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Genomic information must be faithfully transmitted into two daughter cells during
mitosis. To ensure the transmission process, interphase chromatin is further condensed
into mitotic chromosomes. Although protein factors like condensins and topoisomerase
Il are involved in the assembly of mitotic chromosomes, the physical bases of the con-
densation process remain unclear. Depletion attraction/macromolecular crowding, an
effective attractive force that arises between large structures in crowded environments
around chromosomes, may contribute to the condensation process. To approach this
issue, we investigated the “chromosome milieu” during mitosis of living human cells
using an orientation-independent-differential interference contrast module combined
with a confocal laser scanning microscope, which is capable of precisely mapping optical
path differences and estimating molecular densities. We found that the molecular density
surrounding chromosomes increased with the progression from prophase to anaphase,
concurring with chromosome condensation. However, the molecular density went down
in telophase, when chromosome decondensation began. Changes in the molecular den-
sity around chromosomes by hypotonic or hypertonic treatment consistently altered
the condensation levels of chromosomes. In vitro, native chromatin was converted into
liquid droplets of chromatin in the presence of cations and a macromolecular crowder.
Additional crowder made the chromatin droplets stiffer and more solid-like. These results
suggest that a transient rise in depletion attraction, likely triggered by the relocation of
macromolecules (proteins, RNAs, and others) via nuclear envelope breakdown and by a
subsequent decrease in cell volumes, contributes to mitotic chromosome condensation,
shedding light on a different aspect of the condensation mechanism in living human cells.

OI-DIC | mitotic chromosome condensation | depletion attraction | chromatin | liquid droplets

Negatively charged genomic DNA wraps around basic core histone proteins to form
nucleosomes. The string of nucleosomes, together with other nonhistone proteins and
RNAs, are somewhat irregularly organized in the cell as chromatin (1, 2). During inter-
phase in higher eukaryotic cells, chromatin forms condensed domains as their functional
units (3-8). With cell cycle progression, genomic DNA is duplicated by DNA replication
and faithfully transmitted into the two daughter cells during mitosis (9, 10). To ensure
the transmission process, interphase chromatin is further condensed into mitotic chro-
mosomes. While several players involved in the condensation process, including conden-
sins and topoisomerase Ila, have been identified and extensively investigated (11-16),
the physical bases of the condensation process remain unclear (17, 18).

In addition to these protein factors, two kinds of physical forces governed by the chro-
mosome milieu may contribute to the condensation process. First, free divalent cations
such as Mg”* condense chromatin or chromosomes in vitro (19-26) or by computer
modeling (27). These cations have long been considered important for nucleosome-nucle-
osome interactions because the nucleosomes have a net negative charge and are stretched
like “beads on a string” by an electrostatic repulsion force in the absence of cations. Indeed,
a transient increase in free Mg2+ is observed during mitosis, contributing to chromosome
condensation (28).

The other possible physical force is the depletion attraction/macromolecular crowding
effect (29-32). This force may also be critical because the cellular environment is highly
crowded with macromolecules such as proteins, RNA, DNA, and others resulting in a
molecular density >100 mg/mL. The principle of the depletion attraction/macromolecular
crowding effect is simple (Fig. 14 and SI Appendix, Fig. S14). Large cellular complexes,
like chromatin, are bombarded from all sides by many soluble macromolecules in a
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Significance

Mitotic chromosome
condensation is an essential
process to transmit replicated
chromosomes into two daughter
cells during cell division. To study
the underlying physical principles
of this process, we focused on
depletion attraction/
macromolecular crowding, which
is a force that attracts large
structures in crowded cell
environments. Using special light
microscopy, which can image the
molecular density of cellular
environments, we found that
crowding around chromosomes
increases during cell division.

