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Abstract

Protamines (PRMs) play a crucial role in sperm chromatin condensation, replacing histones to form nucleo—PRM structures, specifically PRM-
DNA complexes. Despite their importance in reproduction, the detailed mechanisms underlying PRM-mediated DNA condensation have re-
mained elusive. In this study, we employed high-speed atomic force microscopy (HS-AFM) to directly visualize the real-time binding dynamics of
PRM to DNA under physiological conditions. Our HS-AFM observations reveal that PRM insertion initiating the formation of DNA coils. Further,
we observed a heterogeneous spatial distribution of PRM-induced DNA looping. With continuous PRM addition, DNA progresses through a
series of folding transitions, forming coiled-like structures that evolve into clockwise spirals, rod-shaped intermediates, and ultimately toroid-like
nanostructures. Based on these real-time observations, we propose the CARD (Coil-Assembly-Rod-Doughnut) model to describe the stepwise
process of toroid formation during DNA condensation. Our findings underscore the versatility of HS-AFM in capturing the spatiotemporal dy-
namics of PRM-DNA interactions and provide critical insights into the molecular mechanisms driving PRM-induced chromatin compaction. This
study advances our understanding of sperm chromatin architecture and offers a framework for future research into chromatin organization,
reproductive biology, and nucleic acid therapeutics.
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Introduction

Sperm cells in mammals are equipped with incredibly com-
plex structures and functions, which allow them to carry out
the process of fertilization, which is essential for the contin-
uation of life [1, 2]. There are three stages of spermatogen-
esis: mitotic, meiotic, and post-meiotic. In the post-meiotic
stage, histones in germ cells are replaced with protamines
(PRMs) to acquire the physical protection of their DNA for
fertilization. As a result, over 90% of histones in mature sperm
cells are substituted with PRMs, PRM1 and PRM2, in most
mammals including mice and humans [3].

PRMs are basic, positively charged proteins characterized
by the arginine- and cysteine-rich sequences that bind to
negatively charged phosphate backbone of DNA and form
intra- and inter-molecular disulfide bonds that ensure the
highly condensed chromatin. After PRM interacts with DNA,
DNA loops into toroids, and sperm chromatin becomes very
dense [4]. These short (30-50 residues), positively charged,
inherently disordered proteins condense genomic DNA 10-
20 times more than in somatic cells [5]. Nuclear cohesiveness
is one of the most notable characteristics of this system. In-
tense compression shields sperm DNA from harm and aids in
transporting it to the ooplasm. Over the last 30 years, various
imaging methods, such as transmission electron microscopy
(TEM), atomic force microscopy (AFM) [6-9], and fluores-
cence microscopy [10], have been employed to study the struc-
tures of DNA when condensed by PRM. Hud et al. suggested
that PRM condenses sperm DNA into toroids with a capac-
ity of up to 60 kb based on TEM and AFM imaging [9]. Re-
cent AFM research on shorter DNA has identified many forms
such as single loops [7], numerous loops originating from a
central point, and stacks of loops [6]. Single-molecule fluores-
cence imaging has demonstrated that DNA may be condensed
to nearly zero length when completely coated with PRM [10].
These efficient nucleic acid condensation effects by PRM have
been continuously studied for many years because of their po-
tential application in gene delivery therapy and nucleic acid
vaccines.

Contrary to the remarkable DNA condensation effects seen
in vitro, although it is still controversial [11, 12], the 3D
chromatin architecture of mouse sperm closely resembles that
of somatic cells, as indicated by high-throughput chromoso-
mal conformation capture data [3, 13], including the pres-
ence of topologically associating domains and compartments.
Thus, it is uncertain if PRM functions just at a local level
similar to histones, or if it also contributes to the higher-
level organizing of sperm chromatin associated with genome-
wide transcriptional inactivation [14]. On the other hand, the
specific mechanism (the manner in which PRM aggregates
DNA to form dense toroidal structures) is not yet completely
known. Furthermore, sperm need to adapt to various exter-
nal environments as they are released from the testis into the
epididymis and the uterus. Therefore, understanding the be-
havior of sperm chromatin in response to these external en-
vironments [15], such as ionic environments, is extremely im-
portant in consideration of the increasing demand for assisted
reproductive technology in recent years [16].

