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Abstract

BRCAZ2 is an essential tumor suppressor protein involved in promoting faithful repair of DNA lesions. The activity of BRCA2 needs to be tuned
precisely to be active when and where it is needed. Here, we quantified the spatio-temporal dynamics of BRCAZ2 in living cells using aberration-
corrected multifocal microscopy (acMFM). Using multicolor imaging to identify DNA damage sites, we were able to quantify its dynamic motion
patterns in the nucleus and at DNA damage sites. While a large fraction of BRCA2 molecules localized near DNA damage sites appear immobile,
an additional fraction of molecules exhibits subdiffusive motion, providing a potential mechanism to retain an increased number of molecules at
DNA lesions. Super-resolution microscopy revealed inhomogeneous localization of BRCAZ2 relative to other DNA repair factors at sites of DNA
damage. This suggests the presence of multiple nanoscale compartments in the chromatin surrounding the DNA lesion, which could play an
important role in the contribution of BRCA2 to the regulation of the repair process.
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Introduction

The activity of proteins needs to be controlled spatially and
temporally. This is especially true for proteins that maintain
the integrity of the genome through DNA repair reactions.
These proteins must act at the right time and place to re-
pair DNA damage. They need to cooperate or compete with
many other proteins at the same genomic location, such as
proteins involved in replication and transcription. The crit-
ical parameters that define the activity of these proteins in
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cells are their concentration and their diffusion rate. Simulta-
neously, both transient, non-specific and specific interactions
determine their spatial organization. These specific and non-
specific interactions can be with other proteins but also with
other biomolecules such as DNA and RNA.

BRCA2 is an essential DNA repair protein that is present in
alow concentration in the cell nucleus. It is found in a complex
with several other DNA repair proteins, such as PALB2 and
RADS51, which are all required at sites of DNA damage lesions
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repaired by homologous recombination (1). The central func-
tion of BRCAZ2 is to exchange the single-strand DNA binding
protein complex RPA with RADS1 on the resected DNA ends
of DNA double-strand breaks (DSB). Additionally, the resolu-
tion of stalled replication forks and of interstrand-crosslinks
by homologous recombination requires localized activity of
BRCA2 at damage sites (2,3). As an important tumor suppres-
sor, BRCA2 is an extensively studied protein, where BRCA2
mutations are associated with hereditary breast and ovarian
cancer (4). However, the biophysical properties of BRCA2 that
drive its function in cells are not fully understood. Here, our
objective is to define the dynamic behavior of BRCA2 around
DNA lesions to understand the critical parameters that are
required for BRCA2 to act properly.

DNA-associated proteins can exhibit different modes of dif-
fusion that contribute to their different functions (5,6). For
example, recently it has been reported that the transcriptional
regulator CTCF maintains transient binding zones within the
cell nucleus, which could be a mechanism to improve its tar-
get search efficiency in the nuclear volume (7). Although many
nuclear proteins, such as transcription factors, are involved in
direct and specific interactions with DNA (sequence motifs,
specific structures), it appears that BRCA2 does not depend on
this type of interaction for its immobilization at damage sites,
but rather on (transient) protein-protein interactions (8). The
immobilization and accumulation of BRCA2 is essential for its
function, but what interactions are relevant for this behavior
and how this correlates with its function is largely unknown.
Several reports indicate a crucial interaction between BRCA2
and PALB2, and indeed BRCA2 accumulation at damage sites
depends on the interaction with PALB2 (9), whereas localiza-
tion of PALB?2 itself is influenced by BRCA1 (10) and the ubig-
uitin ligase RNF168 (11). Recent data suggests that PALB2
chromatin interaction depends on chromatin associated pro-
teins (12,13), hence those chromatin interactions could also
contribute to the diffusive patterns that have been observed
for its binding partner BRCA2 (8,4).

BRCA2 accumulates at DNA damage into so-called foci,
like several other homologous recombination repair proteins.
It is not yet fully understood how redistribution occurs and
how BRCA2 proteins organize themselves at damage sites. In
this study, we applied 3D single-molecule multiplane imaging
to define the quantitative behavior of endogenous BRCA2 at
fluorescently marked DNA damage sites. This revealed that at
DNA damage sites, immobilization of BRCA2 increases, but
also that those molecules that diffuse near DNA lesions do so
with increased confined mobility. Quantification of the num-
ber of BRCA2 molecules in the nucleus and at damage sites
indicated that only tens of BRCA2 molecules are present per
focus, while super-resolution microscopy confirmed the local-
ization of BRCA2 in nanoscale clusters within foci.

Materials and methods

Cell culture

Mouse ES cells were maintained on 0.1% gelatin (Sigma)
coated plates in mouse ES cell medium (DMEM, 40% BRL-
conditioned medium, 10% FCS (Capricorn Scientific), sup-
plemented with pen-strep, non-essential amino acids (Lonza)
and leukaemia inhibitory factor (1000 U/ml) and 0.1 mM B-
mercaptoethanol). For the acc-MFM experiments cells were
maintained for several passages prior to the experiments

8333

in DMEM Knockout medium (Thermofisher) supplemented
with 10% FCS (Sigma, F2442), pen-strep, LIF, NEAA and
0.1 mM B-mercaptoethanol. mES cells expressing BRCA2-
HaloTag previously generated and described in (8). Mouse ES
cells expressing BRCA2-EGFP were previously generated and
described in (14).

DNA constructs

The EGFP-tr53BP1 construct was assembled using Gibson As-
sembly with a fragment of human 53BP1 (amino acids 1221-
1709, Addgene #69531) (15) that was cloned in a EGFP Pig-
gybac vector (16).

Generation of cell lines

The EGFP-53BP1trunc Piggybac vector was transfected in
BRCA2-HaloTag cells together with the CMV-Hypbase Pig-
gybac transpose plasmid using Lipofectamine 3000 accord-
ing to the manufacturer’s protocol. Cells were selected with
puromycin for 1 week after which the selected population was
used for the experiments.

