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Abstract: Liquid-liquid phase separation (LLPS) of proteins and nucleic acids play an important role in the formation of membrane-
less intracellular organelles and is related to some diseases due to abnormal protein aggregation. In the present study, we focus on
the mechanism and regulation of LLPS of polylysine (PLL) and DNA solution. We found that the dominant interaction in PLL-DNA
system is electronic force between them. Then we regulated its LLPS by adding ethanol and zwitterionic 6-Aminocaproic acid (6-A)
which enhance and suppress electrostatic interaction between the macroions charged oppositely. The result showed when a fixed
DNA concentration was kept in solution, LLPS occurred at a lower critical value of PLL concentration and disappeared at a higher
critical concentration. The addition of ethanol shifted the range of LLPS upward, while 6-A shifted it downward. Specifically, for a
fixed DNA concentration of 1 pg/ul, the critical PLL concentrations for LLPS were 0.4 pg/ul and 2 pug/ul, respectively. Upon addition
of 20% ethanol, the critical PLL concentrations increased to 1 pg/ul and 4.5 ug/ul, respectively. On the other hand, the addition of
700 mM 6-A decreased the critical PLL concentrations to 0.35 pig/ul and 1 pg/ul, respectively. The results demonstrate that the ad-

justment of electrostatic interaction between DNA and counterions can effectively influence the LLPS of DNA.
Keywords: liquid-liquid phase separation, DNA, Polylysine, electrostatic interaction, 6-Aminocaproic acid, ethanol

1. Introduction

Liquid-liquid phase separation (LLPS) plays a crucial role in the formation of intracellular membrane-less orga-
nelles (MLOs), such as the nucleolus, nuclear paraspeckles, stress granules, and many other ribonucleoprotein granules
1. This functional diversity across numerous MLO subtypes highlights LLPS's ability to fine-tune biochemical reactions
by facilitating the rapid assembly and disassembly of organelles and the inclusion or exclusion of specific chemical
components 5. Although recent research has revealed that RNAs can modulate protein LLPS behavior 7, our under-
standing of how cells regulate LLPS per se remains relatively elusive. Uncovering these details has become increasingly
urgent following the discovery that dysregulation of LLPS is associated with disease 8. Specifically, prolonged LLPS of
proteins such as fused in sarcoma (FUS) 10, heterogeneous nuclear ribonucleoprotein A111, Huntingtin 12, and trans-
active response DNA-binding protein of 43 kDa (TDP-43) 13 can directly promote protein aggregation into amyloid
fibrils, a hallmark of numerous neurodegenerative diseases 4.

Like RNA, DNA also plays a very important role in cells. However, there are few reports on the LLPS of DNA in
recent literature. Mechanistically, DNA condensation can be driven by macromolecular crowding, multivalent cations,
or positively charged proteins. At low DNA concentrations, condensation triggers the conformational change of indi-
vidual DNA molecules into a compacted state, with distinct morphologies. Above a critical DNA concentration, con-
densation goes along with phase separation into a DNA-dilute and a DNA-dense phase. The latter DNA-dense phase
can have different material properties and has been reported to be rather liquid-like or solid-like depending on the

Journal of STEM 2024, 1, 1-00006.


mailto:yanggc@wzu.edu.cn

Journal of STEM 2024, 1, 1-00006 2 of 10

characteristics of the DNA and the solvent composition16. Such as droplets. LLPS of biomolecules has garnered consid-
erable attention, as the droplets have an important role in regulating various biological functions?. Several in vitro
studies have reproduced droplet formation by changing the concentrations of proteins/RNAs and salts17. For such the
LLPS, by measuring the water content of droplets under different conditions, the researchers found that the salt content
and stoichiometry of the mixed polyelectrolytes have a significant effect on the droplet composition.