Because of this, we decided to perform a study utiliz-
ing high-speed atomic force microscopy (HS-AFM) [17, 18],
which is capable of capturing the dynamics of biomolecules
at the nanoscale and in sub-seconds. HS-AFM is a distinc-
tive method in dynamic structural biology that allows for the

observation of individual molecules in motion [19]. We have
shown that HS-AFM is capable of providing real-time imag-
ing of the organelles such nuclear pore complexes [20-22] and
small extracellular vesicles (sEVs) [23] at a nanoscale reso-
lution, dynamic conformational changes in viral fusion pro-
teins [24-27], as well as interactions between histone H2A
and DNA [28].

In this study, we employed HS-AFM to systematically in-
vestigate the DNA compaction process induced by PRMs on
supported lipid bilayers. Our findings reveal that PRM trig-
gers the initiation of coil formation. Notably, HS-AFM imag-
ing showed a heterogeneous spatial distribution of DNA loops
induced by PRM binding. Furthermore, as PRMs were con-
tinuously introduced, DNA underwent a sequence of struc-
tural transitions, beginning with the formation of coiled-like
configurations, which progressively developed into clockwise
spirals. These spirals subsequently condensed into rod-like
structures and ultimately formed toroid-shaped nanoscopic
assemblies. Our analysis demonstrates that the kinetics
and compaction dynamics of these various supramolecular
structures—loops, spirals, and coiled-like forms—differ sig-
nificantly. Additionally, our experiments suggest that suffi-
ciently large spirals can transition into regular rolls and
toroid formation. We hypothesize that the lateral associa-
tion of PRMs with these rolls, leading to toroid thickening,
may represent a mechanism for modulating the mechanical
properties of the polymer as the supramolecular DNA struc-
tures undergo compaction. Based on these observations, we
propose the CARD (Coil-Assembly-Rod-Doughnut) model
to describe the process of toroid formation, thereby provid-
ing deeper insights into the critical role of PRMs in DNA
compaction.

Materials and methods

Materials
1,6-Hexanediol (1,6-HD), fish PRM (PRM), and magnesium

chloride were all sourced from Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan).

Plasmids

The pGEM-3z/601 plasmid was obtained from Addgene (Wa-
tertown, MA). Linearized double-stranded DNA (dsDNA)
fragments (2716 bp) were prepared as previously described
[5]. ADNA was obtained from Nippon Gene Material Co.,
Ltd. (Tokyo, Japan).

In silico analysis of PRM protein properties

The net charge of PRM protein at pH 7.4 was determined
using the Protpi webserver (https:/www.protpi.ch/). Hydro-
pathicity was assessed using the Eisenberg scale available
through the Expasy ProtScale webserver (https://web.expasy.
org/protscale/). Intrinsically disordered regions (IDRs) within
the PRM protein were predicted using multiple IDR predic-
tors, including the IUPRED series (long and short), PONDR
series (VL3, VLXT, VSL2, and FIT), PrDOS, and DISOPRED,
following methods previously described [5]. The outputs from
these eight IDR predictors were consolidated into a single
graph.
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AlphaFold3 prediction

The amino acid sequences of PRM and the corresponding
DNA were submitted to the AlphaFold3 prediction pipeline
to generate a 3D structural model and binding predic-
tions. The AlphaFold Server (https://golgi.sandbox.google.
com/) was used for this purpose. A comprehensive template
search was conducted using the Protein Data Bank (PDB) to
identify homologous structures as references. The deep learn-
ing model predicted inter-residue distances and angles, which
were further refined through iterative optimization to enhance
accuracy. The final structural model was generated in PDB
format, providing a detailed representation of the PRM-DNA
interaction.

HS-AFM imaging

HS-AFM images were acquired using a custom-built tapping
mode HS-AFM, as detailed in previous studies [5]. Small can-
tilevers (BL-AC10-DS-A2 from Olympus, Tokyo, Japan; USC-
F1.2-k0.15 and USC-F1.5-k0.6 from NanoWorld, Neucha-
tel, Switzerland) with spring constants (k) of 0.1, 0.15, and
0.6 N/m and resonance frequencies (f) of 1.5, 1.2, and 1.5
MHz were used. To enhance image quality, amorphous car-
bon was deposited on the cantilever tip using electron-beam
deposition with a field emission scanning electron microscope
(ELS-7500, Elionix Inc., Tokyo, Japan). A laser beam (670
nm wavelength) was focused on the electron beam deposited
(EBD)-processed cantilever tip using a 20 x -objective lens (CFI
S Plan Fluor ELWD, Nikon, Tokyo, Japan). The cantilever’s
dynamic deflection was detected by a position-sensing two-
segmented PIN photodiode. To optimize tip-sample interac-
tion force, the free oscillation amplitude of the cantilever (A0)
was adjusted to 1.5-2.5 nm, with the set-point tuned to 80%—
90% of the free amplitude. A glass stage coated with mus-
covite mica layers (~0.1 mm total thickness) was affixed to
the HS-AFM scanner.

