
2788–2801 Nucleic Acids Research, 2018, Vol. 46, No. 6 Published online 28 February 2018

doi: 10.1093/nar/gky158

DNA sliding in nucleosomes via twist defect
propagation revealed by molecular simulations

Giovanni B. Brandani, Toru Niina, Cheng Tan and Shoji Takada*

Department of Biophysics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan

Received December 04, 2017; Revised February 05, 2018; Editorial Decision February 16, 2018; Accepted February 20, 2018

ABSTRACT

While nucleosomes are highly stable structures as

fundamental units of chromatin, they also slide along

the DNA, either spontaneously or by active remod-

elers. Here, we investigate the microscopic mecha-

nisms of nucleosome sliding by multiscale molec-

ular simulations, characterizing how the screw-like

motion of DNA proceeds via the formation and propa-

gation of twist defects. Firstly, coarse-grained molec-

ular simulations reveal that the sliding dynamics is

highly dependent on DNA sequence. Depending on

the sequence and the nucleosome super-helical loca-

tion, we find two distinct types of twist defects: a lo-

cally under-twisted DNA region, previously observed

in crystal structures, and a locally over-twisted DNA,

an unprecedented feature. The stability of the over-

twist defect was confirmed via all-atom simulations.

Analysis of our trajectories via Markov state mod-

eling highlights how the sequence-dependence of

the sliding dynamics is due to the different twist de-

fect energy costs, and in particular how nucleosome

regions where defects cannot easily form introduce

the kinetic bottlenecks slowing down repositioning.

Twist defects can also mediate sliding of nucleo-

somes made with strong positioning sequences, al-

beit at a much lower diffusion coefficient, due to a

high-energy intermediate state. Finally, we discuss

how chromatin remodelers may exploit these spon-

taneous fluctuations to induce unidirectional sliding

of nucleosomes.

INTRODUCTION

Nucleosomes are large protein–DNA complexes consisting
of about∼147 base-pairs (bp) of DNAwrapped ∼1.7 times
around a histone octamer (1), and they represent the funda-
mental unit of chromatin organization in eukaryotic cells,
enabling the genome to be ef�ciently packed inside the nu-
cleus. Despite representing 75 to 90% of the whole genome
(2), nucleosomal DNA cannot be directly accessed by most

other DNA-binding proteins (3), raising questions about
the ability of the cell to simultaneously ful�ll the two roles
of genome organization and transcription regulation. This
apparent contradiction is resolved by the tight regulation
of nucleosome positions along the genome (3). Positioning
is in part encoded into the DNA sequence itself (4), which
favors nucleosome assembly at sequence locations where
DNA has a high intrinsic bending (5). Furthermore, nucle-
osome positions are dynamically regulated via the action of
active chromatin remodelers, which consume ATP to dis-
place nucleosomes to different sequence locations (6). By
repositioning nucleosomes, remodelers can occlude ormake
accessible target regulatory sequences to the respective tran-
scription factors (7). Remodelers are also responsible for
controlling the length of the linker DNA between succes-
sive nucleosomes, ensuring their even spacing (6).
While the in�uence of DNA sequence on the observed

in vivo nucleosome positioning patterns has been well char-
acterized (3), with software being able to predict nucleo-
some af�nities from DNA elasticity alone (8), there is still
debate on how repositioning of nucleosomes is achieved at
themolecular level (7).Most experiments focus on the activ-
ity of chromatin remodelers. However, ATP consumption is
not necessary for repositioning to occur, as nucleosomes can
also diffuse along the DNA sequence simply driven by ther-
mal �uctuations (9). Moreover, spontaneous �uctuations in
the nucleosome structure have been suggested to form the
basis of the complex remodeling activity (1,10,11). For these
reasons, a clear understanding of passive nucleosome diffu-
sion at the molecular level is much needed, and it will be of
high relevance for the understanding of active in vivo sce-
narios.
The nucleosome structure is stabilized, on top of global

electrostatic attractions, by an extensive network of inter-
actions between DNA and histone octamer, mainly local-
ized at the 14 contact points where the DNA minor groove
faces the octamer (12). Because of these strong interactions,
repositioning via complete nucleosome disassembly and re-
assembly at a different sequence location is expected to have
only a minor contribution, and most models of active and
passive repositioning consider some form of nucleosome
sliding, whereDNA canmove around the histones via small
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intermediate steps, while maintaining most histone–DNA
contacts intact (11,13,14).
Models previously suggested for nucleosome sliding can

be classi�ed into two scenarios: the rotation-uncoupled
mode, where DNA sliding around a histone octamer is
not accompanied by DNA rotation around its helical axis,
and the rotation-coupled mode, in which DNA moves in
a screw-like manner. For the former, Schiessel et al. pro-
posed that a loop defect forms at one end of the nucleo-
some via partial unwrapping and it subsequently diffuses
reaching the opposite end, causing a net repositioning of at
least a DNA helical turn (∼10 bp) (14). On the other hand,
the rotation-coupled sliding of DNA around histones was
suggested to proceed via the propagation of twist defects
at small steps of 1 bp (11,13). Twist defects are deforma-
tions of the DNA path that enable to accommodate differ-
ent numbers, plus or minus one from the canonical num-
ber, of base pairs between any neighboring histone–DNA
contact points, causing a change in the length of nucleo-
somal DNA from the standard 147 bp (1). In fact, defects
characterized by DNA under-twisting, where the number
of base pairs in one helical pitch is fewer by one, are present
in crystal structures (15,16) and in solution (10), and their
role in spontaneous repositioning is supported by exper-
iments showing that sliding is suppressed after the addi-
tion of ligands that would obstruct the screw-like motion of
DNA (17,18). Furthermore, the recently resolved cryo-EM
structure of an active remodeler bound to the nucleosome
did not reveal large-scale distortions to the canonical nucle-
osome conformation (19) and FRET experiments showed
that repositioning can occur via small uni-directional steps
(20,21), suggesting that the motion of DNA during active
sliding may closely resemble the defect-mediated screw-like
motion proposed for spontaneous repositioning.
Molecular dynamics simulations represent the ideal

framework to address nucleosome sliding mechanisms,
since they enable the direct observation of repositioning at
near-atomic level. Twist defect formation has already been
observed in all-atom simulations of nucleosomes (22); how-
ever, it occurred rarely and only near the nucleosome ends,
whereas the study of repositioning would require defect
propagation through the entire nucleosome structure. To
solve the time-scale problem, we resort to coarse-graining
at the level of individual residues and nucleotides. Coarse-
grained MD simulations provide the optimal compromise
between speed-up and accuracy, and have already been
successfully applied to the study of nucleosome dynamics
(5,23–28).

