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ABSTRACT: Controlling liquid–liquid phase separation (LLPS) of biomolecules is a challenge for understanding its biological phenom-
ena and developing drugs for LLPS associated diseases. We found that substitution of DNA bases with 5-nitroindoles, known as 
universal bases, considerably improves the droplet formation ability of DNA. Our findings show the feasibility of introducing an 
artificial DNA nucleobase with a superior droplet formation ability, paving the way for the development of novel control systems 
for LLPS.  

Numerous artificial nucleic acids have been developed and 
widely used to study structural changes of nucleic acids and 
enzymatic recognition associated with their biological func-
tions.1-12 Liquid–liquid phase separation (LLPS) of biomacro-
molecules is a key physical phenomenon that underlies the for-
mation of membrane-less compartments within cells.13-17 In re-
cent years, it has been shown that nucleic acids have the ability 
to form droplets via LLPS and this ability is related to their cel-
lular functions and several diseases.18-29  

Controlling LLPS of DNA using artificial nucleobase is a novel 
challenge for expanding the possibilities of nucleic acid chem-
istry. This will be useful for LLPS related applications; it can 
serve as tools for investigating the functions of LLPS in nucleic 
acids and in the development of nucleic acid drugs for LLPS as-
sociated diseases. The LLPS of nucleic acids is affected by their 
sequence.18,19 We predicted that modification of the nucleo-
base moiety would allow the control of LLPS. However, the 
specificity of the sequences that induce LLPS remains unclear 
and the underlying mechanism is largely unknown. Therefore, 
preliminary information regarding modification of DNA for ad-
justing the efficiency of LLPS is lacking. As a first step, it is im-
portant to identify a modified DNA with an artificial nucleo-
base that can change the droplet formation ability. In this 
study, we built a system to evaluate the droplet formation ef-
ficiency of DNA. Using this system, we tested the effect of in-
troducing artificial nucleobases on the efficiency of LLPS. 

 To simplify our experimental approach and minimize the ef-
fects of complicating factors such as the secondary structure 
of DNA, we elected to use short homo-oligomeric DNA as the 
parent molecule. However, the minimum length of single-
stranded DNA that can form liquid droplets via LLPS was un-
known. We therefore began by determining the shortest sin-
gle-stranded homo-oligomeric DNA that could be used as the 
parent molecule in subsequent substitution experiments. 

Polycationic biomolecules, such as peptides rich in lysine or 
arginine, mediate LLPS–based DNA and RNA droplet formation 
via electrostatic attraction towards the phosphate groups of 

nucleotides (Figure 1a). Such polycations have been use in pre-
vious studies as model systems for examining RNA and DNA 
coacervation.20-26 We, therefore, used 100–amino acid 
poly(L)lysine as the polycation and observed the morphologies 
of the complexes that formed in mixtures of single-stranded 
homo-oligomeric DNA of various lengths (i.e., 4, 5, 6, or 8 nt) 
and poly(L)lysine. 

When 6 or 8-nt DNA was mixed with poly(L)lysine, the DNAs 
containing adenine, cytosine, or thymine, but not those con-
taining guanine, formed liquid droplets (Figure 1b, c) that 
showed typical liquid characteristics such as a spherical shape 
and growth by fusion (Figure S1 in SI).  Each sample contained 
100 mM NaCl. The salt concentration affected the droplet for-
mation. In the system, droplet formation was inhibited by NaCl 
concentrations above 200 mM (Figure S2). When 5-nt DNA was 
used, only the DNA containing adenine formed droplets. When 
4-nt DNA was used, none of the DNAs formed droplets. Alt-
hough none of the DNAs containing guanine formed droplets, 
they formed precipitates, presumably due to G-quadruplex 
structure formation. The turbidity measurement has been 
used to evaluate droplet formation.21 When the length of DNA 
was from 5 to 8 nt, the complex composed of adenine showed 
a higher turbidity than the other homo-oligomeric DNA mole-
cules, indicating that the droplet formation ability of adenine 
was the highest among them (Figure 1d). When the DNA strand 

length was 5 nt, 5′-d(C)5-3′/poly(L)Lysine complex also showed 
turbidity (Figure 1d). Considering the results of the microscopic 
observation (Figure 1b), the turbidity of the complex was not 
caused by droplets but by precipitates. Based on these findings, 
we concluded that the DNA containing five adenines (hereafter 
A5) was the shortest DNA that was capable of forming liquid 
droplets in our system and we used this oligomer in the follow-
ing experiments. It is also worth noting that the morphology 
(liquid droplet or precipitate) of the coacervates was depend-
ent on the type and number of nucleobases in the DNA, indi-
cating that nucleobases are an important determinant of coac-
ervate morphology. 



 

We further hypothesized if substitution with a modified 
base, which is structurally similar to adenine but has different 
properties, could alter the ability of A5 to form droplets. We 
replaced one or more of the adenines in A5 with nucleoside 5-
nitroindole, which is the DNA analogue of a universal base that 
possesses a bicyclic aromatic moiety that can be involved in 
base stacking but cannot form hydrogen bonds between nu-
cleobases.9-11 We then examined droplet formation using 
these substituted DNAs. To compare droplet formation ability, 
different concentrations of DNAs were used (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Effect of 5-nitroindole (N) substitution on liquid droplet 
formation by a parent DNA molecule containing five adenines 
(A5). (a) Bright-field micrographs of mixtures of DNA (phosphate 

concentration, 5–0.25 mM) and poly(L)lysine (amine concentra-
tion, 2.5 mM). Inset numbers on images indicate the charge ratio. 