For scanning the native conformation of PRM protein,
the sample was first diluted in a scanning buffer (10 mM
Tris=HCI, 2 mM MgCl,, pH 7.4) to a concentration of 50
ng/ul. The sample was then loaded onto bare mica (negatively
charged) and incubated for 5 min. Following incubation, the
substrate was rinsed with scanning buffer to remove unbound
PRM protein before proceeding with HS-AFM scanning.

To investigate the role of electrostatic attraction or hy-
drophobic interaction in PRM aggregation in real-time, 100
ng/ul PRM protein was first loaded onto bare mica (nega-
tively charged), and the concentration of NaCl or 1,6-HD was
adjusted to 1.5 M or 15% during HS-AFM scanning.

For PRM-DNA aggregation scanning, a premix sample was
prepared and incubated on ice for 5 min before HS-AFM scan-
ning. The premix contained varying concentrations of PRM,
DNA, and buffer components (MgCl,). After incubation, the
premix was loaded onto bare mica (negatively charged), in-
cubated for 5 min, and rinsed with scanning buffer to re-
move unbound PRM and DNA before HS-AFM scanning.
To explore the role of electrostatic attraction or hydropho-
bic interaction in PRM-DNA aggregation in real-time, the
aggregations were first loaded onto bare mica (negatively
charged), and the NaCl or 1,6-HD concentration was ad-
justed to 500 mM or 15% during HS-AFM scanning. The
NaCl/MgCl, concentration was adjusted by manually ex-
changing the buffer in the AFM observation chamber with
a buffer containing the desired NaCl/MgCl, concentration

during the condensate observation. The effect of divalent
ions on PRM-DNA aggregation was examined by loading
the premix onto bare mica (negatively charged) and adjust-
ing the MgCl, concentration to 500 mM during HS-AFM
scanning.

To capture the real-time process of DNA compaction by
PRM, DNA was first loaded and incubated on bare mica (neg-
atively charged), lipid-coated mica (positively charged) for §
min. For cationic lipid bilayer substrate preparation, a mix-
ture containing 0.2 mg/ml DPPC/DPTAP/biotin-cap-DPPE
(90:5:5 mass ratio) in 10 mM MgCl, was sonicated for 5 min
in a bath sonicator (7-5027-01, AS ONE, Osaka, Japan) be-
fore being deposited onto the bare mica surface, creating a
positively charged surface to minimize DNA-substrate inter-
actions. The substrate was rinsed with scanning buffer to re-
move unbound DNA and debris before HS-AFM scanning.
During scanning, the PRM concentration in the chamber was
adjusted by replacing the imaging buffer with a solution con-
taining PRM.

For scanning spermidine-DNA aggregations, a premix
sample was prepared and incubated on ice for 5 min before
HS-AFM scanning. The premix contained varying concen-
trations of PRM, DNA, spermidine, and buffer components
(MgCl,). After incubation, the premix was loaded onto bare
mica (negatively charged), incubated for 5 min, and rinsed
with scanning buffer to remove unbound PRM and DNA be-
fore HS-AFM scanning.

All experiments were repeated at least three times to ensure
reproducibility.

HS-AFM image processing and analysis

All HS-AFM images were processed and analyzed using Im-
age] software (https://imagej.net/ij/download.html). A first-
order polynomial fit in both x- and y-directions was ap-
plied, followed by convolution with a Gaussian smoothing
function using the “Gaussian Blur” plugin to enhance image
quality. Spatial parameters, including cross-sectional height,
were measured using the same software. The processed im-
age sequences were saved as videos (AVI format) and then
arranged, edited, and compiled using Adobe Creative Cloud
(https://www.adobe.com/creativecloud.html).

To evaluate aggregation, the area surrounding the aggrega-
tions or scattered particles in each sequential frame was mea-
sured. A box was drawn around the aggregations and all scat-
tered particles, and the area of that box was calculated.

