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ABSTRACT Chromatin conformation is dynamic and heterogeneous with respect to nucleosome positions, which can be
changed by chromatin remodeling complexes in the cell. These molecular machines hydrolyze ATP to translocate or evict
nucleosomes, and establish loci with regularly and more irregularly spaced nucleosomes as well as nucleosome-depleted
regions. The impact of nucleosome repositioning on the three-dimensional chromatin structure is only poorly understood.
Here, we address this issue by using a coarse-grained computer model of arrays of 101 nucleosomes considering several
chromatin fiber models with and without linker histones, respectively. We investigated the folding of the chain in dependence
of the position of the central nucleosome by changing the length of the adjacent linker DNA in basepair steps. We found in
our simulations that these translocations had a strong effect on the shape and properties of chromatin fibers: i), Fiber curvature
and flexibility at the center were largely increased and long-range contacts between distant nucleosomes on the chain were
promoted. ii), The highest destabilization of the fiber conformation occurred for a nucleosome shifted by two basepairs from
regular spacing, whereas effects of linker DNA changes of ~10 bp in phase with the helical twist of DNA were minimal. iii),
A fiber conformation can stabilize a regular spacing of nucleosomes inasmuch as favorable stacking interactions between
nucleosomes are facilitated. This can oppose nucleosome translocations and increase the energetic costs for chromatin remod-
eling. Our computational modeling framework makes it possible to describe the conformational heterogeneity of chromatin
in terms of nucleosome positions, and thus advances theoretical models toward a better understanding of how genome compac-
tion and access are regulated within the cell.
INTRODUCTION
The eukaryotic genome is hierarchically organized into
chromatin. Its conformation is an important factor for regu-
lating DNA accessibility for gene expression, replication,
and repair (1,2). The basic repeating unit of chromatin is
the nucleosome, which consists of an octameric protein
core composed of two copies each of histone proteins
H2A, H2B, H3, and H4, and 146 bp of DNA wrapped
around the histone core in ~1.65 turns (3,4). A fifth histone
protein, the linker histone H1 or its avian counterpart H5,
can associate with the nucleosome core and promote further
compaction (5). The nucleosomes are connected by the
intervening linker DNA, which measures 20–80 bp, depend-
ing on the organism, tissue, or cell type. Furthermore, vari-
ations of linker DNA length are found within the genome of
a single cell (6).

In low salt, nucleosomes connected by linker DNA adopt
an open beads-on-a-string-like structure (2). Under physio-
logical salt conditions this structure condenses in vitro into
a fiber-like arrangement of nucleosomes with a diameter
of ~30 nm, referred to as 30 nm chromatin fiber (7). The
detailed structure of the 30 nm chromatin fiber in vitro
and within the cell is still under investigation. Various
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studies have proposed different conformational models
(8–18). The presence of 30 nm fibers in transcriptionally
inactive cells like starfish sperm (19) and avian erythrocyte
(20) was shown by electron microscopy. The analysis
of other cellular systems led to the conclusion that the
dominant chromatin structure are irregular 10-nm chains
in a polymer melt three-dimensional (3D) organization
(21–25). This type of chromatin folding is promoted by
high nucleosome concentrations and an irregular spacing
of nucleosomes as discussed previously (26). Interestingly,
regularly spaced arrays up to several hundred nucleosomes
were identified in human lymphoblastoid cell lines by
high-resolution nucleosome positioning mapping (27). In
the latter study, it was estimated that regularly spaced tracts
of nucleosomes may be present in almost half of the
genome. Although no data on the 3D-folding of the above
regularly spaced regions within the cell exist, in vitro studies
showed that these types of arrays adopt regular 30-nm-type
chromatin fibers (8,13,18). To date, the latter studies provide
the highest resolution of folded nucleosome chains, which
serve here as well-defined in vitro reference systems for
dissecting the properties of nucleosome chains by computer
simulations.

The 30 nm chromatin fiber models proposed in the liter-
ature describe the spatial arrangement of the nucleosomes
with respect to each other and the path of the connecting
linker DNA. Most models can be assigned to one of two
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main categories: solenoid and zigzag models. In solenoid
models nucleosomes form stacks with their direct neighbors
in the nucleosome chain, with the linker DNA bending to-
ward the fiber center. In contrast, in zigzag or crossed-linker
models nucleosomes are stacked only with nonneighbors in
the nucleosome chain, with the linker DNA passing straight
through the fiber center in a zigzag manner (28,29). In
recent years, approaches to model chromatin structure and
dynamics by means of computer simulation considering
the effects of energy and thermal fluctuations have made
significant progress as reviewed recently (26). In particular,
the size of systems and level of molecular detail amenable to
numerical simulations has been largely improved (30–32).
Current models of the 30 nm chromatin fiber frequently
assume regularly spaced nucleosomes with uniform linker
DNA length. However, for chromatin in vivo variations in
nucleosome spacing are observed throughout the genome
and between cell types (6,27,33–36). At some genomic
regions and around binding sites of the transcription factor
CTCF, nucleosomes are highly ordered (6,27,37). However,
in general, the heterogeneity of nucleosome spacing within
a given genomic locus is considerable as discussed in our
previous work (36,38).

