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Oligolysine Enhances and Inhibits DNA Condensate Formation

Hiroaki Ohno, Junko Kijima, Yosuke Ochi, Masaaki Shoji, Junichi Taira, Takuya Mabuchi,*
and Yusuke Sato*

Cite This: ACS Omega 2025, 10, 15781-15789 I: I Read Online

ACCESS | [ihl Metrics & More ’ Article Recommendations | Q Supporting Information
ABSTRACT: The formation of biomolecular condensates via phase separation D{“At Enhancement  Inhibition
relates to various cellular functions. Reconstituting these condensates with ranosticture

designed molecules facilitates the exploration of their mechanisms and potential /é

applications. Sequence-designed DNA nanostructures enable the investigation of /y@’%;\

how structural design influences condensate formation and the construction of Oligalysine

functional artificial condensates. Despite the high designability of DNA-based oo
condensates, free nanostructures that do not assemble into condensates remain a /5 ,_1\\ Lysine/Phosphate ratio
challenge. Combining DNA nanostructures with other molecules, such as peptides, T Vv

represents a promising approach to overcoming the limitations of DNA
condensates and gaining a deeper understanding of molecular condensates.
Herein, we report the effects of cationic oligolysines with several residues on DNA condensate formation assembled from Y-shaped
DNA nanostructures. DNA condensate formation was enhanced by oligolysines at an appropriate L/P ratio, which refers to the ratio
of positively charged amine groups in lysine (L) to negatively charged nucleic acid phosphate groups (P). Oligolysines with five
residues enhanced condensate formation while maintaining the sequence-specific interaction of DNA. In contrast, oligolysines
inhibited condensate formation depending on the L/P ratio and residue number. This was attributed to nanostructure deformation
caused by oligolysines. These results suggest that the amount and length of cationic peptides significantly affect the self-assembly of
branched DNA nanostructures. This study offers important insights into biomolecular condensates that can guide further
development of DNA/peptide hybrid condensates to enhance the functions of artificial condensates for use in artificial cells and
molecular robots.

and
K5, K10, K20 residue number dependent

1. INTRODUCTION formation has been explained with a theoretical phase-
separation model.”® The most notable feature of DNA
condensates is their high desi%nability; the formation temper-
ature,' "7 physical properties,2 27 and size of the condensates™
can be tuned by changing the sequence of the sticky-ends or the
shape of the structure. By leveraging this designability and
utilizing sequence-specific molecular recognition, researchers
have demonstrated potential applications for DNA condensates,
including chemical reactors (artificial or%anelles)w_?’1 and
sensing and computing functions.””****”? The activity of
DNA condensates is primarily based on specific interactions
with target signal molecules, such as nucleic acid strands.
However, the nanostructures that do not form condensates
remain in the bulk solution.' ®**** These free nanostructures can
consume signal molecules and inhibit the functional expression
of the condensates, reducing their efficiency in various
applications. However, this phenomenon has not been
sufficiently evaluated for DNA condensates.

Weak multivalent interactions between biomolecules lead to the
formation of gel- or liquid-like biomolecular condensates via
phase separation.' > In vitro reconstitution of these condensates
is a prominent area of research aimed at elucidating their
formation mechanisms and functions.*™” In living cells,
intrinsically disordered regions and low-complexity domains in
proteins that do not form specific structures exhibit phase
separation and assemble into condensates." Given that these
condensates are formed through multivalent interactions,® such
as hydrogen bonds, hydrophobic interactions, and electrostatic
interactions, characterizing their underlying mechanisms and
functions is challenging. Creating condensates from synthetic
biopolymer molecules can improve our understanding of
biomolecular condensates and allows the exploration of their
potential applications due to their known components and
predictable interactions.””"" In particular, DNA-based ap-
proaches provide promising means to investigate, design, and
utilize biomolecular condensates.'”"

