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The nucleosome including H2A.B, a mammalian-specific H2A variant, plays pivotal roles in
spermatogenesis, embryogenesis, and oncogenesis, indicating unique involvement in transcriptional
regulation distinct from canonical H2A nucleosomes. Despite its significance, the exact regulatory
mechanism remains elusive. This study utilized solid-state nanopores to investigate DNA unwinding
dynamics, applying local force between DNA and histones. Comparative analysis of canonical H2A
and H2A.B nucleosomes demonstrated that the H2A.B variant required a lower voltage for complete
DNA unwinding. Furthermore, synchronization analysis and molecular dynamics simulations indicate
that the H2A.B variant rapidly unwinds DNA, causing the H2A-H2B dimer to dissociate from DNA
immediately upon disassembly of the histone octamer. In contrast, canonical H2A nucleosomes
unwind DNA at a slower rate, suggesting that the H2A-H2B dimer undergoes a state of stacking at the
pore. These findings suggest that nucleosomal DNA in the H2A.B nucleosomes undergoes a DNA
unwinding process involving histone octamer disassembly distinct from that of canonical H2A
nucleosomes, enabling smoother unwinding. The integrated approach of MD simulations and
nanopore measurements is expected to evolve into a versatile tool for studying molecular interactions,
not only within nucleosomes but also through the forced dissociation of DNA-protein complexes.

The nucleosome, a fundamental unit of chromatin structure, consists of a
histone octamer, composed of two molecules each of the histone types H2A,
H2B, H3, and H4, encircling approximately 146 base pairs of DNA in 1.7
turns'”. H2A.B, a mammalian-specific histone variant of H24, is highly
expressed in the testis* and cancer’, playing vital roles in spermatogenesis,
embryogenesis, and oncogenesis. Furthermore, H2A.B is enriched in active
gene regions, DNA repair sites, and DNA replication sites, playing essential
roles in gene expression, RNA splicing, cell cycle regulation, and DNA
damage sensitivity”’. Consequently, H2A.B nucleosomes may have unique
mechanisms to regulate these functions, deviating from canonical H2A
nucleosomes. To investigate this, we need to focus on the activity of RNA
polymerase in unwinding DNA from histones during transcription, but
visualizing this activity is not straightforward. Traditionally, techniques
such as applying force to both DNA ends using optical tweezers or peeling
off DNA from mononucleosomes or chromatin have provided valuable
insights into structural stability (Fig. 1a left panel)'*"*. Additionally, there

are reports of visualizing the structural stability of nucleosomes using
imaging techniques by vertically tapping the histone surface of immobilized
nucleosomes with high-speed atomic force microscopy' (Fig. 1a, second
panel from left). Measurements using optical tweezers forcibly pull each
DNA end, and AFM tapping applies vertical loads to the entire nucleosome.
Therefore, these methods do not accurately reflect the forces exerted when
RNA polymerase peels off histones from DNA, such as pulling apart a
zipper (Fig. 1a right two panels).