To incorporate a nonconstant repeat length Woodcock
et al. (39) introduced Gauss-distributed linker variations
into their chromatin model; these led to changes in fiber
direction and apparent discontinuities. A study using com-
puter simulations of nucleosome chains with varying angles
between adjacent nucleosomes showed an increase in fiber
flexibility with increasing variability (40). Both models
investigated the effect of an overall distribution of varying
linker length, not the effect of individual repositioned
nucleosomes.

The positions of nucleosomes in vivo are not fixed but
actively regulated by specific proteins, so-called chromatin
remodeling complexes, which can change the packaging
state of chromatin to control critical cellular processes
such as gene regulation. These ATP-driven proteins have
the capability to disrupt nucleosome-DNA contacts, move
nucleosomes along DNA, and remove or exchange nucleo-
somes (41–43). The remodeling complexes translocate
nucleosomes in small well-defined steps (44,45). Thus,
nucleosome positions are dynamically controlled on the
level of individual nucleosomes by the cell.

Here, we have investigated the impact of repositioning a
single nucleosome in the context of various chromatin fiber
conformations using a computer model, which aims at the
understanding of the folding of larger structures neglecting
detailed electrostatics (17,40,46). We analyzed the effects
of repositioning on the global chromatin fiber shape and
determined the energetic barriers imposed on nucleosome
repositioning by structural properties, Furthermore, we
considered changes in nucleosomal contact probabilities.
These analyses provide indications for key mechanisms of
the interaction between higher-order chromatin structure
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and nucleosome repositioning. To clearly identify the
effects of repositioning and to prevent the interference of
multiple irregularities, only a single nucleosome was mani-
pulated in an otherwise regularly spaced nucleosome chain.
We find that the single nucleosome translocations can have
large effects on the shape and properties of chromatin fibers
with respect to the global geometry as well as short- and
long-range interactions between nucleosomes.
MATERIALS AND METHODS

A computer simulation approach was used to study the impact of reposi-

tioning a single nucleosome on fiber structure and energetics. For every

repositioning step, an accordingly modified structure was simulated using

a coarse-grained Monte Carlo simulation model in combination with a

feedback-optimized replica exchange approach (17,46,47). The resulting

fiber trajectories were analyzed to investigate the energetic and conforma-

tional changes over the range from 0 to 10 bp of repositioning in basepair

resolution.
Coarse-grained chromatin model

Weused a coarse-grainedmodel of chromatin,which has been described pre-

viously (26,46,48), and especially in great detail in the supplementalmaterial

of (17). The linker DNA between nucleosomes ismodeled as chains of cylin-

drical segments with a diameter of 1.2 nm. Nucleosomes are represented by

cylinders with dimensions of 11 nm diameter and 5.5 nm height. Harmonic

potentials for stretching, bending, and torsion represent the elastic properties

of the linker DNA. In contrast to some of our previous work modeling

chromatin stretching, here unwrapping of DNA from the nucleosome core

was not included, because in the absence of external forces unwrapping is

typically limited to fluctuations of about a basepair around an average value.

This has only little effect on the relative orientations of two nucleosomes

with respect to each other for the equilibriumconformation (49–52). Electro-

static interactions between linker DNA segments are modeled by charged

spheres placed within the segments (see the Supporting Material, Materials

and Methods). Interactions between nucleosomes are described by a poten-

tial based on S-functions approximating oblate spherocylinders (46,53).

For more details see the Supporting Material, Materials and Methods. The

simulation parameters used in this work are listed in Table S3.
Modeling of nucleosome repositioning

We used three models of different chromatin systems in the simulations

(17). The first was a two-start cross-linker model (CL) with a nucleosome

repeat length (NRL) of 169 bp, derived from the tetranucleosome crystal

structure (9,48). The second was a crossed-linker model describing a

conformation found in chicken erythrocyte chromatin with a H5 linker his-

tone-dependent nucleosome stem structure of the linker DNA (CLS) and a

NRL of 212 bp (40,46). The third model was a fiber model with interdigi-

tated nucleosomes in the presence of linker histone H1 (ID), derived from

electron microscopy studies of reconstituted chromatin fibers (8,15,48).

This model’s NRL was 197 bp. An overview of the model structures and

associated parameters is given in Fig. 1 and Table 1. To explore the effects

of repositioned nucleosomes in a well-defined reference system, we chose

strictly regular fiber conformations for our simulations in which only the

central nucleosome was repositioned. Each fiber conformation contained

101 nucleosomes with the structural parameters listed in Table S2.

