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Abstract: The interaction between cationic polypeptides and deoxyribonucleic acid (DNA) is of great importance for basic research
in biology and in the pathogenesis of numerous diseases. In this paper, we focus on the complexation of a series of peptides with
repeating proline and arginine (poly PR) sequences with DNA in aqueous solution using magnetic tweezers (MT), dynamic light
scattering (DLS), and optical inverted microscopy. Through the study of magnetic tweezers, we found that the critical condensing
force (Fc) of poly PR would increase with the increase of concentration. However, after the concentration reaches a certain level, the
critical condensing force begins to decline. The electrophoretic mobility of poly PR was measured by dynamic light scattering. Poly
PR induces charge reversal of DNA and is very effective in neutralizing the positive charge of DNA. Related studies have found that
poly PR is a positively charged polypeptide that binds to RNA to undergo liquid-liquid phase separation (LLPS) and further coagu-
lation of the polypeptide, there by inducing the development of related diseases. We hypothesize that the high efficiency of charge
neutralization is due to poly PR being positively charged.

Keywords: Poly peptides, DNA compaction, LLPS

1. Introduction

DNA (deoxyribonucleic acid) is a long chain of nucleic acids that plays an important role in the storage and trans-
mission of genetic information in cells. DNA is made up of four bases (adenine, guanine, thymine and cytosine), and
the order in which these bases are arranged determines the specific content of genetic information. The primary role of
DNA is to store an organism's genetic information, which is used to guide cell growth, differentiation, and function.
During cell division, DNA copies itself, ensuring that the new cell has the same genetic information as the mother cell.
At the same time, DNA can also control protein synthesis through gene expression regulation, and then affect various
physiological functions of the organism. DNA binding polycationic molecules to form multistranded bodies is widely
used in biotechnology applications[1], such as non-viral gene delivery, gene expression regulation, and DNA replica-
tion[2, 3]. Research has shown that in aqueous solutions, without a denaturing agent, DNA chains usually exhibit a
long, curled state. However, DNA molecules exist in highly compacted states in living cells. It has been found that as
the concentration of the denaturant increases in the solution, the separated DNA strands undergo a transition from
helices to spheres [4-6]. Chemical reagents induce DNA condensation through various effects such as altering electro-
static interactions between DNA segments, changing the DN A-solvent interaction, excluding worm-like loops (and/or
counterions) from volume, causing local bending or deformation of helices, or by a combination of these effects. By
adding compounds such as polyamines [7], multivalent metal ions[8], hydrophilic polymers[9], polycations[10, 11], an-
ionic liposomes[12], cations [13], and nonionic surfactants[14], in vitro DNA condensation can be induced.

Polypeptide (poly PR) composed of proline and arginine residues, are a highly toxic peptide that plays a crucial
role in C9ORF72 chromosome abnormal translation in humans[14-19]. Studies have shown that the abnormal expansion
of the C9ORF72 chromosome in humans results in the production of large amounts of poly PR and poly glycine (poly
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GR) peptides, which generally have low complexity structures and can undergo LLPS in vivo. These peptides are ubiq-
uitously toxic to cellular RNA components and damage neurons in patients with amyotrophic lateral sclerosis (ALS).
In contrast, normal individuals in this population have very little of these peptides. Therefore, the abnormal aggregation
of these peptides is directly linked to the occurrence of ALS. Relevant studies have found that poly PR is positively
charged and can bind to RNA to form LLPS and further aggregate, thereby leading to disease progression[20-22] .

