontal axes (green plots). Red dashed box indicates
laser microirradiation ROI. (D) Comparison of compact

o
@
u
o
o
=

.04 H2B-2FP
+KU-55833
.02 2|RNF8 KO

o
o

Distance (um)

0

=)

a

chromatin foci localization (Top), eGFP-53BP1 localization
(Middle), and eGFP-53BP1 mobility (Bottom) in untreated
Hela cells (blue curve), KU-55933-treated Hela cells

b (green curve), or RNF8 KO cells (red curve) 10 min

53BP1
mobility
I @
Fraction compact
(=]
B

('n'e) Aejap awi|

Time delay (a

0 5100 5 100 5 10
Distance (pm)

(=1

5 100 5

Lou et al.

100 5
Distance (pm)

before and 0, 30, and 60 min after microirradiation.
Representative example of n = 3 shown. (Scale bars, 5 pm.)

100 5 10

PNAS | April9,2019 | vol. 116 | no. 15 | 7329

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY



L T

/

1\

=y

and chromatin ubiquitylation are essential for 53BP1 binding (7—
9), our data suggest that the interior decompacted chromatin
environment coincides with the domain of ubiquitylated chromatin at
the break. Cumulatively, our data provide a macrostructural
understanding of how chromatin architecture is arranged at the
DDR focus. Furthermore, they imply that ATM- and RNFS-
dependent regulation of a compact chromatin border serves to
demarcate and arrange the repair locus to simultaneously balance
DNA-repair factor accumulation and potentially transcriptional
shutdown of neighboring genes.

In conclusion, phasor histone FLIM-FRET analysis coupled
with laser microirradiation enabled us to study DDR-dependent
chromatin dynamics with unprecedented spatiotemporal resolu-
tion at the single-cell level. While we focused on the DDR in this
study, the methodology presented here is agnostic to research
topic and, as we have shown, is easily combined with physical,
pharmacological, or genetic manipulation of the underlying system.
As chromatin dynamics underlie a wide range of biological functions,
we anticipate that the analytical tools presented here are widely
applicable and will contribute to advancing our understanding of how
genomes work in the context of living cells.

Methods

Plasmids for Cell Line and Vector Generation. pLXSN H2B-mCherry was a gift
from Laure Crabbe, The Centre for Integrative Biology, Toulouse, France (47).
pWZL H2B-eGFP was created by PCR-amplifying H2B-eGFP from eGFP-N1
H2B-eGFP (a gift from Geoff Wahl, The Salk Institute for Biological Sci-
ences, La Jolla, CA; Addgene plasmid no. 11680) (48) using the BamHI H2B-
eGFP forward and EcoRl H2B-eGFP reverse oligonucleotides (S/ Appendix,
Table S1), followed by in-fusion (Clontech) cloning into BamHI- and EcoRI-
digested (New England Biolabs) pWZL vector (a gift from Scott Lowe, Me-
morial Sloan Kettering Cancer Center, New York; Addgene no. 18750).
pLentiCRISPRv2 was a gift from Feng Zhang, Massachusetts Institute of Tech-
nology, Cambridge, MA (Addgene plasmid no. 52961) (49). pLentiCRISPRv2-
RNF8-2 was generated by cloning an sgRNA sequence targeting RNF8 exon 1 by
annealing the sgRNF8-2 sense and antisense oligonucleotides (S/ Appendix,
Table S1) and in-fusion cloning into BsmBI-digested pLentiCRISPRv2. pcDNAS5-
FRT/TO-eGFP-53BP1 was a gift from Dan Durocher, The Lunenfeld-Tanenbaum
Research Institute, Toronto (Addgene plasmid no. 60813) (6). All plasmids were
verified by Sanger sequencing (Australian Genome Research Facility).

