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ABSTRACT Liquid-liquid phase separation (LLPS) of proteins and nucleic acids has emerged as an important phenomenon in
membraneless intracellular organization. We demonstrate that the linker histone H1 condenses into liquid-like droplets in the
nuclei of HeLa cells. The droplets, observed during the interphase of the cell cycle, are colocalized with DNA-dense regions
indicative of heterochromatin. In vitro, H1 readily undergoes LLPS with both DNA and nucleosomes of varying lengths but
does not phase separate in the absence of DNA. The nucleosome core particle maintains its structural integrity inside the drop-
lets, as demonstrated by FRET. Unexpectedly, H2A also forms droplets in the presence of DNA and nucleosomes in vitro,
whereas the other core histones precipitate. The phase diagram of H1 with nucleosomes is invariant to the nucleosome length
at physiological salt concentration, indicating that H1 is capable of partitioning large segments of DNA into liquid-like droplets. Of
the proteins tested (H1, core histones, and the heterochromatin protein HP1a), this property is unique to H1. In addition, free
nucleotides promote droplet formation of H1 nucleosome in a nucleotide-dependent manner, with droplet formation being
most favorable with ATP. Although LLPS of HP1a is known to contribute to the organization of heterochromatin, our results
indicate that H1 also plays a role. Based on our study, we propose that H1 and DNA act as scaffolds for phase-separated
heterochromatin domains.
SIGNIFICANCE Histone proteins package cellular DNA into actively transcribed euchromatin domains as well as
suppressed heterochromatin domains. Through in-cell and in vitro studies, we find that histones also contribute to
heterochromatin formation through reversible liquid-liquid phase separation with DNA. Themesoscopic liquid droplets, rich
in linker histone H1 and chromatin, likely govern the access of transcriptional factors and RNA to heterochromatin domains
through charge balance, multicomponent interactions, and fluxional levels of small molecules such as ATP. In addition, the
phase separation of the core histone H2A prompts new questions on the link between liquid-liquid phase-separation-
mediated chromatin organization and epigenetic regulation.
INTRODUCTION

Studies over the past several years have established that
many cellular proteins, typically containing intrinsically
disordered regions (IDRs) rich in charged residues, are
able to phase separate into distinct liquid-like droplets in
both the presence and absence of nucleic acids (1–4).
Such liquid-liquid phase separation (LLPS) is driven by
intermolecular interactions, including electrostatic, hydro-
phobic, p-stacking, and hydrogen-bonding interactions
(5,6). It is thought that cells leverage this phenomenon for
intracellular organization without a confining phospholipid
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membrane (2,4). Examples include P granules (1) and stress
granules (7) in the cytoplasm, as well as the nucleoli (8) and
Cajal bodies (9) in the nucleoplasm. Recent reports (10,11)
have suggested that the separation of silenced heterochro-
matin from actively transcribed euchromatin is driven, at
least in part, by LLPS. However, whether histones, which
are key proteins for the structure and dynamics of chro-
matin, contribute to LLPS in cells remains unknown.

Histone proteins package genomic DNA as chromatin in
the small volume of the cell nucleus and control access to
the DNA by transcriptional factors (12–15). The funda-
mental structural unit of chromatin is the nucleosome core
particle (NCP), which consists of double-stranded DNA
(dsDNA, �147 basepairs (bps)) wrapped around a histone
octamer core consisting of dimers of H2A, H2B, H3, and
H4 (16). The core histones have IDRs that constitute
�50% of the protein. Linker histone H1, which binds to
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linker DNA at the DNA entry and exit site of NCPs, plays a
key role in the higher-order structuring of NCPs (14).
However, whether the higher-order structures formed in
cells are in the 30-nm fiber architecture (17) or in a more
disordered form is unclear (18). Furthermore, a large portion
of H1 remains highly dynamic and mobile in the cell nuclei
(19–22), suggesting that H1 facilitates chromatin remodel-
ing and dynamic organization (23).

It is becoming increasingly clear that H1 also plays an
important role in epigenetic regulation (14,15,24,25). H1,
known to bind many nuclear and cytosolic proteins (26,27),
is found in high concentrations near suppressed genes
(14,28–30), can bind directly to heterochromatin protein 1a
(HP1a) (26,31–33), and recruits proteins responsible for his-
tone modifications (14). H1 has a higher net positive charge
and more structural disorder compared to core histones, with
the longest IDR located at the C-terminus (Figs. S1, A and B
and S2), and has been shown to readily undergo multicompo-
nent LLPS with DNA in vitro (34,35). Shakya et al. demon-
strated that a mixture of histones (the four core histones and
the linker histone) undergoes LLPS with dsDNA oligomers,
and that LLPS of H1 and DNA is more favorable (34). Turner
et al. showed that the disordered C-terminal region of H1 re-
mains dynamic upon complexation with 20- and 36-bp DNA
(35). We hypothesized that H1 contributes to LLPS of hetero-
chromatin because of its highly charged and disordered struc-
ture, direct interactions with HP1 (26,31–33), and elevated
concentrations in heterochromatin (14,28–30). In HeLa cells
expressing eGFP-tagged H1, we demonstrate that H1 con-
denses into puncta that are colocalized with HP1a and dense
DNA of heterochromatin domains and that the puncta exhibit
liquid-like behavior. Moreover, through in vitro studies using
DNA and nucleosomes of varying lengths, we show that nu-
cleosomes readily form droplets in presence of H1 in a
manner invariant to the nucleosome length at physiological
salt concentration. Inside the droplets, the nucleosomes main-
tain their structural integrity, as demonstrated by ensemble
FRET measurements. Interestingly, we find that core histone
H2A also forms droplets with DNA and nucleosomes in vitro,
though to a lesser extent compared to H1. This is unexpected
for a core histone because the other core histones (H2B, H3,
and H4) precipitate under identical conditions. Furthermore,
droplet formation of H1 and H2A with nucleosomes is pro-
moted by the presence of free nucleotides in a nucleotide-
and protein-dependent manner. This study suggests yet
another role of histones in chromatin organization: LLPS-
mediated formation of heterochromatin domains.
MATERIALS AND METHODS

Materials

Nucleotide triphosphates (NTPs) (sodium salt), Tris-EDTA buffer (10 mM

Tris-HCl, 1 mM EDTA (pH 7.4)), and sodium chloride were obtained from

Sigma-Aldrich (St. Louis, MO). Fluorescently labeled NTPs (R6G-ATP,

R110-GTP, R110-UTP, R110-CTP) were purchased from Perkin Elmer (Bos-
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ton, MA). Calf thymus histone H1 was obtained from Sigma-Aldrich. Calf

thymus H1 sequence contains 194 residues, has a net (þ)53 charge, and is

77% disordered (see Supporting Materials and Methods). Human H2A,

H2B, H3, H4, and HP1a were obtained from EpiCypher (Durham, NC)

and EpiGex (Illkirch-Graffenstaden, France). The sequences of the proteins,

including the human H1.2 used in in-cell experiments, are provided in the

Supporting Materials and Methods. dsDNA (150-, 500-, and 1000-bp frag-

ments of random sequences, Fig. S20 A) and AlexaFluor488 were obtained

from Thermo Fisher Scientific (Waltham, MA). Nucleosomes (mononucleo-

somes (147 bp), polynucleosomes (trimers and heptamers), and FRET-pair-

labeled mononucleosomes) were obtained from EpiCypher. The mononu-

cleosomes were assembled from recombinant proteins with the 601 sequence

DNA (147 bp) (Fig. S20 B). The polynucleosomes were polydisperse frag-

mented nucleosomes purified from cell extracts containing mostly trimers

or heptamers. The concentrations of polynucleosome solutions were deter-

mined assuming the molecular weight of trimers (�600 bp) or heptamers

(�1400 bp) (Fig. S20 B).

