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CELL BIOLOGY

Replication-dependent histone labeling dissects the
physical properties of euchromatin/heterochromatin in
living human cells

Katsuhiko Minami'?, Kako Nakazato'?, Satoru Ide'*t, Kazunari Kaizu>*, Koichi Higashi*>,
Sachiko Tamura', Atsushi Toyoda®, Koichi Takahashi®, Ken Kurokawa>>, Kazuhiro Maeshima'%*

A string of nucleosomes, where genomic DNA is wrapped around histones, is organized in the cell as chromatin,
ranging from euchromatin to heterochromatin, with distinct genome functions. Understanding physical differ-
ences between euchromatin and heterochromatin is crucial, yet specific labeling methods in living cells remain
limited. Here, we have developed replication-dependent histone (Repli-Histo) labeling to mark nucleosomes in
euchromatin and heterochromatin based on DNA replication timing. Using this approach, we investigated local
nucleosome motion in the four known chromatin classes, from euchromatin to heterochromatin, of living human
and mouse cells. The more euchromatic (earlier-replicated) and more heterochromatic (later-replicated) regions
exhibit greater and lesser nucleosome motions, respectively. Notably, the motion profile in each chromatin class
persists throughout interphase. Genome chromatin is essentially replicated from regions with greater nucleo-
some motions, although the replication timing is perturbed. Our findings, combined with computational model-
ing, suggest that earlier-replicated regions have more accessibility, and local chromatin motion can be a major
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determinant of genome-wide replication timing.

INTRODUCTION
DNA is wrapped around core histones and forms a nucleosome
(1, 2). How are nucleosomes, together with other non-histone pro-
teins/RNAs, organized in the cell as chromatin, and how does chro-
matin behave in living cells (3, 4)? A wide range of imaging evidence
has demonstrated that a string of nucleosomes is rather irregularly
folded in the condensed chromatin domains in higher eukaryotic
cells (5-12). Genome-wide genomic analyses such as Hi-C (13) also
revealed chromatin domains with distinct epigenetic marks (14, 15).

To conduct genome functions, chromatin in the cell is highly
variable, ranging from euchromatin to heterochromatin (12, 16-18).
A typical textbook model describes euchromatin as open and het-
erochromatin as closed and condensed (19). However, recent stud-
ies suggest that euchromatin domains are not fully open, but rather
condensed, except for enhancers and active transcription start sites
(8, 10, 12, 20). Given that both euchromatin and heterochromatin
form condensed domains, how is heterochromatin physically differ-
ent from euchromatin? In addition to their histone modifications
(e.g., active and inactive ones) and non-histone components [e.g.,
heterochromatin protein 1 (HP1)] (16-18), their dynamics might
also be different (21-24).

Various chromatin labeling and microscopy systems for live-cell
imaging and quantitative analyses have been developed to investi-
gate chromatin dynamics and have contributed to understanding
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chromatin organization and function in live cells (6, 8, 10, 22-30).
Among them, single-nucleosome imaging sensitively and accurately
measures local chromatin dynamics in a whole nucleus (24, 31-34)
or mitotic chromosomes (24, 35) and provides structural informa-
tion on how chromatin organizes in living cells. Recently, single-
nucleosome imaging revealed that local nucleosome motion (on
average) is almost constant throughout interphase (36) and highly
constrained during mitosis (24, 35). These local nucleosome motions
seem to be mainly driven by thermal fluctuations (36).

Although it is important to understand how heterochromatin is
physically different from euchromatin, specific labeling methods for
euchromatin and heterochromatin in living cells have been limited
(6, 10, 23, 30, 33) and are still challenging, except for specific hetero-
chromatin regions, such as the nuclear periphery and around nucleoli
(21, 24, 37). To label euchromatin and heterochromatin specifically
in live cells, we have developed a method called replication-dependent
histone labeling (Repli-Histo labeling) based on DNA replication
timing (38). We investigated local nucleosome motion in the four
known chromatin classes from euchromatin to heterochromatin
[historically named IA, IB, II, and III (39, 40)] in living human and
mouse cells. We reveal that more euchromatic regions have a larger
nucleosome motion. The nucleosome motion profile or accessibility
of each chromatin class from euchromatin to heterochromatin seems
to be maintained throughout interphase. Even when the replication
timing program is disrupted, genome chromatin is essentially repli-
cated from regions with higher nucleosome motion. Our methodology
and findings dissect physical properties of euchromatin and hetero-
chromatin in live cells, relevant to the stochastic nature of DNA rep-
lication initiation.

RESULTS

Development of the Repli-Histo labeling

How can we mark euchromatin/heterochromatin specifically in live
human cells? To this aim, we took advantage of DNA replication
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timing, which is a unique feature of eukaryotic DNA replication.
Euchromatin replicates in the early S phase, and heterochromatin
replicates in the late S phase (Fig. 1A) (38). During this process,
newly synthesized histones are provided to the replicated nucleo-
somes (Fig. 1B). Labeling new histones in the early and late S phases
can mark euchromatin and heterochromatin, respectively (Fig. 1C).
Based on this concept, we have developed Repli-Histo labeling.

To label nucleosomes, we focused on one of the core histone vari-
ants, H3.2, which is expressed in a replication-dependent manner
during S phase and incorporated into nucleosomes (41, 42). Once
incorporated, H3.2 is stable for hours without exchange (25), allow-
ing us to trace the H3.2 incorporated region. Using the CRISPR-Cas9
system (43), we introduced a HaloTag sequence at the C terminus of
endogenous H3.2 genes (Fig. 1D). The HaloTag can be visualized
with the HaloTag ligand tetramethylrhodamine (TMR) or other Janelia
Fluor (JF) dyes (44). The cell clones stably expressing H3.2-HaloTag
(H3.2-Halo) were labeled with TMR and were isolated by fluorescence-
activated cell sorting (FACS) (fig. S1A). The proper insertion of the tag
sequence and the expression of H3.2-Halo were verified by polymerase
chain reaction (PCR) (fig. S1B) and Western blotting (Fig. 1E and
fig. S1C). Expressed H3.2-Halo comprises about 20% of the endoge-
nous H3.1/H3.2 (fig. S1C). The distribution of expressed H3.2-Halo

in HeLa cells resembles 4’,6-diamidino-2-phenylindole (DAPI) stain-
ing (r = 0.84; fig. S1D), suggesting that expressed H3.2-Halo is
stochastically incorporated into nucleosomes genome wide during
the S phase, consistent with the previous reports (41, 45). Stepwise
salt washing of nuclei isolated from the H3.2-Halo-expressing cells
confirmed that the biochemical behavior of H3.2-Halo is like that of
endogenous H3.1/H3.2 (fig. S1E), suggesting that H3.2-Halo was
properly incorporated into the nucleosomes in the expressed cells.
For Repli-Histo labeling, we blocked all the existing H3.2-Halo
in the cell with nonfluorescent HaloTag ligand, 7-bromo-1-heptanol
(7BRO) (46) and inactivated them (Fig. 1F). In S phase cells, the new
H3.2-Halo was synthesized and incorporated into new nucleosomes
(Fig. 1,Fand G) (41, 42, 47). Then, we pulse-labeled the new H3.2-Halo
nucleosomes with fluorescent ligands TMR or other JF dyes for 30 min
(Fig. 1, F and G). Repli-Histo labelings in the early and late S phases
highlight euchromatin and heterochromatin, respectively [Fig. 1H
and fig. S1F (right)]. Euchromatic or heterochromatic labeling was
judged from its labeling pattern because the replicated chromatin in
the nucleus shows unique patterns depending on when the region is
replicated [Fig. 1H and fig. SI1F (right)] (39, 40). The Repli-Histo
signals with H3.2-Halo-TMR were nicely colocalized with nascent
DNA pulse labeled with 5-ethynyl-2’-deoxyuridine (EdU) (r = 0.96
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Fig. 1. Development of the Repli-Histo labeling. (A) Eukaryotic cells replicate euchromatin in the early S phase, followed by heterochromatin replication in the late S
phase. (B) Newly synthesized histones are incorporated into the replicated nucleosomes. (C) Pulse labeling of the new histones in the early and late S phases allows visu-
alization of euchromatin and heterochromatin, respectively. (D) Schematics of Cas9-mediated HaloTag fusion with endogenous H3.2 genes (H3C14/15). (E) Western blots
of H3.2-Halo in lysates of HeLa cells (lane 2) using an anti-HaloTag antibody (top) and an anti-histone H3 antibody (bottom). (F) Schematic of the replication-dependent
histone labeling (Repli-Histo labeling). (G) Left: A two-dimensional plot of 4',6-diamidino-2-phenylindole (DAPI) and tetramethylrhodamine (TMR)-labeled H3.2-Halo
fluorescence in nuclei. Cyan, genome-wide H3.2-Halo labeling (n = 192 cells); red, Repli-Histo labeling (n = 326 cells); black, Repli-Histo labeling with cycloheximide (CHX)
treatment (n = 316 cells). Right: The fluorescent intensity of H3.2-Halo on the left. ***P = 1.9 x 10777 for genome-wide H3.2-Halo and Repli-Histo labeling and
P =462 x 107" for Repli-Histo labeling and Repli-Histo labeling + CHX by two-sided Mann-Whitney U test. (H) Representative HeLa cells with DAPI staining, EdU pulse
labeling, and Repli-Histo labeling. The rightmost column shows the merged image with the Pearson’s correlation coefficient (green, EdU-Alexa 488; magenta, Repli-Histo
labeling). Top: Euchromatin labeling; middle: heterochromatin labeling; bottom: G;-G; cell without EdU/Repli-Histo signals.
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in euchromatin and r = 0.94 in heterochromatin; Fig. 1H). The
Repli-Histo signals were abolished by a protein synthesis inhibi-
tor cycloheximide (CHX) (Fig. 1G, black) or a DNA polymerase
inhibitor aphidicolin (fig. S1G, black), validating that the Repli-Histo
labeling marks only newly synthesized H3.2-Halo in a replication-
dependent manner.

