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Liquid-liquid phase separation (LLPS) of proteins and DNA has recently emerged as a possible mechanism
underlying the dynamic organization of chromatin. We herein report the role of DNA quadruplex folding in
liquid droplet formation via LLPS induced by interactions between DNA and linker histone H1 (H1), a key
regulator of chromatin organization. Fluidity measurements inside the droplets and binding assays using
G-quadruplex-selective probes demonstrated that quadruplex DNA structures, such as the G-quadruplex and
i-motif, promote droplet formation with H1 and decrease molecular motility within droplets. The dissolution of
the droplets in the presence of additives indicated that in addition to electrostatic interactions between the
DNA and the intrinsically disordered region of H1, π-π stacking between quadruplex DNAs could potentially
drive droplet formation. Given that DNA quadruplex structures are well documented in heterochromatin
regions, it is imperative to understand the role of DNA quadruplex folding in the context of intranuclear LLPS.
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Abstract
Liquid-liquid phase separation (LLPS) of proteins and DNA has recently emerged as a possible
mechanism underlying the dynamic organization of chromatin. We herein report the role of DNA
quadruplex folding in liquid droplet formation via LLPS induced by interactions between DNA and
linker histone H1 (H1), a key regulator of chromatin organization. Fluidity measurements inside the
droplets and binding assays using G-quadruplex-selective probes demonstrated that quadruplex DNA
structures, such as the G-quadruplex and i-motif, promote droplet formation with H1 and decrease
molecular motility within droplets. The dissolution of the droplets in the presence of additives
indicated that in addition to electrostatic interactions between the DNA and the intrinsically
disordered region of H1, π-π stacking between quadruplex DNAs could potentially drive droplet
formation. Given that DNA quadruplex structures are well documented in heterochromatin regions, it
is imperative to understand the role of DNA quadruplex folding in the context of intranuclear LLPS.

Introduction
Genomic DNA in eukaryotic cells wraps around histone protein cores to form nucleosomes,
which are further compacted into chromatin.[1] The level of chromatin condensation is closely related
to gene transcription;[2] heterochromatin is a tightly packed form that is inaccessible to polymerases
and thus inactivates gene transcription, whereas gene transcription is activated in euchromatin, in
which the nucleosomes are loosely packed.[3] Chromatin undergoes highly dynamic changes in its
condensed structure during a cell cycle. However, the mechanisms that govern the organization of
chromatin remain largely unknown.
Liquid-liquid phase separation (LLPS) has emerged as a possible mechanism for the control
of chromatin organization through the promotion of nucleosome packing.[4] Biological LLPS is a
process in which mixed solutions of biomacromolecules spontaneously separate into two phases.[5,6]
In such events, one phase is usually a small-volume droplet-like phase in which the
biomacromolecules are concentrated in aqueous media, while the other is the surrounding phase,
which is depleted of biomacromolecules.[7] Multivalent weak intermolecular interactions involving
intrinsically disordered regions (IDRs) and/or low-complexity sequences (LCS) of proteins, such as
electrostatic, cation-π, and π-π interactions, play crucial roles in LLPS.[5,6] For instance, binding of
the IDR-containing heterochromatin protein HP1α to the histone H3K9 methylation site induces
LLPS in specific domains of heterochromatin.[8–11] LLPS also occurs in euchromatin regions that are
rich in acetylated histone tails when the transcriptional regulator protein BRD4, which contains a
long IDR, is co-localized.[12,13] Thus, the nature of the relationship between LLPS-mediated
chromatin-condensation and proteins is gradually determined.
Several reports have indicated that DNA is also involved in the LLPS associated with
chromatin condensation. The length of the inter-nucleosome linker DNA strongly affects the LLPS
of nucleosome arrays.[12] Double-stranded DNA induces LLPS in the presence of histone H1,[14]
which is capable of regulating chromatin organization via binding to inter-nucleosome linker DNA.