DNA nanotechnology enables the construction of arbitrarily
shaped nanostructures by designing base sequences based on the
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at the tips of their branched structures."®”>® Condensate
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Figure 1. Enhancement and inhibition of DNA condensate formation induced by oligolysine. The Y-shaped DNA nanostructures (Y-motifs) self-
assemble into DNA condensates. A certain amount of the Y-motifs remains in bulk solution. Depending on the amount of oligolysine and residue
numbers, condensate formation is enhanced (fewer free nanostructures) or inhibited (many free nanostructures).

One approach to decrease the number of free nanostructures
involves mixing cationic polymers with DNA nanostructures to
weaken the electrostatic repulsion between DNA molecules and
enhance greater condensate formation. A mixture of poly-L-
lysine (PLL) and DNA forms condensates through phase
sepz:tration,3’448 wherein the flexibility and rigidity of DNA
strands and stacking interactions significantly affect the
characteristics of the DNA-PLL condensates. Moreover,
previous studies have shown that mixing PLL and genomic
DNA induces structural folding of DNA.” Although phase
separation of DNA and PLL mixtures has been investigated in
the fields of biochemistry and biophysics, the effects of cationic
oligomers and polymers on the formation of DNA condensate
assembled from DNA nanostructures have not been adequately
explored.

Herein, we evaluate the effects of cationic oligopeptides on
condensate formation and sequence-specific interaction.
Oligolysines were selected over PLL to focus on residue
number, as PLL typically has a wide residue number
distribution. We mixed oligolysines with the DNA nanostruc-
tures and compared the amount of free nanostructures by
fluorescence microscopy. Molecular dynamics simulations were
performed to investigate the interactions between oligolysine
and DNA nanostructures, revealing the effects of oligolysine at
the molecular level. Oligolysine exerted dual effects on

condensate formation: enhancement and inhibition (Figure
1). Additionally, the effect of oligolysine on the sequence
specificity of DNA condensates was investigated. The results
presented in this study demonstrate the pioneering use of hybrid
condensates comprising the designed DNA nanostructures and
peptides, expanding the potential applications of DNA-based
condensates.

2. METHODS

1. Peptide Synthesis. Oligolysines were synthesized
using the conventional 9-fluorenylmethoxycarbonyl (Fmoc)
solid-phase method on CLEAR-Amide Resin (Peptide Institute,
Osaka, Japan).*® Oligolysines were subjected to elongation by
repeated condensation of Fmoc-L-Lys(Boc)—OH (Merck,
Darmstadt, Germany) and deprotection of the Fmoc groups.
The synthetic oligolysines were deprotected and cleaved from
the resin by treatment with trifluoroacetic acid containing 5%
H,O and 5% triisopropylsilane, followed by lyophilization. The
lyophilized powder was resuspended in ultrapure water. The
concentrations of oligolysines were determined using a
microvolume spectrometer (DS-11FX; DeNovix, Wilmington,
DE, USA) by measuring the absorbance at 205 nm.*' The
structures of the oligolysines were analyzed using matrix-assisted
laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) (Autoflex maX; Bruker Daltonics, Bremen,
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Germany) (Figure S1); 2,5-dihydroxybenzoic acid was used as
the matrix. Mass spectra showed that the dominant signal
originated from oligolysines with the intended residue numbers
at KS, K10, and K20. The oligolysines were used for experiments
without further purification.

2.2. DNA Condensate Assembly. DNA strands used in
this study were purchased from Eurofins Genomics (Tokyo,
Japan). Fluorophore-modified DNAs were of high-performance
liquid chromatography purification grade; the others were
oligonucleotide purification cartridge grade. DNA was stored in
distilled water at —20 °C until use. DNA concentration was
measured using a microvolume spectrometer at 280 nm
absorbance. DNA sequences are listed in Table SI. The Y-
motifs comprised Y-1, Y-2, and Y-3, and 10% of Y-2 was replaced
with Y-2_ Alexa488, lacking sticky ends, for visualization. For the
assembly of DNA condensates, necessary DNA was mixed in a
test tube at 2.5 M of each strand (exceptions: 2.25 M Y-2 and
0.25 UM Y-2_Alexa488) with a buffer comprising 20 mM Tris—
HCI (pH 8.0; Thermo Fisher Scientific, Waltham, MA, USA)
and 150 mM NaCl (FUJIFILM Wako Pure Chemical, Osaka,
Japan). When appropriate, different amounts of oligolysine were
added to the solutions to obtain the desired L/P ratio. The DNA
concentration was retained to minimize impacts on the size and
growth behavior of the condensates.”” The total negative charge
of the Y-motif was 126 (three strands of 42 nucleotides). We
considered 10% Y-2_Alexa488 as the standard Y-2 strand for
simple calculations. The test tube was placed on a thermal cycler
(MiniAmp Thermal Cycler; Thermo Fisher Scientific, Waltham,
MA, USA) and the temperature was lowered from 85 to 25 °C at
a rate of —1 °C/s.