Sample preparation of live cell imaging

Between 20 000 and 40 000 cells were seeded the day before
the imaging experiment on 8-well ibidi dishes coated with 25
pg/ml laminin (Roche, 11243217001). When indicated, cells
were treated with 1 pg/ml mitomycin C (Sigma, M0503) for
2 h. For HaloTag labeling, the medium was replaced and, sub-
sequently, the cells were labeled with 50 nM JF549-HaloTag
dye, unless a different concentration is indicated, followed by
washing with PBS and replacement with fresh medium. Imag-
ing was done in FluoroBrite DMEM medium (ThermoFisher,
A1896701) complemented with 10% FCS, pen-strep, LIF
NEAA, 0.1 mM B-mercapto-ethanol. For FRAP experiments
cells were labelled with 250 nM of JF549-HaloTag ligand and
cells were labelled and washed as described above. For the
live-cell experiments the cells were imaged between 2 and 4 h
after the mitomycin C treatment.

Sample preparation for immunofluorescence

The cells were grown in 8-well glass bottom dishes (Ibidi)
or 24 mm round coverslips (#1.5H, Marienfeld, 0117640),
coated with laminin as described above. For fixation cells
were washed with PBS once and fixed with 4% PFA (Thermo-
Fisher) in PBS for 10 min. Cells were washed with PBS with
0.1% triton for 3 times followed by two 10-min washing
steps. Cells were blocked with 3% BSA in PBS for 20 min
followed by incubation of the primary antibodies in blocking
buffer. After washing with PBS with 0.1% Triton, cells were
incubated with fluorescently labeled secondary antibodies for
1 hour at room temperature.

For immunostaining of 53BP1 a rabbit polyclonal antibody
was used (1:1000, Novus biologicals, NB100-304) together
with anti-rabbit F(ab’)2 fragment conjugated with CF568
(1:1000, Sigma, SAB4600310).

For dSTORM imaging of HaloTag protein fusions, cells
were incubated with 500 nM AF647-HaloTag ligand (kind
gift from Luke Lavis) together with the primary antibodies in
blocking buffer for 2 h at room temperature.

For STED imaging, mES cells expressing BRCA2-EGFP (14)
were treated with Mitomycin C (1 pg/ml) for 2 h. Subse-
quently, the cells were fixed 2 h after the treatment with
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4% PFA. Cells were immunostained as described above us-
ing anti-GFP nanobody conjugated with STAR635P (1:500,
FluoTag X4, 0304-Ab635P, NanoTag). 53BP1 was visual-
ized with anti-53BP1 antibody (1:2000, Novus Biologicals,
NB100-304) and secondary anti-rabbit Alexa594 (1:2000,
ThermoFisher). Samples were mounted in ProLong Gold
mounting medium on object glasses.

Microscope setup and image acquisition

Ac-MFM setup The ac-MFM system was as described by
Abrahamson et al (17). In summary, specimens were im-
aged on a Nikon TiE epifluorescence microscope with a
100 x 1.45NA Plan Apo objective lens (Nikon) and illumi-
nated by 3-6 kW /cm? 561 nm laser excitation. Fluorescence
was collected and passed through a custom multifocal grating
and color correction grating as described by Abrahamsson et
al. Nine focal planes were imaged onto two EMCCD detec-
tors (iXon DU897, Andor) with a frame rate up to 30 Hz.
The focal position of the microscope was maintained by active
stabilization.

Every day, prior to the imaging experiments, a sample with
mounted 100 nm Tetraspeck beads (ThermoFisher) was used
to correct for chromatic aberrations, to measure the z-slice
separation distance, to determine relative z-plane detection ef-
ficiency, and to align image channels. A Tokai Hit microscope
stage holder was used to maintain cells at 37C with 5% CO,.
Movies of 2000 frames were recorded, where in every 50th
frame the GFP signal was also recorded on the second cam-
era detector. The sample was continuously illuminated with
561 nm light and constant low 405 nm light for photoactiva-
tion of Halo-JF549.

Confocal imaging and FRAP. Experiments were conducted
on a Zeiss Elyra PS1 system with a Tokai Hit stage incuba-
tor calibrated at 37 °C and 5% CO; using a 63x objective
(NA 1.4 Plan Apo). For both FRAP experiments (Figure 1) and
quantitative confocal experiments (Figure 3), a GaAsP detec-
tor was used. FRAP experiments were acquired using a square
ROI of 1.14 x 1.14 pm, which was scanned at a 0.2 s inter-
val, with 20 frames before bleaching, 4 frames bleaching at
full laser power, followed by 230 frames to record recovery.
Cells that moved too much during acquisition were excluded
from the analysis. Mean intensity from the bleach ROI was
measured over time. The intensity traces were normalized by
the mean intensity of frame 10-20 before bleaching. The data
in Figure 1A shows the average normalized intensity trace of
multiple experiments, whereas the shading represents the stan-
dard error of the mean intensity.

dSTORM Imaging was performed using a Zeiss Elyra PS1
system using a 100 x 1.46NA Korr « Plan Apochromat ob-
jective. 561 and 642 100 mW diode lasers were used to ex-
cite the fluorophores together with respectively a BP 570-
650 + LP 750 or LP 655 excitation filter. dSTORM imaging
was performed using near-TIRF (HiLo) settings, while the im-
ages were recorded on an Andor iXon DU 897, 512 x 512
pixel EMCCD camera.

For drift correction and channel alignment 100 nm
Tetraspeck beads (ThermoFisher) were added to the sample.
To perform dSTORM imaging, an imaging buffer was pre-
pared containing 40 mM MEA (Sigma), 0.5 mg/ml glucose
oxide (Sigma), 40 pug/ml Catalase (Sigma) and 10% w/v glu-
cose in Tris pH 8.0. dSSTORM images were acquired sequen-
tially, starting with Alexa 647 staining followed by CF568
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imaging. At least 10 000 images were acquired at an interval
of 33 ms per frame.

The raw data was analysed by ZEN software. The
molecules were localized, and a drift correction was applied
using image correlation in the two images separately. Local-
izations that were present within 20 nm of each other in the
five subsequent frames were grouped. Subsequently, the two
images were combined, and the channels were aligned later-
ally using 100 nm Tetraspeck beads that are deposited into the
sample.

For blinking correction of the plots in Supplementary
Figure S8 we made use the pairwise distance distribution cor-
rection algorithm (DCC) (18). ROIs with ungrouped localiza-
tions were loaded into Matlab and processed with the DCC
script taking into account the photon counts as obtained from
the ZEN software.