However, knowledge regarding the structure of the DNA involved in LLPS-mediated chromatincondensation is still very limited. Therefore, in this work, we have focused on the secondary
structures of DNA, especially the most common G-quadruplex structure.[15,16]
G-quadruplex is a stacking planar structure formed through Hoogsteen hydrogen bonds
between four guanine residues (Figure 1A).[17] Guanine-rich sequences with the potential to fold into
the G-quadruplex structure are frequently observed in oncogene promoter sequences and telomere
regions, where they may promote or inhibit the access of transcriptional factors or telomere binding
proteins.[18,19] Recently, it has been revealed that G-quadruplex sequences are also abundant in
heterochromatin region;[20] however, the role of these sequences on chromatin condensation has not
been clarified. Thus, we attempted to elucidate the relationship between the G-quadruplex DNA
structure and the LLPS of nucleosome constituents using a variety of sequences that are capable of
forming quadruplex structures. The presented findings will facilitate the understanding of the role of
G-quadruplex structures in the cell nucleus and chromatin condensation.

Figure 1. Liquid-like droplets of G-quadruplex-forming ssDNA with H1. (A) Schematic illustration of the parallel G-quadruplex DNA structure (left),
which consists of stacked G-quartets (right). (B) Disorder probability of the H1 structure as predicted using the Protein DisOrder prediction System
(PrDOS).[21] Regions of the sequence that exhibit a score bigger than 0.5 are defined as intrinsically disordered regions. (C) Sequences and structures of
the ssDNA used in this study. (D) Turbidity of solutions that contain various ssDNA sequences (10 µM) and H1 (0-10 µM). (E) Phase-contrastmicroscopy images of solutions that contain ssDNA (10 µM) and H1 (2 µM); scale bar = 25 µm. (F) Fusion process of the Pu22/H1 droplets; scale bar
= 10 μm. (G) Selectivity of the ssDNA sequences for the droplet formation with H1. Either Pu22 or poly(dA) was modified with FAM, and both (10
μM) were mixed with H1 (2 μM). The fluorescence intensity along the white line was quantified from the brightness of each pixel; scale bar = 20 µm.
All experiments were carried out in 10 mM Tris-EDTA buffer (pH = 7.4).

Results and Discussion
LLPS of G-quadruplex-forming ssDNA with H1
To investigate the effect of G-quadruplex formation on LLPS in the context of chromatin
condensation, we used histone H1 (H1) and various single-stranded DNA (ssDNA) sequences. H1
controls the packing density of nucleosomes via non-specific electrostatic interactions between its
positively charged lysine-rich IDR at its C-terminal and negatively charged DNA (Figure 1B).[22]
Four 22 nt ssDNA sequences were initially prepared (Figure 1C): an oncogene c-myc promoter
sequence that can fold into a parallel G-quadruplex structure (Pu22)[23]; sequences in which one or

two of the successive guanines of Pu22 were replaced with adenine (Pu22-1 and Pu22-2,
respectively); and a simple repeat of deoxyadenylic acid (poly(dA)) with a random coil structure.
The nucleotides are arranged an all-anti configuration in the parallel forms of G-quadruplexes, while
the antiparallel forms contain nucleotides in both syn and anti configurations (Figures 1A and S2A).
The secondary structure of each ssDNA was examined by circular dichroism (CD) measurements,
which revealed that with decreasing number of guanines, the content of G-quadruplex structures
decreased (Pu22 to Pu22-1), whereby Pu22-2 exhibits a random coil-like structure (for details, see
section 3 of the Supporting Information).
The turbidity of the aqueous solutions of the guanine-containing sequences (Pu22, Pu22-1,
and Pu22-2) increased upon addition of H1 up to a certain concentration ([ssDNA]/[H1] = 0.2-0.4)
(Figure 1D), indicating that interactions between the ssDNA sequences and H1 resulted in the
formation of large assemblies. Interestingly, the maximum turbidity values of the solutions increased
with the number of continuous guanines in the ssDNA sequence (Pu22 > Pu22-1 > Pu22-2). The
decreased turbidity at high concentrations of H1 probably results from repulsive forces that arise
from the excess of positive charge;[14,24] thus, electrostatic interactions between the cationic H1 and
anionic ssDNA are presumably a dominant force in the formation of the assemblies. However,
although poly(dA), like the other ssDNA sequences, is anionic, the poly(dA) solution did not exhibit
an apparent increase in turbidity upon addition of H1.
Spherical assemblies were observed via phase-contrast microscopy for all turbid ssDNA
solutions ([ssDNA]/[H1] = 0.2; Figure 1E), similarly to our recent studies of cationic protein/anionic
polymer pairs.[25,26] Time-lapse images showed rapid, sub-millisecond fusion of the assemblies
(Figure 1F). This behavior indicates that these assemblies are not gel-like aggregates, but instead
liquid-like droplets with highly fluid properties, as have been observed for other phase-separating
proteins.[27,28] Consistent with the turbidity measurements (Figure 1D), the size of the observed
droplets decreased with decreasing number of continuous guanines in the ssDNA sequence. In the