All samples for in vitro LLPS experiments were prepared in eight-well

1.0 borosilicate chambered glass slides (Nunc Lab Tek; Thermo Fisher Sci-

entific). The glass slides were cleaned with RNase Zap (Ambion; Thermo

Fisher Scientific) and nuclease-free water and passivated with 3.5% bovine

serum albumin (Sigma-Aldrich) for 15 min at room temperature.
Cell culture

A HeLa cell line expressing eGFP-labeled H1.2 (labeled at the N-terminus)

was purchased from EpiGex. Human H1.2 is the most common isoform in

HeLa cells. Its sequence contains 215 residues, a net (þ)54 charge, and is

77% disordered (see Supporting Materials and Methods). Cells were

cultured in Dulbecco’s modified Eagle’s medium media (Sigma-Aldrich)

with 10% fetal bovine serum, 2 mM glutamine, and 1% PenStrep at 37�C
and under 5% CO2. Cells were grown in T-75 tissue culture flask (Thermo

Fisher Scientific) until the cell culture density reached 90% confluency.
Live-cell imaging

For live-cell imaging, cell density of 2 � 104 cells/mL were plated on a

confocal imaging dish (SPL Life Sciences, Naechon-Myeon, Republic of

Korea) and incubated for two days at 37�C and under 5% CO2 before im-

aging. Three-dimensional live-cell imaging was carried out using an un-

modified VT-iSIM microscope (VisiTech International, Sunderland, UK)

equipped with an sCMOS camera (Zyla 5.5; Andor Technology, Oxford

Instruments, Belfast, Northern Ireland, UK) and an incubator (Live Cell

Instruments, Seoul, Republic of Korea). H1-eGFP imaging was carried

out using 488 nm excitation and a 485–555 nm emission filter. For each

experimental condition, measurements were carried out in triplicate. Cell

culture conditions were maintained for live-cell imaging.
HP1a-antibody-AlexaFluor647 immunostaining

Cells were permeabilized using 0.2% Triton X-100 for 15 min and then

blocked in 2% bovine serum albumin for 60 min. Cells were then incubated

with 200 mM anti-HP1a-AlexaFluor647 (EPR5777; Abcam, Life Technol-

ogies, Cambridge, UK) and incubated overnight at 4�C. Cells were imaged

on a Nikon A1R Confocal Microscope (Nikon, Tokyo, Japan) with simul-

taneous excitations at 487 nm with emission filter centered at 525 nm

(GFP excitation) and 638 nm excitation with emission filter centered at

670 nm (AlexaFluor647 excitation).
DNA staining

DNA staining of HeLa cell nuclei was done by adding 5 mM (in final culture

volume) DRAQ5 (Thermo Fisher Scientific) directly to the culture medium



Histone-DNA LLPS
and incubating for 30 min at room temperature in the dark. Imaging was

carried out using 647 nm excitation and a 652–732 nm emission filter.
ATP depletion

Cells were incubated with 10 mM sodium azide and 50 mM 2-deoxy

glucose in Dulbecco’s modified Eagle’s medium for 30 min at 37�C to

deplete cellular ATP and imaged under the same conditions as described

in the live-cell imaging section.
LLPS of H1, H2A, H2B, H3, H4, and HP1a with
150-bp DNA

5.1 mM stock of 150-bp DNA was prepared in Tris-EDTA buffer with

150 mMNaCl. Stock solutions of histones were prepared at different concen-

trations (68.0 mM H1, 212.5 mM H2A, 200.0 mM H2B, 180.4 mM H3, and

212.5 mM H4). 1 mL of histone stock was added to 150-bp dsDNA solution

such that the final N/P was�1. The N/P ratio was obtained assuming overall

charges of 53 (H1), 17 (H2A), 18 (H2B), 20 (H3), and 18 (H4) per mole of

histone. HP1a droplets were formed using stock solutions (21.4 mM) such

that the final N/P was �0.9 (assuming an overall charge of �4). The pro-

tein-DNA mixtures were then loaded into surface-passivated borosilicate

chambered glass slides, sealed to prevent evaporation, and imaged with a

bright-field microscope. Each mixture was prepared in triplicate.

For experiments of H2B/H3/H4-DNA mixtures at different N/P ratios,

dsDNA solution was prepared in Tris-EDTA buffer such that the final

DNA concentration was 40 nM. Protein solutions were prepared in the

same buffer, with concentrations tuned such that the final concentration

ratio resulted in N/P�0.5, N/P�1, and N/P�2. The final salt concentration

for all N/P ratios was 150 mM NaCl.

Salt-jump experiments, to test the reversibility of condensates, were per-

formed by increasing the total NaCl concentration from 150 to 400 mM.

Images were acquired 15 min after the addition of salt.
Phase diagrams of H1, H2A, and HP1a in the
presence of DNA or polynucleosomes

For H1 and H2A, droplets were prepared at N/P �1. DNA solutions at final

concentrations of 40.0 nM (150 bp), 12.0 nM (500 bp), and 6.0 nM

(1000 bp) were prepared in Tris-EDTA buffer with NaCl concentrations

of 150, 300, 400, and 500 mM. Polynucleosome solutions at final concen-

trations of 102.8 nM (147-bp monomer), 20.4 nM (600-bp trimer), and

8.8 nM (1400-bp heptamer) were prepared in Tris-EDTA buffer with

NaCl concentrations of 150, 300, 400, and 500 mM. For H1-based droplets,

H1 stock was added to the sample, resulting in a final concentration of 0.3

mM. For H2A-based droplets, H2A stock was added to the sample, resulting

in a final concentration of 1.1 mM.

For HP1a, droplets were prepared at N/P �0.9. DNA solutions at final

concentrations of 1.2 nM (150 bp), 0.4 nM (500 bp), and 0.2 nM

(1000 bp) were prepared in Tris-EDTA buffer with NaCl concentrations

of 150, 300, and 400 mM. Polynucleosome solutions at final concentrations

of 1.8 nM (147-bp monomer), 0.6 nM (600-bp trimer), and 0.3 nM (1400-bp

heptamer) were prepared in Tris-EDTA buffer with NaCl concentrations of

150, 300, and 400 mM. HP1a stock was added to the sample resulting in a

final concentration of 0.1 mM. The mixtures were then loaded into surface-

passivated borosilicate chambered glass slides, sealed to prevent evapora-

tion, and imaged with bright-field microscopy. Each mixture was prepared

in triplicate. For each experimental condition, 10 images per sample were

analyzed to obtain the number of droplets, the size of the droplets, and

the droplet surface coverage in the frame.

For experiments of H1/H2A-polynucleosome mixtures at different N/P

ratios, nucleosome solutions were prepared such that the final concentration

of nucleosomes were 102.8 nM (mononucleosomes), 20.4 nM (trimers),
and 8.8 nM (heptamers) for all N/P ratios. Different amounts of H1/H2A

were added to each nucleosome solution so as to reach final ratios of N/P

�0.6, N/P �1, and N/P �1.75. The solutions were all prepared in Tris-

EDTA buffer and 150 mM final NaCl concentration.
Role of free nucleotides in LLPS

To maintain the same overall total charge in the solution (N/P�1), the con-

centration of polynucleosome (1400-bp heptamer) was adjusted such that

half of the total negative charge was accounted for by the added NTP.

