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The role of cytosine methylation in regulating the
topology and liquid-liquid phase separation of
DNA G-quadruplexest

Mitsuki Tsuruta, Sumit Shil, Shinya Taniguchi, Keiko Kawauchi

Aberrant expansion of GGGGCC DNA repeats that form G-quadruplexes (G4) is the main cause of
amyotrophic lateral sclerosis (ALS). Expanded GGGGCC repeats induce liquid-liquid phase separation
(LLPS) through their interaction with cellular proteins. Furthermore, GGGGCC expansion induces

cytosine methylation (mC). Previous studies have shown that even slight chemical modifications of RNAs
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and proteins can drastically affect their LLPS ability, yet the relationship between LLPS and epigenetic

DNA modifications like mC remains unexplored. As a model system, we investigated the effects of mC
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Introduction

Biomolecular droplets formed in cells by liquid-liquid phase
separation (LLPS), such as nucleoli and stress granules, are
gaining widespread acceptance across various fields as a novel
phenomenon to precisely explain spatiotemporally regulated
biological functions.* These droplets, induced by nucleic acids
and proteins, regulate a variety of biological processes,
including gene expression, RNA metabolism, and signal trans-
duction.” For example, the nucleolus, which contains rDNA and
rRNA, is involved in ribosome biogenesis. Stress granules
sequester mRNA and transcription factors in response to stress
signals. Proteins in these droplets are typically highly charged
and enriched in disordered regions. Furthermore, LLPS is often
moderated by the presence of RNA and DNA through their
hybridization, sequence-dependent local flexibility, and
secondary structure.*” Consequently, it is considered that
unstructured regions are essential for proteins to undergo LLPS,
whereas nucleic acids require a certain secondary structure to
undergo LLPS.

Among the various nucleic acid structures, the G-quadruplex
(G4) structure has been shown to be a key factor in facilitating
LLPS, both in vitro and in cells.*” Nucleoli, paraspeckles,
nuclear speckles, and stress granules have all been shown to
contain G4-containing LLPS in cells*® In addition, proteins
such as fused in sarcoma (FUS), zinc finger protein 706
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on LLPS induced by GGGGCC repeat DNAs and show for the first time that mC suppresses LLPS by
altering the topology of G4 from being parallel to antiparallel.

(ZNF706), SERPINE mRNA binding protein 1 (SERBP1), and
nucleolin (NCL) have all been reported to induce LLPS with G4
in vitro.'** G4 is a four-stranded, non-canonical, secondary
structure of nucleic acids that forms in guanine-rich sequences.
These G4 structures are composed of G-quartets, each of which
is comprised of four guanine bases linked by Hoogsteen
hydrogen bonds, and loop regions that connect the guanine
repeats. The strand direction determines the folding pattern
(topology) of G4, such that in a parallel topology, all of the
strands are oriented in the same direction, whereas in an
antiparallel topology, the neighboring strands are oriented in
opposite directions. In addition, in a hybrid topology, one of the
four strands is oriented in the opposite direction. The topology
and stability of G4s are influenced by environmental factors
such as the type and concentration of cation species, and
cosolutes that promote molecular crowding conditions in living
cells.* The interactions between G4s and proteins, which often
involve cationic regions like the RGG domain, play a central role
in various biological processes, including replication, tran-
scription, splicing, and translation through LLPS.*»*>""” Inter-
estingly, LLPS is induced by G4s and proteins, linking aberrant
LLPS to neurodegenerative diseases such as amyotrophic lateral
sclerosis (ALS). The most common genetic cause of ALS involves
expansion of the repetitive d(GGGGCC) sequence in the first
exon of C9orf72.'*2° Notably, these GGGGCC repeats can fold to
form G4s and undergo LLPS through interactions with proteins.
Moreover, it has been reported that expansion of the GGGGCC
repeat induces hyper-cytosine methylation (mC) in both the
expanded and adjacent regions,”*>* leading to silencing of the
C9orf72 gene.”? Similarly, abnormal increases or decreases in
mC in the promoter regions of cancer-related genes also
contribute to the development and progression of cancer.”” It is
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now evident that one of the fundamental mechanisms modu-
lating diverse biological processes involves the interplay
between LLPS and molecular machinery, such as the accumu-
lation of chemical modifications in biomolecules.®

Methylation of RNA facilitates complex formation between
mRNAs and RNA-binding proteins, leading to the upregulation
of LLPS.>**° Phosphorylation of RNA-binding proteins controls
LLPS by altering their binding mode, resulting in deadenylation
and changes in translation.** Phosphorylation of the C-terminal
domain of RNA polymerase II promotes LLPS, facilitating
transcription elongation.”” Although the effects of chemical
modifications on RNA (epitranscriptomics) and proteins (post-
translational modifications) on LLPS have been studied exten-
sively, the impact of DNA modifications (epigenetics) on LLPS
has received less attention.®® In this study, we investigated the
impact of mC on LLPS in G4-forming DNA to obtain new
insights into a combination of hypermethylation and LLPS. The
findings showed that LLPS induced by G4-forming DNAs (G4-
LLPS) is suppressed by mC. Structural analysis of DNAs
showing different levels of mC induce a transition in G4
topology from being parallel to antiparallel, reducing the like-
lihood of LLPS occurrence. These results show for the first time
how epigenetic modification affects G4-LLPS.

Results
Effect of mC on LLPS induced by G4

To explore the impact of mC in the loop region of G4 on the
LLPS of G4s with RGG-peptide (G4-LLPS), we initially designed
DNA sequences containing different levels of mC (Table 1). We
selected d(GGGGCC), as a model template sequence. This
sequence undergoes hypermethylation at the 5’-position of
cytosine when the repeats are expanded.** The 0Me, 2Me, 4Me,
and 8Me have 0, 2, 4, and 8 mCs, respectively. To evaluate
biological significance of (GGGGCC), which is used as the
template sequence, we searched (GGGGCC), sequences on the
human genome using bioinformatic tools (see Materials and
methods for bioinformatic analysis). We identified 29
(GGGGCCQC), sequences on the human genome (Table S17). The
result showed that 23 of 29 (GGGGCC), sequences were located
in the promoter regions of different genes. These bioinformatic
analyses demonstrate that not only C9o0rf72 but also other genes
are potentially controlled by (GGGGCC),.

