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Abstract

The dynamics of DNA in the cell nucleus plays a role in cellular processes and fates but the interplay of DNA mobility with
the hierarchical levels of DNA organization is still underexplored. Here, we made use of DNA replication to directly label
genomic DNA in an unbiased genome-wide manner. This was followed by live-cell time-lapse microscopy of the labeled
DNA combining imaging at different resolutions levels simultaneously and allowing one to trace DNA motion across organi-
zation levels within the same cells. Quantification of the labeled DNA segments at different microscopic resolution levels
revealed sizes comparable to the ones reported for DNA loops using 3D super-resolution microscopy, topologically associated
domains (TAD) using 3D widefield microscopy, and also entire chromosomes. By employing advanced chromatin tracking
and image registration, we discovered that DNA exhibited higher mobility at the individual loop level compared to the TAD
level and even less at the chromosome level. Additionally, our findings indicate that chromatin movement, regardless of the
resolution, slowed down during the S phase of the cell cycle compared to the G1/G2 phases. Furthermore, we found that
a fraction of DNA loops and TADs exhibited directed movement with the majority depicting constrained movement. Our
data also indicated spatial mobility differences with DNA loops and TADs at the nuclear periphery and the nuclear interior
exhibiting lower velocity and radius of gyration than the intermediate locations. On the basis of these insights, we propose
that there is a link between DNA mobility and its organizational structure including spatial distribution, which impacts cel-
lular processes.

Keywords Live cell DNA labeling - Super-resolution microscopy - Widefield microscopy - Image registration - Single
particle tracking - Motion analysis

Introduction

The dynamic yet functionally stable organization of cel-
lular processes is a crucial feature of biological systems.
Their dynamic nature is indispensable as it enables biologi-
cal systems to respond to external stimuli and survive. The
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equally. which the intricate processes of DNA and RNA metabolism
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matin. This architectural arrangement undergoes regulation
at various tiers of genomic organization. Multiple studies
have substantiated the dynamic nature of chromatin, reveal-
ing that it undergoes alterations in composition and archi-
tecture in response to diverse cellular processes.
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Notably, chromatin, the blend of DNA and proteins that
constitutes chromosomes, is far from a static entity but rather
exhibits motion within the cell nucleus. This motion dynam-
ically interplays with (patho)physiological cellular processes
such as DNA transcription (Nozaki et al. 2017; Tortora et al.
2020; Miron et al. 2020; Laghmach et al. 2021; Mach et al.
2022), DNA replication (Heun et al. 2001; Levi et al. 2005;
Levi and Gratton 2008; Zidovska et al. 2013; Tortora et al.
2020; Gabriele et al. 2022; Pabba et al. 2023), DNA repair
(Miné-Hattab et al. 2017), and cellular senescence (Shaban
and Gasser 2023) and diseases (Li et al. 2022). For instance,
during transcriptional activation or repression, specific
genetic loci undergo conformational changes that involve
alterations in chromatin structure and motion (Germier et al.
2017; Shaban et al. 2018; Shaban and Suter 2022). Further-
more, the dynamic nature of chromatin is indispensable for
the successful execution of DNA replication and repair pro-
cesses by facilitating the access to the DNA segments under-
going replication or repair (Zidovska et al. 2013; Miné-Hat-
tab et al. 2017; Ma et al. 2019; Ochs et al. 2019; Pabba et al.
2023). Previous studies have shown that chromatin motion
plays an important role in maintaining interactions between
topologically associated domains (TADs) for an average of
10 min to facilitate gene expression and this was shown to
be enabled by cohesin and CTCF (Mach et al. 2022). Fluc-
tuations in chromatin dynamics can have profound effects
on gene expression and contribute to the onset or progres-
sion of diseases, such as cancer (Guasconi and Ait-Si-Ali
2004; Gurova 2022; Li et al. 2022). Hence, understanding
the mechanisms that underlie chromatin architecture and
dynamics is of paramount importance, which requires strate-
gies to label and visualize DNA in an unbiased genome-wide
manner in living cells.

In eukaryotes, DNA/chromatin is folded hierarchically.
At the megabase scale, gene-rich transcriptionally active
regions tend to interact among them, while gene-poor hetero-
chromatic regions also interact more frequently, giving rise
to A and B compartments, respectively, in contact frequency
maps from Hi-C experiments. These interactions between
Mb-large chromatin regions remain mostly unchanged
between different cell types (McArthur and Capra 2021;
Harris et al. 2023). At the sub-megabase scale, chromatin
domains with high/malleable interaction frequencies and rel-
atively isolated from neighboring regions form TADs. TADs
are large self-interacting genomic regions that compartmen-
talize chromosomes into discrete domains with distinct func-
tional characteristics and are characterized by intradomain
chromatin contact frequency (Sexton et al. 2012; Dixon et al.
2012, 2016). TAD boundaries are typically associated with
a signature set of proteins, including CCCTC-binding fac-
tor (CTCF), structural maintenance of chromosomes (SMC)
complex such as cohesin and condensin, and RNA poly-
merase II (Dixon et al. 2012; Phillips-Cremins et al. 2013;
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Van Bortle et al. 2014; Rao et al. 2014; Jung et al. 2017).
TADs form as a result of loop extrusion, wherein the DNA
is translocated through the cohesin or SMC ring complex
forming loop domains or nano-foci (Rao et al. 2014; de Wit
et al. 2015; Sanborn et al. 2015; Fudenberg et al. 2016, 2017,
Knoch et al. 2016; Natale et al. 2017; Ganji et al. 2018; Gru-
bert et al. 2020; Cremer et al. 2020; Mach et al. 2022). Previ-
ous studies using Hi-C have shown that the TAD domains
are significantly variable in sizes and numbers and that it is
challenging to define the average TAD sizes across cell types
(Dixon et al. 2016; Zufferey et al. 2018). Various conforma-
tion capture techniques have revealed that the TAD domains
range from few hundred kilobase pairs (kbp) to megabase
pairs (Mbp) in sizes (Szabo et al. 2019; Long et al. 2022).
Earlier studies have estimated chromatin loop sizes accu-
rately in HeLa cells using DNA halo measurements between
5 and 200 kbp (Jackson et al. 1990). Recent advances have
narrowed down the average chromatin loop sizes to 185 kbp
(median) (Rao et al. 2014; Mamberti and Cardoso 2020).
Recent advancements in microscopy techniques, includ-
ing fluorescent in situ hybridization, super-resolution
microscopy, and polymer simulations, have facilitated
the visualization of chromatin loop domains within cells
(Trzaskoma et al. 2020; Hao et al. 2021; Park et al. 2021;
Maslova and Krasikova 2021; Brandstetter et al. 2022;
Parteka-Tojek et al. 2022; Sabaté et al. 2023). However,
these studies lack a direct comparison of DNA mobility at
the level of TADs and chromatin loops and entire chromo-
somes, which would allow us a better understanding of the
nature of chromatin dynamics. 3D structured illumination
microscopy (SIM) is a technique that enables computational
reconstruction of super-resolved images from a series of
widefield images that are illuminated with shifted periodic
stripe pattern with a frequency close to the resolution limit
(Gustafsson 2008). Average projecting the raw structured
illumination data generate conventional (pseudo)widefield
images, which has been widely employed to obtain corre-
sponding images of the same samples at different resolution
level (Neil et al. 1997; Albiez et al. 2006; Baddeley et al.
2010; Chagin et al. 2016; Brandstetter et al. 2022). How-
ever, there is a notable absence of correlative microscopy
comparisons pertaining to DNA mobility at the different
levels of organization. Correlative microscopy, a powerful
technique that combines different imaging modalities of
the same sample, allows one to visualize chromatin in real
time at both higher and lower resolutions. In this study, we
address the question of whether the motion of DNA/chro-
matin is correlated across multiple resolutions from indi-
vidual DNA loops to (sub)megabase chromosome domains
to entire chromosomes. In this context, we directly labeled
DNA in living cells in an unbiased manner encompassing
the whole genome and quantified its hierarchical organiza-
tion levels. We used single particle tracking combined with
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image registration and motion analysis to characterize and
compare the mobility of DNA loops, (sub)megabase chro-
mosome domains, and entire chromosomes.

Methods
Cells

All cells used were tested and negative for mycoplasma.
Human cervical cancer cell line HeLa Kyoto (Erfle et al.
2007) and HeLa K cells expressing GFP-PCNA (Chagin
et al. 2016; Pabba et al. 2023) fusion protein were used to
monitor cell cycle progression. All cells were maintained
in Dulbecco’s modified Eagle medium (DMEM) (Cat. No.
41965039, Thermo Fisher Scientific, USA) supplemented
with 10% fetal calf serum (Cat. No. FBS 11A, Capricorn
Scientific GmbH, Germany), 1XL-glutamine (Cat. No.
392-0441, VWR, Germany), 1x sodium pyruvate (Cat. No.
10703688, Th.Geyer GmbH, Germany), and 1X gentamicin
(Cat. No. G1397-100 ml, Th.Geyer GmbH, Germany) in a
humidified atmosphere with 5% CO, at 37 °C. Previously
published experiments confirmed that the transgenic gene
product colocalized with the endogenous protein and was
present at sites of active replication (Chagin et al. 2016;
Pabba et al. 2023). The culture medium was changed every
day and cells were split every 2 days. Cell line characteristics
are summarized in Supplementary Table 1.

Replication labeling and live cell imaging

HeLa K GFP-PCNA cells were seeded in low density onto
Ibidi p-dish chambers (Cat. No. 80826, Ibidi, Germany). To
fluorescently mark the active synthesis of nascent DNA at
the replication sites, the cells were seeded on glass and were
scratch loaded using a needle with 100 uM of ATTO-590-
dUTP or Cy3-dUTP (Schermelleh et al. 2001; Sadoni et al.
2004) (Supplementary Table 2). After scratch loading cells
were allowed to recover overnight and were imaged the next
day. All imaging was performed at 37 °C (unless specified)
with a humidified atmosphere and 5% CO, (Supplementary
Table 4).

Chromatin compaction analysis

HeLa K GFP-PCNA cells were labeled with nucleotides
using scratch loading on coverslips. Next day the cells were
fixed using 3.7% formaldehyde for 10 min. Then, 1 mg/ml
4'.6-diamidino-2-phenylindole (DAPI) (Cat. No. 6335.1,
Carl Roth, Germany) was used to stain the DNA for 10 min.
The cells were then imaged in 3D (Z stacks) using super-res-
olution 3D-SIM to image DNA and nucleotides. The recon-
structed and thresholded 16-bit super-resolved images were

analyzed using “Nucim” library available on platform “R”
to subdivide individual nuclei into chromatin compaction
classes and mapping signals from other channels to individ-
ual compaction classes (Smeets et al. 2014). First, the DAPI
channel was segmented and used to mask the region of inter-
est. Individual voxels within a single nucleus were assigned
to a certain compaction class based on the probability of this
voxel belonging to the same class computed from a hidden
Markov random field (HMRF) stochastic model, classifying
the nuclei into seven different compaction classes, where
the first class represents interchromatin (IC), as opposed
to the chromatin compartment of chromatin domain clus-
ters (CDCs). Classes two, and three represent less com-
pacted perichromatin located towards the surface of CDCs
wich together with IC form the active nuclear compartment
(ANC), whereas classes four to seven located towards the
interior of chromatin domain clusters (CDC) represent
the more compacted inactive nuclear compartment (INC)
(Fig. 1B). Spots from other channels were further mapped
into these subclasses based on a combined threshold and
intensity method where first the spots were segmented with
the threshold method followed by an intensity-weighted
calculation of the relative fraction, leading to more intense
signals having a larger impact and low-intensity signals hav-
ing less impact.