Genomic localization of Repli-Histo-labeled nucleosomes

To verify that Repli-Histo labeling specifically marks euchromatin and
heterochromatin in live HeLa cells, we determined the genomic local-
izations of nucleosomes labeled with Repli-Histo labeling (Fig. 2A).
We first synchronized HeLa cells at the G;-S boundary by double
thymidine block. After a 1-hour (for euchromatin labeling) or 5-hour

(for heterochromatin) release from the block [Fig. 2A(i)], we inacti-
vated the existing H3.2-Halo with 7BRO and chased for 1 hour
with new H3.2-Halo incorporation [Fig. 2A(ii)]. Then, the new
H3.2-Halo-nucleosomes from isolated nuclei were conjugated with
HaloTag polyethylene glycol (PEG)-biotin ligand [Fig. 2A(iii)]. The
nucleosomes with the H3.2-Halo-PEG-biotin were pulled down using
streptavidin magnetic beads [Fig. 2A(iv) and fig. S2A]. Nucleosomal
DNAs were purified [Fig. 2A(v) and fig. S2B] and subjected to
sequencing (Fig. 2B and fig. S2, C and D) as done previously (33).
While peaks of control H2B-Halo nucleosome data (33) and
H3.2-Halo without 7BRO treatment were distributed genome wide
(fig. S2C), we identified 3750 nucleosome peaks associated with
H3.2-Halo of the 1-hour release fraction and 1211 nucleosome
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Fig. 2. Genomic localizations of the Repli-Histo-labeled genomic regions. (A) A purification scheme for the Repli-Histo-labeled H3.2-Halo-nucleosomes and their
associated genomic DNA. The purified DNA fractions were indexed, amplified, and sequenced. (B) Genomic distribution of the Repli-Histo-labeled H3.2-Halo at 1 and
5 hours after release from double thymidine blocks; view from chr1_150,000,000-170,000,000 (also see fig. S2D for another genomic region). The first and second rows
show the labeled H3.2-Halo enrichment relative to a no-labeling control (log2 ratio) at 10-kb bins. The gray stripes indicate the Hi-C B compartments (49). Previously
published data are also shown as indicated on the left.
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peaks of the 5-hour release fraction in the annotated HeLa S3 genome
(hg19) (Fig. 2B and fig. S2, C and D). The nucleosome peaks of the
1-hour release and 5-hour release fractions are distributed compli-
mentary, consistent with the previous Repli-Seq data [(48); https://
doi.org/doi:10.17989%2FENCSR647UES]. A total of 93.6% of the
1-hour release Repli-Histo fraction belonged to the Hi-C A com-
partment (15, 49), and 91.8% of the 5-hour release fraction over-
lapped with the Hi-C B compartment (15, 49). The 1-hour release and
5-hour release Repli-Histo fractions were significantly enriched with
active chromatin marks (H3K4mel-3, H3K9ac, H3K27ac, H3K36me3,
and H3K79me2) and an inactive chromatin mark (H3K27me3),
respectively (fig. S3, A to ]) (48, 50), in good agreement with previ-
ous Repli-Seq and related studies (51, 52). Consistent with our imaging
data (Fig. 1H), the 5-hour release Repli-Histo fraction was associ-
ated with lamina-associated domains (45.5% of the fraction; Fig. 2B
and figs. S2D and S3K) (53). Together, our genomics analysis indi-
cates that Repli-Histo labeling (1-hour release and 5-hour release
fractions) specifically highlights the euchromatin (Hi-C A compart-
ment) and heterochromatin (Hi-C B compartment), respectively.

Single-nucleosome imaging in euchromatin and
heterochromatin regions in living cells

Next, we combined Repli-Histo labeling and single-nucleosome im-
aging (31-33) to measure local nucleosome motion in euchromatin
and heterochromatin. We conducted Repli-Histo labeling on asyn-
chronous HeLa cells (Fig. 3A, left). In this case, about 46% of the
cells were in the S phase (fig. S1F) and were labeled with Repli-Histo
labeling (Fig. 3A, left). Here, we used two colors for the HaloTag li-
gands: a high concentration of TMR to visualize the labeling patterns
and a very low concentration of JF646 (44) to image single nucleo-
somes (Fig. 3B). After DNA replication, we monitored the nucleosome
motion at the G, phase (Fig. 3A, right), excluding the possibility that
the different DNA content and nuclear size affect the result.

Using oblique illumination microscopy, which allowed us to illumi-
nate a thin area within a single nucleus (Fig. 3A, right) (31, 54), we
observed individual nucleosomes in euchromatin and heterochro-
matin as clear dots and recorded their motions at 50 ms per frame
(200 frames, 10 s in total) (Fig. 3B and movies S1 and S2). Each
JE646 dot showed a single-step photobleaching (Fig. 3C), while
TMR dots did not (fig. S4A), confirming that each JF646 dot repre-
sented a single H3.2-Halo-JF646 molecule in a single nucleosome.
The individual dots were fitted with a two-dimensional (2D) Gaussian
function to estimate the precise position of the nucleosome (55, 56)
and were tracked using u-track software (57) to obtain the nucleo-
some trajectory data (Fig. 3D). The position determination accuracy
of fluorescent H3.2-Halo-JF646 dots was 9.5 nm (fig. S4B and see
Materials and Methods). We only characterized the behavior of the
H3.2-Halo stably incorporated into nucleosomes because the free
H3.2-Halo molecules moved too quickly to be tracked with an image
acquisition of 50 ms per frame. We also confirmed that 7BRO treat-
ment did not significantly affect nucleosome motion (fig. S4C).

Figure 3B (bottom) displays the heatmaps of nucleosome motions
in euchromatin and heterochromatin (more movements show more
red, and fewer movements show more blue). From the tracked nucleo-
some trajectories, we calculated the nucleosome displacement (fig.
§4D) and then the mean square displacement (MSD) (Fig. 3E), which
shows the spatial extent of motion in a certain time window (fig.
S4E). The MSD plots show a subdiffusive curve, and their motions
were severely suppressed after chemical fixation with formaldehyde
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(FA) (Fig. 3E and movie S3). The plots indicate that nucleosomes in
euchromatin are more dynamic than heterochromatin (Fig. 3E and
movies S1 ad S2), while the control MSD data of H2B-Halo (36) and
H3.2-Halo without 7BRO treatment are in the middle of those of
euchromatin and heterochromatin (“genome wide” in Fig. 3E and
movie S4). The MSD exponent in euchromatic nucleosomes (0.45)
is higher than that of heterochromatic nucleosomes (0.34) (Fig. 3E
and fig. S4F). Furthermore, we examined the moving angle (motion
vector) distribution of individual nucleosomes (Fig. 3F) and calcu-
lated the asymmetry coefficient (AC) values (Fig. 3G) (58). Nucleo-
somes in heterochromatin have more pulling back force (i.e., a smaller
AC value; Fig. 3H and fig. S4G) and are more constrained than
in euchromatin.

The more-euchromatic regions (earlier-replicated regions)
have a larger nucleosome motion

To obtain more information on the nucleosome behaviors in euchro-
matin and heterochromatin, we categorized whole chromatin into
four known classes from euchromatin to heterochromatin based on
the replication timing and labeling pattern (Fig. 4A; fig. S5, A to C;
movies S5 to S8) (i.e., replication foci; see Table 1 for more details)
(39, 40). Historically, the four classified regions were named class IA
and class IB, which are earlier-replicated regions (more euchromatic),
and class II and class III, which are later-replicated regions (more
heterochromatic) (39, 40). Although the cells with the class III pattern
have a large amount of freely diffusing H3.2-Halo (Fig. 4A, fig. S5B,
and movie S8), we only focused on the behavior of the H3.2-Halo stably
incorporated into nucleosomes in the class III pattern (fig. S6A).

Nucleosome motion is progressively more constrained as the class
progresses from IA to III (Fig. 4B, fig. S6B, and movies S5 to S8; see
also fig. S7). The radius of constraint (R p = 6/5 X RZ2, where pis
the plateau value of the MSD) of nucleosomes in each class was esti-
mated (mean + SD): 132 + 17 nm (IA), 115 + 8.6 nm (IB), 105 + 12 nm
(II), and 89 + 14 nm (III) (fig. S6C). Their MSD exponents « in the
time range between 0 and 0.5 s gradually decreased: IA, 0.45; IB,
0.40; I1, 0.34; I11, 0.25 (Fig. 4B and fig. S6D). Decreases in AC values
were also observed (Fig. 4B and fig. S6E): 1A, —1.247; IB, —1.377; 11,
—1.525; ITI, —1.582. These data indicate that more euchromatic regions
(earlier-replicated regions) have a larger nucleosome motion with
higher MSD exponents and AC values. Notably, almost no overlaps
or gaps were observed among the four classified regions (Fig. 4, B
and C). The nucleosomes around the nuclear periphery [i.e., lamina-
associated domains (LADs) (59)] and around nucleoli [nucleolus-
associated domains (NADs) (60)] in class II (Fig. 4D) showed similar
MSD values (Fig. 4E), suggesting that chromatin replicated at the
same time exhibits a similar local nucleosome behavior, regardless
of its intranuclear location.