2.3. Visualizing DNA Condensates. Glass observation
chambers were constructed to visualize the sample solution after
thermal annealing. Glasses and coverslips measuring 22 mm X
40 mm and 22 mm X 22 mm, respectively, with a thickness of
0.17 mm, were obtained from Matsunami Glass (Kishiwada,
Japan). Glass and coverslips were assembled using double-sided
tape. To avoid the adsorption of DNA and oligolysines, a 5%
(w/v) bovine serum albumin (BSA) solution was immersed in
the slit between the glass and the coverslip. After 10 min, the
BSA solution in the glass observation chamber was washed with
ultrapure water and dried under an airflow. The sample solution
was immersed into a slit between the BSA-coated glass and the
coverslip, followed by sealing with manicure paste. Samples in
the observation chamber were visualized under a fluorescence
microscope (IX73; Olympus, Tokyo, Japan). Alexa405 and
Alexa488 signals were visualized using objective lenses (20X,
LUCPlanFLN, Olympus, or 40X, UPlanFLN, Olympus) and a
mercury lamp with U-FUNA and U-FBNA filter cubes,
respectively. The images were acquired using a CMOS camera
(ORCA-Spark; Hamamatsu Photonics, Hamamatsu, Japan). A
stage heater (TPi-110RX; Tokai Hit, Fujinomiya, Japan) was
used to alter the sample temperature. For imaging ATTOS550
modified oligolysines and DNA condensates, a confocal laser
scanning microscope (FV1000; Olympus, Tokyo, Japan) was
used. Alexa488 and ATTOSS0 were visualized at excitation
wavelengths of 473 and 559 nm, respectively.

2.4. Intensity Ratio Analysis. Image analysis was
performed using the open-access software platform Fiji
(ImageJ). First, all images with the Alexa488 signal were
converted to 12 bit intensity depth. The images were treated
using a median filter with a filter radius of five pixels. Finally, the
maximum and minimum intensities within a square of 600 pixels
at the center of the images were calculated. The obtained

intensity values were used to calculate the intensity ratio
(minimum/maximum). All analyzed images from three experi-
ments were captured under the same conditions (20X objective
lens, 30 ms exposure time, and 24 camera-gain value).

2.5. Co-localization Analysis. Co-localization was ana-
lyzed using Fiji and its plugin, the Just Another Co-localization
Plugin (JACoP), on the Bioimaging and Optics Platform.** The
acquired images to visualize Alexa405 or Alexa488 signals were
converted to 12 bit intensity depths. The JACoP plugin was used
for image analysis with the Otsu’s autothreshold selection
method to calculate the Pearson correlation coefficient.