Table1 DNA sequences used in this study and the position of cytosine
methylation®

Abb Sequence*

DNAs 0Me GGGGCCGGGGCCGGGGCCGGGGCC
2Me GGGGCCGGGGCCGGGGCCGGGGCC
4Me GGGGCCGGGGCCGGGGCCGGGGCC
8Me GGGGCCGGGGCCGGGGCCGGGGCC

Peptide RGG-peptide RRGDGRRRGGGGRGQGGRGRGGGF

KGNDDHSRGGW

¢ *C indicates the position of 5-methylcytosine.
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To quantify the LLPS of sequences using in this study, we
used a model system in which LLPS can be induced by
combining a G4 forming oligonucleotide with a cationic
peptide, the RGG-peptide (Table 1),* derived from the RGG
domain of the Fragile X Mental Retardation Protein (FMRP),
which is known for its ability to bind DNA G4.% In this system,
an increase in turbidity indicates droplet formation, with higher
turbidity values corresponding to more and larger droplets.®®
Fig. 1A shows turbidity of a mixture of 5 pM 0Me and various
concentrations of RGG-peptide (0, 1, 3, 5, 10, and 15 uM). The
turbidity measured at 350 nm increased with the RGG-peptide
concentration, and the methylated DNA oligonucleotides
showed higher turbidity at higher RGG-peptide concentrations
(Fig. S1f). The turbidity at 1800 s, that is measured 1800
seconds after the addition of RGG-peptide, was plotted against
the RGG-peptide concentration (Fig. 1B). Compared to the
control (0Me), the turbidity values for 2Me, 4Me, and 8Me were
reduced, suggesting that mC suppresses G4-LLPS. To confirm
the effect of cation concentration on G4-LLPS, we measured
turbidity in the presence of various concentrations of KCI (1, 10,
100, or 1000 mM) (Fig. S2t). All sequences showed lower
turbidity at higher KCl concentrations, indicating that the
electrostatic interactions play a key role in G4 and RGG-peptide
binding, as well as in G4-LLPS.* To verify whether the turbidity
increments are due to LLPS rather than aggregation, droplet
formation was directly visualized under a confocal laser scan-
ning microscope (Fig. 1C). As in previous reports, spherical
droplets were observed in a mixtures of FAM-labeled RGG-
peptide with each DNA sequence."*** The total fluorescence
intensity from the droplets and droplet size under each condi-
tion were evaluated (Fig. 1D and E). The results showed that the
O0Me showed the highest values in all parameters, which was
consistent with the turbidity measurements shown in Fig. 1B.

We further attempted to confirm the effect of mC on the
fluidity of the droplets by FRAP analysis (Fig. S31). Droplets
containing FAM-tagged DNAs were photobleached, and the
fluorescence recovery was examined. The recovery yields after
300 s for OMe and 8Me were greater than 40%, which is
comparable with values obtained in studies on prion or SOP1
protein-RNA LLPS.***! The apparent diffusion coefficients (D,pp,)
for these conditions were also evaluated. The Dy, value for 0Me
was 0.14 + 0.02 pm? s~ *, which is comparable with a previous
studies.®* The D,,, value for 8Me was 0.17 £ 0.02 pm” s/,
indicating that all droplets exhibited similar fluidity. To further
demonstrate the reversibility of LLPS, we tested the resistance
of these droplets to aliphatic alcohol, 1,6-hexanediol (1,6-HD),
a known disrupter of droplets formed via LLPS (Fig. S41).** The
number of droplets formed by 0Me decreased with increasing
concentration of 1,6-HD (5, 10, and 20 wt%), confirming that
the G4-LLPS of OMe is reversible, a property generally associated
with LLPS. Other methylated DNA sequences showed similar
responses to 1,6-HD (Fig. S4t), indicating that reversibility is
maintained even with mC. To further clarify the effects of mC
on G4-LLPS, we employed another in vitro LLPS system, in
which LLPS was induced by mixing G4 DNAs with histone H1.?*®
Fig. S51 shows the turbidity at 350 nm for mixtures of 3 uM G4
DNA and various concentrations of histone H1 (0.00, 0.25, 0.50,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Turbidity changes at 350 nm for a mixture of 5 uM OMe DNA and various concentrations of RGG-peptide (0, 1, 3, 5, 10, and 15 uM) in

a buffer containing 100 mM KCL, 1 mM K;EDTA, and 10 mM K,HPO, (pH 7.0) at 25 °C. Note that data with 0, 1, and 3 uM RGG-peptide are
overlapped. (B) Turbidityzsonm at 1800 s for 5 uM DNAs with differing methylation levels (black; OMe, red; 2Me, blue; 4Me, orange; 8Me) against
various RGG-peptide concentrations (0, 1, 3, 5, 10, and 15 pM). (C) Fluorescence microscopy images showing the mixture of 5 uM FAM-labeled
DNAs with 5 uM RGG-peptide after incubation for 1800 s. Scale bar = 10 um (D) bar graph showing total fluorescence intensity from inside of
droplets for OMe and 8Me with RGG-peptide. (E) Average droplet size for OMe and 8Me. (F) Plots of relative fluorescence intensity at 520 nm for
50 nM FAM-0Me (black) and FAM-8Me (orange) as a function of RGG-peptide concentration. All measurements were carried out in the KCl buffer
at 25 °C. (G) Dissociation constant (Ky) values for 0OMe and 8Me with RGG-peptide in the KCl buffer at 25 °C.