Statistical analysis

Graphs were generated using R software (R Development
Core Team). Comparative analyses were performed using
SPSS version 28 (IBM Corp., NY, USA). Independent sam-
ples were compared using either the Student’s #-test or Mann—
Whitney U test. Related samples (before and after) were com-
pared using either the paired #-test or Wilcoxon-signed rank
test. Statistical significance was set at *P < .05, **P < .01.

Results

Direct observation of PRM-DNA complex
compaction kinetics using HS-AFM

To investigate the structural dynamics of PRM-induced
DNA condensation, HS-AFM was employed to capture the
real-time compaction of PRM-DNA complexes on mica sur-


https://golgi.sandbox.google.com/
https://imagej.net/ij/download.html
https://www.adobe.com/creativecloud.html

4 Nishide et al.

faces. The negatively charged surface of bare mica facilitates
the adsorption of PRMs and PRM-DNA complexes, while
free PRMs attached to the surface reduce excessive adsorp-
tion forces, preserving the structural integrity of the complexes
and ensuring they remain intact during scanning (Figs 1 and
2, Supplementary Figs S1-S3, and Supplementary Movies S1-
57).

The experimental setup (Fig. 1A) was complemented by
AlphaFold3 predictions to model the structural interactions,
though these predictions do not currently simulate real-time
condensation dynamics. Real-time HS-AFM imaging pro-
vided direct evidence of the attractive forces between PRM
and adjacent DNA strands during the condensation process.
The observed movement and reorientation of the PRM-DNA
complex on the surface reflect the dynamic nature of electro-
static interactions. The flexibility and reorientation suggest
an electrostatically mediated interaction between the PRM-
DNA complex and the mica surface, rather than a visualiza-
tion of force itself. The electrostatic interactions between the
positively charged PRM and negatively charged DNA facili-
tated this hierarchical condensation, ultimately culminating in
toroidal structures.

Interestingly, the addition of the liquid-liquid phase
separation (LLPS) inhibitor 1,6-HD at concentrations up
to 15% did not induce decompaction (Supplementary
Figs S1E and S3, and Supplementary Movie S1), suggest-
ing that PRM-DNA interactions are not phase separation-
dependent. Instead, the PRM-induced “beads-on-a-string”
structures observed during scanning remained dynamic, high-
lighting the flexibility and mobility of PRM-DNA com-
plexes (Fig. 1B and Supplementary Movie S2). These dynam-
ics are essential for the stepwise condensation process, al-
lowing the complexes to efficiently rearrange and transition
between intermediate structures, ultimately forming toroidal
aggregates.

Unlike hydrophobicity-driven condensates characteristic of
LLPS, PRM-DNA structures dissolve exclusively under high
ionic strength, as demonstrated by NaCl and Mg?* treat-
ments. This finding emphasizes the dominance of ionic inter-
actions in regulating the stability and condensation of PRM-
DNA complexes.

The use of 1,6-HD, a well-established tool for disrupting
LLPS-driven assemblies, further confirmed the absence of hy-
drophobic contributions to PRM-DNA compaction or de-
compaction. Together, these results highlight the critical role
of electrostatic forces in both the formation and dissolution
of PRM-DNA complexes, while demonstrating the reversibil-
ity and adaptability of these structures under varying ionic
conditions.

HS-AFM imaging captured a diverse array of PRM-DNA
complexes, including Coil (9.1%), Rod (85.3%), and Dough-
nut (5.6%) structures when using 2.7 kbp DNA (nz = 143).
With longer DNA molecules (50.0 kbp, 7 = 234), the distri-
bution shifted to Coil (1.3%), Rod (74.8%), and Doughnut
(23.9%) conformations, as shown in Fig. 1C and D. These
findings highlight the impact of DNA length on the resulting
conformations.

Sequential imaging further revealed a stepwise transi-
tion from initial looping to compaction upon PRM addi-
tion (up to 1.7 ng/ul) (Fig. 1E and Supplementary Movie
S3). PRM binding induced the formation of compact struc-
tures with a characteristic height of ~6 nm (Fig. 1E). DNA
molecules immobilized on mica (mean length = 924.5 nm)

were examined under varying PRM concentrations (up to
100 ng/ul) (Supplementary Fig. S3). Complete DNA con-
densation was observed at concentrations exceeding 1 ng/pl,
consistent with previous studies on long DNA molecules
(~50 pm) [10]. In the absence of PRM, the DNA re-
mained linear on the mica surface, whereas PRM addition in-
duced DNA folding and aggregation, mirroring prior AFM
findings [7, 8, 29].