To investigate the generality of the motion profile in euchromatin/
heterochromatin (classes IA, IB, II, and III), we tagged the endoge-
nous H3.2 gene in RPE-1 (fig. S8A) and HCT116 cells (fig. S8B)
with HaloTag. We also tagged the endogenous H3.1 gene in mouse
10T1/2 fibroblast cells (fig. S8C) (61) to examine pericentromeric
heterochromatin foci (chromocenters) (62). Repli-Histo labeling was
performed in various stages of their S phase cells (fig. S8, D to F)
after validation by PCR and Western blotting (fig. S8, A to C). We
observed their nucleosome motions at the G, phase. We found a simi-
lar motion profile in not only HeLa but also RPE-1, HCT116, and
mouse 10T1/2 cells (Fig. 4, F to H, and movies S9 to S12). Nucleosomes
in the pericentromeric heterochromatin (chromocenters) behave
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Fig. 3. Euchromatin-/heterochromatin-specific single-nucleosome imaging with Repli-Histo labeling. (A) Schematic of the labeling and imaging. Left: The S phase
Hela cells (~46% of the asynchronous population; fig. STF) were labeled with Repli-Histo labeling. Right: The Repli-Histo-labeled cells were observed at G, phase using
oblique illumination microscopy system (37, 54). A small fraction of H3.2-Halo was labeled with JF646 (magenta) for single-nucleosome imaging, and the rest was dense-
ly labeled with TMR (green) to visualize labeling patterns. (B) HelLa cells with two-color H3.2-HaloTag labeling. Left: Genome-wide labeling. Center and right: Repli-Histo
labeling with euchromatin and heterochromatin patterns. Top: The labeling patterns with dense TMR; middle: single-nucleosomes with sparse JF646; bottom: heatmaps
of the single-nucleosome displacement. (C) Single-step photobleaching of five representative nucleosomes (H3.2-Halo-JF646). The horizontal axis shows the time before
and after photobleaching. (D) Representative trajectories of tracked single nucleosomes in euchromatin (red) and heterochromatin (green) in live HelLa cells and in form-
aldehyde (FA)-fixed Hela cells (blue). (E) MSD plots (+ SD among cells) of single nucleosomes in euchromatin-labeled (red, n = 45), heterochromatin-labeled (green,
n = 36), and genome-wide-labeled (black, n = 38) living HelLa cells from 0.05 to 0.5 s. Blue: MSD from FA-fixed cells (n = 30). The plots were fitted as a subdiffusive curve.
#6xPp = 2.0 x 107'° (euchromatin versus genome wide), P=7.9 X 10712 (genome wide versus heterochromatin), P = 3.6 x 10" (heterochromatin versus FA fixed) by the
two-sided Kolmogorov-Smirnov test. (F) Schematic for angle-distribution analysis. (G) Schematic for the asymmetric coefficient (AC) (58). See Materials and Methods for
details. (H) Angle distribution from a particle with Brownian motion [left, reproduced from (36)] and nucleosomes in euchromatin-labeled (center, n = 45 cells) and
heterochromatin-labeled (right, n = 36 cells) living HeLa cells. Their AC values are shown at the bottom.

similarly to those of class IIl in 10T1/2 cells (Fig. 4H). Nucleosomes
in the putative inactive X chromosome in RPE-1 cells, which are
highly condensed, also seem to belong to class III and are highly
constrained (fig. S8D and movie S12). Overall, the more euchro-
matic regions (earlier-replicated regions) have larger nucleosome
motions with higher MSD exponents and AC values (Fig. 4, F to H).
The nucleosome motion profiles (MSD exponents and AC values) in

Minami et al., Sci. Adv. 11, eadu8400 (2025) 28 March 2025

euchromatin/heterochromatin seem to be a general feature in mam-
malian cells.

The nucleosome motion profile of each chromatin class is
maintained throughout interphase

We wondered whether we would see a similar motion profile in the G,
phase after cell division. To this aim, we arrested the Repli-Histo-labeled
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Fig. 4. Local nucleosome movements in the four classes of chromatin regions. (A) Hela cells with two-color Repli-Histo labeling of the classes IA, IB, Il, and Il regions.
From top to bottom: Labeling patterns (dense TMR), single nucleosomes (sparse JF646), displacement heatmaps, and representative trajectories. (B) MSD plots (+ SD
among cells) of single nucleosomes in IA (red, n = 45), IB (orange, n = 29), Il (green, n = 36), and Il (blue, n = 10) in living HeLa cells. IA and Il are reproduced from Fig. 3E
(euchromatin and heterochromatin). MSD exponents and the AC values are from fig. S6E. ***P = 1.3 x 107" (IA versus IB), P = 3.8 x 10~ '° (IB versus Il), P = 6.5 x 1077 (Il
versus lll). (C) MSD values at 0.5 s in each cell from (B). Three biological replicates are shown. Diamonds: the mean values in each replicate. (D) Class Il chromatin is subcat-
egorized into nucleolus-associated regions (nucleoli) and peri-nuclear regions (periphery). (E) MSD plots (+ SD among cells) of single nucleosomes in the class Il nucleoli
region (n = 22) and periphery region (n = 22). N.S.: P = 0.87 by the two-sided Kolmogorov-Smirnov test. (F to H), MSD plots (+ SD among cells), MSD exponents, and ACs
of single nucleosomes in IA (red), IB (orange), Il (green), and lll (blue) in various cell lines. (F) RPE-1, 1A (n = 36), IB (n =31), Il (n =29),and lll (n = 19). (G) HCT116, IA (n = 29),
IB (n=21), Il (n=22), and lll (n = 20). (H) Mouse 10T1/2, 1A (n = 74), 1B (n = 39), Il (n = 43), lll (n = 5), and chromocenter (n = 27). The P values by two-sided Kolmogorov-

Smirnov tests are indicated in each panel.

cells at the late-G; phase using L-mimosine (Fig. 5A) (63). We found that
the Repli-Histo labeling patterns were retained among the G;-arrested
cells (Fig. 5B), consistent with previous reports that replication foci
patterns are retained throughout several cell cycles (64). Again, the R,
MSD exponents, and AC values all gradually decreased as class pro-
gressed from IA through III (Fig. 5C; fig. S9, A and B; and movies S13
to S16). The nucleosome motion profile of each chromatin class (IA, IB,
11, and IIT) was maintained between the G, and G, phases. This finding
is consistent with our previous data, which shows that the average
motion of nucleosomes labeled by H2B-Halo in the G; and G; phases
is very similar (36).

Next, we questioned whether the nucleosome motion profile of
each chromatin class is also maintained throughout the S phase. A
significant fraction of the H3.2-Halo in the cells with the class III
pattern diffused freely (movie S8 and fig. S5B), and this fraction dis-
turbed the observation at the subsequent S phase. We thus fused
HaloTag to the C terminus of endogenous CDC45, the component

Minami et al., Sci. Adv. 11, eadu8400 (2025) 28 March 2025

of active DNA helicase, which stably binds to the replicating chro-
matin region (65), to generate HeLa cells expressing endogenous
CDC45-HaloTag (Fig. 6A). We confirmed that all endogenous
CDC45 alleles were tagged with HaloTag (Figs. 6B and fig. S10, A
and B) in a clone, which proliferated normally (fig. S10C), confirming
that the CDC45-Halo is functional. While the labeled CDC45-Halo
was diffusive in the G;/G; phase (second row in Fig. 6C and movie
S17), CDC45-Halo formed several specific foci patterns during the
S phase (second row in Fig. 6C), which were analogous to those of
the EdU-labeled nascent DNA (replication foci), depending on the
replication timing (third row in Fig. 6C) (66). They correspond to
classes IA, IB, II, and III. We performed single-molecule imaging of
CDC45-Halo stably bound fractions (Fig. 6D and movies S18 to
S21) to track the local behaviors of active replication sites in the
various S phase stages. Observed MSD values of CDC45-Halo
throughout the S phase stages were akin to those of single nucleo-
somes in corresponding classes IA, IB, II, and III in the G, phase
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Table 1. Description of the labeling pattern in each class.

Class Replication timing* Imaget Labeling pattern

1A ~2 hours after the S-phase onset Throughout the nucleoplasm,
excluded from the nuclear and nucle-

olar periphery

1B ~4 hours after the S-phase onset Throughout the nucleus, including
the nuclear and nucleolar periphery

Il ~6 hours after the S-phase onset Nuclear and nucleolar periphery

1F ~7 hours after the S-phase onset Large and discrete dot-like foci at the

Ambiguous (Fig. 9 and fig. S13) Appears in RIF1-depleted cells with

aberrant replication timing

nucleoplasm and periphery

Not categorized into any of the four
classes, and distributed uniformly
throughout the nucleus

*Replication timing was determined by cell cycle-synchronized Hela cells.
colocalized with nascent DNA with EdU incorporation (fig. S5B).

(Fig. 6D and fig. S10, D and E). We concluded that the local motion
profile of each chromatin class is maintained throughout interphase,
even where DNA replication is ongoing.

Repli-Histo labeling dissects physical properties of
euchromatin and heterochromatin in live human cells

To further investigate the physical natures of euchromatin and
heterochromatin using Repli-Histo labeling, we focused on the
distances between two nucleosomes in close proximity and ex-
amined the mean-squared distance between them (two-point MSD)
(Fig. 7A) (10, 67) because the distance between nucleosomes is
much less affected by either translational or rotational move-
ments of the chromatin domain during imaging. We performed
Repli-Histo labeling with a very low concentration of TMR and
JE646 and tracked two spatially neighboring single nucleosomes.
Cell cycle synchronization allowed the labeling of euchromatic
(TA) and heterochromatic (II) domains (fig. S5C and see also Mate-
rials and Methods). Single nucleosomes labeled with TMR and
JE646 were imaged using a beam splitter system (Fig. 7B and
fig. SI1A).

