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Abstract: Intracellular liquid-liquid phase separation (LLPS) plays several crucial roles in cellular biology, including the
regulation of biochemical reactions and gene expression. These processes can involve interactions between proteins
(and/or peptides) and specific DNA sequences. In this study, we explored the interaction between DNA and two types
of cationic peptides, polyarginine and polylysine, using magnetic tweezers (MT) and atomic force microscopy (AFM).
We found that polyarginine is more effective at inducing DNA compaction than polylysine at the same concentration.
We attribute this effect to polyarginine's greater efficiency in neutralizing DNA's surface charge, which was confirmed
through electrophoretic mobility measurements using dynamic light scattering (DLS). Our study compares the effects
of polyarginine and polylysine on DNA, revealing that polyarginine, despite having the same charge, has a superior

ability to neutralize DNA's surface charge at equivalent concentrations.
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1. Introduction

Liquid-liquid separation may react between peptides and DNA or RNA. One study showed that poly R droplets
are over 100x more viscous than poly K[1]. It perhaps causes Poly R or Poly K to produce different results when inter-
acting with DNA or RNA. Lysine plays several roles in humans, most importantly proteinogenesis, the cross-linking of
collagen polypeptides, the uptake of essential mineral nutrients, and the production of carnitine, which is crucial in
fatty acid metabolism. Lysine is also often involved in histone modifications and thus, impacts the epigenome. Arginine
plays an essential role in cell division, wound healing, removing ammonia from the body, immune function, and the
release of hormones. It is a precursor for the synthesis of nitric oxide (NO), making it essential in regulating blood
pressure[2].

The molecular and functional differences between arginine and lysine residues make them an ideal model system
for extracting fundamental principles bridging sequence, material, and operational levels[3]. In addition to unique roles
in liquid phase separation discussed above, arginine specificity over lysine residues appear in other functional parts,
including membrane interactions, cell entry of antimicrobial peptides, and regulation of voltage-gated ion channels.
Arginines are also more efficient at RNA binding65[4]. Recent work suggests that proline-arginine dipeptide repeats
interact more strongly with RNA oligonucleotides than proline-lysine repeats due in part to enhanced pi—pi interac-

tions[5].
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Figure 1. Molecular structure of polyarginine and polylysine. Arginine has two more residues than lysine. Figure (a)

shows arginine; (b) shows lysine.

Previous studies have shown that arginine has a strong effect on the sustained length of DNA when arginine and
lysine interact with DNA separately. However, the former used small-angle X-ray experiments to determine the inter-
action of DNA with arginine or lysine at various energies[6]. Experimental results show that when arginine cell division,
wound healing, removing ammonia from the body, immune function, and the release of hormones. It is a precursor for
the synthesis of nitric oxide (NO), making it essential in regulating blood pressure|[7].

The molecular and functional differences between arginine and lysine residues make them an ideal model system
for extracting fundamental principles bridging sequence, material, and operational levels [3]. In addition to unique roles
in liquid phase separation discussed above, arginine specificity over lysine residues appear in other functional parts,
including membrane interactions, cell entry of antimicrobial peptides, and regulation of voltage-gated ion channels[8].
Arginines are also more efficient at RNA binding65. Recent work suggests that proline—arginine dipeptide repeats in-
teract interacts with DNA under the same circumstances, the sustained length of DNA increases.

DNA condensation is an essential process for its high-density packing in biological systems, particularly in viruses
and sperm cells, and has found applications (either by design or luck) in artificial gene delivery[9]. In this process, DNA
undergoes a dramatic condensation to a compact structure in the presence of various agents, such as multivalent cati-
ons[10],alcohol, essential proteins, neutral crowding polymers, cationic liposomes, and anti-cancer drugs[11]. This phe-
nomenon has drawn considerable attention and induced related studies in different past decades, especially by the
recently developed single-molecule techniques[12].