In particular, in two very recent studies by our (26) and
de Pablo’s (28) groups, MD simulations were employed
to investigate the spontaneous repositioning of nucleo-
somes. The main result of these works was the observa-
tion of two distinct modes of sliding, coupled and uncou-
pled with DNA rotation, consistently with past theoreti-
cal work (11,13,14). Furthermore, the DNA sequence was
found to have a large effect in favoring one mechanism ver-
sus the other. While these results are important and likely
to have a wider impact for the understanding of chromatin
dynamics, there were key questions left unresolved. In par-
ticular, while the rotation-uncoupled slidingmode was well-
characterized, there was no clear evidence of the twist defect

intermediate conformations that were suggested to mediate
the rotation-coupled (or screw-like) repositioning mecha-
nism (11,13). This was due to the absence (28) or the weak-
ness (26) of the hydrogen bond interactions between his-
tone octamer and DNA in the computational model, which
are also necessary to stabilize twist defect conformations in
the MD simulations (see Materials and Methods). In the
current study, we employed an intermediate hydrogen bond
strength within the range giving a nucleosome disassembly
pro�le consistent with experiments (26), enabling us to es-
tablish the fundamental role of twist defects in nucleosome
sliding.
In what follows, we �rst report onMD simulations of nu-

cleosomes formed with six 2-bp periodic DNA sequences,
showing that in all cases the rotation-coupled sliding pro-
ceeds via the spontaneous formation and propagation of
twist defects around the nucleosome. By analyzing our MD
trajectories via Markov state modeling, we characterized
how the free energy costs of defect formation at the differ-
ent nucleosome regions control the repositioning kinetics,
and can result in highly sequence-dependent diffusion time
scales, differing by almost two orders of magnitude for the
considered uniform sequences. This novel type of sequence
dependence adds up to the previous �nding that DNA se-
quence may also control sliding time-scales via its intrin-
sic bending (11,28). Notably, our simulations reveal a form
of twist defect that was previously unobserved, where lo-
cal over-twisting of DNA enables to accommodate an extra
base pair within one helical pitch. An all-atom MD simu-
lation con�rms the stability of this novel type of defect. In
the discussion section, we further argue how the alternation
of over-twisting and under-twisting across the nucleosome
may facilitate the action of chromatin remodelers. Finally,
we show how twist defect propagation can also mediate the
spontaneous sliding of nucleosomes formed with strong po-
sitioning sequences, and since each repositioning step only
corresponds to a small free energy cost, this suggests how
remodelers may be able to easily displace these very stable
nucleosomes.

MATERIALS AND METHODS

Coarse-grained computational model andMD simulations of
the nucleosome

To investigate the molecular mechanism and the sequence-
dependence of sliding, we run unbiased coarse-grainedMD
simulations of nucleosomes with 223 base pairs (bp) of
double-stranded DNA, therefore allowing DNA reposi-
tioning up to a length equal to the ∼38 bp of linker in each
direction (the initial conformation is depicted in Figure 1A,
all molecular visualizations have been generated with the
software VMD (29)). In the �rst part of our work, we con-
sider all the six possible nucleosomal sequences with a peri-
odicity of 2 bp, which we indicate using the repeating base
step as poly-AA, AC, AG, AT, CC and CG (the comple-
mentary bases on the opposite strands being TT, GT, CT,
AT, GG and CG). We note that in the literature poly-AA
and poly-CC are usually referred to as poly(dA:dT) and
poly(dG:dC) tracts respectively (3,30), and, despite being
known for their low af�nity for nucleosome formation, they
can be assembled into nucleosomes (30). In the last part
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Figure 1. Coarse-graining and defect formation. (A) All-atom (on the left)
and coarse-grained (right) nucleosome structures. Histones H3 in light
and dark gray, H4 in orange and light green, H2A in yellow and white,
and H2B in dark green and pink. For the DNA, phosphate groups are in
red, sugar groups in cyan and bases in blue. (B) Schematics of a half nu-
cleosome structure, mechanism of defect formation and analysis method.
Super-helical locations (SHLs) start from 0 at the dyad and increase by
1 every DNA turn. histone–DNA contact points are at the half-integer
SHLs. For each con�guration in the MD trajectories, we track the base
pair indexes bpi at the 14 histone–DNA contact points, and their value
relative to the initial one observed in the 1KX5 crystal structure con�g-
uration, which we refer to as the contact indexes �bpi = bpi – bpi

X. At
the beginning, when no twist defects are present, all contact indexes will
be zero. If, for instance, after some time the DNA undergoes a clockwise
screw-like motion by 1 base pair at contact point 2.5, then the DNA seg-
ment at SHL 2 will have a missing base pair relative to the initial structure,
whereas at SHL 3 there will be an extra base pair, corresponding respec-
tively to under-twist and over-twist defects. These defects can be quanti�ed
by the difference k between two neighboring contact indexes (respectively
k = –1 and k = +1 in the example).

of the work, on the other hand, we consider nucleosomes
formed by the two strong positioning sequences �-satellite
and 601, as found in the respective crystal structures with
PDB ids 1KX5 (16) and 3LZ0 (15). In these two cases, we

use poly-CGDNA linkers to reach again the total length of
223 bp.
Following an approach similar to that of Refs. (5,23,24),

the histone octamer is represented according to the
AICG2+ coarse-grained model (31), whereas the DNA
according to the sequence-dependent 3SPN.2C coarse-
grained model (32). Notably, the ability of this force-�eld
combination to reproduce the sequence-dependent free en-
ergies of DNA folding into nucleosomes has been con-
�rmed (5). Furthermore, the 3SPN.2C model has been
parametrized against the �exibilities of the 10 unique base
steps (32), as obtained by Olson et al. (33,34), suggesting
that its usage is appropriate to study detailed sequence-
dependent effects at place during nucleosome repositioning.
In AICG2+, we coarse-grain proteins at the level of individ-
ual amino acids, with each coarse-grained bead placed on
the C� atomof each residue; whereas in the 3SPN.2Cmodel
each nucleotide is represented by three beads corresponding
to phosphate, sugar and base groups (see Figure 1A). The
native structure of the histone octamer employed for the
protein structured-based potential is taken from the 1KX5
crystal structure (16); �exible tails with zero occupancy in
the PDB �le are modeled using a sequence-dependent �ex-
ible local potential (35,36).
Histones and DNA interact via excluded volume, long-

range electrostatics, and hydrogen bonds, the latter repre-
sented according to a recently developed coarse-grained
potential (26). Excluded volume radii are dependent on
the bead-type only and they have been obtained from a
database of protein–protein and protein–DNA complexes
(37) (the radii used in (37) have been further rescaled by
a factor of 1.1 to prevent histone tails from inserting be-
tween the two complementary DNA strands). Electrostat-
ics is modeled according to the Debye–Hückel theory. The
charges on the C� beads of the structured part of the his-
tone octamer have been parametrized using the RESPAC
method (38), which optimizes the coarse-grained electro-
static potential against the all-atom potential of the 1KX5
crystal structure. Since RESPAC requires the protein to
maintain its native fold, this approach is only applied to the
globular part of the octamer, whereas for the �exible his-
tone tails we assigned the appropriate unit charges onARG,
LYS, ASP and GLU residues, leaving all other residues un-
charged. Following the recommended practice (32,37), the
intra-DNA electrostatics is generated by charges of –0.6q
placed on the phosphate groups, whereas these charges are
rescaled to their standard unit value for protein–DNA in-
teractions.
Hydrogen bonds between DNA and histones were of-