In vitro, higher concentrations of
macromolecules condense
chromatin and make it stiffer and
more solid-like. Our results
suggest that the rise in depletion
attraction renders chromosomes
more rigid, ensuring accurate
chromosome transmission
during cell division.
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Fig. 1. Schematics of the depletion attraction/macromolecular crowding effect, OI-DIC microscopy, and density quantification. (4, /) Many small spheres (blue-
gray) representing soluble macromolecules bombard three large spheres (orange, representing chromatin) from all sides (arrows). When two large spheres
come into contact (Right), the small ones exert a force equivalent to their osmotic pressure on opposite sides of the two large ones to keep them together
(depletion attraction/macromolecular crowding effect). (i/) The shaded regions in this alternative view show regions inaccessible to the centers of mass of the
small spheres (excluded volumes). When two large spheres contact each other, their excluded volumes overlap and increase the volume accessible to the small
spheres. Large sphere aggregation is then favored by an increase in the entropy of the system. (B) Optical schematic of the confocal laser scanning microscope
Olympus FV3000, equipped with the OI-DIC module. Details of the microcopy system are described under S/ Appendix, Materials and Methods. (C) Validation of
density imaging by OI-DIC microscopy using known glass rods and mineral oils. The Rl of the glass rods was 1.56, and those of the oils were 1.54 (Left) and 1.58
(Right). The theoretical and experimental values are equivalent, ensuring the accuracy of our RI quantification. (Scale bar, 5 pm.) (D, /) A procedure for estimating
the Rl of sample (depicted as a sphere). Our OI-DIC microscopy can computationally quantify optical path differences (OPDs) at each spatial point. (ii) The formula
to calculate RI of a sample. (iif) The calibration curve of Rl versus the density of standard solutions for protein or nucleic acid. R/ = 1.333 + 1.65 x 107 x C (R, the

refractive index; C, the concentration of the proteins or nucleic acids [mg/mL]).

crowded environment. When two large complexes come into
contact, the macromolecules exert a force equivalent to their
osmotic pressure on opposite sides of the two large complexes to
keep them together (Fig. 14 and SI Appendix, Fig. S14) (29-31).
This state is entropically favored because there are more accessible
regions after their contact (Fig. 14 and SI Appendix, Fig. S1A).
Indeed, purified nuclei (33) and chromosomes (34) condensed
in vitro with ~10% (w/v) of polyethylene glycol (PEG) or poly-
vinyl alcohol. Such high concentrations of a macromolecular
“crowder” induced folding of long synthetic chromatin fibers
in vitro (35). When ~10% of bovine serum albumin (BSA) was
used as a crowder, condensates of the synthetic chromatin fibers
were observed in vitro (36). However, it remains unclear whether
the depletion attraction/macromolecular crowding effect is really
involved in mitotic chromosome condensation in the cell, espe-
cially in higher eukaryotic cells.

To observe the depletion attraction/macromolecular crowding
effect on chromosome condensation, it is essential to measure
molecular density in the chromosome milieu of living cells. We
gain insight into molecular density by using differential interference
contrast (DIC) microscopy (37—40). DIC images are produced by
the interference of two laterally displaced light beams passing
through a sample (e.g., live cells), capturing information about the
optical path length (OPL) in the sample to reveal otherwise invisible
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features (37). The difference in OPL (optical path difference, OPD)
between the two beams contrasts the image, reflecting local differ-
ences in the refractive index (RI) within the sample. However, the
contrast in DIC images depends on the direction of displacement
between the two light beams and the sample, precluding quantita-
tive measurement of the OPL. To overcome the limitations of DIC,
Shribak et al. developed an orientation-independent-DIC (OI-DIC)
microscopy method (41), which allows the directions of displace-
ment for the two light beams to be rapidly switched by 90° without
mechanically rotating the sample or the prisms, generating a quan-
titative OPD map (S/ Appendix, Fig. S1B). Based on the OPD value,
itis possible to estimate the molecular density of intracellular regions
in live cells. However, a previous type of OI-DIC with a wide-field
epifluorescence microscope had difficulty in measuring precise thick-
ness of target structures in the cell (42, 43).

In this study, we have combined a confocal laser scanning
microscope (CLSM) with an OI-DIC module (Fig. 1B), which
can provide high-resolution maps of OPD by OI-DIC and the
thickness of target structures in the cell by CLSM. This OI-DIC
imaging can generate a 3D volume image of the RI and molecular
density (dry mass) in living cells based on the calibration data
(Fig. 1 D, iii). Using this OI-DIC system, we quantified the abso-
lute density of the molecules around chromosomes during mitosis
of human HCT116 cells. We found that the molecular density
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surrounding mitotic chromosomes increased with the mitotic
progression from prophase to anaphase, concurring with chromo-
some condensation. In telophase, the molecular density decreased
as chromosomes began to decondense. Hypertonic treatment of
the mitotic cells rapidly increased density and induced chromo-
some condensation, while hypotonic treatment had the opposite
effects. In vitro, fiber-like condensates of native chromatin,
induced by physiological concentrations of cations, were efficiently
converted into chromatin liquid droplets with macromolecular
crowders. Additional amounts of crowders made the chromatin
droplets more solid-like structures. These results suggest that dur-
ing mitosis, a transient rise in depletion attraction by proteins,
RNAs, and others contributes to mitotic chromosome condensa-
tion, shedding light on a different aspect of mitotic chromosome
condensation in living human cells.

