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Abstract

Nucleosomes are elementary building blocks of chromatin in eukaryotes. They tightly wrap
∼147 DNA base pairs around an octamer of histone proteins. How nucleosome structural dy-
namics affect genome functioning is not completely clear. Here we report all-atom molecular
dynamics simulations of nucleosome core particles at a timescale of 15 microseconds. At this
timescale, functional modes of nucleosome dynamics such as spontaneous nucleosomal DNA
breathing, unwrapping, twisting, and sliding were observed. We identified atomistic mech-
anisms of these processes by analyzing the accompanying structural rearrangements of the
histone octamer and histone-DNA contacts. Octamer dynamics and plasticity were found to
enable DNA unwrapping and sliding. Through multi-scale modeling, we showed that nucle-
osomal DNA dynamics contribute to significant conformational variability of the chromatin
fiber at the supranucleosomal level. Our study further supports mechanistic coupling be-
tween fine details of histone dynamics and chromatin functioning, provides a framework for
understanding the effects of various chromatin modifications.

We developed a web site for an interactive preview of molecular dynamics trajectories at
https://intbio.github.io/Armeev_et_al_2021.

Introduction

Many chemical and physical signals regulate
the processing of genetic information in living
cells. In eukaryotes, this regulation largely hap-
pens at the level of nucleosomes — repeating
units wrapping DNA around octamers of hi-
stone proteins.1,2 Four types of histones (H3,
H4, H2A, H2B) form two types of dimers (H3-
H4 and H2A-H2B). Four of these dimers form
an octamer with a two-fold symmetry axis (the
dyad axis).3 As seen in crystallographic stud-
ies, approximately 147 DNA base pairs bend
sharply around an octamer in ∼1.7 turns of
a left-handed superhelix forming a nucleosome
core particle (NCP)4 (Figure 1A). Flexible hi-
stone tails protrude from the globular part of
the octamer.5 The stability of nucleosomes can
vary by 2-4 kcal/mol depending on the DNA
sequence bendability,6 which was shown to de-
pend on the GC content, the presence of flexi-
ble YR dinucleotide steps, poly(dA:dT) tracts,
epigenetic modifications of DNA bases, such as
5-methylcytosine, etc.7–10 Variation of histone
sequence is another important factor. Despite
being very conserved through evolution, his-
tone proteins are subject to many functionally
relevant variations, including post-translational
modifications (PTMs)11 and sequence alter-
ations through the incorporation of histone
variants, isoforms, and mutations.12–14

The view of nucleosomes as mere DNA com-

paction vehicles has now become obsolete.
Various modes of ATP-dependent and ATP-
independent nucleosome dynamics modulated
by histone and DNA composition provide a
rich, dynamic landscape for genome regula-
tion.15 For example, the sliding of nucleosomes
by ATP-dependent chromatin remodelers16 or
their reconfiguration by RNA polymerases17,18

is heavily involved in transcription and its reg-
ulation. Passive nucleosome dynamics are also
implicated in many processes. Pioneering ex-
periments by Jon Widom showed that tran-
scription factors may exploit transient DNA un-
wrapping to access their binding sites.19 Re-
cent FRET,20,21 NMR,22,23 cryo-EM,24,25 mass
spectrometry, and cross-linking studies22,26,27

suggest that other, more nuanced dynamical
modes exist that are sensed and exploited by
chromatin proteins. For example, DNA twist-
defects within NCP provide a pathway for ATP-
dependent nucleosome remodeling.24,28 The in-
trinsic dynamics (plasticity) of the histone core
has also been implicated in this process (al-
though not without some debate).22,29,30 Sup-
pressing these dynamics by the introduction of
site-specific disulfide cross-links into individual
H3-H4 dimers was reported to inhibit nucleo-
some sliding by SNF2h, increase octamer evic-
tion by RSC,22 block thermally induced diffu-
sion of nucleosomes along the DNA25 and even
impair compaction of chromatin by HP1 pro-
tein.27 These results suggest that histone oc-
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tamer may adopt conformations alternative to
those seen in X-ray structures. Indeed using
advanced cryo-EM techniques Bilocapic et al.
have recently observed some alternative nucle-
osome conformations with unwrapped DNA,
tilted histone α-helices, and overall squeezed
shape of the NCP.25,31 Even bigger internal
fluctuations within the histone octamer struc-
ture are suggested by lysine cross-linking ex-
periments26 and high-resolution FRET experi-
ments.20

These and other studies have highlighted the
existence of a new level of dynamic complexity
in nucleosomes with an emphasis on atomistic
details. However, the structural interpretation
of these results still remains elusive. In silico
approaches, such as molecular dynamics (MD)
simulations, are powerful tools that may sup-
plement experimental methods and help to in-
terpret their results mechanistically with a high
level of detail. So far, MD simulations have
been applied to study counterion and hydra-
tion patterns around nucleosomes,32 details of
DNA dynamics, unwrapping, nucleosome slid-
ing and disassembly,33–39 dynamics of histone
tails,40–43 effects of histone post-translational
modifications,44–46 histone variants47 and DNA
sequence48 on nucleosome dynamics, interac-
tions between oligonucleosomes49 and histone
H1,50,51 etc. Due to computational complexity,
insights are still limited either by the approx-
imations of the model (e.g., removing histone
tails, using implicit solvent models, or coarse-
grained representation of the molecular system)
or the achievable simulation timescales. Cur-
rently, the best-reported MD studies of nucleo-
somes in the all-atom representation have been
limited to several microseconds of simulation
time,37,42 even with the application of special-
ized supercomputers, such as ANTON. How-
ever, important functional transitions in nucle-
osome structure are expected to happen at the
microsecond to millisecond timescale.20 New
functional dynamics modes at these timescales
are still awaiting detailed structural character-
ization with MD simulations.

In this work, motivated by accumulating ex-
perimental evidence for previously unknown
modes of nucleosome conformational dynamics

and plasticity, we aimed at systematically ex-
ploring equilibrium nucleosome dynamics with
all-atom MD simulations at a 15-microsecond
timescale. To our knowledge, this is the first
time when such long dynamical trajectories are
reported for maximally realistic atomistic mod-
els of NCPs with full-length histone tails at
physiological temperature and ionic strength.
Through specially designed trajectory analysis
algorithms (coordinate projection in the nucle-
osome reference frame, DNA relative twist cal-
culations, stable contacts analysis, etc.), we re-
vealed new modes of nucleosome dynamics and
plasticity. We observed reconfiguration and un-
wrapping of DNA ends in nucleosomes medi-
ated by H3 and H2A histone tails, the prop-
agation of twist-defects in nucleosomal DNA,
and structural plasticity of the histone core con-
sistent with recent experimental observations.
The implication of our results for understand-
ing nucleosome sliding, remodeling, and higher-
order chromatin structure organization are an-
alyzed.

Methods

Molecular dynamics simulations

Simulations were performed using GPU-
accelerated GROMACS 2018.152 with AM-
BER ff14SB force field53 supplemented with
parmbsc154 DNA and CUFIX55 ion parameter
corrections. TIP3P water model was used.56

Initial coordinates were derived from corre-
sponding structure files in the PDB database
(Table 1). For NCP147 simulation, the his-
tone tails’ conformations for the distal half of
the NCP (chains E, F, G, H) were adjusted
to match the conformation of their proximal
symmetry-related mates (chains A, B, C, D).
For simulations with truncated histone tails,
the truncation sites are depicted in Figure 1e.
Truncation sites were chosen to remove the hi-
stone tails’ flexible parts while still retaining
some parts near the globular core that make
stable contacts with the DNA or histones (e.g.,
H3 and H2B N-tails protruding between the
DNA gyres or H2A C-tail interacting with H3-
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H4 dimer). For simulations with fixed histone
folds, the Cα-atoms of α1, α2, and α3-helices
in all histones were restrained to their original
positions using a harmonic potential with force
constant of 1000 kJ/mol/nm2. All systems
were placed in a truncated octahedron simu-
lation box with periodic boundary conditions
set at least 2 nm away from the NCP atoms.
Next, water molecules were added to the box
for solvation, Na and Cl ions were added to neu-
tralize the charge and bring the ionic strength
to 150 mM (Figure 1b). Constructed systems
were energy minimized and equilibrated in sev-
eral steps with a gradual release of restraints
on non-hydrogen atoms over the period of 1
ns. Temperature was maintained at 300 K
using velocity rescale scheme57 and pressure
at 1 bar using Parrinello-Rahman barostat.58

Trajectory snapshots during production runs
were saved every 1 ns. Full details and system
composition are provided in Supplementary
Methods and Supplementary Table ST1.