Starting from these basic fiber conformations, we generated modified

conformations with one nucleosome repositioned in consecutive 1 bp steps

(see next paragraph). Following this process, for every fiber model we ob-

tained 11 conformations with successive nucleosome displacements, which



FIGURE 1 Three-dimensional visualization of

the chromatin fiber models used in this work: (A)

CL, (B) CLS, (C) ID; DNA is colored in blue,

histones in shades of red where the shade denotes

the fiber repeats. To see this figure in color,

go online.
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were simulated. This approach enables the modeling of defined chromatin

fiber states that map to possible intermediates of a repositioning event. As

the single fiber conformations differ only in small, well-defined details, it is

possible to relate the structural modifications to resulting changes in the 3D

fiber structure and hence to the energetic landscape of the system.
Inducing nucleosome repositioning in chromatin
fibers

To investigate the structural behavior of the investigated fiber types over the

range of repositioning steps from 0 to 10 bp, we first prepared an initial

configuration for each fiber type, which represents the unmodified state

without any repositioning. Each of these configurations contains 101 nucle-

osomes. The resulting configurations are strictly regular with respect to the

length of linker DNA connecting the nucleosomes and rotational posi-

tioning of the nucleosomes. For every repositioning step from 1 to 10 bp,

the initial configuration was modified by displacing the nucleosome at

the fiber center, which is implemented in the following way (Fig. S4):

lprec;d ¼ lprec;0 þ d � 0:34 nm;
lsucc;d ¼ lsucc;0 � d � 0:34 nm;
bnuc;d ¼ bnuc;0 þ d � 36�;

d ¼ f0::10 bpg denotes the repositioning distance, lprec;0 and lsucc;0 stand for
the default lengths of the linkers preceding and succeeding the repositioned
nucleosome in the unmodified state. bnuc;0 represents the torsional angle

relating to adjacent nucleosomes in the unmodified state. The linker lengths

lprec;d, lsucc;d and torsional angle bnuc;d resulting from nucleosome displace-

ment are computed based on the repositioning distance d. All other angles

of the local nucleosome geometry remain unchanged. These calculations

yielded 11 configurations per fiber model, each one representing a partic-

ular stage of the remodeling process.
Monte Carlo simulation

Representative equilibrium fiber conformations were generated by Monte

Carlo simulations. The classical Metropolis Monte Carlo algorithm was

used to create a statistically relevant set of configurations satisfying the

Boltzmann distribution (40,54). For each Monte Carlo step, modified con-
TABLE 1 Overview of the main properties of the 30 nm

chromatin fiber models used

Fiber

model type

NRL

(bp)

Linker

length (bp)

Nucleosome density

(nucleosomes/11 nm)

No. of

stacks

CLS 212 65 4.6 3

CL 169 22 2.9 2

ID 197 50 8.1 6

No. of stacks indicates the number of nucleosome stacks formed by the

respective fiber structural motif.
figurations were generated by applying rotation and pivot moves on the

linker DNA and nucleosome segments (40). To ensure uniform sampling

of the phase space and to minimize the bias that might be induced by ener-

getic bottlenecks, we used a replica exchange algorithm; this was preceded

by a simulated annealing and a feedback-driven iterative optimization to

adapt the replica exchange temperature sets to the respective fiber models

(46,47,55). For details see the Supporting Material, Materials and Methods.

All configurations were at first simulated for 107 Monte Carlo steps to

reach thermal equilibrium. After preparation, for every configuration a

set of 16 replicas was created, alongside with an initial temperature set.

Temperature set optimization was then applied for 5–7 iterations on every

replica set, until the temperature set showed sufficient convergence (47).

The number of iterations varied between the respective fiber models as a

result of their different convergence properties. Finally, replica exchange

Monte Carlo simulations were conducted on all configuration replica sets

for 6 � 107 Monte Carlo steps and samples were drawn focusing a target

temperature of 293 K. To minimize autocorrelation bias, the sampling fre-

quency was chosen so that sufficiently uncorrelated samples were drawn.

To confirm that the simulations have reached equilibrium, the development

of the total energy was analyzed (Fig. S2).

The complete simulation of a single configuration required 8,000–10,000

CPU h on the North-German Supercomputing Alliance (HLRN) supercom-

puter HLRN-II (Intel Xeon Quad-Core Gainestown (Nehalem EP, X5570),

2.93 GHz). A total of 280,000 CPU h was required in the course of this

work. We used eight cores for a simulation run of one replica, resulting

in 128 cores for 16 replicas.
Calculation of mean fiber bending angles

The mean bending angle was measured between the two fiber parts sepa-

rated by the repositioned nucleosome (Fig. S5 A). To minimize boundary ef-

fects at the fiber ends, only the fiber segments representing the middle third

of each fiber part were considered in further analysis. To make the single

snapshots of a simulation run comparable, they were structurally aligned.

To this end consensus coordinates of the first fiber part were calculated

from all configurations. Each configuration was then rotated and translated

so as to align to these consensus coordinates, using the Kabsch algorithm

(56,57) for the calculation of the rotation matrices. Using 3D smoothing

splines (58,59) (Fig. S5 B) to the segment positions for each fiber part a least

squares straight line fit was applied to generate the centroid vectors of both

fiber parts. The centroid vectors of the aligned fiber parts showed high cor-

relation as a result of the preceding consensus coordinate alignment step.

