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Abstract: DNA is usually compacted by histones, allowing it to fit within the nucleus in cells. The
histones are basic proteins mainly consisting of positively charged lysine (K), arginine(R) and histi-
dine(H) residues, binding negatively charged DNA by ionic bonds easily. They maintain protein
structure, mediate DNA binding and regulate cellular signaling through their unique chemical
properties. In this study, the interaction between repetitive KH polypeptide and DNA was system-
atically studied by single-molecular magnetic tweezers (MT) and dynamic light scattering (DLS)
techniques. We found that DNA condensing force and electrophoretic mobility were modulated by
the length of polypeptide chain, the polypeptide sequence pattern and the solution environment.
Specifically, more ordered pattern of repetitive KH polypeptides applies significantly stronger DNA
It can be
ascribed to its stronger electrostatic interaction with DNA. We also found that the acidic condition

condensing force than the one from the disordered polypeptides with the same length.
(pH = 6.3) promoted condensing force of DNA due to the protonated «a-amino group and imidaz-

ole side chain of histidine. Our findings provide a molecular insights for design of gene carriers and
drug delivery systems.
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1. Introduction

As a double helix biomolecule carrying genetic information, deoxyribonucleotidel!l
has a phosphate backbone that gives the molecular chain a significant negative charge
and a flexible polyanionic character in solution?. DNA condensation phenomenon arises
from the charge neutralisation effectl® 4. When cationic ligands (e.g., ions, proteins, etc.)
overcome the repulsive forces between phosphate groups by electrostatic forces, the mo-
lecular strands conformationally contract and form a compact structure!> ¢l. This process
isnot only the physical basis of chromatin assembly and gene expression regulation!”l, but
also provides a key mechanism for gene delivery technology!®l. By regulating the state of
DNA condensation, we can achieve efficient loading and targeted release of therapeutic
genes, which is of great value in the field of gene therapy and synthetic biology.

In eukaryotes, dynamic interactions between DNA and histones form the structural
basis of epigenetic regulation. It has been resolved the 2.8 A high-resolution structure of
the nucleosome by X-ray crystallography, revealing the precise assembly pattern of DNA
wrapped around the histone octamer at a length of ~147 bp, providing a landmark break-
through in understanding the 3D conformation of the basic unit of chromatin®. Allis et
al. elucidated the molecular logic of histone post-translational modifications (e.g. acetyla-
tion, methylation) affecting gene transcriptional activity through dynamic regulation of
chromatin accessibility!'l. It has been revealed that the modification relaxes the chromatin
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superhelix structure by neutralizing the positive charge of lysine residues, allowing tran-
scription factors to approach the target DNA sequencel'!l. The characteristic force spectral
curves of polyarginine-DNA complexes has been measured by MT, which quantitatively
revealed the dynamic mechanical features of cationic ligand-DNA binding!'?l. Moreover,
M. Taipale demonstrated by in vitro reconstitution experiments that specific acetylation
of the H4K16 site directly inhibits higher-order folding of chromatin 30 nm fibers and
significantly enhances the accessibility of DNA damage repair factors to chromatin-local-
ized structures!'®l. These results not only constructed the three-dimensional structural ba-
sis of epigenetic regulation, but also provided new molecular perspectives for targeted
intervention of abnormal chromatin remodelling in complex diseases such as cancer.