Recently, techniques have been developed to directly measure DNA-
histone interactions using nanopore measurements'®. This approach has
subsequently been utilized to reveal the impact of histone tail ubiquitination
on structural stability'’. However, while it is possible to measure the relative
ease of DNA unwinding from histones, understanding the detailed mole-
cular mechanisms, including the behavior of histone octamers, is challen-
ging. Specifically, there is limited understanding of these molecular
mechanisms in histone variants with high transcriptional activity.
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Fig. 1 | Nucleosomal DNA unwinding
measurement setup. a Schematic illustration for
unwinding of DNA by optical tweezers (left panel),
measurement of nucleosome complex stability by
atomic force microscopy (second from left),
unwinding of DNA by nanopore measurement
(second from right), and unwinding on DNA during
the transcription (right panel) (PDB ID of nucleo-
some model: 3AFA™'; RNAPII-nucleosome complex
model: 6A5T). b Schematic of the nanopore
experiment. The nucleosome is trapped in the
nanopore (left), the DNA is unwound (center), and
only the DNA passes through (right). ¢ Conceptual
image of nanopore measurement using nucleo-
somes crosslinked between DNA and histones (left).
The crosslinked nucleosomes are stuck in the pore
because the pore size (5.2 nm) is smaller than the
nucleosome. Representative traces of the current
value during nanopore measurement at 300 mV
(right), indicating the nucleosomes continue to stack
in the pore until the inverted voltage is applied (blue
arrows).
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In this study, we used solid-state nanopores with smaller diameters
than nucleosomes to measure the dynamics of nucleosome DNA
unwinding for both canonical H2A and non-canonical H2A.B nucleo-
somes. Subsequent analysis through molecular dynamics simulations
allowed us to construct a molecular model, including the process of histone
octamer dissociation. Comparative analysis between canonical H2A
nucleosomes and H2A.B variant nucleosomes revealed a lower voltage
requirement for complete unwinding of DNA in H2A B variants, implying
facilitated unwinding with reduced forces. Additionally, synchronization
analysis and molecular dynamics simulation revealed that in both types of
nucleosomes, the histone octamer disassembles during the DNA unwinding
process. Furthermore, it was demonstrated that in this process, the H2A.B
variant rapidly unwinds DNA, leading to the immediate dissociation of the
H2A-H2B dimer from DNA upon disassembly of the histone octamer. In
contrast, the canonical H2A nucleosome, due to its slower DNA unwinding
rate, suggests that the H2A-H2B dimer undergoes a stacking state at the
pore. These findings suggest that nucleosomal DNA in the H2A.B variant
undergoes a DNA unwinding process involving histone octamer dis-
assembly distinct from that of canonical H2A nucleosomes, enabling
smoother unwinding.

Results

DNA unwinding measurement

Figure 1billustrates the schematic representation of the solid-state nanopore
configuration implemented in this experimental setup. Canonical H2A and
H2A.B histone variant nucleosomes employed in this study were recon-
stituted in vitro using DNA. To investigate whether nucleosomes are stable
under the high ionic strength required for nanopore measurements, the
stability of the complexes under various KCl concentrations was verified
through gel shift analysis (see Supplementary Fig. S1). Based on these results,
a KClI concentration of 250 mM was chosen, indicating minimal or negli-
gible DNA dissociation. Pores of approximately 3-5nm in diameter were
then selected to unwind DNA from nucleosomes and fabricated using
dielectric breakdown techniques, including laser etching (Fig. 1b). To
evaluate the permeability of mononucleosomes with DNA bound at this
pore size without DNA dissociation, experiments were performed at
300 mV utilizing mononucleosomes with histone-DNA chemical crosslinks
via Grafix"® (see “Methods” section) using 5.2 nm sized pore. The results,
depicted in Fig. Ic, revealed that mononucleosomes were incapable of

passing through the pores but were instead retained in a stalled state until a
reverse voltage was applied.

In the representative current trace of nucleosomes lacking DNA-
histone crosslinks at 300 mV with 3.2 nm sized pore, numerous signals
exhibiting significant blockage values were observed, which were not
observed in crosslinked nucleosome measurements. This observation sug-
gests that histones are not simply adsorbed to the nanopore surface, but are
involved in the processes associated with the unwinding of DNA from
histones (Fig. 2a trace). Additionally, comparing the nanopore surface
charge and the DNA charge reveals values of —0.01 C/m” (see “Methods”
section) and —0.136 C/m?, respectively, suggesting that the DNA charge is
more than 100 times stronger than the surface charge. Given that there were
differences in the observed results with and without cross linking at 300 mV
and that the surface charge is negligible compared to the DNA charge, it can
be concluded that the unwinding process of DNA is being measured.