Simulations were performed in parallel on the
Lomonosov-2 supercomputer59 using 8 comput-
ing nodes, each having 14 CPU cores and one
NVidia Tesla K40 GPU. The simulations pro-
gressed at an average speed of 60 ns per day.

Analysis

Custom analysis programs and pipelines were
written in Python 3, integrating the func-
tionality of GROMACS (trajectory preprocess-
ing),60 MDAnalysis (coordinate manipulation,
3D alignment),61 VMD (visualization),61,62 and
3DNA (determination of DNA base pair cen-
ters, calculation of base pair and base pair step
parameters).63

Two vectors were instrumental for analyzing
nucleosome geometry: the superhelical axis vec-
tor (OZ, calculated from the DNA path)41 and
the dyad two-fold pseudo-symmetry axis vector
(OY, defined as the perpendicular connecting
OZ with the center of the central DNA base
pair). Together with the OX vector defined as
OY and OZ’s cross product, the three vectors
formed the coordinate system of the nucleosome
reference frame (NRF) (Figure 1a). NRF was
determined for the NCP X-ray structure (PDB

ID 1KX5). All other structures and confor-
mations were aligned to it by minimizing the
root-mean-square deviation (RMSD) between
the Cα-atoms of the histone folds α-helices (α1,
α2, α3). NRF was used to visualize molecu-
lar geometry in various projections and calcu-
late DNA relative twist (local twist).64 Rela-
tive twist describes the rotation of the DNA
with respect to the histone octamer’s surface.
It may be used to track the rotational posi-
tioning of the DNA and its twist-defects (see
Supplementary Methods for additional details).
Any RMSD values reported in this study were
calculated by first aligning the respective struc-
tures/conformations to the NRF and then com-
puting RMSD without an additional round of
pairwise alignment.

Atom-atom contacts between histones and
DNA were calculated as non-hydrogen atom
pairs at the distance of less than 4 Å. Con-
tact between an amino acid residue and a nu-
cleotide was considered to be present if any of
their atoms were in contact. Stable amino acid
residue-nucleotide contacts were defined as con-
tacts present in at least 90% of MD frames dur-
ing the given time period.

The extent of DNA unwrapping was based on
the analysis of either DNA geometry or histone-
DNA contacts. In the first case, a DNA seg-
ment (starting from either end of the nucleo-
somal DNA) was considered to be unwrapped
from the NCP if the position of every base pair
in that segment (as provided by 3DNA) was
more than 7 Å away from the initial position
of any base pair in the X-ray structure. In
the second case, a DNA segment was consid-
ered unwrapped if there were no atom-atom
contacts between that segment and the his-
tone octamer’s globular core (defined as non-
tail residues in Figure 1e).

DNA twist-defects and DNA geometry distor-
tions were characterized by calculating relative
twist profiles and DNA register shift profiles.
Unlike relative twist, which characterizes the
rotation of an individual base pair with respect
to the octamer surface, DNA position register
shift characterizes the position of an individual
nucleotide in a given DNA strand. To calculate
the register shift for a given nucleotide, it was
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matched to the closest nucleotide in the initial
X-ray structure by comparing the positions of
their C1′ atoms after NRF alignment. A match
between different nucleotides indicated a regis-
ter shift, positive for the shift towards 3′-end
and negative otherwise.

Chromatin fiber simulations

MD based models of chromatin fibers were
generated by connecting random NCP snap-
shots from MD trajectories by 15 bp straight
linker segments of B-DNA. To avoid potential
end effects, the last three base pairs of NCP
DNA were also replaced by straight B-DNA seg-
ments. Thus, the position of sites ±70 base
pairs from the dyad actually determined the
linker segments’ orientation. Every NCP was
represented by a sphere 12 nm in diameter and
every DNA base pair by a 2 nm sphere through
a coarse-graining procedure. The generated
coarse-grained fiber models were discarded if
the steric overlap between NCPs or linker DNA
was present. To obtain a statistical sampling of
the fiber geometry around 10 000 conformations
were generated for every fiber model. Model-
ing was implemented through a combination of
3DNA63 and custom Python scripts. The de-
cay of orientational memory (correlation) be-
tween the starting nucleosome and a selected
downstream nucleosome was calculated as the
average cosine of the angle between the vector
specifying that nucleosome’s orientations in the
simulated ensemble and the vector specifying
its reference orientation in an ideal fiber based
on X-ray NCP structures.

Results

Simulations overview

We have performed long (up to 15 µs) contin-
uous all-atom molecular dynamics simulations
of nucleosome core particles (NCP) in explicit
solvent (Figure 1a,b). The set of simulated
systems was based on high-resolution NCP X-
ray structures from the PDB database. Sys-
tems’ names and parameters are provided in

Tables 1 and ST1. NCP147 is the main sys-
tem in our analysis based on the highest avail-
able resolution X-ray structure. It harbors 147
bp of nucleosomal DNA that is split by the
central dyad base pair into two strictly palin-
dromic 73 bp halves. The pseudo-symmetry of
whole system (DNA and histones) enables com-
bined analysis of the symmetry-related halves
of the NCP and attribution of any differences
to thermodynamic fluctuations. The set of
simulated systems with truncated histone tails
(NCPtt

147, NCPtt
145, NCPtt

146) allowed us to simul-
taneously probe DNA dynamics not restricted
by histone tails’ binding and stability of dif-
ferent DNA conformations observed in X-ray
structures. The latter are known to differ by the
position of DNA twist-defects located around
superhelix locations (SHLs) ±2 or ±5, where
DNA is stretched or compressed, allowing for
the same superhelical path to be covered by
145, 146 or 147 DNA base pairs (Supplemen-
tary Figure SF1).

Upon visual inspection of the obtained MD
trajectories (Figure 1cd, Supplementary Figure
SF2, Supplementary Movies 1-5), it became ap-
parent that the 15 µs timescale covered by our
simulations enabled us to observe new dynami-
cal modes that did not manifest at the timescale
of only several microseconds. The most con-
spicuous mode was the detachment and un-
wrapping of the DNA ends from the histone
octamer. The DNA detachment was more pro-
nounced for the systems with truncated his-
tone tails, consistent with experimental studies
of the histone tail cleavage effects.65 However,
even for these systems, depending on the sim-
ulation run, one needed to wait from 1 to 6 µs
before such dynamics were observed. More nu-
anced changes included changes in the transla-
tional register of the DNA strands, variation in
DNA twisting, local DNA deformations, move-
ment of histone helices, and histone tails re-
arrangements. To formally analyze and char-
acterize these dynamical modes, we developed
and applied specific mathematical approaches
(see next sections).

We believe that open sharing and the ability
to interactively view the MD trajectories by
the readers greatly enhances the value of our

5

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 21, 2021. ; https://doi.org/10.1101/2021.01.20.426793doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.20.426793


results for the community. For this purpose,
we provide a web interface hosted through
a GitHub repository available at https:

//intbio.github.io/Armeev_et_al_2021.
This interface allows one to interactively look
through the MD trajectories via NGL viewer
JavaScript library66 and observe unwrapping
values via interactive charts.

Evolution of DNA-histone interac-
tions

We start by establishing a framework to ana-
lyze DNA-histone interactions, which in turn
will be used to quantify nucleosome dynamics.
As a reference, we sought to extract the pattern
of key DNA-histone interactions along the DNA
as seen in the canonical NCP X-ray structure.
However, X-ray structure alone does not allow
to distinguish between important stable inter-
actions and transient ones, such as those formed
by histone tails. MD simulations provide a so-
lution. We took the first 1000 snapshots from
NCP147 simulation (collected during the first
microsecond of the simulation, during which the
nucleosomal DNA retained its crystal-like con-
formation) and for every nucleotide identified
amino acid residues that were in contact with
them in at least 90% of MD frames. Since in
NCP147 DNA composition and initial confor-
mation were pseudo-symmetric between the two
halves of the NCP, as an additional requirement
for our analysis, we selected only nucleotide-
residue contacts present on both sides of the
NCP. The resulting profile is shown in Figure
2a (Supplementary Figure SF3 provides a view
along the histone sequence at the atom-atom
contact level). The residues forming stable con-
tacts with DNA, termed anchor residues, form
around 15% of all atom-atom contacts between
DNA and histones, but delineate the topology
of DNA-histone interactions in the canonical
nucleosome structure. Monitoring the evolu-
tion of anchor residues’ contacts with nucleoso-
mal DNA along the full MD trajectory allows
characterizing rearrangements of histone-DNA
interactions due to DNA unwrapping, sliding,
or DNA distortions (Supplementary Movies 6-
10).