The single-molecule approaches allow us to study the behavior of biological macromolecules under applied ten-
sions; the mechanical properties of these molecules help us understand how they function in the cell[13]. They can
usually be classified into two major categories: mechanical force transducers and external field manipulators. In the
mechanical force transducers —the AFM, microneedles, and optical fibers—forces are applied or sensed through bend-
able beams. In the external field manipulators— optical tweezers (OT), magnetic tweezers (MT), and flow fields— the
molecule is acted upon from a distance, by application of external fields (photonic, magnetic, or hydrodynamic) either
to the molecule itself or to an appropriate handle to which the molecule is attached[14]. Among them, single-molecule
magnetic tweezers are versatile and inexpensive instruments. This technique allows the application of a constant pulling
force on a single DNA molecule while measuring its elongation in real-time. For instance, Fu et al. studied the compac-

tion dynamics of a single DNA molecule invoked by hexamine cobalt chloride. The observations suggested that the
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folding/unfolding is a reversible transition between two metastable structural states. However, Besteman et al. investi-
gated DNA condensation by cobalt burial and showed that condensation under tension is an activated process that is

irreversible on experimental time scales.

2. Method and material

We use Single molecule operation include Magic Tweezers (MT), Dynamic Light Scattering (DLS) and Aton Force
Microscope (AFM). Reagent Preparation. Double-strand A-phage DNA (48502 bp) for MT and AFM measurements was
purchased from New England Biolabs Co. and did not go through purification before use. The stock solution of DNA
was 1 x TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH = 8.0), and the DNA concentration was 500 ng/uL. Poly R,
Poly K ,Poly RH and Poly KH was purchased from GL Biochem (Shanghai) Ltd. and did not go through purification

before use.

2.1 MT Measurement

This is a very mature single-molecule manipulation technique.A home-built transverse MT setup built on an in-
verted microscope (Nikon TE2000U) was used to study the DNA—peptides binding dynamics. A sandwich-like flow
cell was constructed to anchor single DNA molecules[15]. In the magnetic tweezers experiment, through a fixed sample
cell, a lower concentration of peptide is introduced into the sample cell, and the concentration of the injected peptide is
gradually increased until the DNA undergoes an obvious aggregation reaction. At the same time, record the concentra-
tion of the peptide passing through the reaction and compare it with another peptide with the same number of amino
acids. The side wall of the chamber was first coated with anti-digoxigenin to link the dig-end of the modified DNA. The
DNA- bead constructs prepared as described in the “‘Material” section were then allowed to flow into the cell and incu-
bated for about 15 min to form sidewall-DNA-bead structures. It can measures condensing force of DNA under different
peptides like Poly R3/K3.

2.2 Magic tweezers force calculate

The force exerted by the tweezers cannot be determined from first principles if only because magnetization varies
from one bead to another. Instead, the instrument relies on quantification of Brownian motion of the bead[16]. To this
end, the thermal motion of the bead is recorded at several positions of the magnets, quantified to derive the forces acting
on the bead, and the measured forces are then used to construct an empirical interpolation function. Different interpo-
lation functions have been employed for the task including high power polynomials and the exponential function F =
Fmax exp (AZmag+BZmag)2. In this analysis, the bead must be suspended in solution since its interactions with the surface
restrict its motion and leads to abnormal readings[17].

In principle, the force can be calculated from the magnitude of the horizontal bead fluctuations, <dy2>. According
to the Equipartition Theorem, ay<dy2>=kT, where ay is the horizontal stiffness of the trap, T is the temperature and k
is the Boltzmann constant . For a bead tethered to the surface via a single linkage, the stiffness is proportional to the

applied force, ay = F/l, where 1 is the length of the tether,lliazding to the following relationship:

= (D
< oy? >
Thus, the force can be readily computed once the length of the tether and the variance of fluctuations are known.
In practice, however, the utility of Equation (1) is limited due to external vibrations in the instrument, which must be
filtered out from the recorded Brownian motion. The most robust way to achieve it is by fitting the fluctuations in the

frequency domain[15].
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A detailed description of such analysis and associated problems is presented in Berg-Sorensen and Flyvbjerg. The
approach is based on solving the underlying Langevin equation in the frequency domain. Assuming a harmonic force

field, the power spectrum of the bead motion is found to be the Lorentzian:

oo KT
= n2{(f2 +fs)

where 5(f) is the power spectrum of the bead motion, C is the friction coefficient for the bead, and f0 = ay/2nC is the cut

(2)

off frequency of the oscillator. For a spherical particle with the radius r in a liquid with the viscosity 1, { = 6mnr. Re-
gardless to the shape of the bead, the friction coefficient is related to its diffusion coefficient, D, via the Einstein equation,

D=kT/C. Integration of Equation (2) over the entire range of frequencies (from zero to infinity) yields Equation (1)[18].