Nanopore signal analysis

For a more detailed analysis of these processes, the current blockages and the
dwell time of each signal were extracted (Fig. 2a, right) and plotted in two
dimensions at various applied voltages for both H2A and H2A.B nucleo-
somes (Fig. 2b). While average current values vary with duration, this
variation does not significantly affect the distribution. Notably, a distinct
population of events marked by large blockages and long dwell times was
observed at voltages >200 mV for H2A.B nucleosomes and >300 mV for
H2A nucleosomes (Fig. 2b blue arrows). The voltage difference between
H2A and H2A.B nucleosomes required for these event populations implies
that DNA is more likely to be unwound in H2A.B nucleosomes. This
characteristic was quantitatively validated by employing two Gaussian
approximations to analyze the distribution of all dwell times for data
exhibiting blockages of 0.3 or higher (Supplementary Fig. S2). Previous
studies” have shown that the passage rate increases with rising
voltage, which supports our interpretation of these results. These events
represent processes indicative of the complete unwinding of DNA from the
nucleosome, whereas events with lower blockage and shorter dwell times,
predominantly observed at lower voltages, indicate that the DNA fails to
pass through the pore and exit the electric field potential well due to the lack
of external forces necessary for DNA unwinding, resulting in returning back
to the cis side'”"”. These results were also confirmed in experiments with
different 2.7 nm pore (Supplementary Fig. S3a, b). To delve deeper into
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Fig. 2 | Representative trace and scatter plots for
H2A and H2A.B nucleosome. a Representative 1000
trace data for H2A nucleosome at 300 mV (left) and —_
extraction of average current blockage ratio and <&
dwell time from each event (right). The green line in £ 500
the right panel shows the average blockage in the “t’
single event. b Scatter plots of current blockage ratio 3
(AI/1,) vs dwell time for canonical nucleosomes
(left) and H2A.B nucleosomes (right) at different 0
applied voltages. Blue arrows represent the appear-
ance of the new populations at 300 mV (left) and 0
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determining the proportion of the free DNA component in the sample
represented in the scatter plots, an experiment focusing on free DNA only
was performed (Supplementary Fig. S4). This experiment predominantly
yielded events characterized by lower blockage and shorter dwell time.
Consequently, it is inferred that Fig. 2b may include free DNA. On the other
hand, when considering the proportion of free DNA in the nucleosome
sample, the percentage of this component in Fig. 2b is estimated to be
minimal (Supplementary Fig. S1).

To perform detailed analysis of the DNA unwinding process, we
investigated the morphological features of each signal. Given the broad
distribution of dwell times observed in each signal, we standardized the
temporal dimension and subsequently overlaid all unwinding event data
(Fig. 3a). Our analysis revealed the emergence of four distinct intermediate
states for H2A nucleosomes, whereas H2A.B nucleosomes exhibited only
two intermediate states, albeit with less clarity and definition (Fig. 3b). We
additionally quantified these intermediate states (Fig. 3¢) and visualized the
dynamical changes in individual traces occurring through each intermediate
state (Fig. 3d). This observation strongly implies the existence of distinct
intermediate states within the DNA unwinding process for both H2A and
H2A B nucleosomes. In experiments using a 2.7 nm nanopore, we were able
to observe multiple intermediate states, suggesting that these intermediate
states are not dependent on the size of the nanopore (Supplementary
Fig. S3¢). The findings from these experiments revealed a reduced number
of stops and less defined positions during the unwinding process in H2A.B
compared to H2A, suggesting a looser binding affinity between DNA and
histone, facilitating easier unwinding. This observation aligns with the

known characteristics of the transcriptionally active H2A.B histone
variant®**%,

Coarse-grained MD simulations

We performed coarse-grained molecular dynamics (MD) simulations to
corroborate these experimental findings of nucleosomal DNA unwrapping
by the nanopore at the molecular level (Fig. 4a). In the simulations, we
applied the electrostatic field calculated by COMSOL” (Fig. 4b) and used the
specified nanopore geometries (see “Methods” section), representing the
above nanopore measurements. When we applied the electrostatic field
of 200 mV, nucleosomal DNA was completely unwrapped and passed
through the nanopores in both cases of both H2A and H2A.B nucleosomes
(Supplementary Movies 1 and 2). In the case of 50 mV field, none of the
nucleosomes completely passed through the pore; instead, in H2A
nucleosomes, they all returned to the cis side, whereas in H2A.B nucleo-
somes, most remained stuck within the pore (Supplementary Fig. S5b). To
get more insights into the dynamics of the DNA unwrapping, we calculated
the number of DNA base pairs detached from histones by the pore. In the
50 mV field, H2A nucleosome was first unwrapped to —40 bp from the
dyad, but rapidly rewrapped to —60 bp, restoring the interactions between a
histone octamer and DNA within SHL(—7) to SHL(—5) (Supplementary
Fig. S5a, Supplementary Movie 3). On the other hand, H2A.B nucleosome
mainly kept unwrapped to around —30 bp (Supplementary Fig. S5a, Sup-
plementary Movies 4 and 5). The inherently destabilized DNA-histone
interactions within SHL(%7) to SHL(+5) in H2A.B nucleosome™ (Fig. 4a)
explain the lower barrier to DNA unwrapping compared with H2A

Communications Biology | (2024)7:1144


www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-06856-5

Article

A rawtraces normalized traces b

H2A nucleosome

H2A.B nucleosome

Zeroed Current [pA]

200
= 01
—200 1
2 —400 A
—600 1
=
—800 1

—1000 1

—(I)AZ 070 072

overlay w
n.. ¢

c d 200

Nomalized time [a.u.]