2.6. All-Atom Molecular Dynamics (MD) Simulation.
All-atom MD simulations were performed with the
CHARMM36m force field*’ using LAMMPS software.** A Y-
motif model with three 8-bp arms and three 4 nt sticky ends was
placed in a periodic simulation box. An oligolysine model was
randomly added to the system. Three oligolysine lengths,
including S-mer, 10-mer, and 20-mer poly-L-lysine (denoted as
KS, K10, and K20, respectively), were used; the number of
oligolysines varied based on the targeted L/P ratio. The system
was solvated by adding water. The salt concentration was set to
150 mM NaCl, and the corresponding Na" and Cl” ion
concentration was added. A summary of the simulation systems
is provided in Table S2. After steepest-descent energy
minimization, each system underwent a 100 ns NPT run at a
temperature of 300 K and a pressure of 1 atm; trajectory data
were collected every 10 ps. The temperature was maintained
using a Nosé—Hoover thermostat**® and the pressure was
controlled using a Parrinello—Rahman barostat."”** Non-
bonded interactions were calculated with a cutoff distance of
1.2 nm. The particle—particle particle mesh (PPPM) method*’
was used to calculate long-range electrostatic interactions. The
motion equations were integrated using the Verlet algorithm>°
with a 2 fs time step, along with the SHAKE algorithm51 to
constrain the hydrogen bond lengths.

The RMSD for phosphate atoms was calculated for the
average structure of the Y-motif from the last 50 ns of the system
without oligolysine; the average values and standard deviations
of the RMSD for the last 50 ns were obtained. The average end-
to-end distance of the Y-motif was defined as the distance
between the phosphate atoms at the edges of each arm. The
average angle was defined as the two vectors extending from the
center of mass of the phosphate atoms at the branch point to the
edges of each arm. VMD"* was used to generate the images.

2.7. Coarse-Grained MD Simulation. Coarse-grained
(CG) MD simulations were carried out with the Martini 3.0
force field*® using the LAMMPS software. Atomistic represen-
tations of the Y-motif model with an 8-bp arm without sticky
ends were converted to CG models using the martinize.py script.
Elastic Networks®* were applied to each arm, with a distance
cutoff of 1.0 nm using a force constant of 1000 kJ/mol/ nm?, to
maintain the DNA double helix conformation. Two Y-motif
molecules were placed in a periodic simulation box and solvated
by adding 48,300 water beads. Following the all-atom MD
simulations, CG models for the different oligolysine lengths (KS,
K10, and K20) were adopted, and the number of chains varied
depending on L/P ratio. The salt concentration was fixed at 150
mM NaCl. A summary of simulation systems is provided in
Table S3. After steepest-descent energy minimization, systems
were equilibrated for 2 ns with a 10 fs time step at 300 K and a
pressure of 1 atm. Production runs using a 20 fs time step were
performed for 400 ns in the NPT ensemble at 300 K and 1 atm;
trajectory data were collected every 20 ps. The temperature was
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Figure 2. Microscopic observations of DNA condensates with or without oligolysines and evaluation of free nanostructures. (a) Representative
fluorescence microscope image of DNA condensates formed without oligolysines (left) and intensity ratio between minimum and maximum
intensities in fluorescence images. The data were obtained from three experiments. Error bar represents standard deviation. (b) Representative
fluorescence microscope images of DNA condensate prepared with (i) K5, (ii) K10, and (iii) K20. Representative charge ratios (number of positively
charged amine oligolysine groups (L) to the number of negatively charged Y-motif phosphate groups (P); L/P ratio) are shown. (c) The intensity ratio
of fluorescence microscope images in the presence of KS, K10, and K20 at different L/P ratios. The data were obtained from three experiments. Error
bar represents standard deviation; black dashed line: intensity ratio of DNA condensates without oligolysines. (d) Schematic illustration of mixing Y-
motifs without sticky ends and oligolysines (left) and representative fluorescence microscope images of KS at L/P 4, K10 at L/P 2 and 1, and K20 at L/

P 1 (right). Scale bars = 20 ym.

maintained with a Nosé—Hoover thermostat and the pressure
was controlled with a Parrinello—Rahman barostat. Electrostatic
interactions were treated using the damped shifted force
method®® with a dampening parameter of 0.2 A™". A cutoff of
1.1 nm was applied for LJ and electrostatic interactions. The
trajectory data from the last 100 ns were used for analysis. The
time-averaged contact fraction between Y-motif and each
oligolysine was calculated using dr sasa software’® with a
probe radius of 0.264 nm. VMD was used to generate the
images.