ten not explicitly included in past coarse-grained models
of the nucleosome (5,28). However, these interactions were
shown in our previous work (26) to be necessary for ob-
taining stable nucleosome conformations consistent with
those observed in crystal structures at high precision. In
the Supporting Information (SI) Supplementary Figure S1,
we further show how experimental twist-defect conforma-
tions spontaneously appear only after including hydrogen
bond interactions. For the de�nition of hydrogen bonds
between histone residues and DNA phosphate groups, we
used the 1KX5 and 3LZ0 crystal structures as references.
Our coarse-grained hydrogen bond potential is invariant
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under a screw-like motion of the DNA relative to the hi-
stone octamer, enabling the study of repositioning (see SI
and (26) for more details on this potential and its valida-
tion). The energy constant ε of hydrogen bonds was set to
1.8kBT, which is an intermediate value in the range result-
ing in a nucleosome unwrapping behavior consistent with
experiments (1.2–2.4kBT) (26). The value of ε employed
here is larger than the one used in our previous study (26),
enabling us to capture more accurately the details of the
repositioning mechanism via twist defects, in particular for
sequences with fast kinetics. The repositioning mechanism
discussed in the results is however robust to changes in the
hydrogen bond strength (see Supplementary Figure S2 for
our results on poly-CG nucleosomes using ε = 1.2kBT and
ε = 2.4kBT).
All coarse-grained MD simulations were performed with

the software CafeMol 3.0 (available at http://www.cafemol.
org/) (39). We prepared the initial conformations by taking
the 1KX5 crystal structure and aligning the two extra 38-bp
linkers to the 147-bp nucleosomal DNA. Before production
runs, the coarse-grained structure was energyminimized us-
ing the steepest descent scheme. Simulations are performed
integrating the equations of motion with Langevin dynam-
ics at temperature T = 300 K. The ionic strength was set to
150 mM. All other MD settings are the default values given
in CafeMol 3.0. Snapshots of the nucleosome con�guration
were saved every 500 time steps. For the periodic sequences,
we performed 24, 24, 36, 36, 12 and 12 independent runs
of 107 MD time steps for poly-AC, AT, AG, CG, AA and
CC respectively. To evaluate the equilibrium properties of
�-satellite and 601 nucleosomes we performed a single long
simulation of 108 MD steps for each sequence. To investi-
gate the repositioning kinetics of 601 nucleosomes we per-
formed 1400 short simulations of 2 × 106 to 107 time steps,
starting from several con�gurations shifted from the refer-
ence 3LZ0 crystal structure by 3, 4, 5 or 7 bp.

Twist defect analysis and generation of Markov state models

The DNA interacts with the histones mainly at the 14 con-
tact points where the DNA minor groove faces the histone
octamer (12). The nucleosomal regions are traditionally in-
dicated by the super-helical location (SHL), corresponding
to the distance in helical turns from the nucleosome symme-
try axis, so that the dyad is located at SHL 0 and the SHL
value changes by 1 every DNA turn, ∼10 bp (Figure 1B).
Therefore, the histone–DNA contact points are located at
the half-integer SHLs ±0.5, ±1.5, ±2.5, ±3.5, ±4.5, ±5.5
and ±6.5 (the terminus pair). In what follows we will in-
dicate each contact point by the value of the correspond-
ing SHL, e.g. the contact point 1.5 to indicate the histone–
DNA contact at SHL 1.5. When the number of base pairs
between two contact points increases or decreases by 1 bp
relative to the reference 1KX5 nucleosome crystal struc-
ture wrapping the canonical 147 bp, we assign it a twist de-
fect. A defect with 1 extra base pair corresponds to over-
twisting of DNA at the SHL between the contact points
(we term it an over-twist defect), whereas that with 1 miss-
ing base pair corresponds to under-twisting of DNA (an
under-twist defect). Our terms follow from Richmond and
Widom (40), although over the years different authors used

different terms to refer to these two distinct types of de-
fects (e.g. over-winding versus under-winding of DNA (41)
or antikink versus kink (11)), and over-twisting may also
be viewed as a DNA compression, whereas under-twisting
as stretching. The missing or extra base pair will be accom-
modated via a structural change in the outer strand of the
duplex DNA around integer SHL values, a change permit-
ted by the lack of the constraints that are otherwise imposed
by the histone–DNA contacts (12).

To evaluate the motion of DNA during sliding, we track
the values of the base pair indexes at each contact point rel-
ative to the reference 1KX5 crystal structure. We call these
coordinates the contact indexes �bpi, and in our case they
are continuous variables computed from the nucleosome
conformation (see SI text for the description of their calcu-
lation). Most MD simulations start in the 1KX5 conforma-
tion, where all the contact indexes will be equal to 0 and
there are no twist defects. We illustrate the formation of
twist defects using a hypothetical trajectory. Suppose the
DNA moved by 1 bp at the contact point 2.5 toward the
closest nucleosome end, whereas the DNA at the neighbor-
ing contact points did not move (Figure 1B). The contact
index �bp2.5 takes a value close to –1, whereas the nearby
contact indexes remain zero. This means that at SHL 2 there
is now a missing base pair (under-twisting), accompanied
by an extra base pair (over-twisting) at SHL 3. The differ-
ence between neighboring contact indexes can be used to
evaluate the presence of twist defects at any SHL i: ki =
�bpi+1/2 –�bpi-1/2 (we refer to these as defect coordinates).
We track the dynamics of contact indexes and defect co-
ordinates over time to describe the repositioning pathways
observed during our MD trajectories.
To generate the Markov state models (42) (MSM) of de-

fect propagation through the nucleosome we follow an ap-
proach similar to that outlined in (43): we �rst performed
a clustering using the list of contact indexes and then es-
timated the transition rates between the clusters from our
MD trajectories. In our analysis we only consider the cen-
tral 12 contact points (since the two weaker outer contacts
show large �uctuations and do not accommodate twist de-
fects relevant for sliding). Furthermore, for 2-bp periodic
sequences we introduce the same periodicity of 2 bp in
the contact indexes, since a rotation-coupled motion by 2
bp will produce exactly the same state (except for a minor
change inDNA linker lengths). To do so, each contact index
is represented as an angle via cosine and sine components,
i.e. [cos(2��bp/2), sin(2��bp/2)].
For the 6 periodic sequences, before clustering the nucle-

osome conformations into discrete MSM states, the con-
tact indexes were projected onto a lower-dimensional space
de�ned via time-lagged independent component analysis
(tICA) (44). The linear tICA projection, which is closely re-
lated to principal component analysis, can ef�ciently cap-
ture the slow dynamics of the system, and it is particularly
well-suited to divide the conformations into the metastable
cluster states which will then form the nodes of the MSM
(45). The coef�cients for projecting the contact indexes onto
the two slowest tICA coordinates are reported in Supple-
mentary Figure S3, showing how defect formation is au-
tomatically captured as a difference between contact in-
dexes. The positions of typical nucleosome conformations
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Figure 2. Screw-like sliding of DNA. (A) Representative snapshots from a poly-AC trajectory (from 8.5 × 106 to 9.5 × 106 MD steps in panel B). During
DNA sliding, the overall DNApath remains close to the initial crystal structure con�guration. Two reference phosphates initially at the dyad are represented
as red spheres, highlighting the screw-like motion of DNA. For the purpose of clarity, we only depict the central 70 bp of DNA. The histone color scheme is
identical to that in Figure 1. (B) The dynamics of contact index 0.5 (next to the dyad) for representative trajectories of the six considered sequences, showing
that we observe repositioning by a few base pairs within the considered time scales. (C) In pink, overlay of all DNA backbone conformations observed
during the MD simulations shown in panel B. For comparison, we show in blue the DNA path in the 1KX5 crystal structure. For clarity, we only depict
half of the nucleosome, from SHL = 0 to SHL = 7 (the other half of the nucleosome shows a similar behavior). (D) As a function of SHL, the average root
mean square deviation from the reference 1KX5 structure of the nucleosomal regions corresponding to the 14 contact points at the half-integer SHLs.