case of poly(dA), only small droplets (diameter < 1.0 µm) were formed. Similar behavior was
observed for other ssDNA sequences, including an anti-parallel G-quadruplex sequence present in
telomeric regions (22AG), its derivatives, and a simple repeat of deoxythymidylic acid (poly(dT))
(Figure S2). Thus, the relationship between the G-quadruplex-forming sequence and the formation of
droplets may be key to the assembly of ssDNA with H1.
To study the sequence selectivity of the droplet formation, either Pu22 or poly(dA) was
labeled with carboxyfluorescein (FAM), and then both were mixed with H1. When Pu22 was
labeled, the inside of the droplet emitted strong fluorescence, whereas the fluorescence inside and
outside of the droplet was comparable for labeled poly(dA) (Figure 1G). This result suggests
sequence selectivity not only in the formation of droplets with H1, but also in the incorporation of
ssDNA into the resulting droplets.
Based on these results, it seems feasible to conclude that the interaction between H1 and
ssDNA sequences that can fold into G-quadruplex structures plays a significant role in both the
generation of LLPS and the ability of the formed droplets to incorporate other ssDNA. This
assumption is supported by the linear relationship between the turbidity of the solutions that contain
the droplets and the fluorescence intensity of a G-quadruplex structure-specific probe (Figure S3).

G-quadruplex folding within liquid-like droplets
The stability of the G-quadruplex structure is affected by protein binding.[29,30] Since the
components of the droplets formed through LLPS are generally concentrated within the droplets by a
factor of several to several hundred compared to the surrounding phase,[12,31] the G-quadruplex
content might fluctuate due to the presumably high concentration of H1 inside the droplets.
Therefore, we investigated the folding state of the ssDNA within the droplet using two fluorogenic
probes that selectively bind to G-quadruplex structures, thioflavin T (ThT) and N‐
methylmesoporphyrin IX (NMM) (Figure 2A). ThT binds to G-quadruplex structures regardless of

their conformation,[32] while NMM recognizes only parallel-folded G-quadruplexes.[33] These probes
are almost nonfluorescent in aqueous solution, but exhibit strong emission when bound to Gquadruplex structures.

Figure 2. Analysis of G-quadruplex structures inside the liquid droplets using fluorescent molecular probes. (A) Chemical structures of the fluorescent
probes ThT (left) and NMM (right), which exhibit greatly enhanced fluorescence upon their selective binding to G-quadruplex structures. The binding
selectivity of ThT and NMM is taken from refs 20 and 30, respectively. Fluorescence intensity of (B) ThT and (D) NMM in solutions that contain
ssDNA (10 nM) with or without H1 (2 nM). Fluorescence microscopy images of ssDNA/H1 liquid droplets after the addition of (C) ThT and (E)
NMM; scale bar = 25 µm.

In the absence of H1, the overall fluorescence intensity of the solutions in the presence of
ThT follows the order Pu22 > Pu22-1 > Pu22-2 >> Poly(dA), i.e., the abundance of G-quadruplex
structures increases with increasing number of successive guanines in the ssDNA sequence (Figure
2B; for the fluorescence spectra, see Figure S4A). The fluorescence intensity of ThT after the droplet
formation is comparable for the Pu22-2/H1 or poly(dA)/H1 solutions, while that of the Pu22/H1 and
Pu22-1/H1 solutions increases 1.2- and 1.6-fold, respectively (Figure 2B). The interaction with H1 to
induce LLPS might have facilitated the folding of the ssDNA into G-quadruplex structures,
especially in the case of Pu22-1. Molecular crowding causes dehydration of G-quadruplex structures,