3. RESULTS AND DISCUSSION

3.1. DNA Condensate Formation with Oligolysines.
The sequence and shape designs of the DNA nanostructures
were adopted from a previous study (Table $1).'® The Y-shaped
DNA nanostructures (Y-motifs) comprised three 42-nucleotide
(nt) DNA strands. Y-motifs with three 8 nt sticky-ends self-
assembled into DNA condensates (Figure 1). One strand was
modified with a fluorescent molecule (alexa488) for visual-
ization. Peptides with three different numbers of lysine residues
(K =S, 10, or 20) were synthesized by Fmoc solid-phase
synthesis (Figure §1). %o Oligolysine was mixed with DNA
strands and a buffer solution (20 mM Tris—HCI and 150 mM
NaCl); the solution was annealed on a thermal cycler to form
DNA condensates. Without oligolysine, the Y-motifs formed
condensates (Figure 2a), as previously reported.’® At 25 °C, the
condensates were in a gel-like state, while at approximately 50
°C they were in a liquid-like state (Figure S2). The maximum
and minimum intensities in the fluorescence images were
measured, and the intensity ratio was calculated to evaluate the

amount of free nanostructures. Without oligolysine, the
intensity ratio was 0.35 (Figure 2a).

The effects of KS mixed with Y-motifs were evaluated at
different concentrations. The ratio of the number of positively
charged amine groups of oligolysine (L) to the negatively
charged phosphate groups of Y-motifs (P) (lysine/phosphate
(L/P) ratio) was assessed. As the experimental conditions were
pH 8.0 and lysine has a positive charge below pH 10.5,” the
negatively charged phosphate groups in DNA formed electro-
static interactions with positively charged lysine. When the L/P
ratio was 4, with a large excess positive charge in the solution, the
fluorescence intensity was strong for the condensate with a very
low background [Figure 2b(i)]. The intensity ratio value (0.05)
was low, suggesting that condensate formation was enhanced
while the amount of free nanostructures dramatically decreased
(Figure 2c). This is likely due to the positive charge of the
oligolysines weakening the electrostatic repulsion among the
DNAs and enhancing the self-assembly of the nanostructures.
Co-localization of dye-labeled KS and DNA condensates was
observed (Figure S3), demonstrating that oligolysines and Y-
motifs interacted electrostatically and self-assembled into
condensates. Notably, no microscale structures were observed
when the Y-motifs without sticky ends (SE-less Y-motif) were
mixed with oligolysine under 150 mM NaCl (Figures 2d and
S4). This suggests that the observed self-assembly was due to
sticky end interactions.

At an L/P ratio of 1.0, with equal positive and negative
charges, condensates showed weak intensities with high
background, indicating that condensate formation was inhibited
by oligolysine. Inhibition was observed in the L/P range of 2.0—
0.2 in KS (Figures 2c and S5). A further decrease in the L/P ratio
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Figure 3. Conformational changes in the Y-motif (green) induced by interactions with oligolysines (purple). (a) Representative snapshots of all-atom
MD simulations in the Y-motif with KS at different L/P ratios. Only oligolysines attaching to the Y-motif are shown. (b) Comparison of the root-mean-
square deviation (RMSD) of the Y-motif mixed with oligolysine from the Y-motif alone. Error bars represent standard deviation. (c) Schematic of a
closed Y-motif and a representative fluorescence microscopic image of sample solutions prepared with the closed Y-motif. Scale bar: 20 ym. (d)
Comparison of the RMSD of the Y-motif mixed with oligolysine at an L/P of 0.3 or 1.2. (e) Representative snapshots of coarse-grained MD simulations
in the sticky end-less (SE-less) Y-motifs with KS, 10, and 20 at an L/P of 1.1. (f) Free residue ratio in oligolysines bound to the motif.

resulted in condensate formation (L/P: 0.07), similar to those
without oligolysine (Figure 2a).