onto two-dimensional tICA projections are shown in Sup-
plementary Figure S4. The eight slowest tICA coordinates
are suf�cient to identify for all sequences the formation of
metastable twist defects that play a role in nucleosome repo-
sitioning. The nucleosome conformations observed in MD
are then clustered using the density peak clustering (DPC)
method (46), computing the local density in the 8D tICA
spaces using a Gaussian kernel with variance equal to 0.35.
This method enables to automatically detect clusters corre-
sponding to local free-energyminima (i.e. metastable states)
in our complex multi-dimensional landscape, allowing to
capture the detailed kinetics of the system (43,46). Depend-
ing on the considered sequences, the clustering identi�es be-
tween 13 and 86 states to be used for theMarkov state mod-
eling; the cluster centers of the most populated states cor-
respond to the same nucleosome conformations depicted in

Supplementary Figure S4. In the case of 601 nucleosomes,
there is no sequence periodicity, and to generate the MSM
of repositioning we used the following simpler approach: we
clustered all conformations using an index equal to the in-
teger value closest to the sum of contact indexes –1.5 and
+1.5, since inspection of our MD trajectories reveals that
these are the slowest-changingDNA contacts and are there-
fore suf�cient to produce a minimal model of 601 reposi-
tioning.
Markov state models were generated using the software

PyEMMA2 (45). For each periodic sequencewe produced a
Bayesian MSM using 24, 24, 36, 36, 12 and 12 independent
trajectories (107 MD steps each) and a lag time of 0.04, 0.1,
0.1, 0.02, 2 and 2× 106 time steps for poly-AC,AT,AG,CG,
AA and CC, respectively. Supplementary Figure S5 shows
that the implied time scales of our MSMs do not signi�-
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cantly change when choosing longer lag times, indicating
the good quality of the results. Since all generated Markov
state models display a clear separation of time scales (i.e.
there are only few slow transitions in the system), we further
grouped the nucleosome states into long-lived metastable
basins using the Robust Perron Cluster Analysis (PCCA+)
(47). The optimal number of long-lived basins to perform
PCCA+ has been inferred from the gap observed in the
implied time-scales of the MSMs (Supplementary Figure
S5). For the 601 case, the MSM was generated from the
1400 short trajectories with different initial conditions with
a lag time of 0.5 × 106 steps. For each sequence, following a
Bayesian approach, the reported means and standard devi-
ations were evaluated from a sample of 100MSMs from the
corresponding ensemble of models consistent with the MD
simulations (see Ref. (45) for more details). The free-energy
landscapes in Figures 5 and 8C have been generated from
the stationary probability distributions of the MSMs.

RESULTS

Screw-like DNA sliding via twist defect propagation

As detailed in the Methods section, we performed coarse-
grained MD simulations of nucleosomes formed with 223
bp of DNA (Figure 1A) with the 2-bp periodic sequences
poly-AA, AC, AG, AT, CC and CG. In our simulations, all
the sequences diffuse on the histone octamer by several base
pairs within 107 MDsteps (Figure 2A andB). Visual inspec-
tion of the simulations suggests that the nucleosome main-
tains the same overall conformation even during reposition-
ing (Figure 2A), highlighting the screw-likemotion ofDNA
on the histone octamer (11). However, only sequences poly-
AC, AG, AT and CG closely follow the DNApath observed
in the crystal, with the minor grooves facing the histone oc-
tamer at the half-integer SHLs (Figure 2C). On the other
hand, the homopolymeric sequences poly-AA andCC show
larger structural �uctuations, and as wemove from the dyad
towards the nucleosome entry/exit, the DNA path becomes
visibly out-of-sync with respect to the one in the crystal
(Figure 2C), destabilizing the histone–DNA contacts. This
difference can also be observed from the average root mean
square deviation from the crystal at the different SHLs (Fig-
ure 2D); only for poly-AC, AG, AT and CG most contacts
remain close to the 1KX5 reference, with root mean square
deviation (rmsd) ∼2 Å, whereas poly-AA and CC display
signi�cant deviations as we move away from the dyad (rmsd
up to 4 Å). These structural changes may be related to resis-
tance of these homopolymeric sequences to be incorporated
into nucleosomes (3,30).When large �uctuations away from
the reference crystal structure are present, our de�nition of
twist defects may not be appropriate, therefore for poly-AA
andCCwe do not analyze defect formation at SHLs further
than ±2, and in all cases we do not discuss the last defects
at SHLs ±6.
Next, we analyzed the dynamics of the contact indexes.

For all sequences that form stable nucleosomes (poly-AC,
AG, AT and CG) the contact indexes reside close to inte-
ger values and move by one base pair in a stepwise fashion,
indicating that the screw-like motion of DNA preserves the
hydrogen bonding pattern observed in the crystal structure,

Figure 3. Repositioning via defect propagation. Representative fragments
of trajectories for the poly-CG and AG sequences, in panels A and B re-
spectively. On the top (for each panel), nucleosome conformations during
repositioning: the DNA path is initially colored in blue, and when a phos-
phate groupmoves by 1 bp in the negative SHL direction (clockwise) along
the DNA backbone, we change the color of the nucleotide to red. On the
center, dynamics of histone–DNA contact indexes from SHL –4.5 to 4.5
for sections of the representative trajectories. On the bottom, dynamics of
the defect variables k at the SHLs where stable defects are formed.

with the histone residues contacting DNA phosphates pro-
gressively shifted by one base pair. Importantly, we notice
that neighboring contact indexes do not alwaysmove simul-
taneously, indicating the formation of a twist defect between
them. Examples of this behavior from the simulations are
shown in Figure 3 and in the supplemental movies.
In a trajectory for the poly-CG sequence in Figure 3A

and Movie 1, at �rst, the contact indexes �bp-4.5, �bp-3.5,
and �bp-2.5 move together from zero to one; this region
of DNA undergoes a cooperative rotation-coupled sliding
toward the closest nucleosome exit by 1 bp. We note that
this motion involves the simultaneous breakage and refor-
mation of the histone–DNA hydrogen bonds at the three
contact points. At this stage, the rest of contact indexes
does not move. Thus, a 1 bp gap appears between �bp-2.5
and �bp-1.5, corresponding to local DNA under-twisting at
SHL –2. Later in the trajectory, the second group �bp-1.5,
�bp-0.5, �bp0.5 and �bp1.5 moves together in the same di-
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rection as the previous step, not simultaneously from the
third group �bp2.5, �bp3.5 and �bp4.5. In this period of
time, the under-twist defect resides at SHL +2. Finally, the
third group follows the same shift so that the defect disap-
pears. After the third transition, the wholeDNA sequence is
repositioned by 1 bp. This repositioning event can be either
viewed as due to three progressive rotation-coupled DNA
steps in the negative SHL direction or due to the propa-
gation DNA under-twisting in the positive SHL direction.
In poly-CG nucleosomes, the same type of defects are also
found at SHLs ±5 (see Figure 4A), but their dynamics is
much faster than at SHLs ±2.
In another example, the poly-AG sequence exhibits a