2. Materials and Methods

2.1 Materials

In this study, double-stranded A-DNA (48502 bp) was purchased from New England Biolabs Co. (Ipswich, MA,
USA) and used without purification prior to use. Salmon sperm DNA was purchased from Thermo Fisher Scientific US
Company. Different lengths of poly PR (PR2, PR4, PR8, PR12, PR15, and PR35) were synthesized powder obtained from
Jiangtai Peptide Biotechnology Co., Ltd., Suzhou, China, with purity of 95%. TE buffer (10 mM Tris-HCI and 1 mM
EDTA, pH = 8.0) was used for storing DNA solution, and the initial concentration of DNA was 500 ng-uL-1. Other
biochemical reagents including Tris (hydroxymethylaminomethane) and BSA (bovine serum albumin) were purchased
from Sigma-Aldrich (St. Louis, Missouri, USA) and used as received. Deionized water of resistivity of 18.2 M(Q-M was
purified through Milli-Q system (Millipore Corporation, Burlington, MA, USA) and used for preparation of all solutions.
A reserve solution containing 1 mg-mL-1 of poly-proline-arginine was prepared in 1 mM Tris-HCl buffer (pH =7.4). All
chemicals were used as received. Our experiments will be repeated at least three times to ensure the accuracy of the
results.

2.2 Magnetic Tweezers Experiment

A lateral MT setup was established on an inverted microscope (Nikon TE2000U, Tokyo, Japan) for studying the
dynamic process of DNA binding, as shown in Figure 1A. The detailed description of the magnetic tweezers setting has
been introduced in previous works. The procedure for measuring force can be briefly described as follows: one end of
the DNA molecule is connected to an immobile substrate (the glass sidewalls) and the other end is connected to a small
magnetic sphere. When the two ends of the DNA are firmly attached, we begin to use magnets controlled by a microma-
nipulator system (MP-285, Novato, CA, USA) toapproach the small magnetic ball, and then pull the DNA strands
connected by the small magnetic ball to apply force to the DNA molecule. We use a CCD camera to record the movement
of the small magnetic ball in real time. Fast Fourier Transform based software captured video of the small magnetic
sphere, and Mathcad software was used to analyze the video. We calculate the cohesion of DNA molecules by fitting
the data to a worm-like chain (WLC) model. We call the force at the time of the first stepped contraction in the tension-
time curve of DNA critical condensing force.

The DNA binding scheme can be briefly described as follows: We linked the ends of A-DNA chemically labeled,
single-stranded, 12-base oligonucleotide (3'-digoxigenin-tccagcggcgggand 3'-biotin-ccecgeegetgga). Then, we gently in-
cubated a reserve solution of 0.5uL streptavidin coated small magnetic spheres and a 0.5uL modified A-DNA solution
in 150uL buffer for 30 minutes. After the incubation, we observed the formation of DNA-bead structure.

Next, we used an injection pump to inject different concentrations of poly PR solution into the sample pool. At first,
we had to find a suspended A-DNA and use a force of more than 10 pN to pull the DNA to its maximum length, which
was achieved by placing a magnet close to the small magnetic ball. Then, we slowly remove the magnet and reduce the
force to the desired value. Due to the presence of poly PR in the solution, bound DNA usually shrinks when the applied
force is reduced to a small enough value. Finally, we monitor and record conformational changes of the DNA. Figure
1B, C show the typical elongation time curve of DNA compression induced by poly PR, where (B) corresponds to the
case without DNA concentration and (C) shows the DNA concentration curve.
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Figure 1. (A) A schematic diagram of the experiment setup; The curves of condensing forces are shown in (B) a non-
condensing curve and (C) a condensing curve. DNA extension-time curve measured by MT in DNA compaction process

with poly PR.

2.3 Electrophoretic Mobility Measurement (EM) by DLS

Electrophoretic mobility (EM, p) measurements were performed using the Malvern Zetasizer nano ZS90 (Malvern
Instruments Limited Company, Malvern, UK) and M3-PALS technology. The light source used in DLS was a He-Ne gas
laser (A=633 nm). We received light scattering signals from an avalanche photodiode installed vertically on the angular
arm. We diluted DNA samples to a concentration of 2 ng-uL-1 in 1 mM Tris (pH = 7.4) by adding buffer solution. Then,
we added poly PR to the solution and obtained samples with different concentrations for measurement. Before starting
the measurement, we incubated the mixed solution at room temperature for 10 minutes. We measured DNA solutions
of 1 mL volume and controlled the sample cell temperature to 25°C.