Next, we calculated the vector mean of the centroid vectors of the second

part of the fiber (Fig. S5 C). The angle between the centroid vector of the

consensus coordinates and the vector representing the mean bending vector

was then calculated by simply applying the vector dot product.
Nucleosomal contact maps

Nucleosomal contact maps visualize possible nucleosomal interactions in

chromatin as matrices (60), based on the assumption that nucleosomes
Biophysical Journal 107(9) 2141–2150
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which reside in close spatial proximity have a high probability of interact-

ing. Contact maps for simulated fiber models were created by tracing the

distances between all n2 possible pair combinations of the n nucleosomes

over the whole simulation run. Nucleosome pairs with distances smaller

than 1.5 times the nucleosome radius were regarded as being in contact.

Hence, the contact probability P of a particular nucleosome pair with index

i and j is given by Eq. 1:

Pij ¼
Ncontact

ij

N
;

with Ncontact
ij being the number of samples in which the nucleosome pair ij in

contact and N being the total number of simulation samples.
FIGURE 2 Mean fiber bending angle (A) and standard deviation (B)

of the CL (red circles), CLS (black squares), and ID fiber models (blue

triangles) as a function of nucleosome displacement d. To see this figure

in color, go online.
RESULTS

Including irregular nucleosome positioning into
chain models for Monte Carlo simulations

In our previous work, we calculated electrostatic interac-
tions of DNA with a model in which it was described by
homogeneously charged cylindrical segments (40). This
approach restricted the simulations to a constant length of
linker DNA segments. To simulate chains with variable
DNA linkers, we developed a description with an arbitrary
number of charged spheres as described in the Supporting
Material. With this implementation, we examined the ener-
getic variations of chromatin fibers caused by repositioning
of a nucleosome in Monte Carlo simulations with a coarse-
grained model that includes fiber geometry and energies
according to the computational framework described previ-
ously (17,40,46,48). We generated statistically valid ensem-
bles of fiber conformations in thermal equilibrium to assess
the contribution of nucleosome repositioning within a regu-
lar chromatin fiber for different fiber types. Furthermore, we
investigated the variations of the mean fiber bending angles
and their mean deviations and conducted a detailed evalua-
tion of the internucleosomal contacts on the scale of nucle-
osome pairs.
Fiber geometries show significant changes upon
nucleosome repositioning

Visual inspection of the simulated fiber configurations re-
vealed an apparent effect of repositioning of a single nucle-
osome on the overall fiber geometry (see Fig. S6 for
a visualization of example fiber conformations of all three
fiber types at various nucleosome displacements). We mea-
sured changes up to 140� for the fiber mean bending angle
d at the repositioned nucleosome (Fig. 2 A). In particular,
the CL and CLS fibers showed a significant bending, with
local maxima at d ¼ 3 and d ¼ 7–8 bp and local bending
minima at d ¼ 5 and 10 bp. The CL fiber showed strong
bending at these maxima with d ¼ 140�, and the CLS
showed a medium increase of d by 45�. The bending occurs
at the repositioned nucleosome and can bring distant parts of
the fiber into spatial proximity (see Fig. S7 for snapshots).
Biophysical Journal 107(9) 2141–2150
The periodic shape of the curves correlated with the change
of spatial orientation of the repositioned nucleosomes
with respect to its stack neighbors. This suggests that the
repositioned nucleosome occupied more space between its
neighbor nucleosomes, and hence pushes them further apart,
when it is forced into a transversal spatial orientation by
repositioning. In contrast, the ID fiber showed only a small
increase of bending by ~10�. The differences between the
three fiber types suggest that the extent of fiber bending
may be associated with the number of stacks formed by
the respective structural motifs as the nucleosome rotation
induced by repositioning only leads to a limited loss
of stacking interactions with the adjacent nucleosomes.
Thus, the ID fiber conformation with a higher number of
nucleosome stacks is more resistant to global changes of
its structure.
Repositioning renders fibers more flexible

Our simulations showed that repositioning of a nucleosome
changes the flexibility of a fiber. In this context, the standard
deviation of the fiber’s mean bending angle can serve as an
indicator for flexibility (Fig. 2 B). The unmodified CL and
the CLS fiber showed comparable standard deviation values
of ~65�. However, the standard deviation of the unmodified
ID fiber was significantly lower than these, with ~20�, indi-
cating a significantly higher rigidity. Upon repositioning,
the standard deviation of the bending increased for all three
fiber types by ~20� and then returned to values similar to
those of the unmodified states. For both, CL and CLS fiber,
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the flexibility changed similarly upon repositioning. After a
marginal increase of standard deviation at d ¼ 1 bp, both
fibers showed a rise at d ¼ 2 bp. The flexibility then stayed
nearly the same until d ¼ 8 bp for the CL fiber, whereas a
transient decline of standard deviation was observed for
the CLS fiber around d ¼ 5 bp. Both fibers then showed a
maximum around d ¼ 7–8 bp before dropping back to a
level similar to that of the unmodified state. In contrast,
the ID fiber showed a very different variability behavior
upon repositioning. After a small increase at d ¼ 1 bp its
standard deviation grew linearly until reaching a maximum
around d ¼ 3 bp. The standard deviation then remained at
that level until it decreased again to a value close to the
initial level at d ¼ 8 bp.
The 3D fiber conformation can impose an energy
barrier toward repositioning of a nucleosome