STED. The samples were imaged on a Leica SP8 tauSTED.
Star635 signal was excited with a white-light laser tuned at
632 nm and 775 nm depletion laser with a 2D STED depletion
pattern, whereas Alexa594 was imaged with the same deple-
tion laser, but excited with the white light laser tuned at 561
nm. STED images were deconvolved using Huygens software
(SVI).

Image analysis for ac-MFM

Raw images from the ac-MFM microscope were converted to
3D stacks and corrected for chromatic aberrations in MAT-
LAB (https://github.com/aicjanelia/MFM) and processed us-
ing background subtraction and Richardson-Lucy deconvolu-
tion (7px rolling ball, § iterations, respectively). Subsequently,
molecules were localized and tracked in 3D using the Track-
Mate plugin (19) in Image] after pre-processing using and
Gaussian blur denoising (0.7px radius). The molecules were
linked at a maximum frame-to-frame distance of 500 nm.

EGFP-tr53bp1 movies, that were used to define the DNA
damages sites, were processed in Matlab, where frames were
identified that contained EGFP signal, the signal in intermedi-
ate frames was interpolated linearly based on the image frame
before and after. The foci signal was identified using Laplacian
of Gaussian edge detection and a binary mask was created.

Next, for every point of the tracks it was determined
whether it was in or outside the mask. To compare the results
to a random situation, data sets were generated by randomly
redistributing the identified 3D objects at the first frame of
the movie, along the x-y axes in the image plane within the
convex hull surrounding the centre of mass of all foci. The
MATLARB routines used for the analysis can be found at https:
/lgithub.com/maartenpaul/MFManalysis_Matlab/ (based on
original code repositories: https://github.com/aicjanelia/MFM
and https://gitlab.com/aicjanelia/visitor-maarten-paul). Sub-
sequently a script in R was used for processing of the tracks
and plotting of the data (https:/github.com/maartenpaul/
MSDanalysis_ MFM). Python code to segment the tracks into
different mobile states using deep learning and to estimate the
mean square displacement and moment scaling spectrum of
the individual tracklets (20) was incorporated into Rstudio
using the reticulate package (21).

For further analysis, track(let)s presenting at least one
frame of their lifetime inside the mask were considered as-
sociated with the DNA damage sites.

The angle (0) between two displacements within the
track(let)s was calculated as described in Hansen (2019) (7).
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For the angle analysis displacements, immobile tracklets and
x—y displacements below 100 nm were excluded from the
analysis.

For a single track(let) with 7(¢) = (x(¢), y(¢)) its coordi-
nates and T > 8 its total track length, the mean squared dis-
placement (MSD), at different time lags Az, was computed as
follows:

T
MSD (8At) =

i

) — (k4 6) (1)
1

The apparent diffusion constant D,j,, and anomalous ex-
ponent o were estimated by fitting a linear regression on the
logarithm form of the MSD power-law equation (22) (using
the first 4 MSD fitting points):

MSD (At) ~ 21D zpp AL* (2)

where 7 is the number of dimensions.

The radius of confinement R, = R/ (7 +2)/2 was mea-
sured after estimating the plateau R, of the MSD curve (23).
The latter was estimated by fitting the following equation, us-
ing the first 20 MSD fitting points and the ‘curve_fit’ function
from the Python SciPy library:

MSD (At) ~ R2, (1 _ e—ZnDﬂppAt/Rg 4 452 (3)
with o2 the experimental noise level.

Image analysis dASSTORM

For quantification of BRCA2 clusters, $3BP1 foci were iden-
tified by applying an Otsu threshold on 53BP1 images and
saved as Image] ROIs. The ROIs were imported in R and
BRCA2 localizations that are within the ROIs were clustered
using the RSMLM package using the ToMaTo clustering al-
gorithm (r = 50, threshold = 0.1) (24). To remove spare local-
izations clusters with less than five localizations were filtered
out. Shape features describing these clusters were determined
using the SMoLR package (25). The size of clusters is defined
as the mean of the FWHM of the major and the minor axis
of the localizations within the cluster. The distance between
the clusters is determined as the distance between the centre
of mass of the two clusters within the same segmented 53BP1
focus.

Quantification of cellular concentration of BRCA2
HaloTag-GST (61 kDa) (Promega, G4491) was labelled with
JF646 for 4 h at 4°C on ice with 3x excess HaloTag ligand
(buffer: 1x PBS, 20% glycerol, 1 mM DTT). Followed by re-
moval of the unreacted HaloTag ligand using a Zeba desalt-
ing column (7K MWCO, 0.5 ml, ThermoFisher, 89882). Using
SDS-PAGE it was confirmed that the labelled protein was re-
covered after labelling and elution from the column. The con-
centration of the labelled protein was validated using Nan-
odrop and on SDS-Page using a BSA with known concentra-
tion. Subsequently this labelled protein was used as reference
to estimate the amount of BRCA2 per cell.

The nuclei of live cells were segmented in 3D using a rou-
tine in TrackMate (26), which uses Stardist (27) for 2D seg-
mentation of nuclei, followed by connecting the matching nu-
cleus segmentation in the 3D image stack. A 3D label image
was exported and used in a custom-made routine developed
in CellProfiler (28). The label image was used to generate 3D
nuclei objects and was used to determine the nuclear volume
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and integrated intensity of the BRCA2-halotag intensity. The
BRCA2 foci were segmented using an adaptive threshold in
3D and volume and intensity were measured. The CellProfiler
pipeline and accompanying R code for processing and plot-
ting the data is available at https:/github.com/maartenpaul/
Halo_cell_quant.

The integrated intensity (a.u.) was converted to concentra-
tion and number of molecules by comparing the intensity to a
titration curve of the labelled HaloTag-GST::JF646 standard
protein. Using this titration curve the intensity per pixel can
be converted to the local concentration of HaloTag protein.
Assuming that the segmented nuclei are much larger than the
confocal volume per pixel this conversion can be used to esti-
mate the concentration of BRCA2 in the nuclei. Subsequently,
the concentration can be converted to number of molecules
per nucleus by dividing the volume and Avogadro’s number.