2.4 Optical microscopy experiment

Place the cleaned coverslip on the sample stage of the microscope, adjust the light source, mix the required solution
in a cleaned 1mL centrifuge tube, use a pipette to extract 15-25 uL of the solution onto the coverslip, allow the sample
solution to settle for 2 minutes to ensure stability, adjust the focus of the microscope until the field of view is clear, and
take pictures for record.

3. Results
3.1 Condensing Force of DNA-poly PR Complex

Poly PR has a condensation effect with A-DNA: Magnetic tweezers were used to study the condensation effect of
Poly PR with DNA, and PR2 and PR4 had no condensation effect with A-DNA. (PR)8, (PR)12 and (PR)15 have a con-
densation effect with DNA, and the critical condensing force increases with the maximum concentration of poly PR.
The critical condensing force of (PR)12 increased from 3.6 pN to 16.3 pN and then decreased to 3.58 pN. Figure 2 (a) .
(b)~ (c).The critical condensing force of PR15 increased from 3.16 pN to 7.7 pN. Figure 3 (a). (b). (c).
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Figure 2. DNA contraction curves by MT at different concentrations of poly (PR)12 in 10 mM Tris-Cl, pH=7.4. (a) 12
ng-uL-1 (b) 50 ng-uL-1 (c) 100 ng-pL-1
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Figure 3. DNA contraction curves by MT at different concentrations of poly (PR) 15 in 10 mM Tris-Cl, pH=7 4. (a) 15
ng-uL-1 (b) 150 ng-uL-1 (c) 240 ng-pL-1
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Figure 4. DNA contraction curves by MT at different concentrations of poly PR in 10 mM Tris-Cl, pH=7 4. (a) (PR)8
100 ng-pL-1 (b)( PR)12 100 ng-pL-1 (c) (PR)12 50 ng-uL-1 (d) (PR)35 50 ng-uL-1

3.2 Separation of PolyPR from salmon extract DNA in LLPS

Mutated C9ORF72 gene translation of the rich arginine repeat protein (DRPs) is one of the main causes of ALS
[23-26]. Poly PR, composed of proline and arginine, is one of the DRPs. The large positive charge of arginine makes
poly PR capable of forming liquid-liquid phase separation (LLPS) droplets through electrostatic interactions and cat-
ion-mt interactions at multiple sites, thus forming LLPS[27]. Their LLPS is sensitive to the valence of Poly PR, with a
length range of 6 to 60 repetitions. Longer poly PR (poly PR) significantly reduces the formation and solubility of
droplets and lowers the molar ratio of phase separation[28]. In addition, the repetition length is also related to the cy-
totoxicity of Poly PR, especially when the repetition length is longer, the inhibition rate of protein synthesis is higher.
The interaction between Poly PR and DNA becomes more significant with the increase of Poly PR concentration, and
the LLPS phenomenon becomes more prominent, as shown in Figure 5. The phase diagram of (PR)12 interaction with
salmon extract DNA was also made. It can be seen that salmon extract DNA has a promoting effect on LLPS,as shown
in Figure 6.When the concentration of (PR)8 reaches 10000 ng-pL-1, the interaction with salmon sperm also changes
from a liquid droplet state after two minutes to a gel state, as shown in Figure 7.
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Figure 5. Droplet diagram of interaction between poly PR and salmon extract DNA (a) (PR)8 1000 ng-puL-1 (b) (PR)8
5000 ng-uL-1 (c) (PR)8 8000 ng-pL-1
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Figure 6. Droplet diagram of interaction between poly PR and salmon extract DNA (a) DNA 0.5 mg-uL-1 (b) DNA 1
mg-uL-1 (c) DNA 2 mg-pL-1

Figure 7. Droplet diagram of interaction between poly PR and salmon extract DNA (PR)8 10000 ng-uL-1