2.3 AFM Measurement
To observed peptides effect DNA morphologies mediated by divalent counterions directly, we used AFM to ob-

serve DNA conformational changes under the different peptides. The DNA morphologies imaging was performed in
air with a multimode AFM with nanoscope controller (JPK NanoWizard3 Nano Science) in the AC mode. Experiments
were performed by 1 mM Tris. The fial concentration of DNA was 1 ng/pL.The mica is cut into 1cm x 1cm square sheets
and dissociated 3 to 5 times to obtain the mica sheet for imaging substrate. The DNA to peptide ratio of 200:0.4 was
added to obtain a Ing/ul concentration of DNA solution for AFM imaging. Such as taking 0.08ng/ul poly K4 200ul,
adding 0.4ul DNA, mixing, and shaking well for 30 minutes. Then, take an appropriate amount of mixed solution, drop
it on the treated mica for deposition for 3 minutes, wash it with ultra-purify water eight times, and put it into the drying

oven for 8 hours for imaging.

2.4 DLS Measurement

The electrophoresis-mobility measurements were carried out by using a dynamic light scattering device of Malvern
Zeta sizer Nano Z590 (Malvern Instruments Ltd., Worcestershire, UK) equipped with the patented M3-PALS technique.
The laser source is a He-Ne gas laser (1 = 633 nm) and the light scattering is collected by an avalanche photodiode
mounted on the goniometer arm to the direction of the incident radiation. The DNA samples were diluted to a concen-
tration of 1 ng /uL in a Tris solution; then, different concentrations of Poly R or Poly K were added. All measurements
were carried out after 5 min incubation at room temperature. During the measurement, 1 mL of DNA solution was used,

and the sample cell was kept at 25 °C temperature.

3. Result and discussion
3.1 Condensation of DNA measurement

We examined the sensitivity of DNA condensation to multivalent cation concentration by measuring the stretch-
ing response of single bacteriophage -DNA molecules at different multivalent cationic short peptidesconcentrations.
We first find a single A-DNA molecule tethered in PBS. Then, we flow different concentration of Poly R or Poly K at
different member of amino acid to the sample cell. We flowed the same concentration of Poly K3 or Poly R3 at 100 ng/ul
to the cuvette. As shown in Figure 2, DNA coalescence is more pronounced in the presence of polyarginine in solutions

of the same concentration.
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Figure 2. MT force spectrum images of polyarginine and poly lysine with the same amount of positive charge. (a). 100
ng/ul Poly R3; (b). 100ng/ul Poly K3. (c). 300ng/ul Poly R3 (d). 300 ng/ul Poly K3.

Figure 2 shows the MT measurements of the cationic short peptides polyarginine and polylysine with three charges.
The results of MT measurements at a Poly R3 concentration of 100 ng/ul has shown in Fig.(2a). After the previously
mentioned calculation method, DNA cohesion Fc is 2.5 pN. Similarly, Fig.(2b), Fig.(2c), and Fig.(2d) cohesion Fc are 0
PN, 3.4pN, and 3.8pN in that order. For polyarginine or polylysine, the DNA cohesion increases with elevated concen-
trations. Interestingly, at 100 ng/ul concentration, polyarginine caused some cohesive effect on DNA, but polylysine did
not respond. The DNA cohesion has been calculated in several experiments, and the final cohesion has been calculated

and calculated as shown in Table 1.

Poly-

peptides Poly R3 Poly K3
Concentration

100 2.5pN=0.25 0

300 4.8pN=0.31 3.4pN=0.18

500

Table 1. Cohesion statistics for DNA and Poly R3 or Poly K3 mixtures

To further verify our conclusion, we replaced the peptide with three amino acids with a peptide with four amino
acids to perform the above experiment. The results are shown in Fig 3.