These results underscore the versatility of PRM in induc-
ing a range of DNA conformations, from loosely organized
loops to fully compacted toroids. HS-AFM provided direct,
real-time evidence of the dynamic and hierarchical nature of
DNA condensation, revealing the nanoscale structural transi-
tions that drive toroid formation.

Influence of electrostatic and ionic strength on
PRM-DNA compaction

To investigate the role of ionic concentration in PRM-induced
DNA compaction, we applied HS-AFM to capture the real-
time dynamics of PRM-DNA complex formation and disso-
lution. Bare mica was used as the initial substrate, and imaging
began in 10 mM Tris—=HCI buffer before sequentially introduc-
ing PRM and DNA. The addition of PRM induced the for-
mation and enlargement of PRM-DNA aggregates, followed
by controlled dissolution when the buffer was replaced with
increasing concentrations of NaCl. Sequential HS-AFM imag-
ing revealed stepwise disassembly of rod- and toroid-shaped
PRM-DNA complexes, with complete dissolution observed
at 500 mM NaCl, indicating that electrostatic interactions
are central to the reversible formation and dissociation of
these structures (Fig. 2A and B and Supplementary Movies S4
and S5).

Systematic analysis of the condensation area and height ra-
tios before (t = 0) and after (t = 300 s) salt addition (Fig. 2C
and D) revealed significant reductions in PRM-DNA complex
density. This was visually supported by the shift in color inten-
sity, from bright (compact) to dark (dissociated), confirming
that both rod and toroid structures disassemble under high-
salt conditions.

Beyond monovalent ions, we examined the effect of diva-
lent ions such as Mg?* on PRM-DNA compaction, given their
reported dual role in nucleosome condensation and nucleo—
PRM decondensation [30, 31]. Sequential HS-AFM imag-
ing demonstrated that increasing Mg?* concentrations (up
to 500 mM) initially enhanced DNA condensation but ulti-
mately led to the destabilization and partial disintegration of
the globular structures beyond a critical threshold (Fig. 2E,
Supplementary Fig. S4, and Supplementary Movies S6 and
S7). These observations suggest that higher Mg?* concentra-
tions weaken electrostatic interactions due to charge screen-
ing, creating an unstable intermediate state characterized by
increased DNA flexibility and partial uncoiling.

Scatter plots from three independent examples (Fig. 2F)
showed a steady increase in the real-time area of PRM-DNA
complexes with the addition of MgCl,, reaching a maximum
at 500 mM. This pattern indicates progressive dissociation of
the complexes. Comparative analysis of PRM-DNA areas un-
der different ionic strengths (Fig. 2G) supports the hypothe-
sis that high Mg?* concentrations reduce electrostatic interac-
tions between DNA segments, resulting in loosely organized
network structures.
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Figure 1. Real-time HS-AFM imaging of PRM-DNA complexes and their dynamic condensation process. (A) Schematic of the HS-AFM setup used to
visualize the PRM-DNA interaction, alongside AlphaFold3 predictions illustrating the interaction between PRM and DNA. (B) HS-AFM captures real-time
dynamics of PRM-induced DNA condensation on bare mica. The sequential images show PRM-DNA complexes transitioning from loose aggregates
into more compact structures, demonstrating the highly dynamic nature of PRM-DNA binding. The rod structures observed are prone to transformation
into toroids while maintaining their overall stability (scale bar: 20 nm). (C, D) HS-AFM images illustrating a variety of PRM-DNA aggregates, including
coiled-like, rod-shaped, and toroidal (Doughnut) structures, with distinct distributions depending on DNA length. Using 2.7k bp DNA, Coil (9.1%), Rod
(85.3%), and Doughnut (5.6%) structures were observed (n = 143). In contrast, for 50.0k bp DNA, the distribution shifts to Coil (1.3%), Rod (74.8%), and
Doughnut (23.9%) (n = 234). (E) Sequential HS-AFM images show the progression of DNA looping and condensation following PRM addition (up to 1.7
ng/ul), demonstrating the stepwise compaction process on bare mica. The plot of aggregate area (nm?) versus elapsed time (s) provides systematic
support for the concentration-dependent nature of DNA condensation by PRM.
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Figure 2. Dissolution of PRM-DNA complexes under varying ionic strength conditions observed via HS-AFM. (A, B) Sequential HS-AFM images capture
the gradual dissolution of PRM-DNA Rod and Doughnut structures on bare mica upon increasing the ionic strength using NaCl (up to 500 mM). The
images show that high ionic conditions disrupt the stability of these complexes, leading to their disassembly (scale bars: 200 nm and 140 nm,
respectively). (C, D) Bar graphs depicting the ratio of DNA condensation area and height before (t = 0) and after (t = 300 s) NaCl addition, highlighting
significant reductions in both parameters under high ionic strength [mean + standard error of the mean (SEM), n =4, **P < .01, two-tailed paired
ttest]. (E) HS-AFM images showing the dissolution of PRM-DNA complexes on bare mica upon the introduction of divalent magnesium ions (MgCl,) at
increasing concentrations (up to 500 mM), further indicating the ionic sensitivity of these aggregates (scale bar: 100 nm). (F) Scatter plots illustrating the
real-time changes in PRM-DNA complex size as Mg?* concentrations rise, demonstrating that complex dissociation accelerates as the ionic strength
increases. (G) Comparative analysis of the size of PRM-DNA complexes under varying ionic strengths, with statistical significance indicated for changes
in complex size at higher concentrations of MgCl, (mean + SEM, n= 3, *P < .05, two-tailed paired t-test).
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Rapid conformational changes in DNA looping by
PRM: from coiled-like loops to toroid patterns
observed via HS-AFM