For the evaluation of the energy barriers, the mean total
energy Ed at each basepair step d ¼ f0::10 bpg of displace-
ment was calculated for all modeled fibers. The unmodified
state, i.e., 0 bp displacement, serves as reference to compute
the energy differences DE ¼ Ed – E0 to states containing
a repositioned nucleosome. The energy offsets were then
plotted against displacement (Fig. 3) to visualize the ener-
getic barriers a remodeling process would have to surpass
in the presence of chromatin structure constraints. All
three fiber conformations imposed energetic barriers toward
nucleosome repositioning. The CL and CLS fibers had
similar maximum DE values of ~30 kJ/mol, whereas
the ID fiber had a significantly higher maximum DE of
108 kJ/mol. This remarkable difference in maximum DE
may reflect the higher number of stabilizing nucleosome
stacks in the ID fiber. The CL and CLS fibers had some
characteristics in common despite their differing structural
parameters, such as NRL and nucleosome density. They
had not only similar maximum DE levels, but also similar
slope characteristics at low d.
FIGURE 3 Mean total fiber energy differences DE of the CL (red

circles), CLS (black squares), and ID fiber models (blue triangles) as a

function of nucleosome displacement d. To see this figure in color,

go online.
All fiber types showed a similar behavior of DE at the
beginning and at the end of the displacement range, rising
from d ¼ 0 to d ¼ 2 bp and declining toward d ¼ 10 bp.
However, the fiber energy at d ¼ 10 bp was higher than at
d¼ 0 bp for all fibers. Between d¼ 2 and d¼ 8 bp the fibers
had different properties. The CLS and ID fibers showed a
local minimum at d ¼ ~4–5 bp, whereas the CL fiber
showed an approximate plateau over the whole range of
d ¼ 2–8 bp, with a small increase at d ¼ 8 bp. Although
the shapes of these curves do not resemble the high level
of symmetry observed for bending angles and flexibility,
the preference for 10 bp phasing can still be seen from the
minima at d ¼ 0 and d ¼ 10 bp.

Of interest, the highest barrier and steepest rise of DE
was reached at a nucleosome displacement of only 2 bp
for all fiber types. This can be explained by the energy
necessary to break the internucleosomal interactions pre-
sent between the stacked nucleosomes and to overcome
the spatial constraints introduced by the neighbor nucleo-
somes at the start of repositioning. For a remodeling
process the early barrier maximum suggests that after sur-
passing this main barrier peak it is energetically more
favorable to carry on with the repositioning process than
it is to step back to the initial position. Thus, an apparent
cooperativity of the translocation process could arise from
the structural features of the nucleosome chain. The asso-
ciated energy terms are significant in reference to the free
energy costs of disassembling a histone core from DNA
of 42 kBT (61,62). The high energetic barrier imposed
by the ID fiber structure against remodeling activity is of
similar magnitude, and corresponds to that for the hydro-
lysis of 2–3 ATP. The maximum energetic barriers of the
CL and the CLS fiber are somewhat lower and range
from 15–18 kBT, which is in the range of the hydrolysis
of 1 ATP. In the absence of ATP-driven processes (62),
the energy barriers in the fiber models that we have inves-
tigated would greatly slow down the repositioning of nucle-
osomes resulting from mere thermal fluctuations. We would
like to point out, that the absolute values of the height of the
energy barrier should be used with considerable caution
because the calculations are based on a coarse-grained
model, which by its nature does not include all details of
the real system.
Effects on local and remote nucleosomal contacts

Geometric changes in chromatin fibers upon repositioning
can be studied by analyzing interactions between individual
nucleosomes of a fiber using contact maps (60). Here, the
computed probabilities for a minimum distance between
two nucleosomes are visualized for all pairs (Fig. 4). These
contact maps changed with repositioning in the line of the
preceding results. Compared with the unmodified fiber
(d ¼ 0) at d ¼ 1 bp the contact probabilities did not change
significantly (data not shown). In the range from 2 to 8 bp,
Biophysical Journal 107(9) 2141–2150



FIGURE 4 Nucleosomal contact maps of the CL, CLS, and ID fiber (top, center, and bottom row, respectively) for a subset of nucleosomal displacements

(bottom). Each map shows the contact probabilities of distinct pairs of nucleosomes i and j. The repositioned nucleosome is located at index 51. The prob-

ability is expressed as a percentage. Note the logarithmic probability scale, with white meaning a probability <0.1. The region of the diagonal from top left

to bottom right shows the interactions between each nucleosome and its direct neighbors, and the region around the antidiagonal shows interactions between

nucleosomes that reside in distant sites of the fiber. To see this figure in color, go online.
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significant alterations in contact probability were visible.
Around 5 bp changes decreased for the CL and the CLS
fiber, whereas the map for the ID fiber stayed similar. At re-
positioning distances around 10 bp, the changes diminished
for all fiber types.