Results

Development of an OI-DIC System Combined with a CLSM. To
estimate the density of total molecules in the chromosome milieu, we
developed an OI-DIC module combined with a CLSM (Fig. 1B).
We calculated the dry mass density of the sample (Fig. 1 D, i
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for more details, see ST Appendix, Materials and Methods) based on
the OPD map obtained from OI-DIC imaging (e.g., Fig. 1C and
SI Appendix, Fig. S1B), the precisely measured thickness (#) of the
target structure by CLSM (Fig. 1D and SI Appendix, Fig. S30),
and the known RI of the surrounding medium. Next, we evaluated
whether the OI-DIC imaging and subsequent analysis could
accurately estimate Rls by observing glass rods (diameter = 4 pm)
in mineral oils with known refractive indices (R/ = 1.54 and 1.58)
and calculated the theoretical OPD (Fig. 1C). The theoretical and
optically measured OPDs were almost identical (Fig. 1C), validating
the accuracy of our OI-DIC imaging for estimating the RI of
samples with measured OPD.

OI-DIC Imaging of Interphase and Mitotic Live Human HCT116
Cells. Using the procedure described above (Fig. 1D), we
performed OI-DIC imaging of interphase and mitotic live human
HCT116 cells stably expressing H2B-HaloTag and obtained their
OPD maps (Fig. 24). Riesz images are edge-enhanced OPD maps
by the inverse Riesz transform (44, 45) and are more visually
informative with the higher contrast of small details (Fig. 2 A,
Bottom images). Riesz transform is equivalent to a high-pass or
“sharpen” image processing filter, which attenuates low-frequency
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Fig. 2. Density imaging of live human HCT116 cells using OI-DIC microscopy. (A) Confocal images, OPD maps, and Riesz images. Image intensities are not
presented on the same scale for better visualization. (B) Schematic of how the RI of the cytoplasm (R,) is estimated. The R/, can be calculated using the formula
shown based on the OPD measured by OI-DIC, the RI of medium (R/,,.;) measured by the refractometer, and thickness (t) values. (C) Schematic of chromatin/
chromosome milieu during mitosis. The measured regions in the cells are marked in cyan, blue, or navy. (D) Total molecular densities of chromosome milieu in
live HCT116 cells. Each dot represents the average of the estimated total density at several points within a single cell, where no apparent structure is obvious
in the Riesz image (S/ Appendix, Fig. S2). Mean + SE are shown. Cell numbers are N = 12 (interphase), 9 (prophase), 15 (prometaphase), 21 (metaphase), 11
(anaphase), 8 (telophase), and 10 (early G1). *P < 0.05 by the two-sided unpaired t test for interphase nucleoplasm vs. prometaphase cytoplasm (P = 0.015),
prophase nucleoplasm vs. prometaphase cytoplasm (P = 0.013), prometaphase cytoplasm vs. anaphase cytoplasm (P =0.021), anaphase cytoplasm vs. telophase
nucleoplasm (P = 0.044) and **P < 0.001 for anaphase cytoplasm vs. early G1 nucleoplasm (P = 6.9 x 10™). (F) Mean + SD of total molecular densities at each phase.
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components. Note that asynchronous live cells were used for this
imaging to avoid any artifactual effects, such as accumulations and
aggregations of proteins and RNAs, caused by the synchronization
process (For classification of mitotic cells, see ST Appendix, Materials
and Methods). We cleatly observed cytoplasmic organelles, nuclear
envelopes, and presumably nucleoli in OPD maps of interphase
HCT116 cells (Fig. 2 A, Lower Lef?). In the case of mitotic cells,
cytoplasmic organelles, and condensed chromosomes were notable
in the Riesz images (Fig. 2 A, Bottom images). We set several Region
of Interest (ROIs) in each cell to avoid apparent structures in the
Riesz image, presumably endoplasmic reticulum, Golgi apparatus,
and mitochondria (SI Appendix, Fig. S2) (46). Cytoplasmic
ROIs were set to exclude chromosomes in the entire Z-stacks
(ST Appendix, Fig. S2). To obtain the thickness measurement (#)
of cytoplasm (Fig. 2B and SI Appendix, Figs. S3 A and C and
S4A) and chromatin (for nucleoplasm, see ST Appendix, Fig. S3 B
and C; for chromosomes, see SI Appendix, Fig. S4 B and C), cells
were simultaneously labeled with Calcein AM and HaloTag ligand
TMR, and optical sectioning images were recorded using CLSM.