In organisms, the realization of DNA function is highly dependent on interactions
with proteins. Histones, the basic units of eukaryotic chromatin!'* 15l are enriched with ly-
sine (K)I"6l and histidine (H)!"”! to dynamically regulate DNA accessibility through post-
translational modifications (e.g. acetylation, methylation)!'s 9. The positively charged res-
idues of lysine stabilize the DNA phosphoskeleton through electrostatic interaction,
whereas the imidazole ring of histidine participates in proton transfer(20. 211 and metal co-
ordination by virtue of its unique acid-base buffering capacity, and both synergistically
mediate the dynamic assembly of DNA-protein complexes!?l. It has been shown that KH
structural domains are widely present in RNA-binding proteins and are involved in post-
transcriptional processing of genes through sequence-specific recognition and conforma-
tional regulation, and that their aberrant function is closely related to a variety of genetic
diseases!?’l. In recent years, the study of synthetic peptides mimicking the function of nat-
ural proteins has provided new ideas for resolving DNA-protein interactions/?4. Seeman's
DNA nanotechnology builds biocompatible smart nanostructures through the precise
self-assembly of DNA-peptide complexes, providing a new paradigm in molecular engi-
neering for biomedical and functional materials development?’l. Pouton et al. investigated
the formation mechanism of peptide-DNA complexes and found that the charge density
and length of the peptide affect the stability of the complexes?®l. He X. et al. employs sin-
gle-molecule techniques to elucidate the binding mechanisms and dynamic interactions
between cationic short peptides and DNA, providing insights into their structural and
functional implications for gene delivery and nanobiotechnology?1. Xing Y. et al. utilizes
single-molecule approaches to dissect the dynamic binding behavior and structural mod-
ulation between DNA and repetitive peptides 128l It has been revealed the regulation
mechanism of DNA condensation by multivalent ions/®: 30, cationic polymers!3!, pHI32 33,
and so on, there is still a lack of systematic exploration of the dynamic mechanisms of how
the sequence design of KH polypeptides affect DNA condensation kinetics, especially at
the single-molecule level.

In present study, we employed single-molecule magnetic tweezers (MT) and dy-
namic light scattering (DLS) techniques to reveal the interaction between repetitive KH
polypeptide and DNA, and our study focused on the influence by the length of peptide,
sequence pattern of peptide, and pH of solution.

2. Results

2.1 Effect of the chain length of the polypeptides on DNA condensation

In order to investigate the structure-dependent interactions between peptides and
DNA, we used both magnetic tweezers (MT) and dynamic light scattering (DLS) tech-
niques. Our experimental results show significant changes in two key interaction param-
eters: electrophoretic mobility (quantified by zeta potential measurements) and intermo-
lecular critical condensing force.

This study employed magnetic tweezers (MT) to investigate the critical condensing
force of A-DNA condensation induced by K15H15 peptides at varying concentrations (Fig.
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1). At 0.5 ng/pL (Fig. a), electrostatic interactions between positively charged lysine resi-
dues in the peptide and the negatively charged DNA phosphate backbone partially neu-
tralized DNA charges, reducing inter-DNA repulsion and initiating localized condensa-
tion, with a critical force of 8.2 pN. Increasing the peptide concentration to 1 ng/uL (Fig.
b) enhanced charge neutralization, significantly suppressing repulsive forces and driving
large-scale DNA condensation, as evidenced by a peak critical force of 14.7 pN. However,
at 2 ng/uL (Fig. c), excessive peptide adsorption induced DNA surface charge reversal
(net positive charge), reintroducing electrostatic repulsion between DNA molecules and
reducing the critical force to 2.6 pN. Further increasing concentrations to 3 ng/uL (Fig. d)
saturated DNA surface charges, stabilizing condensation behavior in dynamic equilib-
rium with critical forces plateauing at low levels (4.1 pN ). These results demonstrate a
non-monotonic trend in critical condensation force —initially increasing, peaking, then de-
creasing —before stabilizing, highlighting the pivotal role of peptide concentration in reg-
ulating DNA condensation dynamics through charge-mediated mechanisms.
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Figure 1. Condensation between K15H15 peptide and DNA in a neutral environment at
pH 7.4. a-d present the effects of different concentrations of K15H15 on the DNA conden-
sation, which were 0.5 ng/uL, 1 ng/uL, 2 ng/uL and 3 ng/uL, respectively.