H2A nucleosome

—62 070 OTZ 0:4 076 0:8 1:0 172
Nomalized time [a.u.]

076 OTB 1:0 1:2

H2A.B nucleosome

density
Zeroed Current [pA]

0.0035 0
0.0030
0.0025 -200
0.0020

-400
00015
0.0010 -600
0.0005
0.0000 ] 800

1000 -800 -600 -400 -200 0 200

zeroed current [pA]

-1000

-02 00 0.2 0.4
Nomalized time [a.u.]

Fig. 3 | Synchronization analysis for H2A and H2A.B nucleosome. a Conceptional
figure for post-synchronizing of current traces. The raw traces of each individual
event (left) were normalized (right) and plotted overlaid. b Post-synchronization
analysis of H2A nucleosomes (left) and H2A.B nucleosomes (right). Red boxes
represent the deepest states appeared in the analysis. ¢ The histogram of current
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traces for all H2A and H2A.B variants at 300 mV and their fitting with six Gaussian
distributions, including the baseline. d Current change traces of representative H2A
nucleosomes (left panel) and H2A.B nucleosomes (right panel) placed on post-
synchronized traces. Red lines show typical events of each sample.

nucleosome. These results indicate that lower external forces are sufficient to
unwrap H2A.B nucleosome than H2A nucleosome. This is in line with the
lower voltage required for unwinding H2A.B nucleosome than H2A
nucleosome (Supplementary Fig. S2¢). In the 200 mV field, nucleosomal
DNA was sequentially unwrapped and finally detached histones in both
cases of H2A and H2A.B nucleosome, respectively (Fig. 4c and Supple-
mentary Fig. S5a). It took (2.4+1.2) x 107 and (1.5 +0.7) x 10’ steps to
completely unwrap H2A and H2A.B nucleosome, respectively (Supple-
mentary Fig. S5¢). The longer step required for the complete unwrapping of
H2A than H2A.B nucleosome was consistent with the above experimental
data (Fig. 2b).

Interestingly, in some trajectories, the histone octamer disassembled
before nucleosomal DNA was completely unpeeled by nanopore (Fig. 4c).
In all the trajectories showing the histone octamer disassembly, the dis-
assembled H2A/H2B dimer remained bound to DNA until the DNA
completely passed through the pore. On the other hand, the disassembled
H2A.B/H2B dimer dissociated into solvent before the H3/H4 tetramer
detached from the DNA by the pore (Fig. 4c). These results suggested that
the duration differences between H2A and H2A B nucleosome reflected the
distinct behavior of the disassembled dimers. Together, it can be inferred
that the prolonged state observed only in H2A nucleosomes in the syn-
chronization analysis of each experimental trace is consistent with a pore-
stacking state.

Discussion

Based on our previous findings, we modeled the process of nucleosomes
passing through a nanopore through various intermediate states (Fig. 5). As
the nucleosome approaches the pore, only the DNA located at the
nucleosome’s one end enters the nanopore. If the applied load during this
process is insufficient, it returns to the cis side, but if sufficiently strong, DNA

unwinding will be triggered. During the unwinding process, the H2A
nucleosome predominantly undergoes the slower unwinding pathway
(illustrated in the lower part of Fig. 5), with the H2A-H2B dimers dis-
sociating individually subsequent to their stacking in the pore, as indicated
by the deepest state observed in the synchronization analysis. Conversely,
the H2A.B nucleosome primarily follows the rapid unwinding pathway
(depicted in the upper panel of Fig. 5), which does not entail stacking of the
H2A-H2B dimer into a pore, but instead involves immediate dissociation of
the H2A B-H2B dimer.

Throughout the unwinding process, the H2A-H2B dimer gradually
disengages from the negatively charged DNA, leading to an electrostatic
binding interaction between the positively charged histone and the slightly
negatively charged nanopore surface. The difference in the dissociation rates
of the H2A-H2B dimer between H2A nucleosomes and H2A.B nucleo-
somes in this model can be explained by the weaker positive charge of
H2A.B compared to H2A, resulting in a weaker electrostatic interaction
with the nanopore surface followed by a rapid dissociation.