Several aspects of stable interactions’ pattern
are particularly interesting. First, there is an
asymmetry in the number of contacts between
the two complementary DNA strands, 12 for
the top strand vs. 36 for the bottom strand.
Second, the first half turn of the DNA coordi-
nated by the H2A-H2B dimer and H3 αN helix
(positions -73–32 in Figure 2a) has much less
stable nucleotide-residue interactions than the
inner half-turn of the DNA coordinated by the
H3-H4 dimer (positions -36-0) (17 vs. 31 sta-
ble contacts). This is consistent with the easier
unwrapping of the outer turns of nucleosomal
DNA observed in DNA pulling experiments.67

A significant contribution to this surplus (9 in-
teractions) comes not from the histone folds but
from the H3 αN-helix and the nearby segment
of the H3 histone tail. Third, it can be seen on
the profile that the portion of the H3 tail adja-
cent to the H3 αN-helix has a unique property -
three residues H3Y41, H3R42, and H3T45 form
simultaneously stable interactions between po-
sition -9 close to the dyad and position 71 at
the end of the nucleosomal DNA. Analysis of in-
dividual atom-atom contacts between histones
and DNA (Supplementary Figure SF3) and vi-
sual analysis suggests that a larger region of hi-
stone H3 between residues H3H39 and H3R49
acts as a latch by holding the nucleosomal DNA
ends attached to the underlying DNA gyre. We
refer to this region further as “H3-latch” (Fig-
ure 1e).

Analysis of the total number of histone-DNA
atom-atom contacts and its evolution provides
another way to quantify interactions (Figure
2bc, Supplementary Table ST2, Supplemen-
tary Figure SF4). Positively charged histone
tails tightly interact with negatively charged
DNA and, on average, make ∼67% of atom-
atom contacts with the DNA. The majority
of DNA-histone contacts are made with phos-
phate groups (∼57%) and sugars (∼26%). In
accordance with the largely non-specific bind-
ing of DNA by histones, less than 1% of con-
tacts were observed between the globular his-
tone core and DNA bases (Figure 2c). How-
ever, around 16% of the total number of con-
tacts are made by the flexible histone tails with
the DNA bases’ atoms. Contrary to the predis-
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position of transcription factors to interact with
the DNA major groove,68 histone tails make
more interactions with the DNA minor grooves.
A more detailed inspection revealed that minor
groove interactions mainly stem from the inser-
tion of arginine and lysine residues’ side chains
(Supplementary figure SF4b). Arginines have
a strong preference for minor groove binding,
while lysines equally interact with major and
minor grooves.

The evolution of the number of DNA-histone
contacts in NCP147 system is presented in Fig-
ure 2b. The collapse of initially partially ex-
tended histone tails onto the DNA happens
rapidly within a few dozens of nanoseconds,
consistent with earlier observations.41 Our sim-
ulations revealed further much slower microsec-
ond scale changes of histone-DNA interactions.
At the multi-microsecond timescale, histone
tails may explore and find new conformations
that provide additional contacts with the DNA.
A considerable increase of up to 37% in atom-
atom contacts between histone tails and the
DNA can be seen within the first 8 µs of sim-
ulations. The accommodation of the long H3
N-tail between the DNA gyres and the estab-
lishment of interactions between the H2A C-
tail and the DNA ends contribute to this in-
crease (Supplementary Figure SF4f). We also
observed fluctuations in the number of contacts
between the globular core part of histones and
the DNA of around 10%. Changes in the his-
tone and DNA conformations in different parts
of the nucleosome, including the regions close
to the dyad, contributed to these fluctuations
(Supplementary Figure SF4g).

DNA unwrapping

Molecular details of spontaneous DNA unwrap-
ping are one of the key results of our multi-
microsecond simulations. We used two crite-
ria to quantify the length of the unwrapped
DNA segment, either a loss of contacts with
the globular core (non-tail part) of the histone
octamer (as defined in Figure 1e) or a geomet-
rical displacement of all the base pairs of the
segment by more than 7Å from the DNA path
in the corresponding X-ray structure. The two

approaches yielded comparable results with re-
spect to the timing and magnitude of DNA un-
wrapping (Supplementary Figure SF5). In the
further description, we rely on the geometric
criterion. Following a reductionist approach, we
start by analyzing DNA unwrapping in a sys-
tem with truncated histone tails by the example
of NCPtt

145 as it presented a wider range of un-
wrapping modes (Figure 3, Supplementary Fig-
ure SF6). We then discuss histone tails’ effects
on this process, as seen in NCP147 simulation
(Figure 4, Supplementary Figure SF7).

An important conceptual framework for un-
derstanding nucleosomal DNA unwrapping
emerges from the analysis of our simulations.
DNA unwrapping states of NCP should not be
characterized by the extent of DNA unwrap-
ping per se (as is often presented schematically
in literature) but rather should be character-
ized by the ranges of unwrapping values within
which DNA rapidly fluctuates. For NCPtt

145,
as seen in Figure 3 three main states were ob-
served: 1 - the wrapped, X-ray like state char-
acterized by the tight association of DNA with
the histone octamer, 2 - the unwrapped state
characterized by rapid fluctuations of DNA in
the 0-15 bp unwrapping range, which we refer
to as “DNA breathing”, 3 - DNA unwrapping
of around 25 base pairs with fluctuations in
the 18-28 bp range. The distinction between
the notion of instantaneous DNA conformation
and the dynamic state of DNA unwrapping is
further illustrated by the fact that zero extent
of DNA unwrapping which solely represents
state 1 is often transiently encountered in state
2 also. Kinetic analysis (Figure 5f) shows that
for NCP without histone tails, it takes on av-
erage around 40 ns to get from a DNA con-
formation with 15 unwrapped base pairs to a
fully wrapped conformation while transitions
between different unwrapping states happen on
microsecond timescale and beyond.

What triggers the transition between differ-
ent unwrapping states? The examination of
molecular interactions revealed that transition
between state 1 and 2 is governed by the loss or
reestablishment of interactions between DNA
ends and a few residues of the H3-latch (Figure
3, middle pane). H3H39, H3Y41, and H3R49
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are inserted into the minor groove of the DNA
end. In contrast, H3R40 is inserted into the
minor groove of the neighboring DNA gyre and
several other nearby residues, including H3P43,
interact with its DNA backbone. DNA un-
wrapping requires the loss of histone contacts
with the DNA end. Due to the flexibly of
these residues’ side chains, the reestablishment
of these contacts presents a kinetic and entropic
barrier separating the two states (see substates
1a and 2a in Figure 3). Further destabiliza-
tion of the region may include the detachment
of the H3-latch from the underlying DNA gyre
(substate 2b), which contributes to a longer
lifetime of the unwrapped state. In NCPtt

145

the rewrapping 2a→1a transition took from 0.4
µs to 1.4 µs. The observed rewrapping time
from substate 2b was around 8 µs. Interest-
ingly and alternative conformation of the H3-
latch was found (state 1b) that ensured the sta-
bly wrapped state but included the swapping
of H3R40 and H3H39 positions in the minor
grooves of the two neighboring DNA gyres.

The DNA unwrapping analysis in the system
with full-length histone tails (NCP147) is shown
in Figure 4. Several effects of histone tails on
the dynamics of DNA unwrapping can be for-
mulated from comparing with NCPtt

145 simula-
tion. First, during DNA detachment, histone
tails continue to form many interactions with
the DNA ends (Figure 4, middle panel). Partic-
ularly, interactions are formed by the H3 N-tail
and H2A C-tail. Even when the same number of
DNA base pairs is detached, the spatial magni-
tude of the DNA fluctuations is suppressed rela-
tive to the systems with truncated histone tails
because histone tails are holding the DNA close
to the histone octamer (see Figure 5a-d). These
interactions also suppress further unwrapping
of the DNA (state 3 was not observed). Second,
histone tails’ active interactions with the DNA
ends make the kinetic and statistical landscape
of DNA unwrapping more complex. State 2 is
split into a series of dynamical substates that
may persist on a multi-microsecond timescale.
In NCP147 simulation, we can discern at least
two substates. In substate 2′ the terminal half-
turn of the nucleosomal DNA rapidly fluctu-
ates (0-7 bp). The H3-latch loses its interac-

tions with the DNA, but the insertion of the
H3 N-tail between the DNA gyres and the H2A
C-tail into the minor groove of the DNA end
from the inner side restricts further unwrapping
(see Figure 4). However, DNA still fluctuates
rapidly and can reach the conformation of the
fully wrapped state. Substate 2′′ is character-
ized by the invasion of the N-terminus of histone
H3 between the DNA and the surface of the oc-
tamer. The N-end of the H3 tail is effectively
tucked between the DNA and the histone core
at a position one helical turn away from the
DNA end. This results in a state where DNA
fluctuates in the unwrapping range of 4-13 bp
and cannot reach its fully wrapped conforma-
tion. The state was observed for around 4 µs
and resolved when the H3 N-terminus changed
its position. Collectively these findings high-
light that histone tails change both kinetics and
geometry of the DNA unwrapping.