In this paper, we compared the phase diagrams of liquid-liquid phase separation of DNA under different forces
and determined that the LLPS was mainly affected by electrostatic interaction.

we use PLL to induce salmon sperm DNA to form LLPS and two kinds of precipitates. In addition, we added
ethanol, 6-A and 1,6-hexanediol to the solution respectively, and made a detailed comparison of the formation range of
the three products. (1,6-hexanediol is an aliphatic alcohol that is known to disrupt weak protein-protein hydrophobic
interactions21. It has been used extensively to modify phase separation induced by hydrophobic interactions. Adding
ethanol to the solution, the dielectric constant of the solution is reduced, thus the electrostatic interaction of the final
solution will increase. If add 6-A to the solution, the dielectric constant of the solution is increased, the electrostatic
interaction of the final solution will reduce23). We determined that the LLPS of DNA is mainly driven by electrostatic
interaction, and we made use of the promoting effect of ethanol on the electrostatic attraction of PLL-DNA, delayed the
emergence of LLPS, and the inhibitory effect of 6-A on the electrostatic attraction of PLL-DNA, which advanced the
emergence of LLPS. Comparing with the previous regulation of LLPS by salt ions and the common regulation of LLPS
by various forces, we have realized the adjustment of LLPS formation only by electrostatic interaction, which provides
a simpler model for the research of LLPS in the field of DNA. Moreover, we use the solution turbidity curve to further
show that LLPS is controllable by electrostatic interaction.

2. Materials and Methods

2.1 Materials

Salmon sperm DNA was purchased from Thermo Fisher Scientific US. Poly-L-lysine was purchased from the Cool
Chemistry Conference. Purified water was obtained from the Milli-Q system (Millipore, Billerica, Massachusetts, USA).
Tris-hydroxymethyl-aminomethane (Tris), 6-Aminocaproic acid and 1,6-hexanediol were purchased from Sigma-Al-
drich. Ethanol was purchased from Macklin Company. All drugs were prepared with 10 mM Tris buffer (PH=7.4) . We
repeat all measurements at least 3 times to obtain consistent results, and the standard deviation was calculated accord-
ingly.
2.2 Electrophoretic-mobility measurements

Electrophoretic mobility (EM, p) was measured using Malvern Zetasizer Nano Z590 Dynamic light scattering (DLS)
equipment with patented M3-PALS technology. The laser source is a He-Ne gas laser (A = 633 nm) and the light scatter-
ing by the avalanche photodiode mounted on the goniometer arm at the direction of the incident radiation. DNA was
diluted to a concentration of 1 ng/ul in a Tris buffer in DLS measurement, by adding various agents with a different
concentration in solution. Before measurement, 5 min are needed for incubation at room temperature. In the measure-
ment of EM, a sample of 1 mL of DNA solution was pipetted in the folded capillary cell. During the process of meas-
urement, sample cell was kept at a constant temperature of 25 + 2°C. The measurement has 30 runs each time. We repeat
all measurements at least 3 times.
2.3 Microscope imaging

The imaging of LLPS was performed on a Nikon Ti-E inverted microscope equipped with a Nikon 100x oil-immer-
sion objective (Nikon CFI Apo 100XW NIR), a 48MP FHD Camera V8 and Instec MK2000B temperature controller. The
Instec MK2000B temperature controller is connected to industrial chiller cl100W and semiconductor platform. Before
imaging the solution, put the solution into the H1650-W centrifuge for centrifugation, set the 12000 r/min or 1000 r/min
and the time to 2 min. Adjust the required temperature, prepare an amicroscope cover glass, took the supernatant and
place it on the platform and drop a 30-50 pg/ul DNA solution by adding different concentration of agents. while ob-
serving the sample, the imaging time should not be too long to prevent the droplets change.
2.4 UV—vis spectrophotometer

A UV-vis spectrum was measured on a the Q5000 Ultra-micro ultraviolet spectrophotometer (Quawell, USA). 2 ul
of the prepared DNA solution by adding different concentration of agents were loaded onto the pedestal of UV-vis
spectrophotometer for turbidity measurement at 280 nm. The turbidity (T) is defined by T = -In(I/10), with 10 = incident
light intensity and I= intensity of light passed through the sample volume. Turbidity is measured in adsorption units
(a.u.)25.
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2.5 AFM Imaging

We imaged all samples on a commercial Nano Wizard III AFM (JPK Instruments AG, Berlin, Germany) with a
liquid box. The sample and cantilever settled for at least 15 min before imaging. The instrument is set to tapping mode,
a typical setpoint amplitude of ~2 nm and a free amplitude of 150% of the set point. When the needle goes down into
the liquid, the adjustment of the laser is completed. We chose the drive frequency as the closest peak of the drive transfer
function to the thermal resonance. Chosing the images of 512 x 512 pixels and a 1 Hz scan rate. The standard 5 x 5 um2
images were obtained using a Bruker SNL-10A cantilever (rnom=2 nm; kyp = 350 pN/nm) with a 13 kHz resonance in
liquid.