Now we switch to the effect of short chain polypeptides on the condensation of
DNA. Similarly, the cohesive behavior of K5SH5 DNA was investigated using the MT tech-
nique. In the experiment, different concentrations of KSH5 were gradually added to the
DNA solution to observe the change of its critical condensation. The results showed that
the condensation phenomenon of DNA was gradually enhanced with the increase of
K5HS5 concentration, and gradually weakened and finally stabilized after reaching the
maximum critical condensation peak. The specific data are shown in Fig. 2: as shown in
Fig. a, when the concentration of K5H5 was 1 ng/uL, the DNA began to coalesce, and the
critical condensation was 3.6 pN; as shown in Fig. b, when the concentration was in-
creased to 2 ng/pL, the critical condensation of DNA reached a peak of 10.1 pN. However,
the critical condensation of DNA gradually decreased with the further increase of KSH5
concentration. As shown in Figs. ¢, d, and e, when the concentration of KSH5 was 3 ng/uL,
the critical condensation decreased to 9.9 pN; when the concentration increased to 4 ng/pL,
the critical condensation further decreased to 1.3 pN. It can be seen that K5H5 can effec-
tively induce DNA condensation, and its critical condensation trend is similar to that of
K15H15.
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Figure 2. Condensation between K5H5 peptide and DNA under neutral conditions at pH
7.4. a-d demonstrate the effect of different concentrations of K5H5 on the DNA aggrega-
tion effect, which were 1 ng/uL, 2 ng/uL, 3 ng/uL, and4 ng/uL, respectively.

In order to further verify this mechanism, we carried out an in-depth study of the
electrophoretic mobility of K15H15 and K5H5 with DNA using the DLS technique, and
the relevant results are shown in Figure 3. As can be seen from Fig. 3a, the electrophoretic
mobility of DNA gradually increased from the initial -2.7 ymcm/Vs as the concentration
of K15H15 increased. When the concentration of K15H15 increased to about 0.3 ng/uL, the
electrophoretic mobility of DNA reached -0.2 umcem/Vs; when the concentration was fur-
ther increased to 0.5 ng/uL, the electrophoretic mobility jumped significantly to 0.8
pumcm/Vs. This change clearly indicated that the DNA underwent the charge reversal phe-
nomenon. In 3b, the electrophoretic mobility of DNA gradually increased from the initial
-2.7 umcm/Vs. When the concentration of K5H5 reached 0.5 ng/uL, the electrophoretic
mobility increased to -1.4 umcm/Vs; as the concentration of KSH5 continued to increase
to 3 ng/uL, the electrophoretic mobility tended to be close to 0 pmem/Vs. This result fur-
ther confirmed the significant regulation of DNA electrophoretic mobility by K15H15.
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Figure 3. Effect of two peptides, KSH5 and K15H15, on the electrophoretic mobility of
DNA in an environment with a pH value of 7.4. a shows the electrophoretic mobility of
K15H15 and DNA, the concentrations of K15H15 are 0 ng/uL, 0.1 ng/uL, 0.3 ng/uL, 0.4
ng/uL and 0.5 ng/uL successively. b shows the electrophoretic mobility of K5H5 and
DNA, the concentrations of K5H5 are 0 ng/uL, 0.5 ng/uL, 0.8 ng/uL, 2 ng/pL and 3 ng/uL
successively.

After analyzing the effects of K15H15 and K5H5 on the condensation of DNA and the
electrophoretic migration rate, we found that the interaction between K15H15 and DNA
was significantly stronger than that of K5H5 under the same experimental conditions, a
conclusion that can be clearly verified by comparing Figures 1 and 2. Further observing
the electrophoretic migration rate of DNA, we found that K15H15 was able to induce the
occurrence of DNA charge reversal phenomenon at much lower concentration, and this
result is visualized in Figure 3. Based on these experimental data, we can clearly conclude
that K15H15 exhibits a superior performance than K5SH5 in promoting DNA condensation.

2.2 Effect of amino acid sequence on polypeptide-DNA condensation

Firstly, we carried out a systematic study of the cohesive behavior of DNA with the
polypeptide (K3H3)s using the MT technique. In the experiment, the coalescence phenom-
enon of DNA was observed and analyzed by gradually adding different concentrations
of (K3H3)s to the DNA solution. As shown in Figure 4, when the concentration of (K3H3)s
was as low as 0.5 ng/uL, the DNA molecules began to show a tendency to coalesce, and
at this time, the critical condensation was about 1.5 pN. With the increase of the concen-
tration of (K3H3)s, the cohesive effect of DNA was significantly enhanced, and the critical
condensation reached a peak value of 11.6 pN when the concentration reached 1.5 ng/uL,
which indicated that at this time, the peptide-DNA interaction was most significant. How-
ever, when the concentration of (K3H3)s continued to increase, the critical condensation
gradually weakened, a trend similar to the experimental results of K15H15 and K5HS5.
These results suggest that (K3H3)s can effectively promote the interaction between DNA
molecules and induce DNA condensation in a specific concentration range.
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Figure 4. Coalescence between (K3H3)s polypeptide and DNA molecules occurring at pH

7.4. a-d demonstrate the specific effects of different concentration of (K3H3)s on the DNA
coagulation effect, which are 0.5 ng/uL, 1 ng/uL, 1.5 ng/uL, and 2 ng/uL, respectively.