markedly different dynamics (Figure 3B and Movie 2). In
the trajectory, repositioning is initiated by DNA motion
from the internal contact point 1.5, which results in the
formations of a pair of twist defects of opposite type: one
at SHL 2 (under-twisting) and another at SHL 1 (over-
twisting). Soon after that event, �bp2.5, �bp3.5 and �bp4.5
follow themovement towards the dyad from the nucleosome
entry so that the defect at SHL 2 disappears. The over-twist
defect at SHL 1 stays longer (Figure 3B), and it may even-
tually propagate to the opposite side of the nucleosome.
In general, we �nd that defect formation is both SHL-

and sequence-dependent. Figure 4A shows the free energy
costs of defect formation at the different super-helical lo-
cations for the six considered sequences. The free energy
cost was estimated directly from the probabilities of form-
ing the defects in our simulations. From these free energy
curves we can identify interesting general features. Firstly,
we note that under-twisting is generally the favored de-
fect deformation at SHLs ±2 and ±5, whereas conversely
over-twisting is favored at the other locations, and espe-
cially at SHLs ±1 (defect probabilities are summarized in
Figure 4B). Secondly, as the DNA sequence changes from
poly-CC, to AC≈AT to AG to CG to AA, under-twisting
and over-twisting becomes respectively more and less fa-
vorable at every SHL (Figure 4B). Interestingly, while hav-
ing to limit our analysis to the central nucleosome region
only, we �nd that the low-af�nity homopolimeric sequences
poly-CC and AA (30) can be placed at the extremes of
the spectrum of defect formation. Speci�cally, poly-AA nu-
cleosomes rarely accommodate defects at the three central
SHLs, with likely under-twisting at SHLs±2, whereas poly-
CC maintains two very stable over-twist defects at SHLs
±1, with no under-twisting observed.
In Figure 4C, we also show the average DNA conforma-

tions for two examples of defects, under-twisting in poly-
CG at SHL 2 and over-twisting in poly-AG at SHL 1, in
comparisonwith the standardDNA form in the 1KX5 crys-
tal. The defects leave the contact-forming minor groove
largely unaffected, whereas the extra or missing base pair
is accommodated on the outer strand of free DNA, where
the backbone takes respectively a longer or shorter path rel-
ative to the one lacking defects. The ability of the DNA
to maintain the same backbone conformation near the his-
tones (and therefore the hydrogen bonds) even in the pres-
ence of defects also explains the stability of these structures.
We have to clarify that the free energies and probabili-

ties of under-twisting and over-twisting in Figure 4A and
B are computed directly from the probabilities of the defect

variable k to be respectively less than –1/2 and greater than
1/2. However, this de�nition does not distinguish between
simple �uctuations away from the ideal reference crystal
structure and actual long-lived metastable defects. Figure
4D shows three examples of free energy pro�les (the poten-
tials of mean force) along the defect variable k, correspond-
ing to one unimodal pro�le centered around the standard
DNA form in the 1KX5 crystal for the SHL 3 in poly-CG
(where no stable defects form), and two bimodal pro�les
withmetastable under-twist (for the SHL 2 in poly-CG) and
over-twist (for the SHL 1 in poly-AG) defects. Only actual
metastable defects are important to characterize the kinet-
ics of repositioning and they are appropriately captured by
our clustering procedure used to produce the Markov state
models described in the next section.

Quantitative sliding dynamics by Markov state models

In order to obtain a clear and quantitative understanding of
nucleosome repositioning that goes beyond the anecdotal
observations from our MD trajectories and to understand
better the role of DNA sequence, we constructed Markov
state models (MSM) (42) of repositioning for each sequence
(using the software PyEMMA 2 (45), see Materials and
Methods formore details), giving us the transition probabil-
ities between nucleosome conformations with different de-
fect patterns. While nucleosomes can adopt many different
defect con�gurations, the resulting MSMs display a clear
separation of time scales (Supplementary Figure S5), indi-
cating the presence of only few long-livedmetastable basins,
with fast transitions between states in the same basin, and
slow transitions between two different basins.
The free-energy landscapes along the �rst and second

tICA coordinates (44,45) (describing the slow dynamics of
the system, see Methods) further highlight the existence of
only few long-lived basins for each system (Figure 5), each
of them corresponding to deep free-energy minima sepa-
rated by large barriers. For poly-AC, AT, AG, CG, AA and
CC, we respectively identify 4, 4, 4, 8, 2 and 2 basins, of
which features are described below. On these projections,
there is a perfect correspondence between the local min-
ima and the long-lived sets identi�ed from the MSMs via
PCCA+ clustering (47) (Supplementary Figures S6 and S7,
more details in Materials and Methods).
InFigure 6A–C,we describe the features of representative

long-lived basins and the transitions between them along a
complete repositioning pathway of 1 bp derived from the
MSMs of poly-CG, AG and AC. For poly-CG, fast defect
formation at SHLs ±5 allows DNA sliding at the nucleo-
some ends, but complete repositioning by 1 bp (from basin
a to d in Figure 6A) has to proceed via two long-lived basins
with DNA under-twisting at SHLs±2 (basins b and c). The
transitions between the basins are very slow because involve
sliding of long DNA stretches where twist defects cannot
form, so that histone–DNA hydrogen bonds have to be co-
operatively broken at multiple contact points, with a sig-
ni�cant energy barrier. This is consistent with the qualita-
tive picture inferred from the inspection of our trajectories
(Figure 3). For poly-AG, starting from the canonical nu-
cleosome form we �nd fast DNA sliding at contact points
±1.5 (basins a and c in Figure 6B), with formation of a pair
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Figure 4. Free energy and structure of defects. (A) Free energy costs of DNA under-twisting (cyan circles) and over-twisting (pink crosses) as a function
of sequence and super-helical location. For poly-AA and poly-CC sequences, we only show the results for the �ve central SHLs, because of the large
�uctuations further away from the dyad. (B) Summary of the probabilities of under-twisting and over-twisting (proportional to the circle areas, in cyan and
pink respectively) for each DNA sequence and SHL (from 0 to 5, negatives SHLs show similar behavior). Ordering is based on the propensity of the two
defect types. (C) Examples of defect structures observed during our simulations: under-twisting at SHL –2 in poly-CG nucleosomes (in cyan), compared
to the standard crystal structure form (black), and over-twisting at SHL 1 in poly-AG (pink), again compared to the standard form. Phosphate groups are
highlighted as spheres. The missing or extra base pair is accommodated via deformations on the outer side of the DNA lacking contacts with the histones
(partially shown following the color scheme of the other �gures). Each DNA structure has been obtained by averaging over 100 MD frames from the
representative trajectories shown in Figure 3. (D) Examples of potentials of mean force along the defect coordinates k for three representative sequences
and SHLs: poly-CG at SHL 2 (cyan, solid line), where a metastable under-twist defect can form; poly-CG at SHL 3 (black, dotted line), with a unimodal
distribution highlighting the absence of stable defects; poly-AG at SHL 1 (pink, dashed line), where over-twisting is metastable.
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Figure 5. Free-energy surfaces. For each 2-bp periodic DNA sequence, we
show the free energy landscapes obtained viaMarkov state modeling along
the �rst and second tICA coordinates. Each local minimum correspond to
a long-lived metastable basin of the system (see Supplementary Figures S6
and S7). The typical nucleosome conformations and defect patterns ob-
served in some of the basins (labeled by a, b, c or d in poly-AC, AG and
CG) are represented via a set of cartoons in Figure 6.