Polynucleosome (4.4 nM final concentration) and NTP (1.5 mM final con-

centration) in Tris-EDTA buffer with 150 mMNaCl were first mixed. Then,

H1 stock solution (0.3 mM final concentration) was added to it such that the

final N/P was �1. For the control, the same concentrations of polynucleo-

some (4.4 nM final concentration) and H1 (0.3 mM final concentration) but

without ATP were mixed (Tris-EDTA buffer, 150 mM NaCl, final N/P

�2.4). For confocal imaging, fluorescently labeled NTPs (R6G-ATP,

R110-GTP, R110-UTP, R110-CTP) were added to the unlabeled NTP solu-

tion (5.0 nM final concentration).
Bright-field imaging

Bright-field microscopy was carried out on a Leica DMI6000 B microscope

(Leica Microsystems, Wetzlar, Germany) equipped with a Grasshopper3

camera (Point Gray, Richmond, BC, Canada). Imaging was carried out

with a 100� oil objective (1.2 NA). Final images were obtained after

droplet merging had subsided (typically after �2 h at room temperature).

The contrast and brightness were adjusted using ImageJ software (36).
Droplet analysis

In HeLa cells, puncta were analyzed using Particle Analysis feature in Im-

ageJ software (36) with a lower size limit of diameter ¼ 0.25 mm and upper

size limit of diameter ¼ 2 mm. For droplets formed in vitro, volumes were

obtained assuming spherical shape. Images were recorded at the same

z-section (distance from glass surface) for all samples. Surface coverage

was obtained by taking the ratio of the total area of the camera field of

view to the total area of condensates in the field of view.
Confocal and FRET

Fluorescently labeled mononucleosome (H2A-T120C-Cy5 and 50-Cy3-
DNA) was first mixed with unlabeled mononucleosomes (0.01 nM final flu-

orophore concentration). H1 or H2Awas added to the mixture (as described

above, 150 mM final NaCl concentration) to form droplets.

Confocal microscopy and FRET experiments on the droplets were car-

ried out on an unmodified commercial Leica SP8� microscope (Leica

Microsystems) equipped with pulsed laser excitation (NKT Photonics,

Birkerød, Denmark), single-photon avalanche diodes (SPADs) (Micron

Photon Devices, Bolzano, Italy), and external time-correlated single photon

counting (TCSPC) detection (PicoQuant, Berlin, Germany). For confocal

imaging of Cy3, excitation was carried out at 533 nm. Emission from

Cy3 and Cy5 were filtered at 555–595 nm (Cy3 emission) and 721–

749 nm (Cy5 emission) and detected on two detectors.

For ensemble FRET measurements, excitation of Cy3 was carried out at

533 nm. Emission was separated with a dichroic filter (620 nm), passed

through emission filters of 555–595 nm (Cy3 emission) and 721–749 nm

(Cy5 emission), and detected on two SPADs equipped with TCSPC. Spec-

tral overlap was calibrated using dilute solutions (�10.0 nM) of free Cy3

and Cy5 in solution. H1-mononucleosome and H2A-mononucleosome

droplets were prepared in triplicate. Ensemble FRET measurements were

performed three times on each sample. The error bars represent the standard

deviation of a total of nine measurements.
Biophysical Journal 118, 753–764, February 4, 2020 755
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For confocal imaging of fluorescently labeled NTPs, excitation was car-

ried out at either 561 nm (R6G-ATP) or 514 nm (R110-GTP, R110-UTP,

R110-CTP), with detection at either 570–620 or 525–575 nm, respectively.

Images were collected over a 10 � 10 mm area.
Protein labeling for fluorescence correlation
spectroscopy and fluorescence recovery after
photobleaching experiments

An AlexaFluor488 protein labeling kit (Invitrogen, Thermo Fisher Scienti-

fic) was used for labeling of H1, H2A, and HP1a. A protein solution

(�20–70 mM) was added to a vial of reactive dye, and the reaction mixture

was stirred for 1 h. Labeled protein was purified using purification resins

and centrifuged to collect the purified protein in a collection tube. The de-

gree of protein labeling was determined using absorption spectroscopy at

280 nm and 494 nm.
Fluorescence correlation spectroscopy

AlexaFluor488 (7.5 nM final concentration) was first mixed with DNA or

nucleosome solutions. H1 was then added to the mixture (as described

above, 150 mM final NaCl concentration) to form droplets.

Fluorescence correlation spectroscopy (FCS) of AlexaFluor488-labeled

proteins (H1, H2A, and HP1a) in droplets or irregular condensates was

also performed. For these experiments, condensates were prepared simi-

larly to the method described above but with fluorescently labeled protein

added (final concentration of 5 nM). Partitioning coefficients of the protein

component into condensates for linear DNA (150 bp) and mononucleosome

were estimated from the G0 value of the fluorescence intensity autocorrela-

tion function. The G0 value is related to the concentration of the fluorescent

label as c ¼ (G0 � N � V)�1, where c is the concentration of fluorescent

label, G0 is the value of the intensity autocorrelation function at t ¼ 0, N

is Avogadro’s number, and V is the volume of the excitation spot.

The same Leica instrument used for confocal and FRETexperiments was

also used for FCS. Excitation at 488 nm was provided from a pulsed white-

light laser passed through a 488-nm notch filter. The output power was

reduced to reach 10% of the master power (70%). The fluorescence signal

was passed through a pinhole (set to 1 Airy unit) and emission filtered at

500–550 nm for detection. The signal was detected on an SPAD with a

TCSPC unit. SymPhoTime software was utilized to obtain the FCS autocor-

relation curves and diffusion parameters inside the droplets.
Fluorescence recovery after photobleaching

Protein-DNA/nucleosome droplets were prepared (as described above) with

added AlexaFluor488-labeled proteins (H1, H2A, HP1a) at a 5 nM final

concentration. Fluorescence recovery after photobleaching (FRAP) experi-

ments were performed on the same Leica instrument as used for confocal,

FRET, and FCS experiments. Excitation at 488 nm was provided from a

pulsed white-light laser passed through a 488 nm notch filter. The output

power was reduced to reach 10% of the master power (70%). Bleaching

was carried out by focusing 100% of the master power (70%) on a desig-

nated bleach point for 200 ms.
Sodium dodecyl sulfate-polyacrylamide-gel
electrophoresis

10 mM histone protein sample was mixed with lysis buffer (Laemmli

buffer), boiled for 10 min (100�C in water bath), and then centrifuged for

1 min at 5000 rpm. The samples were loaded into each well and allowed

to run on electrophoresis at 120 V for 2–3 h. 0.75 mm thick gel (5% stack-

ing gel and 15% resolving gel) was prepared in a vertical electrophoresis
756 Biophysical Journal 118, 753–764, February 4, 2020
cell (Bio-Rad, Hercules, CA) according to the manufacturer’s instructions.

The gel was treated with Coomassie blue G-250 (Sigma-Aldrich) for 2 h to

stain the proteins and then placed in destaining buffer (10% acetic acid,

50% methanol, and 40% H2O) overnight before imaging.
DNA gel electrophoresis

1% agarose gels were prepared using agarose dissolved in 1�-TBE buffer

by heating the solution in a microwave for 2–3 min. 6 mL of the sample

(50–100 ng) was loaded into each well and run for 30 min at 100 V.