1.0
pH =74

0.5
—~ 0.0
2 (K3H3),
=,
=101 DNA = | ng/uL
S -1.5-
= ]

-2.0 4

-2.54

OTO ' 075 ' ITO ' ITS ' 270
(K3H3)4(ng/nl)

Figure 5. The electrophoretic mobility of (K3H3)s and DNA under the condition of pH =
7.4,the concentrations of (K3H3)s are 0 ng/uL, 0.3 ng/uL, 0.5 ng/uL, 1 ng/uL, 1.5 ng/uL and
2 ng/uL successively.

Then, we employed DLS for the measurements to ensure that the concentration of
DNA was constant at 1 ng/uL, while the concentration of (K3H3)s was adjusted to explore
its effect on the electrophoretic mobility of DNA. As shown in Figure 5, the electrophoretic
mobility of DNA increased from -2.3 pmcm/Vs to -0.4 umcm/Vs when the concentration
of (K3H3)s reached about 0.5 ng/uL; when the concentration of (K3H3)s was 1 ng/uL, the
electrophoretic mobility of DNA increased to 0.2 pmem/Vs. This signifies DNA's charge
reversal. With these data, we can tentatively suggest that the electrophoretic mobility of
DNA molecules showed concentration-dependent changes with (K3H3)s.This change may
be related to the interaction between the (K3H3)s molecules and the DNA molecules,
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which may change the surface charge distribution of the DNA molecules, thus affecting
their migratory behavior in the electric field.
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Figure 6. Changes in electrophoretic mobility and critical condensation of two polypep-
tides, K15H15 and (K3H3)s, upon interaction with DNA at pH 7.4. a shows the electro-
phoretic mobility profile of K15H15 and (K3H3)s with DNA, and b shows the change in
critical condensation of K15H15 and (K3H3)s with DNA. The green curve in the figure
represents K15H15, while the pink curve represents (K3H3)s.

After analyzing the effects of K15H15 and (K3H3)s on DNA condensation as well as
electrophoretic migration rate, we found that the interaction of K15H15 with DNA was
significantly stronger than that of (K3H3)s under the same experimental condition. As
shown in Fig. 6a, we observed a significant charge reversal of DNA when the concentra-
tion of K15H15 reached 0.5 ng/puL phenomenon. Similarly, at a concentration of (K3H3)s
of 1 ng/uL, the charge reversal phenomenon of DNA was also clearly observed. Further
examining Figure 6b, we can find that at a concentration of 0.5 ng/uL, K15H15 caused
DNA coagulation with a critical condensation of 8.2 pN, whereas under the same condi-
tions, (K3H3)s also caused coagulation at a concentration of 0.5 ng/uL, but its critical con-
densation was only 1.5 pN. In addition, at a concentration of 1 ng/uL, the condensation of
K15H15 had increased to 14.7 pN. condensation had increased to 14.7 pN, whereas the
critical condensation of (K3H3)s was only 5.3 pN. At a concentration of 2 ng/uL, the critical
condensation of K15H15 with DNA was significantly higher than that of (K3H3)s, and the
increase in critical condensation of K15H15 showed a more significant phase jump, com-
pared to the slower response of (K3H3)s, which indicated that the superiority of K15H15
in DNA condensation.

2.3 Effect of pH on polypeptide and DNA condensation

Lysine and histidine, amino acids with ionizable side chains, exhibit pH-dependent
charge states that govern their biological and functional roles®¥. These properties are ex-
ploited in specific pH contexts: at pH 6.3 (mimicking endosomal conditions), histidine’s
protonation triggers nanoparticle escape or payload release during gene delivery[35} while
pH 7.4 (physiological blood/tissue conditions) tests biocompatibility and protein behavior.
At pH 8.4, simulating alkaline environments like the small intestine or industrial settings,
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lysine’s reduced charge and histidine’s deprotonation influence solubility and enzymatic
activity. Together, their pH-sensitive behaviors enable tailored applications in biochemis-
try, drug delivery, and biomaterial design.