For in-gel analysis of in vivo labelled BRCA2-HaloTag,
HaloTag was labelled with JF646-HaloTag ligand in live cells
grown on plates. Subsequently cells were trypsinized and the
cell concentration was determined. Cells were resuspended
at 25 000 cell/ul and treated with benzonase in buffer with
protease inhibitors (2 mM MgCl,, 20 mM Tris (pH 8), 10%
glycerol, 1% Triton X-100 and 25 U/ml benzonase) and sub-
sequently lysed by adding 2x Laemmli buffer without bro-
mophenol blue, at equal volume. Cell lysates were run on
3-8% SDS-Page Tris-Acetate gel. The fluorescently labelled
proteins were imaged in the gel using a Typhoon gel imager
(Amersham).

Results

Previous studies have shown that BRCA2 appears more immo-
bile after induction of DNA damage (8,14). However, those
studies did not investigate the spatial distribution of immo-
bilized BRCA2 after induction of DNA damage. BRCA2 is
involved in the repair of different types of lesions that also
involve RADS51-mediated homology recognition and DNA
strand exchange. One type of lesion requiring BRCA2 for
repair is the interstrand-crosslink, which can be induced by
chemical reagents such as mitomycin C. The formation of
BRCA2 foci after mitomycin C treatment is correlated with
the observation that BRCA2 becomes more immobile and this
suggests that induction of DNA damage causes a redistribu-
tion of BRCA2 to DNA damage sites (14). In this study, we use
a previously generated mouse embryonic stem (ES) cell line,
in which endogenous BRCA2 is homozygously tagged with
a HaloTag by knock-in mediated by CRISPR / Cas9. This
enables direct, real-time visualization of individual BRCA2
molecules in living cells. Here, we used this cell line (as de-
scribed in Paul ef al., 2021) to investigate the mobility of
BRCA2 at damage sites by applying spot-FRAP at BRCA2-
HaloTag mitomycin C-induced DNA repair foci. These ex-
periments show a large immobile fraction of BRCA2 at the
damage sites, with a 44% fluorescence recovery of the pre-
bleached signal during 50 s of data acquisition when corrected
for the residual fluorescence signal directly after photobleach-
ing (Figure 1A). This large immobile fraction for BRCA2 is
not observed in the nucleoplasm outside the foci, although
the low concentration of BRCA2 in the cell nucleus makes
these measurements challenging. Together, our FRAP experi-
ments suggests that upon induction of DNA damage, part of
the BRCA2 molecules is more stably bound to DNA damage
sites.
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Figure 1. Analysis of the mobility of BRCA2 at DNA damage sites. (A) Spot-FRAP of BRCA2-HaloTag cells treated with mitomycin C by photobleaching a
focus or region in the cytoplasm (three independent replicates, focus n = 40, nucleoplasm n = 20 cells, shading around the curve indicates SEM). The

image shows a typical example of a cell and the region-of-interest (ROI) that is
well as the nucleoplasm. (B) Example of a single multi-focal plane image showi

photobleached. The same size ROl is used for both FRAP in the foci as
ing nine zplane projections spaced 420 nm apart; the signal of

BRCAZ2-Halo (magenta) and EGFP-tr63BP1 (green) is shown. (C) Approach for analysis of molecule tracks in and outside the foci, by matching the
localized molecules to the binary mask of the damage sites defined by the 53BP1 signal. (D) All track segments in the data set are annotated as being in

or outside the DSB foci and having a fast, slow, or immobile state using deep |

earning track segmentation as described in the methods section. (E, F)

Distribution of mean x-y (2D) and x-y-z (3D) displacements for track segments outside versus inside the DSB foci mask. The plots below show the
distribution but for a random mask. (G) Fraction of localizations in and outside the defined mask for the data compared to the random mask. The data

consist of 4 independent experiments of 73 cells in total. See Movies S1-3 for
Wilcox rank sum test. In all experiments cells were images between 2 and 4 h

3D single-molecule tracking reveals BRCA2
immobilization at individual DNA repair foci
Although FRAP is a powerful technique for studying the dy-
namic exchange of proteins in cells, it has limited possibil-
ities to differentiate between different types of diffusive be-
haviour of proteins at the single-molecule level, which can be
better investigated with single-molecule tracking (29). In this
study, we applied 3D single-molecule tracking in the entire nu-
cleus using a multicolor aberration-corrected multifocus mi-
croscope (acMFM) (17) (Figure 1B, Movie S1). Single-plane
single-molecule tracking is affected by the imaging volume,
since molecules can move in and out of the focal plane. Al-

movies of this data. P-values are calculated from an unpaired 2-sample
post mitomycin C treatment.

though the axial excitation thickness for HiLo illumination
acquisition is in the range of 1-2 pum, the cell nucleus is about
5 um thick. Furthermore, DNA repair foci, in which BRCA2
dynamics needs to be quantitated, are distributed across the
entire nuclear volume, and therefore it is not possible to cap-
ture all foci in one focal plane, and hence some of the foci
will be out of focus. Finally, both cell nuclei and DNA re-
pair foci are dynamic in their composition and spatial location
within the nucleus (30,31); therefore the regions from which
data should be recorded are moving during image acquisition.

Using an acMFM microscope, nine focal planes are pro-
jected (approximately 400 nm spacing) on a single camera
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chip. This allows for rapid instantaneous 3D imaging at nine
planes. To identify DNA damage, EGFP-tr53BP1 was intro-
duced into cells as a marker of DNA breaks. This construct ex-
pressing a fragment of the 53BP1 protein (a.a. 1221-1709) is
a useful marker for DNA breaks and was previously validated
to not interfere with the repair process (15,32,33). Inmunoflu-
orescence experiments confirmed the proper localization of
the tr53BP1 protein in our cells, overlapping with the signal of
endogenous 53BP1. Upon treatment with the DNA crosslink-
ing agent mitomycin C, tr53BP1 foci can be observed that co-
localize with BRCA2 accumulations (Supplementary Figure

S1). By applying 3D single-molecule tracking of BRCA2-Halo
and simultaneously following the foci distribution in cells, we
directly correlate the diffusive behaviour of BRCA2 with re-
gions of DNA damage (Figure 1C, Movies S2-S3). Using a
titration of the concentration of HaloTag dye we confirmed
that the given labelling concentration a large proportion of
BRCA2 is labelled (Supplementary Figure S2). As the concen-
tration of BRCA2 is low this labelling concentration is suffi-
ciently low to track individual BRCA2 entities. This developed
image analysis routine allows us to identify whenever a single
BRCA2 molecule is within a region of damage during image
acquisition. Subsequently, we tracked the localized molecules
in 3D and compared their 2D and 3D displacements inside
and outside the mask (Figure 1D). This comparison of dis-
placement distributions shows a distribution with shorter dis-
placements inside the mask compared to outside of the mask
(Figure 1E,F). To validate the observed differences in the dis-
placements between inside and outside the DNA repair foci,
we also analysed the data after randomly redistributing the
segmented foci objects along the x- and y-axes of the image
plane (see Materials and methods section for details). Com-
pared to the original data, the randomized data shows no dif-
ference in the distribution of displacements inside compared
to outside the foci (Figure 1E, F, bottom panels). Additionally,
we quantified the number of localizations in the mask and
observed that 9.9% of the localizations are within the mask
whereas the randomly defined mask contains 1.3% of the lo-
calizations. This shows that there is a 7.9 times enrichment
of localizations in the data compared to the random mask,
supporting the observation that BRCA2 accumulates at foci
containing 53BP1 (Figure 1G).