1.00, and 1.50 uM). Similar to the results obtained for RGG-
peptide shown in Fig. 1B, 0Me exhibited increased turbidity at
higher histone H1 concentrations. This trend was also observed
for methylated DNAs, although their turbidity values were
consistently lower than those obtained for 0Me. These findings
show that mC suppresses G4-LLPS, irrespective of the inter-
acting peptide or protein, and confirm that mC reduces G4-
LLPS in GGGGCC repeat sequences. Previous reports have
highlighted the importance of the binding affinity between G4
and counterpart molecules for inducing LLPS.”** Consequently,
we investigated the dissociation constant (Ky) between 0Me or
8Me, and RGG-peptide using fluorescence titration experi-
ments. We added varying concentrations of RGG-peptide to
50 nM FAM-labeled OMe or 8Me and observed a decrease in
fluorescence intensity with an increase in RGG-peptide
concentration (Fig. S6t). Fig. 1F shows the measurement
results and fitting curves for fluorescence intensity for FAM-
tagged OMe or 8Me at 520 nm, plotted against the concentra-
tion of RGG-peptide. The K, values were calculated to be 0.56 =
0.22 and 1.62 £ 0.52 uM for OMe and 8Me, respectively, at 25 °C
(Fig. 1G). Although the LLPS behavior of 0Me and 8Me differs
markedly, the K4 values showed only about a threefold differ-
ence. Biomolecular LLPS typically results from multimolecular
interactions. In our LLPS model system, where the concentra-
tions of G4 and RGG-peptide were evaluated to be 85 and
125 mM, respectively,*® if the diameter of a droplet is 1 um, then
the numbers of G4 DNA and RGG-peptide within a single

© 2025 The Author(s). Published by the Royal Society of Chemistry

droplet would be about 70 x 10° and 110 x 10°, respectively.
Thus, even small differences in Kg, such as those between 0 Me
and 8Me with RGG-peptide, can be amplified considerably
through multimolecular interactions. Next, we attempted to
find whether these mC effects are just for G4. We studied the
mC effects on the structure and LLPS ability of DNA duplex. We
designed duplex-OMe and duplex-8Me as a DNA duplex with
0 and 8 mCs, respectively, (nucleotide sequences are listed in
Table S2t). In agreement with our previous report,’”> DNA
duplexes with or without mC did not undergo LLPS in the
concentration range used for G-quadruplex (Fig. S71). In addi-
tion, we previously reported thermal stability of DNA duplex is
increased by mCs, while mCs did not affect the duplex struc-
ture.”” These results showed that the effect of mCs on duplex
properties is not significant to alter the structure and LLPS
ability of DNA duplex.

Effect of mC on the structure of G4

Previous studies have shown that G4 unfolding suppresses G4-
LLPS.*® Thus, we hypothesized that the suppressive effect of mC
on G4-LLPS might be due to mC-induced perturbations in the
G4 structure. To test this, we analyzed the structure of these
oligonucleotides using UV-melting curve measurements and
circular dichroism (CD) spectroscopy. The UV-melting curves,
traced at 295 nm, exhibited hypochromic transitions at high
temperatures for all DNA oligonucleotides (Fig. 2A), which is
indicative of G4 formation.**** The melting temperature (7,)

Chem. Sci., 2025, 16, 4213-4225 | 4215
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Fig.2 (A) UV-melting curves traced at 295 nm for 10 uM DNA samples
(OMe; black, 2Me; red, 4Me; blue, 8Me; orange) in a buffer containing
50 mM KCl, 1 mM K,EDTA, and 10 mM K,HPO, (pH 7.0). (B) Melting
temperatures (T,,) of the DNAs evaluated by the UV-melting curves at
295 nm. (C) Circular dichroism (CD) spectra of 10 uM DNAs (OMe;
black, 2Me; red, 4Me; blue, 8Me; orange) in a buffer containing
100 mM KCL, 1 mM K,EDTA, and 10 mM K,HPO, (pH 7.0) at 25 °C. (D)
Results of singular value decomposition (SVD) analysis of the CD
spectra, highlighting the most significant (black) and second most
significant (red) SVD components. (E) Plots of SVD amplitudes for the
most significant (black) and second most significant (red) components,
demonstrating changes across different methylation levels (OMe to
8Me).

derived from these melting curves was comparable across all
sequences, suggesting that mCs do not alter the thermal
stability of G4s (Fig. 2B). Next, to determine the G4 topology, we
measured the CD spectra (Fig. 2C). The spectrum of OMe
showed positive peaks at 260 and 295 nm, consistent with either
a hybrid topology or a mixture of parallel and antiparallel
topologies.**** In contrast, the methylated sequences showed
negative and positive peaks at 260 and 295 nm, respectively, are
indicative of an antiparallel topology. These findings
confirm that mCs induce a transition to an antiparallel G4
topology. Previous reports showed that (GGGGCC);GGGG forms
two different types of antiparallel G4s which are formed via
rapid annealing in an acidic condition called AQU or slow

50,51

annealing in a neutral condition called NAN.*>*® Because of the

4216 | Chem. Sci, 2025, 16, 4213-4225
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experimental condition and sample preparation, the antipar-
allel topology identified in this study can be similar to NAN
antiparallel G4.