Previous studies, including our own, have demonstrated
that the topology of dsDNA on various surfaces, such as
(3-aminopropyl)triethoxysilane or poly-l-lysine, depends
heavily on surface adsorption forces. Under conditions
of zero ionic strength, plasmids experience strong elec-
trostatic interactions with positively charged substrates,
leading to compaction, folding, and immobilization on mica.
Conversely, high ionic strength reduces these adsorption
forces, allowing plasmids to extend and self-organize into
plectonemic supercoils. Segmental mobility of plasmids is
observed on surfaces with reduced adsorption strength, where
interactions are weaker.

To minimize artificial coiling and preserve DNA mobil-
ity, we utilized a cationic lipid bilayer substrate composed
of DPPC/DPTAP/biotin-cap-DPPE (90:5:5 mass ratio). DNA
immobilized on fluidic cationic lipid-coated mica (positively
charged) exhibited significantly greater dynamic rearrange-
ments, whereas only limited movement was observed on the
nonfluidic bare mica (negatively charged) surface. Linearized
2.7k bp DNA scanned in neutral physiological buffer without
added salt appeared as a homogeneous thread with an aver-
age thickness of 9.28 £+ 0.22 nm and a height of 1.73 + 0.03
nm (7 = 74). Upon interaction with PRM on the cationic
lipid bilayer, DNA rapidly transitioned from extended lin-
ear forms to compacted supercoils, resembling “rod” config-
urations (Fig. 3A and B, Supplementary Figs S5 and S6, and
Supplementary Movies S8-S11).

HS-AFM imaging enabled us to document the entire con-
densation process. We observed the progression of DNA
topology through distinct conformational states:

e Loop formation: DNA initially forms looping structures
upon PRM binding;

e Coiled configuration: These loops transition into coiled-
like conformations with enhanced compaction;

o Twisting and compaction: The DNA undergoes in-
creased twisting, leading to further compaction and
structural organization; and

e Rod formation: The final stage results in highly con-
densed rod-shaped aggregates resembling toroids. These
rapid conformational transitions were characterized by
dynamic changes in the DNA’s physical dimensions. Lo-
calized regions of DNA temporarily exhibited nearly
double their original height during intermediate stages
before reverting and twisting into rod-like formations
(Fig. 3C-F).

While toroid formation is observed in bulk conditions,
the final transition from rod-shaped intermediates to toroids
could not be directly visualized in our HS-AFM setup, likely
due to repulsive forces between the cationic lipid substrate and
the positively charged PRM-DNA complexes. This highlights
a technical constraint of surface-based imaging for studying
late-stage compaction.

As the PRM concentration increased, the DNA transi-
tioned progressively from its extended coil state to more
compact forms. This transition followed a stepwise trajec-
tory through intermediate entanglements, ultimately leading
to stable rod-like aggregates. The ability of PRM to drive
this hierarchical compaction process underscores its critical

role in facilitating DNA condensation. To validate the gener-
ality of this compaction mechanism, we conducted compara-
tive experiments using spermidine (3+) under low-salt condi-
tions. Spermidine-treated DNA exhibited similar rod-like con-
densation and toroid formation (Supplementary Fig. S7 and
Supplementary Movies S12 and S13). However, spermidine-
induced transitions displayed a unique feature: increasing salt
concentrations led to DNA unfolding into a coil state, with a
monotonic response to ionic strength changes. This contrasts
with the PRM-induced process, which proceeds through a dis-
tinct series of hierarchical intermediate states.