Double pulse analysis to determine the labeling
duration

HeLa Kyoto cells were seeded on coverslips (glass) at
50% confluency the day before. Next day the cells were
labeled with 100 uM Cy3-dUTP using scratch loading to
label the active replication sites (Supplementary Table 2).
The scratch-loaded cells (coverslips) were then submerged
10% DMEM media (Cells) with 40 uM BrdU nucleoside
added for 5 min at different chase times (0’, 15', 30, 45', 60’,
120"). The coverslips with cells were then fixed in 3.7% for-
maldehyde for 10 min and washed twice with 1xXPBS. The
cells were then treated with 0.7% TritonX for 20 min and
washed three times with 1XPBS to remove excess TritonX.
BrdU detection was performed using (2% BSA in 1xXPBS,
1x DNase buffer, DNase 2000 U/ml, rabbit anti-BrdU
(1:500) for 1 h (Supplementary Table 3). The excess anti-
body was washed using 1X PBS—0.05% Tween20. The BrdU
was then detected using anti-rabbit A488 (1:500) for 1 h
(Supplementary Table 3). The excess secondary antibody
was washed using 1xX PBS—-0.05% Tween20. Then, 1 mg/ml
DAPI (Cat. No. 6335.1, Carl Roth, Germany) in H,O was
used to stain the DNA for 10 min. Excess DAPI was washed
away using H,O. The slides were mounted using Vectashield
mounting medium (Cat. No. VEC-H-1400, Vector Labora-
tories, USA). The cells were then imaged using Nikon TiE2
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«Fig. 1 Genome-wide DNA labeling and estimation of nucleotide
pulse duration. A Illustration of the labeling scheme. Fluorescently
labeled nucleotides are introduced in an asynchronous population
of HeLa K GFP-PCNA cells (Supplementary Table 1) using scratch
loading before imaging in subsequent cell cycle stages (Replication
labeling and live cell imaging, Supplementary Table 4). On the right,
a single Z slice and maximum Z projection of a representative cell
with GFP-PCNA (green) and ATTO-590 dUTP (magenta) is shown
at SIM resolution (Supplementary Table 2). B Representative images
of HeLa K cells labeled with nucleotides (magenta) and DAPI (gray).
The replication labeling pattern was used to determine the S phase
stage where the chromatin was labeled in the previous cell cycle.
We then performed chromatin compaction class analysis using DAPI
intensity (Methods) of 3D-SIM imaged fixed cells and mapped the
distribution of chromatin label within the compaction class and plot-
ted it as a bar plot. C The labeling scheme to determine the DNA
labeling duration using scratch loading, we first labeled cells with
Cy3-dUTP (magenta) using scratch loading followed by different
chase times (0715'730'/45'/60'/120"), which was then followed by
a second nucleoside pulse (BrdU—40 pM) for 5 min to label cells.
The cells were then fixed after a few hours and BrdU detection was
performed (Methods, Supplementary Table 3). D The cells were
then imaged using a high-throughput widefield microscope (Supple-
mentary Table 4) and representative images of all samples are shown
(Cy3-dUTP—magenta, BrdU—cyan, DAPI—blue). E We performed
colocalization analysis of both labels to determine the overlap per-
centage over time (Supplementary Fig. 2), which was then plotted as
bar plots with error bars. Scale 5 um

microscope (Supplementary Table 4) and analyzed using
CellProfiler to determine the colocalization percentage of
Cy3-dUTP and BrdU for different chase times (Supplemen-
tary Table 5, Supplementary Fig. 2, Fig. 1B).

Cell cycle profiling using flow cytometry

HeLa K cells were seeded at 30% confluency in p100 cell
culture dishes (Cat. No. 83.3902, Sarstedt, Germany). After
24 h, the culture medium was removed and the cells were
washed with 1xX PBS/EDTA followed by 5 min trypsin (Cat.
No. TRY-3B, Capricorn Scientific GmbH, Germany) treat-
ment. Once the cells were dissociated, they were collected
in a 15-ml tube and pelleted down at 500 r.c.f. (relative cen-
trifugal force) for 5 min. The pellet was resuspended in a
small volume of 1xXPBS until cells were dissociated com-
pletely. Then, 100% ice-cold ethanol was added dropwise
to a final concentration of 70%. The cells were fixed in 70%
ethanol for at least 4 h. Cells were then pelleted in ethanol
at 500 r.c.f. for 5 min. The ethanol was removed, and cells
were resuspended in DNA staining solution (1xX PBS with
100 pg/mL RNase A, 50 ug/ml propidium iodide (PI), and
0.1% Triton X-100) for overnight staining at 4 °C. Next day
the cells were again washed with 1xX PBS before proceeding
with FACS sorter. The cells were then resuspended in fresh
ice cold 1xPBS at 0.5 million cells/mL. A Bio Rad cell
sorter (Supplementary Table 4) was used to gate single cells,
followed by removal of doublets from the population. The
FL-2 laser line was used to detect the PI, and a histogram

was plotted of the number of cells versus PI intensity. The
data was collected for five million cells (Supplementary
Fig. 3). The data from the cell sorter was analyzed using
FCS express (Denovo software by Dotmatics) to obtain the
cell cycle profile (Supplementary Table 5).

Metaphase spreads

HeLa K cells were passaged into 4 p100 (Cat. No. 83.3902,
Sarstedt, Germany) cell culture dishes at 60% confluency.
The next day Colcemid (Cat. No. COL-H, Capricorn Scien-
tific GmbH, Germany) was added to the cell culture media
to a final concentration of 0.1 pg/ml for 4 h. The medium
was aspirated, and the cells were then washed with 1xXPBS
to remove excess Colcemid. The cells were then trypsinized
(Cat. No. TRY-3B, Capricorn Scientific GmbH, Germany)
for 5 min and dissociated cells were collected into 50-ml
tubes and centrifuged at 500 r.c.f. for 5 min. The superna-
tant was aspirated and was followed by dropwise addition
of 0.75 mM 37 °C KCl in H,O and incubated at room tem-
perature (RT) for 20 min. The cells were then centrifuged
for 5 min at 500 r.c.f. The supernatant was then aspirated
followed by dropwise addition of ice cold 3:1 methanol/
acetic acid fixative solution. The fixation was repeated two
times. Finally, the pellet was resuspended in 2.5 ml cold
fixative and stored at —20 °C overnight. The next day, the
cells were again pelleted and resuspended in 5 ml of ice-
cold fixative. The metaphases were then added dropwise on
a wet microscope slide from a height of 10-20 cm using a
1-ml pipette before drying at RT overnight. The next day,
the slides with metaphases were rehydrated for 5 min in
H,O0. and stained with 1 mg/ml DAPI (Cat. No. 6335.1, Carl
Roth, Germany) in for 10 min. Excess DAPI was washed
away using H,O. The slides were mounted using Vectash-
ield (Cat. No. VEC-H-1400, Vector Laboratories, USA) and
imaged using the Nikon TiE2 microscope (Supplementary
Table 4).

Microscopy

Imaging was performed within a few days after the labeling
of cells using a DeltaVision OMX V3 Blaze system (Applied
Precision), equipped with a 60x/1.42 NA Plan Apo oil
objective and Olympus and pco.edge 4.2 sCMOS cameras
(PCO, Kelheim, Germany) for high-speed stack acquisition.
3D-SIM image stacks were acquired with a z-distance of
125 nm and with 15 raw images per plane (five phases, three
angles). For time-lapse acquisitions, typically stacks of 7
consecutive z-sections covering ~1 um height were recorded
with 10 s intervals. 3D-pseudo-widefield (WF) images were
generated by average projecting the raw SI images per plane
and have a lateral (x—y) resolution of approximately 240 nm
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and an axial (z) resolution of ~600 nm. The raw data were
computationally reconstructed with the SoftWoRx 6.1 soft-
ware (GE Healthcare) using channel-specific optical transfer
functions (OTFs) and a Wiener filter setting of 0.0030 to
obtain a super-resolution 3D-SIM image stack with a lat-
eral (x—y) resolution of ~120 nm and an axial (z) resolution
of ~300 nm. Post-reconstruction quality control, threshold-
ing & 16-bit conversion and channel alignment was per-
formed as described elsewhere (Ochs et al. 2019; Miron et
al. 2020). In some cases, WF dataset were subjected to an
additional iterative 3D deconvolution with Soft WoRx using
the default settings.

ATTO-590 and GFP were excited sequentially using
592 nm or 488 nm laser lines to minimize cross talk. Imag-
ing was performed at 37 °C with a humidified atmosphere
using an environmental chamber unless otherwise men-
tioned (Supplementary Table 4).

The standard protocol for examining chromatin mobil-
ity in ATTO-590-labeled nuclei proceeded in the following
manner: First, a reference image of GFP-PCNA and ATTO-
590-dUTP, was collected from a single focal plane corre-
sponding to the middle of the nucleus. This image demar-
cated the nuclear boundary, provided cell cycle information,
and, in the case of S phase cells, allowed us to correlate the
positions of ATTO-590-dUTP foci with sites of DNA rep-
lication. Second, while maintaining the same central focal
plane, a time series (frame interval of 10 s, 12 frames) and
3D volume with fewer stacks were captured to minimize
photo toxicity. To perform the imaging at different tem-
peratures, the labeled cells were imaged in both channels
at 37 °C and RT.

The GFP-PCNA was used to distinguish the cell cycle
stages. In some cases, only one channel ATTO-590-dUTP
was imaged to minimize bleaching. The imaging was per-
formed over multiple experiments to have reproducibility
and sufficient replicates.

DNA combing

HeLa K cells were transfected with digoxigenin (DIG)-
11 dUTP using the Neon transfection system (Cat. No.
MPKS5000, Invitrogen, USA) (Supplementary Fig. 6). Three
hours after transfection the cells were trypsinized and dis-
solved as 50,000 cells per 50 ul PBS. The cells were then
embedded in equal volume of 2% sieve GP low melt agarose
(Cat. No. 850090, Biozym scientific GmbH) and the plugs
were cooled for 30 min at 4 °C . The plugs were then incu-
bated in lysis buffer (1% sarcosyl (Cat. No. 8147150500,
Merck millipore GmbH, Germany) 125 mM EDTA pH 9.5)
with 1 mg/ml proteinase K (Cat. No. P2308-500 mg, Merck
millipore GmbH, Germany) overnight at 42 °C. The agarose
plugs were then transferred to I1X TE 100 mM NaCl and
washed for 3 days by changing the buffer periodically. The
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agarose plugs were then melted in 2 ml 50 mM MES (Cat.
No. 475893-100 GM, EMD millipore, MA, USA) 100 mM
NaCl pH 6 at 75 °C. The DNA was combed using the Fiber-
Comb (Cat. No. MCS-001, Genomic vision, France) on
silanized coverslips (Cat. No. COV-002-RUO, Genomic
vision, France). We then let the coverslips air dry for a few
hours and fixed them using 3:1 methanol acetic acid (Cat.
No. 6727.2 and 6755.2, Carl Roth GmbH) for 10 min. We
then proceeded with immunostaining to detect DIG nucleo-
tides using rabbit primary anti-DIG (1:500) and secondary
anti-rabbit IgG conjugated with Cy3 (1:500) (Supplementary
Table 3). The DNA was then detected using 1 pM YOYO-1
Iodide (Cat. No. Y3601, Thermo Fisher Scientific, USA) in
TE and mounted in Vectashield (Cat. No. H-1000-10, Vector
Laboratories, USA). The slides were then imaged using a
Nikon TiE2 spinning disk (Supplementary Table 4).

To calculate the stretching factor of combed DNA, 50 ul
(500 pg/ml) of the bacteriophage lambda DNA (cI857ind
1 Sam 7) (Cat. No N3011S, New England Biolabs, USA)
was dissolved in 3 ml of MES buffer (50 mM MES (Cat.
No. 475893-100 GM, EMD millipore, MA, USA) 100 mM
NaCl pH 6). The DNA solution was homogenized for 2 days
at 4 °C. The phage DNA was then combed as described
above and stained with 1 uM YOYO-1 Iodide (Cat. No.
Y3601, Thermo Fisher Scientific, USA) in TE and mounted
in Vectashield (Vector Laboratories, USA, Cat. No.
H-1000-10).

DNA quantification of labeled chromatin

HeLa K GFP-PCNA cells were labeled with Cy3-dUTP
using scratch loading and fixed with 3.7% paraformalde-
hyde in 1x PBS for 10 min and washed twice with 1xXPBS.
Then, 1 mg/ml DAPI (Cat. No. 6335.1, Carl Roth, Germany)
in H,0O was used to stain the DNA for 10 min. Excess DAPI
was washed away using H,O. The slides were mounted using
Vectashield mounting medium (Cat. No. VEC-H-1400, Vec-
tor Laboratories, USA). The full Z stacks of fixed cells were
imaged as described above on a DeltaVision OMX micro-
scope to detect DNA and labeled chromatin (Supplementary
Table 4). The relative genome size (cell cycle correction
factor, C) of HeLa K GFP-PCNA cells in different cell cycle
stages was determined using the cell sorter by measuring
the DNA (PI) intensity over cell cycle (Cell cycle profiling
using flow cytometry). DNA quantification of the labeled
foci was done using image analysis. The images were pre-
processed using Fiji to remove the noise from the images
(Supplementary Fig. 5). For segmentation of replication
foci, the protocol used was originally described in Chagin
et al. (2015). In brief, the images were converted into 16-bit
images. Replication foci were thresholded in Imagel] with
the auto-threshold using the triangle method on the stack
histogram, the thresholded image was combined with the
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original image via Image calculator (method: min) creat-
ing a new image that contains the intensities of the original
image but only in the thresholded areas. This new image
and the corresponding other channels were then imported
into the image analysis software Perkin Elmer Volocity 6.3
and converted into volumes. The pixel dimensions of the
images were set to the specifications of the 3D-SIM and WF
images. Find objects (“nucleus”) using the DAPI channel,
method “Intensity” (set manually to the optimal value), use
fill holes in object/dilate/erode until the object optimally fits
the nucleus, exclude objects by size < 500 pm?>. Find objects
using the label channel, method “Intensity” (lower limit, 1;
upper limit, maximum), separate touching objects, exclude
“foci " not touching the “nucleus”. The DNA content of the
foci was determined via the DAPI sum intensities (Supple-
mentary Fig. 5). The relative DNA ratio of labeled chroma-
tin foci and total nuclear DNA (DAPI) was obtained. This
ratio was then multiplied by the cell cycle correction factor
(C, determined by PCNA pattern) and the genome size of
HeLa K GFP-PCNA (Chagin et al. 2016). The amounts of
DNA (in kbp) of individual foci were then plotted as a his-
togram for both SIM and WF datasets (Fig. 3).