To identify the component that shows a positive peak at
260 nm of 0Me, we focused previous reports showing that the
addition of poly-ethylene glycol with molecular weight 200
(PEG200) induces parallel topology.**** We measured CD spec-
trum of OMe in the presence of PEG200 (Fig. S8AT). Negative and
positive peaks at 240 and 260 nm, respectively, were increased
with increment of PEG200 concentration, indicating topology
transition to parallel one. This result shows that a positive peak
at 260 nm arose from parallel topology. We further super-
imposed the CD spectrum of OMe in the presence of 20 wt%
PEG with the CD spectra of 0Me, 2Me, 4Me, and 8Me in the
buffer (Fig. S8Bf). These CD spectra showed the isosbestic
points at 250 and 280 nm, indicating a two-state topology
transition between the parallel and the antiparallel, although
further structure studies are required as shown in the previous
publications for the similar oligonucleotides.**** To further
investigate this topology transition in relation to the level of
mC, we performed SVD analysis on the dataset of CD spectra at
different levels of mC shown in Fig. 2C. The SVD findings
showed that the first and second most significant components
(i.e., SV = 115 and SV = 44, respectively) are present with and
without mC (Fig. 2D). The predominant component displayed
negative and positive peaks at 260 and 290 nm, respectively,
indicating an antiparallel topology. The second major compo-
nent showed negative and positive peaks at 240 and 260 nm,
respectively, which is indicative of a parallel topology. These
findings further demonstrate that G4 in OMe consists of
a mixture of parallel and antiparallel topologies, rather than
a hybrid topology. Additionally, the SVD value for the most
major component decreased in the presence of mC (Fig. 2E),
while the second major component increased in the presence of
mC. These results confirmed that mC promotes the formation
of an antiparallel topology. In addition, we performed non-
denaturing polyacrylamide gel electrophoresis to confirm the
topological transition induced by mCs. Two distinct bands were
observed in all DNAs. (Fig. S9t). Previously, it was reported that
a parallel G4 migrates slower than an antiparallel G4.°° Based on
these results and the CD spectra (Fig. S81), we considered that
the faster and slower bands correspond to the antiparallel
topology and the parallel topology, respectively. OMe with
PEG200 showed the slower band only, confirming that the faster
band and the slower band correspond to the parallel topology
and the antiparallel topology, respectively. In addition, there
was no other slower band (intermolecular species), indicating
that DNAs used in this study do not form intermolecular
structures in the experimental condition. Previous report
showed that (GGGGCC);GGGG forms inter- and intramolecular
G4 structures,”® which are inconsistent with our results.
However, the nucleotide sequence of 0Me is slightly different
from that used in the previous study: OMe contains two cyto-
sines at the 3'-terminal, whereas that in the previous study does
not. Although effects of the terminal cytosine nucleotides on the
structure are not clear yet, it is known that a structure poly-
morphism is generated depending the terminal nucleotides.””

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Therefore, it could be considered that structures of 0Me are
partially different from those shown in the previous reports.>**

Previous studies have reported that G4 stability and topology
are influenced by mC via pK, increment and polarizability
enhancement of cytosine, although the effects of mC are not
consistent across all sequences.*** Brcic et al. demonstrated
that cytosines in the loop region of the antiparallel topology
formed by GGGGCC repeat DNA engage C-C base pairing and
stacking interactions with the adjacent G-quartet.® Given this
information, for our sequence, the antiparallel topology
appears to be the favored structure since mC promotes both the
formation of C-C base pairs and their stacking interactions with
adjacent G-quartets.

Relationship of LLPS ability with topology of G4

The results shown in Fig. 2 suggested that the parallel topology
(0Me) enhances LLPS with RGG-peptide, whereas the antipar-
allel topology (2Me, 4Me, and 8Me) is less favorable for under-
going LLPS. These findings suggest that different topologies
may influence LLPS ability with RGG-peptide. To test this
hypothesis, we used G4s with parallel, hybrid, and antiparallel
topologies (Table 2 and Fig. 3A), confirmed by NMR or X-ray
crystallography.®-*® Firstly, we verified the G4 topology of
these DNAs in the buffer through UV-melting analysis and CD
spectroscopy. The UV-melting curves for these DNAs showed
hypochromicity at elevated temperatures for all DNAs, indi-
cating that they all form G4 structures (Fig. 3B). CD spectral
analysis of these DNAs further defined these topologies
(Fig. 3C): P1 and P2 exhibited negative and positive peaks at 240
and 260 nm, respectively, which is indicative of a parallel
topology; H1 and H2 spectra showed a negative peak at 240 nm
and positive peaks at 260 and 295 nm, confirming a hybrid
topology; and AP1 and AP2 showed negative and positive peaks
at 260 and 295 nm, respectively, which is typical of an anti-
parallel topology. These results confirmed that the oligonucle-
otides fold to form G4s as anticipated. Using these DNAs, we
analyzed the LLPS abilities associated with different topologies
(Fig. 3D). It was found that P1 and P2, which form parallel
topology, exhibited the highest turbidity. In contrast, the hybrid
topology formed by P1 and P2 showed moderate turbidity, while
AP1, with the antiparallel topology, showed very low turbidity.
AP2, also the antiparallel, displayed slightly increased turbidity
at higher RGG-peptide concentrations. Microscopic analysis
revealed that P1, P2, H1, H2, and AP2 all formed droplets, which
is consistent with the turbidity measurements (Fig. S107).
However, AP1 only formed tiny droplets. This indicates that the

Table 2 DNA sequences used in this study and their topology

Abb  Sequence (5'-3') Topology Ref.
P1 TGAGGGTGGGTAGGGTGGGTAA Parallel G4 61
P2 CGGGCGGGCACGAGGGAGGGT 62
H1l GGGCGCGGGAGGAATTGGGCGGG Hybrid G4 63
H2 GGGATGGGACACAGGGGACGGG 64
AP1 GGTTGGTGTGGTTGG Antiparallel G4 65
AP2  GGGGTTTTGGGGTTTTGGGGTTTTGGGG 66