DNA samples were mixed with the 6� loading dye and loaded into the

well. Nucleosomes were first mixed with the 6� loading dye and heated

at 75�C for 20 min to denature the protein, then cooled to room temperature,

centrifuged, and loaded into the wells before imaging.
RESULTS

LLPS of H1-chromatin in HeLa nuclei

The concentration of H1 throughout the nucleus is heteroge-
neous (25), with high concentrations typically found near
suppressed genes (14,28–30), which we hypothesized to
play a role in LLPS of chromatin. In HeLa cells expressing
eGFP-tagged H1, we monitored chromatin dynamics using
confocal fluorescence microscopy. During the interphase
of the cell cycle, H1 condenses into heterogeneously distrib-
uted puncta in HeLa nuclei (Fig. 1 A; Fig. S3). A typical cell
nucleus contains �10 puncta, on average. Two-color
confocal microscopy of H1-eGFP and HP1a-antibody-
AlexaFluor647 confirm that the puncta incorporate hetero-
chromatin, as indicated by colocalization of H1 and
HP1a, a marker of heterochromatin (Fig. 1 B). The H1
puncta also colocalize with dense DNA (Fig. S4). Using
confocal video microscopy, the dynamics of the puncta
were observed over periods of 12–24 h. We find that in rela-
tively rare events, puncta that come into contact with one
another coalesce (Fig. 1 A; Fig. S3). Furthermore, the size
distribution of the puncta follows a power law with an expo-
nent of �1.5 (Fig. 1 D). Taken together, these observations
indicate that the puncta are liquid-like droplets rich in H1
and chromatin (10,37). However, most of the puncta are
not perfectly circular, unlike droplets with high surface
tension and low viscosity, implying that the underlying
chromatin structure provides a high energy barrier for relax-
ation to a circular shape. This is likely due to the local rigid-
ity of chromatin partitioned in the puncta, which can lead to
nonspherical condensates (34,38). Interestingly, under ATP-
depleted conditions, the number of H1 puncta per cell nuclei
was significantly reduced (Fig. S5), suggesting that ATP
promotes the formation of H1-based condensates (38,39).
LLPS of histones with DNA in vitro

The linker histone H1, as well as the core histones, has sig-
nificant intrinsic disorder and a large net positive charge
(Figs. S1, A and B and S2). We therefore tested their ability
to individually form liquid-like droplets in vitro. Unlike



FIGURE 1 H1 contributes to multicomponent LLPS in cells. (A) Time-series confocal microscopy images, sectioned in the x-y (top) and the z-y (bottom)

planes, are given, showing the coalescence of distinct H1-eGFP puncta in HeLa nuclei. (B) Two-color confocal microscopy images of H1-eGFP (left) and

immunostained anti-HP1a-AlexaFluor647 (middle) in the nucleus of a HeLa cell are shown. The merged image (right) shows colocalization of H1 with HP1a

(marker for heterochromatin). (C) H1 (0.3 mM, top) and H2A (1.1 mM, bottom) undergo multicomponent LLPS in vitro in presence of 150-bp DNA (0.04 mM)

at physiological salt concentration (N/P �1). (D) The size distribution of HeLa H1 puncta, as well as H1-DNA and H2A-DNA condensates, follows a power

law with an exponent of �1.5. To see this figure in color, go online.

Histone-DNA LLPS
several multivalent and IDR-rich proteins that have been
shown to undergo single-component LLPS in vitro (40),
H1 alone does not form droplets (Fig. S1 D). We attribute
this to the large overall positive charge that must be neutral-
ized to form droplets. In the presence of 150-bp DNA, at an
overall protein amino acid (positively charged)/DNA phos-
phate (negatively charged) charge ratio (N/P) �1, droplets
are readily formed (Fig. 1 C; Fig. S1), consistent with pre-
vious observations with short DNA oligomers (34,35).
Rapid diffusion of a small-molecule probe (AlexaFluor488)
in H1-DNA and H1-nucleosome droplets is observed, as ex-
pected for a liquid-like environment. The fastest diffusion
was observed for condensates formed with long DNA/nucle-
osome (Fig. S6). This is likely due to condensates formed
from longer polymers having a larger mesh size and more
free volume, thus allowing faster diffusion of small mole-
cules (41). The droplet size distribution also follows the ex-
pected power law (Fig. 1 D). The associative LLPS of H1
with DNA under charge-balanced ratios suggests that both
H1 and DNA act as scaffold components (42).
Unexpectedly, we also observe multicomponent LLPS of
the core histone H2A in the presence of 150-bp DNA
(droplet size follows the expected power-law distribution;
Fig. 1, C and D). Droplet formation of H2A with DNA
cannot be explained simply on the basis of overall positive
charge and degree of disorder because the other core his-
tones (H2B, H3, and H4), which have similar overall charge
and disorder (Fig. S1, A and B), precipitate under identical
conditions (Fig. S1 C). LLPS of H2B, H3, and H4 with
150-bp DNA was also tested at different charge ratios
because the distribution of charged residues in structured
and unstructured regions of the protein could shift the
LLPS phase boundary away from charge-neutral conditions.
However, even at different charge ratios (N/P�0.5, N/P�1,
N/P �2), aggregates with DNAwere formed (Fig. S7), sug-
gesting other aspects of the protein structure besides overall
charge and disorder (for instance, sequence and charge
patterning), should also be considered (43–45). These ag-
gregates were irreversible, as upon addition of salt, the con-
densates did not dissolve. The disordered regions of histone
Biophysical Journal 118, 753–764, February 4, 2020 757



FIGURE 2 The NCP remains structured when partitioned into H1-mononucleosome and H2A-mononucleosome droplets. Bright-field microscopy images

of (A) H1-mononucleosome and (B) H2A-mononucleosome droplets in vitro at physiological salt concentration (N/P �1) are shown. (C and D) Confocal

microscopy images of Cy3-Cy5-labeled mononucleosomes (Cy3-DNA, Cy5-H2A) showing the partitioning of the nucleosomes into the droplets are given.

(E) Cy5/Cy3 emission ratio after Cy3 excitation shows FRET emission for labeled mononucleosome in buffer solution, H1-nucleosome droplets, and H2A-

nucleosome droplets, indicating that the NCP remains intact within the droplets. Error bars represent the standard deviation of nine measurements. To see this

figure in color, go online.
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H2A contain a higher number of amino acids capable of
hydrogen bonding compared to the other core histones
(Fig. S2). Furthermore, specific interactions of the C-termi-
nal tail (�15 amino acids long) of H2A with DNA poten-
tially contributes to the LLPS because it is known to make
several contacts with nucleosomal and linker DNA (46–
50). The C-terminal tail of H2A is also known to directly
interact with H1 (49,51–53). Moreover, the C-terminal tail
of H2A is subjected to post-translational modifications
(54–57) that could provide a mechanism for regulating
LLPS of chromatin in cells.
LLPS of histones with nucleosomes and stability
of the NCP