which stabilizes this conformation;[29,34] this phenomenon is likely responsible for the enhanced
folding inside the droplets. Fluorescence microscopy images of the Pu22 and Pu22-1 solutions
showed significant fluorescence inside the droplets, while Pu22-2 solutions exhibited very weak
fluorescence (Figure 2C). In light of the finding that other fluorescent dyes with no specificity for the
G-quadruplex were concentrated in the droplets regardless of the ssDNA sequence (Figure S5), we
concluded that the G-quadruplexes formed by Pu22 and Pu22-1 were also concentrated inside the
droplet, and that ThT was bound to these internal G-quadruplex structures. Similar results were
obtained for a telomere-derived sequence (22AG) that is capable of folding into an anti-parallel Gquadruplex structure (Figure S4B).
Aqueous solutions of Pu22 both with and without H1 showed strong fluorescence when the
probe NMM, which is specific to parallel-type G-quadruplexes, was added (Figure 2D). The
intensity of the NMM fluorescence decreased only slightly due to the formation of droplets in the
presence of H1, indicating that the parallel G-quadruplex structure of Pu22 is not significantly
perturbed by LLPS. On the other hand, substantial NMM emission was observed from the entire
solution of anti-parallel 22AG only after droplets were formed by the addition of H1. Similar to the
emission of ThT, that of NMM was concentrated inside the droplets for both ssDNA sequences
(Figure 2E). The enhancement in the fluorescence after droplet formation for 22AG suggests that
either the G-quadruplex structures of 22AG transitioned from the anti-parallel to the parallel form
due to droplet formation, or the affinity of NMM towards the anti-parallel structures was enhanced in
the concentrated droplet environment. Molecularly crowded environments have been reported to
induce anti-parallel-to-parallel transition in telomere-derived ssDNA, which inhibits telomerase
processability.[35] Thus, if transition of the G-quadruplex structures of 22AG is coupled to the droplet
formation, it might be involved in the telomere activity switching mechanism in the cell nucleus.

Generality of the promotion of LLPS by the quadruplex conformation
To clarify the generality of the promotion of LLPS by quadruplex structures in ssDNA, we
tested another quadruplex structure formed by successive cytosine bases, the so-called i-motif
(Figure 3A).[36] As expected, the increase in turbidity upon addition of H1 was greater for an i-motifforming sequence (22CT) than for a shuffled variant of this sequence in which the cytosines are not
successive (22CTshuffle) (Figure 3B).

Figure 3. Droplet formation in a solution that contains cytosine-based quadruplex structures and H1. (A) Schematic illustration of the i-motif structure
and the DNA sequences used in this experiment. (B) Formation of liquid droplets in solutions of i-motif DNA (22CT) or a shuffled sequence
(22CTshuffle) with H1 (2 nM); scale bar = 20 μm.

Consistent with the turbidity results, the droplets formed by 22CT were significantly larger
than those formed by 22CTshuffle (Figure 3B). The dependence of the phase separation behavior on
the arrangement of the ssDNA suggests that the quadruplex structure is important in promoting
LLPS with H1. This result is somewhat unexpected, as nucleic acids form gel-like aggregates rather

than liquid-like droplets in the presence of cationic macromolecules,[37] or are excluded from protein
droplets[38] when stiffened by the formation of secondary structures such as double strands or loops.
This unprecedented result might be due to the tendency of DNA with quadruplex structures to stack
intermolecularly in longitudinal direction at high concentrations.[39,40] In the case of G-quadruplexes,
π-π interactions between planar guanine bases is thought to be the main driving force for
intermolecular stacking, as well as the G-quartet stacking that occurs during the formation of
intramolecular G-quadruplex structures.[17,41] In protein phase separation, π-π interactions are
significant in directing the state of the assembly towards liquid-like droplets rather than gel-like
aggregates.[42,43] Therefore, stacking between the quadruplex structures via π-π interactions may have
promoted droplet formation.
It should be noted that the guanine bases themselves may also contribute to the promotion of
LLPS, as demonstrated in studies using ssDNA with shuffled variants of G-quadruplex-forming
sequences and nucleotide monophosphates (for details, see Section 4 of the Supporting Information).
Because H1 contains few aromatic amino acids (only one Phe and one Tyr in 214 aa), hydrogenbonding interactions between partially exposed guanine bases and lysine residues[44,45] of H1 may be
involved.

Characteristics of liquid-like droplets containing G-quadruplex structures
To gain further insight into the driving forces of the droplet formation, we added NaCl and
1,6-hexanediol, which inhibit intermolecular electrostatic and hydrophobic interactions,
respectively,[46] to solutions that contain the liquid droplets. NaCl markedly reduced both the
turbidity of the solution and the droplet size (Figures 4A and S8); the droplets disappeared
completely at higher-than-physiological NaCl concentrations (~300 mM). This result demonstrates
that the electrostatic interactions between the cationic C-terminus of H1 and the anionic ssDNA are
the dominant driving force in the generation of LLPS. The droplets gradually dissolved upon

increasing the 1,6-hexanediol concentration (Figures 4B and S9), which suggests that π-π stacking
between quadruplex structures and, possibly, hydrophobic interactions between the nucleobases of
the ssDNA and H1 also stabilize the droplets.