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Schematic illustration showing G4 topologies: parallel (left),
hybrid (center), and antiparallel (right). Loop regions are highted by red.
(B) UV-melting curves traced at 295 nm for 10 uM DNAs in a buffer
containing 50 mM KCl, 1 mM K;EDTA, and 10 mM K,HPO4 (pH 7.0). (C)
CD spectra for 10 uM DNAs in the KCl buffer at 25 °C. (D) Plots for
turbidityssonm at 1800 s for mixtures of 5 uM DNAs with various
concentrations of RGG-peptide (0, 1, 3, 5, 10, and 15 pM) in KCl at 25 ©
C. P1; yellow, P2; orange, H1; light green, H2; greenish-brown, AP1;
purple, AP2; light purple.

tendency of G4 to undergo LLPS follows the order: parallel >
hybrid > antiparallel. These results demonstrated that G4-LLPS
ability is dependent on the G4 topology, which in turn influ-
ences the effects of mC on G4-LLPS. It should be noted that loop
orientation varies depending on the G4 topology (Fig. 3A). We
hypothesize that the loop region, particularly the propeller
loops in the parallel topology, is a critical factor for promoting
G4-LLPS. The loop region comprises three parts: nucleosides,
phosphates, and ribose moieties. To further investigate the loop
effects on G4-LLPS, we designed intermolecular G4s, termed
tetramer G4 (Table S3,1 and Fig. 4A), which form an intermo-
lecular parallel G4 lacking a loop region. Moreover, to identify
the component of the loop region that is critical for G4-LLPS, we
prepared a variant, abasic P1, modified with an abasic nucleo-
tide (Fig. 4A). In the abasic P1 variant, all nucleotides in the loop
region of P1 are modified to be abasic. Fig. 4B presents the CD
spectra of 10 uM abasic P1 and 40 uM tetramer G4, which
showed positive and negative peaks at 240 and 260 nm,
respectively, suggesting a parallel topology. In addition, we
attempted to confirm G4 formation of tetramer G4 in the
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Fig. 4 (A) Schematic illustration showing a tetrameric intermolecular
G4 structure (left), the chemical structure of a canonical nucleotide
(center), and the chemical structure of an abasic nucleotide (right). (B)
Circular dichroism (CD) spectra for 40 uM tetramer G4 (red) and 10 uM
abasic P1 (blue) in the KCl buffer at 25 °C. (C) Turbidityzsonm at 1800 s
for mixtures containing 5 pM (in G4 concentration) of P1 (black),
tetramer G4 (red), and abasic P1 (blue) with various concentrations of
RGG-peptide (0, 1, 3, 5, 10, and 15 uM) in the KCl buffer at 25 °C.

presence of 100 mM K' or Li" by use of non-denaturing poly-
acrylamide gel electrophoresis (Fig. S11f). The band was
observed only in the presence of K™ but not in the presence of
Li*, showing that the DNA sequence forms the tetrameric G4
only in the presence of K'. In addition to gel electrophoresis, we
measured fluorescence of 5 pM NMM, known as a parallel
topology fluorescence probe, with 10 pM tetramer G4 in the
100 mM K" or Li* (Fig. S121).% The fluorescence increased in the
presence of K'. These results further confirmed that a parallel
G4 is formed in the presence of K.

The turbidity measurements for these DNAs in Fig. 4C
showed that abasic P1 exhibited a lower turbidity than P1, while
tetramer G4 exhibited very low turbidity, even with 15 uM of the
RGG-peptide. This result showed that loop regions play a crucial
role in parallel G4-LLPS. Furthermore, the lower turbidity
increase observed for abasic P1 indicates that nucleobases
within the propeller loops also participate in G4-LLPS. Consis-
tent with the results shown in Fig. 1F, the K4 value for G4 with
RGG-peptide appears to be a critical factor for G4-LLPS. Next, we
evaluated the Ky values for G4s with different topologies using
FAM-tagged P1, TAMRA-tagged H1, and TAMRA-tagged AP1.
The fluorescence from these DNAs was observed to decrease as
the RGG-peptide concentration increased (Fig. S13t). The fluo-
rescence intensity was also plotted against RGG-peptide
concentration to evaluate the Ky values (Fig. S14%). The Ky
values for P1, H1, and AP1 with RGG-peptide at 25 °C were 0.07
+ 0.01, 0.20 £+ 0.05, and 0.14 + 0.03 pM, respectively. These
values correlate with the turbidity data, suggesting that a rela-
tively higher affinity with RGG-peptide enhances G4-LLPS.
Interestingly, the parallel, hybrid, and antiparallel topologies
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have two, one, and zero propeller loops, respectively, which may
explain the variance in LLPS ability. These results imply that
propeller loops may function as scaffolds for interactions
between G4 and RGG-peptide.

AP1, which was used as an antiparallel topology-forming
DNA, bound to RGG-peptide with a sub-micromolar Ky value;
however, it was unable to undergo LLPS on its own. We
hypothesized that AP1 might engage in LLPS in the presence of
preformed droplets induced by RGG-peptide (see Fig. 5A for the
experimental procedure). To test this hypothesis, we mixed
FAM-tagged P1 with RGG-peptide and observed droplet forma-
tion. In agreement with Fig. S10,T droplet formation of P1 and
RGG-peptide was observed (Fig. 5B, top). After incubating the P1
droplets for 3600 s, we introduced TAMRA-tagged AP1 (TMR-
AP1) into the mixture of P1 and RGG-peptide (Fig. 5B, second

(A)

TMR-AP1

o
[=]
" H
2 5L /’
w
= ,/’ o
7’
/, *
’ ’
(C) o

4000 - e 4

3000 /
L 2000 |

1000

04
Distance / pm
Fig. 5 (A) Schematic illustration of the encapsulation process where

antiparallel-forming AP1 is incorporated into droplets formed with P1
and RGG-peptide. (B) Confocal microscopic images combining fluo-
rescence and differential interference contrast (DIC) of the mixture
containing 5 uM FAM-labelled P1, TMR-tagged AP1, and RGG-peptide
in KCl buffer. TMR-tagged AP1 was added 3600 s after mixing of FAM-
labelled P1 and RGG-peptide at room temperature. Scale bar = 10 um
(C) Fluorescence profiles for FAM-labelled P1 (green) and TMR-tagged
AP1 (red) within the droplets, as shown in panel (B).
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line). Interestingly, droplets containing both P1 and AP1 were
observed, indicating co-localization of P1 and AP1 within the
same droplets (Fig. 5C). These results demonstrate that mole-
cules that do not independently undergo LLPS can do so in the
presence of pre-formed droplets containing another sequence.
This finding could be useful for isolating potential G4-forming
DNA and RNA sequences that bind to RGG-peptide or proteins
containing RGG domains from cells or cell lysate samples
through LLPS.