To analyze the geometry of nucleosomal DNA
in more detail, we plotted the DNA path (as
defined by base pair centers) projected to NRF
planes (Figure 5a-d). The plot reveals that the
unwrapping process happens not only in the
plane of the nucleosome particle but also in
an out-of-plane fashion. We did not observe a
significant correlation between out-of-plane and
in-plane displacement of the DNA end (Fig-
ure 5e), suggesting that contrary to common
perception, DNA unwrapping very often has
both out-of-plane and in-plane components of
comparable magnitude. Recently, Bilokapic et
al. using cryo-EM analysis, were able to ob-
tain structural subclasses of NCPs, including
a class with bulged DNA.31 Figures 5a-d show
that such bulges lie well within conformational
ensembles that we see in simulations.

To relate the magnitude of the observed DNA
breathing motions to the data obtained by ex-
perimental FRET measurements, we estimated
the distance fluctuations between FRET fluo-
rophores’ common attachment sites69,70 and po-
tential effects of these fluctuations on FRET
efficiency (Supplementary Figures SF8, SF9).
Our analysis suggests that microsecond aver-
aged variations in the distance between fluores-
cent labels may reach 1 nm due to DNA breath-
ing even for the system with full-length histone
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tails. While such magnitudes of spatial varia-
tion can be detected by FRET, the exact feasi-
bility of the detection depends on the configura-
tion of the labels (length of attachment linkers,
Förster radius, etc.) and the temporal resolu-
tion of the measurements (see Discussion).

DNA breathing facilitates chro-
matin fiber plasticity

Given the observed equilibrium thermal fluctu-
ations of nucleosomal DNA ends in the real-
istic NCP model with full-length histone tails
(NCP147), we sought to extrapolate these find-
ings to chromatin structure and properties at
the supranucleosomal level. A simple coarse-
grained modeling approach (see Methods) was
used to construct nucleosome fibrils by con-
necting random NCP conformations observed
in MD by straight segments of 15 bp linker
B-DNA. Connecting the X-ray conformation of
NCP results in a well-known static “two-start”
model of the chromatin fiber. Yet, accounting
for DNA breathing reveals a very dynamic and
polymorphic picture of chromatin fibrils already
at the level of just several nucleosomes (Fig-
ure 6a). In a hexanucleosome array, the aver-
age distance between the flanking nucleosomes
increases from 23 nm for an ideal “two-start”
fiber to around 30 nm, reflecting the chromatin
fiber’s overall loosening due to thermal fluctu-
ations. However, the distribution of end-to-end
distances is broad (∼13 nm FWHM). Modeling
showed that DNA breathing alone can account
for both small chromatin loops where flanking
nucleosomes are in contact and structures twice
longer than the ideal X-ray based fibril (Figure
6a).

Simulations of longer chromatin fibers (up
to 65 nucleosomes) (Figure 6a) allowed us to
estimate the decay of orientational correla-
tions along the fiber and its persistence length
solely due to DNA breathing. For the fibers
based on NCP147 system, we estimated persis-
tence length to be around 16 nucleosome seg-
ments. We admit that the fiber’s true persis-
tence length will depend heavily on the inter-
nucleosomal interactions, which we do not ac-
count for in our model (except for steric clashes

between NCPs). However, our model shows a
fundamental mechanism of fiber flexibility and
bendability due to nucleosomal DNA breath-
ing. The amount of fiber bending enabled by
this mechanism is likely to be on par with the
contributions due to the bending of the linker
DNA segments, which we did not account for in
our modeling (the persistence length of straight
B-DNA is around 150 bp, which amounts to 10
nucleosome segments connected by 15 bp DNA
linkers).

We repeated the above-described analysis for
the NCP conformations taken from the NCPtt

147

simulation to estimate the effects of histone
tails’ truncation and hence higher DNA breath-
ing fluctuations and unwrapping angles. Pre-
dictably, this resulted in shorter persistent
length (Figure 6b, green vs. blue lines). The
distribution of the end-to-end distances in hex-
anucleosome arrays became a bit wider, and
its maximum shifted to shorter values. This
is likely the result of the increased flexibility
of the nucleosomal array and the potential to
explore more entangled conformations.

DNA twist-defect propagation is
facilitated by H2A α2-helix bend-
ing

We next move to characterize more nuanced
changes in DNA conformation observed in our
simulations. One of the most functionally in-
teresting conformational transitions in nucle-
osomal DNA is the dynamics of twist-defects
since it has a direct connection to nucleosome
sliding.28 Potential for local overtwisting and
stretching of nucleosomal DNA was first ob-
served in NCP X-ray structures. SHL ±2 or
±5 can accommodate one additional base pair
resulting in NCP wrapping 145, 146, or 147
DNA base pairs within the same superheli-
cal path (Supplementary Figure SF1). These
variations were called twist-defects.71 It was
shown that nucleosome remodelers use such
distortions for nucleosome sliding by moving
nucleosomal DNA in a cork-screw inchworm
fashion.21,24 High-resolution cryo-EM studies
revealed yet another unexpected intermediate
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present during the binding of nucleosome re-
modeling complexes at SHL ±2 – the so-
called half-twist-defects.24,28 Half-twist-defects
are characterized by local bulging of the track-
ing DNA strand around SHL ±2 (this would be
the top DNA strand in Figure 2 if the remodeler
binds at SHL -2). This bulging causes a spe-
cific asymmetric distortion of the DNA double
helix all the way to the remodeler proximal end
of the nucleosomal DNA. The striking feature
of the proposed distortion is that the tracking
DNA strand shifts its register towards the bulge
(5′ to 3′ direction), while the nucleotides of the
complementary strand remain almost in place.

To detect changes in DNA conformation dur-
ing the simulations, we monitored the relative
twisting of the double helix in the context of the
nucleosome (Figure 7d) and the changes in the
positions of individual nucleotides along the ref-
erence path defined by the initial conformation
of the DNA strands’ backbones (Figure 7e, Sup-
plementary Figure SF10) (see Methods). The
latter changes were characterized in discrete
steps of “position register shift” reflecting how
far away along the reference DNA strand con-
formation a particular nucleotide has shifted.
Among the simulated systems, the NCPtt

145 sys-
tem was based on an X-ray structure that has
DNA overtwisting and 1 bp stretching around
SHLs ±5 with respect to the NCP147/NCPtt

147

structures. In this system, we were able to de-
tect the relaxation of the twist-defect on the
proximal side that happened within the first 5
µs of the simulation and persisted till the end
of the trajectory (Figure 7). The relative twist
plots in Figure 7d show that due to this tran-
sition, the system was able to sample the DNA
twisting states inherent to the NCP147 X-ray
structure. The analysis of the positions of nu-
cleotides in individual DNA strands revealed
that the DNA strand segment (from the DNA
entry into the NCP to around position -50) was
effectively pulled in towards the DNA dyad at
the moment around 4.2 µs (Figure 7e, Supple-
mentary Figure SF10).

Detailed visual analysis revealed the details
of this transition. In a spontaneous distor-
tion (with a timescale of fewer than 1 ns),
the top DNA strand’s nucleotides at SHL -5

start to slide towards the dyad (Figure 7a).
However, this sliding is constrained upstream
around SHL -5.5 through the bottom DNA
strand’s interactions with the L1L2 binding site
of the H2A-H2B dimer. It takes around 30 ns
for this distortion to evolve and cause overtwist-
ing of the DNA around SHL -5.5 (Figure 7b). In
response to this overtwisting at the L1L2 site,
the C-end of the H2A α2-helix, which forms this
site, starts to bend inwards towards the cen-
ter of the octamer. To some extent, this state
resembles a half-twist-defect where one strand
has already slid while the other is still held by
the contacts with histones. It takes ∼400 ns for
the overtwisting to resolve resulting in the slid-
ing of both DNA strands at SHL -5.5 concomi-
tantly with the return of the H2A α2-helix to
its X-ray like position (Figure 7c). The overall
process happened during the sate of rapid DNA
breathing fluctuations (in the 0-15 bp range cor-
responding to unwrapping state 1 in Figure 3),
which loosens interactions with DNA upstream
of SHL -5.5, likely facilitating twist defect re-
laxation.