Compared to H2A nucleosomes, H2A.B nucleosomes exhibit greater
flexibility at the ends of the DNA wrapped around the histone
octamer™***”. This flexibility is significantly influenced by the docking
domain, L1 loop, and L2 loop of H2A.B******”. Recent cryo-electron
microscopy studies have revealed that H2A.B nucleosomes wrap only
103 bp of DNA, and this relaxation is influenced by the ROF (regulating-
octamer-folding) domain, which is part of the H2A.B docking domain’".
Additionally, H2A.B nucleosomes can adopt an open conformation where
H2A.B-H2B and H3-H4 are dissociated and bound to DNA". Previous
studies have highlighted the importance of the Docking domain, L1 loop,
and L2 loop in the ease of DNA dissociation. Thus, the DNA unwinding
properties observed in our study may also be significantly influenced by
these regions.
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Fig. 4 | Coarse-grained molecular dynamics
simulations of nucleosome passing through a
nanopore. a The initial coarse-grained structures of
H2A nucleosome (left) and H2A.B nucleosome
(right). The gray, blue, yellow, and red beads
represent DNA, H3/H4, H2A/H2B, and H2A.B/
H2B, respectively. b Distribution of electrostatic
potential around a nanopore calculated using
COMSOL at a voltage of 100 mV. ¢ Representative
snapshots of the simulation trajectories in which
H2A (top) or H2A.B (bottom) nucleosome passed
through a nanopore at 200 mV.
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In summary, we investigated the unwinding process of nucleosomal
DNA from histones using solid-state nanopores and performed a detailed
analysis of the obtained data through molecular dynamics simulations.
H2A B nucleosomal DNA was found to unwind from histones with less
force compared to the force required for unwinding the H2A nucleosome.
Moreover, this process involves the disassembly of histone octamers,
revealing a difference in the dissociation rate of the H2A-H2B dimer
between H2A nucleosomes and H2A.B nucleosomes. Particularly note-
worthy is the observation in H2A nucleosomes of a pore-stacking state,
representing the deepest current state observed upon synchronization of
traces, consistent with an intermediate state observed in previous AFM
studies'® where the histone octamer dissociates while each dimer remains
bound to DNA. In some MD simulation trajectories, DNA unwinding
without disassembly of histone octamer was also observed, but this likely
occurs when DNA dissociation from histone is too rapid to allow the
octamer dissociation within the simulation timescale. This is precisely why
this state wasn’t observed in the H2A.B nucleosome. Imagine that it is like
swiftly pulling a tablecloth without disturbing the items placed on it.

The model proposed here needs to be further validated using alter-
native methods. However, these findings suggest that the decrease of the
DNA-histone interaction in H2A.B nucleosomes diminishes the energy
barrier in transcription, thereby enhancing transcriptional activity within
the region enriched with H2A.B nucleosomes. Recent reports'®’** have
compared the voltage values required for nucleosomal DNA to dissociate
from histones by applying a constant or increasing external force, similar to
our method reported herein. The results indicate that DNA methylation has
minimal effect on DNA-histone binding affinity, while ubiquitination of
H2A enhances it.

As previously reported'®'”**, force spectroscopy using nanopores
offers a powerful tool for directly measuring the binding affinity between
DNA and histones in nucleosomes under conditions close to those loa-
ded during transcription in a label-free manner, unlike optical/magnetic
tweezers or atomic force microscopy. These experimental systems serve
as potent tools for investigating how histone modifications and nucleo-
some variants alter DNA-histone binding stability, with the introduction
of molecular dynamics simulations providing robust support. These
methods are poised to extend beyond probing the binding stability
between DNA and histones, branching out into tools for examining the

binding stability of DNA-binding proteins such as DNA motors and
transcription factors with DNA.