Based on the OPDs, thicknesses (#) of the cytoplasm and nucleo-
plasm, and the known RI of the medium (1.3362 for McCoy's 5A
including 10% fetal bovine serum (FBS) in Fig. 1 D, 7), we calculated
the Rs of cytoplasm (Fig. 2B and SI Appendix, Fig. S3A) and nucleo-
plasm (SI Appendix, Fig. S3B) in HCT116 cells (SI Appendix,
Table S1). It is known that there is a linear correlation between the
concentrations of various macromolecules (proteins, lipids, carbohy-
drates, and nucleic acids) and the Rls of their solutions, within the
physiological concentration range (42, 47, 48). According to the
calibration curve of Rls versus the density of standard solutions for
protein or nucleic acid (Fig. 1 D, 77i), we obtained total molecular
density values in the cytoplasm and/or nucleoplasm during various
cell cycle stages (Fig. 2 Cand D and SI Appendix, Fig. S5). Note that
we did not look at mitotic chromosomes themselves this time
(Fig. 2B) since we wanted to examine macromolecular crowding
around chromosomes, that is, the chromosome milieu (Fig. 2C).
Mitotic stages were judged by their chromosome morphology

(Fig. 24, for details, see SI Appendix, Materials and Methods).

Macromolecular Crowding in Mitotic Chromosome Milieu Is
Higher Than in Interphase Chromatin. Our quantification (Fig. 2
D and E and SI Appendix, Table S1) shows that the density of
interphase nucleoplasm is 142 mg/mlL, which agrees well with our
previous report (42) and is lower than that of cytoplasm (170 mg/
mL, see ST Appendix, Fig. S5). Interestingly, the density around
chromatin/chromosomes increased after Nuclear Envelope Break
Down (NEBD). Cytoplasm density in prometaphase cells was
160 mg/mL (Fig. 2 D and E) and higher than that of interphase
nucleoplasm. With mitotic progression from prophase to anaphase,
density gradually increased from 137 mg/mL to 176 mg/mL (Fig. 2
D and E). Maximal cytoplasmic density in anaphase is consistent with
previous reports on maximal chromosome compaction in anaphase
(49, 50). Once the cytokinesis and chromosome decondensation
started at telophase (Fig. 24), the density was reduced and became
similar to the interphase density at early G1 phase (Fig. 2 D and E).
At early G1, the density profile returned to high for cytoplasm and
low for nucleoplasm (87 Appendix, Fig. S5). These results suggest
that depletion attraction in mitotic chromosome milieu is higher
than in interphase nucleoplasm, increases with mitotic progression
from prophase to anaphase, and starts reverting at telophase.

To further support our findings in HCT116 cells, we examined
another cell line, Indian Muntjac DM cells (Fig. 34). DM cells
were derived from deer fibroblast cells and have very large mitotic
chromosomes (51-53). Chromatin and cytoplasm were labeled
with Hoechst 33342 and Calcein AM simultaneously (Fig. 34)

https://doi.org/10.1073/pnas.2403153121

to obtain thickness information (t) of interphase cytoplasm
(SI Appendix, Fig. S3A), interphase nucleoplasm (S Appendix,
Fig. S3B), and mitotic cytoplasm (Fig. 2B).

Using a similar procedure for HCT116 cells, we found that the
density of cytoplasm in prometaphase DM cells, which corre-
sponds to chromosome milieu, was 160 mg/mL (Fig. 3B and
SI Appendix, Fig. S6) and higher than that of interphase nucleo-
plasm (139 mg/mL). The density increased from prophase to
metaphase (Fig. 3B and SI Appendix, Table S2). The obtained
results in DM cells were consistent with those in human HCT116
cells, suggesting that a transient rise in the density of chromosome
milieu may be a general feature of mitotic cells. These findings
also suggest that depletion attraction can contribute to mitotic
chromosome condensation.