Because H1 and H2A readily form droplets with free DNA,
we tested whether similar behavior is observed with nucle-
osomes in which the overall charge of the DNA is reduced
because of binding of core histones, and, if so, whether
the NCP remains structured inside the droplets. Droplet for-
mation is observed for both H1 and H2A upon mixing with
mononucleosomes (Fig. 2, A and B). Fluorescence imaging
of FRET-labeled mononucleosomes (50 Cy3-DNA, Cy5-
H2A) reveal that nucleosomes partition into both H1- and
H2A-based droplets (Fig. 2, C and D). Furthermore,
ensemble FRET measurements indicate that the NCP re-
mains structured inside the droplets (Fig. 2 E). It is inter-
esting to consider these results within the context of
experiments on Ddx4 protein droplets, which were shown
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to melt the duplex structure of short DNA oligomers (58).
In the latter case, dsDNA partitioned into single-component
Ddx4 droplets were found to denature, suggesting that under
certain conditions, the environment within the condensates
destabilize biological structures. In our experiments, we
measure distances between a strand of the nucleosomal
dsDNA and a core histone to report on the nucleosome sta-
bility. However, in general, the differences between the
stability biological structures in condensates could be
attributed to 1) enhanced stability of the duplex in the nucle-
osome structure or 2) the multicomponent nature of histone-
DNA/nucleosome LLPS, which requires incorporation of
DNA/nucleosome into the droplets to achieve charge
balance. Single-component droplets, on the other hand,
are charge balanced in the absence of DNA and could there-
fore destabilize structures with high charge densities. Addi-
tionally, specific interactions between H1/H2A and DNA
(49,51–53) could contribute to the observed stability of nu-
cleosomes in the droplets.
Phase diagram of H1/H2A/HP1a with DNA and
polynucleosomes

To determine the ability of H1 and H2A to incorporate large
DNA/nucleosomes into the liquid-like phase, we measured
phase diagrams by varying DNA/polynucleosome length
and salt concentration at a fixed charge ratio (N/P �1),
keeping the protein concentration constant (Figs. 3 and 4;
Figs. S8 and S9). For comparison, we also tested HP1a,



FIGURE 3 LLPS of H1 is invariant to DNA or

polynucleosome length. A phase diagram and

droplet size analysis for H1-DNA and H1-polynu-

cleosome are shown. Bright-field microscopy im-

ages of (A) H1-DNA and (B) H1-polynucleosome

mixtures with varying salt concentrations and

DNA or polynucleosome length (N/P �1) are

given. Images were acquired �2 h after mixing.

(C and D) Droplet population statistics versus

droplet size (diameter, d) for each experimental

condition is shown, obtained from the analysis of

10 images per experiment. To see this figure in

color, go online.
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which has recently been suggested to contribute to the LLPS
of heterochromatin (11). HP1a has an overall negative
charge (�4) and consists of a net charge-neutral disordered
hinge region (Fig. S1 A; (59)). Note that because HP1a has
an overall negative charge, it was not possible to reach
charge-balanced conditions. Therefore, the experiments
were performed at N/P �0.9.

LLPS was quantified by analyzing the surface coverage
of droplets for each experimental condition (Fig. 3, C and
D; Figs. S8, C and D and S9, C and D). H1-DNA mixtures
form droplets across a wide range of salt concentrations
(150–500 mM NaCl), with the most pronounced phase sep-
aration observed at 150 mM salt for all DNA lengths (150,
500, and 1000 bp linear DNA, Figs. 3 A and 4 A). H1-DNA
LLPS is diminished with increasing DNA length (Fig. 4 G).
A similar trend is observed for both H2A-DNA (Fig. S8, A
and C) and HP1a -DNA mixtures (Fig. S9, A and C). How-
ever, LLPS is the most pronounced for H1, compared to
H2A and HP1a, for all DNA lengths (Fig. 4 G).

H1-polynucleosome mixtures also undergo phase separa-
tion across a wide range of salt concentrations (150–
400 mM NaCl) (Figs. 3 B and 4 B). However, at 150 mM
salt, only the H1-mononucleosome (147 bp) mixture forms
spherical droplets, whereas H1-trimer (600 bp) and H1-hep-
tamer (1400 bp) mixtures form irregular condensates. These
irregular condensates are, however, reversible, as deter-
mined by the salt-jump experiments discussed in the
following section. Above 300 mM salt, spherical droplets
are observed for all nucleosome lengths. Interestingly,
unlike for H1-polynucleosome (Fig. 3, B and D), both
H2A-polynucleosome (Fig. S8, B and D) and HP1a-polynu-
cleosome (Fig. S9, B and D) mixtures show a decrease in
Biophysical Journal 118, 753–764, February 4, 2020 759



FIGURE 4 Phase diagrams for H1, H2A, and HP1a in the presence of DNA or polynucleosomes. A phase diagram as a function of salt concentration and

DNA or polynucleosome length (expressed as number of DNA bps) (N/P �1) is shown for (A) H1-DNA and (B) H1-polynucleosome mixtures. (C and D)

Corresponding phase diagrams for H2A-DNA and H2A-polynucleosome mixtures and (E and F) HP1a-DNA and HP1a-polynucleosome mixtures are

shown. (G) Droplet surface coverage at [NaCl]¼ 150 mM is shown, quantified by analyzing bright-field microscopy images for H1, H2A, and HP1a droplets

formed with DNA as a function of DNA length. LLPS decreases with increasing DNA length for all proteins, though to a lesser extent for H1. Droplet surface

coverage at (H) [NaCl]¼ 150 mM and (I) [NaCl]¼ 300 mM for H1, H2A, and HP1a droplets formed with polynucleosomes as a function of polynucleosome

length is shown. For H1, LLPS with polynucleosome is length invariant at 150 mM salt and scales favorably with length at 300 mM salt (at which spherical

droplets are observed; Fig. S10) compared to H2A and HP1a. Error bars shown in G-I represent the standard deviation of analysis of ten images. To see this

figure in color, go online.
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formation of spherical droplets with increasing nucleosome
length.

H1 shows a broad phase diagram for both H1-DNA and
H1-polynucleosome mixtures, whereas in the case of H2A
and HP1a, the phase diagrams are narrow (Fig. 4, A–F).
Furthermore, for H1, LLPS with polynucleosome is length
invariant at 150 mM salt and scales favorably with polynu-
cleosme length at 300 mM salt (at which spherical droplets
are observed) compared to H2A and HP1a (Fig. 4, G–I;
Fig. S10). This indicates that H1 is capable of incorporating
large segments of DNA/nucleosome into distinct droplets
760 Biophysical Journal 118, 753–764, February 4, 2020
through LLPS. We suspect that this is due to the high posi-
tive-charge density of H1 (compared to H2A and HP1a)
neutralizing the negative charge of the linker DNA, the
high negative charge density of which is not screened by
core histones.

LLPS of H1 and H2A with nucleosomes was also
measured at different charge ratios (at 150 mM salt) to
test whether the formation of irregular condensates observed
for H1 and H2A with polynucleosomes was due to the pro-
tein structure rendering some charged residues inaccessible,
therefore leading to an effective charge imbalance. For
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H1-mononucleosome, phase separation is not observed at an
overall negative charge ratio (N/P �0.6), whereas at charge-
neutral (N/P �1) and overall positive (N/P �1.75) charge
ratios, spherical droplets are observed (Fig. S11). Therefore,
overall charge-neutral or excess positive charge is required
for droplet formation. For H1-polynucleosome LLPS (600
and 1400 bp), irregular condensates were formed at all
charge ratios tested (Fig. S11). Similar general behavior is
observed for H2A-nucleosome LLPS (Fig. S12).
Characterization of H1/H2A/HP1a-nucleosome
condensates

At physiological salt concentration, LLPS of H1/H2A/
HP1a with mononucleosomes forms spherical droplets,
whereas LLPS with polynucleosomes forms irregularly
shaped condensates. To characterize the reversibility of
the condensates, we added salt to preformed condensates
at 150 mM NaCl such that the final salt concentration
increased to 400 mM. For all proteins studied, spherical
condensates formed with mononucleosomes were found to
be reversible upon an increase in salt concentration (Figs.
S11–S13). This is expected for liquid-like droplets, in which
cohesive protein-DNA interactions are weak and reversible
(60). The irregular condensates formed with polynucleo-
somes are also found to be reversible upon an increase in
salt concentration (Figs. S11–S13). To characterize whether
these reversible irregular condensates are dynamically ar-
rested (as expected when interactions are sufficiently strong
such that the structure cannot relax into a spherical droplet
typical of liquids, despite being reversible), we performed
fluorescence recovery after photobleaching FRAP experi-
ments as described below.