Effect of cellular environmental factors on LLPS ability

The intracellular environment, which is characterized by having
numerous highly-concentrated macromolecules, differs
considerably from the conditions that are typically used in
biochemical research in vitro.** Interestingly, it has been re-
ported that molecular crowding can induce a transition in G4
topology to parallel from other forms.* In addition, molecular
crowding has also been reported to accelerate LLPS.” Thus, to
better clarify the importance of G4 topology in G4-LLPS, we
investigated the effects of molecular crowding on G4-LLPS
using PEG200 to reproduce molecular crowding condi-
tions.>*”* First, we examined the molecular crowding effects on
G4 topology using CD spectroscopy (Fig. S15t). For P1 and P2,
which form parallel G4s, the CD spectra remained almost the
same with and without PEG200, indicating that the parallel G4
topology is maintained in the crowded conditions. For H1 and
H2, which form hybrid G4s, the shoulder around 295 nm and
the positive peak at 260 nm decreased and increased, respec-
tively, in the presence of PEG200. These results suggest that
molecular crowding induces a hybrid to a parallel transition in
topology. This finding is consistent with those of a previous
NMR study which showed that molecular crowding induces the
same topology transition.* In contrast, the CD spectra of AP1
and AP2, which form antiparallel G4s, showed no significant
alterations in the presence of PEG200, although there was
a slight decrease in CD intensity for AP2. This suggests that the
antiparallel G4 topology of AP1 and AP2 is maintained under
the molecular crowding conditions induced by PEG200. Based
on these structural characterizations, we then investigated the
LLPS characteristics of these DNAs. We measured the turbidity
of a mixture containing 5 uM of each of these DNAs, repre-
senting different G4 topologies, and 5 pM RGG-peptide in the
presence of various concentrations of PEG200 (0, 5, 10, and
20 wt%) (Fig. S167). At 1800 s, the turbidity, which is indicative
of LLPS ability, and the CD intensity at 260 nm, which corre-
sponds to the relative proportion of the parallel topology, were
plotted against PEG200 concentration (Fig. 6). The turbidity for
P1 decreased significantly with increasing PEG200 concentra-
tion, while P2 showed a slight decrease as PEG200 concentra-
tion increased, suggesting that G4-LLPS is suppressed by
molecular crowding with PEG200. This finding contrasts with
numerous reports indicating that molecular crowding typically
accelerates LLPS.”»”* One possible explanation for the
suppression of G4-LLPS by molecular crowding is dehydration
though the G4-peptide complex formation. Molecular crowding
effects can be categorized into excluded volume and hydration
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Fig. 6 Turbidityzsonm measured at 1800 s (left-Y axis) for 5 uM DNAs
with 5 uM RGG-peptide and [0] at 260 nm (right-Y axis) for 10 uM DNAs
mixed with 5 uM RGG-peptide, plotted against PEG200 concentra-
tions (0, 5, 10, and 20 wt%) in KCl buffer at 25 °C. (A) P1, (B) P2, (C) H1,
(D) H2, (E) AP1, and (F) AP2.

changes.” The excluded volume effect, derived from the
molecular crowding reagent, increases the effective concentra-
tion of solutes, thereby potentially accelerating binding reac-
tions among multiple molecules, such as protein fibril
formation.””® On the other hand, molecular crowding reagents
such as PEG can reduce the concentration and activity of water
molecules, making reactions that require more hydration
unfavorable and those that involve dehydration favorable.'*>*
Although molecular crowding can enhance G4-LLPS due to the
multimolecular nature of these reactions, it can also inhibit G4-
LLPS if complex formation is associated with dehydration. It
has been reported previously that DNA G4 complex formation
with a cationic ligand involves hydration, as electrostatic
interactions tend to incorporate more water molecules into the
complex.” Thus, it is possible that G4-LLPS is inhibited under
conditions of molecular crowding due to the formation of
a more hydrated complex, although further research is neces-
sary to elucidate the specific molecular mechanisms involved.
Unlike P1 and P2, where molecular crowding suppressed
LLPS, it accelerated LLPS for H1 and H2, which also underwent
a topology transition from hybrid to parallel. A similar accel-
eration of LLPS was observed for AP2. These results suggest that
the effect of molecular crowding on promoting G4-LLPS by
facilitating a topology transition is more pronounced than its
inhibitory effect on G4-LLPS. Conversely, in the case of AP1,
whose structure remains unaffected by molecular crowding
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with PEG200, no significant crowding effect on LLPS was
observed. This further underscores the importance of G4
topology in influencing LLPS behavior. Therefore, transitions to
a parallel topology are associated with increased turbidity
indicating enhanced LLPS.