of defects at the neighboring SHLs (over-twisting at SHLs
±1 and under-twisting at SHLs ±2). However, reposition-
ing proceeds via a different basin with DNA over-twisting
around the dyad but no under-twisting at SHLs ±2 (basin
b). The transition to this second basin is slow because the
dissipation of the under-twist defect to the nearest nucleo-
some end involves DNA motion around SHLs ±3 and ±4,
where defects have a high energy cost. For poly-AC and AT
(in Figure 6C we only show the former), defect formation,
speci�cally over-twisting, is common at most SHLs. This
makes kinetics very fast at most nucleosome regions, and
the only repositioning bottlenecks involve DNA motion
around SHLs±2, where the free energy cost of defects is the
highest (Figure 4A). For both poly-AA and CC sequences,
we identify only two long-lived basins (Supplementary Fig-
ure S7), corresponding to the same nucleosome conforma-
tions but shifted by 1 bp relative to each other. This is con-
sistent with the high free energy cost to change the defect
pattern around the dyad region (Figure 4A), which makes
DNA sliding very slow.
From our Markov state modeling we see how the

metastability and free energy costs of twist defects control
the kinetics of repositioning. The diffusion time-scales (to

Figure 6. Sliding pathways and kinetics derived from Markov state mod-
els. (A–C) MSMs for poly-CG, AG, and AC (which is similar to the omit-
ted AT case) in panels A, B and C, respectively, showing the mean �rst
passage times (MFPTs) of the transitions between the long-lived basins of
the system along a 1 bp repositioning pathway, and a sample of the most
populated nucleosome conformations within each basin. The labels (a, b, c
and d) on the states correspond to those indicated in the free energy land-
scapes of Figure 5. Each column represents a nucleosome conformation,
with each colored square representing a section of 10 bps of DNA bound
to a nucleosome contact point. The color of the square correspond to the
contact index of that DNA section, with the DNA undergoing a screw-like
rotation in the negative SHL direction as the color changes from blue to-
wards red. The presence of under-twisting or over-twisting at each SHL
is respectively indicated by the symbols – and +. MFPTs are given near
the arrows in units of 106 MD steps. Most basins have similar equilibrium
probabilities, except for the poly-CG case, where the basins with a defect
at SHL±2 have a free energy of about 2kBT relative the basins without de-
fects there. (D) Repositioning times for each DNA sequence as a function
of the average probability to �nd excited defect con�gurations at the three
central SHLs (–1,0,1). Here we consider any deviation from the lowest en-
ergy state, which in most cases correspond to the con�guration found in
the 1KX5 reference. However, in the case of poly-CC, over-twist defects
are the ground state at SHL ±1, and we consider instead the probability
to �nd a non-defect (excited) state, which is expected to be relevant for
repositioning.

reposition by 1 bp) estimated from the longest relaxation
times of each MSM (Supplementary Figure S5) are 0.45,
0.88, 2.9, 9, 15 and 26× 106 MD steps respectively for poly-
AC, AT, AG, CC, CG and AA sequences (relative errors
are ∼7%). Therefore repositioning becomes slower as there
are less low-energy metastable defects in the nucleosome. In
particular, we �nd that the repositioning time scale clearly
anti-correlates with the average probability to �nd an ex-
cited defect state in one of the three central SHLs (Figure
6D). The dyad nucleosome region is likely the most critical
at controlling repositioning because this is where histone–
DNA hydrogen bond interactions are also the strongest
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(48). Similarly, from Figure 6A–C we can also notice that
the mean �rst passage times between the long-lived basins
in the system increases as the length of theDNA section that
undergoes a collective screw-like motion also increases. For
instance, transition times between basins in poly-CG, which
involve collective motion at three to four consecutive con-
tact points, are more than one order of magnitude longer
than those of poly-AC, which involve only two contacts.
Interestingly, it has been found experimentally that nucle-
osomes formed by the �-satellite positioning sequence with
an additional 16-bp poly-AA tract require a higher tem-
perature for repositioning to occur (49). This is consistent
with our results showing that the absence of defects in poly-
AA nucleosomes confers the slowest repositioning kinetics
amongst the uniform DNA sequences investigated.

Repositioning of positioning sequences

While our MD simulations reveal how defects control nu-
cleosome repositioning of 2-bp periodic sequences, it is im-
portant to establish whether this mechanism can also ap-
ply to DNA sequences with a strong positioning signal, as
found in real genomes (4). It has been found that position-
ing sequences are rich in A/T base steps periodically spaced
every ∼10 bp (4); this property confers an intrinsic bend-
ing to the DNA, which in turn facilitates further folding
into the nucleosome (5). Since A/T steps prefer to bend into
the minor groove, when incorporated into the nucleosome
they will also prefer to localize at the strong contact points
where the minor groove bends inwards, interacting with the
histone octamer. However, the rotation-coupled reposition-
ing mechanism discussed here will necessarily proceed via
a high-energy intermediate state where these A/T steps lo-
calize instead where the minor groove bends towards the
outside, slowing down the repositioning relative to the cases
discussed above (11). This high-energy state is expected to
occur when the nucleosome slides by 5 base pairs from the
optimal con�guration, and a new low-energy state will be
observed after 10 bp shift (9), where the A/T steps are again
optimally aligned.
The most likely spontaneous repositioningmechanism of

nucleosomes with strong positioning sequences such as 601
is still to be established without any doubt (26). MD simu-
lations of 601 nucleosomes using a coarse-grained compu-
tational model where histone–DNA hydrogen bonds are ei-
ther absent (28) or relatively weak (26) showed that these
DNA sequences prefer to slide via a rotation-uncoupled
motion, to avoid paying the free energy cost required by
DNA rotation (5). However, employing a higher hydrogen
bond strength in this study, which is an intermediate value
within the range giving a nucleosome stability pro�le consis-
tent with experiments (26), the rotation-coupled (or screw-
like) sliding mode becomes favored over the uncoupled one,
since the latter involves the breakage of a large number of
histone–DNA hydrogen bonds (these results were already
detailed in our previous work) (26). The new 601 nucleo-
some simulations presented below do not yet settle the de-
bate over which is the preferred sliding mode. However, our
main aim is to characterize if and how these strong position-
ing sequences may slide in nucleosomes via twist defects,
since, as we will argue in the discussion section, this mech-