Minami et al., Sci. Adv. 11, eadu8400 (2025) 28 March 2025

tScale bar, 5 um. $Class Ill H3.2-Halo also shows diffusive signals that are not

We simultaneously observed clear dots in each color channel [Fig.
7C and movie S22; position determination accuracy was 11.2 nm
(TMR) and 10.9 nm (JF646) in fig. S11B]. Note that there was essen-
tially no cross-talk between the TMR and JF646 signals (fig. S11, C
and D). Among them, we found many pairs of nucleosomes with
TMR and JF646 signals located in close proximity [Fig. 7C (insets)
and movie S23]. We collected nucleosome pairs whose distance is less
than 150 nm (Fig. 7A and movies S22 and S24), which are likely in the
same chromatin domain (10), and analyzed their motions. Two-point
MSD plots showed rather subdiffusive curves (Fig. 7D), suggesting
that nucleosomes fluctuate inside the chromatin domain like a liquid.
This fluctuation was severely suppressed after the chemical fixation
with FA [Fig. 7D (dashed lines) and movies S25 to S26]. The nucleo-
some pairs in euchromatin domains showed larger two-point MSD
than in heterochromatin domains (Fig. 7D, red and green solid lines).
Two-point MSD plots using Repli-Histo labeling suggest that nucleo-
somes inside the euchromatin domain fluctuate more than those in
the heterochromatin domain (Fig. 7E). Nucleosomes in heterochro-
matin are more constrained and seem closer to a gel-like state, pre-
sumably due to more crosslinks such as HP1 (16-18).
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Fig. 5. The nucleosome motion profile of each chromatin class in the G1 phase. (A) Left: Schematics of the G; synchronization using L-mimosine. Right: Two-
dimensional plots of DAPI and Repli-Histo-labeled H3.2-Halo fluorescence in asynchronous and L-mimosine-treated HeLa cells. The top shows the histograms of the DAPI
intensity indicating cell cycle profiles. The cell cycle profiles were estimated by the Dean-Jett-Fox method. Most of the Repli-Histo-labeled cells are arrested at the G,
phase (red rectangle) in .-mimosine-treated cells. (B) Time-lapse imaging of HeLa cells with Repli-Histo labeling. The Repli-Histo labeling patterns are retained among the
G; cells after cell division. (C) MSD plots (+ SD among cells) of single nucleosomes in classes IA (red, n = 37), IB (orange, n = 18), Il (green, n = 15), and Il (blue, n = 10) in
Gi-arrested living Hela cells from 0.05 to 0.5 s. MSD exponents and the AC values from fig. 59 are also shown in the brackets. ***P = 4.5 x 107° for class IA versus IB,
P=2.4x 10"*for class IB versus Il,and P=4.6 x 107" for class Il versus Il by the two-sided Kolmogorov-Smirnov test.

Local nucleosome motion facilitates chromatin accessibility
to large proteins

Our findings using Repli-Histo labeling revealed that genome chroma-
tin is primarily replicated from regions with greater nucleosome mo-
tions (Fig. 4, B and F to H). We hypothesized that local nucleosome
fluctuation governs chromatin accessibility to a limited number of repli-
cation initiation factors to fire replication origins (Fig. 8A) (68, 69).

To tackle this hypothesis, we reconstructed the chromatin environ-
ment in silico using the Metropolis Monte Carlo method (70) to simu-
late what fraction of macromolecules can penetrate the chromatin
domain with fluctuating nucleosomes. The model nucleosomes were
placed on one side of the simulation space (“chromatin domain”) at
0.5 mM (Fig. 8B). The nucleosomes in the domain are mobile with
defined radius of fluctuation (Ry) (71-73). We put model diffusing
proteins (tracers) in the uncrowded space and examined how many
diffusing proteins access the core region of the chromatin domain
(see Materials and Methods for details). This simple model might not
necessarily reflect the chromatin state in live cells because the mimic
nucleosome spheres are not connected by linker DNA. However, they
are still useful for testing our hypothesis.

Although small tracers (<10 nm) freely moved in the crowded
chromatin domains regardless of nucleosome Ry [Fig. 8C (top) and
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movies S27 and S28], large tracers (>10 nm), which correspond to
replication initiation complexes/factors (74, 75), could not reach the
core region of the chromatin domains with immobile nucleosomes
[Fig. 8C (bottom) and movie S29], consistent with previous reports
that local nucleosome fluctuation increased the accessibility to large
proteins (movie S30) (71-73). The tracer penetration depends both
on the R¢ of nucleosomes and the tracer diameter (Fig. 8D). This
suggests that the nucleosome motion affects the kinetics of the tracer
(i.e., model protein) penetration. The larger the nucleosome fluctuates,
the faster the model protein can penetrate the chromatin domain
(Fig. 8, D and E). In particular, the model proteins with a 20-nm
diameter, which correspond to replication initiation complexes/factors
(74, 75), penetrated only the chromatin domain with nucleosome
fluctuation (Fig. 8, D and E). In our modeling, we did not consider
the entropy effect, but larger objects would tend to be entropically
excluded from chromatin domains in the cell, which might further
enhance the differences in Fig. 8 (D and E).

Depletion of RIF1 coordinately affects local chromatin
motion and DNA replication timing

Last, we wondered whether the genome-wide landscape of local
chromatin motion (Fig. 8A) contributes to the regulation of DNA
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Fig. 6. Single-CDC45 imaging reveals the nucleosome motion profile during the S phase. (A) Schematics of Cas9-mediated HaloTag fusion with the endogenous
CDC45 gene (Cdc45). (B) Western blots of CDC45-Halo in lysates of HelLa cells using an anti-HaloTag antibody (top) and an anti-CDC45 antibody (bottom). Lane 1: Parental
Hela cells; lane 2: HeLa cells expressing endogenous CDC45-Halo. (C) Hela cells with CDC45-Halo-labeled with JF646 (second row) and EdU-pulse labeling (third row).
Chromatin classes (IA, IB, Il, and Ill) were categorized as described in Table 1. The bottom row shows the merged image of EdU (green) and CDC45-Halo (magenta) with
their corresponding Pearson’s correlation coefficients. (D) MSD plots (+ SD among cells) of single CDC45-Halo with classes IA (red, n = 41), IB (orange, n = 15), Il (green,
n = 23), and lll (blue, n = 24) patterns in living HeLa cells from 0.05 to 0.5 s. MSD exponents and the AC values from fig. S10 (D and E) are also shown in the brackets.
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replication timing. To address this question, we perturbed the genome-
wide replication program by knocking down one of the key replica-
tion timing regulators, RIF1 (fig. S13, A and B) (76, 77). The depletion
of RIF1 perturbs the replication timing by increasing cell-to-cell
heterogeneity of the replication timing (78). Consistent with the
previous study (78), 40% of cells with RIF1 knockdown by small
interfering RNA (siRNA) showed an “ambiguous Repli-Histo label-
ing pattern,” which could not be categorized into the four classes,
ensuring effective perturbation of the replication timing (Table 1
and fig. S13C).

For single-nucleosome imaging in RIF1 knockdown cells, we first
prelabeled the existing H3.2-Halo with Rhodamine 110 Direct (R110)
(Fig. 9A) so that the total intensity of R110 could identify the S phase
stage (or replication timing) in the cell (first row, Fig. 9B). We then
performed Repli-Histo labeling for the newly replicated nucleosomes
with dual color (Fig. 9A and movie S31): a high concentration of
TMR to visualize the Repli-Histo labeling patterns and a very low
concentration of JF646 to image single nucleosomes (second and
third rows, Fig. 9B). After DNA replication, we monitored the nucleo-
some motion at the following G, phase (Fig. 9, C and D).

The control cells with mock depletion exhibited a clear anticor-
relation between local nucleosome motion and DNA contents (i.e.,
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S phase stage in the labeling or replication timing) (Fig. 9E; Spearman’s
correlation coefficient p = —0.67). The earlier-replicated regions have
a larger nucleosome motion with higher MSD exponents and AC
values (Fig. 9C and fig. S13, D and E). Strikingly, this anticorrelation
was also retained in the RIF1-depleted cells (p = —0.57; Fig. 9F),
suggesting that genome chromatin is essentially replicated from
regions with greater nucleosome motions, although the genomic
replication timing program is perturbed.

The RIF1 depletion slightly up-regulated the average local nucleo-
some motion (fig. S13F), indicating that RIF1 somehow constrains
the local nucleosome motions in specific chromatin regions or
whole chromatin. Which chromatin regions are constrained by
RIF1? It is likely that the class IT chromatin region is constrained by
RIF1 because of the following reasons. First, class II chromatin was
reduced after RIF1 depletion (fig. S13C). RIF1 seems to constrain
the local nucleosome motion of class II (mid-S replicating) chroma-
tin and maintain its mid-replication (Fig. 9, E and E, bottom). Con-
sistently, RIF1 localization is similar to class II chromatin (second to
third rows in fig. S13A), as reported previously (76, 77). Second,
chromatin with the ambiguous Repli-Histo patterns upon RIF1
depletion showed a similar nucleosome motion and replication
timing to the class IB chromatin (“ambiguous,” Fig. 9, C and D).
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Together, our results suggest that RIF1 knockdown diminishes the
constraints of mid-replicating chromatin, up-regulates its nucleo-
some motion, and facilitates the earlier replication of the regions.
Again, this finding supports the notion that genome chromatin is
primarily replicated from regions with greater nucleosome motions
(Fig. 8A).

DISCUSSION

To specifically label euchromatin and heterochromatin in living mam-
malian cells, we have developed Repli-Histo labeling in this study.
Repli-Histo labeling allows chromatin visualization of the four regions
(classes IA, IB, II, and ITI; Fig. 4A) historically categorized based on rep-
lication timing (39, 40). We have quantitatively measured nucleosome
motion in these four chromatin regions at a high spatiotemporal resolu-
tion, which had yet to be conducted. We have demonstrated that the
more euchromatic regions have larger local chromatin motion,
and the heterochromatic regions are more constrained (Fig. 4, B and C).
The nucleosomes in the heterochromatin around the nuclear periphery and
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nucleoli showed similar MSD values (Fig. 4E), suggesting that chroma-
tin replicated at the same timing exhibits similar physical properties,
regardless of its intranuclear location. Two-point MSD analyses of two
neighboring nucleosome distances suggested the fluidity of their chro-
matin domains. Euchromatin looks more liquid-like, and heterochro-
matin is more gel-like, presumably due to additional crosslinks in
heterochromatin such as HP1 and lamina (Fig. 7, D and E) (16-18, 59).
Because local chromatin motion can facilitate chromatin accessibility to
large proteins, greater motion in euchromatin empowers transcription
competency while both types of chromatin retain a certain degree of
accessibility (Fig. 8A). Our findings shed light on the physical nature of
euchromatin and heterochromatin.

Our data also show that chromatin cannot be bimodally classified
into euchromatin and heterochromatin. Since the nucleosome motion is
increasingly more constrained as the class progresses from IA through
III, chromatin exhibits a rather continuous chromatin-state spectrum.
This concept is in good agreement with the Hi-C subcompartment idea
(15) and “chromatin color” formed by multiple combinations of the
chromatin modifications (52, 79).
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tion radius (Ry). Right: Scheme for fluctuation radius (Rs) of the model nucleosomes. An experimentally estimated diffusion coefficient of nucleosomes (D ~ 0.3 um*/s) was
used (for details, see fig. S12). (C) Representative (n = 10) trajectories of the tracers during 1 ms of the simulation. The tracer diameters and the nucleosome Rgs are shown
on the top. Red dashed lines denote the boundary of chromatin domains; black dashed lines denote the periodic boundary of the reconstructed environment. (D) Frac-
tions of the tracers with various diameters that penetrated the core region of the chromatin domain with various nucleosome Rs. Note that the penetration rates of large
tracers are facilitated by nucleosome fluctuation (arrows). (E) Time it takes for half of the tracers to reach the core of the chromatin domain. Simulations with various
tracer diameters and nucleosome Rys were conducted.