Discussion

DNA and RNA G4s structures play critical roles in a variety of
biological processes, including replication, transcription,
splicing, and translation.*® This range of G4 functions necessi-
tates interactions with numerous specific proteins."” For
example, ATP-dependent DNA/RNA helicases (BLM, FANC], and
RHAU), splicing proteins (hnRNP family proteins), and RNA-
transport proteins (FUS and FMRP) are all identified as G4-
binding proteins.””** These G4 binding-proteins commonly
possess nucleic acid-binding domains such as the Asp-Glu-Ala-
His (DEAH) box, oligonucleotide/oligosaccharide-binding (OB)
fold domain, RNA recognition motif (RRM), and RGG
domain.**** Moreover, the specific topology of G4s is increas-
ingly realized as being central to these G4-protein interactions.
For example, the Rif1 protein, which interacts with parallel or
hybrid topologies, plays a role in suppressing replication.®***
Further combination of MS and bioinformatic studies has
identified proteins that specifically bind to G4s with distinct
topologies, classifying them into several biological roles.** As
shown in Fig. 3, we demonstrated that G4 topology is a critical
factor in G4-LLPS, with the parallel topology being particularly
favorable for undergoing G4-LLPS. A previous NMR study
elucidated the complex formed between a parallel G4 topology
and a short peptide (18 amino acids) derived from the RNA
helicase associated with the AU-rich element (RHAU) protein.*®
The hydrophilic residues of the RHAU peptide interact with G-
quartets having a parallel topology via CH-m and CH;-7
stacking interactions, while the positively charged residues
form electrostatic interactions with phosphate groups, stabi-
lizing the G4 structure. Thus, the selectivity of the parallel
topology in G4-LLPS with RGG-peptide is attributed to both
stacking and electrostatic interactions involving G-quartets and
phosphate groups, respectively. Our findings suggest that the
suppression of LLPS by mC can be attributed to its control of G4
topology. This suggests that mC may act as a regulatory factor
influencing G4-related biological processes, not only through
protein binding but also through the regulation of LLPS.
Previous reports showed that the increasing repeat number
of guanine-rich sequence results in tandem increment of their
CD intensity, indicating that topology is retained even with
multiple G4 units.*”®*® Thus, it is considerable that the topology
and the thermal stability of intramolecular G-quadruplexes
formed by GGGGCC repeats are not affected by the repeat
number. On the other hand, the larger number of repeats of
GGGGCC may induce more intermolecular associations,
resulting in aggregation. In fact, it was reported that longer
GGGGCC repeats tend to aggregate by themselves. The self-
association is governed by hydrogen bonds for base-pairing,
stacking interactions for end-to-end stacking of G4, as well as
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electrostatic interactions.®** Further studies are required to
investigate the effects of mC on GGGGCC aggregation.

This study provides new insights into how the combination
of chemical modifications and LLPS of nucleic acids synergis-
tically regulates gene expression, highlighting the role of small
modified functional groups, such as the methyl group on cyto-
sine, in amplifying these regulatory signals.

Materials and Methods

Materials

All DNA strands used in this study were acquired from Sigma-
Aldrich Japan K. K. (Tokyo, Japan) and Hokkaido System
Science Co., Ltd (Hokkaido, Japan). Extinction coefficients for
single-stranded DNA oligonucleotides were calculated from
mono- and dinucleotide data using the nearest-neighbor
approximation model.”* Absorption of the oligonucleotides
was measured at 260 nm and 95 °C using an UV spectropho-
tometer (UV-1800; Shimadzu Co., Ltd, Kyoto, Japan) connected
to a temperature controller (TMSPC-8; Shimadzu Co., Ltd). The
concentration of high-performance liquid chromatography
(HPLC)-grade peptides (Genscript Japan Inc., Tokyo, Japan) was
measured at 280 nm as tryptophan (Trp) absorbance using a UV
spectrophotometer (UV-1800; Shimadzu Co., Ltd). Chemical
reagents were purchased from Tokyo Chemical Industry Co.,
Ltd (Tokyo, Japan) and FUJIFILM Wako Pure Chemical Co.
(Osaka, Japan).

Fluorescence spectroscopy

Fluorescence spectra were measured using a spectrofluorom-
eter (FP-8200; JASCO, Tokyo, Japan) equipped with a tempera-
ture controller and a 0.3 cm X 0.3 cm quartz cell, maintained at
25 °C. Before measurement, each sample was heated to 90 °C
for 5 min and then gently cooled to 25 °C at a rate of
0.5 °C min~" for annealing. The fluorescence spectra of 6-car-
boxyfluorescein (FAM)- or 5-carboxytetramethylrhodamine
(TAMRA)-tagged DNA were measured over the ranges of 510 to
610 nm or 560 to 660 nm and excited at 495 nm and 550 nm,
respectively. All experiments were conducted in a buffer
composed of 100 mM KCl, 10 mM K,HPO, (pH 7.0), and 1 mM
K,EDTA at 25 °C. For measurement of NMM fluorescence, we
prepared sample containing 40 pM tetramer G4 and 5 uM NMM
in a K" and Li* (100 mM LiCl, 10 mM LiH,PO, (pH 7.0), and
1 mM Li,EDTA) buffer. The fluorescence intensity at 520 nm for
FAM-tagged DNA or at 580 nm for TAMRA-tagged DNA was
plotted against the concentration of the RGG-peptide. These
values were fitted to eqn (1) using KaleidaGraph (Synergy Soft-
ware, Reading, PA) to evaluate the dissociation constants (Kg) at
25 °C:

([D] + [R] + Kq) — \/([D} + [R] + Ka)* — 4[D][R]
2[D]

—a +b6 (1)
where a and b are the scaling factor and the initial fluorescence
intensity at 520 or 580 nm, respectively. [D] and [R] are the
concentrations of DNA and RGG-peptide, respectively. Y is the
relative fluorescence value.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Thermal analysis

The melting curves of the DNA oligonucleotides were measured
by monitoring the absorption at 260 and 295 nm using a UV
spectrophotometer (UV-1800; Shimadzu Co., Ltd) connected to
a temperature controller (Shimadzu Co., Ltd). DNA samples in
a buffer containing 100 mM KCl, 10 mM K,HPO, (pH 7.0), and
1 mM K,EDTA were heated at a rate of 0.5 °C min~* from 25 to
95 °C to trace the thermal denaturation curves. Before
measurements were initiated, each sample was heated to 95 °C

for 5 min and gently cooled to 25 °C at —0.5 °C min ™.