Registration of live-cell image data

To cope with cell movement and deformations when deter-
mining the motility of 3D chromatin structures in live-cell
image data, affine image registration was performed using
the deep learning method in Celikay et al. (2022) followed
by non-rigid registration using the method in Balakrishnan
et al. (2019). The registration transformation was computed
based on the PCNA channel of the WF images and subse-
quently applied to the chromatin channel of the 3D-SIM
and WF images. Smooth non-rigid transformations were
obtained by downscaling the original input images followed
by upscaling the computed transformation to the original
image size. All frames of a video were registered to the first
frame.

Tracking of 3D chromatin structures in live-cell
image data

Three-dimensional chromatin structures were tracked in
3D (x, y, z) within single cell nuclei in 3D live-cell fluo-
rescence microscopy images to determine the motility. A
probabilistic particle tracking method was used to determine
the movement of multiple fluorescently labeled 3D chro-
matin structures (Ritter et al. 2021). The method is based
on Bayesian filtering and multi-sensor data fusion and
combines Kalman filtering with particle filtering. Multiple
measurements are integrated by separate sensor models and
sequential multi-sensor data fusion, which allows including
different uncertainties. Elliptical sampling is employed to

obtain detection-based and prediction-based measurements
(Godinez and Rohr 2015), and for correspondence finding,
motion information based on displacements from past time
points is exploited. The spot-enhancing filter (SEF) (Sage
et al. 2005) is used for the detection of 3D chromatin struc-
tures. First, a Laplacian of Gaussian (LoG) filter is applied to
the images of an image sequence. Then, thresholding of the
filtered images is performed using a threshold determined by
the mean of the filtered absolute intensity values plus a fac-
tor times the standard deviation. The same factor is used for
all images of an image sequence. Finally, local maxima are
computed yielding object detections (Supplementary Fig. 8).
Note that as a result of lower resolution in the z-direction
compared to the x—y plane of the 3D data, the localization
and tracking accuracy in the z-direction is generally lower.
Chromosome territories were tracked in 2D (x, y) using a
maximum intensity projection of the WF images since no
movement in the z-direction was observed. We used nearest
neighbor association after region segmentation employing
a difference of Gaussian (DoG) filter followed by intensity
thresholding.

Motion analysis of 3D chromatin structures

The motility of 3D chromatin structures was analyzed for
3D-SIM and corresponding WF image data using a mean
squared displacement (MSD) analysis (Saxton 1997). We
determined the MSD as a function of the time interval Az
for each computed trajectory (Supplementary Fig. 8) and
averaged the MSD curves for all trajectories. To improve the
accuracy of the motility analysis, we considered only trajec-
tories with a minimum time duration of 40 s (corresponding
to four time steps). We fitted both the diffusion model and
the anomalous diffusion model to the calculated MSD val-
ues to obtain the diffusion coefficient D [pm2 s7!'] and the
anomalous diffusion coefficient o (motion type parameter),
respectively. The motion of chromatin structures was further
characterized by different 3D motion properties: radius of
gyration (Saxton 1993), mean velocity over time, distance
start—end (distance between the first and last position of
a trajectory) (Beltman et al. 2009), and track straightness
(Beltman et al. 2009) (distance between the first and last
position divided by the sum of the distances between all
consecutive points of a trajectory).

To analyze the motility of the 3D chromatin structures
with respect to the location within the cell nucleus (location-
based motion analysis), we divided each cell nucleus into
seven shells of equal volume. For this, we performed seg-
mentation of the cell nucleus using Otsu thresholding (Otsu
1979) and determined the convex hull from the contour of
the segmentation mask using the Jarvis—March algorithm
(Jarvis 1973). The resulting polygon was then scaled relative
to its center-of-mass to generate seven polygons representing
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«Fig. 2 Quantification and correlation of labeled replication domains
using microscopy and single molecule DNA fibers. A HeLa K GFP-
PCNA cells were labeled with Cy3-dUTP (magenta) (Supplementary
Table 2) using scratch loading technique and were then fixed using
3.7% paraformaldehyde for 15 min and DNA was stained using
DAPI. The cells were then imaged using the DeltaVision OMX
microscope for both GFP-PCNA and Cy3-dUTP (Supplementary
Tables 1, 2, 3, 4) and processed to display corresponding widefield
and 3D-SIM images. GFP-PCNA patterns were used to determine the
cell cycle stage and the cell cycle correction factor (Supplementary
Figs. 3, 4). Representative images of DNA (DAPI—gray) and labeled
chromatin (Cy3-dUTP—magenta) in WF and 3D-SIM resolution are
shown. Individual cells were segmented, analyzed, and corrected for
genome size and the histograms representing the quantified DNA
amount per focus (N=30) was plotted. The mode +5 bin of the his-
togram was represented in the figure (DNA quantification of labeled
chromatin, Supplementary Figs. 3, 4, 5). The statistics of the histo-
gram are shown in Supplementary Table 6. Scale bar 5 um. B Single
molecule DNA fiber experiment of DIG-dUTP labeled cells was per-
formed to estimate the labeling efficiency of cells and correlate the
DNA domain quantification using microscopy (DNA combing, Sup-
plementary Figs. 6, 7, Supplementary Tables 3, 4). C Representative
image of a single linearly stretched DNA fiber (cyan) and the labeled
replication foci (DIG-dUTP: magenta). D The DNA fiber length and
the labeled replication foci in kbp were plotted using the calibration
measurements performed using lambda DNA (Supplementary Fig. 7).
Scale bar 100 kbp

shells of equal volume. Each trajectory was assigned to the
shell which contains the majority of its points.

Motion subpopulations were determined by classifying
the trajectories based on the anomalous diffusion coef-
ficient a using k-means clustering (MacQueen 1967). We
initialized the clustering algorithm using the k-means++
method (Arthur and Vassilvitskii 2007), where initial
population centroids are selected from all data points (a
values) to be well spread out. The centroids are defined as
the mean of the data points of a subpopulation. Their ini-
tial values are iteratively refined in the k-means algorithm
by changing the assignment of the data points to their
closest centroid and recomputing the centroids as the new
mean of the assigned data points. The classification was
performed separately for 3D-SIM and WF images. The
spatial distribution of the motion subpopulations inside
the cell nucleus was computed using the same shells of
equal volume as for location-based motion analysis.

To test for significance of the difference of the motion
properties between two sets of trajectories, we performed
two-sided Wilcoxon rank-sum tests.

Results and discussion
DNA labeling genome-wide

Earlier studies have employed various labeling techniques
to mark chromatin, such as the insertion of ectopic DNA

sequence arrays into chromosomes alongside ectopic expres-
sion of bacterial proteins that bind to these arrays, thereby
labeling them. Additionally, specific genomic sequences
have been visualized using techniques based on TALE or
CRISPR/Cas9 (Ma et al. 2016, 2019) or the inclusion of
ectopic sites such as LacO or TALE sites (Robinett et al.
1996; Vazquez et al. 2001; Dimitrova et al. 2008; Mach
et al. 2022), where the TAL effector protein or catalyti-
cally inactive Cas9 protein binds to and labels specific loci.
These methodologies have facilitated the study of chromatin
dynamics across different processes, circumventing technical
and analytical challenges associated with larger, clustered
chromatin labels. However, it is important to note that these
ectopic manipulations may introduce artifacts that do not
accurately represent the true nature of chromatin.

To address this concern, we adopted the scratch load-
ing technique, which involves the introduction of labeled
deoxyribonucleotides into cells to label DNA directly (Cells)
(Schermelleh et al. 2001; Sadoni et al. 2004).

This method has proven effective for the rapid labeling of
DNA in cells without altering their native chromatin state.
The process of genome duplication, known as DNA rep-
lication, occurs during the synthesis (S) phase, where the
chromosomes are duplicated. By directly labeling chroma-
tin/DNA in replicating S phase cells, we can label any chro-
matin type (euchromatin, facultative heterochromatin, con-
stitutive heterochromatin) as well as DNA repeat elements
like LINEs and SINEs as well as tandem repeats, which are
overlooked in most studies. As the human genome is GC
poor, we selected dUTP for labeling. This is also advanta-
geous over dCTP as the latter could interfere with cytosine
modifications. Through the use of directly labeled deoxyri-
bonucleotides and scratch loading, we can label the DNA
genome-wide (Fig. 1A, B) and examine chromatin dynamics
in its native state over several cell cycles. As a larger por-
tion of genomic DNA is packaged into heterochromatin, this
would be reflected also by this labeling method.

In our study, we utilized an asynchronous population of
human HeLa K GFP-PCNA cells (Chagin et al. 2016; Pabba
et al. 2023) containing fluorescently tagged proliferating
cell nuclear antigen (PCNA). We labeled these cells using
scratch loading with 100 uM ATTO590-dUTP (Methods,
Supplementary Tables 1, 2). PCNA is a component of the
DNA replication machinery and serves as a marker for cell
cycle progression (Fig. 1A; Prelich et al. 1987; Leonhardt
et al. 2000; Easwaran et al. 2005; Moldovan et al. 2007;
Chagin et al. 2016; Pabba et al. 2023). The labeled cells
were allowed to divide through multiple cell cycles, thereby
distributing the label to daughter cells and increasing the
population of cells with labeled chromatin. These labeled
cells were then subjected to two-color 3D live-cell time-
lapse correlative microscopy of an approximately 1-um-high
central subvolume acquired with 10-s intervals, where we
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obtained high-resolution 3D-SIM images along with the cor-  full Z stacks (volumetric imaging) per cell (Fig. 1A, Supple-
responding lower-resolution pseudo-WF images, generated ~ mentary Fig. 1, Video 1, Microscopy). To cover cell popula-
from the same raw data. Additionally, we acquired multiple  tions in different cell cycle stages, we utilized GFP-PCNA
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«Fig.3 Correlative chromatin mobility of labeled DNA in HeLa K
cells at widefield and structured illumination microscopy resolution.
A HeLa K cells expressing GFP-PCNA were labeled with ATTO-
590-dUTP (Methods, Supplementary Tables 1, 2) using scratch
loading. After a few cell cycles, live cells were imaged in 3D and
processed for structured illumination microscopy (SIM) and wide-
field (WF) resolutions, and time-lapse movies (frame interval of
10 s) of both GFP-PCNA (green) and labeled chromatin (magenta)
were obtained (Supplementary Table 4). Representative images of
HeLa K cells with PCNA (green) and labeled chromatin (magenta)
in SIM and WF are shown. Inserts (white—1, 2) represent the zoom
of chromatin imaged with SIM and WF resolutions, respectively. The
zoomed inserts also show the computed tracks of chromatin over time
(Supplementary Fig. 8, Videos 1, 2, 3, 4). B Non-rigid registration of
the time-lapse movies using PCNA-GFP was performed to correct for
the movement of cells (Methods, Supplementary Fig. 9). The regis-
tered movies were then used to detect labeled chromatin foci (Meth-
ods, Supplementary Fig. 10). These chromatin foci from the time-
lapse movies of both SIM and WF were then analyzed to obtain the
mean squared displacement curves (MSD, um?) over time intervals
(s) (Supplementary Fig. 8). MSD curves (um?) over time intervals (s)
for SIM (green), WF (blue), and control fixed cells (gray) were then
plotted. C The table details the values of the anomalous diffusion
coefficient a and the diffusion coefficient D (um?/s x 107>). D Illustra-
tion of labeled chromatin and its chromatin motion in SIM and WF.
E, F Radius of gyration (um) and mean particle size (um?) for SIM
(green) and WF (blue) chromatin domains (Supplementary Fig. 11).
There is a highly significant difference between the SIM and WF foci
(p<0.001). The median and mean of the measurements are indicated
in the figure. G Mean velocity (um/s) of labeled chromatin foci for
SIM (green) and WF (blue) plotted as a curve over time (s). H Mean
velocity (um/s) of labeled chromatin foci for SIM (green) and WF
(blue) plotted as a box plot. There is a highly significant difference
between the SIM and WF foci (p <0.001). The median and mean val-
ues of the measurements are indicated in the figure. The statistics of
the plots are shown in the figure and listed in Supplementary Table 6.
Scale bar 5 um. Also see Videos 1, 2, 3, 4

patterns to select cells in specific stages for live cell micros-
copy. The representative images of a live mid S phase (GFP-
PCNA focal pattern, green) cell with labeled chromatin
(nucleotides, magenta) in pseudo-WF, deconvolved wide-
field (Deconv WF), 3D-SIM along with the zoom section
are shown in Supplementary Fig. 1.