FRAP experiments were performed on AlexaFluor488-
labeled H1, H2A, and HP1a partitioned into protein-
nucleosome condensates at 150 mM NaCl. In H1-mononu-
cleosome condensates (spherical droplets), FRAP experi-
ments show clear photobleaching and fluorescence
recovery (t1 ¼ 1 s, t2 ¼ 30 s) (Fig. S14, A and B), indicating
that H1 is highly mobile within these condensates. In
contrast, within H1-polynucleosome condensates (irregular
condensates), no fluorescence recovery is observed after
photobleaching (Fig. S14, A and B), indicating that H1 is
dynamically arrested. In H2A- and HP1a-mononucleosome
condensates, fluorescence recovery after photobleaching is
observed, though on slower timescales relative to H1-mono-
nucleosome condensates (H2A: t1 ¼ 2 s, t2 ¼ 500 s; HP1a:
t1 ¼ 5 s, t2 ¼ 1000 s), whereas no fluorescence recovery is
observed for H2A- and HP1a-polynucleosome condensates
(Fig. S14, C–F).

FCS was used to measure the amount of partitioning of
H1 and H2A in the condensates. In all cases, the slow diffu-
sive dynamics of the protein are measured (Fig. S15),
consistent with FRAP experiments. From the G0 values,
H1 concentration is estimated to be higher in H1-mononu-
cleosome droplets (2.4 mM) compared to H1-150-bp DNA
droplets (1.4 mM). Similarly, H2A concentrations are esti-
mated to be 0.8 mM in H2A-mononucleosome droplets
and 0.4 mM in H2A-150-bp DNA (150-bp) droplets. For
each protein, partitioning into protein-mononucleosome
droplets is observed to be stronger. Furthermore, H1 is
found to partition significantly stronger into droplets
compared to H2A.
Free-nucleotide-facilitated droplet formation

The unique phase diagram of H1 compared to H2A and
HP1a suggests that H1 plays an important role in driving
LLPS with chromatin. Although the biological role of
LLPS in chromatin is not clearly understood, it is thought
that LLPS of nuclear proteins contribute to heterochromatin
formation as a mechanism of gene silencing (10,11). It is
also probable that LLPS helps to regulate the local protein
environment around silenced DNA because it has been
shown that phase-separated droplets can act as selective bio-
molecular filters (58). In our experiments at physiological
salt concentration, we find that only mononucleosomes
form spherical droplets with H1, whereas polynucleosomes
form irregular condensates (Fig. 5 A). Because, in HeLa
cells, H1 clearly forms liquid-like puncta with chromatin
(Fig. 1; Fig. S3), the question arises as to what additional
factors promote LLPS of large polynucleosomes. Upon
reducing the concentration of polynucleosomes, irregular
condensates are still formed (Fig. 5 B), indicating that the
absolute concentration of polynuclesomes is not the deter-
mining factor for droplet formation. Given the high concen-
tration of ATP in the nucleus (61,62), we hypothesized that
the presence of free nucleotides could promote LLPS of H1
and polynucleosomes. It has been previously demonstrated
that ATP acts as a biological hydrotrope that promotes
droplet formation or dissolution by suppressing aggregation
(39). Furthermore, ATP was shown to promote LLPS in
poly-L-lysine-dsDNA mixtures that otherwise precipitate
because of the rigidity and high charge density of dsDNA
(38). In presence of ATP, at N/P �1, H1-polynucleosomes
form spherical droplets at physiological salt concentration
(Fig. 5 C).

We performed FRAP and FCS experiments on
AlexaFluor488-labeled H1 and H2A in H1/H2A-
heptanucleosome-ATP droplets. We observe that the protein
component (H1 and H2A) is mobile in presence of ATP, as
evidenced by rapid fluorescence recovery after photobleach-
ing (H1-heptanucleosome-ATP t1 ¼ < 1 s, t2 ¼ 18 s;
H2A-heptanucleosome-ATP t1 ¼ 6 s, t2 ¼ 45 s)
(Fig. S16). This result is consistent with condensates having
a spherical shape in presence of free nucleotides. In addi-
tion, FCS experiments on H1/H2A-heptanucleosome
droplets (Fig. S17) show no decay in the intensity autocor-
relation function, G(t), over a timescale of 1 s in the absence
of ATP. However, in the presence of ATP, the protein
Biophysical Journal 118, 753–764, February 4, 2020 761



FIGURE 5 H1-polynucleosomes form liquid-like droplets at physiological salt concentration in the presence of free NTPs. H1-polynucleosomes (1400 bp)

form coarse condensates in absence of ATP at physiological salt concentration at (A) N/P �1 and (B) N/P �2.4 (reduced polynucleosome concentration).

(C–F) Representative bright-field and confocal images of fluorescently labeled NTPs (C ATP; D GTP; E UTP; F CTP; all at a concentration of 1.5 mm) show

the presence of free nucleotides promotes H1-polynucleosome (1400 bp) LLPS into spherical, liquid-like droplets at physiological salt concentration (N/P

�1). (G) Droplet population statistics versus droplet size (diameter, d) is given for each NTP studied, showing higher propensity for droplet formation for

ATP and GTP compared to UTP or CTP. To see this figure in color, go online.
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component is mobile, as evidenced by the complete decay of
G(t) within 1 s.

Interestingly, LLPS is promoted by other free nucleic acids
(GTP, UTP, and CTP) as well, in a nucleotide-dependent
manner (Fig. 5, D–F). Droplet population statistics versus
droplet diameter demonstrate that the amount of LLPS is
comparable for both ATP and GTP, whereas UTP and CTP
show less phase separation (Fig. 5 G). In the case of H2A-
polynucleosome condensates, free ATP was found to pro-
mote LLPS into spherical droplets at physiological salt con-
centration, whereas irregular condensates formed in presence
of other nucleotides (Fig. S18). These results are consistent
with in-cell experiments that show decreased puncta forma-
tion under ATP-depleted conditions (Fig. S5). These observa-
tions suggest that free nucleotides can modulate LLPS of H1/
H2A and chromatin through fluxional concentration levels in
cells in both nucleotide- and protein-dependent manners. It is
not yet known how free ATP affects LLPS of chromatin
because most of the studies are in the context of ATP hydro-
lysis. It has been speculated that the presence of ATP helps to
keep proteins that are otherwise prone to aggregation soluble
in the cells (39). It is possible that free ATP is also involved in
maintaining the liquid-like environment of chromatin, in
particular in heterochromatin, where the nucleosomal DNA
is more tightly packed.
DISCUSSION

The merging dynamics and the power-law (�1.5) size distri-
bution of H1-rich puncta observed in the nuclei of HeLa cells
during the interphase of the cell cycle indicate that the puncta
are liquid-like droplets. Colocalization of the puncta with
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DNA-dense regions of the chromatin and HP1a indicate
that these are heterochromatin domains (Fig. 1 B; Fig. S4).
This study provides direct evidence that H1 contributes to
LLPS of heterochromatin domains in cells. The multicompo-
nent phase separation process likely involves participation
from numerous nuclear proteins. This is consistent with
recent observations of HP1a undergoing LLPS with chro-
matin (10,11) because H1 is also known to interact with
HP1a (26,31–33), with the interactions modulated by post-
translational modifications. For example, H1K85 acetylation
is known to promote recruitment of HP1a and chromatin
condensation (63), whereas H1 phosphorylation decreases
the interaction with HP1a (64). Thus, it is possible that cells
utilize epigenetically controlled co-phase separation of HP1a
and H1 to form liquid-like heterochromatin domains. Within
this context, it is important to note that acetylation (65) and
phosphorylation (66) of intrinsically disordered proteins
(IDPs) have been shown to modulate LLPS.