Methods

Preparation of the nucleosomes

The histone proteins are prepared as previously described””. Human his-
tones H2A, H2B, H3, and H4 were expressed as Hiss-tagged recombinant
proteins in E. coli and purified by Ni-NTA affinity chromatography (Qia-
gen) under denaturing conditions. After purification, the Hisq-tag was
cleaved from the histones by thrombin protease and purified by MonoS
chromatography (Cytiva) under denaturing conditions. After purification,
histones were dialyzed against 2 mM [-mercaptoethanol, lyophilized, and
stored as a powder at 4 °C. To reconstitute H2A-H2B and H3-H4 com-
plexes, powdered H2A and H2B, or H3 and H4 histones were mixed in 1:1
molar ratio under the denaturing conditions and refolded, as described
previously”. The refolded histone complexes were purified using HiLoad
16/60 Superdex 200 prep grade column (Cytiva). The purified histone
complexes were concentrated using an Amicon Ultra 30K centrifuge filter
(Merck Millipore) and stored at —80 °C.

The H2A.B-H2B complex was reconstituted as previously described™”’.
Human histone H2A.B was also expressed in E coli as a Hiss-tagged
recombinant protein and purified by Ni-NTA affinity chromatography
(Qiagen). Purified H2A B solution and the H2B powder were mixed ina 1:1
molar ratio to reconstitute H2A .B-H2B complex and refolded. The His¢-tag
of H2A.B was removed using thrombin protease and the H2A.B-H2B
complex was then purified using HiLoad 16/60 Superdex 200 prep grade
column (Cytiva). The purified H2A.B-H2B complex was concentrated
using an Amicon Ultra 30 K centrifuge filter (Merck Millipore) and stored

—80°C.

The 193 base-pair palindromic 601 L DNA fragment was prepared as
previously described™ ",

Multiple repeats of each half of the 601L sequences (version (A) and
version (T)) were inserted into the pPGEM-TE vector and were amplified in
the E. coli DH5a strain. The DNA sequence of version (A) and (T) frag-
ments are as follows: Version (A): 5-TTACTCGAGAGCTAGATCT
GATATCACGTAATATTGGCCAGCTAGGATCACAATCCCGGTGC
CGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAA
ACGCACGTACGGAATCCGGATCCGATATCA-3’
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TACTCGAGAGCTAGATCTGATATCACGTAATATTGGCCA
GCTAGGATCACAATCCCGGTGCCGAGGCCGCTCAATTGGTCG
TAGACAGCTCTAGCACCGCTTAAACGCACGTACGGATTCCGGA
TCCGATATCA-3'

After the cultivation, the plasmid was extracted from the E. coli cells by
alkaline lysis and phenol/chloroform treatment. Version (A) and (T) frag-
ments were excised from the vector by EcoRV (Takara) digestion. The
fragments were purified by PEG precipitation and dephosphorylated by
alkaline phosphatase (Takara). Resulting dephosphorylated version (A) and
(T) fragments were cleaved by Hinfl (Takara) to make the sticky end for
ligation and purified by DEAE column chromatography (TOSOH). After
the purification, version (A) and (T) fragments were ligated. The resulting
full-length 601L fragment was further purified using non-denaturing
polyacrylamide electrophoresis (PAGE) with a Prep Cell apparatus
(Bio-Rad).

The DNA sequence of the full-length 601L fragment is as follows: 5

ATCACGTAATATTGGCCAGCTAGGATCACAATCCCGGTG
CCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTA
AACGCACGTACGGAATCCGTACGTGCGTTTAAGCGGTGCTAGA
GCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTGTGA
TCCTAGCTGGCCAATATTACGTGAT-3/

The nucleosome was reconstituted by salt dialysis method as pre-
viously described”. The prepared 601 L DNA, H2A-H2B or H2A.B-H2B,
and H3-H4 complexes were mixed and dialyzed in a gradient from high salt
buffer to low salt buffer. After the dialysis, the reconstituted nucleosomes
were purified by non-denaturing PAGE using a Prep Cell apparatus (Bio-
Rad). Finally, the purified nucleosomes were concentrated using an Amicon
Ultra 50K centrifuge filter (Merck Millipore) and stored at —80 °C.