Next, we investigated the effect of the number of lysine
residues on condensate formation. K10 and K20 were mixed
S7]. When the L/P ratio was changed, the effect trend was
similar to that of KS; that is, the enhancement and inhibition of
condensate formation were induced at different L/P ratios. In
contrast, although the L/P ratio of 1 and 2 in KS$ led to
inhibition, the L/P ratio of 2 in K10 and K20 enhanced
condensate formation (Figure 2b,c). Under the same L/P ratio,
different numbers of lysine residues exhibited different effects on
condensate formation. Among K$, K10, and K20, K10 and K20
had similar effects on condensate formation (enhancement or
inhibition) at certain L/P ratios (Figure 2c). An increase in the
amount of oligolysine tended to reduce condensate formation
(Figure S8).

K10 and K20 exerted different effects on the condensate
formation of the SE-less Y-motif (Figure 2d). When the SE-less
Y-motifs were mixed at an L/P ratio of 1 with K20, not K10,
condensates were observed. This suggests that the condensates
observed with K20 at L/P ratios >1 were not primarily driven by
sticky-end interactions but rather by electrostatic interactions
between DNA molecules and oligolysines. Additionally,
condensate formation was observed in solutions of SE-less Y-
motifs with K10 at an L/P ratio of 2, suggesting that under these
conditions, the condensate was primarily formed via electro-
static interactions. Taken together, the enhanced condensate
formation induced by oligolysines can be classified as either
sticky end-based or electrostatic interaction-based, depending
on the residue number of oligolysines and the L/P ratio.

15785

3.2. Molecular Dynamics (MD) Simulation. We con-
structed all-atom models of the Y-motif and oligolysines with S,
10, or 20 residues (Figure 3) to obtain insights into the effect of
oligolysines on inhibiting condensate formation. In MD
simulations, the length of the DNA strands that formed the Y-
motif was shortened from 42 to 22 nt due to the limitation of
computational resources.

A single Y-motif and 52, 16, or 4 molecules of K§,
corresponding to L/P ratios of 4, 1.2, or 0.3, respectively, were
mixed. MD simulations revealed that K$ stably bound to the Y-
motif (Movies S1,S2 and S3) and induced deformation of the Y-
motif (Figure 3a). The degree of deformation was evaluated by
measuring the root-mean-square deviation (RMSD) of the Y-
motif mixed with oligolysine from the Y-motif alone (Movie S4;
Figure 3b). Sixteen KS (L/P 1.2) showed the highest RMSD
values, indicating the greatest deformation degree of the Y-
motifs.>® The deformation degree at each L/P ratio was
generally consistent with the inhibition of condensate formation
observed experimentally. We considered that this deformation
was caused by the electrostatic attraction between the negatively
charged phosphates in the DNA and positively charged lysine
residues. This bridged the two duplexes in the Y-motif, resulting
in deformation (Movie S2).

We hypothesized that the deformation induced by oligolysine
inhibited condensate formation. The number of sticky ends in
DNA nanostructures significantly affects condensate forma-
tion.'® In particular, three sticky ends are required for
condensate formation.”” The formation of bridges between
each duplex altered the end-to-end distances and angles (Figures
S9 and S10), causing the sticky end positions to overlap. To
confirm that this deformation inhibited condensation, a “closed”
Y-motif in which two of the three sticky ends were connected by
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a crossover was designed (Figure 3c). This was intended to
mimic a deformed conformation induced by bridging. Micro-
scopic observations confirmed that the closed Y-motifs formed
fewer condensates (Figure 3c), supporting our hypothesis.

The differences observed at L/P ratios of 4, 1.2, and 0.3 in K§
were attributed to the specific L/P ratios that most effectively
induced Y-motif deformation. The persistence length of
unfolded peptides is approximately 0.4 nm,’” while the distance
between amino acids is approximately 0.4 nm.’" K5 is regarded
as a flexible 2 nm chains. Circular dichroism spectra showed that
the oligolysine adopted random coil conformations under buffer
conditions (Figure S11). With a small amount of KS, the
probability that KS bound to one Y-motif duplex would also
bind and bridge another duplex was low due to the short length
of KS (Movie S1). In the case of excess KS, the binding of
multiple KS to Y-motif duplexes reduced the likelihood of
bridging between helices, as KS already bound to one duplex can
hinder the electrostatic interactions required for the bridging.
Thus, the most effective deformation of the Y-motif may occur
within a specific L/P ratio range.