Cell Culture and Treatment. Hela cells were originally provided by Jan Karlseder,
Salk Institute, La Jolla, CA. Cells were grown in DMEM (Life Technologies)
supplemented with 1% nonessential amino acids (Life Technologies), 1% glu-
tamax (Life Technologies), and 10% bovine growth serum at 37 °C, 10% CO, and
3% O,. During FLIM-FRET imaging, cells were cultured in DMEM (Lonza) and
supplemented with 10% FBS (Gibco), Hepes (Gibco), and 1x Pen-Strep (Lonza).
Cell-line identity was confirmed by using tandem repeat profiling by Cell Bank
Australia (Children’s Medical Research Institute), and cell lines were confirmed
as Mycoplasma negative (MycoAlert; catalog no. LT07-118; Lonza). To establish
unquenched fluorescence lifetime of H2B-eGFP, identify laser microirradiation
conditions, or measure DNA-repair factor mobility, HeLa cells were transiently
transfected with pWZL H2B-eGFP or eGFP-53BP1 by using Lipofectamine 3000,
according to manufacturer’s instructions. Where applicable, cells were treated
with 10 uM KU-55933 (Merck Millipore), 5 pg-mI~" Actinomycin D, 400 nM TSA
(Abcam), or 1 gray ionizing radiation using a Gammacell 3000 Elan (Best
Theratronics).

Cell-Line Generation. pLXSN H2B-mCherry and/or pWZL H2B-wGFP retro-
vectors were created by transfecting Phoenix-AMPHO cells (purchased from
ATCC) with Lipofectamine 2000, according to manufacturer’s instructions
(ThermoFisher). Vector containing supernatant was collected at 12 and 24 h
after transfection, passed through a 0.22-um filter, and used to infect HelLa
cells in the presence of 4 pg/mL polybrene (Sigma). Cultures were selected
with 600 pg/mL G418 and/or 200 pg/mL Hygromycin before sorting at the
Westmead Institute for Medical Research (WIMR) flow-cytometry center
(Sydney). Cells sorted for low expression of H2B-mCherry and/or H2B-eGFP
were then propagated in 600 pg/mL G418, 200 pg/mL Hygromycin, and 1x
Pen/Strep for 10 d before experimentation.

RNF8 KO. pLentiCRISPRv2-RNF8-2 lentivectors were created in the Children’s

Medical Research Institute Vector and Genome Engineering Facility as de-
scribed (50). RNF8 was deleted by transducing cells with pLentiCRISPRv2-
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RNF8-2 vectors and selecting with 1 pg/mL puromycin for 2 d. Single cells
were sorted into individual wells of a 96-well plate at the WIMR Flow Cytometry
center, and cultures were expanded for 14 d. Clones were screened for inhibited
53BP1 recruitment to y-H2AX foci following 1-gray ionizing radiation and im-
munofluorescence staining as described below. Clones negative for 53BP1 re-
cruitment were then screened by PCR-amplifying the targeted locus using the
RNF8 exon 1 infusion forward and reverse primers and cloning the PCR products
into Pmel-digested (New England Biolabs) pcDNA3.1 (ThermoFisher) using In-
fusion cloning. Plasmids were sequenced with RNF8 sequence forward oligonu-
cleotide, and clones verified to contain gene-disruptive mutations in all three
RNF8 alleles in HeLa were used for experimentation.

FLIM-FRET Microscopy. All FLIM-FRET data were acquired with a Zeiss LSM
880 laser scanning microscope coupled to a 2-photon Ti:Sapphire laser
(Spectra-Physics Mai Tai) producing 80-fs pulses at a repetition of 80 MHz and
a Picoquant Picoharp (Picoquant) for time-resolved detection. A 60x water
immersion objective of 1.2 NA (Zeiss) was used for all experiments. The two-
photon excitation laser was tuned to 900 nm for selective excitation of the
donor fluorophore and minimization of DNA damage during live cell im-
aging. A short-pass 760-nm dichroic mirror was used to separate the fluo-
rescence signal from the laser light. The fluorescence signal was directed
through a 550-nm-long pass eGFP/mCherry filter, and the donor and acceptor
signal was split between two photomultiplier detectors (H7422P-40 of Hama-
matsu), with the following bandwidth filters placed in front of each: eGFP 520/
25 and mCherry 590/25, respectively. We simultaneously acquired intensity and
lifetime data by raster-scanning the two-photon Ti:Sapphire laser beam
(900 nm) across a selected HeLa"?®" interphase nucleus at a digital zoom that
resulted in a frame size of 30 pm. The pixel frame size was set to 512, which
gave a pixel size of 0.06 pm. The pixel dwell time was set at 32.77 ps/pixel,
which, for a 512-pixel frame size, resulted in a 13.2-s frame time. For each FLIM
experiment 10-20 frames were integrated. Together, these conditions resulted
in an acquisition time of ~2-3 min. Calibration of the system and phasor plot
space was performed by measuring fluorescein (pH 9.0), which has a known
single-exponential lifetime of 4.04 ns. The FLIM data were processed by the
SimFCS software developed at the Laboratory for Fluorescence Dynamics (LFD)
(https://www.Ifd.uci.edu/).