Given that the measurement of chromatin motion of
labeled chromatin domains may depend on the size of the
object (labeled DNA), it is imperative to assess the labeling
duration and the size of the labeled DNA domains. This
evaluation enables correlating between chromatin domain
sizes and their diffusion rates. As the scratch loading method
involves a short-term permeabilization and uptake of fluo-
rescent dUTPs from the medium, the pulse duration can-
not be controlled. Therefore, we conducted a pulse-chase-
pulse experiment to determine the labeling/pulse duration.
Briefly, we employed an asynchronous population of HeLa
K GFP-PCNA cells and performed scratch loading with
labeled nucleotides (1st pulse) to label replicating DNA
(Methods, Supplementary Tables 1, 2). We then performed
a chased of different durations (0’, 15, 30, 45, 60, 120")
and labeled the cells with a second pulse of 40 uM BrdU

(5-bromo-2'-deoxyuridine, a cell-permeable nucleoside),
followed by fixation and detection of BrdU using antibod-
ies (Fig. 1B, C; Double pulse analysis to determine the
labeling duration; Supplementary Tables 2, 3). We then
performed high-throughput imaging, which allowed us to
obtain a larger cell population for quantification (Fig. 1C,
Supplementary Table 4). We segmented the nuclei marked
by DAPI staining and DNA foci labeled with fluorescently
labeled nucleotides (1st pulse, magenta, scratch loading) and
BrdU (2nd pulse, cyan, nucleoside) channels and performed
colocalization analysis between the pulses to calculate the
percentage of labeled nucleotides foci overlapping with
BrdU foci (Fig. 1C, Supplementary Fig. 2, Supplementary
Tables 5, 6). The lack of colocalization is used as a proxy
for the duration of the first pulse. Our findings indicate that
the nucleotide pulse during scratch loading is primarily
incorporated into the genome within the initial 15 min, pro-
viding insight into the labeling duration of DNA/chromatin
(Fig. 1D).

Quantification of the size of labeled chromatin
domains

As the chromatin diffusion/dynamic rates may be influenced
by the chromatin domain sizes, we wanted to investigate the
DNA domain sizes that were labeled within the 15 min of
labeling duration after scratch loading. Hence, we performed
microscopic imaging at different modes of resolution (WF,
WF deconvolution, and super-resolution 3D-SIM) to quan-
tify the corresponding labeled DNA domain sizes.

In previous studies, we have quantified the genome
size (GS) of HeLa K cells to be GS =9.682+0.002 Gbp
(Chagin et al. 2016). During S phase the genome is dupli-
cated, whereby the total DNA is doubled from G1 to G2
progression before cell division in mitosis. Therefore, to
precisely measure the relative DNA amount during S phase
we utilized flow cytometry to determine the relative DNA
amounts during the cell cycle progression (Supplementary
Fig. 3). Briefly, we used ice-cold methanol-fixed HeLa K
GFP-PCNA cells labeled with the DNA/RNA dye PI in
combination with RNase A (to remove the RNA detection)
and performed flow cytometry to detect the total amount
of DNA. We then plotted the total DNA (PI) intensity on
the x-axis and the number of cells on the y-axis (Methods,
Supplementary Fig. 3). The DNA intensity profile over the
cell cycle was fitted with the aneuploid profile of HeLa K
cells (Metaphase spreads, Supplementary Fig. 4), to obtain
the relative DNA amount present in early, mid, late S phase
cell cycle stages. Using these data we obtained the cell cycle
correction factor (C; G1—1, eS—1.06, mS—1.27, 1s—1.71,
G2—1.98) for all cell cycle stages (Supplementary Fig. 3).

To quantify the DNA domain sizes, we subjected HeLa
K GFP-PCNA cells to scratch loading with Cy3-dUTP
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«Fig.4 Correlative motion analysis of labeled chromatin during the
cell cycle stages and depending on temperature. A HeLa K cells with
labeled DNA were used to obtain live-cell time-lapse movies (frame
interval of 10 s) (Methods, Supplementary Tables 1, 2). Correla-
tive imaging of two channels GFP-PCNA and labeled chromatin in
SIM and WF in 3D were obtained (Supplementary Table 4). Dur-
ing S phase, PCNA accumulates within the nucleus at sites of active
DNA replication and exhibits a distinct puncta pattern. During G1
and G2, GFP-PCNA is diffusely distributed throughout the nucleus.
GFP-PCNA patterns were used to classify cells in different cell cycle
stages (Supplementary Fig. 3). The representative images show GFP-
PCNA (green) and labeled DNA (magenta) for both SIM and WF
resolutions. The tracks of chromatin mobility of the white inserts
are shown in zoom. B The registered time-lapse movies were used
to detect chromatin foci of both SIM and WF and then analyzed to
obtain the mean squared displacement curves (MSD, pum?) over time
intervals (s) (Supplementary Figs. 8, 13). The MSD curves over time
intervals (s) were plotted for S phase and G1/G2 for both SIM and
WE. C The table details the values of the anomalous diffusion coef-
ficient o and the diffusion coefficient D (um?/sx 10~). D Illustration
of labeled chromatin and in S phase and G1/G2. E During live cell
imaging of chromatin labeled HeLa K GFP-PCNA cells, experiments
at two different temperatures (37 °C and room temperature (RT))
were performed. The MSD curves over time intervals (s) were plotted
for imaging at 37 °C and RT for both SIM and WF (Supplementary
Fig. 12). F The table details the values of the anomalous diffusion
coefficient « and the diffusion coefficient D (um?/sx 107%). The sta-
tistics of the plots are shown in figure and listed in (Supplementary
Table 6). Scale bar 5 um. See Video 5

followed by chemical fixation using formaldehyde (DNA
quantification of labeled chromatin, Supplementary
Tables 1, 2). The total DNA was subsequently stained with
DAPI. We performed fixed cell imaging of DAPI (total
DNA), GFP-PCNA (green), and Cy3-dUTP (labeled chro-
matin) and imaged the whole nuclear volume in SIM and
WF resolutions (voxel size 41 X 41 X 125 nm). Then, we
segmented both the entire nucleus and the individual labeled
chromatin foci within the same cell. The fraction of DAPI
intensity within the segmented replication focus (IRFi) rela-
tive to the total DNA intensity within the cell (IDNA total)
provided the amount of DNA per labeled chromatin focus
(DNA quantification of labeled chromatin, Fig. 2A, Sup-
plementary Fig. 5). The DNA content (kbp) present in each
labeled foci for SIM and WF images (V= 30) was plotted as
a histogram where the x-axis represents the DNA amount
present per focus (kbp) and the y-axis represents the count
(Fig. 2A). The mode and median values of the histogram are
indicated in Fig. 2A. We observed that in WF microscopy,
a large number of labeled foci with a DNA content ranging
from 100 to 500 kbp of DNA (median 210 kbp), which cor-
respond to TAD-like structures (Giorgetti and Heard 2016).
Whereas, using super-resolution microscopy (SIM), a large
number of labeled foci have a size between 100 and 200 kbp
of DNA (median 110 kbp), which corresponds to smaller
loop like structures as shown by previous studies (median
185 kbp) (Rao et al. 2014; Mamberti and Cardoso 2020).
Therefore, we propose that replication labeled DNA domains

resolved by conventional WF microscopy correspond to
TAD-sized domains whereas DNA domains resolved by
3D-SIM correspond to chromatin loops or sub-TADs. This
is solely based on DNA content but not DNA sequence and
need not correspond to TADs and loops identified by Hi-C
methods.

To validate our results with an orthogonal method, we
employed DNA fiber combing to quantify the labeled chro-
matin domain sizes using a single molecule DNA fiber
method (Parra and Windle 1993; Bensimon et al. 1994,
Jackson and Pombo 1998; Daigaku et al. 2010; Técher
et al. 2013; Moore et al. 2022). This allowed us to visual-
ize the labeled DNA domains and translate the 3D chro-
matin structures into linear DNA fibers (Fig. 2B). To get
significant results, we needed to optimize the DNA comb-
ing technique to obtain long stretches of DNA fibers up to
4 Mbp (commonly the fibers break after a few hundreds
of kbps) to be able to visualize multi-loop domains. Briefly,
we labeled HeLa K cells with 100 uM DIG-11 dUTP
nucleotides using electroporation to enable nucleotides to
enter cells. The cells were then allowed to recover from
electroporation overnight and DNA strands were extracted
into the DNA combing buffer (DNA combing, Supplemen-
tary Fig. 6). Using antibodies we detected the incorporated
DIG-11dUTP signal (magenta) on the linear single genomic
DNA fibers (YOYO, cyan) (Fig. 2C). We performed the
calibration of DNA stretching using the Genomic Vision
combing machine to determine the stretching factor using
lambda DNA (48.5 kbp) and obtained a stretching factor of
1 um =2 kbp (DNA combing, Supplementary Fig. 7). We
then used the calibration results to measure and plot a histo-
gram with the size of DNA fibers (cyan) in kbp and the size
of labeled nucleotides in kbp (magenta) present along the
DNA fibers (Fig. 2D). The DNA fiber results showed that
the labeled DNA domains are between 50 and 100 kbp in
size, which corresponds to our DNA content measurements
using 3D-SIM imaging.

Correlative chromatin motion analysis shows
that nano-foci chromatin loops are more mobile
than larger TAD-like structures

To perform correlative chromatin motion analysis, we
imaged live HeL.a K GFP-PCNA cells labeled with ATTO-
590dUTP using scratch loading and performed dual-channel,
multi-resolution, 3D sub-volume time-lapse imaging (frame
interval of 10 s, 7 z-sections, 12 frames), to analyze and
compare chromatin motion at different resolutions (Fig. 3A,
Cells, Microscopy). During the acquisition of time-lapse
movies, we observed a significant movement and deforma-
tion of the cells. We overlaid the chromatin channel from
time point 1 (T1, magenta) and the final time point (T12,
cyan) and observed a unidirectional motion of chromatin
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«Fig.5 Subpopulation classification of chromatin motion. A Repre-
sentative images of HeLa K GFP-PCNA (green) and labeled chro-
matin (magenta) live cells in SIM and WF. The computed chroma-
tin tracks were classified into population O (red) and population
1 (yellow) based on k-means clustering of the « values. The tracks
were colored in red (population 0) and yellow (population 1) in both
SIM and WF images. The subpopulation mean values of a for SIM
are 0.56 and 1.66 for population O (red) and population 1 (yellow),
respectively. The subpopulation mean values of a for WF are 0.48
and 1.63 for population 0 (red) and population 1 (yellow), respec-
tively. We analyzed different parameters for different subpopulations
and plotted them (Supplementary Fig. 13). B Mean squared displace-
ment (MSD, pmz) over time intervals (s) for population 0 (red) and
population 1 (yellow) was plotted for SIM and WF time-lapse mov-
ies. We also plotted the mean distance (um) to the cell border for the
chromatin tracks of the subpopulations. There is no significant differ-
ence in mean distance (um) to the cell border between the subpop-
ulations. The mean and median of the box plots are also indicated.
The statistics of the plots are shown in figure and listed in (Supple-
mentary Table 6). C The mean particle size (pm3) of SIM and WF
chromatin domains of population 0 (red) and population 1 (yellow)
are plotted as box plots. There is no significant difference between
the populations. The mean and median of the box plots are also indi-
cated. D The track straightness of SIM and WF chromatin domains of
population O (red) and population 1 (yellow) are plotted as box plots.
There is a highly significant difference between the two populations
(p<0.001). The mean and median of the box plots are also indicated.
E The distance start—end (um) of SIM and WF chromatin domains of
population 0 (red) and population 1 (yellow) are plotted as box plots.
There is a highly significant difference between the two populations
(»<0.001). The mean and median of the box plots are also indicated.
The statistics of the plots are shown in figure and listed in (Supple-
mentary Table 6). Scale bar 5 pm