Using this approach, we then investigated the motion pat-
terns of BRCA2 specifically at DNA damage. We define
molecules to be inside of the focus if they reside at least one
frame (50 ms) inside the 53BP1 defined focus volume. This
definition allows for comparison of tracked molecules that are
inside or in close proximity of the foci, with tracks outside the
foci, without introducing edge effects caused by using a binary
mask. (Immobile molecules will have a higher chance of stay-
ing within the mask for a longer time and hence will be iden-
tified more frequently if we would do the analysis where the
entire track needs to be inside the mask.) Since we have previ-
ously observed that BRCA2 molecules can frequently switch
between different diffusive states, we applied a recently devel-
oped deep learning approach method to our single-molecule
tracking data to segment tracks into tracklets (20). With this
method we could define three different diffusive states for
BRCA2: fast (D,pp= 0.44 um?/s), slow (Dapp=0.05 um?/s)
and immobile (D,y,= 0.01 um?/s), comparable to previous
studies (8,14,20). To quantify the mode of diffusion for each
individual tracklet (see Supplementary Figure S3 for the dis-
tribution of track lengths), we fitted the mean square displace-
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ment (MSD) to a power-law equation (MSD ~ %) permitting
the extraction of the anomalous exponent «. (a metric that
gives an indication of the diffusion mode of the track with
0 < o < 1 showing specifically subdiffusion, and 1 < o <
2 superdiffusion). All molecules exhibited an anomalous ex-
ponent a below 1 suggesting subdiffusion. Furthermore, both
immobile (¢ = 0.34) and slow molecules (¢ = 0.60) dis-
play more subdiffusive motion compared to fast molecules
(¢ = 0.92) (Figure 2A). When comparing the MSD distri-
bution for each diffusive state, we observe a clear separa-
tion between the states, indicating three distinct mobility
states. This observation is confirmed by the MSD curves plot-
ted using the median MSD values for the different states in
Figure 2B.

Subsequently, we compared the diffusion constant D, and
the anomalous exponent « of the tracklets in and outside the
foci. The diffusion constant of the different fractions is not
affected (Figure 2C). However, the measured anomalous ex-
ponent « is reduced for all states within the focus. Quantifi-
cation of the fraction of displacements inside the mask shows
a clear enrichment in the amount of BRCA2 tracklets in the
immobile state at the identified DNA damage sites (50-80%),
while both the slow and fast fraction did decrease (Figure 2D).

Finally, we compared the results of cells treated with mit-
omycin C with untreated cells (Supplementary Figure S4). In
untreated mouse ES cells, spontaneous foci can be observed
and immobilization of BRCA2 has also been observed under
unchallenged conditions, although to a lesser extent. We con-
firmed these observations in our current experiments, where
in the untreated cells we see that the immobile fraction in-
side (52% versus 60%) is lower while the immobile frac-
tion outside the foci is comparable (38% versus 39%) to
the treated cells. The median diffusion constant of the differ-
ent fractions was not different compared to the cells treated
with mitomycin C. Similarly, to treated cells the value of «
was reduced for diffusing fractions inside the foci (Figure 2,
Supplementary Figure S4). Interestingly, also the fraction of
BRCA2 molecules that resides in 53BP1 foci is lower com-
pared to treated cells (3.4% versus 9.9%), indicating that at
spontaneous foci less BRCA2 molecules accumulate.

Diffusive BRCA2 molecules exhibit enhanced
subdiffusive motion at DNA repair foci

Our aim was to further investigate the mechanism by which
BRCA2 accumulates at the damage sites. Tracking analysis
showed that at sites of DNA damage, next to an increased
immobile fraction, slow diffusing molecules exhibited subdif-
fusive diffusion (alpha < 1). An alternative approach to study
the subdiffusion of proteins in cells is to look at the angu-
lar distribution, a sign of non-random motion of the tracked
molecules. Molecules that exhibit normal diffusion will move
in a random direction regardless of their previous position,
but when motion is restricted, molecules are more likely to
take a step backward than forward relative to the previous
step (5,7). To investigate only diffusive molecules, we excluded
tracklets that are assigned by our state segmentation method
as immobile from the analysis. In fact, after calculating the an-
gles, mobile BRCA2 molecules appear to have an non-random
motion pattern, and this pattern is enhanced at the DNA re-
pair foci (Figure 2E). This is the case for both slow and fast
diffusing molecules, although the fastest diffusing molecules
show this behavior to a lesser extent (Figure 2F). Subsequently
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Figure 2. In-depth analysis of mobility in and outside the foci. (A) Scatter plot showing the estimated apparent diffusion constant (D,p,) and anomalous

exponent () distribution of immobile (blue, Dagp: 0.01 um?/s, o 0.34), slow (I

ight blue, Dypp: 0.053, o: 0.60) and fast (red, Dypp: 0.43, : 0.93) tracklets

of BRCA2-HaloTag in mitomycin C treated cells. The black points in the plot indicate the median values for each cluster. (B) For each diffusive state,