We deposited the sample on the mica for 10 min. Then, rinse with the buffer, and finally keep the 1 mL solution in
the liquid box. Each sample is repeated at least three times and is imaged in at least three different parts. The average
size of droplets in samples for measured by software to ensure the reliability of the data.

3. Result

3.1 Detection of complex condensation of PLL-DNA

The mixture of opposite charged DNA and PLL in aqueous solution will form complex condensation. Under fully
or partially neutralized PLL and DNA are mixed for different charge ratios, the complex condensation could form a
dense polymer-rich phase (coacervate phase) and a very dilute polymer deficient phase (aqueous phase), and exist in
equilibrium. These can be observed as large unshaped two kinds of complexes (precipitates) or as droplets (LLPS). In
addition, we observed that ethanol can promote the conversion of P2 into LLPS. The 6-A could promote the conversion
of P1 into LLPS. In earlier work, some researchers have shown that LLPS is inseparable from hydrophobic interaction
and electrostatic interaction26. Therefore, we speculate that the influence of the two regulators on the LLPS of PLL-
DNA may be due to the change of hydrophobic or electrostatic interaction. Optical micrographs of each type of complex
condensation (precipitates, droplets) formed in this study are depicted in Fig. 1.

3.2 Detection of Electrostatic interaction

In a high-concentration multivalent solution of PLL-DNA, the main reason for the change of PLL-DNA solution
caused by the two regulators can be predicted by reversing the motion of DNA in the solution by external electric field.
EM of DNA, , reflecting the net charge of DNA and the counterions condensed at its surface, can be measured by DLS
in solution.

The measured electrokinetic properties of PLL-DNA are shown in Fig. 2, in which the EM of condensed DNA is
plotted versus the concentrations of PLL. With the concentration of PLL increasing, the PLL could induce DNA to charge
neutralization and charge inversion. Charge neutralization or charge inversion usually accompany with conformal
change of DNA induced by counterions. And, in this process, it may lead to the formation of LLPS of DNA. However,
ethanol can promote the charge neutralization of PLL-DNA and complete the charge inversion in advance at
lower PLL concentrations. This means that the electrostatic attraction of PLL-DNA is enhanced by ethanol. In addition,
6-A can inhibit the charge inversion of PLL-DNA, thus reducing the electrostatic attraction of PLL-DNA. It is worth
pointing out, after adding 1,6 hexanediol to solution of PLL-DNA, consistent with observations for PLL-DNA images.
The results show that the solution change of PLL-DNA is not caused by hydrophobic interaction, but closely related to
electrostatic interaction.
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Figure 1. PLL induces complex condensation of the DNA. a: Solution of PLL-DNA with 12000 r/min centrifugal rates in
the macroscopic state, PLL=6 ug/ul, DNA= 4 pg/ul. The precipitation 2 (P2) is slightly yellow and sticks to the wall of
the centrifuge tube. b: The formation of P2 can be suppressed in the centrifugal tube after adding ethanol 20%. c: Solu-
tion of PLL-DNA with 12000 r/min centrifugal rates in the macroscopic state, PLL=6 pg/ul, DNA= 2 pg/ul. The precipi-
tation 1 (P1) is white and packs at the bottom of the centrifuge tube. d: The formation of P1 can be suppressed in the
centrifugal tube after adding 6-A 700 mM. In the microscope, we can observe the existence of droplets from the super-
natant liquid.
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Figure 2. Electrophoretic mobility Analysis of LLPS of DNA. The change diagram of the electrophoretic mobility curve
of three regulators and control curve. At the DNA=1 pg/ul, the curve varies with the concentration of PLL. The curve
for 6-A is shown in blue color, ethanol is a red color and 1,6 hexanediol is a green color.