Crosslinked nucleosome preparation using the GraFix method
The crosslinked nucleosome was prepared by the GraFix method'®. The
sucrose and paraformaldehyde gradient solution was prepared with low

buffer (10 mM HEPES-NaOH (pH 7.5), 20 mM NaCl, 1 mM DTT, and 5%
sucrose) and high buffer (10 mM HEPES-NaOH (pH 7.5), 20 mM NaCl,
1 mM DTT, 20% sucrose, and 4% paraformaldehyde) using the Gradient
Master Instrument (Biocomp Instruments). 30 ng of the nucleosome (as the
amount of DNA) was applied on top of the gradient solution and cen-
trifuged at 27,000rpm at 4°C for 16h using SW 41Ti rotor
(Beckman-Coulter). After centrifugation, the sample solution was fractio-
nated by 400 pL each. The fractions were analyzed by 5% non-denaturing
gel and the DN A was detected by SYBR-Gold staining (Thermo Fisher). The
collected fractions are shown in Supplementary Fig. S6. The collected
fractions were desalted using a PD-10 column (Cytiva), eluted in 20 mM
Tris-HCI (pH 7.5) buffer containing 1 mM DTT, and concentrated using an
Amicon Ultra 50K centrifuge filter (Merck Millipore). The concentration of
the nucleosome sample was 188 ng/uL (as DNA concentration). Final
products were stored at —80 °C.

Nanopore fabrication and measurement

Nucleosome measurement involved utilizing the photothermally assisted
dielectric breakdown method, following established protocols™, with the
exception of cross -linking measurements using the Grafix method. A
custom-designed fluidic cell contained a homemade freestanding 5 x 5 mm
Si chip with a 50-nm thick silicon nitride membrane, filled on each side with
250 mM KCl/10 mM HEPES-KOH (pHO9 for the cis side, pH 7 for the trans
side) electrolyte solution. Applying a voltage of 1 V to the membrane via Ag/
AgCl electrodes, laser irradiation (Sapphire 488, Coherent) at 300 mW
using a 60x objective lens was promptly administered. Current measure-
ments were performed using the Axopatch 200B (Molecular Device), ter-
minating laser irradiation upon observing a sudden surge in current values.
Subsequently, the solution on the cis side was replaced with 250 mM KCl/
10 mM HEPES-KOH (pH 7). Nanopores utilized for measuring 601L DNA
and GraFix nucleosomes were fabricated according to protocols™ from
Northern Nanopore Instrument, employing purchasing Si chips with a
thickness of 12nm (NXDB-50B405A122, Norcada). Single-molecule
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detection recorded ionic current using Axopatch 200B, with recordings
sampled at 250 kHz and filtered at 10 kHz using a built-in low-pass filter.
Due to the effect of the low-pass filter, events with 100-200 us should
generally be considered. However, this short duration was not included in
the group of events we analyzed, so we did not take this effect into account.
Samples were introduced into the cis chamber of the fluidic cells via pipette,
with final sample concentrations of 67 nM for H2A, H2A.B, 1.5nM for
crosslinked nucleosomes, and 10 nM for 601L DNA.

Coarse-grained nucleosome models

For histones (H3, H4, H2A, H2A.B, and H2B), we used the AICG2+ model
in which each amino acid was represented as one bead located on the Ca
atom™. Structure-based potentials were applied for the model to stabilize
native structures of a histone octamer containing H2A (PDB ID: 1KX5") or
H2A.B (PDB ID: 6M4H"'). We scaled the strength of the potential between
H3/H4 and H2A/H2B in the same way as a previous study’”. This setting
reproduced the experimentally suggested metastable state in nucleosome
assembly and the equilibrium constant of the assembly process”. We
applied the same scaling factor to the interactions between H3/H4 and
H2A.B/H2B. Statistical local potentials”’ designed for intrinsically dis-
ordered regions were applied to the flexible tails of histones. For DNA, we
used the 3SPN2.C model in which each nucleotide was represented as three
beads located on base, sugar, and phosphate units*’. Structure-based
potential was applied to stabilize the B-form structure and reproduce
sequence-dependent curvature of double-stranded DNA. Electrostatic,
excluded volume and hydrogen-bonding interactions were applied between
DNA and histones to reproduce the native structure of an H2A or H2A.B
nucleosome®. We set the strength of the hydrogen-bonding potential to 1.8
kgT used in previous studies*>*. This setting represented profiles of salt-
dependent nucleosome disassembly consistent with experiments***’. The
electrostatic potentials were derived from Debye-Hiickel’s theory to treat
the effects of ions implicitly. The RESPAC algorithm™ determined a partial
charge on each surface bead to reproduce the surface electrostatic potentials
of the all-atom protein structure. We used integer charges on lysine, argi-
nine, aspartic acid, and glutamic acid in flexible tails. We set —0.6e and —1e
to the DNA phosphate group for intra-DNA and protein-DNA interactions,
respectively. This setup accounts for the counter-ion condensation around
the phosphate groups and release of counter ion upon interactions between
DNA and protein.