example of 100 MSD lines with the MSD fit using the power law equation and

the medians Dapp, and  values. (C) The distribution of D, and o values

per tracklet outside (Dapp: 0.43;0.05;0.01 um?/s, o 0.93;0.62;0.35), inside (Dapp: 0.42;0.05;0.01 um2/s, o 0.87;0.41;0.32) and inside the random mask
(Dapp: 0.46;0.06;0.01 um?/s, o 0.97;0.71;0.36). The histograms display the overall distribution of all cells imaged. (D) Quantification of the distribution of
tracklets outside, inside and inside random mask. The indicated fraction is estimated from the mean fraction per cell. (E) Angular distributions calculated
between subsequent localizations. Displacements of immobile molecules are excluded from the analysis. The determined distribution of angles for
BRCAZ2 is plotted for all molecules outside and inside the damage site and compared to a randomized mask. (F) Angular distribution of fast and
slow-moving molecules. (G) Distribution of the fold anisotropy (ratio between backward angle (180 + 15 degrees) versus forward angle (0 + 15 degrees)
plotted against mean displacement of the track. (H) Cumulative distribution of the displacements of the track segments that transition from inside to
outside (left) and from outside to inside (right) of the foci, where immobile molecules are excluded from the distribution. Analysis in this figure is done in
2D using the x-y coordinates in the tracking data. The data consists of four independent experiments of 73 cells in total. P-values are calculated from an

unpaired 2-sample Wilcox rank sum test.

we quantified the fold increase in the backward angle (180
=+ 15 degrees) versus the forward angle (0 & 15 degrees) com-
pared to the average displacement of the tracked molecule
at that time (Figure 2G). We can observe a peak between 80
and 150 nm of the average displacement, suggesting that, es-
pecially molecules with shorter displacements are transiently
more confined to a subregion of the focus.

To evaluate whether the BRCA2 molecules inside the foci
do display confined motion within the repair focus, we fit-
ted the mean-square-displacement data to a confined mo-
tion model which estimates a radius of confinement R.. In
previous studies it has been shown for tracking of genomic
loci that those loci have a defined radius of confinement
(34). For all immobile tracklets localized inside or outside
the mask, we estimated the plateau of each averaged MSD
line (Supplementary Figure S5). The results show an estimated
R, of about 0.126 um outside the foci and 0.144 um in-
side the foci (versus 0.136 wm inside the randomly generated

mask). We reproduced the same measurements for the mov-
ing molecules (slow and fast combined), although the motion
is less confined regarding the previously calculated « values,
leading to a potential delayed MSD plateau. We found a R,
value of 1.57 um outside and surprisingly a very large R, value
of about 6.21 um inside the foci (versus 2.70 pm inside the
random masks). Although the curve fits well to the data, the
lack of a clear plateau in the MSD curve suggests that, for
the slow and fast diffusing molecules, the molecules do not
experience confinement correlating with focus size. For com-
parison we also fitted the same MSD curves to an anomalous
diffusion model which displays a non-linear relation between
displacement and time, but without constraint or a bound-
ary (Supplementary Figure S6). This also resulted in a good
fit of the data suggesting that the motion of BRCA2 at repair
foci can be explained by transient binding of molecules within
the damage site resulting in the observed anomalous diffusion
patterns.
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Finally we quantified the distribution of displacements of
molecules transitioning across the border of the repair foci.
When movement across the boundary focus would be re-
stricted, smaller displacements are to be expected outwards
the focus compared to molecules moving inside. We observe
for both transitions that smaller displacements are observed
across the foci compared to the random mask (Figure 2H).
However, the transitions in both directions appear similar for
both the data sets and the random mask. This analysis there-
fore suggests that movement of BRCA2 in and out of the focus
is not restricted.

BRCAZ2 is localized in multiple clusters of several
BRCA2-molecules at DNA repair foci

To better understand the localization of BRCA2 in the foci,
we applied dSTORM imaging of BRCA2-Halo to visualize
the spatial arrangement of BRCA2 under similar experimental
conditions in 53BP1 foci after mitomycin C treatment. Previ-
ous experiments in human cells using anti-BRCA2 antibod-
ies showed the presence of multiple BRCA2 clusters per fo-
cus (35). By using direct HaloTag labelling of BRCA2-Halo
with Alexa 647-HaloTag ligand, we can now more accurately
localize endogenous BRCA2 in foci by single-molecule local-
ization microscopy. We used 53BP1 foci to identify regions
of interest to determine the localization of BRCA2 within.
Visual comparison of super-resolution images of 53BP1 and
BRCA2 in the foci indicates that BRCA2 is frequently ex-
cluded from regions that are dense in 53BP1 signal (Figure
3A). Within the 53BP1 foci we quantified BRCA2 to local-
ize in multiple small clusters of about 50 nm in size (Fig-
ure 3AC, Supplementary Figure S9). Furthermore, we quan-
tified the distance between BRCA2 clusters (Figure 3D). This
analysis shows that most BRCA2 clusters are most frequently
200 nm spaced apart with respect to their centre of mass.
To confirm that BRCA2 cluster formation was present in
cells in late S/G2, where BRCA2 is expected to contribute
to homology-directed repair, we applied dSSTORM imaging
in cells that were labeled shortly with EAU prior to fixation
(Supplementary Figure S7). In addition to the differential lo-
cation between BRCA2 and 53BP1, we also identified that
RPA is differentially localized in the repair foci with respect
to BRCA2 (Supplementary Figure S8).

We validated that the inhomogeneous localization that we
observed by dSTORM is unlikely to be an artifact caused
by repetitive photoblinking, which is known to cause appar-
ent clustering in dSTORM imaging. First we used an algo-
rithm to correct for blinking artifacts and reconstruct the
true emitters in a few of the foci (18). This showed that af-
ter blinking correction the BRCA2 clusters are still visible
(Supplementary Figure S9). Furthermore, we also used 2D-
STED imaging of BRCA2 and 53BP1 to determine the super-
resolution localization of BRCA2. While the lateral resolution
of STED is lower, hence less details are visible it is not affected
by blinking artifacts like in ASTORM. With STED imaging
we also observe that molecules are differentially organized
and that BRCA2 can form multiple clusters per 53BP1 focus
(Supplementary Figure S10).