3.3 DNA Electrophoresis Mobility in poly PR Solutions

DNA is a negatively charged deoxyribonucleic acid, so it exhibits a negative Zeta potential and electrophoretic
mobility in aqueous solutions. The electrophoretic mobility of DNA and PR complex is related to its net positive
charge, which reflects the degree of DNA neutralization by counter-ions in solution. We measured the electrophoretic
mobility (EM) of DNA at different concentrations of PR to calculate the proportion of charge neutralized by PR. Fig-
ure 8 shows that the electrophoretic mobility of DNA in aqueous solution with PH=7.4 is about -2.8*10-4 cm 2V-1S
(104 cm 2V-1S is the unit of electrophoretic mobility, the following are the same and will not be repeated). The elec-
trophoretic mobility also changes with the increase of PR concentration, increasing gradually from —2.8 at the begin-
ning. The electrophoretic migration of PR8 at 100 ng-pL-1 is close to zero, which means that the DNA has been neu-
tralized, and the electrophoretic mobility becomes positive as the concentration continues to increase. The electropho-
retic migration of PR12 is close to zero at a concentration of 50 ng-puL~1, and is close to zero at a concentration of 30
ng-uL-1. It can be inferred that the concentration required to neutralize the charge carried by DNA decreases with the
increase of strand length.
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Figure 8. DNA Electrophoresis Mobility in poly PR Solutions (a) (PR)8 (b) (PR)12 (c) (PR)15

4. Discussion and Conclusion

When the concentration of poly PR in solution is low, only a small part of the negative charge of DNA is neutralized,
so the electrostatic repulsion force between the DNA fragments will be strong, and no DNA condensation will occur.
The drawing in Figure 1B is illustrated. In the figure, there is no tendency for the DNA to shrink, in which case the
corresponding DNA cohesion is 0 pN. As the PR concentration and chain length increase, more negative charges are
neutralized in the solution, and the Coulomb repulsion barrier weakens, leading to DNA condensation. As shown in
Figure 1C. As we continue to increase the concentration of PR, the negative charge of DNA in solution will be completely
neutralized by PR. DNA attracts a positive charge so the poly PR-DNA water-soluble complex becomes positively
charged, a charge reversal. Charge neutralization is why PR binds DNA together to overcome electrostatic repulsion
between DNA strands.

Acknowledgements

This work is supported by the National Natural Science Foundation of China (12074289, 11574232) and the Natural
Science Foundation of Zhejiang Province(LY23A40002). Wenzhou science and Technology Prpject (L20240004) .The
14th Five-Year Plan Teaching Reform Project of Higher Education in Zhejiang Province (JG20220509) and the Gradu-
ate Teaching Reform Project (2023-016);Industry-University-Research Project of Ministry of Educa-
tion(202101003050,202101044006).

References

1.  Yoshikawa, K., et al., Opposite effect between intercalator and minor groove binding drug on the higher order structure of
DNA as is visualized by fluorescence microscopy. Biochemical and biophysical research communications, 1992. 188(3):
p. 1274-1279.

2. Livolant, F., Ordered phases of DNA in vivo and in vitro. Physica A: Statistical Mechanics and its Applications, 1991.
176(1): p. 117-137.

3. Murphy, L.D. and S.B. Zimmerman, Macromolecular crowding effects on the interaction of DNA with Escherichia coli
DNA-binding proteins: a model for bacterial nucleoid stabilization. Biochimica et Biophysica Acta (BBA)-Gene Structure
and Expression, 1994. 1219(2): p. 277-284.
Bloomfield, V.A., DNA condensation. Current opinion in structural biology, 1996. 6(3): p. 334-341.
Bloomfield, V.A., DNA condensation by multivalent cations. Biopolymers: Original Research on Biomolecules, 1997.
44(3): p. 269-282.

6. Tempestini, A., et al.,, Magnetic tweezers measurements of the nanomechanical stability of DNA against denaturation at
various conditions of pH and ionic strength. Nucleic acids research, 2013. 41(3): p. 2009-2019.

7. Takahashi, M., et al., Discrete coil- globule transition of single duplex DNAs induced by polyamines. The Journal of Phys-
ical Chemistry B, 1997. 101(45): p. 9396-9401.