The Density in Mitotic Chromosomes Is 192 mg/mL. DM cells have
muchlargerand fewer mitotic chromosomes (7 to 9 chromosomes/cell)
(51-53) than HCT'116 cells (~46 chromosomes, relatively normal
human karyotypes) (54). This difference enabled us to obtain the
OPL of mitotic chromosomes (S/ Appendix, Fig. S4B) and measure
the density in mitotic chromosomes as 192 mg/mL in DM cells
(SI Appendix, Fig. S7, Left and SI Appendix, Table S2). This value
was significantly higher than that of mitotic cytoplasm (169 mg/mL,
P =0.0040) and comparable to the result of our previous study on
the density (208 mg/mL) of the mouse pericentric heterochromatin
(chromocenter) (42). In our previous work, we estimated the
nucleosome concentration in mitotic chromosomes of DM cells
to be about 0.52 mM (51), which corresponds to 137 mg/mL.
Given that there is a considerable amount of nonhistone proteins
within mitotic chromosomes (55, 56), we consider this value to be
reasonable. On the other hand, because chromosome thickness is
difficult to accurately measure (¢; in ST Appendix, Fig. S4B), even
when using larger DM cell chromosomes, the density values of
mitotic chromosomes should become more precise as measurement
techniques improve in the future.

Hypertonic Treatment Raised Depletion Attraction and
Induced Chromosome Hypercondensation. We wondered what
would happen to the mitotic HCT116 cells if we changed their
cytoplasmic density. To address this question, we first performed
the hypertonic treatment with 570 mOsm by adding concentrated
phosphate-buffered saline (Fig. 44) as reported in refs. 57 and 58,
while the physiological osmotic condition is 290 mOsm. Upon
hypertonic treatment, the cytoplasmic density increased from
164 mg/mL to 238 mg/mL (Fig. 4B and SI Appendix, Table S1).
Mitotic chromosomes looked clumped together (Fig. 44). The
signal intensity of mitotic chromatin labeled by H2B-HaloTag-
TMR also increased (Fig. 4C), suggesting a rise in depletion
attraction and induced hypercondensation of mitotic chromosomes
upon hypertonic treatment.

Similar findings were achieved using DM cells with hypertonic
treatment (Fig. 4D). An increase in cytoplasmic density (Fig. 4E
and S/ Appendix, Table S2) induced hypercondensation of mitotic
chromosomes and chromosome clumping (Fig. 4 D and F). In addi-
tion, the density within mitotic chromosomes increased from
192 mg/mL to 256 mg/mL (8 Appendix, Fig. S7). The cells with a
higher density in the cytoplasm tended to have a higher density for
their chromosomes. These results support the hypothesis that deple-
tion attraction contributes to mitotic chromosome condensation.

Hypotonic Treatment Lowered Depletion Attraction and Induced
Chromosome Decondensation. Next, we treated HCT116 cells
hypotonically (140 mOsm) by diluting the medium (Fig. 54). We
found that just after the treatment (<10 min), cytoplasmic density
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in prometa-/metaphase cells reduced from 164 mg/mL to 93 mg/
mL (Fig. 5B and S/ Appendix, Table S1). Chromatin intensity
labeled by H2B-HaloTag-TMR also decreased simultaneously
(Fig. 5C), suggesting a considerable decondensation of mitotic
chromosomes with a reduction in depletion attraction. These
findings strengthen our notion that depletion attraction is involved
in mitotic chromosome condensation.

We noticed that the cytoplasmic density recovered >10 min
after the hypotonic treatment (Fig. 5B), while cellular effects
caused by hypertonic treatment seemed stable after 30 min, con-
sistent with a previous report (59). The induced decondensation
of chromosomes also attenuated on the same time scale (Fig. 5A4).
Interestingly, we found some low-density regions or vesicles in the
cytoplasm of prometaphase cells appeared with prolonged hypo-
tonic treatment (>10 min) (shown by arrows in Fig. 54), suggest-
ing that the infiltrated water molecules were somehow sequestered
to restore intracellular osmotic pressure.

Similar findings with hypotonic treatment were obtained using
DM cells (Fig. 5D). Cytoplasmic density decreased (Fig. 5E and
SI Appendix, Table S2) and induced decondensation of mitotic chro-
mosomes (Fig. 5F) <10 min following treatment. The cytoplasmic
density recovered 10 min after the hypotonic treatment (Fig. 5E),
corresponding to a rise in chromosome intensity (Fig. 5D). These
results strengthen our finding that depletion attraction contributes
to mitotic chromosome condensation.