foci, which corresponds to cell movement (Supplementary
Fig. 8). As there are fewer labeled chromatin foci in the
nuclear sub-volumes, identification of nuclear boundaries
was not possible in the chromatin channel. Therefore, we
utilized the PCNA channel to segment the nuclear outlines.
To register the time-lapse movies, we performed affine reg-
istration using our previous deep learning method to correct
for rotational and translational motion of cells (Celikay et al.
2022). To correct for deformations of the nucleus during
time-lapse microscopy, we used non-rigid registration after
affine registration (Balakrishnan et al. 2019) improving the
tracking accuracy considerably (Registration of live-cell
image data, Video 2). To ensure that the particle detection
algorithm only detects true chromatin foci, but not high-
frequency noise artifacts generated during the SIM recon-
struction, we used fixed control cells to detect any small-
scale structures and their motion (Supplementary Fig. 9-A).
This allowed us to optimize the particle detection threshold
to detect true chromatin foci and perform tracking reliably
(Supplementary Fig. 9-A, Methods). We also checked the
number of chromatin foci detected over time in SIM and
WF time-lapse movies. We observed a threefold increase in
the number of foci detected between higher and lower reso-
lution imaging (Supplementary Fig. 9-B, C). Having these

controls, we then performed correlative motion analysis to
obtain MSD (pmz) over time intervals in seconds (s) (Sup-
plementary Fig. 10). We plotted the MSD curves for SIM
(green), WF (blue), and fixed cells (gray) over time intervals
(Fig. 3B, Video 3). In the SIM resolution datasets, we meas-
ured a diffusion constant (D) of 8.32x 107> pmz/s with an
alpha value (o) of 0.95, whereas with WF resolution the dif-
fusion constant was lower with a D of 5.44 x 107> um%/s and
an alpha value (a) of 0.76 (Fig. 3C). We found that the chro-
matin nano-foci structures or loops imaged at SIM resolution
are considerably more mobile than the clustered TAD-like
domains imaged at WF resolution (Fig. 3D, Videos 3, 4). We
next measured the radius of gyration (um), which describes
the extent of motion (R,) of a chromatin polymer over time
and visualized it using box plots. We observed that chroma-
tin foci in SIM (green) (mean 0.0818, median 0.0763) have a
higher radius of gyration compared to chromatin foci in WF
(blue) (mean 0.0738, median 0.0699) (p <0.001) (Fig. 3E).
We measured the mean particle size (in um?), which allowed
us to correlate the radius of gyration with the particle size
and plotted these using box plots. We observed that chroma-
tin foci in SIM (green) (mean 0.01267, median 0.008685)
have significantly lower volumes compared to chromatin foci
in WF (blue) (mean 0.02564, median 0.01121) (p <0.001)
(Fig. 3F). As a result of the higher chromatin domain sizes,
we see a lower radius of gyration for chromatin foci in WF
compared to SIM.

We then asked the question whether the mean velocity
(um/s) of chromatin foci in SIM is higher than for WF. We
plotted the velocity curves and box plots for SIM (green,
mean 0.006042, median 0.005854) and WF (blue, mean
0.005895, median 0.005598, and p=0.09825) and observed
no significant difference between the mean velocities of
chromatin at different resolutions (Fig. 3G, H). We also
measured the track straightness and the start-to-end distance
and observed a significant difference between SIM (green)
and WF (blue) chromatin foci (p <0.005) (Supplementary
Fig. 11, Supplementary Table 6). In summary, our results
characterize the chromatin motion differences in smaller
loop chromatin domains and larger TAD-like domains,
which helps us to relate chromatin dynamics in the context
of chromatin higher-order organization.

Chromatin motion reduces in S phase relative to G1/
G2

To determine how the global chromatin dynamics change dur-
ing cell cycle progression at multiple resolutions (SIM and
WF), we utilized chromatin labeled cells and GFP-PCNA to
assign the cell cycle stage during S phase (Leonhardt et al.
2000; Sadoni et al. 2004; Chagin et al. 2016). First, the cells
were annotated according to the different cell cycle stages
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«Fig.6 Location-based analysis of chromatin domains. A Representa-
tive images for chromatin classification (shells with equal volume)
based on the spatial location of labeled foci. HeLa K GFP-PCNA
cells with overlaid GFP-PCNA signal (green) and labeled chro-
matin (magenta) are shown. The PCNA signal was used to identify
the nuclear border, and the whole nuclear volume was divided into
7 shells having equal volume. The 7 shells are represented in differ-
ent colors. The chromatin tracks of SIM and WF within each shell
were then marked and colored according to the shell (Supplementary
Fig. 14). B The mean velocity (um/s) of labeled chromatin domains
subdivided into different shells are plotted in a box plot and the
median and mean values of mean velocity are indicated. The signif-
icance test between chromatin in shell 1 (outer) versus other shells
were plotted (Supplementary Fig. 13). C The radius of gyration (um)
of labeled chromatin domains subdivided into different shells are
plotted in a box plot and the median and mean values of mean veloc-
ity are indicated. The significance test between chromatin in shell 1
(outer) versus other shells was plotted. D The number of particles
present in each shell and subdivided into population 0 (red) and popu-
lation 1 (yellow) were plotted in percentages for both SIM and WF
time-lapse videos. The statistics of the plots are shown in the figure
and listed in (Supplementary Table 6). Scale bar 5 um

(GI1, S, G2) based on the PCNA subnuclear pattern (Meth-
ods). PCNA forms puncta or foci at the active replication sites
during S phase, which was used to classify cells in S phase.
We were able to distinguish between G1 and G2 cells, even
though they exhibit a similar diffused PCNA subnuclear dis-
tribution, based on the information on the preceding cell cycle
stage from the time-lapse analysis performed after labeling
(Microscopy). Specifically, cells with diffusely distributed
PCNA signal, which had previously undergone mitosis were
in G1 phase, whereas the ones with similar diffuse PCNA pat-
tern that had previously undergone S phase (punctated PCNA
pattern) were classified as being in G2 phase. The PCNA
signal was also used to segment the nucleus, and individual
chromatin foci were detected within the segmented nuclei.
Probabilistic tracking was performed to obtain individual chro-
matin trajectories at SIM and WF resolutions. Representative
images of GFP-PCNA (green) and labeled DNA (magenta)
of mid S phase and G1/G2 cells along with chromatin tracks
are shown in Fig. 4A, Video 5. We performed probabilistic
chromatin tracking (Supplementary Fig. 10, Methods) to
obtain the MSD (wn2) over time intervals (s) of S phase versus
non-S phase at different resolutions (Fig. 4B, Supplementary
Fig. 12-A). The curves show significantly higher chromatin
dynamics in SIM G1/G2 [light green, diffusion coefficient
(D)=13.01x 107 pm2/s] compared to SIM S phase [dark
green, diffusion coefficient (D)=7.05x 107 um?/s]. We also
observe a significantly higher chromatin dynamics in WF G1/
G2 (light blue, diffusion coefficient (D=7.95x 107> um?¥:s)
compared to WF S phase [dark blue, diffusion coefficient
(D)=4.95x 107 um?/s] (Fig. 4C, Supplementary Fig. 12-A).
In summary, we see reduced chromatin motion in S phase
compared to non-S phase independent of the resolution. These
results concur with our previous observations at confocal reso-
lution (Pabba et al. 2023). It is also interesting to see that the

S phase chromatin mobility in SIM is lower than the G1/G2
chromatin mobility in WF, showing that there are more con-
straints in chromatin loop motion in S phase than the larger
TAD-like domains.

Chromatin motion reduces with decreasing
temperature at different resolutions

To analyze the changes in chromatin mobility at differ-
ent temperatures, we acquired 3D live-cell time-lapse
images (frame interval of 10 s) of HeLa K GFP-PCNA,
and labeled chromatin (ATTO590-dUTP) at 37 °C and
RT (Microscopy, Supplementary Tables 1, 2, 4) and plot-
ted the MSD curves for both conditions 37 °C and RT at
different resolutions (Fig. 4E, Supplementary Fig. 12-B).
The MSD curves show significantly higher chromatin
dynamics in SIM at 37 °C [dark green, diffusion coefficient
(D)=8.32% 107> um%/s] compared to SIM at RT [light
green, diffusion coefficient (D)=3.97 x 10~> um?/s]. We also
observe that the results show significantly higher chromatin
dynamics in WF at 37 °C (dark blue, diffusion coefficient
(D)=5.44x 10> um?/s) compared to WF at RT [light blue,
diffusion coefficient (D)=2.73 x 10~> um?/s] (Fig. 4E, F;
Supplementary Fig. 12-B). We found that regardless of the
resolution, the chromatin mobility at 37 °C is significantly
higher than at RT.

Motion subpopulation analysis of chromatin shows
different diffusion behaviors

We next asked the question whether chromatin foci at SIM
resolution (loops) or WF resolutions (“TADs”) behave dif-
ferently in terms of chromatin motion. To answer this, we
classified the chromatin foci tracks into two distinct motion
populations (0—red, 1—yellow) using k-means clustering
of the anomalous diffusion coefficient o at both SIM and
WF resolutions (Fig. SA). The subpopulation mean values
of a for SIM are 0.56 and 1.66 for population O (red) and
population 1 (yellow), respectively, and the subpopulation
mean values of o for WF are 0.48 and 1.63 for population 0
(red) and population 1 (yellow), respectively (Supplemen-
tary Table 6). For these subpopulations, we computed and
plotted the MSD (prnz) over time intervals (s) for SIM and
WF microscopy (Fig. 5B). We observed that chromatin foci
of population O (red) exhibit a constrained diffusion behavior
at both SIM (mean a=0.56) and WF (mean o=0.48) resolu-
tions as suggested by various studies (Marshall et al. 1997;
Heun et al. 2001; Chuang and Belmont 2007; Oliveira et al.
2021; Pabba et al. 2023). To our surprise, we also observed
a minor population of chromatin foci or population 1 (yel-
low) showing directed diffusion behavior at both SIM (mean
a=1.66) and WF (mean a=1.63) resolutions (Fig. 5B,
Supplementary Table 6). This effect was predominant in
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«Fig. 7 Mobility of chromosome territories. A Illustration of labeled
DNA after segregation over several cell cycles resulting into indi-
vidual chromosome territories labeled. Overlay image of HeLa K
GFP-PCNA cells with PCNA (green) and labeled DNA (magenta).
The borders of chromosome territories are marked with yellow dot-
ted lines. The chromatin tracks of chromosome territories are over-
laid. The white dotted lines represent the nuclear borders. B The
chromosome territories were tracked as a whole chromosome from
the widefield (WF) time-lapse movies to obtain the mean squared
displacement curves (MSD, pmz) over time intervals (s) (Supplemen-
tary Fig. 8). The MSD curves (pmz) over time intervals (s) were plot-
ted for SIM (green), WF (blue), and chromosome territories (purple)
were then plotted. C The table details the values of the anomalous
diffusion coefficient o and the diffusion coefficient D (pmzlsx 1079).
D Mean squared displacement curves (MSD, um?) over time intervals
(s) of individual chromosome territories were plotted. The dark curve
represents the average MSD (um?) of all chromosome territories. E
MSD (um?) over time intervals (s) of chromosome territories grouped
as labeled chromosomes touching the nuclear border (outer terri-
tories, light red) and labeled chromosomes not touching the nuclear
border (inner territories, red) was plotted. Scale bar 5 um. See Video
6

higher-resolution chromatin loops domains than compared
to lower-resolution TADs (Fig. 5B).

We then asked the question whether there is a relation
between the two motion populations and their spatial loca-
tion. To answer this, we plotted and visualized the mean
distance (um) of each chromatin foci from the cell border of
population O (red) and population 1 (yellow) at both resolu-
tions. We observed no significant difference between the
two populations in SIM and WF resolution (Fig. 5B). We
then measured and visualized different parameters such as
mean particle size (pm3), track straightness, and distance
start—end (um) for SIM and WF (population 0 and popula-
tion 1). We observed no significant difference in particle size
(um?) between population 0 and population 1 for both SIM
and WF chromatin foci (Fig. 5C, Supplementary Fig. 13,
Supplementary Table 6). It is interesting to observe that the
track straightness and distance start—end (um) for population
1 was significantly higher than population 0, irrespective of
SIM or WF (Fig. 5D, E; Supplementary Fig. 13, Supple-
mentary Table 6). These results show that a minor popula-
tion of chromatin foci exhibit a directed diffusion behavior,
while most of the foci exhibit a constrained diffusion behav-
ior. It leads us to ask the question whether these chromatin
foci behavior is affected by their spatial location within the
nucleus.