The active participation of the H2A α2-helix
in this process is further highlighted in Figure
8d and reflects the importance of octamer plas-
ticity in nucleosomal DNA dynamics.

Plasticity of the histone octamer

The alignment of MD snapshots to the com-
mon nucleosome reference frame (see Methods)
allowed us to visualize and compare confor-
mations and positions of protein backbone us-
ing 2D projections. The mapping of histone
α2-helices shown in Figure 8ab, and Supple-
mentary Figure SF11 represents the changes in
the overall geometry of the histone octamer for
NCPtt

145 and NCP147, respectively. Below we
focus on NCPtt

145 analysis since it showed more
diverse dynamics events (e.g., twist-defect re-
laxation). Although the RMSD of Cα-atoms
with respect to the X-ray structure was on
average below 1Å (Figure 8c), the maximum
RMSD between the snapshots was 1.96Å (Fig-
ure 8b) and the distance between the differ-
ent positions of individual Cα-atoms exceeded
5Å. Such large fluctuations were observed for
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the C-end of the H2A α2-helix, which is lo-
cated close to the L1L2 DNA binding site at
SHL ±5.5. These fluctuations were coupled to
the bending of the helix. The RMSD plots for
the Cα-atoms of the individual H2A α2-helices
revealed conformational states with increased
RMSD relative to the X-ray structure, which
were accompanied by the bending of the α2-
helices inward towards the center of the octamer
and persisted for around 1 µs during the dy-
namics. (Figure 8d). As discussed above, this
bending was found to be an essential process
during twist-defect relaxation and DNA slid-
ing. This suggests that overall octamer plas-
ticity may also facilitate the nucleosomal DNA
dynamics. To further test this hypothesis, we
conducted a simulation with an artificially re-
strained histone folds Cα-atoms (NCPfixed

147 ) to
estimate the effects of the restraints on the po-
sitional fluctuations of the DNA along the se-
quence. As shown in Figure 8f, restraining his-
tone octamer plasticity indeed suppressed DNA
fluctuations, especially around SHL ±5 and ±2
(DNA positions ∼ ±50 and ∼ ±20). More-
over, the NCPfixed

147 system showed a consider-
ably smaller number of DNA unwrapping or
breathing events of lower magnitude than its
unrestrained counterpart (NCP147) during the
available 8 µs of simulation time (Supplemen-
tary Figure SF2).

We also compared the octamer plasticity ob-
served in simulations with the recently reported
deformed (squeezed by 8% along the dyad
axis) NCP structure seen in cryo-EM (PDB ID
6FQ6).25 On the 2D projection plots, the po-
sitions of the Cα-atoms in the deformed struc-
ture almost entirely fit into the cloud of posi-
tions sampled during MD simulations (Supple-
mentary Figure SF12). RMSD analysis showed
that certain NCP conformations during the MD
simulations were closer to the deformed state
than to the original canonical X-ray state (Fig-
ure 8d). This at least suggests that experimen-
tally observed perturbation of the nucleosome
structure is on the same spatial scale as the
fluctuations observed in our simulations.

The introduction of the H3L82C-H4V81C
disulfide cross-links into the H3-H4 dimers was
experimentally shown to inhibit thermal slid-

ing of nucleosomes as well as ATP-dependent
sliding by SNF2h remodeler, presumably by
constraining octamer plasticity.22,25 We mon-
itored the distance between the Cα-atoms of
this residue pair (Figure 8e). Although no sig-
nificant changes in the average distance were
observed over the simulation time frame, the
distance fluctuations ranged from 6.2 Å to 8.6
Å. The maximum distance between Cα atoms
of cross-linked cysteines if their side chains are
in optimal orientation is around 7.5 Å. This
already suggests that such disulfide crosslinks
are not compatible with all the conformational
states observed in our dynamics simulations
likely resulting in dynamical changes. These,
however, await further characterization.

DNA unwrapping is coupled to lo-
cal DNA distortions near the dyad

Formal analysis of changes in individual nu-
cleotide positions also revealed that during the
simulations, distortions in DNA where common
close to the dyad around SHL ±1-±1.5 (Figures
7e, 9b, Supplementary Figure SF10). Unlike
the twist-defects, these distortions were local-
ized to a stretch of 3-4 base pairs without af-
fecting DNA regions upstream or downstream
of the segment (Figure 9c). The analysis of
histone-DNA contacts (Supplementary movie
SM7) and visual inspection of the trajectories
revealed that the formation of these distortions
followed the loss of H3-latch interactions with
the distorted DNA segment. Particularly the
loss of these interactions was accompanied by
the removal of H3R40 from the DNA minor
groove near the dyad. The destabilization of
the H3-latch interactions with the DNA is in
turn coupled to the unwrapping of the DNA
ends, as discussed above. Simultaneous anal-
ysis of DNA unwrapping and distortion of the
said region for NCPtt

147 system is shown in Fig-
ure 9. A clear synchronism in DNA unwrapping
and formation of distortion near SHL 1 can be
seen.

The results presented above suggest that
DNA unwrapping promotes the loss of histone-
DNA contacts near the dyad and distortion of
the DNA near the dyad. This in turn, likely
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facilitates the sliding of nucleosomes via twist-
defect propagation at the dyad region.

Discussion

We performed equilibrium MD simulations of
nucleosome core particles at physiological ionic
conditions on a timescale of up to 15 µs. This
long time scale enabled us to study in atomistic
detail functionally relevant dynamical modes of
nucleosomes such as breathing/unwrapping of
nucleosomal DNA ends, relaxation/formation
of twist defects within the DNA, conforma-
tional rearrangements of histone tails and the
globular core of the histone octamer.

Unwrapping and breathing of nu-
cleosomal DNA ends

Unwrapping of the terminal helical turn of the
nucleosomal DNA (which we call DNA breath-
ing) was a common feature of NCP dynam-
ics in our multi-microsecond simulations. This
is consistent with force spectroscopy measure-
ments showing little to no barrier for DNA un-
zipping in this region and ∼ 0.2 − 0.6 equilib-
rium constant estimates for the initial stages
of DNA unwrapping in FRET experiments.69,72

We showed that this breathing is initiated by
the rupture of the interactions between the
DNA end and residues within the H3 39-49 re-
gion, which we termed “H3-latch”. This region
is a known target of important epigenetic mod-
ifications, such as H3Y41, H3T45 phosphoryla-
tion, and H3R42 methylation.73 Such modifica-
tions should affect either electrostatic interac-
tions with the DNA end in the case of phos-
phorylation or the propensity to interact with
the DNA minor groove for H3R42 methylation
(H3R42 was observed interacting with the DNA
minor groove in our simulations).

The unwrapping/rewrapping rate and motion
range of the DNA ends’ was dramatically re-
duced by the interactions with the H3 N-tails
and H2A C-tails in our simulations. This is
in line with FRET and SAXS studies show-
ing that NCPs with partially clipped H3-tails
are less compact and their DNA termini are

on average located further away from the hi-
stone core,65,74 as well as NMR studies showing
that H3-tail robustly interacts with the nucle-
osome core.43 Our simulations provide insights
of unprecedented temporal and spatial resolu-
tion into the actual interplay between DNA dy-
namics and histone tails’ dynamics during DNA
breathing/unwrapping. Once the key interac-
tions with the H3-latch are ruptured, the nu-
cleosomal DNA ends per se tend to fluctuate
rapidly on the 10-100 ns timescale with a high
degree of in-plane and out-of-plane bending and
conformational variability. However, the inter-
actions with histone tails heavily modulate the
magnitude of the fluctuations and the average
DNA position during these fluctuations. It is
the rearrangement of histone tails’ conforma-
tion on the timescale of microseconds and be-
yond that actually governs the kinetics of DNA
unwrapping/breathing.