3.3 Detection of LLPS of PLL-DNA in different electrostatic interaction

In order to study the effect of electrostatic interaction on LLPS of PLL-DNA, we drew a phase diagram of PLL-
DNA. The critical PLL concentrations required to reach the LLPS boundaries are experimental determined for PLL-
DNA and studied the phase change characteristics in different electrostatic interaction. Characteristic phase diagrams
of PLL-DNA, formed from DNA with various PLL concentrations, are depicted in Fig. 3.

As seen in Fig. 3a, LLPS is formed after complete neutralization of PLL and DNA (The negative / positive charge
ratio (N /P) of PLL-DNA was estimated to be 1). At the DNA=1 ug/ul, the critical PLL concentrations required for LLPS
to reach the range from 0.4 pg/pl to 2 ug/ul in Fig.3e. With the addition of 1,6-hexanediol, there is no marked change in
the boundaries of LLPS, are depicted in Fig. 3b, h. Therefore, this once again verifies that hydrophobic interaction does
not play a leading role in the LLPS of PLL-DNA.

Notably, after adding the ethanol to solution, the critical PLL concentrations required to reach the LLPS boundaries
both are increased in Fig.3c (The N / P of forming LLPS is also increased.). At the DNA=1 ug/ul, the critical PLL con-
centrations required for LLPS to reach the range from 0.5 pg/ul to 4.5 pg/ul in Fig.3f. With the addition of 6-A to solution,
the critical PLL concentrations required to reach the LLPS boundaries both are reduced in Fig.3d. At the DNA=1 ug/ul,
the critical PLL concentrations required for LLPS to reach the range from 0.35 pg/ul to 1 pg/ul in Fig.3g (The N / P of
forming LLPS is reduced.). The result showed that the ethanol increases the electrostatic attraction of PLL and DNA,
and more PLL needs to be consumed to form LLPS when the number of DNA is constant. The addition of 6-A weakens
the electrostatic attraction of PLL and DNA. When the quantity of DNA is constant, PLL-DNA needs to consume less
PLL to form LLPS.

The phase diagram for LLPS is shown in blue color, P1 is a red region and P2 is a yellow region. The color overlap
is the coexistence of LLPS and precipitation.
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Figure 3. Impact of regulators on LLPS of DNA. a: At 12000 r/min centrifugal rate, the phase diagram of PLL-DNA. b:
At 12000 r/min centrifugal rate, adding the 1,6-hexanediol 700 mM to the solution of PLL-DNA. c: At 12000 r/min cen-
trifugal rate, adding the ethanol 20% to the solution of PLL-DNA. d: At 12000 r/min centrifugal rate, adding the 6-A 700
mM to the solution of PLL-DNA. e: At 1000 r/min centrifugal rate and DNA=1 ug/ul, these can be observed the micro-
scope images of PLL-DNA. f: At 1000 r/min centrifugal rate and DNA=1 pg/ul, these can be observed the microscope
images of PLL-DNA after adding ethanol 20%. g: At 1000 r/min centrifugal rate and DNA= 1 ug/ul, these can be ob-
served the microscope images of PLL-DNA after adding 6-A 700 mM. h: At 1000 r/min centrifugal rate and DNA= 1
pg/ul, these can be observed the microscope images of PLL-DNA after adding 1,6-hexanediol 700 mM.

3.4 The analysis of ultraviolet spectrophotometer for LLPS of PLL-DNA

In order to further understand the specific role of electrostatic interaction in LLPS of PLL-DNA. We use ultraviolet
spectrophotometer to detect the light transmission of supernatant liquid of DNA= 1 ug/ul in diffident concentration of