Based on these findings, we propose the CARD model (Coil,
Assembly, Rod, and Doughnut) as a hierarchical framework
to describe the stepwise organization of PRM-induced DNA
compaction. Our real-time HS-AFM imaging captured se-
quential transitions in DNA topology, providing direct visual
evidence of the dynamic and reversible nature of the conden-
sation process. Each stage of the CARD model is supported by
high-resolution HS-AFM images, highlighting the critical role
of PRM in initiating, stabilizing, and maintaining DNA com-
paction. The reversible transitions, indicated by arrows in the
model, underscore the delicate interplay between PRM bind-
ing and environmental factors such as ionic strength (Fig. 4).
Furthermore, our results suggest that the uniformity of the
toroidal structures’ inner and outer diameters, as observed
in Supplementary Fig. S8, ensures a robust and consistent
packaging system, despite variations in intermediate config-
urations.

To further validate the CARD model, we performed
reverse disassembly experiments to visualize the sequen-
tial events in the opposite direction. By introducing 400
mM NaCl, we successfully induced the gradual deconden-
sation of toroid/doughnut-shaped structures, which transi-
tioned back into rod-shaped intermediates and ultimately
into coiled-like conformations (Supplementary Fig. S9 and
Supplementary Movie S14). Altogether, these findings provide
compelling evidence supporting the reversibility of the con-
densation process and strengthen the robustness of the CARD
model.

These findings also illustrate the close relationship be-
tween DNA conformational changes and PRM addition,
highlighting a stepwise compaction mechanism. The pro-
cess begins with loosely organized coiled-like structures, pro-
gresses through entanglement and twisting, and culminates
in highly condensed rod-shaped formations. This hierarchi-
cal organization not only reflects the critical role of PRM
in DNA condensation but also provides insights into the dy-
namic interplay between DNA and PRM under physiological
conditions.

Discussion

In this paper, using HS-AFM, we captured the dynamic
process of PRM-induced DNA condensation and proposed
the CARD model (Coil, Assembly, Rod, and Doughnut)
as a framework for understanding its hierarchical organi-
zation. The stepwise transitions include: 1. Coiled, loop
formation and configuration — 2. Assembly and com-
paction — 3. Rod formation— 4. Doughnut formation
(Figs 1-4).

At higher PRM concentrations, DNA progressively com-
pacts into stable rod-like and toroidal structures. Compara-
tive experiments with spermidine confirmed a similar conden-
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Figure 3. Sequential HS-AFM images capturing the PRM-induced DNA compaction process on a lipid bilayer. (A, B) Real-time HS-AFM images show the
progression of (A) 50.0 kbp and (B) 2.7 kbp DNA condensation upon PRM addition on lipid-coated mica. DNA initially adopts an extended conformation
that transitions into coiled-like looped structures, followed by the formation of rod-shaped aggregates as PRM concentration increases (scale bar: 70 and
100 nm, respectively). (C, D) Systematic analysis of the changes in DNA aggregate length and height over time in response to increasing PRM
concentrations, showing a reduction in length and an increase in height as compaction proceeds. (E, F) Bar graphs comparing the length and height of
DNA aggregates before (t = 0) and after (t = 600 s) PRM addition. The data demonstrate significant compaction, with a marked reduction in aggregate
length and a concurrent increase in height (mean + SEM, n =10, **P < .01, two-tailed paired t-test). This figure highlights the dynamic structural
changes that occur during PRM-induced DNA condensation, supporting the proposed mechanism of stepwise compaction from looped intermediates to
rod-like aggregates. These findings provide critical insights into the molecular basis of PRM-DNA interactions.
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Figure 4. Proposed CARD model of PRM-induced DNA condensation. This graph illustrates the various stages of DNA condensation mediated by
PRMs, as observed by HS-AFM. 1. Coil stage: e The DNA is in a loosely organized, flexible condition marked by scattered PRM binding. e The structure
exhibits minimal compaction, displaying recognizable loops and irregular shapes. 2. Assembly stage: e PRMs initiate aggregation along the DNA
backbone, facilitating the formation of intermediate, more structured configurations. The interactions are mostly regulated by electrostatic forces,
resulting in the conversion of DNA into semi-condensed forms. 3. Rod stage: e The DNA-PRM complex experiences further compaction into rod-like
forms. e These linear and elongated structures demonstrate heightened organization and density. 4. Doughnut (toroid) stage: e The final stage produces
highly compacted toroidal structures, enhancing compaction and stability. ¢ These doughnut-shaped forms are indicative of fully condensed DNA-PRM

complexes.

sation process, though the unfolding response to salt differed
from PRM-treated DNA.