Likewise, this trend also occurs with Poly R4 compared to Poly K4. DNA cohesion increases with the concentration
of poly R4 or poly K4. Fig. 3a and 3c or 3b and 3d show that DNA cohesion increases with the increase of Poly R4 or
Poly K4 concentration. In addition, Poly R4 and Poly K4 at the same concentration also have specific differences. After
analysis and calculation, the DNA cohesion of Poly R4 was 2.1pN, and Poly K4 was 1.1pN when the concentration was
50ng/ul. When the concentration was increased to 100ng/ul (Fig.3c and Fig.3d), the results were the same as in the
previous experiment. Polyarginine is more efficient in making DNA cohesion. As mentioned earlier, comparing the

ability of polyarginine and polylysine to coalesce DNA, polyarginine is significantly more efficient.
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Figure 3. replaced with images of MT force spectra of polyarginine and polyarginine with four cations. Fig.(a).50 ng/ul

Poly R4; Fig.(b) 50 ng/ul Poly K4; Fig. (c) 100ng/ul Poly R4; Fig.(d) 100 ng/ul Poly K4
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Figure 4. MT force spectra of polyarginine and polylysine with eight charges interacting with DNA. Figure (a) 2ng/ul
Poly R8; Fig.(b) 2ng/ul poly K8 ; Fig.(c) 3ng/ul Poly R8 ; Fig.(d) 3ng/ul Poly K8.

The same thing happens with poly octa-arginine and poly octa-lysine, as shown in Figure 4. Since the number of
positive charges of polyoctagarginine or polyoctaglysine is eight, DNA cohesion changes very rapidly with the concen-
tration of polypeptides. MT curves of polyoctagarginine and polyoctaglysine were obtained according to the previous

method. As shown in Fig. 4a and Fig. 4c or Fig. 4b and 4d, when we increased the concentration of Poly R8 or Poly K8,

DNA cohesion also increased. Polyarginine is still more effective for DNA condensation when concentrations are con-

sistent (fig.4c and fig.4d). Comparing Fig. 4a and Fig. 4b, polyarginine causes significant cohesion of DNA but polyly-

sine can not.

Summarizing this MT data, it becomes evident that polyarginine has a better effect on DNA cohesion with the same

charge.
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3.2 Electrophoretic Mobility of DNA

To verify our conclusions from various aspects, we used dynamic light scattering experiments to measure the
changes in the zeta potential of DNA under the influence of peptides. We measured the electrophoretic mobility of
DNA in the mixture solution with different concentrations of Poly R and Poly K by dynamic light scattering technique.
The result is shown in Figure 4.

Poly R3 measurements were found to be higher than Poly K3 at a concentration of 300ng/ul. Therefore, Poly R3 is
more likely to reverse the charge of DNA than Poly K3.21. For example, when the concentration of Poly R3 is 300 ng/ul,
u is about 0.18 (in units of 10—4 cm2V-1s-1, the same unit is used for mobility in the following and will not be indicated
for clarity) but Poly K3,  is about -0.2. According to the above experimental data, when Poly R3 and Poly K3 are at the
same concentration, u of Poly R3 is always greater than Poly K3. This also means comparing polyarginine and polyly-
sine. Polyarginine has a more efficient effect on DNA surface charge.

Similarly, to further verify our conclusion, we replaced poly tri-arginine and poly tri-lysine with poly tetra-arginine
and poly tetra-lysine. Following the same experimental procedure has shown in Figure 6, the upward trend of electro-

phoretic mobility of both is consistent.

Hum*em/Vs)

1 1 1 1 1
0 100 200 300 400 50!

Crg/ed)

Figure 5. Polyarginine and polylysine with DNA, respectively, and DNA table charge changes. The curve of Poly R3
consistently stays above the curve of Poly K3. The zeta potential is higher for Poly R3 when comparing Poly R3 and

Poly K3 at arbitrary concentrations.
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Figure 6. Polyarginine and polylysine with DNA, respectively, and DNA table charge changes. The curve of Poly R4

consistently stays above the curve of Poly K4. The zeta potential is higher for Poly R4 when comparing Poly R4 and

Poly K4 at arbitrary concentrations.
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Figure 7. Polyarginine and polylysine with DNA, respectively, and DNA table charge changes. The curve of Poly R4
consistently stays above the curve of Poly K4. The zeta potential is higher for Poly R4 when comparing Poly R4 and
Poly K4 at arbitrary concentrations. The zeta potential of Poly R8 was already greater than zero at a concentration of 3

ng/ul, while the zeta potential of Poly K3 only approached zero at a concentration of 3 ng/ul.