We used the MT technique to adjust the solution pH to 6.3, followed by the addition
of different concentrations of K15H15 to the DNA. As shown in Fig. 7, under the condition
of pH = 6.3, when the concentration of K15H15 was only 0.5 ng/uL, it could trigger the
significant condensation of DNA, and its critical condensation reached 8.4 pN, which in-
dicated that K15H15 exhibited a strong DNA-binding ability at a low concentration. How-
ever, as the concentration of K15H15 was increased to 1 ng/uL, the critical condensation
of K15H15 with DNA decreased to 2.9 pN, suggesting that there exists an optimal concen-
tration range for the interaction between K15H15 and DNA, beyond which the cohesive
effect may be weakened due to the charge reversal or spatial site-blocking effect.
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Figure 7. Coagulation of K15H15 with DNA at pH 6.3. a-d show the effect of different
concentrations of K15H15 on the DNA coagulation effect, which were 0.5 ng/uL, 1 ng/uL,
2 ng/uL and 3 ng/pL, respectively.
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Figure 8. Condensation between K15H15 peptide and DNA molecules in a specific envi-
ronment at pH 8.4. a-d present the effects of different concentrations of K15H15 on the
DNA coagulation effect, which were 1 ng/uL, 2 ng/uL, 3 ng/uL, and 4 ng/uL, respectively.

To further study the effect of pH on the interaction of K15H15 with DNA, we adjusted
the solution pH to 8.4 and performed the same experiment. As shown in Figure 8, the
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coagulation behavior of K15H15 showed significant differences at pH = 8.4. When the
concentration of K15H15 was lower than 2 ng/uL, the DNA did not show significant co-
agulation; however, when the concentration reached 4 ng/uL, the coagulation effect of
DNA reached a peak with a critical coagulation force of 8.4 pN. This result suggests that
in an alkaline environment, a higher concentration of K15H15 is required to induce DNA
coagulation, which further confirms that the pH has a peptide-nucleic acid interaction of
the significant effect of pH on peptide-nucleic acid interactions.

To verify the above mechanism, we investigated the interaction of K15H15 with DNA
under different pH conditions using DLS technique (Figure 9). In an acidic environment
at pH = 6.3, the electrophoretic mobility of DNA increased from -2.7 umcm/Vs to -1.4
pmcm/Vs when the concentration of K15H15 reached 0.1 ng/uL; when the concentration
was increased to 0.8 ng/pL, the mobility turned to a positive value (0.3 pmecm/Vs), indi-
cating that the DNA underwent charge reversal (Fig. a). In contrast, in an alkaline envi-
ronment at pH = 8.4, DNA remained significantly negatively charged even at a K15H15
concentration of 2 ng/uL (Fig. b). This phenomenon further confirms that K15H15 inter-
acts more strongly with DNA in acidic environments, and the concentration of K15H15
required for charge reversal is significantly lower.

1
la pH=16.3 b pH=28.4
4
0 -
s
=
>
C i DNAF;SH/ISL KISHIS
S R DNA = 1 ng/ulL
= 3 4
<3l
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c(ng/uL) c(ng/uL)

Figure 9. Electrophoretic mobility of K15H15 with DNA under different pH conditions. a
reflects the electrophoretic mobility of K15H15 with DNA in a solution environment of
pH = 6.3, the concentrations of K15H15 are 0 ng/uL, 0.1 ng/pL, 0.5 ng/uL, 0.8 ng/uL, and
1 ng/uL successively. b demonstrates the electrophoretic mobility of K15H15 with DNA
in a solution environment of pH = 8.4, the concentrations of K15H15 are 0 ng/uL, 0.1 ng/uL,
0.5 ng/uL, 1 ng/uL, and 2 ng/uL successively.