Comparison with FRET experi-
ments

The most advanced experimental methods to
study nucleosomal DNA unwrapping dynam-
ics currently rely on introducing a FRET pair
of fluorescent labels at spatially close positions
in nucleosome and measuring the dynamics of
their fluorescence, which is affected by the dis-
tance between the labels due to Förster reso-
nance energy transfer effect.20,69,70,75 Measuring
the fluctuations in fluorescence intensity usually
requires photon flux accumulation in 1-3 ms in-
tervals, limiting the temporal resolution of the
method to the millisecond timescale. However,
single-photon counting techniques, fluorescence
correlation spectroscopy (FCS) approaches,70

fluorescence lifetime measurements20 combined
with advanced statistical analysis techniques al-
low to probe sub-millisecond to microsecond
scale dynamics of nucleosomes. The interpreta-
tion of these measurements also requires care-
ful consideration of potential spurious contri-
butions from the photophysical effects and un-
derstanding the relation of the observed FRET
efficiency variations to the actual magnitude of
the distance fluctuations between the label at-
tachment sites. Gansen et al. have detected
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relaxation times of conformational transitions
in the histone core as fast as 14 µs.20 While
their label positions did not allow to directly
probe DNA breathing, they have revealed ad-
ditional relaxation components in histone core
dynamics between 1 and 100 µs, which they
suggested to be due to DNA breathing. Wei
et al. employing a hybrid FCS-FRET tech-
nique with one of the labels directly attached to
the nucleosomal DNA end, reported detectable
DNA breathing times on the scale of 1-10 ms.70

They have also detected microsecond compo-
nents in the dynamics of the signal, but these
were attributed to fluorophore photophysics ef-
fects. The results of these and other studies
suggest that spontaneous unwrapping of sev-
eral DNA turns likely requires hundreds of mil-
liseconds,19 while small scale DNA breathing
happens at the sub-millisecond to microsecond
timescale. Our estimates suggest that in NCP
simulations with full-length histone tails, the
magnitude of the observed DNA breathing mo-
tions at the 15 µs timescale should affect FRET
efficiency between a pair of fluorescent labels
attached to the DNA end and a position near
the dyad. The variation in the signal should
have relaxation components in the microsecond
range. The observed DNA fluctuations in our
simulations likely represent the initial stages
of a slower process with a higher displacement
magnitude of the DNA ends, which is promoted
by further slow rearrangement of histone tails’
conformations.

Influence of DNA breathing on
chromatin fiber structure

We have shown that the amount of DNA
breathing observed in our MD simulations
in NCP system with full-length histone tails
is already sufficient to provide considerable
variability to the conformation of chromatin
fibers composed of NCPs connected by linker
DNA segments. This puts forward nucleoso-
mal DNA breathing/unwrapping as an impor-
tant factor affecting chromatin structure plas-
ticity at the supranucleosomal level and be-
yond. The chromatin fiber dynamical variabil-
ity is likely important for forming higher-order

chromatin structure through weak interactions
arising due to liquid-liquid phase separation,
DNA supercoiling, and macromolecular crowd-
ing.76 With high-resolution experimental data
on the positions and contacts of the individual
nucleosomes in the genome becoming available
through a number of methods such as Micro-
C,77,78 we envision the importance of account-
ing for DNA breathing in reconstructing chro-
matin structure with high resolution from these
data.

Coupling between DNA unwrap-
ping and distortions at the dyad
region

We observed that unwrapping of the nucleoso-
mal DNA ends was coupled to the destabiliza-
tion of the DNA near the dyad through their
mutual interactions with the H3-latch. The ob-
served effect raises an interesting possibility of
DNA unwrapping promoting nucleosome slid-
ing by poising the DNA near the dyad to the
easier passage of DNA twist-defects. Interest-
ingly some remodeling complexes that move nu-
cleosome along the DNA, such as Chd1, engage
with nucleosomal DNA ends and unwrap them
upon binding.79

Mechanisms of nucleosome sliding
through twist-defect propagation

There has been a lot of progress recently in
understanding how ATP-dependent remodel-
ers translocate nucleosomes along the DNA
through DNA twist-defect propagation mecha-
nisms in a corkscrew inchworm-like fashion.21,24

Their ATPase subunits (e.g., Snf2, SNF2h,
etc.) bind at SHL ±2 and swing between open
and closed states through successive cycles of
ATP-hydrolysis. These conformational changes
cause the DNA to be first pulled in from the
remodeler proximal side of the nucleosome be-
fore it is pushed out from the other side. Cryo-
EM studies suggest that the first intermediate
in this cycle has a remarkably distorted DNA
conformation, where one of the DNA strands
(the tracking strand) is pulled in more than
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the other DNA strand (the guide strand) caus-
ing one DNA strand to slide past the other
by 1 bp.24 The latter deformation has been
termed a half-twist-defect.28 Our detailed anal-
ysis of DNA-histone interactions in nucleosomes
revealed that for each half of the NCP one DNA
strand has a considerably fewer number of dy-
namically stable contacts with the histone oc-
tamer than the other strand. The former strand
exactly corresponds to the one which is pulled
in in the context of the nucleosome-remodeler
complexes discussed above. These findings sug-
gest that the mechanisms of ATP-dependent
DNA translocation via half-twist-defect forma-
tion are facilitated by the DNA strand asym-
metry of histone-DNA interactions in the nu-
cleosome.

Nucleosomes are also known to translocate
spontaneously in a thermally assisted diffusion
process. How and to what extent twist-defects
contribute to this process remains elusive. X-
ray structures have shown that depending on
the DNA sequence nucleosomal DNA confor-
mation can be stretched/compressed by 1 bp
around SHL±2 or±5 due to twist-defects. Fur-
ther footprinting studies suggested that in solu-
tion NCPs exist as a mixture of different twist-
defect states, while in X-ray studies crystal en-
vironment stabilizes certain conformations.71 In
our simulations of NCP based on 601 high affin-
ity DNA sequence, we were able to directly
observe the relaxation of DNA overstretching
around SHL −5 resulting in sliding of the ter-
minal 2.5 helical turns of the nucleosomal DNA
along the histone octamer. While the breath-
ing of the DNA ends likely contributed to this
process, the relaxation happened within the
wrapped portion of the nucleosomal DNA. In
this process, the top DNA strand (which has
fewer stable contacts with the octamer) was
spontaneously pulled in towards the center of
the NCP causing partial relaxation of the ac-
companying DNA overtwisting at SHL −5 and
generation of an additional distortion at SHL
−5.5. This state resembled a half-twist-defect
state where one of the DNA strands showed
higher displacement than the other. The dis-
tortion at SHL −5.5 was facilitated by the con-
siderable inward bending of the C-end of the

H2A α2-helix. The resolution of this distortion
intermediate resulted in DNA sliding towards
the dyad and reestablishment of an X-ray like
position by the H2A α2-helix. The observed
mechanism provides direct evidence for the im-
portance of histone octamer plasticity in DNA
translocation around nucleosomes (see next sec-
tion).

The observed spontaneous sliding of the
two terminal turns of the nucleosomal DNA
suggests further potential pathways of DNA
translocation around the NCP. In addition to
SHLs ±5, structurally similar positions that
may harbor twist-defects exist around SHLs
±2. The overall DNA translocation around the
histone octamer may result due to the dynamic
exchange of twist-defects between these sites.