In contrast to the motion difference between different chromatin
classes (IA, IB, II, and III), the chromatin motion in each class is main-
tained constant throughout the Gy, S, and G; phases (Figs. 4B, 5C,
and 6D). This finding is consistent with our previous genome-wide
observation (36) showing that the local chromatin motion, on aver-
age, remains constant throughout interphase. Because the constant
chromatin motion allows cells to conduct housekeeping functions
(e.g., transcription and DNA replication) under similar environments
throughout interphase, cells can do their routines in each genome
chromatin region under a similar condition during interphase. The
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constant chromatin motion in each chromatin class also maintains
the reactivity preference among the classes, including euchromatin
and heterochromatin, during interphase. Our finding that the chro-
matin motion in each class is similar between the S phase and G,/G;
phases is consistent with our previous report that the rapid degra-
dation of MCM2 by the AID system (i.e., disassembly of the DNA
replisome) did not significantly affect local chromatin motion (36).
This implies that DNA replication complexes, such as the repli-
some, do not actively induce nucleosome motions, at least on the
second timescale.
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Fig. 9. RIF1 depletion coordinately affects local nucleosome motion and DNA replication timing. (A) Three-color Repli-Histo labeling. Parental H3.2-Halo was labeled
with green R110 direct ligands, identifying the S phase progression or replication timing (top). The remaining H3.2-Halo were blocked with 7BRO, followed by TMR/JF646
pulse labeling. (B) Representative control (siControl) and RIF1-depleted (siRIF1) HelLa cells with the three-color Repli-Histo labeling. First row: Parental H3.2-Halo (R110);
second and third rows: the Repli-Histo labeling patterns (TMR; see also Table 1) and corresponding single nucleosomes (JF646); fourth row: displacement heatmaps.
(C) MSD plots (+ SD among cells) of single nucleosomes in IA (siControl, n = 43; siRIF1, n = 27), IB (siControl, n = 35; siRIF1, n = 22), Il (siControl, n = 40; siRIF1, n = 24), Il
(siControl, n = 19; siRIF1, n = 23), and ambiguous patterns (siRIF1, n = 72) in siControl (dashed lines) or siRIF1 (solid lines) cells from 0.05 to 0.5 s. MSD exponents and AC
values are from fig. S13 (D and E). (D) MSD at 0.5 s in each cell from (C). For siControl, ***P = 5.6 x 107"° (1A versus IB), P = 1.9 x 1078 (IB versus II), and P = 1.6 x 107 (Il
versus Ill). For siRIF1, *#P = 0.0012 (IA versus IB), P = 0.0035 (Il versus Ill), and **#: P= 5.7 x 107'° (“ambiguous”vs. Il). **P = 3.2 x 1072 (IB versus Il). N.S.: P = 0.70 (IB versus
“ambiguous”). Data are tested by the two-sided Kolmogorov-Smirnov test. N/A, not applicable (n = 0). (E and F) Correlation between MSD at t = 0.5 s [from (D)] and R110
intensity (reflecting DNA content at the time of Repli-Histo labeling) in control (siControl) (E) and RIF1-depleted (siRIF1) (F) Hela cells. Spearman’s correlation

coefficients are shown. The bold “X” and bars represent each stage’s mean and SD (also indicated at the bottom).

Our present study provides a possible physiological role of the
chromatin motion landscape in DNA replication timing. We pro-
pose that local nucleosome fluctuation is a stochastic factor in repli-
cation timing that determines the origin firing efficiency of a given
genomic region (Fig. 8A) for the following reasons. First, multiple
studies have demonstrated that eukaryotic replication origins fire
stochastically with a certain probability (80-82), supporting the sto-
chastic nature of replication timing (83). Second, several studies
have reported that limited numbers of initiation factor(s), such as
SLDs and CDC45, are competed for among origins during the firing
process (68, 69). With greater nucleosome motions, initiation fac-
tors bind to the origins more efficiently (Fig. 8, D and E). Consis-
tently, almost no overlaps or gaps between the MSD plots in the four
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class regions were observed (Fig. 4, B and C and F to H). On the
other hand, the process of DNA replication elongation does not ap-
pear to be affected by differences in nucleosome motion between the
four class regions, as CDC45 foci (representing active replication
helicase) were detected even in the heterochromatic class III chro-
matin (Fig. 6C).

Then, if we up-regulate the nucleosome fluctuation of a certain
region, does the region replicate earlier in the S phase? Yes. First, as
we showed in this study, the knockdown of RIF1 seems to increase
nucleosome motion in class II regions (mid-S replicating) and fa-
cilitates earlier replication of the regions (Fig. 9, E and F, bottom).
Second, histone deacetylase (HDAC) inhibitor treatment, which up-
regulates nucleosome motions globally (6, 10), shifts the replication
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timing of chromocenter heterochromatin earlier (84). Numerous
studies have reported that many factors—including trans-acting factors
such as RIF1, histone modifications, and spatial organization (78, 85-
88)—can affect the replication timing. In addition to the RIF1-protein
phosphatase 1 (PP1) axis counteracting the Dbf4-dependent kinase
(DDK)-mediated origin activation (89), these factors may govern
nucleosome fluctuation and chromatin accessibility to the rate-limiting
replication initiation factors for origin firing (Fig. 8A) (68, 69).
Nonetheless, our findings do not exclude the possibility that replica-
tion timing is determined by an unknown factor that also affects
nucleosome mobility. Further investigation is needed.

Last, it would be valuable to explore potential applications of
Repli-Histo labeling technology. Because our Repli-Histo labeling
and imaging on the euchromatic and heterochromatic regions were
conducted at conventional microscopic resolution, super-resolution
live-cell imaging techniques such as photoactivated localization
microscopy (PALM) (55) or 3D structured illumination microscopy
(3D-SIM) (8) could provide even more detailed insights. These
methods would enable the examination of how macromolecules,
such as proteins and RNAs, reach their target sites, as suggested in
(9). Another promising application is the use of correlative light and
electron microscopy (CLEM), which combines the global contrast
and high resolution of electron microscopy with the molecular
specificity of fluorescence microscopy (90). The integration of these
techniques now offers a closer match in resolution between the two
modalities, light and electron microscopy, allowing specific euchro-
matin and heterochromatin to be visualized at nanoscale resolution
in the context of the crowded intracellular environment (91).

MATERIALS AND METHODS

Plasmid construction

Construction of pX330-H3.2-gRNA (guide RNA), pX330-CDC45-
HaloTag, and pX330-H3.1-gRNA was carried out as described pre-
viously (92). Gene-specific guide RNA sequences for human histone
H3.2 (H3C14/H3C15), CDC45 (CD(C45), and mouse histone H3.1
(Hist1h3a) genes were designed using the CRISPR design website
(CHOPCHOP (93)) and inserted into the BbsI cloning site in pX330
(#42230, Addgene), as previously described (43). The guide RNA
sequence was 5'-CCGCCGCATCCGTGGAGAGC-3’ for H3.2,
5'-GAACCCCTGTAACTCACCCT-3’ for CDC45, and 5'-ACAAT-
TACGCCCTCTCCCCG-3' for mouse H3.1.

The construction of donor plasmids pGEM-H3.2-HaloTag,
pGEM-CDC45-HaloTag, and pGEM-H3.1-HaloTag was carried
out as follows. The HaloTag coding sequence was PCR-amplified
using KOD FX (KFX-101, Toyobo) from the pFC14A HaloTag
CMV Flexi Vector (G965A, Promega). The homology arms for
human H3.2, CDC45, and mouse H3.1 flanked from the HaloTag
sequence [~700 base pair (bp) each] were PCR-amplified from HeLaS3
and 10T1/2 genomic DNA, which was isolated using a Wizard
Genomic DNA Purification kit (Promega). The homology arms and
the HaloTag fragment were inserted between the EcoRI and Sall
sites of the pGEM-T (Easy) vector (A137A, Promega) using the
In-Fusion HD Cloning Kit (639648, Clontech).

Cell lines

HeLaS3, RPE-1, and 10T1/2 (61)(a gift from M. J. Hendzel at Uni-
versity of Alberta) cells were cultured at 37°C in 5% CO, in Dulbecco’s
modified Eagle’s medium (DMEM) (D5796- 500ML, Sigma-Aldrich)
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supplemented with 10% fetal bovine serum (F7524, Sigma-Aldrich).
HCT116 cells were gifted from M. T. Kanemaki (National Institute
of Genetics, Mishima, Japan) and were cultured at 37°C in 5% CO,
in McCoy’s 5A medium (SH30200.01, HyClone) supplemented with
10% fetal bovine serum. The HeLaS3 cell line stably expressing
H2B-Halo was previously established as described in (6).

To establish HeLaS3, RPE-1, and HCT116 cells expressing endoge-
nous human H3.2 or CDC45 tagged with HaloTag, a CRISPR-Cas9
genome editing system was used. The constructed plasmid pGEM-
H3.2-HaloTag or pGEM-CDC45-HaloTag as well as the Cas9/sgRNA
expression plasmid pX330-H3.2-gRNA or pX330-CDC45-gRNA
were electroporated into the HeLaS3, RPE-1, or HCT116 cells. The
electroporation was performed using the Neon Transfection System
(Invitrogen). After 1 to 2 weeks, the cells expressing H3.2-HaloTag
or CDC45-HaloTag were fluorescently labeled with 50 nM HaloTag
TMR ligand (G8252, Promega) or JF646 ligand (GA1120, Promega)
overnight at 37°C in 5% CO,. The HaloTag TMR ligand-positive
cells were then collected using flow cytometry (SH800S, Sony Biotech-
nology). The collected cells were subcloned, and the cells stably
expressing H3.2-HaloTag or CDC45-HaloTag were selected. The
selected clones were rechecked with PCR for correct insertion of the
HaloTag coding sequence downstream of the endogenous H3.2/
CDC45 loci. To establish 10T1/2 cells expressing endogenous mouse
H3.1 tagged with HaloTag, a similar CRISPR-Cas9 genome editing
was performed as follows. The constructed plasmids pGEM-H3.1-
HaloTag and pX330-H3.1-gRNA were electroporated into the 10T1/2
cells using the Neon Transfection System (Invitrogen). The 10T1/2
clone stably expressing mouse H3.1-HaloTag was selected as described
above. The selected clone was rechecked with PCR for correct inser-
tion of the HaloTag coding sequence downstream of the endogenous
H3.1 locus.