Figure. 4. Physicochemical properties of the DNA/H1 liquid droplets. (A and B) Solution turbidity of the ssDNA/H1 liquid droplets in the presence
of (A) 0-300 mM NaCl or (B) 0-20% 1,6-hexandiol. Insets contain phase-contrast images of the G4/H1 liquid droplets in the presence of each additive;
scale bar = 25 μm. (C) Left: FRAP recovery curves for the different ssDNA structures. Right: relaxation times of fluorescence recovery calculated by
exponential fitting (colored lines; N = 3), and fluorescence images obtained during the FRAP measurement of a Pu22/H1 liquid droplet. The white
arrow indicates the bleaching site; scale bar = 5 μm.

Finally, the effect of the ssDNA sequence on the fluidity inside the droplet was compared
using fluorescence recovery after photobleaching (FRAP), which is a common method for evaluating
the motility of molecules in droplets.[47] The diffusion rate of the FAM-modified ssDNA sequences
increased with decreasing number of continuous guanines [poly(dA) > Pu22-2 > Pu22-1 > Pu22],
i.e., in the opposite order of the content of quadruplex structures (Figure 4C, D). This result suggests
that the formation of G-quadruplexes by the ssDNA controls not only the formation of droplets with
H1, but also the motility of the molecules within the resulting droplets, which could potentially affect
cellular functions such as the inhibition of gene transcription.

Conclusions
In summary, we have demonstrated that the formation of quadruplex structures in singlestrand DNA (ssDNA), including guanine-based parallel and anti-parallel G-quadruplexes and

cytosine-based i-motif structures, promotes the formation of liquid-like droplets with linker histone
H1 via liquid-liquid phase separation (LLPS). The quadruplex folding is maintained or, in some
cases, promoted inside the droplet, with increases the quadruplex content and decreases the motility
of the molecules that comprise the droplet. These droplets are likely formed via not only electrostatic
interactions between the anionic ssDNA and the cationic C-terminus of H1, but also via π-π
interactions between the quadruplex structures. Thus, DNA quadruplex structures may be capable of
regulating LLPS-mediated dynamic chromatin condensation in the nucleus. DNA and RNA with Gquadruplex structures can selectively interact with nuclear proteins such as fused in sarcoma (FUS)
and hnRNPA1, which cause amyotrophic lateral sclerosis (ALS) and tend to phase-separate.[48–50]
Accordingly, we expect that the quadruplex structure can act as a hub that regulates biological
processes such as chromatin condensation in the nucleus via LLPS.
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1. Experimental Section
Materials
Tris-EDTA (TE) buffer [10 mM Tris-HCl; 1 mM EDTA; pH = 7.4] was obtained from Takara
Bio Inc. (Shiga, Japan). Thioflavin T and sodium chloride (NaCl) were obtained from Wako Pure
Chemical Ind. (Osaka, Japan). Cytidine 5′-monophosphate disodium (CMP), thymidine 5′monophosphate disodium (TMP), 8-anilino-1-naphthalenesulfonic acid ammonium salt (ANS), Nile
red (NR), and rhodamine 6G (R6G) were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
Guanosine 5′-monophosphate disodium (GMP) was obtained from Combi-Blocks Inc (San Diego, CA,
USA). Adenosine 5′-monophosphate (AMP) and 1,6-hexanediol were obtained from Tokyo Chemical
Industry Co., Ltd (Tokyo, Japan). N-mesoporphyrin IX (NMM) was obtained from Frontier Scientific,
Inc (Logan, USA).