FLIM-FRET Analysis. The fluorescence decay recorded in each pixel of a FLIM
image was quantified by the phasor approach to lifetime analysis (S/ Ap-
pendix, Text S1) (28, 29). Each pixel of the FLIM image gives rise to a single
point (phasor) in the phasor plot, and, when used in reciprocal mode, en-
ables each point of the phasor plot to be mapped to each pixel of the FLIM
image. Since phasors follow simple vector algebra, it is possible to determine
the fractional contribution of two or more independent molecular species
coexisting in the same pixel (e.g., autofluorescence and a fluorescent pro-
tein). In the case of two independent species, all possible weightings give a
phasor distribution along a linear trajectory that joins the phasors of the
individual species in pure form (S/ Appendix, Text S2). In the case of a FRET
experiment where the lifetime of the donor molecule is changed upon in-
teraction with an acceptor molecule, the realization of all possible phasors
quenched with different efficiencies describe a curved trajectory in the
phasor plot. The FRET trajectory follows the classical definition of FRET ef-
ficiency (SI Appendix, Text S3). As described in previous papers, the contri-
bution of the background (cellular autofluorescence) and of the donor
without acceptor were evaluated by using the rule of the linear combina-
tion, with the background phasor and donor unquenched determined in-
dependently (28, 29).

In the case of HeLa"?8?"" the FRET efficiency varied as a function of local
nucleosome proximity; thus, the trajectory of phasor clusters between the
donor phasor (2.5 ns, 0% FRET) and the highest FRET state (2.0 ns, 21% FRET)
represent the different states of chromatin compaction in any one pixel. By
linking two phasor cursors between these two terminal phasor locations, we
can pseudocolor each pixel of a FLIM map according to the exact FRET ef-
ficiency detected at that location. Furthermore, from linking two additional
cursors between the donor phasor and background phasor, we can also
quantify the contribution of cellular autofluorescence in each pixel. To in-
crease phasor accuracy, a 3 x 3 spatial median filter was applied to the FLIM
maps presented in Results before FRET analysis. All FLIM-FRET quantitation
was performed in the SimFCS software developed at the LFD.

Temporal Longevity Analysis. A phasor FRET map (0-21% FRET efficiency)
reports the localization of a range of chromatin compaction states detected
within a FLIM image. Thus, by extracting the x-y coordinates of pixels in high
FRET state (16-21% FRET efficiency), we can derive an image of compacted
chromatin localization. If we are interested in the temporal persistence of
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each located chromatin foci, we can generate a time series of chromatin-
localization maps and, from application of an MAV across them, derive a
heat map of pixel longevity for the selected MAV temporal window. The
number of frames employed for the MAV determines the range of ampli-
tudes recorded in a longevity map and, thus, the threshold parameters for
extracting the localization of stable vs. transient chromatin foci. For exam-
ple, in Fig. 3, we average three frames acquired with a 10-min interval, and
the resulting longevity map contains pixels with an amplitude of 0, 0.333,
0.666, or 1. These values correspond to chromatin foci that are either not
present in a pixel or present for one, two, or three frames, which in turn
corresponds to chromatin foci that persist from 0 up to 20 min. By counting
the number of pixels present for 0-3 frames, we can obtain a histogram which
reports overall chromatin network stability. The chromatin-localization maps
were generated in SimFCS, and the longevity analysis routine, from which can
extract when, where, and how many chromatin foci are stable within a time
series of chromatin-localization maps, was implemented in MATLAB (The
MathWorks).

PLICS Analysis. To investigate the size and spacing between chromatin foci
localized in a phasor FRET map, similarly to longevity analysis, we first
generated an image of compact chromatin localization (FRET efficiency of
16-21%). Then, from the resulting images, we applied the PLICS approach
(34). PLICS consists of computing the spatial ACF of a small region of the
image, computing its angular average, and transforming the resulting curve
into the phasor space. Successively, the phase coordinate of the transformed
local ACF is stored and is used to characterize the ACF shape, which is linked
to the size of the local structures. This approach is iteratively applied to
analyze the entire image, providing a map of the size of the structures. If the
source image is made binary, the distance between two structures is merely
the amount of empty space between them. Therefore, applying PLICS to the
negative of the binary image provides a direct measurement of the distance
between structures. We will refer to this analysis as iPLICS. For the
chromatin-localization maps analyzed in this work, a 12 x 12 PLICS moving
mask was used to obtain the local size of the analyzed regions, while the
negative of the binary image was analyzed with a 36 x 36 moving mask to
characterize the distance between the structures. A dedicated calibration
has been employed to extract the size of the binary regions by simulating
binary circles with varying diameter; the details of the calibration procedure
for an arbitrary function and the complete characterization of the technique
are described in ref. 34. The chromatin-localization maps were generated
from SimFCS, and the PLICS/iPLICS analysis routine, which can extract the size
and spacing of chromatin foci within a time series of chromatin-localization
maps, was implemented in MATLAB (The MathWorks).