RNA interference

siRNA transfection was performed using Lipofectamine RNAIMAX
(13778-075, Thermo Fisher Scientific) according to the manufac-
turer’s instructions. The transfected cells were used for subse-
quent studies 48 h after transfection. The siRNA oligonucleotide
targeting RIF1 sequence (Invitrogen; sense: 5'-GAAUGAGCCCCU-
AGGGAAATT-3") (94) was used. A control oligonucleotide (4390843,
Thermo Fisher Scientific) was used for mock depletion.

Western blotting

Cells were lysed in Laemmli sample buffer supplemented with 10%
2-mercaptoethanol (133-1457, Wako) and incubated at 95°C for 5 min
to denature proteins. The cell lysates, equivalent to 1 X 10° cells per
well, were subjected to SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) (12.5% for histone detection and 8% for CDC45 detec-
tion). For Western blotting, the fractionated proteins in the gel
were transferred to a polyvinylidene difluoride (PVDF) membrane
(IPVHO00010, Millipore) by a semi-dry blotter (BE-320, BIO CRAFT).
After blocking with 5% skim milk (190-12865, Fujifilm Wako),
the membrane-bound proteins were probed by the rabbit anti-H3
(1:25,000; ab1791, Abcam), mouse anti-H3.1/H3.2 (1:1000; CEC-006;
Cosmo Bio), mouse anti-HaloTag (1:1000; G9281, Promega), or
rabbit anti-CDC45 (1:1000; 11881S, Cell Signaling Technology),
followed by the appropriate secondary antibody: anti-rabbit immu-
noglobulin G (IgG) (1:5000; 170-6515; Bio-Rad) or anti-mouse IgG
(1:5000; 170-6516; Bio-Rad) horseradish peroxidase-conjugated
goat antibody. Bands were detected by chemiluminescence reactions
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(WBKLS0100, Millipore), and images were acquired with the EZ-
Capture MG (AE-9300H-CSP, ATTO).

Biochemical fractionation of nuclei from cells

expressing H3.2-HaloTag

Nuclei were isolated from HeLa cells expressing endogenous H3.2-
HaloTag as described previously (36). Briefly, collected cells were
suspended in nuclei isolation buffer [3.75 mM tris-HCI (pH 7.5),
20 mM KCl, 0.5 mM EDTA, 0.05 mM spermine, 0.125 mM spermi-
dine, aprotinin (1 pg/ml) (T010A, TaKaRa), and 0.1 mM phenyl-
methylsulfonyl fluoride (PMSF) (P7626-1G, Sigma-Aldrich)] and
centrifuged at 1936¢ for 7 min at room temperature. The cell pellets
were resuspended in nuclei isolation buffer and again centrifuged at
1936¢ for 7 min at room temperature. Subsequent steps were per-
formed at 4°C unless otherwise noted. Cell pellets were resuspended
in nuclei isolation buffer containing 0.025% Empigen (45165-50ML,
Sigma-Aldrich) (nuclei isolation buffer+) and homogenized imme-
diately with 10 downward strokes of a tight Dounce pestle (357546,
Wheaton). The cell lysates were centrifuged at 4336¢ for 5 min. The
nuclear pellets were washed in nuclei isolation buffer+. The nuclei
were incubated on ice for 15 min in the following buffers containing
various concentrations of salt: Hepes-EDTA (HE) buffer [10 mM
Hepes-NaOH (pH 7.5), 1 mM EDTA, and 0.1 mM PMSF], HE +
100 mM NaCl, HE 4 500 mM NaCl, HE + 1 M NaCl,and HE+ 2 M
NaCl. After each buffer incubation with increasing concentrations
of salt, centrifugation was performed to separate the nuclear sus-
pensions into supernatant and pellet fractions. The proteins in the
supernatant fractions were precipitated by using 17% trichloroacetic
acid (208-08081, Wako) and cold acetone. Both pellets were suspended
in a Laemmli sample buffer and subjected to 12.5% SDS-PAGE,
followed by Coomassie brilliant blue (031-17922; Wako) staining
and Western blotting using rabbit anti-H3 (ab1791, Abcam) and
rabbit anti-HaloTag (G9281, Promega) antibodies to confirm H3.2-
HaloTag expression.

HaloTag labeling

To check the distribution of the expressed HaloTag-fused proteins,
H3.2-Halo or CDC45-Halo were fluorescently labeled with 50 nM
HaloTag TMR or JF646 ligands overnight at 37°C in 5% CO,. Subse-
quently, the cells were fixed with 1.85% FA (064-00406, Wako) for
15 min and then permeabilized with 0.5% Triton X-100 (T-9284,
Sigma Aldrich) for 5 min and stained with DAPI (0.5 pg/ml;
10236276001, Roche) for 5 min before embedded in paraphenylene
diamine (PPDI) [20 mM Hepes (pH 7.4), 1 mM MgCl,, 100 mM
KCl, 78% glycerol, and PPDI (1 mg/ml; 695106-1G, Sigma-Aldrich)].

For single-nucleosome imaging, H2B-Halo, H3.2-Halo, and H3.1-
Halo molecules were fluorescently labeled with 50 pM HaloTag TMR
ligand for 20 min at 37°C in 5% CO,. The cells were washed with HanK’s
balanced salt solution (HBSS) (1x HBSS, H1387; Sigma-Aldrich) three
times and then incubated in a phenol red-free DMEM (21063-029,
Thermo Fisher Scientific) or McCoy’s 5A (1-18F23-1, BioConcept) for
over 2 hours before live-cell imaging.

For single-CDC45 imaging, CDC45-Halo in asynchronous HeLa
cells was fluorescently labeled with 5 nM HaloTag JF646 ligand for
30 min at 37°C in 5% CO,, followed by labeling with 10 nM HaloTag
TMR ligand overnight. The cells were then washed with 1x HBSS
three times and then incubated in a medium without phenol red for
more than 4 hours before live-cell imaging. We observed the S phase
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cells, which formed CDC45-Halo foci corresponding to classes IA,
IB, 11, and III (movies S18 to S21).

Repli-Histo labeling

The Repli-Histo labeling was performed as follows. First, asynchro-
nous cells expressing endogenous H3.2-HaloTag were incubated with
the medium supplemented with 10 pM 7BRO (B1852; Tokyo Chemical
Industry) (46) for 60 min at 37°C in 5% CO,. The cells were then
washed three times with medium without 7BRO. The Repli-Histo
labeling with 10T1/2 cells expressing mouse H3.1-Halo was per-
formed similarly.

For fixed cell imaging, the cells were exposed to the medium supple-
mented with 100 nM HaloTag TMR ligand and 10 pM EdU (C10337,
Thermo Fisher Scientific) for 30 min immediately after washing out
7BRO. For negative control, CHX (100 pg/ml; 037-20991, Fujifilm
Wako) or aphidicolin (5 pg/ml; A0781, Sigma-Aldrich) were also added
to inhibit the new H3.2-Halo synthesis or DNA replication, respec-
tively. The cells were then fixed and permeabilized as described above.
Subsequently, EAU was labeled with Alexa Fluor 488 or 647 azide
using the Click-iT EAU Cell Proliferation Kit (C10337, Thermo Fisher
Scientific) and stained with DAPI (0.5 pg/ml) for 5 min before being
embedded in PPDI as described above.

For fig. S5B, the soluble H3.2-Halo was pre-extracted with 0.5%
Triton X-100 in ice-cold CSK buffer [10 mM Hepes-KOH (pH 7.5),
300 mM sucrose, 100 mM NaCl, 3 mM MgCl,, 1x cOmplete Mini
protease inhibitor cocktail (11836153001, Roche) and 0.1 mM PMSF
(P7626, Sigma-Aldrich)] for 2 min and washed with the same ice-cold
buffer without Triton X-100 (twice for 3 min). Subsequent opera-
tions were carried out as described above.

For single-nucleosome imaging, the cells were exposed to the
mixture of 2 nM HaloTag TMR ligand and 5 nM HaloTag JF646
ligand for 30 min. The cells were then washed three times with a
medium without phenol red, followed by incubation in a medium
without phenol red for 1 hour before live-cell imaging.

For Fig. 9, the parental H3.2-HaloTag was labeled with 10 nM
HaloTag R110Direct ligands (G3221, Promega) overnight before the
blocking with 7BRO. The following Repli-Histo labeling for single-
nucleosome imaging was carried out as described above.

To characterize the replication timing of the labeled regions, the
labeled patterns (historically called replication foci) of the Repli-Histo
labeling were manually categorized into the four classes (IA, IB, II,
and IIT) based on previous studies (see Table 1) (39). Alternatively,
the replication timing of the Repli-Histo-labeled region was estimated
from the total nuclear pixel intensities [arbitrary units (arb. unit)] of
R110Direct-labeled parental H3.2-HaloTag (Fig. 9A).