When the pH of the solution is lower than 7.0, i.e., when it is in an acidic environment,
the cohesive interaction between K15H15 and DNA will show more significant. This phe-
nomenon suggests that condensation is more likely to occur under acidic conditions,
while condensation is relatively weak when the pH is greater than 7.0, i.e., in an alkaline
environment.
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3. Discussion and Conclusions

In present study, the interactions of K15H15, K5H5, and (K3H3)s with DNA were
intensively investigated mainly by MT and DLS techniques, and the cohesive behaviors
of the peptides with DNA were modulated by varying the chain lengths and sequences of
the peptides and the pH of the solution, and the following conclusions were drawn:

1.

k1sH1s (LDEDED ... m ..........

(K3H3)s

K15H15 was significantly more effective than K5H5. By DLS technique, K15H15
induced DNA charge reversal at 0.5 ng/uL, whereas K5H5 required 3 ng/uL for
electrophoretic mobility to be close to zero.The MT experiments further demon-
strated that K15H15 induced DNA condensation at a peak of 1 ng/pL resulted in
peak DNA condensation (14.7 pN), while K5SH5 required 2 ng/uL to reach peak
condensation (10.1 pN). The results showed that K15H15 was superior to K5H5
in terms of both charge reversal and condensation strength. Combined with the
structural analysis (shown in Fig. 10), the chain length of K15H15 was signifi-
cantly longer than that of K5H5 and it carried a greater number of positive
charges, thus it was able to neutralize the negative charges of the DNA more
efficiently and enhance the electrostatic interactions with the DNA. In contrast,
K5HS5 has a relatively weak binding ability to DNA due to its shorter chain length
and fewer positive charges. Based on the above results, we conclude that under
the same conditions, the longer the chain length of the peptide, the more signifi-
cant its cohesive effect with DNA. This finding provides an important theoretical
basis for the study of peptide-nucleic acid interactions and points out the optimi-
zation direction for the design of peptide-based gene delivery systems.

5 repeats

Figure 10. Schematic diagram of the structure of K15H15 and (K3H3)s.

K15H15 had a significantly better coagulation effect than (K3H3)s. Using the DLS
technique, we found that K15H15 induced DNA charge reversal at a concentra-
tion of 0.5 ng/pL, whereas (K3H3)s required 1 ng/pL to achieve a similar effect.
mt experiments further showed that KI5H15 caused peak DNA condensation at
1ng/u L (14.7 pN), whereas (K3H3)s required 1.5 ng/uL to achieve peak conden-
sation (11.6 pN). Combined with the structural analysis (shown in Fig. 10), the
disordered peptides were able to form a more stable interaction interface, which
significantly enhanced their binding affinity with DNA, whereas the ordered
peptides might have a weaker binding affinity with DNA due to the spatial site-
barrier effect and dispersed nature of charge distribution. Based on this, we con-
clude that for the same polypeptide, the order of its arrangement has an im-
portant effect on DNA condensation. Specifically, under the condition of the
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same chain length, the disordered polypeptide has stronger DNA binding ability
than the ordered polypeptide.

3. Acidic conditions induce more significant peptide-DNA condensation than alka-
line conditions. Measured by DLS and MT techniques, we found that under
acidic conditions (pH = 6.3), K15H15 induced DNA charge reversal at 0.8 ng/uL
with significant condensation, and the maximum critical condensation was 8.4
pN, respectively. under neutral conditions (pH = 7.4), KI5H15 peaked the DNA
condensation at 1 ng/pL, with condensation of 14.7 pN. whereas under alkaline
conditions (pH = 8.4), DNA coagulation was weaker, with K15H15 reaching 4
ng/uL to peak coagulation, with a critical coagulation of 8.4 pN. Through struc-
tural analyses, the lower concentration of hydroxide ions (OH) in the solution at
pH=6.3 and the lower concentration of hydrogen ions (H*) required to neutralize
the DNA requires a relatively greater number of hydrogen ions (H*), resulting in
a tightening of the DNA structure, whereas at pH = 8.4, the concentration of hy-
droxide ions is higher, and the number of hydrogen ions required to neutralize
the DNA correspondingly decreases, resulting in a stretching of the DNA struc-
ture. Based on this, we conclude that K15H15 and K5H5 interact more strongly
with DNA in acidic environments, which results in lower concentrations re-
quired for DNA charge reversal and more significant condensation effects. This
phenomenon is mainly attributed to the fact that histidine residues in peptide
assemblies in acidic environments are more protonated and carry more positive
charges, which enhances the electrostatic interactions with the negatively
charged phosphate groups of DNA.