Histone octamer plasticity and its
functional effects

The globular core of the histone octamer has
been regarded for some time as a rigid modular
structure assembled from H2A-H2B dimers at-
tached to the H3-H4 tetramer. Recent studies,
however, have put forward the importance of hi-
stone octamer plasticity and dynamics even at
the level of the intrinsic dynamics of individual
histone dimers. It has been reported that the
introduction of cross-links inside individual his-
tone dimers may impede spontaneous and ATP-
dependent nucleosome sliding22,25 and com-
paction of nucleosomal arrays by heterochro-
matin protein 1.27 Asymmetric deformations of
the octamer have been suggested to be impli-
cated in the allosteric communication between
the two faces of the nucleosome impeding si-
multaneous binding of SNF2h remodeler pro-
tomers to both sides of the NCP.30 Several cryo-
EM structures of NCP conformations with de-
formed octamer have been reported suggesting
coupling between DNA and overall deformation
of the histone octamer, slight reorientation of
the histone α-helices.31,31 However, the exact
dynamical pathways of these processes remain
elusive, especially at the atomistic level. To
track octamer plasticity in our simulations, we
have analyzed the variation in positions of the
histone fold α-helices – the key elements which
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define octamer structure. We show that on a
multi-microsecond timescale, the most different
conformations of the octamer have their histone
fold Cα-atoms displaced on average by around
2Å. The average magnitude of these deforma-
tions is on the same scale as that seen in cryo-
EM structures of the alternative canonical nu-
cleosome substates.25,31 The octamer elements
where we have observed maximum fluctuations
reaching 7Å were the C-ends of the H2A α2-
helices. These motions resembled bending of
the C-ends of the helix towards and outwards
from the center of the octamer. Similar out-
ward H2A α2-helix bending was observed in
some cryo-EM structure of NCPs with partially
unwrapped DNA.31 Our data suggest that in-
ward bending of the helix is also a common con-
formation observed in dynamics. As suggested
by our simulations, this inward bending has a
functional role in allowing the DNA to slide
past the L1L2 H2A-H2B binding site (at SHL
±5.5) during twist-defect relaxation. Here we
can formulate an experimentally testable pre-
diction that restricting H2A α2-helix mobility
by introducing a site-specific cross-link between
the C-end of the H2A α2-helix and N-end of
the H2B α2-helix will impede nucleosome slid-
ing. Interestingly, a cross-link H3L82-H4V81
in a structurally related position in the H3-H4
dimer has already been shown to impede ther-
mally assisted and ATP-dependent nucleosome
sliding.22,25 While in our simulations (poten-
tially due to limited simulations time), we did
not observe considerable H4 α2-helix bending,
the structural and positional similarity of the
H2A-H2B and H3-H4 dimers suggests that a
similar flexibility mechanism may exist within
the H3-H4 dimer. If such mechanism exists, it
may serve as an explanation for the above ex-
perimental findings.

Taken together, the results of our study pro-
vide further mechanistic insights into the role
of histone dynamics in nucleosome unwrapping,
sliding, and supranucleosomal organization of
chromatin. This in turn paves the way towards
understanding the effects of various epigenetic
alterations of the nucleosomes (such as histone
PTMs, histone variants, DNA methylation, in-
teractions with chromatin proteins, etc.) on

genome functioning.
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(4) Luger, K.; Mäder, A. W.; Rich-
mond, R. K.; Sargent, D. F.; Rich-
mond, T. J. Crystal Structure of the
Nucleosome Core Particle at 2.8 A
Resolution. Nature 389, 251–260.

(5) Peng, Y.; Li, S.; Landsman, D.;
Panchenko, A. R. Histone Tails as
Signaling Antennas of Chromatin. Cur-
rent Opinion in Structural Biology 67,
153–160.

(6) Th̊aström, A.; Lowary, P. T.; Wid-
lund, H. R.; Cao, H.; Kubista, M.;
Widom, J. Sequence Motifs and Free
Energies of Selected Natural and Non-
Natural Nucleosome Positioning DNA Se-
quences. Journal of Molecular Biology
288, 213–229.

(7) Ngo, T. T. M.; Zhang, Q.; Zhou, R.;
Yodh, J. G.; Ha, T. Asymmetric Unwrap-
ping of Nucleosomes under Tension Di-
rected by DNA Local Flexibility. Cell 160,
1135–1144.

(8) Chua, E. Y. D.; Vasudevan, D.;
Davey, G. E.; Wu, B.; Davey, C. A.
The Mechanics behind DNA Sequence-
Dependent Properties of the Nucleosome.
Nucleic Acids Research 40, 6338–6352.

(9) Zhurkin, V. B. Sequence-Dependent
Bending of DNA and Phasing of Nucleo-
somes. Journal of Biomolecular Structure
& Dynamics 2, 785–804.

(10) Segal, E.; Fondufe-Mittendorf, Y.;
Chen, L.; Th̊aström, A.; Field, Y.;
Moore, I. K.; Wang, J.-P. Z.; Widom, J.

A Genomic Code for Nucleosome Posi-
tioning. Nature 442, 772–778.

(11) Zhao, Y.; Garcia, B. A. Comprehensive
Catalog of Currently Documented Histone
Modifications. Cold Spring Harbor Per-
spectives in Biology 7, a025064.

(12) Draizen, E. J.; Shaytan, A. K.; Mariño-
Ramı́rez, L.; Talbert, P. B.; Lands-
man, D.; Panchenko, A. R. HistoneDB
2.0: A Histone Database with Vari-
ants—an Integrated Resource to Explore
Histones and Their Variants. Database
2016, baw014.

(13) Singh, R.; Bassett, E.; Chakravarti, A.;
Parthun, M. R. Replication-Dependent
Histone Isoforms: A New Source of Com-
plexity in Chromatin Structure and Func-
tion. Nucleic Acids Research 46, 8665–
8678.

(14) Nacev, B. A.; Feng, L.; Bagert, J. D.;
Lemiesz, A. E.; Gao, J.; Soshnev, A. A.;
Kundra, R.; Schultz, N.; Muir, T. W.; Al-
lis, C. D. The Expanding Landscape of
’oncohistone’ Mutations in Human Can-
cers. Nature 567, 473–478.

(15) Armeev, G. A.; Gribkova, A. K.;
Pospelova, I.; Komarova, G. A.; Shay-
tan, A. K. Linking Chromatin Composi-
tion and Structural Dynamics at the Nu-
cleosome Level. Current Opinion in Struc-
tural Biology 56, 46–55.

(16) Paul, S.; Bartholomew, B. Regulation of
ATP-Dependent Chromatin Remodelers:
Accelerators/Brakes, Anchors and Sen-
sors. Biochemical Society Transactions 46,
1423–1430.

(17) Kujirai, T.; Kurumizaka, H. Transcription
through the Nucleosome. Current Opinion
in Structural Biology 61, 42–49.

(18) Gaykalova, D. A.; Kulaeva, O. I.;
Volokh, O.; Shaytan, A. K.; Hsieh, F.-K.;

16

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 21, 2021. ; https://doi.org/10.1101/2021.01.20.426793doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.20.426793


Kirpichnikov, M. P.; Sokolova, O. S.; Stu-
ditsky, V. M. Structural Analysis of Nucle-
osomal Barrier to Transcription. Proceed-
ings of the National Academy of Sciences
112, E5787–E5795.

(19) Li, G.; Levitus, M.; Bustamante, C.;
Widom, J. Rapid Spontaneous Accessibil-
ity of Nucleosomal DNA. Nature Struc-
tural & Molecular Biology 12, 46–53.

(20) Gansen, A.; Felekyan, S.; Kühnemuth, R.;
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Rose, P. W. NGL Viewer: Web-Based
Molecular Graphics for Large Complexes.
Bioinformatics 34, 3755–3758.

(67) Brower-Toland, B. D.; Smith, C. L.;
Yeh, R. C.; Lis, J. T.; Peterson, C. L.;
Wang, M. D. Mechanical Disruption of
Individual Nucleosomes Reveals a Re-
versible Multistage Release of DNA. Pro-
ceedings of the National Academy of Sci-
ences of the United States of America 99,
1960–1965.

(68) Rohs, R.; West, S. M.; Sosinsky, A.;
Liu, P.; Mann, R. S.; Honig, B. The Role
of DNA Shape in Protein-DNA Recogni-
tion. Nature 461, 1248–53.

(69) Koopmans, W.; Buning, R.; Schmidt, T.;
van Noort, J. spFRET Using Alternating
Excitation and FCS Reveals Progressive
DNA Unwrapping in Nucleosomes. Bio-
physical Journal 97, 195–204.

(70) Wei, S.; Falk, S. J.; Black, B. E.; Lee, T.-
H. A Novel Hybrid Single Molecule Ap-
proach Reveals Spontaneous DNA Mo-
tion in the Nucleosome. Nucleic Acids Re-
search 43, e111.

(71) Edayathumangalam, R. S.; Weyer-
mann, P.; Dervan, P. B.; Gottesfeld, J. M.;
Luger, K. Nucleosomes in Solution Exist
as a Mixture of Twist-Defect States. J
Mol Biol 345, 103–14.

(72) Hall, M. A.; Shundrovsky, A.; Bai, L.; Ful-
bright, R. M.; Lis, J. T.; Wang, M. D.
High Resolution Dynamic Mapping of
Histone-DNA Interactions in a Nucleo-
some. Nature structural & molecular biol-
ogy 16, 124–129.

(73) Bowman, G. D.; Poirier, M. G. Post-
Translational Modifications of Histones
That Influence Nucleosome Dynamics.
Chemical Reviews 115, 2274–2295.