Cell cycle synchronization

To obtain HeLa cells arrested in the late G; phase, asynchronous
HeLa cells were first labeled with the Repli-Histo labeling, chased
for 7 hours, and then treated with 400 pM L-mimosine (M0253-25MG,
Sigma-Aldrich) for 17 hours (Fig. 5A) (63). For cell cycle synchroni-
zation of HeLa cells in the early/late S phase, double thymidine
block and release were performed as follows. HeLa cells (1.0 X 10°
cells) were plated with 3 mM thymidine (T9250, Sigma-Aldrich) for
18 hours, released into a thymidine-free medium for 9 hours, and
again treated with 3 mM thymidine for 17 hours for the G,/S arrest.
The arrested cells were then released into a thymidine-free medium
for 1 hour (class IA), 3 hours (class IB), 5 hours (class II), or 6 hours
(class III).
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HaloTag pull-down sequencing

Cell nuclei were isolated as previously described (33) with minor
modifications. First, we arrested HeLa cells at G;-S by double thymi-
dine block treatment as described above. The cells were next released
into the S phase for 1 or 5 hours, followed by 10 nM 7BRO treatment
for 30 min. After a three-time wash of 7BRO with PBS, the cells were
incubated with a 7BRO-free medium for 1 hour for the deposition
of newly synthesized H3.2-Halo. The cells were then collected and
washed with nuclei isolation buffer [3.75 mM tris-HCI (pH 7.5),
20 mM KCl, 0.5 mM EDTA, 0.05 mM spermine, 0.125 mM spermi-
dine, 0.1% Trasylol (14716, Cayman Chemical), and 0.1 mM PMSF
(P7626-1G, Sigma-Aldrich)] by two cycles of centrifugal spins at
193¢ for 7 min at 23°C. The pellets were then resuspended in nuclei
isolation buffer containing 0.05% Empigen BB detergent (45165-50ML,
Sigma-Aldrich) (nuclei isolation buffer+) and immediately homog-
enized with 10 downward strokes using a tight Dounce pestle. After
a 5-min centrifugation of the cell lysates at 440g, the pellets were
washed and resuspended in nuclei isolation buffer+. After another
centrifugation at 440g at 4°C for 5 min, the supernatant was removed
and resuspended in 10 ml of nuclei isolation buffer+. This step
was repeated four times before the samples were ready for nucleo-
some purification.

Chromatin purification was carried out as described by (33, 91),
with some modifications. The nuclei (equivalent to ~2 mg of DNA)
in nuclei isolation buffer [10 mM tris-HCI (pH 7.5), 1.5 mM MgCl,,
1.0 mM CaCl,, 0.25 M sucrose, and 0.1 mM PMSF] were digested
with 50 U of micrococcal nuclease (MNase) (LS004797, Worthington)
at 30°C for 1 hour. In this digestion step, 5 pM HaloTag PEG-biotin
ligand (G859A, Promega) or an equivalent amount of dimethyl sulf-
oxide (DMSO) was added. After centrifugation at 440g at 4°C for
5 min, the nuclei were lysed with lysis buffer [10 mM tris-HCI
(pH 8.0), 5 mM EDTA, and 0.1 mM PMSF] on ice for 5 min. The
lysate was dialyzed against dialysis buffer [10 mM Hepes-NaOH
(pH 7.5),0.1 mM EDTA, and 0.1 mM PMSF] at 4°C overnight using
Slide-A-Lyzer (66380, Thermo Fisher Scientific). The dialyzed lysate
was centrifuged at 20,400g at 4°C for 10 min. The supernatant was
recovered and used as the purified nucleosome fraction (mainly
mono nucleosomes). To verify complete micrococcal nuclease diges-
tion, DNA was purified, electrophoresed on a 1.5% agarose gel, and
visualized by staining with ethidium bromide (fig. S2B).

The biotinylated or untreated nucleosome fraction (28 pg) was di-
luted with an equal volume of 2Xx binding buffer [10 mM Hepes-NaOH
(pH 7.5), 200 mM NaCl, 2 mM dithiothreitol (DTT), and cOmplete
EDTA-free protease inhibitor cocktail (11873580001, Roche)].
As shown previously (95), the chromatin solution was added to
streptavidin-FG beads (TAS8848 N1170, Tamagawa-Seiki) pre-
equilibrated with coating buffer [PBS, 2.5% bovine serum albumin,
and 0.05% Tween 20] for 1 hour. The mixtures were incubated at 5°C
for 2 hour on a shaker. The beads were collected with a magnetic
rack and subjected to the washing procedure as described by Gatto
et al. (47). Briefly, the beads were washed once with 1 ml of cold 1x
binding buffer [10 mM Hepes-NaOH (pH 7.5), 100 mM NaCl, and
1 mM DTT], twice with 1 ml of cold wash buffer 1 [Hepes-NaOH
(pH 7.5), 140 mM NaCl, 1% Triton X-100, 0.5% NP-40 substi-
tute (11332473001, Roche), and 0.1% SDS], twice with 1 ml of cold
wash buffer 2 [Hepes-NaOH (pH 7.5), 360 mM NaCl, 1% Triton
X-100, 0.5% NP-40, and 0.1% SDS], twice with 1 ml of cold wash
buffer 3 [Hepes-NaOH (pH 7.5), 250 mM LiCl, 0.5% Triton X-100,
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and 0.5% NP-40], and once with TE buffer [10 mM tris-HCI (pH 8.0)
and 1 mM EDTA]. Beads were resuspended in 50 pl of TE buffer.

For DNA extraction, 40 pl of beads underwent ribonuclease
(RNase) digestion [4 pl of RNase A (10109169001, Roche), 1 mg/ml,
30 min at 37°C] and subsequent proteinase K digestion in the pres-
ence of SDS [4 pl of proteinase K (20 mg/ml; 169-21041; Wako) and
10 pl of 10% SDS, at 1200 rpm and 50°C on shaker for 1 hour]. Beads
were removed by magnetic separation and DNA extracted using
AMPure XP beads (A63880, Beckman Coulter) according to the
manufacturer’s instructions and eluted in Milli-Q water. The total
DNA content of each sample was measured using Qubit system
(Q32851, Thermo Fisher Scientific), and the quality of DNA samples
was assessed by an Agilent 2100 Bioanalyzer using an Agilent High
Sensitivity DNA kit (5067-4626, Agilent). cDNA libraries were
synthesized by the ThruPLEX DNA-seq Kit (R400675, Takara). The
size distributions of the libraries were checked by an Agilent 2100
Bioanalyzer using an Agilent High Sensitivity DNA kit. The pooled
amplicon library was sequenced with paired-end 2 X 100 bp reads on
the Illumina NovaSeq 6000 platform.

For protein analysis of the HaloTag pull-down fraction (fig. S2A), the
remaining 10 pl of beads was resuspended with an equal volume of 2x
Laemmli sample buffer supplemented with 10% 2-mercaptoethanol
(133-1457, Wako) and incubated at 95°C for 10 min. Beads were
removed by centrifugation at 10,000¢ for 3 min. The input sample and
the pull-down samples from the biotinylated and untreated nucleosome
(negative control) were separated using SDS-PAGE and were subjected
to Western blotting with anti-HaloTag antibody (G9211, Promega).

For data analysis of purified H3.2-Halo-labeled nucleosomal
DNA, the nf-core (96) chromatin immunoprecipitation sequencing
(ChIP-seq) pipeline (nfcore/chipseq: version 2.0.0) was utilized us-
ing a Docker configuration profile and executed using the default
parameters. The human genome hgl9, retrieved from Illumina’s
iGenomes, was used for the reference genome. Peaks were detected
using the broad mode of MACS2 (97). To evaluate the overlap between
the H3.2-HaloTag-labeled regions and contact domains (i.e., Hi-C A/B
compartment and histone modification patterns), we compared the
H3.2-HaloTag regions with previously published data as described in
(10, 33). Compartment annotations on the HeLa cell genome are
SNIPER predictions obtained from (49). Peak lists on hg19 genome
defined by the ChIP-seq analysis for the histone modifications were
obtained from the ENCODE portal (48, 98) with the following iden-
tifiers: H3K4me2 (ENCFF108DA]J), H3K4me3 (ENCFF447CLK),
H3K9ac (ENCFF723WDR), H3K27ac (ENCFF144EQJ), H3K79me2
(ENCFF916VLX), H3K36me3 (ENCFF001SVY), H3K4mel
(ENCFF162RSB), and H3K27me3 (ENCFF252BLX). Peak lists on hg19
genome defined by ChIP-seq analysis for the lamin B1 were obtained
from (53) (Gene Expression Omnibus accession number: GSE57149).
The Repli-Seq profiles of HeLa cells were obtained from the ENCODE
portal (ENCSR647UES).

Indirectimmunofluorescence

Immunostaining was performed as described previously (71), and
all processes were performed at room temperature. Cells were fixed
in 1.85% FA in PBS for 15 min and then treated with 50 mM glycine
in HMK [20 mM Hepes (pH 7.5) with 1 mM MgCl, and 100 mM
KClI] for 5 min and permeabilized with 0.5% Triton X-100 in HMK
for 5 min. After washing twice with HMK for 5 min, the cells were
incubated with 10% normal goat serum (NGS; 143-06561, Wako) in
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HMEK for 30 min. The cells were incubated with the diluted primary
antibody, rabbit anti-RIF1 (1:1000; A300-568A, Bethyl Laboratories),
in 1% NGS in HMK for 1 hour. After being washed with HMK four
times, the cells were incubated with the diluted secondary antibody,
goat anti-rabbit IgG Alexa Fluor 488 (1:500; A11006, Thermo Fisher
Scientific), in 1% NGS in HMK for 1 hour followed by a wash with
HMK four times. For DNA staining in fixed cells, DAPI (0.5 pg/ml)
was added to the cells for 5 min followed by washing with HMK. The
stained cells were embedded in PPDI.

Fluorescent microscopy on fixed samples

Image stacks of fixed cells were acquired by using Delta Vision Ultra
(GE Healthcare) with an Olympus UPLXAPO 100X [numerical
aperture (NA) 1.45] or UPLXAPO 60X (NA 1.42) objective. Optical
sections at a thickness of 0.2 pm were imaged. For fig. S1D, images
were deconvolved using SoftWoRx software (Applied Precision/GE
Healthcare). For interphase nuclei, the best-focused section to the
middle of nuclei was extracted after correcting the chromatic aber-
ration. Image analysis was performed using Fiji/Image].