4. Materials and Methods

4.1 Materials

In this experiment, the double-stranded A-DNA (48,502 bp in length) used for MT
and DLS experiments was purchased from New England Biolabs. Ultrapure water pro-
duced by the Milli-Q system was employed, and Tris(hydroxymethyl aminomethane), 10
mM Tris-HCI was utilized as the experimental buffer at concentrations of 10 mM and 1
mM, respectively. For the MT experiments, a phosphate-buffered saline (PBS) containing
10 mmol/L phosphate was prepared, with its stock solution being 1xTE buffer. Addition-
ally, lysine-histidine (Lys-His) repeat sequence polypeptides were procured from Jiangsu
Jitai Peptide Biotechnology Co., Ltd. (Suzhou, China) in lyophilized powder form. The
peptides used included K5H5, K15H15, and (K3H3)s, with amino acid sequences corre-
sponding to KKKKKHHHHH, KKKKKKKKKKKKKKK-HHHHHHHH-HHHHHHH
and KKKHHH-KKKHHH
-KKKHHH-KKKHHH-KKKHHH, respectively.

4.2 Dynamic light scattering (DLS)

Dynamic Light Scattering (DLS)®¢! is a technique that employs a laser light source to
irradiate a sample and measures the intensity and distribution of scattered light to obtain
information about particle size. This method is widely applied in biophysics. The working
principle of DLS is based on light scattering phenomena: a laser beam illuminates the
sample, generating scattered light, and the fluctuations in scattered light intensity and
frequency over time are detected to analyze the size distribution and surface charge char-
acteristics of the sample. The Materials and Methods should be described with sufficient
details to allow others to replicate and build on the published results. Please note that the
publication of your manuscript implicates that you must make all materials, data, com-
puter code, and protocols associated with the publication available to readers. Please dis-
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close at the submission stage any restrictions on the availability of materials or infor-
mation. New methods and protocols should be described in detail while well-established
methods can be briefly described and appropriately cited.

DLS can accurately measure the size and distribution of submicron-sized particles in
solutions or suspensions, analyze hydrodynamic properties of polymer solutions, and de-
termine the Zeta potential of complexes in solution. Additionally, it is used to study pro-
tein folding states, nanoparticle stability, and the stability of emulsions or suspensions. In
the experiment, 1 mL of the test sample was placed into a DTS1070 sample tank to meas-
ure its electrophoretic mobility.

4.3 Magnetic tweezers (MT)

Magnetic Tweezers (MT)[*l is a high-precision experimental system primarily com-
prising core components such as an inverted microscope, a sample microchamber, a mag-
net assembly, a micropipette, a manual manipulation stage, a CCD imaging system, and
computerized analysis software. During experiments, the sample microchamber is se-
curely mounted on the platform of the inverted microscope. The micropipette precisely
regulates fluid flow rate and volume to maintain sample stability throughout the proce-
dure. The magnet assembly can be laterally displaced during operation, enabling experi-
menters to apply finely controlled forces to DNA molecules for precise manipulations.

\
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L
R
Figure 13. Schematic Diagram of the Structure of the Magnetic Tweezers Device.

The diameter of a DNA molecule is only 2 nm. To effectively manipulate it under an
optical microscope, "handles" must be attached to both ends. As shown in Figures 13, the
experimental procedure involves the following steps: First, the sidewalls of the cover glass
are coated with anti-digoxigenin to enable effective binding between digoxigenin and the
sidewalls. Next, magnetic beads are functionalized with streptavidin and mixed with a
single-stranded end of the DNA molecule labeled with biotin, forming a DNA-bead hy-
brid solution. Finally, this solution is introduced into the sample chamber, allowing the
DNA to anchor to the anti-digoxigenin-coated sidewalls. By applying an external mag-
netic field to move the magnetic beads, the "handles" can be controlled to manipulate the
DNA molecule.
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