Subsequently, we wanted to estimate the concentration of
BRCA2 in mouse ES cell nuclei to correlate the amount of
BRCA2 present at repair foci with the BRCA2 clusters that are
present in the foci. For this purpose, we imaged live BRCA2-
HaloTag cells by confocal microscopy, while titrating known
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concentrations of JF646-labeled GST-HaloTag protein in cell
culture medium. This allowed us to determine the correlation
between voxel intensity and HaloTag protein concentration in
the images (Figure 3E, Supplementary Figure S11). Although
we did not estimate the actual excitation confocal volume of
a voxel, we were able to determine the local concentration
of BRCA2-HaloTag per pixel. With the assumption that the
nuclei and foci are larger than the confocal volume, we can
use the integrated intensity of the objects to estimate the lo-
cal concentration and total number of BRCA2 molecules in
individual nuclei. This shows a nuclear concentration of 10
nM or about 5000 molecules per cell nucleus (Figure 3F). Ad-
ditionally, we were able to segment individual BRCA2 foci to
estimate the number of BRCA2 molecules per focus. This anal-
ysis indicates that the local concentration of BRCA2 is nearly
10 times higher within repair foci (~100 nM) whereas the
mean number of BRCA2 molecules per focus was estimated
at approximately 25 (Figure 3G). This increase in concentra-
tion of BRCA2 molecules at the repair foci is comparable to
increased number of localizations within repair foci we ob-
served with single-molecule tracking (Figure 1G). The con-
centration of BRCA2 we determined in cells is consistent with
the quantification of the amount of cellular BRCA2-Halo pro-
tein labelled with JF646 and on SDS-PAGE, while using the
GST-HaloTag protein with defined concentration as reference
(Supplementary Figure S11). Quantification of the total inten-
sity of the protein bands normalized to the number of cells
in the sample loaded, reports the average number of BRCA2
molecules per nucleus.

Discussion

In this study, we have investigated the dynamic behaviour
of BRCA2 specifically at 53BP1 foci induced by the DNA
crosslinker mitomycin C. Instantaneous multiplane two-color
imaging allowed us to detect the BRCA2 molecules localized
at DNA repair foci and study their mobility. A careful descrip-
tion of the behaviour of BRCA2 molecules in cells is relevant
for better understanding how BRCA2 might be targeted in
cancer treatments. Knowing how BRCA2 responds to damage
could reveal ways to either block its function in cancer cells
or enhance its activity when needed. Previous single-molecule
tracking studies of BRCA2 have shown an increase in the im-
mobile fraction of BRCA2 following induction of DNA dam-
age (8,14). Here, we show that this immobilization is caused
by BRCA2 localized to DNA repair foci. The experiments also
shown that only about 10% of the BRCA2 molecules that
were tracked in the nucleus are accumulated at foci, which
explains the subtle increase in the immobilization of BRCA2
measured throughout the nucleus. Further analysis of the 3D
tracking data revealed that next to the increased immobiliza-
tion at DNA damage sites, diffusing BRCA2 molecules inside
the foci show a type of movement that deviates from regular
diffusion, becoming more restricted. This type of anomalous
diffusion is most evident in slow moving BRCA2 molecules,
with an increased confinement for molecules moving between
80 and 150 nm at the recorded 50 ms time interval. The same
type of anomalous diffusion is observed for BRCA2 molecules
outside the foci, but to a lesser extent (Figure 2E-G). Such
anomalous motion patterns have been observed for other nu-
clear proteins such as CTCF and transcription factors (Sox2
and Oct4) (6,7,36), which contribute to the function of these
proteins, such as improved target search in chromatin. For
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Figure 3. Nanoscale localization of BRCA2 at Mitomycin C-induced DNA repair foci and quantification of nuclear BRCA2 concentration. (A) Two-color
dSTORM image of BRCA2-Halo::Alexa647 and 53BP1 (indirect immunofluorescence CF568). Typical examples of foci with both BRCA2 and 53BP1
signal. Cells were fixed 2 h after Mitomycin C treatment. (B) Quantification of the number of BRCA2 clusters within individual automatically segmented
53BP1 foci. (C, D) Quantification of the size of the respective clusters and the centre-to-centre distance between the clusters within the individual foci.
Data from seven cells in total from two imaging sessions. Analysis of seven images from two independent immunostainings with a total of 189 foci
analyzed. Dashed line indicate the median of the distributions. (E) The cellular concentration of BRCA2 was estimated by titration of increasing
concentrations of the labeled GST-HaloTag protein in the cell medium. The voxel intensity was used to estimate the local concentration. In all images the
signal shows both BRCA2-Halo and GST-HaloTag signal, labelled with JF646 HaloTag ligand. (F) The nuclear concentration was estimated by 3D
segmentation of the cell nuclei. The nuclear concentration is defined as the average nuclear concentration within all voxels in the 3D nuclear volume,
whereas the number of BRCA2 molecules per nucleus is calculated by multiplying the concentration with the estimated nuclear volume. (G) Within the
identified nuclei, the foci were segmented in 3D. The image shows an example of the segmentation in a single confocal slice. The plots show the
results of one replicate, results from additional replicates (n = 3) are summarized in Supplementary Figure S11.

BRCA2 complexes, this could be a mechanism to efficiently
probe the chromatin environment for the presence of DNA
damage. The difference in the chromatin environment (e.g.
changes in specific histone modifications) present at DNA
damage sites could enhance transient binding of BRCA2 com-
plexes at the damaged chromatin.

Also within a repair focus the chromatin is non-
homogenously distributed and the could contribute to the
localization patterns we observe for BRCA2. Our observa-
tion by single-molecule localization microscopy (Figure 3) of
BRCA2 cluster formation within a focus, supported by pre-
vious super-resolution studies, suggests that the localization
of repair proteins within a focus is not homogeneous. The
measured distance between these intra-focus BRCA2 clus-
ters (Figure 3) is consistent with the possibility of displace-
ment of BRCA2 molecules between these clusters (resulting in
the class of BRCA2 molecules with confined motion), while
molecules with larger displacements would lose their asso-
ciation with the clusters. It remains to be investigated what
interactions drive these motion patterns, but it should be
considered that BRCA2 is present in complex with several
other repair proteins such as PALB2 and RADS51. For exam-
ple, loss of the PALB2-BRCA2 interaction prevents BRCA2

localization in foci (9). PALB2 interacts with several chro-
matin interacting proteins (12,37). Also interactions between
the BRCA2-PALB2 complex with BRCA1/RNF168, proteins
which accumulation is known to depend on DNA damage
induced histone modifications, such as H2A ubiquitylation
(11), could regulate the accumulation of BRCA2 ata dam-
age sites. On the contrary, the accumulation of BRCA2 does
not depend on its highly conserved DNA binding domain
and the C-terminal domain (8), which, at least in vitro, inter-
act with (single-stranded) DNA (38). An explanation is that
BRCA2 is bound to chromatin surrounding the DNA dam-
age mainly through its N-terminal interaction with PALB2,
without the requirement of all functional domains required
to promote all BRCA2 functions. In this way, the accumula-
tion of BRCA2 is uncoupled from its canonical function of
loading RADS51 onto RPA coated DNA. Rather than one spe-
cific interaction, a combination of these (transient) interac-
tions will allow BRCA2, even at its low concentration to dy-
namically associate in a regulated manner with the damaged
genomic regions. This local difference in affinity could serve
as a mechanism to retain and concentrate BRCA2 molecules
at DNA damage and can explain the motion patterns
observed.
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Mechanisms of accumulation of BRCA2 at DNA
lesions