To quantify the intranuclear signal intensity of Repli-Histo label-
ing, DAPI-stained nuclear regions were segmented on the basis of
Huang’s fuzzy thresholding method with Fiji/Image], and the total
nuclear pixel intensities (arb. unit) and mean nuclear intensities (arb.
unit) for DAPI and all other signals of interest were measured. DNA
content was plotted on the x axis using total DAPI intensities. The
cell cycle profiles in Fig. 5A were estimated by the Dean-Jett-Fox
method. At least 100 to 200 random interphase cells were imaged in
all scatter plots. The colocalization of the EAU and the Repli-Histo
signals was evaluated by the pixel-wise Pearson’s correlation coeffi-
cient between each channel in the nuclear regions.

Single-nucleosome imaging microscopy

Established cell lines were cultured on poly-L-lysine-coated (P1524-
500MG, Sigma-Aldrich) glass-based dishes (3970-035, Iwaki). H2B-
HaloTag and H3.2-HaloTag molecules were fluorescently labeled
with 50 pM HaloTag JF646 ligand or Repli-Histo labeled as de-
scribed above.

Single-nucleosome imaging was performed as described previ-
ously (10, 31, 33, 36). To maintain cell culture conditions (37°C, 5%
CO,, and humidity) under the microscope, a live-cell chamber and
a digital gas mixer (STXG-WSKMX-SET, Tokai Hit) were used. Sin-
gle nucleosomes were observed by using an inverted Nikon Eclipse
Ti2 microscope, an ILE 400 lase combiner (Andor) with 100-mW
561-nm and 140-mW 637-nm laser systems, and a scientific com-
plementary metal-oxide semiconductor (sSCMOS) ORCA-Fusion BT
camera (C15440-20UP, Hamamatsu Photonics). Fluorescently labeled
histones in living cells were excited by the 561/637-nm laser through
an objective lens [100x PlanApo total internal reflection fluores-
cence (TIRF), NA 1.49; Nikon] and detected at 582 to 626/676 to
786 nm. An oblique illumination system with the TIRF unit (Nikon)
was used to excite the labeled histone molecules within a limited thin
area in the cell nucleus and reduce background noise. R110direct-
labeled H3.2-Halo was imaged with light-emitting diode (LED) epi-
illumination (X-Cite XYLIS, Excelitas Technologies) and detected at
503 to 547 nm. Sequential image frames were acquired using NIS
elements software (AR v5.30.03 64bit, Nikon) at a frame rate of 50 ms
under continuous illumination. The frame rate and exposure time
were controlled using a NI-DAQ board (PCI3-6353, National Instru-
ments). Dual-color imaging was performed through a beam splitter
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W-VIEW GEMINI (Hamamatsu Photonics) detected at 573 to 613 nm
(TMR) and 662 to 690 nm (JF646).

Chemical treatment

For single-nucleosome imaging on chemically fixed cells, cells grown
on poly-L-lysine-coated glass-based dishes were incubated in 2% FA
in 1x HBSS at 37°C for 15 min and washed with 1x HBSS three
times. The following single-nucleosome imaging was performed as
described above.

Single-nucleosome tracking analysis

The methods for image processing, single-molecule tracking, and
single-nucleosome movement analysis were described previously (6).
The background noise signals in the acquired sequential tiff images
were subtracted with the rolling ball background subtraction (rolling
ball radius: 50 pixels) using Fiji/ImageJ. The nuclear regions in the
images were manually extracted. Following this step, the diffraction-
limited fluorescent dots in each image were fitted to a Gaussian func-
tion to obtain the center of the distribution, and its trajectory was
tracked with u-track [MATLAB package (57)]. To ascertain the posi-
tion determination accuracy of the H3.2-HaloTag-nucleosomes in
FA-fixed cells, distributions of nucleosome displacements from the
centroids of the trajectories in the x and y planes (n = 11 or 12 mole-
cules) were fitted to Gaussian functions. The calculated position
determination accuracy in each experiment was described in figs.
S4B, S11B, and S12B.

For single-nucleosome movement analysis, the displacement and
MSD of the fluorescent dots were calculated on the basis of their trajec-
tory using a Python script. The originally calculated MSD was in 2D. To
obtain the 3D value, the 2D value was multiplied by 1.5 (4 to 6 Dt). The
calculated MSDs were fitted as a subdiffusive model MSD(t) = 6D - t%,
where a is an anomalous diffusion exponent (0 < a < 1). Statistical
analyses of the obtained single-nucleosome MSD captured through
each histone protein were performed using Python.

Two-point MSD analysis

For dual-color single nucleosome imaging, the HeLa cells were first
arrested at G;-S with a double thymidine block. One or 5 hours after
the cells were released into a thymidine-free medium, the cells were
incubated with 10 pM 7BRO for 60 min at 37°C in 5% CO; followed
by a wash with medium without 7BRO three times. Subsequently,
the cells were labeled with the mixture of 500 pM HaloTag TMR
ligand and 10 nM JF646 ligand for 10 to 15 min.

Image processing, dot detection, and tracking of the dual-color
single-nucleosome tracking images were carried out as described
above. The calculated position determination accuracy through the
beam splitter was 11.0 nm (TMR particles) and 10.4 nm (JF646 par-
ticles) (see fig. S11B). Positions of spots labeled by TMR and JF646
colors were corrected by second-order polynomial transformation.
Parameters of the transformation were estimated based on the 0.1-pm
TetraSpeck bead (T7279, Thermo Fisher Scientific) imaging and
calculations were performed using the Python library Scikit image.
To analyze the movements of two nucleosomes labeled with two col-
ors (TMR and JF646), we picked closely located (<150 nm) pairs of
TMR and JF646 trajectories from each image movie. Around 60 to
150 pairs of the dots were obtained from a single experiment. The
two-point MSD of the fluorescent dots was calculated as described
in (10, 67). In our single-nucleosome tracking, trajectories of TMR-
and JF646-dots on the XY plane, { Sy (£,,) 1M1=} and {Sypeuq (£, ) 1112,

m=0/
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were simultaneously acquired, where the time interval was At = 0.05 s
andt, =mAt (m=0,1,2, -, M —1). To evaluate dynamic fluctua-
tions between two points, we dealt with the relative vector between
two trajectories, Q(t,,) = Sty (f) — Syreus (£ )- Then, we calculated
the two-point MSD for the lag time t, = nAt by

M—-1-n

= 2 [t Q) ) X3

m=0 ¢

MSD(t,) =

n

where (-), represents the ensemble average for trajectories at the lag
time ¢, and the coefficient 3/, is a correction factor for conversion
from 2D to 3D values.

Segmentation of the class Il chromatin regions

To extract the single-nucleosome trajectories colocalized with late-S
replication foci (fig. S6A), we segmented the late-S replicated chro-
matin regions using dense TMR-labeled images. First, 10-frame
(0.5 s) averaged TMR images were processed with an Image] band-
pass filter function with the filtering of large structures down to
30 pixels and small structures up to 5 pixels. The filtered images
were then binarized using Otsu’s method. The two-pixel-dilated
binary masks were defined as the late-S replication foci region. The
detected JF646 dots located inside the foci regions were extracted on
the basis of the centroids of their trajectories (i.e., time average of xy
coordinates) as described previously (35). The categorized trajecto-
ries were used in subsequent analyses. For Fig. 4 (D and E), we also
segmented the nucleolus-associated regions and the perinuclear
regions of class II chromatin in the same way.

Angle distribution analysis

Angle distribution analysis was performed as described in (36). For
the tracked consecutive points {(Xp, ¥y )» (X1>¥;)> *» (Xs ¥ )» )
of a single nucleosome on the xy plane, we converted the data into a
set of displacement vectors, A7, = (X, 11 —Xp> Yos1 —Va) - Then, we
calculated the angle between two vectors Ar, and Ar,, ;. We carried
out this procedure for all the points of each trajectory in our experi-
ments. We plotted the normalized polar histogram by our Python
program (35). The angle distribution was normalized by 2x, and the
values correspond to the probability density.

Monte Carlo simulation of nucleosomes and model proteins

We performed a Metropolis Monte Carlo method without long-range
potential or hydrodynamic interactions to determine the diffusive
motion of molecules (70). The diameter of the crowding agents used
in this simulation was 9.6 nm, comparable to those of a single-
nucleosome molecule determined by its volume (1). The diffusion
coefficients (Ds) of the crowding agents were 0.3 pm” s, The diam-
eters of tracers were 10 to 20 nm. The Ds of tracers were given as 90 pm>
s~} divided by its diameter in nanometers (9 to 4.5 um2 s71). These
Ds were determined by the Stokes-Einstein relationship based on
parameters from the EGFP monomer, the diameter and D of which
were 3.8 nm and 23.5 pm” s~ respectively (71). Simulations were
conducted in a 298 nm-by-149 nm-by-149 nm cuboid with reflec-
tive and periodic boundaries on long and other axes, respectively.
These boundary conditions avoid problems caused by finite space.
The simulation space had two different crowding conditions, which
corresponded to 11.5 mg/ml (uncrowded region) and 85.9 mg/ml
(chromatin domain) densities (72). Ninety-six and 692 copies of
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9.6-nm spheres (nucleosomes) were randomly placed in the left and
right halves of the cuboid, respectively. The behavior of these crowd-
ing agents mimicked the diffusion of nucleosomes, which displaced
less than a few nanometers (0 to 12 nm) from their initial positions
[the “dog on a leash” model; see also (71, 73)]. In addition, the cen-
ters of crowding agents were restricted in each half to keep the initial
concentration. Initially, 10 tracers were randomly placed in the left
(uncrowded) region. These tracers were allowed to diffuse freely in
the whole cuboidal space. The motion of the tracers and crowding
agents was iteratively simulated following previously described pro-
cedures (71, 73). The simulation time step, Af, was 10 ns. Simula-
tions (100 ms) were run, recording the position of the tracers every
10 ps. To analyze the search in genomic regions by molecules, the
first collision times were logged for all pairs of tracers and crowding
agents. Fifty simulations (500 tracers in total) were performed for
each condition. For the analysis of penetration kinetics, the time
courses of the proportion of particles meeting the given conditions
were fitted with an exponential function, 1 — %),
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