Prior to the experiments, a solution containing 1.0 mg/mL histone H1 (H1) from bovine thymus,
150 mM NaCl, and 50 mM Tris-HCl (pH = 7.5) obtained from Signal Chem (Richmond, BC, Canada)
was desalted using the following procedure. The solution was thawed at 37 °C, transferred to a 10,000
MWCO Amicon Ultra centrifugal filter unit (Merck Millipore Ltd., Darmstadt, Germany), centrifuged
(10,000 g), and diluted with distilled water. The centrifugation/dilution cycle was repeated five times.
After purification, the concentration of H1 was determined from the absorbance at 280 nm using a
NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).
The single-strand DNA (ssDNA) sequences with and without a carboxyﬂuorescein (FAM) label
at the 3′-terminus were synthesized and purified by Eurofins Genomics (Ebersberg, Germany). The
ssDNAs were dissolved in TE buffer (pH = 7.4) and annealed as follows: 100 μM of ssDNA in TE
buffer (pH = 7.4) was heated to 95 °C for 5 minutes and then cooled to 25 °C at a rate of 1 °C/min
using a PCR thermal cycler (TP-600; Takara Bio Inc., Shiga, Japan).

Circular dichroism measurements
Circular dichroism (CD) measurements were performed using a spectropolarimeter (J-720; Japan
Spectroscopic Co., Ltd., Tokyo, Japan). Solutions containing 50 μM of ssDNA in TE buffer (pH =
7.4) were placed in a 1 mm quartz cuvette, and the spectra were recorded at 25 °C. The CD spectra of
the samples were corrected by subtracting the corresponding spectra of the buffer solution in the
absence of ssDNA.

Turbidity measurements
In the wells of a 96-well microplate (clear bottom, non-treated; Corning Inc., NY, USA), solutions
(30 µL) of 20 μM of ssDNA in TE buffer (pH = 7.4) were mixed with solutions (30 µL) of 0-20 μM
H1 in TE buffer (pH = 7.4) After incubation (15 min, 30 °C), their absorbance at 400 nm was recorded
using a microplate reader (Cytation 5; BioTek Instruments, Inc., Winooski, VT, USA).

Phase-contrast microscopy imaging
Solutions (60 µL) containing 2 μM H1 and 10 μM ssDNA in TE buffer (pH = 7.4) were prepared
in the wells of a 96-well plate. After incubation for 2 h at room temperature, images of the solution
were obtained using a phase-contrast microscope (Primo Vert; Carl Zeiss, Germany) equipped with an
AxioCam ERc5s camera (Carl Zeiss) and Axio Vision software (Carl Zeiss). After allowing the
solutions containing 10 µM ssDNA and 2 µM H1 to incubate for 1 h at room temperature, the process
of fusion between the DNA/H1 liquid droplets was observed by time-lapse photography (increments:
0.1 ms) using a phase-contrast microscope (Eclipse Ts2R, Nikon, Japan) equipped with a digital
camera (CAMEDIA C-5060, Olympus, Japan). To image the LLPS of the nucleotide monophosphates,
solutions containing 0-20 mM nucleotide monophosphate, 2 µM H1, and 15% PEG4000 in TE buffer
(pH = 7.4) were prepared. After incubation for 5 h at room temperature, phase-contrast images of each
solution were obtained.

Fluorescence microscopy imaging
Solutions (50 µL) containing 2 μM H1 and 10 μM ssDNAs in TE buffer (pH = 7.4) were
incubated for 2 h at room temperature and then mixed with solutions (5 µL) containing 5.5 µM
fluorescent probes (ThT, NMM, NR, R6G, or ANS) in TE buffer (pH = 7.4). The fluorescence images
were obtained using a fluorescence cell imager (ZOETM; Bio-Rad Laboratories Inc., California, USA).
To investigate the effect of the ssDNA sequences on the formation of droplets with H1, solutions (60
µL) containing 4 µM H1, 10 µM Pu22, and poly(dA) (with either Pu22 or poly(dA) being labeled with
FAM at 3'-terminus) in TE buffer (pH = 7.4) were prepared. After incubation for 2 h at room
temperature, fluorescence images of the solutions were obtained. The fluorescence intensities inside
and outside the liquid droplets (for Figure 1G) were quantified by analyzing the optical density
distribution of the pixels along the straight line indicated in each image using image processing
software (image J, National Institutes of Health).

Fluorescence spectra of ThT and NMM
Solutions (60 µL) containing 10 µM ssDNA and 0.5 µM ThT or 1.0 µM NMM in TE buffer (pH
= 7.4) in the presence or absence of 2 µM H1 were deposited on a 96-well NBSTM black plate (Corning
Inc., NY, USA). After incubation for 10 min at 30 °C, the fluorescence spectra were recorded using a
microplate reader (ThT: λex = 425 nm, λem = 450-700 nm; NMM: λex = 400 nm, λem = 550-700 nm).