To evaluate the effect of residue number on deformation
(Figures 3d and S9), a single Y-motif and four KS molecules, two
K10 molecules, or one K20 molecule were mixed in the
calculation space, corresponding to the L/P 0.3 condition.
Although the same L/P ratio was applied for all conditions, MD
simulations showed that a higher residue number resulted in
larger RMSD values (Figure 3b). Notably, a single K20 molecule
caused deformation (Figure S10). Oligolysines with more
residues are longer and carry more positive local charges, making
them more likely to engage in bridging between the two
duplexes (Movie S3). However, when an L/P of 1.2 was applied
for all residue numbers, the opposite effect was observed, with
larger residue numbers exhibiting smaller RMSD values (Figure
3d), representing a lower degree of deformation. As discussed
above, oligolysines with larger residue numbers bound to the Y-
motif resulted in more positive charges locally, which tended to
induce intramolecular electrostatic repulsion between lysine
residues bound to the Y-motif, as in the difference between L/P
4 and 1.2 for KS (Figure 3b). Thus, the L/P ratio that efficiently
induced deformation varied based on the number of residues.
Although the Y-motif size differed from that used experimen-
tally, these MD simulation results representing the deformation
of the Y-motifs at different L/P ratios and residue numbers were
relatively consistent with the observed trends, suggesting that
deformation is a dominant factor in condensate inhibition.

Longer oligolysines under the same L/P ratio enhanced
electrostatically driven condensate formation (Figure 2d). To
investigate this phenomenon, we constructed coarse-grained
(CG) models of the SE-less Y-motif and oligolysines, which
simplify molecular representations, reducing computational
costs and enabling efficient analysis of intermolecular inter-
actions. Similar to the all-atom model, the DNA strands were
shortened, but the structural deformation of the motif was not
accounted for. In the CG-MD simulations, two SE-less Y-motifs
were mixed with KS, K10, or K20 at an L/P ratio of 1.1 (Figure
3e). Oligolysines were bound to the surface of the SE-less Y-
motifs, similar to the all-atom MD simulation. Additionally, only
K20 connected two motifs (Figure 3e).

To reveal the effects of residue number on the motif
connection, the free residues (no interaction with the DNA
backbone) in oligolysines bound to the SE-less Y-motifs were
measured. Approximately 30% of their residues remained
unbound regardless of whether K5, K10, or K20 was used

(Figure 3f). Hence, the longer oligolysines had more free
residues capable of interacting with other DNA backbones,
including those from other motifs. These unbound residues in
longer oligolysines increased the likelihood of interacting with
another Y-motif. Consistent with this, previous reports have
shown that longer oligolysines or PLL can electrostatically
induce DNA condensation at lower concentrations than their
shorter counterparts.éz’ﬁ3

3.3. Effect of Oligolysine on Sequence-Specific
Interactions. Although condensate formation was enhanced
at certain L/P ratios, cationic oligomers may inhibit sequence-
specific hybridization due to nonspecific electrostatic inter-
actions. Therefore, by mixing Y-motifs and KS with orthogonal
Y-motifs (°*"Y-motifs; Figure 4), which have noncomplemen-
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Figure 4. Confirmation of sequence specificity in DNA condensates.
(a) Schematics of sequence-specific self-assembly of the Y- and
orthogonal Y-motifs (°*Y-motifs) (left); fluorescence microscopic
image representing the sequence-specific formation of two types of
DNA condensates (right). (b) Fluorescence microscopic images
representing the two types of DNA condensates formed with KS at
an L/P of 3.3 and 1.8. (c) Pearson correlation coefficients between blue
and green signals in the images. (d) Magnified microscopic images of
DNA condensates with KS at an L/P of 3.3 and 1.8. Scale bars: 10 ym in
(a) and (d), 20 ym in (b).