The contact maps in Fig.4 reveal two different effects of
repositioning on fiber conformation: First, the direct effect
of the repositioned nucleosome on the contact behavior of
its neighboring nucleosomes is reflected by changes in the
region of the matrix diagonal. Second, the indirect effect
on nucleosomes residing in distant sites of the fiber, whose
contact probabilities changes as a result of the global fiber
geometry deformations upon repositioning, is visible in
the region of the antidiagonal.

The contact maps revealed strong changes of local
nucleosomal contacts in the direct vicinity of the reposi-
tioned nucleosome for all three fiber types. At d ¼ 0 bp,
the regular stacking of the nucleosomes is clearly recog-
nizable. This ordering was disturbed upon repositioning,
as apparent from the contact probabilities changes. New
stacking interactions appeared that resulted in a blurred
contact probability area center, which was particularly pro-
nounced for d ¼ 3 and d ¼ 7 bp in Fig. 4. Both the CL and
the CLS fiber showed disturbances around the repositioned
nucleosome, whereas the basic structural ordering was
mostly preserved in the ID fiber. This local effect was
confined to the closest 2–3 nucleosome stack layers adja-
cent to the repositioned nucleosome in all fiber types.
The second observed effect also involves nucleosomes
that are more distant from the repositioned nucleosome.
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For displacements around 3 and 7 bp, the contact probabil-
ities increased substantially for the CL and CLS fibers in
the antidiagonal regions that reflected long-range interac-
tions between nucleosomes located in the two fiber halves
(Fig. 4). The effect was largely reduced for the ID fiber.
These observations can be rationalized by an increased
kinking of the CL and CLS fibers that is also reflected by
the relatively large mean bending angles (Fig. 2). Thus,
the repositioned nucleosome can disrupt the local structural
organization of the fiber and, via inducing a central kink
and higher bendability, promote long-range interactions be-
tween nucleosomes.

Changes of the contact probabilities of fiber parts can be
further illustrated by changes in the distribution of end-to-
end-distances of the fiber. Fig. S8 shows this distribution
for unmodified systems as well as for systems, in which
the central nucleosome is repositioned by 3 bp. The proba-
bility of small end-to-end distances for CL and the CLS fi-
bers increases considerably upon nucleosome repositioning.
For example, the probability for a distance below 40 nm is
increased by a factor of 38 for a CL fiber and by a factor
of 7 for a CLS fiber, respectively.

These changes can be understood by analyzing the nucle-
osome-to-nucleosome distances as functions of chain length
(Fig. S9). Although these functions do not change for the ID
fibers with repositioning, for CL and ID fibers mean dis-
tances decrease reflecting the bending of the fiber causing
the higher contact frequencies. For all three fibers the stan-
dard deviation of these distances increases with reposition-
ing reflecting the higher flexibility.
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DISCUSSION

Chromatin fiber conformation changes upon
single nucleosome repositioning

Internucleosomal interactions are maximized when nucle-
osomes can stack on each other (17). Given that the orien-
tation of adjacent nucleosomes changes with the length
of the linker DNA by 36� per bp, a full rotation of a nucle-
osome is performed for a 10 bp translocation, which yields
the original orientation in terms of nucleosome stacking.
A repositioning distance of 5 bp produces a rotation of
180�, which could also preserve stacking except that
the linker DNA entry and exit are mirrored. Due to the
resulting DNA bending and torsion, this renders such
reorganization energetically less favorable. The energeti-
cally most unfavorable orientations occur at repositioning
distances of 2–3 bp and 7–8 bp. At those distances, the
translocated nucleosome is positioned perpendicularly to
its neighbors and its internucleosomal interactions are
mostly lost. In addition, this state is energetically unfavor-
able because the surrounding parts of the chain have to
relocate to avoid clashes with neighboring nucleosomes
and DNA.

We show that changes in nucleosome positions have a
strong effect on the overall fiber shape and properties. In
our simulations, even small differences in the position of a
single nucleosome induced a kink into the chromatin fiber
and increased flexibility at this position (Fig. 2). The magni-
tude of this effect depends on the fiber structure. As a con-
sequence, the fiber is also more prone to self-association
(Fig. 4). Some simulated fiber configurations therefore
fold back completely (Fig. S7), assuming a hairpin-like
shape similar to those encountered in (60). This behavior
may facilitate contacts between separated genomic loci
at a much shorter length scale than predicted by prevalent
regular chromatin models. These findings are similar to
those reported recently from the Olson group (63). Thus,
the local activity of a chromatin remodeling complex that
translocates a nucleosome within a regular nucleosome
array could promote long-range interactions between distant
nucleosomes.