Effect of NaCl and 1,6-hexanediol on the stability of the droplets
Solutions (50 µL) containing 2 μM H1 and 10 μM ssDNA in TE buffer (pH = 7.4) were prepared
in the wells of a 96-well plate (clear bottom, non-treated). After incubation for 2 h at room temperature,
solutions (50 µL) containing 0-600 mM NaCl or 0-40% 1,6-hexanediol in TE buffer (pH = 7.4) were
added; turbidity measurements at 400 nm and phase-contrast images were then recorded as described
above.

Fluorescence recovery after photobleaching (FRAP) measurement
Solutions (25 µL) containing 60 µM FAM-modified ssDNA (G4, mG4-1, mG4-2, or poly(dA))
in TE buffer (pH = 7.4) were mixed with solutions (25 µL) containing 12 µM H1 in TE buffer (pH =
7.4). The concentration conditions were optimized so that poly(dA) formed liquid droplets of sufficient
size for FRAP measurements. An aliquot (20 µL) was placed on a cover slip attached to a glass slide,
and then the liquid droplets were imaged with an Olympus FV1000 confocal microscope at 60× using
a detection wavelength of 488 nm. The 488 nm laser was applied to the region of interest at full power
for 10 s (for Pu22, Pu22-1, and Pu22-2) or 5 s (for poly(dA)), before the fluorescence recovery was
recorded for 5 min (for Pu22, Pu22-1, and Pu22-2) or 1 min (for poly(dA)). The fluorescence intensity
of the photobleached area was normalized relative to that of the unbleached area. The time lapse of the

fluorescence intensity was fitted to a single exponential function (eq. 1) in order to obtain the relaxation
time τ, as described in a previous report.[1]
𝑡

𝑓(𝑡) = 𝐴(1 − 𝑒 −𝜏 )

(eq. 1)

2. Figures

Figure S1. Secondary structure of the ssDNA sequences used in this study. CD spectra of
solutions containing ssDNA (50 μM) in Tris-EDTA buffer (pH = 7.4): (A and B) An oncogene cmyc promoter sequence (Pu22, A), a telomeric sequence (22AG, B), sequences in which one or two
of the successive guanines of these ssDNA sequences were replaced with adenine (Pu22-1, Pu22-2,
22AG-1, and 22AG-2), and (C) simple repeat sequences (poly(dA) and poly(dT)).

Figure S2. Anti-parallel G-quadruplex-forming ssDNA forms liquid-like droplets with H1. (A)
Schematic illustration of the anti-parallel G-quadruplex structure. (B) Sequences and structures of
the ssDNA used in this experiment. (C) Turbidity of solutions containing ssDNA (10 µM) and H1
(0-10 µM). (E) Phase-contrast microscopy images of solutions that contain 10 µM ssDNA and 2 µM
H1; scale bar = 25 µm.

Figure S3. The formation of ssDNA/H1 assemblies depends on the amount of G-quadruplex
structures formed before mixing with H1. The correlation between the ThT fluorescence intensity
of the ssDNA solutions (Pu22, Pu22-1, Pu22-2, and poly(dA)) before being mixed with H1 and the
turbidity of the solution after the formation of ssDNA/H1 liquid droplets is shown. The fluorescence
intensity strongly correlates with the turbidity of the solution (r = 0.98), which indicates that Gquadruplex formation is important for the droplet formation.

Figure S4. G-quadruplex formation of the ssDNA in the presence of H1. (A) Fluorescence
spectra of ThT in the presence of ssDNA with (light blue) and without (dark blue) H1; λex/λem = 425
nm / 450-700 nm. (B) Fluorescence microscopy images of the ssDNA/H1 droplets in the presence of
ThT.

Figure S5. Non-specific fluorescence probes incorporated into the DNA/H1 liquid droplets.
Fluorescence microscopy images of ssDNA/H1 droplets in the presence of 0.5 μM probes that are
not specific to G-quadruplex structures (ANS, NR, and R6G); scale bar = 20 μm. For all ssDNA
sequences, the fluorescence from anionic ANS, neutral NR, and cationic R6G was significantly
higher inside the droplets than outside. Notably, this tendency was also observed in poly(dA) and
poly(dT), which formed only very small droplets. These observations suggest that these differently
charged fluorophores are concentrated internally regardless of the nature of the droplets. Based on
these results, ThT may also have been concentrated in the interior of the droplets, but fluorescence
enhancement is induced only when G-quadruplex structures are present.