Laser Microirradiation and FLIM-FRET Microscopy During the DDR. For all
microirradiation, experiments the two-photon Ti:Sapphire laser (80 fs, rep-
etition rate 80 MHz; Spectra-Physics Mai Tai) was tuned to 780 nm and used in
conjunction with the Zeiss LSM880 laser-scanning microscope (51). The laser
beam was then focused on a small section of the nucleus (2 pm x 2 pm)
which avoided the nucleolus or nuclear envelope, and a frame scan was
acquired (256 x 256 pixels, 32.77 ps/pixel) at a power found to recruit DNA-
repair factor eGFP-53BP1 (S/ Appendix, Fig. S6). FLIM-FRET microscopy was
performed in parallel by using the microscope acquisition settings described
above. FLIM-FRET data were recorded before laser microirradiation and at
the following time points after this treatment: (i) 10-min interval during the
first hour of DDR (0, 10, 20, 30, 40, 50, and 60 min); (ii) 20-min interval during
the second hour of DDR (80, 100, and 120 min); and (iii) 30-min interval for
the remaining 4 h of DDR (150, 180, 210, 240, 270, 300, 330, and 360 min).

Laser Microirradiation and Live Cell Imaging of eGFP-53BP1 Mobility During the
DDR. The Zeiss LSM880 laser scanning microscope was also employed for live
cell imaging of eGFP-53BP1 localization and mobility. Specifically, a 60x
water-immersion objective of 1.2 NA (Zeiss) was used for all experiments,
and then a time series of eGFP-53BP1 intensity frames was acquired by using
the 488-nm emission line of an Argon laser and a 510- to 560-nm detection
range. A total of 2,048 intensity frames were acquired with a pixel frame
size of 64 and at a zoom that resulted in a 10-um ROI (0.166 pm per pixel).
The pixel dwell time was set at 8.19 ps per pixel, which for a 64-pixel frame
size resulted in a 79-ms frame time (2-3 min acquisition time). NIR laser
microirradiation was then performed in the center of this ROl by employing
the exact same settings described above (2 um x 2 pm square with a 256-
pixel frame size). This acquisition enabled correlation of 53BP1-eGFP mo-
bility at the DNA damage site with independent FLIM-FRET data recording
chromatin compaction during the DDR. To quantify 53BP1-eGFP mobility,
we employed pair-correlation analysis (S/ Appendix, Fig. $10) (26). In this
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study, we used the 2D extension of the pair-correlation function described in
published papers (41, 52). The 2D pair-correlation analysis was performed at
a distance that enabled mobility in and out of the DNA damage site to be
tested (5r = 4 pixels). In Fig. 6, mobility is expressed in terms of time delay, a
parameter proportional to the time it takes for a particle to reach the pair-
correlated distance. All pair-correlation analysis was performed in the
SimFCS software developed at the LFD.

Wide-Field Live Cell Imaging of HeLa"”®?. Live cell imaging shown in S/
Appendix, Fig. S1 was performed on a ZEISS Cell Observer inverted wide-
field microscope with a ZEISS HXP 120C mercury short-arc lamp and com-
patible filter cubes, using a 20x, 0.8-NA air objective. Cells were plated on
glass-bottom MatTek six-well plates, and images were captured every 6 min
for 65 h at 37 °C, 10% CO,, and atmospheric oxygen. Mitotic duration and
outcome were scored by eye using Zen software (Zeiss).