tary sequences to the Y-motif, we verified that the DNA
condensate retained its sequence-specificity. The thermody-
namic parameters of the “*"Y-motif’s sticky-end hybridization
were similar to those of the Y-motif. The Y- motifs were
labeled with Alexa40S to distinguish them from the Y-motifs.
The Y- and “*Y-motifs individually self-assembled into two
types of DNA condensates (%reen and blue condensates; Figure
4a), as previously reported.'>**
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When KS was mixed to obtain an L/P of 3.3 or 1.8, the Y and
°hY.motifs formed two types of condensates (Figure 4b). The
intensity ratio analysis suggested that condensate formation was
enhanced under both L/P conditions (Figure S12). However,
microscopy revealed several overlapping regions of blue and
green fluorescence at L/P 3.3 (Figure 4b, left), indicating
colocalization. The Pearson correlation coefficients (PCCs) of
only the motifs and L/P 1.8 were —0.1 and 0.1, respectively,
whereas the PCC for L/P 3.3 was 0.6 (Figure 4c). Imaging at a
higher magnification revealed that the two condensates were
adhered at L/P 3.3, and each was hemispherical (Figure 4d).
This resulted in large complexes comprising two different
condensates (Figure S13). While we primarily focused on KS,
stronger connecting effects were observed with K10 and K20,
leading to the complete mixing of Y- and **Y-motifs (Figure
S14). Two types of Y-motifs with noncomplementary sequences
can be connected by a cross-linker DNA nanostructure that
hybridizes to the two Y-motifs."®*> A small amount of cross-
linker induced the partial attachment of two types of DNA
condensates, each forming a hemisphere. Oligolysine may have
bridged the Y- and *™Y- motifs by electrostatic interactions,
leading to the complex formation of the Y- and °*"Y-motifs.
These small amounts of complex nanostructures may act as
cross-linkers, resulting in the attachment of two condensates.

4. CONCLUSION

The results of this study suggest that, depending on the L/P ratio
and residue numbers, oligolysines with 5, 10, and 20 residues
exert opposing effects, enhancing and inhibiting DNA
condensate formation. The enhancement occurs due to a
decrease in the electrostatic repulsion of DNA by cationic
lysines. The enhancement mechanism varies depending on the
residue number and L/P ratio, whether sticky end-based or
electrostatic interaction-based. Meanwhile, the inhibitory effect
is likely due to Y-motif deformation caused by the interaction
between the Y-motif and oligolysines. More lysine residues tend
to induce Y-motif deformation. The sequence-specific formation
of DNA condensates with 5-residue oligolysines is retained
despite oligolysine enhancing condensate formation via electro-
static interactions. Greater oligolysines may induce complex
formation of Y- and °Y-motifs, leading to the partial
attachment of the two condensate.

Lysine and arginine (natural cationic amino acids) interact
differently with double-stranded DNA.® To determine whether
the results in this study are oligolysine-specific, the effect of
oligoarginine peptides on DNA condensate formation merits
further investigation. Herein, we have focused exclusively on
cationic oligopeptides. Meanwhile, amino acids exhibit high
variation with versatile interactions, such as hydrophobic and 7-
interactions, which may interact with DNA bases. Investigating
the effects of oligopeptides with hydrophobic or aromatic
residues, including leucine, phenylalanine, and tyrosine, on
DNA condensate formation can enhance the understanding of
combining DNA nanostructures and peptides.

Peptides form condensates and their properties can be altered
by their amino acid sequences.'” As DNA-binding peptides can
specifically interact with DNA depending on their base
sequences,””** the association of the designed DNA nanostruc-
tures and peptides allows for the construction of hybrid
molecular condensates based on base and amino acid sequences.
Additionally, peptides serve as functional molecules in living
cells. Thus, combining DNA programmability with peptide
functionality can lead to the creation of highly functional and

programmable biomolecular condensates. These hybrid con-
densates may offer a new platform for designing artificial
organelles for synthetic cells. Hence, this study provides
fundamental insights into the formation of hybrid condensates
using designed DNA nanostructures and peptides.
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