PLL (Fig.2a, b). The measured light transmission depends on the size and composition of the droplets formed, thus
turbidity can further reflection the extent of LLPS formation.
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In aqueous solution, at the DNA= 1 pg/ul, the peak of PLL concentrations required for LLPS is about 2 pg/ul in
Fig.4a. With adding 6-A to aqueous solution of PLL-DNA (1 pg/ul), the peak of PLL concentrations required for LLPS
is about 0.5 pg/pl in Fig.4b. This means that the N / P of forming LLPS is reduced about from 1 to 0.25. With adding the
1,6-hexanediol to aqueous solution of PLL-DNA (1 pg/ul), the turbidity has little influence in Fig.4c. In addition, with
adding ethanol to aqueous solution of PLL-DNA (1 pg/pl), the peak of PLL concentrations required for LLPS is about 4
pg/ul in Fig.4d, which means that the N / P of forming LLPS is increased about from 1 to 2. These results are consistent
with our above conclusions. Moreover, we have proved that the change of electrostatic interaction can be used to regu-
late the formation of LLPS in solution accurately.
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Figure 4. The turbidity of LLPS in PLL-DNA a: The UV-vis turbidity Spectra without regulators addition. b: The com-
parison of UV-vis turbidity Spectra with adding the 6-A. c: The comparison of UV-vis turbidity Spectra with adding
the ethanol. d: The comparison of UV-vis turbidity Spectra with adding the 1,6-hexanediol. At 12000 r/min centrifugal
rate, the concentration of PLL from 0.5 pg/ul to 7 pug/ul, DNA=1 ug/ul, 6-A=700 mM, Alcohol=23%, 1,6-hex-
anediol=700 mM.

3.5 Detection AFM of PLL-DNA in different electrostatic interaction

AFM has been known to be a powerful tool for determining some subtle changes in LLPS conformation. We can
infer the binding strength of the PLL and DNA from the change of the morphology of the P1. Thus, the above conjecture
is verified and the size of the polymers is further adjusted.
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Figure 5. AFM images of polymers in medicine. a: PLL=50 ng/ul, DNA=50 ng/ul (The N/P less than 1). b: PLL=50 ng/pl,
DNA=50 ng/ul, Alcohol=23%. c¢: PLL=50 ng/ul, DNA=50 ng/ul, 6-A=150 mM. d: Statistical diagrams of P1 sizes under
different regulator.

According to the Fig. 5a, under the N / P is less than 1, only part of the DNA is neutralized to form P1 by PLL, the
PLL-DNA gathered in a round shape in the solution. We made statistics on the average diameter of P1 in the sample,
the average of diameter is 400 nm in Fig. 5d. According to Fig. 5b, d, after adding ethanol to solution, the average
diameter of the P1 is 600 nm. This shows that the same quentity of DNA can bind more PLL. In addition, after adding
6-A to solution of the PLL-DNA, the diameter of P1 reduced obviously from 400 nm to 200 nm in Fig. 5¢, d. This shows
that the same quentity of DNA can bind less PLL. Moreover, our interpretation of PLL-DNA 's LLPS is verified.

4. Discussion and Conclusion

Although many recent studies have explored the role of protein sequence and structure in LLPS, there are rela-
tively few studies focused on such aspects of DNA28. Typically, LLPS of biomolecules (droplet formation) is induced
via a hydrophobic30 and/or an electrostatic interaction31. In this article, we have realized the use of electrostatic inter-
action to adjust LLPS.

One possible mechanism has been suggested: a strong correlation effect. This binding is expected to depend on
the properties of the ions such as their size, chemical composition, surface structure, and valence32. The strong corre-
lation effect is driven predominantly by electrostatic interactions. In this mechanism, LLPS of DNA is a purely electro-
static phenomenon driven by the existence of a strongly correlated liquid of counterions at the DNA surface and pre-
dicted to take place if its effective charge is close to zero34. According to the Fig. 6. With adding the positive PLL, the
PLL molecules bind to DNA via arrange along the DNA strands36, when the N / P is less than 1, the P1 is formed.
With the concentration of PLL increasing, leading to the surface charge of DNA is neutralized (N / P = 1), thus forming
LLPS. When the PLL overcompensate the DNA charge at high PLL concentration (N / P is more than 1), in turn desta-
bilizing the LLPS, the P2 is formed. The addition of ethanol to the solution decreased the dielectric constant, and the
water molecules around DNA were preferentially combined with ethanol, thus, DNA has more surface area to com-
bine with PLL and more PLL needs to be consumed to form LLPS. In addition, 6-A can increase the dielectric constant
of solution. So, it can inhibit the combination of PLL and DNA, causing DNA only needs to consume a small amount
of PLL to fill the opposite charge on the surface.
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Figure 6. The hypothetic model of the PLL-DNA condensing mechanism through electrostatic interactions.
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