8. Yamasaki, Y. and K. Yoshikawa, Higher order structure of DNA controlled by the redox state of Fe2+/Fe3+. Journal of the
American Chemical Society, 1997. 119(44): p. 10573-10578.



Journal of STEM 2024, 1, 1-00003 7 of 7

10.

11.

12.

13.

14.

15.

16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Yoshikawa, K. and Y. Matsuzawa, Discrete phase transition of giant DNA dynamics of globule formation from a single
molecular chain. Physica D: Nonlinear Phenomena, 1995. 84(1-2): p. 220-227.

Mel'nikov, S.M.,, et al., Folding of long DNA chains in the presence of distearyldimethylammonium bromide and unfolding
induced by neutral liposomes. Journal of the Chemical Society, Faraday Transactions, 1997. 93(2): p. 283-288.

Orberg, M.-L., K. Schillén, and T. Nylander, Dynamic light scattering and fluorescence study of the interaction between
double-stranded DNA and poly (amido amine) dendrimers. Biomacromolecules, 2007. 8(5): p. 1557-1563.

Mel'nikov, S.M., et al., DNA conformational dynamics in the presence of catanionic mixtures. Febs Letters, 1999. 453(1-
2): p. 113-118.

Mel'nikov, S.M., V.G. Sergeyev, and K. Yoshikawa, Transition of double-stranded DNA chains between random coil and
compact globule states induced by cooperative binding of cationic surfactant. Journal of the American Chemical Society,
1995. 117(40): p. 9951-9956.

Mel'nikov, S.M. and K. Yoshikawa, First-order phase transition in large single duplex DNA induced by a nonionic surfac-
tant. Biochemical and biophysical research communications, 1997. 230(3): p. 514-517.

Shin, H., M.J. Bowick, and X. Xing, Topological defects in spherical nematics. Physical review letters, 2008. 101(3): p.
037802.

Poulin, P., et al., Novel colloidal interactions in anisotropic fluids. Science, 1997. 275(5307): p. 1770-1773.

Musevic, L, et al., Two-dimensional nematic colloidal crystals self-assembled by topological defects. Science, 2006. 313(5789):
p- 954-958.

Bausch, A, et al., Grain boundary scars and spherical crystallography. Science, 2003. 299(5613): p. 1716-1718.

Kwon, I, et al., Poly-dipeptides encoded by the C9orf72 repeats bind nucleoli, impede RNA biogenesis, and kill cells. Science,
2014. 345(6201): p. 1139-1145.

Penrose, L., Dermatoglyphic topology. Nature, 1965. 205(4971): p. 544-546.

Lubensky, T. and ]. Prost, Orientational order and vesicle shape. Journal de Physique II, 1992. 2(3): p. 371-382.
Andersen, P.M. and A. Al-Chalabi, Clinical genetics of amyotrophic lateral sclerosis: what do we really know? Nature
Reviews Neurology, 2011. 7(11): p. 603-615.

Kanekura, K., et al., Poly-dipeptides encoded by the COORF72 repeats block global protein translation. Human molecular
genetics, 2016. 25(9): p. 1803-1813.

Kanekura, K., et al., Characterization of membrane penetration and cytotoxicity of C9orf72-encoding arginine-rich dipeptides.
Scientific reports, 2018. 8(1): p. 12740.

Nedelsky, N.B. and J.P. Taylor, Bridging biophysics and neurology: aberrant phase transitions in neurodegenerative disease.
Nature Reviews Neurology, 2019. 15(5): p. 272-286.

Boeynaems, S., et al., Spontaneous driving forces give rise to protein— RNA condensates with coexisting phases and complex
material properties. Proceedings of the National Academy of Sciences, 2019. 116(16): p. 7889-7898.

Boeynaems, S., et al., Phase separation of C9orf72 dipeptide repeats perturbs stress granule dynamics. Molecular cell, 2017.
65(6): p. 1044-1055. 5.

White, M.R,, et al., C90rf72 poly (PR) dipeptide repeats disturb biomolecular phase separation and disrupt nucleolar function.
Molecular cell, 2019. 74(4): p. 713-728. e6.