Figure 7. Stability and defect formation in positioning sequences. (A) The
dynamics of contact index 0.5 for 601 and �-satellite nucleosomes for two
representative trajectories, starting from the optimal conformations found
in the respective crystal structures. (B) The free-energy costs of defect for-
mation at each SHL for 601 and �-satellite positioning sequences. (C)
Structure of 601 nucleosomes around SHL –1, comparing the crystal struc-
ture with PDB id 3LZ0 (gray transparency) to the metastable form with
over-twisting (brown). For the latter, we show 10 DNA frames sampled
from our 100-ns all-atom MD simulation starting from a con�guration
back-mapped from a coarse-grained trajectory. We also show the region
of the H3H4 tetramer involved in the interactions with the DNA, high-
lighting that the extra base pair is accommodated in the outer DNA region
lacking histone contacts.

anism may be easily exploited by chromatin remodelers to
displace even these very stable nucleosomes.
We ran MD simulations of nucleosomes using the 601

and �-satellite positioning sequences starting from the re-
spective crystal structures with PDB ids 3LZ0 and 1KX5.
FromFigure 7A, we see that these nucleosomes are very sta-
ble and no signi�cant repositioning is observed within the
considered long time scales. However, in both cases twist
defects are very common throughout the nucleosome, and,
perhaps surprisingly, we �nd that the free energies of defect
formation are generally lower than those observed in 2-bp
periodic sequences, within 2kBT at most super-helical loca-
tions (Figure 7B). Notably, the SHLs where under-twisting
is most likely to occur are ±2 and ±5, in agreement with
what observed in crystal structures (12,15–17,50) and other
coarse-grained models of the nucleosome (51,48). Further-
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Figure 8. Repositioning of 601 nucleosomes via defect formation. (A) Dy-
namics of contact index 0.5 for a sample of 20 trajectories starting from an
initial con�guration shifted by 3 bp from the crystal structure. In most tra-
jectories, repositioning proceeds toward the optimal crystal structure con-
�guration with contact indexes zero; with this shifted initial condition, out
of a total of 400 MD runs, we only �nd 3 sliding events going in the oppo-
site direction. (B) Dynamics of the central contact indexes during a section
of a sliding trajectory (top), showing that repositioning occurs via forma-
tion or disappearance of defects at SHLs –2, –1 and +1 (bottom). (C) Free
energy pro�le of 601 repositioning reconstructed via Markov state model-
ing, as a function of the average of the contact indexes at SHLs ±1.5. Inte-
ger states have no defects, while half-integer ones have DNA over-twisting
at SHLs 0, –1 or +1.

more, we �nd that over-twisting is also very common, es-
pecially at SHLs ±1 (similarly to what found for the other
periodic sequences). We note that while over-twisting has
not been so far reported in crystal structures, DNA foot-
printing experiments on �-satellite nucleosomes suggested
its formation near the dyad (10).

To further support the stability and importance of over-
twist defects, we selected a single con�guration with this
type of defect at SHL –1 from a 601 trajectory, and we
back-mapped the coarse-grained protein and DNA co-
ordinates with all-atom accuracy using a reconstruction
method recently developed (BioRxiv: https://doi.org/10.
1101/205062, code available at http://www.cafemol.org/).

This defect (shown in Figure 7C) was con�rmed to be very
stable during a 100 ns all-atom explicit-solvent MD simula-
tion with the AMBER parmbsc1 force �eld (52) (see Sup-
plementary Figure S8, also for more details on simulation
protocol), showing that long-lived over-twistingmay indeed
be able to contribute to nucleosome repositioning.
To investigate further how defects contribute to the slid-

ing of positioning sequences, we ran many (1400) MD sim-
ulations of 601 nucleosomes starting from initial con�gu-
rations shifted by a few base pairs away from the reference
crystal structure. We observe that for initial shifts up to 4
bp, the dynamics is clearly biased back towards the optimal
conformation. However, we do occasionally �nd trajecto-
ries where repositioning occurs in the opposite forward di-
rection, via the above-mentioned high-energy intermediate.
For example, starting from the 3 bp shifted con�guration,
we �nd only three forward trajectories out of 400 runs that
slide backwards (one such forward trajectory is depicted in
Figure 8A together with 19 other backward cases). As ob-
served in the simulations using 2-bp periodic sequences, 601
repositioning proceeds via the same screw-like rotation ac-
companied by the transient formation of twist defects. In
particular, recurrent features are under-twisting at SHLs±2
and over-twisting at SHLs ±1 (Figure 8B).
Using our collection of MD trajectories, we employed

again Markov state modeling to reconstruct the slow dy-
namics of the system. This timewe clustered the nucleosome
conformations according to the contact indexes at SHLs
±1.5, distinguishing between states with or without defects
around the dyad. In Figure 8C, we show the resulting free
energy pro�le of 601 nucleosome repositioning as a func-
tion of the average contact index around the dyad. The pro-
�le shows an increase in free energy as we move away from
the optimal conformation in the crystal, reaching a max-
imum of about 10kBT for a 5 bp shift, and then decreas-
ing again for further shifts. The estimate of our free energy
barrier is consistent with what previously obtained using a
different enhanced-sampling technique and a similar nucle-
osome coarse-grained model (5), further supporting the ac-
curacy of our Markov state modeling. In addition to that,
our approach also characterizes the system’s kinetics, and
shows how twist defects mediate the sliding of nucleosomes
formed by high-af�nity sequences. The presence of the high-
energy barrier signi�cantly increases the repositioning time
scale relative to the 2-bp periodic sequences, with sliding by
∼10 bp (the distance between the twomain basins separated
by the barrier) occurring in∼6× 1010 MDsteps (the longest
implied time scale of the MSM, Supplementary Figure S5).

DISCUSSION

Our molecular dynamics simulations in combination with
Markov state modeling enabled us to fully characterize how
the energetics, kinetics and sequence-dependence of twist
defect formation and propagation control the nucleosome
sliding behavior, revealing important features not previ-
ously anticipated by theoretical studies of defect dynamics
or by recent MD simulations of spontaneous nucleosome
sliding (26,28).
Firstly, our results show a large variation in the charac-