Our simulations of nucleosome translocations were con-
ducted in the context of a regular 101 nucleosome array.
Interestingly, relatively large regions of up to 400 nucleo-
somes with regular spacing have been identified in the
cell (27) that might represent regions, in which single
nucleosome perturbations have pronounced effects on the
folding of the chain. Furthermore, conformational changes
of chromatin organization similar to those observed here
for longer chains are expected to occur locally also for re-
gions with a smaller number of regularly spaced nucleo-
somes. The resulting effects on long-range interactions,
e.g., the induction of a kink due to a translocated nucleo-
some, will largely depend on the size of the flanking ordered
region that typically is in the order of ~10 nucleosomes, as
for example at promoters and around CTCF binding sites
(6,27,37).
Chromatin structure imposes additional
constraints on remodeling complexes

How nucleosomes are repositioned by chromatin remodel-
ing complexes in the context of a nucleosome chain is
currently unclear because most mechanistic studies inves-
tigated the translocation of a single nucleosome in vitro
(42–44,64–67). Our data show that the higher-order struc-
ture of chromatin may have an important influence on the
process of nucleosome repositioning. In a highly condensed
chromatin fiber, the nucleosome translocation process has
to overcome not only the energy barrier imposed by the
DNA-histone interface, but also the spatial constraints
arising from internucleosomal interactions. All fibers in
our simulations displayed such an energy barrier with
conformation-dependent profiles (Fig. 3). Thus, the amount
of ATP hydrolyzed (34,68) as well as the step size of the
translocation reaction might be highly variable in the cell
and depend on the structural environment in which the
remodeling reaction occurs. Likewise, nucleosome sliding
induced solely by thermal effects (62,66) is expected to be
reduced by the presence of nucleosome-nucleosome inter-
actions. The same considerations apply to the formation of
subnucleosomal particles due to the dynamic exchange
of H2A-H2B dimers (69). Spontaneous unwrapping that
typically covers only a few basepairs (49,50,52) is also
reduced in stacked nucleosome conformations (51) but the
small changes in linker length and entry-exit angle alpha
(Fig. S1) would not lead to large disturbance of the relative
equilibrium orientation in the chain. In contrast, the unwrap-
ping of a full DNA turn would rotate the histone octamer
core by 180� and thus be accompanied by an additional
energy barrier with respect to reorganizing nucleosome
stacking interactions (52,66). Thus, the linkage between
nucleosome positions and nucleosome stacking interactions
affects access to DNA in a number of ways in addition
to changing the linker DNA that is directly associated
with the translocated histone octamer core.

The shape of the energetic barriers with respect to the re-
positioning distance seems to be governed by the individual
fiber structure properties: i), A high nucleosome density in
the fiber combined with the formation of multiple nucleo-
some stacks, as found in the ID fiber, results in a high resis-
tance of the fiber to repositioning. ii), The energetic barrier
does not depend primarily on the NRL. The CL and the CLS
fiber showed a barrier comparable in shape and strength,
even though they have very different NRLs (169 and
212 bp, respectively). iii), The higher-order structure energy
barriers showed nonuniform behavior, with local maxima
and minima. All investigated fibers had a maximum barrier
slope within the first 2 bp of repositioning. After surpassing
this slope, only small amounts of energy are necessary to
Biophysical Journal 107(9) 2141–2150
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maintain further repositioning. To experimentally prove the
energetic predictions of the model, the energy for transloca-
tion of a single nucleosome could be measured by biophys-
ical or biochemical approaches in specifically designed
reconstituted systems.
Nucleosome stacking may contribute to the 10 bp
nucleosomal phasing

A 10 bp rotational phasing preference of nucleosomes has
been repeatedly reported in the literature (6,34,70–72).
One proposed explanation for this preference is that some
properties inherent to the sequence lead to a preferential
mapping between histone core contact sites and nucleo-
somal DNA (73,74). Another model (74–76) uses a mecha-
nism of statistical positioning, in which quasiperiodic
arrangements of nucleosomes may arise solely from statisti-
cal correlations induced by their interaction. This model is
extended by a recent study (77) suggesting that nucleosome
stacking in condensed chromatin fibers is important in the
statistical positioning of nucleosomes. The latter view is
strongly supported by our results: the energetic landscapes
of all investigated fibers show minima at a position
difference of 10 bp (Fig. 3). As explained earlier, the repo-
sitioned nucleosome has then performed one complete turn
and again takes a stacking-facilitating orientation with
respect to the nucleosomes in its direct spatial neighbor-
hood. This provides strong internucleosomal interactions
and minimal steric collisions, making a 10 bp nucleosome
position difference energetically favorable. These findings
indicate a contribution of higher-order chromatin structure
to nucleosomal phasing, at least in dense regularly ordered
genomic loci, as for example are found at transcription start
sites in yeast.
Multiple repositioned nucleosomes in one fiber