To validate the CARD model, reverse disassembly experi-
ments using 400 mM NaCl demonstrated the gradual decon-
densation of toroidal structures back into rod and coiled con-
formations, confirming the dynamic and reversible nature of
the condensation process. These findings emphasize the criti-
cal role of PRM and electrostatic forces in DNA compaction
and highlight the robustness of the CARD model as a frame-
work for describing this process (Supplementary Fig. S9 and
Supplementary Movie S14).

The compaction and packaging of DNA within sperm
nuclei are fundamental for ensuring the accurate and safe
transmission of the genome to the next generation. Through
the use of HS-AFM with unparalleled spatiotemporal
resolution, we captured the dynamic process of DNA
condensation mediated by PRM. This process begins with
coiled-like structures and progresses through intermediate
conformations, such as sausage- and headphone-like forms,
ultimately culminating in highly compact doughnut-shaped
toroids. This study reveals that DNA condensation is driven
by PRM-DNA interactions and modulated by ionic strength,
underscoring the critical influence of PRM concentration and
electrostatic forces in achieving proper chromatin compaction
in mammalian sperm.

Our HS-AFM observations demonstrated that PRM bind-
ing induces local destabilization of DNA structure, initiat-
ing the formation of coiled-like loops through intercalation
between DNA bases. Moreover, we observed a heteroge-
neous spatial distribution in PRM-induced DNA looping, sug-
gesting that condensation occurs in a nonuniform, stepwise
manner. Remarkably, with continuous PRM addition, DNA
underwent sequential conformational changes, evolving from
coiled-like loops to clockwise spirals and tie-shaped inter-

mediates before fully condensing into toroid-like nanos-
tructures. These findings provide crucial insights into the
molecular mechanisms of PRM-DNA interactions, support-
ing a stepwise compaction pathway that transitions through
looped and entangled intermediates before achieving rod-
shaped aggregates and final toroidal structures.

A notable feature of the CARD model (Fig. 4) is its ability to
bridge the gap between intermediate conformations and fully
condensed toroids, which are essential for chromatin stability
and genome protection in sperm. This cohesive understanding
not only sheds light on the molecular steps of chromatin or-
ganization during spermiogenesis but also highlights the crit-
ical role of electrostatic forces in driving and regulating DNA
condensation.

Beyond sperm biology, the CARD model offers broader im-
plications for chromatin biology, particularly in understand-
ing how variations in PRM concentration, mutations, or ionic
environments may impact chromatin organization and male
fertility. These insights have significant translational poten-
tial, providing a foundation for developing targeted thera-
pies to address male infertility and refine assisted reproduc-
tive technologies. For example, perturbations in PRM-DNA
interactions may lead to improper genome packaging, increas-
ing susceptibility to genetic instability or infertility. Under-
standing these mechanisms could lead to novel approaches
for modulating chromatin condensation in therapeutic
contexts.

The application of HS-AFM in this study also highlights its
unique capacity to capture nanoscale biomolecular dynam-
ics in real time, providing insights that static imaging tech-
niques cannot achieve. By enabling the visualization of DNA
conformational changes with high spatiotemporal resolution,
HS-AFM revealed the stepwise maturation process of DNA
condensation, from initial coiling to final toroidal configura-
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tions. These observations offer an unprecedented view of the
dynamic interplay between PRM and DNA, advancing our
understanding of chromatin dynamics and its regulation.

In conclusion, our findings elucidate the molecular mech-
anisms underlying PRM-induced DNA condensation, estab-
lishing the CARD model as a significant advance in chro-
matin biology. This model provides a detailed roadmap for
understanding DNA compaction, emphasizing the stepwise
transitions through distinct conformations that are critical
for chromatin organization and stability. By integrating in-
sights into chromatin condensation during spermiogenesis,
this study opens new avenues for exploring genome protection
mechanisms, fertility regulation, and chromatin dynamics in
broader biological contexts. These discoveries provide a foun-
dation for future investigations into the molecular pathways
governing chromatin organization and their implications for
reproductive health and disease.
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