Macromolecular Crowders Induce Liquid Droplets of Chromatin
In Vitro, and Additional Crowding Makes the Droplets Stiffer and
More Solid-Like. To finally examine how an increase in depletion
attraction/macromolecular crowding during mitosis can change
the physical properties of chromosomes, we performed an in vitro

PNAS 2024 Vol.121 No.36 2403153121

condensation assay using chicken native chromatin. The peak
size of the native chromatin used for this assay was ~6 kb and
corresponded to ~30 nucleosomes (S7 Appendix, Fig. S8 A and B).
Cations diminish the repulsion between negatively charged
nucleosomes in the chromatin and electrostatically attract them
to form chromatin condensates (22-26, 28, 58, 60, 61). Therefore,
we incubated our native chromatin in a buffer containing 100 mM
K* and 0.8 mM Mg to mimic physiological concentrations of
cations in the cell (28) and found many fiber-like condensates of
chromatin were formed (Fig. 64, Panel 1), consistent with previous
reports (28, 58, 61).

We simulated depletion attraction/macromolecular crowding
of chromosome milieu by incubating increasing concentrations
of PEG (a neutral polymer, M.W. ~8 kDa), BSA (M.W. 66 kDa),
or Dextran (M.W. ~200 kDa) with our fiber-like condensates
of chromatin. We first added increasing concentrations of PEG
as a crowder and observed morphological changes of chromatin
condensates. With 10 mg/mL (w/v) (corresponding to 1.25
mM) PEG, some spherical structures were found among fibrous
condensates (Fig. 64, Panel 2). At 20 mg/mL (2.5 mM) PEG,
almost all condensates became spherical with various sizes and
looked like liquid droplets formed by liquid-liquid phase sep-
aration (Fig. 64, Panel 3) (60, 62-64). Indeed, the droplets
often fused to form larger droplets (Fig. 68 and Movie S1).
Upon increasing PEG to 40 mg/mL (5.0 mM), droplets were
connected to one another (Fig. 64, Panel 4). Note that their
sizes were not as large as those with 20 mg/mL PEG (Fig. 6 4,
Right). These were presumably stuck together and not fused into
lager droplets during our observation period (up to 1 h). A
higher concentration of PEG converted chromatin droplets to
be stiffer and more solid-like, reducing their fluidity (Fig. 6D).

https://doi.org/10.1073/pnas.2403153121
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Next, we used BSA as another crowder in the same concentration
of cations and native chromatin. BSA affected chromatin morphol-
ogy at higher concentrations (w/v) than PEG. At 50 mg/mL
(0.75 mM) BSA, chromatin droplets formed among fibers (Fig. 6C,
Panel 2). Almost all condensates became droplets at 100 mg/mL
(1.5 mM) BSA (Fig. 6C, Panel 3). As in the case of PEG, increasing
the BSA concentration to 200 mg/mL (3.0 mM) formed clusters
of droplets that appeared to stick together (Fig. 6C, Panel 4). Again,

6 of 11  https://doi.org/10.1073/pnas.2403153121

their sizes were smaller than those with 100 mg/mL (1.5 mM) BSA
due to much fewer fusion events being prevented by stiffer and
more solid-like properties (Fig. 6 C, Right). We also obtained a
similar set of results using Dextran (M.W. ~200 kDa) (S/ Appendix,
Fig. S8C). These results suggest that depletion attraction/macro-
molecular crowding can change the physical properties of chromo-
somes. Addition of crowders induced the formation of chromatin
liquid droplets in vitro. Further crowding increased droplet stiffness
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by pushing chromatin droplets from the outside. This larger deple-
tion attraction may have prevented droplet fusions at our time scale

(Fig. 6 Eand Fand ST Appendix, Fig. S8D). The number of droplets

in the diluted buffer without crowder substantially decreased and

(up to 1 h) due to the reduced fluidity (Fig. 6D).

To examine whether the chromatin droplet formation induced
by depletion attraction/macromolecular crowding was reversible,
we lowered the crowding effect around the droplets. After droplets
were made using 20 mg/mL PEG, 100 mg/mL BSA, or 50 mg/mL
Dextran, the droplet solutions were diluted 10-fold with a buffer
containing 100 mM K" and 0.8 mM Mg”* with or without crowder

PNAS 2024 Vol.121 No.36 2403153121

more small chromatin condensates appeared as compared to the
control droplets in the diluted buffer with crowder. Droplets resolved
into small chromatin condensates, suggesting that droplet formation
by depletion attraction/macromolecular crowding is reversible.
We measured the density of the chromatin condensates in vitro
by OI-DIC (8 Appendix, Fig. S9). Interestingly, the data show