Given that the core histones also have a large net positive
charge and possess IDRs, we tested the ability of all four core
histones to form liquid-like droplets with DNA in vitro. Sur-
prisingly, only H2A undergoes multicomponent LLPS with
DNA, forming droplets, whereas the remaining core histones
(H2B, H3, and H4) precipitate (Fig. 1, C and D; Fig. S1 C).
The unique behavior of H2A, among all core histones, indi-
cates that other factors must be considered besides overall
charge and disorder of the proteins. For example, the C-ter-
minal tail of H2A has a higher percentage of residues capable
of hydrogen bonding (Fig. S2) compared to other core his-
tones. H2A also forms droplets with nucleosomes, though
the LLPS is strongly dependent on nucleosome length
(Fig. 4). We attribute the LLPS of H2A to its C-terminal
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tail, which is known to form several contacts with the nucle-
osomal and linker DNA (16,46–50), hence allowing specific
interactions with DNA, which could promote LLPS. Cross-
linking experiments have shown that H2A can directly
interact with H1 (51,52), the interaction being attributed to
the last 15 amino acids of H2AC-terminal tail (49). The posi-
tioning of the C-terminal tail of H2A near the globular
domain of H1 (48,49) likely predisposes protein-protein in-
teractions that could facilitate phase separation in cell nuclei.
Although studies have not demonstrated the presence of free
core histones in live cells, it is well understood that the nucle-
osome is a dynamic structure that allows transient access of
the nucleosomal DNA and histones by extranucleosomal pro-
teins (15,67). Moreover, exchange of the canonical H2Awith
its variants mediated by remodeling proteins is also known
(13), although most of the studies are in the context of
H2A-H2B dimers. It is also possible that very low levels of
free H2A in tandem with other phase-separating proteins
could collectively contribute to LLPS, as has been observed
in in vitro experiments with a natural mixture of histones
and DNA oligomers (34).

Based on the LLPS of H1 with nucleosomes of various
lengths, we rationalize that H1 plays a role in LLPS of chro-
matin in cells. However, we expect the interaction of H1
with other proteins such as HP1a and H2A to be important,
in particular for regulation of LLPS associated with post-
translational modifications. For example, ubiquitylation of
lysine residues in the C-terminal tail of H2A (a post-trans-
lational modification that has been linked to transcription
repression (57,68)) has been shown to enhance binding of
H1 to nucleosomes in vitro (69). Consistently, deubiquitina-
tion of H2A has been shown to enhance phosphorylation
and dissociation of H1 (70). The implication of heterochro-
matin formation by LLPS is that access to heterochromatin
is likely regulated by rules that govern partitioning of small
molecules and nuclear proteins into chromatin-rich droplets.
As such, properties such as charge density, protein ex-
change, site-specific interactions, and fluxional levels of
small molecules such as ATP are likely to be important.
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Calculation of PONDR and ExPASy hydropathy scores. Predictor of Natural Disordered Regions (PONDR) 

(1) scores and Expert Protein Analysis System (ExPASy)(2) hydropathy scores were predicted using the 

following sequences:  

 

H1.2 (human): 

MSETVPPAPAASAAPEKPLAGKKAKKPAKAAAASKKKPAGPSVSELIVQAASSSKERGGVSLAALKKALAAAGYD

VEKNNSRIKLGIKSLVSKGTLVQTKGTGASGSFKLNKKASSVETKPGASKVATKTKATGASKKLKKATGASKKSVK

TPKKAKKPAATRKSSKNPKKPKTVKPKKVAKSPAKAKAVKPKAAKARVTKPKTAKPKKAAPKKK 

 

H1 (calf thymus): 

MTENSTSTPAAKPKRAKASKKSTDHPKYSDMIVAAIQAEKNRAGSSRQSIQKYIKSHYKVGENADSQIKLSIKRLV

TTGVLKQTKGVGASGSFRLAKSDEPKRSVAFKKTKKEVKKVATPKKAAKPKKAASKAPSKKPKATPVKKAKKKPA

ATPKKTKKPKTVKAKPVKASKPKKTKPVKPKAKSSAKRTGKKK 

 

H2A (human): 

MSGRGKQGGKARAKAKTRSSRAGLQFPVGRVHRLLRKGNYAERVGAGAPVYLAAVLEYLTAEILELAGNAARD

NKKTRIIPRHLQLAIRNDEELNKLLGKVTIAQGGVLPNIQAVLLPKKTESHHKAKGK 

 

H2B (human): 

MPEPAKSAPAPKKGSKKAVTKAQKKDGKKRKRSRKESYSIYVYKVLKQVHPDTGISSKAMGIMNSFVNDIFERIA

GEASRLAHYNKRSTITSREIQTAVRLLLPGELAKHAVSEGTKAVTKYTSAK 

 

H3 (human): 

MARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTELLIRKLPFQRLVREI

AQDFKTDLRFQSSAVMALQEACEAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARRIRGERA 

 

H4 (human): 

MSGRGKGGKGLGKGGAKRHRKVLRDNIQGITKPAIRRLARRGGVKRISGLIYEETRGVLKVFLENVIRDAVTYTEH

AKRKTVTAMDVVYALKRQGRTLYGFGG 

 

HP1α (human): 

MIHHHHHHLEGKKTKRTADSSSSEDEEEYVVEKVLDRRVVKGQVEYLLKWKGFSEEHNTWEPEKNLDCPELISE

FMKKYKKMKEGENNKPREKSESNKRKSNFSNSADDIKSKKKREQSNDIARGFERGLEPEKIIGATDSCGDLMFLM

KWKDTDEADLVLAKEANVKCPQIVIAFYEERLTWHAYPEDAENKEKETAKS 

 

 

 

 

 

 



 

 

 

FIGURE S1. LLPS of chromatin proteins with 150 bp DNA. (A) PONDR scores calculated for H1, H2A, 

H2B, H3, H4, and HP1α (sequences used are shown above). PONDR scores above 0.5 represents 

significant structural disorder. (B) Analysis of histone and HP1 sequences showing hydropathy scores 

using ExPASy, where positive scores represent hydrophobic regions. (C) At physiological salt 

concentration, N/P ~1, and in presence of 150 bp DNA, H1, H2A, and HP1α undergo multi-component 

LLPS in vitro, while H2B, H3, and H4 form precipitates (also see Fig. S7). (D) Single-component LLPS 

is not observed at physiological salt concentration ([H1] = 0.3 µM, [H2A] = 1.0 µM, [H2B] = 1.0 µM, [H3] 

= 0.9 µM, [H4] = 1.0 µM, HP1α concentration = 0.1 µM). 