Although our results focus on a reference model for the
effects of single-nucleosome repositioning in a regular
chromatin context, in vivo chromatin in general has a
more irregular nucleosome spacing. As discussed previ-
ously, this disturbs the stacking of the neighboring nucleo-
somes (Fig. 4). Introducing multiple isolated repositioned
nucleosomes into the model of a regular fiber will result
in multiple less flexible compartments connected by hinges
formed by the repositioned nucleosomes. This would lead to
a largely reduced chain persistence length as observed for
chromatin in vivo (78) in the presence of a significant
fraction of regions with regularly ordered nucleosomes
(27). This view is supported by the findings in (79). where
a computational model has been used to investigate the
effects of nucleosome and linker histone depletion effects.
The authors observed an increase in fiber flexibility at a
higher depletion of nucleosomes. Furthermore, the fibers
split into individual compartments at rising depletion rates.
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At higher frequencies of nucleosome repositioning, the
effects of single repositioned nucleosomes will inevitably
begin to overlap and produce a complex effect on chain
folding. In (39), intrafiber linker length variations between
selected maxima and minima of 51 bp up to 53 bp were
modeled. Although at linker length variations of 51 bp,
there were only moderate structural effects, 52 bp resulted
in a mixture of regular and irregular regions, comparable
to the former compartmentalization effect, and at 53 bp,
the fiber appeared almost completely irregular, with only
some short regular regions. Thus, the extent to which
local nucleosome repositioning has long-range effects will
depend on the degree of ordering and nucleosome stacking
in the flanking regions. For regions with irregular spaced
nucleosomes only the direct interacting nucleosomes might
be affected. Nevertheless, also in this case long-range inter-
actions might be induced by a subsequent change of nucle-
osome stacking interactions and/or the redistribution of
chromosomal proteins that could bind to a stacked dinucleo-
some as proposed for heterochomatin protein 1 (HP1) (80).
CONCLUSIONS

In this work, we demonstrate that nucleosome positions and
the 3D structure of chromatin are tightly linked. Relatively
subtle changes in nucleosome positioning can have large
effects on chromatin structure and fiber properties even
for the less compacted fiber conformation. The translocated
nucleosome induces bending of the fiber and increases its
flexibility. As a result, contact probabilities between more
distant parts of the fiber increase. We speculate that this
might be an important mechanism for regulation of the chro-
matin structure in the nucleus. On the other hand, the 3D
structure of chromatin stabilizes nucleosome positions and
imposes a considerable barrier for the activities of remodel-
ers as well as random fluctuation of the nucleosome posi-
tions. We recently developed algorithms for the analysis
of experimental nucleosome occupancy maps (38) to derive
the one-dimensional arrangement of nucleosomes, which
can be used as input for the simulation framework presented
here. Thus, it will be interesting to study changes of the 3D
structure of chromatin that result from changes in the exper-
imental nucleosome position maps, for example in response
to an external stimulus or during cell differentiation.
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17. Stehr, R., R. Schöpflin, ., G. Wedemann. 2010. Exploring the con-
formational space of chromatin fibers and their stability by numerical
dynamic phase diagrams. Biophys. J. 98:1028–1037.

18. Song, F., P. Chen, ., G. Li. 2014. Cryo-EM study of the chromatin
fiber reveals a double helix twisted by tetranucleosomal units. Science.
344:376–380.
19. Scheffer, M. P., M. Eltsov, ., A. S. Frangakis. 2012. Nucleosomes
stacked with aligned dyad axes are found in native compact chromatin
in vitro. J. Struct. Biol. 178:207–214.

20. Scheffer, M. P., M. Eltsov, and A. S. Frangakis. 2011. Evidence for
short-range helical order in the 30-nm chromatin fibers of erythrocyte
nuclei. Proc. Natl. Acad. Sci. USA. 108:16992–16997.

21. Maeshima, K., S. Hihara, and M. Eltsov. 2010. Chromatin structure:
does the 30-nm fibre exist in vivo? Curr. Opin. Cell Biol. 22:291–297.

22. Eltsov, M., K. M. Maclellan, ., J. Dubochet. 2008. Analysis of cryo-
electron microscopy images does not support the existence of 30-nm
chromatin fibers in mitotic chromosomes in situ. Proc. Natl. Acad.
Sci. USA. 105:19732–19737.

23. Dubochet, J., M. Adrian, ., P. Schultz. 1988. Cryo-electron micro-
scopy of vitrified specimens. Q. Rev. Biophys. 21:129–228.

24. Nishino, Y., M. Eltsov, ., K. Maeshima. 2012. Human mitotic chro-
mosomes consist predominantly of irregularly folded nucleosome
fibres without a 30-nm chromatin structure. EMBO J. 31:1644–1653.

25. Fussner, E., R. W. Ching, and D. P. Bazett-Jones. 2011. Living without
30 nm chromatin fibers. Trends Biochem. Sci. 36:1–6.

26. Rippe, K., R. Stehr, and G. Wedemann. 2012. Monte Carlo simula-
tions of nucleosome chains to identify factors that control DNA
compaction and access. In Innovations in Biomolecular Modeling
and Simulations. T. Schlick, editor. Royal Society of Chemistry,
Cambridge, pp. 198–235.

27. Gaffney, D. J., G. McVicker, ., J. K. Pritchard. 2012. Controls
of nucleosome positioning in the human genome. PLoS Genet. 8:
e1003036.

28. Depken, M., and H. Schiessel. 2009. Nucleosome shape dictates chro-
matin fiber structure. Biophys. J. 96:777–784.

29. Tremethick, D. J. 2007. Higher-order structures of chromatin: the
elusive 30 nm fiber. Cell. 128:651–654.

30. Collepardo-Guevara, R., and T. Schlick. 2013. Insights into chromatin
fibre structure by in vitro and in silico single-molecule stretching exper-
iments. Biochem. Soc. Trans. 41:494–500.

31. Korolev, N., Y. Fan, ., L. Nordenskiöld. 2012. Modelling chromatin
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