that the densities of the chromatin condensates are much higher

https://doi.org/10.1073/pnas.2403153121
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of formed droplets. Two typical examples are shown. Also see Movie S1. (C) Similar analyses to A on BSA-induced liquid droplets. N.S., not significant by the
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PEG. The images depict fewer and smaller droplets in the diluted buffer without PEG, suggesting that the droplets were dissolved in the diluted buffer. (Bottom)
A quantitative analysis of the droplet dilution assay. The number and diameters of the droplets in a randomly picked area (6.0 x 10* um?) are plotted. (F) The
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than those in mitotic chromosomes of living cells: ~448 mg/mL higher than that of interphase nucleoplasm (142 mg/mL). Density
in PEG and ~365 mg/mL in BSA. Furthermore, the increase in at chromosome milieu gradually increased from 137 mg/mL to
crowders (from 20 to 40 mg/mL PEG or from 100 to 200 mg/ 176 mg/mL (Fig. 2 D and E) as cells mitotically progressed from
mL BSA) did not further increase their densities. We consider prophase to anaphase, concurring with chromosome condensation

in vitro chromatin condensates to have almost “maximum” density (49, 50). Furthermore, hypertonic treatment of the mitotic cells
as proposed in ref. 65. An increase in crowders thus cannot raise ~ rapidly raised density and induced chromosome condensation
the density of chromatin condensates, even though their physical ~ (Fig. 4), while hypotonic treatment had the opposite effects
properties change from liquid-like to solid-like. (Fig. 5). Our findings suggest that a transient rise in depletion

attraction (the density of proteins, RNAs, and others) during
mitosis is involved in mitotic chromosome condensation, provid-

Discussion

ing a unique insight into the physical bases of mitotic chromosome
The chromosome milieu governs physical forces contributing to ~ condensation in living human cells.
chromosome condensation. We developed an OI-DIC microscopy We demonstrate that the depletion attraction/macromolecular
system combined with CLSM to elucidate the effects of the chro-  crowding converts fibrous chromatin condensates formed by cat-
mosome milieu in live mitotic cells (Fig. 1B). The subsequent ions into liquid droplets in vitro. Previous reports on chromatin
analysis enabled the absolute densities in cytoplasm and/or nucleo-  liquid droplet formation have thus far only used synthetic nucle-

plasm in various cell cycle stages of human HCT116 cells and ~ osomes such as 12-mer arrays, which have uniform properties in
Indian Muntjac DM cells to be calculated. We demonstrated that  the length, spacing, size, and modifications (58, 60, 66). Increasing
the density of cytoplasm in metaphase cells (164 mg/mL) was  depletion attraction/macromolecular crowding in vitro made the
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droplets stiffer and more solid-like (Fig. 6D). While cations
induced an electrostatic attraction force between chromatin, the
depletion attraction/macromolecular crowding worked as external
pressure from outside (Fig. 6D). Our results suggest that the
depletion attraction/macromolecular crowding is another force
that contributes to chromosome rigidity during mitosis (Fig. 7).
The additional condensation by increased depletion attraction is
particularly advantageous for the chromosome segregation and
transmission processes during anaphase, when mechanical shear-
ing stress is high. Note that the highest cytoplasmic density level
was identified in anaphase (Fig. 2D) and concurred with previous
reports of the highest level of chromosome compaction in
anaphase (49, 50). Condensed chromatin domains in interphase
have been observed in a variety of cells (5-7, 67-71) and are
proposed to work as building blocks for mitotic chromosomes (8,
69). The assembled stiffer chromatin droplets that we observed
in the highly crowded situations looked like mitotic chromosomes
(Panels 4 in Fig. 6 A and C and SI Appendix, Fig. S8C). Hence,
the depletion attraction/macromolecular crowding may facilitate
the assembly of condensed chromatin domains to form mitotic
chromosomes.

What is the underlying mechanism of up-regulating macro-
molecule density during mitosis? Small molecules (<40 to 60 kDa)
can pass through the nuclear pores by passive diffusion (72) and
are rather evenly distributed within the cell. On the other hand,
large macromolecules and their complexes, including RNAs,
DNAEs, and lipids, in eukaryotic cells are highly compartmental-
ized in interphase by the nuclear membrane (Fig. 7, Left and Fig. 2
A, Bottom Left). We propose that cells regulate their density local-
izations by compartmentalization and can up-regulate cytoplasmic
density after NEBD (Fig. 7, Right). OPD maps of interphase cells
show that cytoplasmic organelles (ER, Golgi apparatus, mitochon-
dria, etc.), the nuclear membrane structure, and nucleoli are prom-
inent high-density structures (Fig. 2 A, Bottom Lefi). Note that
we avoided such cytoplasmic organelles for our measurements

(SI Appendix, Fig. S2).