Figure S6. Droplet formation of the shuffled variants of Pu22-1 or 22AG with H1. (A) ssDNA
sequences of the shuffled variants of Pu22-1 (Pu22-1shuffle) and 22AG (22AGshuffle). (B) Turbidity of
solutions containing these ssDNA sequences (10 µM) and H1 (0-10 µM). (C) Phase-contrast
microscopy images of the droplets formed by 10 µM ssDNA and 2 µM H1; scale bar = 25 µm. (D)
ThT fluorescence intensity of the solution containing these ssDNA sequences with and without H1.

Figure S7. Droplet formation of nucleoside monophosphates (NMP) with H1. Phase-contrast
microscopy images of solutions that contain 0-100 mM NMP, 2 μM H1, and 15% PEG4000; scale
bar = 10 μm. Due to the low solubility of AMP, only data up to 20 mM are shown.

Figure S8. Dissolution of liquid droplets that consist of ssDNA and H1 by addition of NaCl. (A)
Turbidity data and (B) phase-contrast microscopy images of solutions that contain ssDNA (10 µM)
and H1 (0-10 µM) in the presence of the 0-300 mM NaCl.

Figure S9. Dissolution of liquid droplets consisting of ssDNA and H1 by 1,6-hexanediol. (A)
Turbidity data and (B) phase-contrast microscopy images of solutions that contain ssDNA (10 µM)
and H1 (0-10 µM) in the presence of 0-20% 1,6-hexanediol.

3. Secondary Structure of the ssDNA Sequences
To validate the secondary structures of the ssDNA sequences used in this study, we conducted farUV CD measurements. Pu22 and Pu22-1 showed a positive peak at 260 nm and a negative peak at
245 nm, which indicates the formation of parallel G-quadruplex structures (Figure S1A).[2] The
lower intensity of these characteristic peaks for Pu22-1 suggested a decrease in the amount of Gquadruplex structures. The spectrum of Pu22-2 differed greatly from that of Pu22 and Pu22-1, and
indicated that this sequence exhibited a random structure. 22AG showed a positive peak at 290 nm
and a negative peak at 260 nm, indicating that anti-parallel G-quadruplex structures had been formed
(Figure S1B).[2] The CD spectra of 22AG-1 and 22AG-2 were clearly different from that of 22AG,
indicating that both sequences exhibit random structures. However, ThT fluorescence was observed
from 22AG-1 (Figure S4A), implying that the solution of 22AG-1 contained some G-quadruplex
structures. The spectra of poly(dA) and poly(dT) are consistent with previous reports that indicate a
random coil structure (Figure S1C).[3]

4. Role of guanine bases in LLPS generation
The results, which demonstrate the promotion of LLPS by various guanine-containing ssDNA
sequences, suggest that not only G-quadruplex structures, but also the guanine bases themselves,
may play a non-negligible role in LLPS promotion. To examine this point, we first prepared new
ssDNA sequences by shuffling the sequences of Pu22-1 and 22AG so that the guanines were as
discontinuous as possible (Pu22-1shuffle and 22AGshuffle, respectively) (Figure S6A). Although the
turbidity and ThT fluorescence of the shuffled sequences were lower than those of the unshuffled
sequences (Pu22-1 and 22AG), microscopy images confirmed the formation of droplets (Figures
S6B-D). These results imply that the guanine bases themselves were involved in the droplet

formation with H1, or that G-quadruplex-like structures were formed inside the droplets even though
most of the guanine bases were not continuous.
In addition, we investigated the effects of DNA monomer units on LLPS generation with H1
using the four nucleotide monophosphates (GMP, CMP, AMP, and TMP). As shown in Figure S7,
only GMP formed droplets with H1 in the presence of PEG4000, which serves as a crowding agent
that usually facilitates LLPS.[4] This result indicates that interactions between guanine and H1
contribute to the occurrence of LLPS. The contribution of π-π interactions can be expected to be low
due to the scarcity of aromatic amino acids in H1 (only one Phe and one Tyr in 214 aa). Previous
reports on the interactions between nucleobases and amino acids have demonstrated that guanine can
interact relatively strongly with positively charged arginine and lysine residues via hydrogen
bonding and van der Waals interactions.[5,6] Therefore, we conclude that guanines promote droplet
formation not only by forming G-quadruplex structures, but also by interacting with the abundant:
lysine residues in the IDR of H1 without forming secondary structures.
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