Immunofluorescence. Cells cultured on Alcain blue-stained glass coverslips
were fixed with 2% paraformaldehyde in 1x PBS at room temperature for
10 min. The cells were rinsed in 1x PBS, then permeabilized in KCM buffer
for 10 min (120 mM KCl, 20 mM NacCl, 10 mM Tris, pH 7.5, and 0.1% Triton
X-100). Samples were blocked, and RNase was treated in ABDIL (20 mM Tris,
pH 7.5, 2% BSA, 0.2% fish gelatin, 150 mM NacCl, 0.1% Triton, and 0.1%
sodium azide) containing 100 pg/mL RNAseA (Sigma) plus 2% normal goat
serum (vol/vol) for 1 h at room temperature. Samples were overlaid with
1:1,000 primary antibody in ABDIL overnight at 4 °C in a humidity chamber.
The following day, the cells were washed three times for 5 min with shaking
in 1x PBS + 0.1% (vol/vol) Tween 20 (1x PBST), before overlaying with
1:1,000 secondary antibody in ABDIL plus 2% normal goat serum (vol/vol) for
1 h at room temperature. The slides were washed again as described above
with DAPI added to the second wash at a concentration of 50 ng/mL Slides
were dehydrated through a 70%, 90%, and 100% ethanol series by washing
for 3 min in each condition, then air dried and mounded with prolong gold
(ThermoFisher). Images were captured on a Zeiss Axiolmager Z.2 with a 63x
1.4-NA oil objective, appropriate filter cubes, and an Axiocam 506 mono-
chromatic camera using Zen software (Zeiss).

Western Blots. Cells were collected with trypsin, and the reaction was
quenched with growth medium containing serum. Cells were washed in 1x
PBS and homogenized in NuPage 4x LDS sample buffer without EDTA
(Invitrogen) supplemented with 2% (vol/vol) B-mercaptoethanol (Sigma) and
5% (vol/vol) Benzonase (Merck Millipore) at 1 x 10 cells per uL for 1 h at
room temperature. Whole-cell lysates were denatured at 68 °C for 10 min
before resolution at 10 uL per well on precast gels, according to manufac-
turer’s protocols (Life Technologies). Protein was transferred to nitrocellu-
lose (Amersham) at 100 V for 1 h, and the membranes were blocked for 1 h
with 5% (wt/vol) powdered skim milk in 1x PBS + 0.1% (vol/vol) Tween 20
(1x PBST). Membranes were probed overnight with primary antibody di-
luted in 1x PBST + 5% (wt/vol) powdered skim milk at 4 °C with gentle
nutation. The following morning, blots were washed three times for 10 min
with 1x PBST, then probed with horseradish peroxidase-conjugated sec-
ondary antibody diluted in 1x PBST + 5% (wt/vol) powdered skim milk for
1 h at room temperature, followed by three washes in 1x PBST. Membranes
were rinsed in deionized water blotted dry and overlaid with 0.22-um filtered
Enhanced Chemiluminescent Western blotting substrate for 5 min (Pierce) be-
fore visualization with a Fujifilm LAS 4000 luminescent image analyzer and
associated software (GE Health). Where applicable, blots were quantified by
using Image).

Oligonucleotides. Please see S/ Appendix, Table S1 for a list of the oligonu-
cleotides used in this study. All oligonucleotides were produced by In-
tegrated DNA Technologies.

Antibodies. The following antibodies were used in this study: ATM (catalog
no. 2873; Cell Signaling Technology), ATM-S1981 (catalog no. ab81292;
Abcam), CHK2 (catalog no. 05-649; Millipore), CHK2-T68 (catalog no. 2661;
Cell Signaling Technology), eGFP (catalog no. ab6556; Abcam), y-H2AX (catalog
no. 05-636; Millipore), H2B (catalog no. 8135; Cell Signaling Technology),
mCherry (catalog no. STJ34373; St. John’s Laboratory), Vinculin (catalog no.
V9131; Sigma), 53BP1 (catalog no. Sc-22760; Santa Cruz), goat anti-mouse Alexa
488 conjugate (catalog no. A11031; ThermoFisher), goat anti-rabbit Alexa
568 conjugate (catalog no. A-11011; ThermoFisher), polyclonal goat anti-rabbit
immunoglobulins HRP-conjugate (catalog no. P0448; Dako), and polyclonal
goat anti-mouse immunoglobulins HRP-conjugated (catalog no. P0447; Dako).
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Statistics and Figure Preparation. Statistical analysis was performed by using
GraphPad Prism software. Sanger sequencing traces were exported from
SnapGene. Figures were prepared by using Adobe Photoshop, lllustrator,
MATLAB, and SimFCS.
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