teristic repositioning times (by a factor of ∼60) even for

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
6
/6

/2
7
8
8
/4

9
1
3
5
7
6
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2

https://doi.org/10.1101/205062
http://www.cafemol.org/


Nucleic Acids Research, 2018, Vol. 46, No. 6 2799

simple 2-bp periodic sequences. The origin of this sequence-
dependence is distinct from the one due to nucleosome af�n-
ity, which was previously recognized (11,28). In this latter
case sliding of high-af�nity sequences is slow relative to ran-
dom sequences because of their intrinsic bending pro�le (5),
which means that these nucleosomes are stabilized around
their most favorable rotational setting (with the A/T steps
located where the minor groove faces the histone octamer),
and repositioning by 10 bp will proceed either via rotation-
coupled sliding encountering a free energy barrier after 5
bp, or via rotation-uncoupled sliding where a free energy
barrier is due to the breakage of many histone–DNA con-
tacts (26,28). The sequence-dependent behavior observed in
our 2-bp periodic sequences, on the other hand, is solely
due to the differences in defect formation and propaga-
tion. As shown by our analysis via Markov state model-
ing, sliding of DNA is fast across the nucleosome regions
where twist defects have a low energy cost and can eas-
ily propagate from one super-helical location to the neigh-
boring one. Conversely, regions where twist defects have a
high energy cost introduce kinetic bottlenecks in the slid-
ing, since DNA motion will involve cooperative breakage
of many consecutive histone–DNA contacts (e.g. see Figure
3A for poly-CG). For this reason, poly-AC and -AT, which
can easily accommodate twist defects at most SHLs, are the
two sequences that slide the fastest, whereas poly-CG and
-AA, which do not accommodate low-energy defects at a
large (∼30 bp) nucleosomal region around the dyad, are the
slowest. We note that the two fastest sequences are rich in
CA and TA base-pair steps, which are the most easily de-
formable DNA steps (33), and are also critically important
for lowering the energy cost of DNA folding into nucleo-
somes (53). This sequence-dependent sliding behavior due
to twist defects may also explain experiments showing that
�-satellite nucleosomes with an incorporated long poly-AA
tract diffuse slower than their fully �-satellite counterparts.
This may be surprising, since from the general correlation
of nucleosome af�nity with sliding we would expect poly-
AA tracts, which are known to have a low af�nity (30), to
increase the diffusivity of nucleosomes. However, these ob-
servations can be reconciled by noting that poly-AA tracts
inhibit repositioning due to their low propensity to form
twist defects. Therefore, our results show how the sequence-
dependence of nucleosome af�nity and that of nucleosome
repositioning can be decoupled, and how these two may be
independently regulated for biological purposes.
We would also like to comment on the conversion be-

tween the time scales of repositioning reported here, ex-
pressed in MD steps, to real times. Experimentally, start-
ing from an initial offset, nucleosomes incorporating the �-
satellite sequence slide to the optimal con�guration in about
30 minutes at 37◦C. Assuming this is similar to the time re-
quired to observe the sliding of 601 nucleosomes by ∼10
bp, we obtain that 106 steps of our MD simulations cor-
responds roughly to 0.03 s. Therefore, the typical times to
observe sliding by 1 bp with uniform sequences would be
0.013, 0.026, 0.09, 0.45, 0.27 and 0.8 s for poly-AC, AT,
AG, CG, CC and AA sequences respectively. In these cases,
sliding by an entire nucleosomal DNA length (Nbp∼147 bp)
would then range between a few minutes to a few hours (for
a diffusive process, time ∼Nbp

2), suggesting a potential for

regulation across biologically relevant time-scales. Interest-
ingly, the repositioning time of our fastest considered se-
quence (poly-AC) is close to the value (0.01 s) predicted for
a random sequence by a theoretical model of nucleosome
sliding via twist defect formation (11), which assumed that
defects can form uniformly at any SHL (similarly to poly-
AC).
Another key observation of our MD simulations is that

nucleosome sliding is mediated not only by nucleosome de-
fects characterized by DNA under-twisting, which corre-
spond to a missing base pair at one SHL and are com-
monly found in crystal structures (1,12,15), but also by de-
fects characterized by DNA over-twisting, accommodating
an extra base pair relative to canonical nucleosomes. While
defect formation is again highly sequence-dependent, we
�nd the nucleosome super-helical location has a strong ef-
fect in determining which type of defect will be favored:
under-twisting usually occurs at SHLs ±2 and ±5, whereas
over-twisting at all other SHLs, in particular at SHLs ±1.
The stability of over-twisting at SHL 1 has been con�rmed
by our all-atom MD simulations (Figure 7C and Supple-
mentary Figure S8), and it is also consistent with past ex-
periments (10).
The combination of over-twisting and under-twisting al-

lows repositioning to be initiated from an internal nucleo-
some location via the creation of a pair of defects of op-
posite type. For instance, in the poly-AG trajectory shown
in Figure 3B, DNA sliding towards the dyad starts at con-
tact point 1.5 with the generation of over-twisting at SHL
1 and under-twisting at SHL 2; repositioning over the en-
tire nucleosomal DNA can then be completed by the diffu-
sion of the two defects in opposite directions. Interestingly,
this region overlaps with the SHL 2 binding location of
the ATPase domain of chromatin remodelers (19,54). This
domain is responsible for the unidirectional sliding activ-
ity and the two recent cryo-EM structures of remodelers in
complex with the nucleosome (19,54) suggest that the con-
formational changes that occur during the ATP cycle could
control twist defect formation around the binding side. The
over-twist and under-twist defect types could then play to-
gether a key role in the complex remodeling activity via one
or a combination of these two mechanisms: (i) powered by
ATP, the ATPase domain induces DNA sliding towards the
dyad from its binding location by enhancing the formation
of a twist defect pair (over-twisting at SHL 1 and under-
twisting at SHL 2); or (ii) the domain acts as a ratchet that
blocks the annihilation of the twist defect pair after this
is spontaneously generated at the binding site via thermal
�uctuations. In both cases, the diffusion of the two defects
in opposite directions would be suf�cient to complete repo-
sitioning, inducing sliding in the direction consistent with
experiments (19). Similar ideas were indeed proposed many
year ago based on theoretical arguments (41), but our simu-
lations provide further evidence and details that will be im-
portant for further characterizing the role of twist defects
in active repositioning via experiments. We regard this pro-
posed mechanism as highly attracting for offering a simple
explanation of how remodelers may slide nucleosomes uni-
directionally by exploiting the twist defect �uctuations that
already control spontaneous sliding. Notably, this is consis-
tent with the small repositioning steps, 1–2 bp, observed in
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experiments (20,21) and past experimental evidence show-
ing how sliding by remodelers is initiated from an internal
nucleosome location (6,55). We also note that recent exper-
iments showed that the activity of remodelers can be highly
sequence-dependent, speci�cally after the introduction of
poly-AA tracts on 601 nucleosomes (56). This may be due
to the sequence-dependent kinetics of twist defect forma-
tion and propagation highlighted in our study, further sug-
gesting its potential relevance for in vivo scenarios.
Finally, our new simulations of 601 repositioning showed

that when nucleosomes with strong positioning sequences
undergo rotation-coupled sliding, they do so via the for-
mation and propagation of twist defects, similarly to what
observed with 2-bp periodic sequences. In particular, we
�nd the same preference for under-twisting at SHLs ±2
and over-twisting at SHLs ±1. Therefore, the same defect-
mediated active repositioning mechanism proposed above
may also enable remodelers to slide very stable nucleosomes
formed with positioning sequences. We �nally note that
while the free energy barrier of 601 screw-like sliding is
rather high (∼10kBT, Figure 8C), a single repositioning step
of 1 bp costs only a couple of kBT, which could easily be
overcome by remodelers powered by ATP hydrolysis.
In the future, we aim to apply our coarse-grained model

to study nucleosomes and their sliding behavior in more
complex scenarios, such as under the action of remodelers
(6), competing for DNA with transcription factors (3), and
for gaining insights into chromatin organization (57,58).
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12. Luger,K., Mäder,A.W., Richmond,R.K., Sargent,D.F. and
Richmond,T.J. (1997) Crystal structure of the nucleosome core
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