Chromatin motion analysis show spatial differences
with the nuclear border and the nuclear interior
exhibiting decreased motion

It is intriguing to speculate that on the basis of its location
chromatin behaves differently as a result of the crowded-
ness inside the nucleus. To determine if chromatin dynam-
ics is influenced by its spatial positioning, we conducted a

comprehensive spatial analysis of chromatin tracks at both
SIM and WF resolutions. We utilized time-lapse imaging of
HeLa cells expressing GFP-PCNA and labeled chromatin in
3D. This approach enabled us to segment the entire nucleus
into concentric shells of equal volumes, allowing us to assess
how chromatin dynamics may differ across distinct nuclear
environments. We segmented the nucleus using PCNA sig-
nal into shells of equal volumes. To cover a large number of
volumes, we performed the analysis from two shells up to
10 shells. Segmenting the nuclear volume into more than 10
shells resulted in shell dimensions close to the dimension of
DNA foci. In all conditions, we measured the MSD (umz),
mean velocity (um/s), radius of gyration (um), alpha value
(o), track straightness, and distance start—end (Supplementary
Fig. 14). We color-coded the shells and chromatin to identify
the chromatin tracks within different shells in both SIM and
WEF datasets. We observed no changes in our results when we
adjusted the tracks present in different shells within SIM or
WEF to the same number. We reasoned that to measure poten-
tial nuclear border effects a distance of less than 1 pm of the
nuclear periphery would be acceptable, which corresponded
to having seven concentric shells (outer shell 653 nm on aver-
age) (outer shell—red, inner shell—orange, Fig. 6A). We then
identified and plotted the number of chromatin tracks present.
We observed that the chromatin tracks within the outer shell
(close to nuclear periphery, shell 1) and inner shells (5, 6, 7)
have significantly lower mean velocity and radius of gyration
(um) than the chromatin tracks present in shells 2, 3, and 4
in both SIM and WF resolutions (Fig. 6B, C; Supplementary
Fig. 14). We then asked the question whether the difference
in chromatin motion based on spatial positioning is related to
the diffusion type or the motion subpopulation analysis we
performed before. Therefore, we visualized the distribution of
the number of tracks of motion population 0 (a< 1, red) and
motion population 1 (o> 1, yellow) within each shell volume
(shells 1-7) and plotted them (Fig. 6D). We also plotted the
ratio of tracks (population O/population 1) present within each
shell as a pie chart and observed no bias of one subpopulation
over the other in SIM chromatin foci (Fig. 6D, Supplementary
Fig. 14). This led us to determine that chromatin located at the
nuclear periphery and in the nuclear interior exhibits slower
movement independent of the motion characteristics compared
to chromatin positioned in between these locations.

Chromatin motion of segregated chromosome
territories is slower than individual loops
or TAD-like structures

There are many challenges involved in visualizing entire
chromosomes in live cells. An advantage of employing the
replisome (DNA replication) to integrate labeled deoxyribo-
nucleotides into the genome is its random incorporation into
both the leading and lagging strands (Jackson and Pombo
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1998). Allowing cells to undergo multiple cell divisions
results in the random segregation of individual chromo-
somes (few megabase pairs) with chromatin regions labeled
in the initial cell cycle (Fig. 7A, Video 6). The segregated
chromosome territories are clearly visible in cells after mul-
tiple cell divisions (magenta, boundaries marked by yellow
dots, Fig. 7A). We identified the centroid of each chromo-
some territory in every image frame and conducted track-
ing over time. It is important to note that tracking all iden-
tified chromosome territories over time poses challenges,
especially with chromosomes that exhibit variable shapes,
making it difficult to determine their centroids for tracking
(yellow dotted boundaries, Fig. 7A). In Fig. 7B, we plot-
ted the MSD (um?) over time intervals (s) for the chromo-
some territories (purple), overlaid with the SIM (green), WF
(blue) DNA labeled (nano-)foci (Fig. 3). The DNA/chroma-
tin motion in 3D-SIM resolution has a diffusion constant (D)
of 8.32x 107> um?/s with an alpha value (a) of 0.95, in WF
resolution has a diffusion constant (D) of 5.44 x 107> pmz/s
with an alpha value (a) of 0.76, whereas the chromosome
territories exhibit a significantly lower diffusion constant
(D) of 3.18 x 10~ um?/s with an alpha value () of 1.06
(Fig. 7C). It is clear that chromosome territories (serving as
proxies for whole chromosomes) exhibit significantly less
dynamics than individual loops (as observed in SIM) or
TAD-like structures (as observed in WF). As we are track-
ing randomly segregated chromosomes and cannot identify
which chromosome this is, we analyzed whether individual
chromosome territories exhibit very different chromatin
dynamics due to their different labeled sizes (Supplemen-
tary Fig. 15, Video 6) (Adey et al. 2013). We overlaid the
MSD plots for individual chromosome territories (Fig. 7D).
We observed a significant variation of diffusion constants
across individual chromosome territories, and we hypoth-
esize that this variability may be attributed to differences
in chromosome sizes or their spatial positioning (Fig. 7D).
As it is very difficult to label chromosome regions, we ana-
lyzed whether the spatial location of chromosome territories
within the nucleus plays a role. For this, we separated the
chromosome territories into two regions: the outer (light red)
and inner (dark red) territories. This classification was deter-
mined by assessing whether the labeled regions were either
near to or in direct contact with the nuclear border (identified
using GFP-PCNA). We observed no significant differences
in chromatin dynamics of chromosome territories whether
or not they are present at the nuclear border (Fig. 7E).

In conclusion, we found that DNA mobility was higher
at the individual loop level compared to the TAD level
and even less so at the chromosome level. Regardless of
the organization level, DNA motion was slowed down in
the S phase of the cell cycle. Importantly, irrespective of
the DNA organization level, the motion was complex, and
we identified a population of DNA loops and TADs that
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exhibited directed movement while the majority depicted
constrained movement. Our data also indicated spatial
mobility differences highlighting that DNA structures (loops
as well as TADs) at the nuclear periphery and the nuclear
interior exhibited lower velocity and lower radius of gyra-
tion than at the intermediate locations. On the basis of these
insights, we propose that DNA mobility is inherently linked
to its organizational structure including its spatial distribu-
tion, and this impacts cellular processes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00418-024-02285-x.
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Supplementary figure 1: Live cell simultaneous correlative imaging of HeLa K GFP-PCNA cells with
fluorescently labeled chromatin at different modes of resolution.

The GFP-PCNA (green) and labeled DNA/chromatin (magenta) channels were imaged in 3D using simultaneous
acquisition in Wide-Field (WF), deconvolved Wide-Field (deconv WF) and Structured Illumination Microscopy
(SIM). The yellow inserts show the zoomed region for all channels. Scale bar: 5 pm.
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Supplementary figure 2: Colocalization analysis to determine the nucleotide pulse length

(A) Step by step description of analysis pipeline using cell profiler to calculate the percentage of colocalized
nucleotides. (B) The labeling scheme to determine the DNA labeling duration using scratch loading, we first
labeled cells with Cy3-dUTP (magenta) using scratch loading followed by different chase times
(0°/10°/15°/20°/25°/30%), which was then followed by a second nucleoside pulse (BrdU - 40 pM) for 5 minutes to
label cells. The cells were then fixed after a few hours and BrdU detection was performed (Methods,
Supplementary table 3). (C) The cells were then imaged using a high throughput wide-field microscope
(Supplementary table 4). We performed colocalization analysis of both labels to determine the overlap
percentage over time, which was then plotted as bar plots. Scale: 10 pm.
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Supplementary figure 3: Flow cytometry analysis of fixed HeLLa K GFP-PCNA cells to determine the relative
genome size (correction factor) during DNA replication using DNA intensity (methods, flow cytometry).
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Supplementary figure 4: Metaphase spreads of HeLa K GFP-PCNA cells to determine the ploidy in the cell

population (methods, metaphase spreads). Scale bar: 10 pm.
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Supplementary figure 5: Analysis pipeline to quantify the DNA amount (in Kbp)

(A) Step by step description of analysis pipeline for 3D SIM data (fixed cells) to quantify the DNA amount (in
Kbp) within labeled chromatin in HeLa K GFP-PCNA cells (methods, DNA quantification). (B) Step by step
description of analysis pipeline for 3D SIM data (fixed cells) to quantify the DNA amount (in Kbp) within
labeled chromatin in HeLLa K GFP-PCNA cells (methods, DNA quantification). (C) Volume (um3), intensity of
foci, DNA amount (in Kbp) quantification of HeLa K cells pulse labeled with EAU for 15 min and 30 min. Scale
bar: 5 pm.
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Supplementary figure 6: Step by step protocol for preparation of DNA fibers for single molecule DNA fiber
analysis (methods, DNA combing).
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Supplementary figure 8: 3D-registration of live cell datasets.

(A) Ilustration of HeLa K GFP-PCNA live cells with labeled chromatin over time. The initial timepoint was used to
perform 3D non-rigid registration of cells over time (methods, non-rigid registration). (B) PCNA (green) signal was
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used to identify the nuclear border (white dotted border). The labeled chromatin of time point 1 (T1, magenta) is
overlaid on chromatin in time point 12 (T12, cyan). The chromatin tracks of the zoomed region (yellow insert) are
shown with no registration and non-rigid registration. (C) The Mean Squared Displacement curves (MSD, pm?) over
time intervals (s) for SIM (without registration, light green), SIM non-rigid registration (with registration, green), WF
(without registration, light blue), WF non-rigid registration (with registration,dark blue) were then plotted. (D) The
table details the values of the anomalous diffusion coefficient a and the diffusion coefficient D (um?/s x 107%). Scale
bar: 5 um.
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Supplementary figure 9: Optimization of particle detection and comparison of particle detection at multiple
resolutions.

(A) Representative image of fixed cell chromatin tracks with different strength of detection. Chromatin tracks of fixed
cells with detection of small particles (red) and very small foci corresponding to fine structures (green) were used to
obtain the Mean Squared Displacement (MSD, um?) over time intervals (s) and plotted. Small and very small particles
were determined by applying high and low thresholds on the LoG filter response, respectively. The high threshold
was selected so that visually relevant foci are detected. (B) Comparison of the number of chromatin particles over
time (s) in SIM and WF and average number of particles detected in fixed and live cells. (C) Representative images
of particle detection and tracks of chromatin of same cells (regions) in SIM and WF microscopy. Scale bar: 1 um
(yellow) and 500 nm (white).
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Supplementary figure 10: Step by step pipeline description of chromatin tracking and motion analysis in 3D
(x,y,z) for SIM and WF timelapse movies (methods, tracking).
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Supplementary figure 11: Comparison of different parameters between SIM and WF chromatin tracks.

(A) Track straightness of labeled chromatin foci for SIM (green) and WF (blue) plotted as a box plot. (B) The distance
start-end (um) of labeled chromatin foci for SIM (green) and WF (blue) plotted as a box plot. The median and mean
values of the measurements are indicated. The statistics of the plots are shown in the figure and listed in
(Supplementary table 6).
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Supplementary figure 12: Effect of DNA replication and temperature on chromatin mobility.

(A) HeLa K cells with labeled DNA were used to obtain 3D live cell time lapse movies (frame interval of 10 sec)
(Methods, Supplementary table 1, 2). Correlative imaging of two channels GFP-PCNA and labeled chromatin in WF
and SIM were obtained (Supplementary table 4). During S-phase, proliferating cell nuclear antigen (PCNA)
accumulates within the nucleus at sites of active DNA replication and exhibits a distinct puncta pattern. During G1
and G2, GFP-PCNA is diffusely distributed throughout the nucleus. GFP-PCNA patterns were used to classify cells
in different cell cycle stages (Supplementary figure 3). The representative images show GFP-PCNA (green) and
labeled DNA (magenta) for both SIM and WF resolutions. The registered time lapse movies were used to detect
chromatin foci of both SIM and WF and then analyzed to obtain the Mean Squared Displacement curves (MSD, um?)
over time intervals (s) (Supplementary figure 8). The MSD curves over time intervals (s) were plotted for S-phase and
G1/G2 for both SIM and WF. The table details the values of the anomalous diffusion coefficient a and the diffusion
coefficient D (um?/s x 10). Scale bar: 5 um. (B) During live cell imaging of chromatin labeled HeLa K GFP-PCNA
cells, experiments at two different temperatures (37 °C and room temperature (RT)) were performed. The MSD curves
over time intervals (s) were plotted for imaging at 37 °C and RT for both SIM and WF. The table details the values of
the anomalous diffusion coefficient o and the diffusion coefficient D (um?/s x 10%). (C) The MSD curves over time
intervals (s) were plotted for S-phase and G1/G2 for RT and 37 °C for both SIM and WF. The table details the values
of the anomalous diffusion coefficient a and the diffusion coefficient D (um2/s x 10-5). (D) Representative images of
fixed HeLa K cells labeled with EAU (green, 10 uM) for 15 minutes and DAPI (blue). Cell cycle profile analysis of
HeLa K cells cultured at 37 °C and RT with 5% CO2. The boxplot shows the percentage of cells in G1, S, G2 for
HeLa K cells cultured at 37 °C and RT. Scale bar: 200 pm.
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Supplementary figure 13: Comparison of different parameters between SIM and WF chromatin tracks.