The dynamics of a larger number of different DNA repair
proteins has been investigated in living cells. This shows that
while many of these proteins accumulate at sites of DNA dam-
age, they can do so through different mechanisms (39). While
RADS1 and RPA are stably bound (30,40), RADS54, another
protein in the same DNA repair pathway, shows different dy-
namic behaviour (30). Interestingly, while RAD 54 visually ac-
cumulates in foci, immobilization of the protein is hardly ob-
served, unless its ATP activity is affected (41). In recent years,
liquidliquid phase separation (LLPS) has been proposed as an
additional mechanism to drive compartmentalization of pro-
teins in DNA repair foci, as well as in other nuclear and cel-
lular processes. 53BP1 is one of the DNA repair factors that
forms accumulations with liquid-like characteristics (42,43).
Furthermore, RADS52, a RADS51 mediator in yeast, can form
condensates in vitro and in vivo (44). A study using single-
molecule tracking showed that RAD52 in budding yeast dis-
plays reduced and confined mobility in foci, while the RPA
subunit Rfal, shows clear immobilization (40). To drive the
formation of condensates by itself proteins need to be present
at a high enough concentration, however BRCA2 is present
at a low concentration in the cell nucleus and within the foci
only tens of BRCA2 molecules are present (Figure 3). These
parameters argues that BRCA2 by itself is not phase separated
but that it is trapped in DNA lesion-containing compartments
where it undergoes transient immobilization through interac-
tion with other proteins or DNA in the foci.

Differentiating between different modes of accumulation,
such as transient binding and the formation of phase sepa-
rated compartments, is not straightforward and many differ-
ent parameters have been proposed to prove the formation of
condensates through liquid-liquid phase separation (45). With
the current data on BRCA2 mobility we are not able to apply
modelling of the different models as we lack accurate informa-
tion on the strength and reversibility of the binding of BRCA2
within the foci, nor do we have an accurate estimation of the
attractive forces on BRCA2 in a phase-separation model (46).

However, through different analysis approaches we do have
some relevant observations such as that the diffusion rate of
the diffusive fraction of BRCA2 is not affected inside the re-
pair focus. If BRCA2 would be accumulating through inter-
actions driven by the presence of phase separation, a change
in the measured diffusion rate of the diffusing molecules due
to short transient molecular interactions would be expected,
as has been observed for RADS52 in yeast (40). However, we
do observe an increase in restricted movement in the repair
foci. In cases where molecules are compartmentalized this can
be tested by determining if a plateau can be observed in the
mean-square displacement curve (MSD). By using the mean-
square displacement curve of the diffusive BRCA2 molecules
we are not able to observe a clear plateau in the MSD curve
and the fitted confinement radius does not match the size of
repair foci. This suggests that the mobility of BRCA2 is not re-
stricted by the boundary of the focus, but that transient bind-
ing alone is responsible to the accumulation of BRCA2.

Dynamic organization of BRCA2 at DNA repair foci

In line with our previous publication on the localization
of BRCA2 using antibodies, BRCA2-HaloTag is localized in
small clusters at DNA break sites in fixed cells. Quantification
of the amount of BRCA2 in cell nuclei and repair foci specifi-
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cally shows that only tens of BRCA2 molecules are present in
DNA repair foci. Individual clusters of BRCA2 within a focus
will therefore contain only a few BRCA2 molecules (Figure
3). The emerging picture from several studies that use super
resolution microscopy to study the architecture of DNA re-
pair foci is that proteins organized in repair foci in specific
patterns rather than a homogeneous mix of different repair
factors (47-49). For example, by single-molecule localization
microscopy, we have observed that part of the RAD51 pro-
teins that are present at repair foci do not localize with BRCA2
(35). It is interesting to consider that even for proteins that are
suggested to accumulate by LLPS, such as 53BP1, spatial inho-
mogeneity is observed for these proteins within the focus. The
heterogenous distribution observed between repair foci sug-
gests that the nanoarchitecture of DNA repair foci is highly
dynamic. The highly dynamic structure could be the conse-
quence of the regulation of DNA repair outcome at many dif-
ferent levels (50).

It should be noted that the observed mutually exclusive lo-
calisation patterns of BRCA2 and 53BP1 are done in fixed
cells. Therefore, it cannot be completely excluded that the ob-
served localisation patterns are influenced by sample prepara-
tion. One possible factor is the exclusion of antibodies against
53BP1 at certain genomic regions, which could mean that
some of the protein is not detected. It is also possible that the
proteins themselves differ in their permeability to certain chro-
matin subcompartments. In addition, we don’t know whether
the repair foci we observed contain a single DSB or multiple
DSBs clustered in a single focus. Finally it is also important
to consider that our observations on the dynamics and local-
ization of BRCA2 may differ in different cell types, where the
contribution of homologous recombination and the resolution
of DNA damage by different repair pathways are different.
For future studies, it will be interesting to investigate the lo-
calization and dynamics of BRCA2 at repair sites in different
cell types and to understand what factors influence the local-
ization of BRCA2.

Another challenge for future studies will be to converge the
observed mobility patterns of the different DNA repair pro-
teins with their nanoscale localization at foci. An important
aspect that still remains to be addressed is how dynamic the
overall organization of repair foci over the lifetime of a re-
pair focus. Future studies using super-resolution microscopy
in living cells, with methods to enhance spatial and temporal
resolution, will hopefully allow to further delineate the im-
portance of spatio-temporal dynamics of DNA repair foci in
protecting cells from genomic instability.

Data availability
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images of the tracking experiments can be found at: http://doi.
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