Circular dichroism spectroscopy

Circular dichroism (CD) spectra of 10 uM oligonucleotides were
measured in a buffer containing 100 mM KCl, 10 mM K,HPO,
(pH 7.0), and 1 mM K,EDTA at 25 °C using a J-820 spec-
tropolarimeter (JASCO Co., Ltd, Tokyo, Japan) equipped with
a JASCO PTC-424L temperature controller using a quartz cell
with 0.1 cm path length under N, gas flow. The spectrum was
averaged by at least three scans. Before measurement, each
sample was heated to 95 °C for 5 min and gently cooled to 25 °C
at a rate of —0.5 °C min~" for annealing.

Singular value decomposition analysis

For the singular value decomposition (SVD) analysis, a dataset
of CD spectra from DNA oligonucleotides with various levels of
mC was utilized. SVD was performed using the KinTek Explorer
software package (KinTek Corp., Snow Shoe, PA). The mathe-
matical details of the SVD analysis have been reported previ-
ously.” The significant components (spectra) were determined
based on a statistical parameter, the relative magnitude of the
singular values (SV). Higher SVs correspond to more significant
components.

Turbidity measurement

Turbidity was measured at 350 nm using a UV spectropho-
tometer (UV-1800; Shimadzu Co., Ltd) connected to a tempera-
ture controller Shimadzu Co., Ltd The measurements were
performed using a solution of DNA oligonucleotide, RGG-
peptide, and mixtures of both using a quartz cell with a 1 cm
path length. Various concentrations of RGG-peptide solution (1,
3, 5, 10, or 15 uM) were added to the DNA solution (final
concentration of 5 uM) after 300 s incubation following the
initiation of measurement. All measurements were conducted
in a KClI buffer (100 mM KCl, 10 mM K,HPO, (pH 7.0), and
1 mM K,EDTA) at 25 °C. Both DNA and peptide samples were
separately heated to 95 °C for 5 min and then gently cooled to

25 °C at a rate of —0.5 °C min~ .

Droplet imaging

Images were captured using a confocal laser scanning micro-
scope (A1R, Nikon Co., Tokyo, Japan) using a 60x oil-
immersion objective lens. Samples consisting of mixture of
FAM- or TAMRA-labeled DNA and RGG-peptide were imaged in
a buffer containing 100 mM KCl, 10 mM K,HPO, (pH 7.0), and
1 mM K,EDTA after incubation for 30 min at room temperature.
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Before imaging, DNA and peptide samples were separately
heated to 95 °C for 5 min and then gently cooled to 25 °C at
a rate of —0.5 °C min~'. To measure the droplet area, the
fluorescence intensities inside the droplets were analyzed using
Image] software (National Institutes of Health, Bethesda, MD).
The average fluorescence intensity values within each droplet
were calculated by averaging these values on a per-droplet basis
after subtracting the background.

Fluorescence recovery after photobleaching (FRAP)

FRAP experiments were conducted on a mixture of 5 uM
fluorescence-conjugated DNA and 5 pM RGG-peptide in a buffer
containing 100 mM KCl, 10 mM K,HPO, (pH 7.0), and 1 mM
K,EDTA under a confocal microscope (A1R, Nikon Co.) using
a 60x oil-immersion objective lens. Photobleaching was per-
formed at 488 nm and fluorescence intensity at the bleached
spot was measured with Image]. Before measurements, each
sample was heated to 90 °C for 5 min and then gently cooled to
25 °C at a rate of —0.5 °C min~". After subtracting the back-
ground, the intensity recovery traces were normalized to the
prebleach level and fitted to an exponential curve using eqn (2)
to estimate the apparent recovery time, ,

Y=a(l — e (2)

where a is the scaling factor. The value of 7 was then used to
estimate the apparent diffusion coefficient, Dypp, using eqn (3),

Dopp = 1717 (3)

where r is the radius of the photobleached region.
The main text of the article should appear here with head-
ings as appropriate.

Non-denaturing polyacrylamide gel electrophoresis

OMe, 2Me, 4Me, and 8Me in the absence or presence of 20 wt%
PEG200 were diluted to be 10 uM in a K' buffer containing
100 mM KCl, 10 mM K,HPO, (pH 7.0), and 1 mM K,EDTA. 40
uM tetramer G4 was mixed with the K™ buffer or a Li" buffer
(100 mM LiCl, 10 mM LiH,PO, (pH 7.0), and 1 mM Li,EDTA).
The samples were heated to 95 °C for 5 min and cooled to —0.5 °©
C min~". The samples were loaded onto an 18% polyacrylamide
gel at room temperature. After electrophoresis, the gels were
stained with SYBR Gold (Thermo Fisher Scientific, Inc., Tokyo,
Japan) and fluorescent bands were imaged by FLA-7000 (Fuji-
film, Tokyo, Japan).

Bioinformatic analysis

To determine where the [[GGGGCC),] sequences map to in the
genome sequence, analyses were performed using R: Version-
4.4.1, Rstudio: Version-2024.4.2.764, and R scripts (Biostrings:
Version-2.72.1, BS genome.Hsapiens.UCSC.hg38: Version-1.4.5)
to extract the BED file that show location of [([GGGGCC),]. In
order to investigate promoter region which contain
[(GGGGCC),], ENSEMBL Gene IDs were obtained using R scripts
(GenomicRanges: Version-1.56.2, rtracklayer: Version-1.64.0).
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The promoter region in this study was defined as upstream 2000
bp to downstream 200 bp from the transcription start site (TSS).
Gene Symbols were converted from ENSEMBL Gene ID to Gene
symbol converter using Biotools (https://www.biotools.fr).

Data availability

All experimental supporting data are available in the ESL.f
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