(A) The radius of gyration (um) of labeled chromatin foci for SIM and WF time lapse videos for population 0 (red)
and population 1 (yellow) plotted as a box plot (Figure 5). (B) Mean velocity (um/s) of labeled chromatin foci for
SIM and WF for population 0 (red) and population 1 (yellow) plotted as a curve over time (s). (C) The mean velocity
(um/s) of labeled chromatin foci for SIM and WF time lapses for population 0 (red) and population 1 (yellow) plotted
as a box plot (Figure 5). The median and mean values of the measurements are indicated in the figure. The statistics
of the plots are shown in the figure and listed in (Supplementary table 6).
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Supplementary figure 14: Location-based analysis of chromatin domains with different shell numbers.

Location-based analysis of chromatin within the nucleus was performed using different numbers of shells (2, 7, 10)
of equal volume. Chromatin was subdivided into different shells and color-coded according to the shell color. We
computed and plotted different parameters within each shell such as the number of chromatin foci, mean velocity over
time, Mean Square Displacement curves (MSD), radius of gyration, alpha values, distance start to end, and track
straightness.
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Supplementary figure 15: Human chromosomes sizes.
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SUPPLEMENTARY TABLES AND FIGURES

Supplementary table 1: Cell line characteristics

Genome size

Name Species Type Reference
P P (Gbp)
. Cervical
HeLa K Homo sapiens . 9.682+0.002 (Erfle et al. 2007)
adenocarcinoma
. Cervical .
HeLa K GFP-PCNA Homo sapiens erv1c.a 9.682+0.002 (Chagin et al. 2016)
adenocarcinoma
. ical .
HeLa K FRTLacZ Homo sapiens Cerv1c.a 9.682+0.002 (Chagin et al. 2016)
adenocarcinoma
Supplementary table 2: Nucleotide and chemical characteristics
Name Application Detection Cat # Company
ATTOS590-dUTP Replication labeling - NU-821-590 Jena Biosciences,
(Labeling of nascent Germany
DNA)
Cy3-dUTP Replication labeling - ABD-17025 Biomol GmbH,
(Labeling of nascent Germany
DNA)
5-ethynyl-2’- Labeling of nascent ClickIT 7773.1 Carl Roth, Germany
deoxyuridine DNA chemistry
(EdU) in pulse (chase)
experiments
5-Bromo-2’- Labeling of nascent Antibody B5002 Sigma Aldrich,
Deoxyuridine DNA Merck, Germany
(BrdU) in pulse (chase)
experiments
DIG-11-dUTP DNA fibers Antibody NU-803-DIGXS | Jena Biosciences,
Germany
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Supplementary table 3: Primary and secondary antibody characteristics

Anti BrdU* rabbit Monoclonal | 1:500 IF 600-401-C29 | Rockland, USA
anti digoxigenin rabbit Monoclonal | 1:500 IF #9H27L19 Thermo fisher
scientific, USA
anti-rabbit Donkey Polyclonal | 1:500 IF JIM-711- | Jackson immuno
IgG Cy3 (fluorescent 165-152 research, USA
secondary)
anti-rabbit Donkey Polyclonal | 1:500 IF 711-175-152 | Jackson immuno
IgG Cy5 (fluorescent research, USA
secondary)

*DNAse treatment #Clone number

Supplementary table 4: Imaging systems characteristics

DeltaVision OMX | 592 nm and | Ex (464/492 | 60/1.42 NA sCMOS 37°C 3D-SIM
V3 Blaze system | 488 nm diode nm) PlanApo oil cameras incubation [and 3D WF
(Applied lasers Em (500/523 objective (PCO) chgmbf):r, live cell
Precision) nm) \ggg Sn{; time lapse
Ex (531/556 6002 microscopy
nm) humidity
Em (564/611
nm)

Nikon TiE2 SPECTRA X LED- 40x air (0.95 Cooled Self build - high
inverted with light engine [DA/FI/TR/Cy | NA) & 250 | Nikon Qi2 37°C throughput,
crest spinning  [395/25 nm with 5-4X-B um WD*** | camera and | incubation high

disk unit/ 295 mW 16.25 chamber, content
Nikon, Japan  [440/20 nm with [Quadbandpass megapixel with 5% imaging
256 mW ex:390/18, sCMOS C02 and | and image
470/24 nm with 475/35, Sensor. 60% analysis
196 mW 535/50 readout humidity
510/25 nm with | em:460/60, noise is: 2.2. | chamber
62 mW 530/43, electron
540/30 nm with S580LP
231 mW
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550/15 nm with

260 mW
575/25 nm with
310 mW
Bio Rad S3 488 nm with | The filter sets Forward 4-37°C Sorting of
cell sorter 100 mW/ 561 are: scatter cells based
nm with 100 | FL1: 525/30 (FSC) with Peltier on intensity
mW nm PMT solid-state
FL2: 587/25 system
nm Side scatter
FL3: 615/25 (SSC) with
nm PMT
FL4: 655 nm
LP 2
fluorescence
detectors
with PMT
Minimum
resolution:
0.5 um

* ex.: excitation & em.: emission, ** dichroic specification, *** WD: working distance.

Supplementary Table 5: Software

/

Name Version Website Company/University Application

Volocity 6.3 - PerkinElmer, USA Analysis of DNA

domain sizes
Fiji 1.53c https://imagej.net/softw Wayne Rasband, Image processing
are/fiji/ National Institutes of | and image analysis

Health, USA

RStudio 1.1.447-1.2.5033 https://rstudio.com/ RStudio Statistical analysis

and plotting
FCS express RUO 7.20.0020 | https://denovosoftware. | Denovo software by | For analysis of flow
com dotmatics cytometry data and

plots
Adobe Illustrator 2024 https://www.adobe.com Adobe, USA Graphical sketch and

figures arrangement
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1B

Supplementary Table 6: Statistics

Hela K nucleotide overlap

0’ chase

15’ chase
30’ chase
45’ chase
60’ chase
120’ chase

SIM datasets

3 biological
replicates

100%

110

56 %
33%
10 %
8%
7%
10 %

NA

NA

WEF datasets

210

NA

SIM 2113 0.95 8.32 10.72
WF 1000 0.76 5.44 18.18
Fixed 1903 0.46 0.52 09.49

Radius of gyration, SIM

2113

0.0763

0.0818

0.0000006

Radius of gyration, WF

Mean particle size, SIM

1000

2113

0.0699

0.0087

0.0739

0.0127

0.0000006

0.0000

Mean particle size, WF

1000

0.0112

0.0256

0.0000
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3H

Mean velocity, SIM

2113

0.00585

0.00604

0.098254

Mean velocity, WF

1000

0.00556

0.00590

0.098254

4B, 4C G1/G2, SIM 519 1.04 13.01 10.59
G1/G2, WF 257 0.81 07.95 20.79

S-phase, SIM 1594 0.92 07.05 10.45

S-Phase, WF 743 0.78 04.95 14.38

4E, 4F 37 °C, SIM 2113 0.95 08.32 10.72
37 °C, WF 2568 0.76 05.44 18.18

RT, SIM 1000 0.83 03.97 09.54

RT, WF 1104 0.71 02.73 11.88

Population 0, SIM 1172 1.8429 2.3067 0.560174
Population 1, SIM 678 1.9281 2.3652 0.560174
Population 0, WF 560 1.8756 2.3504 0.142176
Population 1, WF 305 1.7083 2.2399 0.142176

Particle size, SIM 1308 0.0087 0.0128 0.959039
Population 0 805 0.0088 0.0125
Population 1

Particle size, WF 619 0.0121 0.0241 0.328000
Population 0 381 0.0107 0.0282

Population 1

Track straightness, SIM

1308

0.2874

0.3310

0.00000
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Population 0 805 0.5359 0.5816
Population 1

Track straightness, WF 619 0.2596 0.3181 0.00000
Population 0 381 0.5842 0.6252

Population 1

Distance start-end, SIM 1308 0.1308 0.1463 0.000000
Population 0 805 0.2227 0.2339
Population 1

Distance start-end, WF 619 0.1139 0.1259 0.000000
Population 0 381 0.1934 0.2047

Population 1

Mean velocity, SIM Shell 1 (outer) 0.005100 0.005370 NA
Shell 2 0.005982 0.006184 0.00003471
Shell 3 0.006042 0.006252 0.00000440
Shell 4 0.006122 0.006257 0.00000867
Shell 5 0.005642 0.005824 0.05842831
Shell 6 0.005344 0.005750 0.06446484
Shell 7 (inner) 0.005279 0.005687 0.18390360
Mean velocity, WF Shell 1 (outer) 0.004692 0.005072 NA
Shell 2 0.005620 0.006012 0.00023403
Shell 3 0.005924 0.005985 0.00042127
Shell 4 0.005820 0.006169 0.00012767
Shell 5 0.005649 0.005944 0.00250355
Shell 6 0.005220 0.005655 0.02411346
Shell 7 (inner) 0.005332 0.005265 0.31939619

Radius of gyration, SIM

Shell 1 (outer)

0.06907

0.07462

NA

Shell 2

0.07400

0.08233

0.00531

37



6D/
Supple
mentar
y figure
14

Shell 3 0.08140 0.08370 0.00037
Shell 4 0.07905 0.08278 0.00300
Shell 5 0.06826 0.07356 0.84909
Shell 6 0.07356 0.07787 0.11634
Shell 7 (inner) 0.07295 0.07730 0.25357
Radius of gyration, WF Shell 1 (outer) 0.06374 0.06544 NA
Shell 2 0.06950 0.07477 0.00701
Shell 3 0.07411 0.07686 0.00072
Shell 4 0.07011 0.07390 0.01274
Shell 5 0.07324 0.07253 0.05828
Shell 6 0.06490 0.07055 0.27735
Shell 7 (inner) 0.06580 0.06756 0.90629
Shell 1 (outer), SIM 15 % 16 % 0.93 -
Shell 2, SIM 19 % 18 % 1.05 -
Shell 3, SIM 17 % 16 % 1.06 -
Shell 4, SIM 15 % 15 % 1 -
Shell 5, SIM 11 % 11 % 1 -
Shell 6, SIM 10 % 12 % 0.83 -
Shell 7 (inner), SIM 12 % 13 % 0.92 -
Shell 1 (outer), WF 15 % 23 % 0.65 -
Shell 2, WF 20 % 16 % 1.25 -
Shell 3, WF 16 % 15 % 1.06 -
Shell 4, WF 14 % 13 % 1.07 -
Shell 5, WF 11 % 11 % 1 -
Shell 6, WF 11 % 10 % 1.1 -
Shell 7 (inner), WF 13 % 23 % 0.56 -
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7B, 7C

9B

SIM 2113 0.95 08.32 10.72
WF 1000 0.76 05.44 18.18
Territories 48 1.06 03.18 02.45

HeLa K GFP-PCNA cells
asynchronous population
propidium iodide stained

Gl 16480 1.00 -
Early S-phase 17550 1.06 -
Mid S-phase 21050 1.27 -
Late S-phase 28100 1.71 -
G2 32644 1.98 -

SIM, no registration 2186 1.16 19.20 8.80
SIM, registration 2113 0.95 8.32 10.72
WF, no registration 1032 1.21 16.90 6.09
WEF, registration 1000 0.76 5.44 18.18

fixed cell small foci 237.9 - - -
fixed cell very small foci 790.0 - - -
live cell small foci (37 °C) 211.3 - - -
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live cell small foci (RT)

Track straightness, SIM

256.8

2213

0.3775

0.4264

0.61907

Track straightness, WF

Distance start-end, SIM

1000

2213

0.3620

0.1580

0.4351

0.1797

0.61907

0.000000

Distance start-end, WF

1000

0.1372

0.1559

0.000000

13-A

12 G1/G2, SIM 519 1.04 13.01 10.59
S-Phase, SIM 1594 0.92 07.05 10.45

G1/G2, WF 257 0.81 07.95 20.79

S-Phase, WF 743 0.78 04.95 14.83

12 37 °C, SIM 2113 0.95 8.32 10.72
37 °C, WF 1000 0.76 5.44 18.18

RT, SIM 2568 0.83 3.97 9.54

RT, WF 1104 0.71 2.73 11.88

Radius of gyration, SIM 1308 0.0730 0.0792 0.0001165
Population 0 805 0.0820 0.0861
Population 1

Radius of gyration, WF 619 0.0686 0.0719 0.059529
Population 0 381 0.0733 0.0771

Population 1
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13-C Mean velocity, SIM 1308 0.006013 0.006242 0.000002
Population 0 805 0.005543 0.005716
Population 1
Mean velocity, WF 619 0.005827 0.006101 0.000057
Population 0 381 0.005169 0.005561

Population 1

14 Shell 1 (outer), SIM 286 - - _
Shell 2, SIM 346 - - _
Shell 3, SIM 311 - — _
Shell 4, SIM 273 - - _
Shell 5, SIM 204 - — _
Shell 6, SIM 201 - — _