Upon NEBD, the nuclear envelope, nuclear pore complexes,
nuclear lamina, and nucleoli are disassembled into small pieces
(complexes or vesicles) for cell division and become a part of the
“chromosome milieu.” As a result, cytoplasmic and nucleolus fac-
tors are exposed to chromosomes and fully contribute to an increase
in depletion attraction/macromolecular crowding (Fig. 7, Righ).
For instance, nucleoli, which are enriched with proteins and RNAs,
occupy ~12% of the nuclear volume and have a high-density of
>200 mg/mL [S7 Appendix, Fig. S10; (42)]. Ribosomes are also a
potential contributor to increase depletion attraction/macromo-
lecular crowding during mitosis. We indeed observed that in inter-
phase and prophase, prior to NEBD, ribosome components were
sequestered from chromatin and confined to the cytoplasm by the
nuclear membrane (S/ Appendix, Fig. S11). In contrast, in promet-
aphase and metaphase, after NEBD, they can come into contact
with mitotic chromosomes. In addition, some of the nucleolar
components also locate to the chromosome periphery, possibly
causing additional depletion attraction (e.g., refs. 56, 73, and 74).
Furthermore, Son et al. (75) and Zlotek-Zlotkiewicz et al. (76)
found that cell volume decreased in the metaphase-anaphase tran-
sition. The reduction of cell volume can contribute to an increase
in molecular density with the mitotic progression from prometa-
phase to anaphase (Fig. 2C). Density decreases again in telophase
because the nuclear envelope reforms and active transport (77) and
compartmentalization restart in telophase. Together, these fully
coordinated mitotic events can lead to a transient rise in depletion
attraction/macromolecular crowding observed during mitosis
(Fig. 7, Right).

While chromatin with a high concentration of macromolecules,
or depletant, forms liquid droplets in vitro (Fig. 6 and SI Appendix,
Fig. S8), why are the mitotic chromosomes not spherical (i.e., a
kinetic effect)? We consider that long strings of interacting nucle-
osomes in the cell impose physical constraints and work as a
kinetic barrier, which induces the kinetic effect. Consistently,
when a restriction enzyme Alul was injected into living mitotic
cells, which fragments chromatin to relieve the physical constraints
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(the barrier), the Alul-treated chromosomes lost their rod shape
and became chromatin liquid droplets (18, 78) like observed
in vitro (Fig. 6 and ST Appendix, Fig. S8).

It is relevant to estimate the order of magnitude of the depletion
attraction in terms of &y 7. We may regard a chromosome (100 Mb)
as an array of chromatin domains, each about 100 kb with a radius
of 100 nm with domains dispersed in interphase (8). We assume
these domains are assembled into mitotic chromosomes (8).
Considering proteins of about 30 kDa with a radius of 3 nm to be
typical depletant molecules in the milieu and using the Asakura-
Oosawa relation to estimate the depletion attraction (30, 79), the
estimated free energy stabilization for chromosome condensation
is 6 to 9 ky7/domain larger in mitotic chromosomes than that in
interphase chromosomes, showing a considerable contribution of
depletion attraction to compensate the entropy loss induced upon
condensation (For details, see SI Appendix, Materials and Methods).

A transient rise in depletion attraction during mitosis can act
as an additional force to form larger chromosomes in higher
eukaryotic cells. Higher eukaryotic cells have a mitotic process
called open mitosis. NEBD occurs during prophase, and the
nuclear envelope is regenerated around the chromosomes in telo-
phase (9, 10). Our findings suggest that the open mitosis system
allows the cell to up-regulate depletion attraction during mitosis.
Closed mitosis occurs in the case of lower eukaryotes (e.g., fungi
and yeasts), where the nuclear envelope does not break down
during mitosis (80, 81). Their chromosome milieu seems constant
during mitosis. The depletion attraction may not be involved in
chromosome assembly in fungi and yeasts because their genome
and chromosomes are so small. We propose that eukaryotic organ-
isms might have evolved to acquire open mitosis and an additional
chromosome compaction force for their larger chromosomes. As
discussed above, this force could be beneficial to make larger
chromosomes more rigid to ensure faithful transmission into
daughter cells.

The OI-DIC module combined with CLSM can obtain matched
high-resolution OPD and confocal images to get precise absolute
densities in live cells, while another density microscopy (82) may
have difficulty because it requires a separate reference beam and uses
two objective lenses for OPD/RI reconstruction. Our mitotic chro-
mosome study using OI-DIC is complementary to the ones using
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