(74) Andresen, K.; Jimenez-Useche, I.; How-
ell, S. C.; Yuan, C.; Qiu, X. Solution

Scattering and FRET Studies on Nucle-
osomes Reveal DNA Unwrapping Effects
of H3 and H4 Tail Removal. PLOS ONE
8, e78587.

(75) Ordu, O.; Lusser, A.; Dekker, N. H.
Recent Insights from in Vitro Single-
Molecule Studies into Nucleosome Struc-
ture and Dynamics. Biophysical Reviews
8, 33–49.

(76) Kantidze, O. L.; Razin, S. V. Weak In-
teractions in Higher-Order Chromatin Or-
ganization. Nucleic Acids Research 48,
4614–4626.

(77) Ohno, M.; Ando, T.; Priest, D. G.; Ku-
mar, V.; Yoshida, Y.; Taniguchi, Y. Sub-
Nucleosomal Genome Structure Reveals
Distinct Nucleosome Folding Motifs. Cell
176, 520–534.e25.

(78) Krietenstein, N.; Abraham, S.;
Venev, S. V.; Abdennur, N.; Gibcus, J.;
Hsieh, T.-H. S.; Parsi, K. M.; Yang, L.;
Maehr, R.; Mirny, L. A.; Dekker, J.;
Rando, O. J. Ultrastructural Details of
Mammalian Chromosome Architecture.
Molecular Cell 78, 554–565.e7.

(79) Farnung, L.; Vos, S. M.; Wigge, C.;
Cramer, P. Nucleosome–Chd1 Structure
and Implications for Chromatin Remod-
elling. Nature 550, 539–542.

20

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 21, 2021. ; https://doi.org/10.1101/2021.01.20.426793doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.20.426793


SHL -
7

SH
L 

-6

SHL -5

SHL -4 SHL -3

SH
L 

-2

SHL -1

a) b)

с) d)

H
3

H
4

H
2A

H
2B

x

y (dyad)

z

H3-latch

proximal distal

e)

Histones
H3     H4 

H2A  H2B

DNA
Top strand 

Bottom strand
Ions: Na+  Cl-

0-13 μs
NCPtt

145

0-15 μs
NCP147

Figure 1: Overview of NCP structure and dynamics. a) NCP and its reference axes (z - superhelical,
y - dyad). White arrows on DNA strands show 5′-3′ direction. Spheres highlight the proximal and
distal ends of the double helix. Superhelical locations (SHL) are shown for the proximal half of the
DNA (SHL<0). Proximal H3-H4/H2A-H2B dimers are in the front (z>0). Key arginines inserted
in DNA minor grooves are shown in dark blue. b) NCP in a simulation box with solvent. c-d)
Dynamics of NCP with truncated and with full-length histone tails (NCPtt

145 and NCP147 systems,
respectively). Overlay of MD snapshots spaced 0.1 µs apart. e) Sequences of the core histones
and their secondary structure features: α-helices, β-strands, loops, flexible histone tails, etc. For
simulations with truncated histone tails, the respective positions are marked with H. Positively
and negatively charged residues are highlighted in blue and red, respectively. Key arginines are
highlighted with dark blue frames. ∗ - H2B residues absent in the recombinant protein.
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Table 1: Simulated systems

Name PDB IDa Description Time, µs

NCP147 1KX5 147 bp quasi-palindromic α-satellite DNA in pseudo-
symmetric conformation, full-length histone tails in
symmetric starting positions

15.0

NCPtt
147 1KX5 Same as NCP147, but with truncated histone tailsb 10.0

NCPtt
145 3LZ0 145 bp Widom 601 DNA sequence, truncated histone

tailsb
15.0

NCPtt
146 1AOI 146 bp palindromic α-satellite DNA sequence, truncated

histone tailsb
8.0

NCPfixed
147 1KX5 Same as NCP147, but Cα-atoms of histone folds (α1, α2,

α3-helices) were restrained in motion
8.0

a PDB database ID used to derive the simulated system model.
b See Figure 1e for location of truncation sites.
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Figure 2: DNA-histone interactions in the nucleosome (based on NCP147 simulation). a) Profile of
stable amino acid residue-nucleotide contacts during the first microsecond of simulations plotted
for the left half of the nucleosomal DNA. Individual histone residues are labeled on top of each
bar. Residues that formed stable contacts for the entire 15 µs trajectory are shown in black frames.
b) Evolution of DNA-histone atom-atom contacts along MD trajectory. c) The average number of
histone-DNA atom-atom contacts classified by interacting entities: histone core or tail parts, DNA
phosphates, sugars or bases.
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DNA end and the neighboring DNA gyre. Bottom panel: profile of the extent of DNA unwrapping
during MD simulations. Thin semitransparent lines are used to plot instantaneous unwrapping
values; thick lines depict smoothed signal with Savitzky-Golay filter using 100 ns window and
first-degree polynomial. 23
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Figure 4: Mechanisms of DNA unwrapping in nucleosomes with full-length histone tails based
on NCP147 simulation. Figure follows the design of Figure 3. The middle panel shows typical
conformations of histone tails and H3-latch residues for selected unwrapping states/substates.
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Figure 5: Characteristics of DNA unwrapping in nucleosomes. a-d) 2D projections of DNA paths in
nucleosome reference frame for NCP147 and NCPtt

145 systems; e) Scatter plot of DNA end fluctuations
along the Z and X-axis of the nucleosomal reference frame relative to its initial position in NCPtt

145

simulation; f) average DNA rewrapping times as a function of DNA unwrapping extent estimated
from MD trajectories. States with up to three unwrapped base pairs are considered as a wrapped
state for this analysis.
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Figure 6: Effects of DNA unwrapping on chromatin fiber elasticity and bendability. a) End-to-end
distance distribution in a simulated conformational ensemble of six NCPs connected by straight
15 bp linker DNA segments. Odd and even NCPs are colored in yellow and red, respectively,
to highlight the fiber’s “two-start” structure. b) Decay of orientational correlations along the
nucleosome fibers due to DNA unwrapping. Persistence length estimates are shown on the plot.
Below the plot, two different conformations of the fiber are shown.
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Figure 7: Formation/relaxation of twist-defects in NCPtt
145 simulation. a)-c) Successive stages

of twist-defect relaxation at SHL -5 resulting in DNA sliding by 1 bp from SHL -7 to SHL -5.
Snapshots are overlayed on the X-ray structure shown in cyan. Three base pairs (positions -59, -54,
-49, and -44) around the SHL -5 region are highlighted in orange (X-ray positions) and magenta
(MD positions). d) Plots of DNA relative twist profile along the DNA. The DNA sequence for the
top strand of NCPtt

145 is given along the X-axis. e) A heatplot of changes in nucleotide positions for
the proximal half of the top DNA strand during simulations. Starting from ∼4µs the half twist-
defect relaxation causes the shift on the top DNA strand nucleotides in the region ∼ −50-−72 by
one step towards the dyad.
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Figure 8: Plasticity of the histone octamer in NCP and its effects on the nucleosomal DNA dy-
namics. Panels a)-d) present data for NCPtt

145 simulations. a) 2D projections of histone α2-helices’
Cα-atoms (α2-Cα-atoms) on the plane perpendicular to the superhelical axis for MD snapshots
versus X-ray structure. b) Same as a), but for the two MD snapshots with the maximum RMSD as
measured by positions of α2-Cα-atoms. c) Evolution of RMSD measured for α2-Cα-atoms positions
with respect to the initial X-ray structure and a cryo-EM structure of a “squeezed” NCP (PDB
ID 6FQ6).25 d) Evolution of RMSD calculated for Cα-atoms of the H2A α2-helices. Insets show
inward bending of the helix associated with higher average RMSD. e) Distance between Cα-atoms
of H3L82 and H3V81 residues. Thick lines in d)-e) show signal smoothed with Savitzky-Golay
filter. f) Average DNA fluctuations for one half of the nucleosomal DNA compared for NCP147

simulations and NCPfixed
147 simulations with restrained histone folds.
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Figure 9: Coupling between DNA unwrapping and DNA loosening near the dyad through H3-latch
interactions. a) DNA unwrapping as a function of simulation time of the distal DNA end in NCPtt

147.
b) DNA distortions of the proximal half of the nucleosomal DNA visualized through the position
register shift plot for the bottom DNA strand. c) An MD snapshot showing the simultaneous DNA
unwrapping, DNA distortion near the dyad, and detachment of the H3-latch from the inner DNA
gyre near the dyad. Initial X-ray state is shown in cyan.
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