Shell 7 (inner), SIM 229 - - _
Shell 1 (outer), WF 154 - - _
Shell 2, WF 158 - — _
Shell 3, WF 134 - — _
Shell 4, WF 120 - - _
Shell 5, WF 96 - - _
Shell 6, WF 93 - - _
Shell 7 (inner), WF 110 - - _
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14

14

Alpha values, SIM Shell 1 (outer) 0.9401 1.0485 NA
Shell 2 0.8447 0.9526 0.15615
Shell 3 0.9003 0.9567 0.20455
Shell 4 0.8836 0.9552 0.28661
Shell 5 0.7950 0.9244 0.09317
Shell 6 0.9521 1.0155 0.99791
Shell 7 (inner) 0.9590 1.0287 0.97765
Alpha values, WF Shell 1 (outer) 0.9908 1.0662 NA
Shell 2 0.6977 0.8406 0.00150
Shell 3 0.8242 0.9578 0.17688
Shell 4 0.7667 0.8583 0.00269
Shell 5 0.7446 0.8729 0.0194
Shell 6 0.7854 0.8634 0.04262
Shell 7 (inner) 0.7149 0.8829 0.027413

Distance start-end, SIM

Shell 1 (outer) 0.1473 0.1667 NA
Shell 2 0.1501 0.1795 0.135905
Shell 3 0.1667 0.1826 0.024090
Shell 4 0.1615 0.1803 0.066405
Shell 5 0.1369 0.1546 0.210906
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Shell 6 0.1641 0.1748 0.167986

Shell 7 (inner) 0.1507 0.1723 0.453838
Distance start-end, WF Shell 1 (outer) 0.1273 0.1428 NA

Shell 2 0.1357 0.1512 0.559429

Shell 3 0.1416 0.1680 0.018751

Shell 4 0.1292 0.1478 0.882723

Shell 5 0.1385 0.1533 0.479737

Shell 6 0.1257 0.1448 0.975072

Shell 7 (inner) 0.1273 0.1456 0.500560

= I el el I

14 Track straightness, SIM Shell 1 (outer) 0.3730 0.4212 NA

Shell 2 0.3731 0.4140 0.672754

Shell 3 0.3783 0.4257 0.782575

Shell 4 0.3608 0.4281 0.979520

Shell 5 0.3434 0.4126 0.398322

Shell 6 0.3741 0.4255 0.810307

Shell 7 (inner) 0.3778 0.4197 0.8707723
Track straightness, WF Shell 1 (outer) 0.3947 0.4595 NA

Shell 2 0.3268 0.4106 0.047195

Shell 3 0.3672 0.4384 0.577206
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Shell 4 0.3420 0.4137 0.110704
Shell 5 0.3290 0.4099 0.110695
Shell 6 0.3856 0.4362 0.461081
Shell 7 (inner) 0.3188 0.4069 0.086930
14 Shell 1 (outer), SIM 1098 - - -
Shell 2 (inner), SIM 752 - - -
Shell 1 (outer), WF 504 - - -
Shell 2 (inner), WF 361 - - -
14 Radius of gyration, SIM 1098 0.07614 0.08111 0.0086527
Shell 1 (outer) 752 0.07132 0.07680
Shell 2 (inner)
Radius of gyration, WF 504 0.06833 0.07269 0.1709711
Shell 1 (outer) 361 0.06752 0.07030
Shell 2 (inner)
14 Track straightness, SIM 1098 0.3744 0.4230 0.484973
Shell 1 (outer) 752 0.3638 0.4180
Shell 2 (inner)
Track straightness, WF 504 0.3531 0.4336 0.226971
Shell 1 (outer) 361 0.3380 0.4159
Shell 2 (inner)
14 Alpha values, SIM 1098 0.8909 0.9900 0.7855995
Shell 1 (outer) 752 0.8959 0.9695
Shell 2 (inner)
Alpha values, WF 504 0.8268 0.9589 0.066803
Shell 1 (outer) 361 0.7282 0.8485
Shell 2 (inner)
14 Mean velocity, SIM 1098 0.005836 0.006016 0.029837
Shell 1 (outer) 752 0.005518 0.005809
Shell 2 (inner)
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Shell 2 (inner)

Mean velocity, WF 504 0.005440 0.005730 0.902479
Shell 1 (outer) 361 0.005479 0.005709
Shell 2 (inner)
14 Distance start-end, SIM 1098 0.1605 0.1783 0.023000
Shell 1 (outer) 752 0.1463 0.1677
Shell 2 (inner)
Distance start-end, WF 504 0.1365 0.1538 0.089760
Shell 1 (outer) 361 0.1263 0.1463

14

Shell 1 (outer), SIM 167 - - -
Shell 2, SIM 259 - - _
Shell 3, SIM 252 - — _
Shell 4, SIM 215 - - _
Shell 5, SIM 205 - - _
Shell 6, SIM 170 - - _
Shell 7, SIM 139 - - _
Shell 8, SIM 145 - - _
Shell 9, SIM 143 - - _

Shell 10 (inner), SIM 155 - - _

Shell 1 (outer), WF 98 - - _
Shell 2, WF 111 - — _
Shell 3, WF 119 - - _
Shell 4, WF 96 - - _
Shell 5, WF 80 - - _
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14

Shell 6, WF 83 - - _
Shell 7, WF 70 - - _
Shell 8, WF 63 - - _
Shell 9, WF 71 - — _
Shell 10 (inner), WF 74 - - _

Radius of gyration, SIM Shell 1 (outer) 0.06506 0.07068 NA
Shell 2 0.07227 0.07930 0.0216720
Shell 3 0.08057 0.08493 0.0000507
Shell 4 0.08073 0.08353 0.0001354
Shell 5 0.08274 0.08464 0.0000772
Shell 6 0.07102 0.07819 0.0656678
Shell 7 0.06727 0.07231 0.6223969
Shell 8 0.07690 0.08005 0.0065577
Shell 9 0.07356 0.07749 0.0493245
Shell 10 (inner) 0.07005 0.07563 0.0187361
Radius of gyration, WF Shell 1 (outer) 0.06233 0.06298 NA
Shell 2 0.06646 0.07138 0.0577303
Shell 3 0.07209 0.07753 0.0007889
Shell 4 0.07171 0.07436 0.0022220
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Shell 5 0.07399 0.07721 0.0023389
Shell 6 0.07024 0.07196 0.0184034
Shell 7 0.07315 0.07132 0.0686121
Shell 8 0.06422 0.07337 0.1207169
Shell 9 0.07116 0.07283 0.0543791
Shell 10 (inner) 0.05993 0.06243 0.7736363
14 Track straightness, SIM Shell 1 (outer) 0.3790 0.4264 NA
Shell 2 0.3650 0.4130 0.436420
Shell 3 0.3773 0.4223 0.800939
Shell 4 0.3728 0.4158 0.704146
Shell 5 0.3782 0.4412 0.7007078
Shell 6 0.3670 0.4089 0.406041
Shell 7 0.3300 0.4137 0.229260
Shell 8 0.3815 0.4332 0.672914
Shell 9 0.3494 0.4134 0.420675
Shell 10 (inner) 0.3816 0.4220 0.868215
Track straightness, WF Shell 1 (outer) 0.3964 0.4582 NA
Shell 2 0.3536 0.4360 0.290698
Shell 3 0.3377 0.4124 0.086100
Shell 4 0.3765 0.4369 0.420457
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Shell 5 0.3462 0.4277 0.416261
Shell 6 0.3488 0.4287 0.241937
Shell 7 0.3031 0.3933 0.059388
Shell 8 0.3422 0.4315 0.450187
Shell 9 0.3557 0.4132 0.167848
Shell 10 (inner) 0.3181 0.4124 0.151283
14 Alpha values, SIM Shell 1 (outer) 0.9836 1.0834 NA
Shell 2 0.8700 0.9604 0.0968973
Shell 3 0.8447 0.9735 0.0786903
Shell 4 0.8592 0.9586 0.0685896
Shell 5 0.9716 1.0042 0.4269511
Shell 6 0.8212 0.9010 0.0249519
Shell 7 0.8105 0.8854 0.0154331
Shell 8 0.9295 1.0226 0.5605983
Shell 9 0.9683 1.0291 0.6559403
Shell 10 (inner) 0.9501 1.0153 0.4211240
Alpha values, WF Shell 1 (outer) 1.1302 1.1148 NA
Shell 2 0.8063 0.9704 0.0274637
Shell 3 0.6748 0.8127 0.0005340
Shell 4 0.7830 0.9051 0.0222278
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Shell 5 0.8788 1.0337 0.0689346
Shell 6 0.7156 0.8222 0.0019695
Shell 7 0.6909 0.8137 0.0032087
Shell 8 0.7282 0.8369 0.0144681
Shell 9 0.7986 0.8872 0.0259881
Shell 10 (inner) 0.6718 0.8834 0.0119245
14 Mean velocity, SIM Shell 1 (outer) 0.004808 0.005092 NA
Shell 2 0.005723 0.005855 0.0024424
Shell 3 0.006069 0.006326 0.0000009
Shell 4 0.006091 0.006318 0.0000008
Shell 5 0.006019 0.006275 0.0000012
Shell 6 0.005928 0.006086 0.000319
Shell 7 0.005476 0.005736 0.067785
Shell 8 0.005608 0.005874 0.007485
Shell 9 0.005543 0.005789 0.0044535
Shell 10 (inner) 0.004838 0.005529 0.2769457
Mean velocity, WF Shell 1 (outer) 0.004413 0.004804 NA
Shell 2 0.005269 0.005651 0.002930
Shell 3 0.005768 0.006202 0.000011
Shell 4 0.005854 0.005911 0.000226




Shell 5 0.005719 0.006057 0.000254
Shell 6 0.005941 0.006149 0.0000491
Shell 7 0.005598 0.005828 0.002264
Shell 8 0.005292 0.005825 0.002496
Shell 9 0.005442 0.005638 0.0028115
Shell 10 (inner) 0.004881 0.005071 0.376419
14 Distance start-end, SIM Shell 1 (outer) 0.1390 0.1584 NA
Shell 2 0.1487 0.1730 0.311918
Shell 3 0.1649 0.1868 0.006579
Shell 4 0.1667 0.1818 0.017904
Shell 5 0.1733 0.1874 0.004527
Shell 6 0.1419 0.1687 0.592970
Shell 7 0.1298 0.1478 0.249994
Shell 8 0.1733 0.1822 0.0141171
Shell 9 0.1383 0.1690 0.3011126
Shell 10 (inner) 0.1461 0.1697 0.4572556
Distance start-end, WF Shell 1 (outer) 0.1283 0.1436 NA
Shell 2 0.1308 0.1470 0.901501
Shell 3 0.1453 0.1575 0.373059
Shell 4 0.1351 0.1610 0.292015
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Shell 5 0.1536 0.1614 0.141326
Shell 6 0.1205 0.1480 0.925145
Shell 7 0.1385 0.1469 0.907794
Shell 8 0.1257 0.1513 0.835364
Shell 9 0.1325 0.1540 0.858436
Shell 10 (inner) 0.1146 0.1322 0.154839
15 chromosome sizes 1 - -
248.95642
2 — -
242.19353
3 — -
198.29556
4 - -
190.21456
5 — -
181.53826
6 — -
170.80598
7 — -
159.34597
8 — -
145.13864
9 — -
138.39472
10 - -
133.79742
11 - -
135.08662
12 - -
133.27531
13 - -
114.36433
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14 - -
107.04372

15 - -
101.99119

16 - -
90.338345

17 - -
83.257441

18 - -
80.373285

19 - -
58.617616

20 - -
64.444167

21 - -
46.709983

22 - -
50.818468

X - _
156.0409

Video captions:

Video 1: Simultaneous live cell imaging of GFP-PCNA (green) and labeled DNA (magenta) in Wide-Field (WF) and
Structured Illumination Microscopy (SIM). Scale bar: 5 pm.

Video 2: HeLa K GFP-PCNA live cells labeled with Atto590-dUTP (magenta). Chromatin tracking over time of
labeled DNA before and after registration. Scale bar: 5 um.

Video 3: HeLa K GFP-PCNA live cells labeled with Atto590-dUTP (magenta). Chromatin tracking over time of
labeled DNA at WF and SIM resolutions. Scale bar: 5 um.

Video 4: Correlative chromatin tracking of labeled DNA at WF and SIM resolutions. Scale bar: 100 nm.
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Video 5: HeLa K GFP-PCNA live cells labeled with Atto590-dUTP (magenta). G1G2 and S-phase cells at WF and
SIM resolutions. Correlative chromatin tracking of labeled DNA at different resolutions and cell cycle stages. Scale
bar: 5 um.

Video 6: HelLa K GFP-PCNA live cells labeled with Atto590-dUTP (magenta) showing chromatin tracking at
segregated chromosome territories, TAD domains (WF) and chromatin loops (SIM). Scale bar: Spum.
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