 

 

 

 

 

 

 



 

 

 

Figure S2. Visual representation of histone proteins showing length of the disordered regions of the 

protein as well as the number of charged residues and hydrogen bonding residues in the C-/N-terminal 

tails as predicted by PONDR (1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

FIGURE S3. Merging dynamics of H1-DNA puncta in HeLa cell nuclei. Representative merging events 

in HeLa nuclei of neighboring puncta imaged in cells from three different subcultures under identical 

conditions.  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

FIGURE S4. Two-color confocal microscopy images of H1-eGFP (left) and DRAQ5 stained DNA 

(middle) in the nucleus of a HeLa cell. The merged image (right) shows colocalization of H1 with DNA 

dense regions associated with heterochromatin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

FIGURE S5. H1 puncta in (A) healthy cells vs (B) ATP depleted cells. (C) The number of puncta 

observed in healthy nuclei is ~10 puncta per nucleus, while in the nuclei of ATP depleted cells the 

average number of puncta observed per nuclei is less than 1. The error bars represent the standard 

deviation from the analysis of roughly 30 cells.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

FIGURE S6. FCS of AlexaFluor488 partitioned into H1-DNA and H1-polynucleosome droplets (N/P ~1). 

FCS autocorrelation curves of free AlexaFluor488 in (A) H1-DNA and (B) H1-polynucleosome droplets. 

The ~1 ms timescale diffusion of the free dye indicates liquid-like interior. As expected for such droplets, 

slower diffusion of the dye is observed compared to that in DI water. Interestingly, the diffusion 

timescales are faster for droplets containing longer DNA/polynucleosome. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

FIGURE S7. LLPS of H2B, H3, and H4, with 150 bp DNA at varying charge ratios (N/P ~0.6, N/P ~1, 

N/P ~1.75) at 150 mM NaCl. Pre-formed condensates were subjected to a salt jump (addition of NaCl 

to increase the final concentration from 150 mM to 400 mM). The aggregates of H2B/H3/H4 with DNA 

do not dissolve upon increased salt concentration, indicating these condensates are irreversible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

FIGURE S8. Phase diagram and droplet size analysis for H2A-DNA and H2A-polynucleosome. Bright-

field microscopy images of (A) H2A-DNA and (B) H2A-polynucleosome mixtures with varying salt 

concentrations and DNA length (N/P ~1). The images were acquired ~2 h after mixing. (C-D) Droplet 

population statistics vs droplet size (diameter, d) for each experimental condition obtained from analysis 

of 10 images per experiment. 



 

 

 

FIGURE S9. Phase diagram and droplet size analysis for HP1α-DNA and HP1α-polynucleosome. 

Bright-field microscopy images of (A) HP1α-DNA and (B) HP1α-polynucleosome mixtures with 

varying salt concentrations and DNA length (N/P ~0.9). The images were acquired ~2 h after mixing. 

(C-D) Droplet population statistics vs droplet size (diameter, d) for each experimental condition 

obtained from analysis of 10 images per experiment. 



 

 

 

FIGURE S10. Representative bright-field microscopy images (contrasted with ImageJ) of 

H1/H2A/HP1α-polynucleosome droplets (N/P ~1) as a function of polynucleosome length at (A) 150 

mM NaCl and (B) 300 mM NaCl.  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

FIGURE S11. H1-polynucleosome LLPS at varying charge ratio (N/P ~0.6, N/P ~1, N/P ~1.75) at 150 

mM NaCl. Pre-formed condensates were subjected to a salt jump (addition of NaCl to increase the final 

concentration from 150 mM to 400 mM). Both H1-mononucleosome and H1-polynucleosome 

condensates dissolve upon increased salt concentration, indicating reversibility of the condensates.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

FIGURE S12. H2A-polynucleosome LLPS at varying charge ratio (N/P ~0.6, N/P ~1, N/P ~1.75) at 150 

mM NaCl. Pre-formed condensates were subjected to a salt jump (addition of NaCl to increase the final 

concentration from 150 mM to 400 mM). Both H2A-mononucleosome and H2A-polynucleosome 

condensates dissolve upon increased salt concentration, indicating reversibility of the condensates.   

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

FIGURE S13. HP1α-polynucleosome LLPS at 150 mM NaCl (N/P ~ 0.9). Pre-formed condensates were 

subjected to a salt jump (addition of NaCl to increase the final concentration from 150 mM to 400 mM). 

Both HP1α-mononucleosome and HP1α-polynucleosome condensates dissolve upon increased salt 

concentration, indicating reversibility of the condensates.   

 

 

 

 

 

 

 

 

 

 

 



 

 

 

FIGURE S14. Fluorescence recovery after photobleaching (FRAP) experiments on AlexaFluor488 

labeled (A-B) H1, (C-D) H2A, (E-F) HP1α partitioned into protein-nucleosome condensates formed at 

150 mM NaCl and N/P ~1. For H1, H2A, and HP1α, the protein component is mobile in condensates 

formed with mononucleosomes, which form spherical droplets at 150 mM NaCl, indicated by recovery 

of the fluorescence signal after photobleaching. However, in condensates formed from 

polynucleosomes, which form irregular condensates at 150 mM NaCl, no fluorescence recovery is 

observed following photobleaching, indicating that the protein component is dynamically arrested. Each 

FRAP curve is the average of 3 experiments. 



 

 

 

FIGURE S15. Fluorescence correlation spectroscopy (FCS) of AlexaFluor488 labeled (A) H1 and (B) 

H2A in droplets formed with mononucleosome (grey) and 150 bp linear DNA (red) at 150 mM NaCl and 

N/P ~1. H1 partitions more strongly into the droplets compared to H2A, as evidenced by the significantly 

smaller G0 value. Additionally, H1 and H2A partition more strongly into nucleosome-based droplets 

compared to linear DNA-based droplets, as evidenced by the smaller G0 value. H1 concentrations within 

condensates were estimated to be 2.4 mM and 1.4 mM in nucleosome and DNA based droplets, 

respectively. H2A concentrations within condensates were estimated to be 0.8 mM and 0.4 mM in 

nucleosome and DNA based droplets, respectively. 

 

 

 

 

 

 

 

 

 

 



 

 

 

FIGURE S16. Fluorescence recovery after photobleaching (FRAP) experiments on AlexaFluor488 

labeled (A) H1 (B) H2A partitioned into the protein-heptanucleosome condensates formed at 150 mM 

NaCl and N/P ~1, in presence and absence of ATP. In presence of ATP, the protein component is 

mobile (both H1 and H2A), indicating a liquid-like environment of the condensates. Each FRAP curve 

is the average of 3 experiments. 

 

 

 

 

 

 



 

 

 

 

Figure S17. Fluorescence correlation spectroscopy (FCS) experiments on AlexaFluor488 labeled (A) 

H1 and (B) H2A partitioned into protein-polynucleosome condensates formed at 150 mM NaCl and N/P 

~1, in presence and absence of ATP. In presence of ATP, the protein component is mobile (both H1 

and H2A), indicating a liquid-like environment of the condensate. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

FIGURE S18. H2A-polynucleosomes (1400 bp) form irregular condensates in absence of ATP at 

physiological salt concentration at (A) N/P ~1 and (B) N/P ~2.4 (reduced polynucleosome 

concentration). (C-F) Representative bright-field and confocal images of fluorescently labeled NTPs 

((C) ATP; (D) GTP; (E) UTP; (F) CTP; all at a concentration of 1.5 µm) show the presence of ATP 

promotes H1-polynucleosomes (1400 bp) LLPS into spherical, liquid-like droplets at physiological salt 

concentration (N/P ~1). However, GTP, UTP, and CTP show coarse condensates at the same 

concentration.  

 

 

 

 

 

 

 

 

 



 

 

 

 

FIGURE S19. SDS-PAGE of histone proteins.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

FIGURE S20. Agarose gel electrophoresis of (A) free DNA and (B) nucleosomes.  
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