The initial structures of an H2A and H2A.B nucleosome were prepared
based on coordinates in the crystal structure (PDB ID: 1KX5) and the Cryo-
EM structure (PDB ID: 6M4H), respectively. The initial conformations of
the flexible histone tails were generated using MODELLER". We exchanged
the DNA sequence in the structures into the Widom 601L DNA sequence,
and 23 bp double-stranded DNA segments were connected to both linkers
of the nucleosome.

Nanopore simulation model
We modeled a nanopore as a torus oriented along the z-axis. The potential

function of the nanopore is based on the torus-shaped excluded volume
potential developed previously®, and given as

Vpare (ri) = Vpulse (Zi) Vrams (ri) (1)

0, (d,- (r,-) >r“)

| (it5) - ()] weater=r)
o @) () - () @
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d;(r;) = lIr(x,7,0) — (0, M, 0)|| — m 3)

Lt —w) @
4(Wu - WI)
_ hid}
M=m+ 5 ®)
. L
) 31+ tanh(z; +4)], z <0
VP“lse(zi) o {; [] - tﬂnh(z,' - %)]7 z; 2 0 (6)

where r; and z; is the position of the i-th particle of protein or DNA in
cylindrical coordinate and its z-component. The parameters 7" = 3.00 and
7= 0.80 define the upper and lower boundaries of the potential energy, and
Wy W), and L are the entrance diameter, the minimum diameter, and the
thickness of a nanopore. In all simulations, we set the parameters €, g, wy, W,
and L to 1.0 kcal/mol, 1.0 A, 80 A, and 32 A, respectively.

In the simulations of a nucleosome passing through a nanopore, we
applied local electrostatic forces to DNA and protein beads according to the
electric field computed by the COMSOL Multiphysics software. We used the
B-spline function to interpolate the field of 2 A grid resolution. The elec-
trostatic forces applying to the DNA phosphate group were scaled by 0.25 to
account for counter-ion condensation around dsDNA.

Molecular dynamics simulation

We performed all the simulations using the software CafeMol 3.2.1 (https://
www.cafemol.org)”. We used the Langevin dynamics to integrate the
equations of motion with a timestep of 0.3 CafeMol time unit. The tem-
perature, friction coefficient, dielectric constant, and the monovalent ion
concentration were set to 300K, 0.843, 78.0, and 250 mM, respectively. We
computed all the simulations of nucleosome unwrapping for 2 x 10° steps
and saved the trajectories every 10* steps.

COMSOL simulation

We performed a COMSOL simulation to obtain the electric field around the
pore for MD simulation. Our calculation model was similar to previous
work™. To reduce the calculation volume, we designed our model using 2D
Axisymmetric geometry. Since the typical pore shape was an hourglass, we
set the smallest radius of the pore as 1.6 nm. Membrane thickness was
13.2 nm. In our model, we used an electrostatic module which calculates
Poisson’s equation. We added the voltage source on the top boundary and
the potential ground on the bottom boundary. Surface charge of the pore
and membrane was —10 mC/m”. All voltage conditions were the same as the
voltage condition in the MD simulation.

Statistics and reproducibility

In the nanopore measurement, all events detected by Nanolyzer were used.
For the canonical nucleosome, the sample sizes (N) were 2036 at 100 mV,
1558 at 150 mV, 1974 at 200 mV, 602 at 250 mV, 3810 at 300 mV, and 509
at 350 mV. In the case of the H2A.B nucleosome, the corresponding sample
sizes were 2068 at 100 mV, 1109 at 150 mV, 2928 at 200 mV, 2447 at
250mV, 1655 at 300 mV, and 648 at 350 mV. In MD simulations, 20
independent calculations were conducted for each condition.

The use of large language models
Grammarly and DeepL were used for the grammatical correction of the text.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All figures and movies are available at https://doi.org/10.6084/m9 figshare.c.
7405342.v1. Codes used for Fig. 3 are available at https://github.com/
HikaruZ46/NanolyzerAnalyzer.
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