The zeta potential of Poly R4 was very close to zero at a concentration of 80 ng/ul, while the zeta potential of Poly
K4 was close to zero at a concentration of 100 ng/ul. It can still be seen that the DNA surface charge is neutralized more
rapidly in the presence of poly tetra arginine at the same concentration. In other words, poly tetra arginine is more likely
to cause charge reversal in DNA. The same thing happens when we change to poly octa-arginine and poly octa-lysine
has shown in figure 7. Since both Poly R8 and Poly K8 have eight positive charges, they have a powerful effect on DNA.
This also results in low concentrations that cause the DNA surface charge to be neutralized, meaning that the zeta
potential increases significantly. The change in zeta potential is very rapid even when the concentration is raised by 1
ng/ul each time.

From the data of the three DLS experiments, we can further confirm our conclusion that the ability to make DNA

cohesion with arginine is more efficient.

3.3 Atomic force microscopy measurements

To obtain the information on the structure of the DNA/Poly R3 or Poly K3 complex, we observed DNA complexes

using atomic force microscopy at different concentrations of peptides [19].

Using the method described in the materials and methods

section, Poly R3 and DNA mixture at a concentration of 50 ng/ul was observed and the DNA coalesced into clumps
(Fig.8a). When the concentration of Poly R3 is increased to 300 ng/ul, we can see the toroid morphologies on the mica
surface in Fig. 8c. Similarly, Poly K3 was chosen for 50 ng/ul and 300 ng/ul. As shown in Fig.8b, at a poly K3 concentra-
tion of 50ng/ul, the DNA morphology resembles free and loose wool. When the concentration is increased to 300ng/ul
(Fig.8d), the DNA becomes more compact but not yet coalesced into small balls.

In both Poly R and Poly K, the degree of DNA cohesion became stronger with the increasing concentration of the
polypeptide. Comparing A Poly R and Poly K, we found that polyarginine was more effective on DNA cohesion with

the same charge.
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Figure 8. AFM images of the effect of Poly R3 and Poly K3 on DNA confirmation at the same concentration. (a) DNA
coalesced into small clusters in the presence of R3 at a concentration of 50 ng/pl.(b) At a concentration of 50 ng/ul of K3,
(c) At 300 ng/pl of R3, (d) K3 at 300 ng/ul, DNA.

4. Discussion

The underlying reason for the weaker attraction of lysine peptides compared to arginine peptides is not clear. It
may not be due to an intrinsic difference in the interhelical attraction of charged amine and guanidine groups[20].

Combining the results of this study with those of available previous studies, we conjecture that it may be that the
larger spacing with lysine peptides is caused by both a weaker attraction and a stronger short-range repulsion relative
to that of the arginine peptides. A previously proposed model for binding polyarginine and protamine to DNA provides
a convenient framework for understanding the differences between the ability of lysine and arginine peptides to assem-
ble DNA[21]. Not only that, but in terms of hydrophobicity, arginine is more hydrophobic than lysine, which makes it
more likely to repel water molecules in the vicinity of DNA, making it easier for DNA to coalesce into "blobs"[22].

In addition to the two possible reasons mentioned above, another reason could be One proposed arrangement of
DNA and cation charges that can result in favorable correlations is that cations bind in DNA grooves[23]. Adjacent
helices can position themselves for a favorable interaction of the positively charged groove of one helix with the nega-
tively charged backbone of another. Because the major groove of B-form DNA is significantly wider than the minor
groove[24], the positive-negative charge separation and, hence, the attractive force could be greater for cations that bind
in the major groove than for those that bind in the minor groove. The difference between the DNA-DNA forces with

lysine and arginine peptides most likely is the result of a difference in details in the binding mode[25].

Conclusion

In this study, we separately validate our findings from MT, DLS, and AFM three directions to verify our obtained

conclusions. In the MT experiment, comparing polylysine and polyarginine, we can see that either poly tri arginine,
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polytetraarginine or polyoctaarginine results in greater DNA cohesion. In the DLS experiments, similar conclusions
were obtained, comparing polyarginine and polylysine, polyarginine always neutralizes the DNA surface charge faster,
i.e. the zeta potential tends to 0 faster. In the AFM experiments, we observed more visually that polyarginine makes
DNA cohesive more easily, even into small spheres.

The difference in the ability of arginine and lysine peptides to compact DNA is quite substantial. The large differ-
ence in forces between structurally similar arginine and lysine peptides emphasizes the importance of the conformation
of the bound cation in creating interhelical correlations. The model of Hud et al[26].for binding of arginine to DNA

extended to lysine is consistent with our observations.
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