Scale bars, 10 m. (b) Turbidity of the DNA (A5, N1A4, N2A3, and 
N3A2)/poly(L)Lysine complex. 

Figure 1. Effects of DNA length and identity of nucleobase on the 

morphology of DNA/poly(L)lysine complexes. (a) Schematic repre-

sentation of poly(L)lysine-mediated liquid droplet formation. (b) 
Bright-field micrographs of the observed complexes (phosphate 
concentration from DNA, 5 mM; amine concentration from 

poly(L)lysine, 2.5 mM; charge ratio [-]/[+] = 2). (c) Summary of the 
observed complex morphologies. (d) Turbidity of the homo-oligo-

meric DNA (A, T, and C)/poly(L)Lysine complex. 
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First, we observed the changes in the morphology of the 
A5/poly(L)lysine complex with decreasing DNA concentration 
(phosphate concentration, 5–2.5 mM, change in charge ratio 
from 2 to 1). When the concentration of A5 was decreased 
from 5 (charge ratio, 2) to 3.75 mM (charge ratio, 1.5), droplet 
size was decreased. No droplets were formed at a DNA con-
centration of 2.5 mM (charge ratio, 1). Under this charge ratio, 
precipitates were formed instead. This might be due to the 
presence of interactions between molecules, even though the 
liquid nature could not be maintained. To our surprise, when 
one to three of the adenines were substituted with 5-nitroin-
dole, droplet formation was markedly enhanced. Whereas A5 
formed droplets only at a DNA concentration down to 3.75 mM, 
the DNA containing one substitution formed droplets down to 
1.25 mM (charge ratio, 0.5), the DNA containing two substitu-
tions down to 0.625 mM (charge ratio, 0.25), and the DNA con-
taining three substitutions down to 0.25 mM (charge ratio, 0.1). 
These results indicate that the DNA containing three substitu-
tions had the highest droplet formation capability (i.e. the DNA 
formed droplets at the lowest DNA concentration). The results 
of turbidity measurement supported the enhancement effect 
of substitutions (Figure 2b). For example, when the charge ra-
tio was 2, the turbidity of droplets formed from the unsubsti-
tuted A5 was about half that of the substituted DNA (Figure 2b). 
Interestingly, one 5-nitroindole substitution (N1A4) significantly 
improved the droplet formation, and the effect was gradually 
saturated as the number of substitutions increased from one 
to three (Figure 2b). On the other hand, excessive substitutions 
inhibited the formation of droplets. When the number of sub-
stitutions was increased to four or five, precipitates rather 
than droplets were formed (Figure 2a). These results indicate 
that the efficiency of droplet formation is highly dependent on 
the number of substitutions with 5-nitroindole, and therefore, 
the efficiency is controllable by changing this number. 

We propose several hypotheses regarding the effect of 5-
nitroindole on LLPS. Substitutions with 5-nitroindole reduce 
the number of functional groups involved in hydrogen bonding. 
We initially predicted that the enhancement effect of 5-ni-
troindole was due to a reduction in DNA interactions. However, 
substitution with abasic site analogs decreased the droplet for-
mation ability (Figure S3). These results suggest that merely re-
ducing interactions of DNA does not improve the droplet for-
mation ability of DNA. Apparently, the mechanism of enhance-
ment is not so simple. There may exist a balance between the 
interaction manners of nucleobases that mediates effective 
droplet formation. The substitution with 5-nitroindole changes 
the balance between hydrogen bonding and hydrophobic in-
teractions. We predicted that this change in the balance of 
these interaction manners is one of the reasons for the im-
provement of droplet formation ability of DNA. As shown in 
Figure 2, the N3A2 DNA in which 60% of the adenines were sub-
stituted with 5-nitroindol had the highest droplet formation 
capability. This result may provide a hint for the hypothesis. By 
focusing on this point, we aim to develop DNA with superior 
droplet formation ability in the future. The relevance of other 
weak interactions to droplet formation may also be found in 
this process. Although the underlying mechanism is still hypo-
thetical at this point, in the development of modified DNA for 
LLPS will yield experimental validation of the hypothesis.  

In summary, we found that LLPS of DNA is controllable by 
the introduction of artificial nucleobases; substitution of ade-
nine with an appropriate number of 5-nitroindoles significantly 
increases the efficiency of droplet formation. In the process of 
selecting the DNA sequence to be modified, we found that 
homo-oligomeric DNA composed of adenine can form droplets 
at a shorter length than that composed of other bases. The 
present experiments with short DNA are important for a sim-
pler understanding of the complex interactions that occur 
among huge nucleic acids in biological droplets. As a similar 
case, DNA melting experiments also measure short DNA that is 
not used by cells, but is an important indicator for discussing 
the stability of dsDNA.  

The strong electrostatic attraction between the phosphate 
of the DNA and polycationic molecule has a significant effect 
on droplet formation.20-25 The interaction involving DNA nucle-
obases is very weak in comparison; nonetheless, it can control 
LLPS. We obtained modified DNAs with greater phase-separa-
tion ability than the parent DNA. Thus, these data provide a 
basis for the rational design of artificial nucleobases for the 
control of LLPS. Since natural DNA comprises only four types of 
nucleobases, research for LLPS of DNA has been limited. Since 
our base-modification strategy overcomes this limitation, we 
consider that it has the potential to provide new research di-
rections.   
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Supporting Methods, Supporting Results (PDF).  
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