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ABSTRACT: Nucleosomes, DNA spools with a protein core,
engage about three-quarters of eukaryotic DNA and play a
critical role in chromosomal processes, ranging from gene
regulation, recombination, and replication to chromosome
condensation. For more than a decade, micromanipulation
experiments where nucleosomes are put under tension, as well
as the theoretical interpretations of these experiments, have
deepened our understanding of the stability and dynamics of nucleosomes. Here we give a theoretical explanation for a surprising
new experimental finding: nucleosomes wrapped onto the 601 positioning sequence (the sequence used in most laboratories)
respond highly asymmetrically to external forces by always unwrapping from the same end. Using a computational nucleosome
model, we show that this asymmetry can be explained by differences in the DNA mechanics of two very short stretches on the
wrapped DNA portion. Our finding suggests that the physical properties of nucleosomes, here the response to forces, can be
tuned locally by the choice of the underlying base-pair sequence. This leads to a new view of nucleosomes: a physically highly
varied set of DNA−protein complexes whose properties can be tuned on evolutionary time scales to their specific function in the
genomic context.

1. INTRODUCTION

DNA molecules in eukaryotic cells are wrapped into a series of
DNA spools which are known as nucleosomes. For about every
200 base-pairs (bp), a 147-bp-long stretch of DNA is wrapped
in 1 3/4 superhelical turns around a disk-shaped octameric
protein core that is composed of two molecules each of
histones H2A, H2B, H3, and H4.1 Linker DNA of a typical
length of 50 bp connects the nucleosomes.
Many questions still surround the energetics of nucleosome−

DNA interaction and the dependence of this affinity on DNA
sequence. A new avenue of enquiry was opened by micro-
manipulation experiments where DNA unpeeling can be
induced by applying a tension to the nucleosome. The first
experiment that observed the unwrapping of individual
nucleosomes was performed in 2002 by the Wang lab.2 In an
optical tweezer setup, an array of nucleosomes was put under
increasing tension and individual rupture events were observed.
Remarkably, nucleosomes unwrapped sequentially, not in
parallel, and at forces which were much higher than expected
from earlier experiments.3,4 These observationstogether with
the fact that the rupture forces increased with the pulling rate
suggested the presence of an energetic barrier against
unwrapping. The height of this barrier was estimated via
force spectroscopy to be 36−38 kBT.

2

What could cause such a high barrier? Brower-Toland et al.2

suggested that this could reflect two strong binding sites that
stabilize the last turn of the nucleosome and that need to be
broken for full unwrapping. However, the crystal structure does
not provide evidence for such strong sites.1 Moreover, in a
theoretical study,5 it was shown that the spool design of the
nucleosome and the elasticity of the DNA molecules are

enough to lead to a large barrier, even if no strong binding sites
are present. This study suggested that the barrier is in fact a
response to the external force, reflecting the strong deformation
of the DNA as the nucleosome flips by 180° during unspooling.
This view was supported by newer micromanipulation

experiments on single nucleosomes.6,7 In fact, as a nucleosome
has two turns, two such flipping transitions were observed, one
at low forces (two to one DNA turn) and one at high forces
(one to zero turns). It was that latter transition that had been
observed in the earlier study on a nucleosome array.2

The nucleosome manifests a twofold symmetry, where the
symmetry axis, i.e., the nucleosome dyad, passes through the
central DNA base-pair. Consequently, most modeling studies
assumed that the nucleosome unwraps symmetrically or at least
that it does not care from which end it unwraps first.
Surprisingly, in a recent micromanipulation experiment, the
Ha lab demonstrates that nucleosomes can respond highly
asymmetrically to an external force, unwrapping almost always
from one and the same end.8 To show this, the experiment
combines a micromanipulation setup with a FRET measure-
ment where pulling experiments are performed on single
nucleosomes, each having a pair of dyes at a strategic position.
By looking at FRET data of nucleosomes with pairs of dyes at
different positions, it becomes clear that the nucleosome
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practically always unwraps from one end. What can cause this
asymmetric response?
Ngo et al.8 claim that the asymmetry is caused by the fact

that the wrapped DNA portion (the 601 Widom nucleosome
positioning element,9 a non-natural bp sequence used nowa-
days in many laboratories6,7,10−27) is nonpalindromic. They
speculate that one-half of the wrapped portion is stiffer than the
other and that it is the stiffer half that unwraps first. They test
this idea by measuring the propensity for ring formation for two
pieces of DNA, one having the sequence of one-half of the
wrapped portion and the other having the sequence of the
other half. They test the idea further by flipping the inner two
quarters of the sequence which leads to a nucleosome that
unwraps now from the other end. Finally, slightly symmetrizing
the wrapping sequence by adding three soft TA dinucleotide
steps to the stiffer inner quarter leads to a situation where the
nucleosome responds symmetrically to tension, unwrapping
stochastically from either end.
The finding that nucleosomes typically unwrap asymmetri-

cally is not completely unexpected, as it is known that DNA
shows sequence-dependent mechanical properties28,29 which
have been observed to manifest themselves in a sequence
dependence of nucleosome affinity,9 of nucleosome position-
ing,30 and of nucleosome breathing.10 What is really surprising
is that the order of the unwrapping of the outer sections is
determined by the sequence of the inner two wrapped quarters.
This seems counterintuitive. One would rather expect that what
determines the order of unwrapping are the stiffnesses of the
outer two quarters with the stiffer one unwrapping first, and
that the bp sequence of the inner quarters would be irrelevant
to that order.
In the current paper, we introduce a sequence-dependent

nucleosome model that allows us to explain this surprising
finding. We show that it is only a very small fraction of the
wrapped DNA that causes the asymmetry of the response. As it
will become clear, this curious behavior may reflect the
procedure by which the 601 sequence (on which these
experiments are based) was produced.9 The fact that the
physical properties of nucleosomes are to such a large extent
determined by the wrapped sequence (and here even just a
short fraction of it) suggests the possibility that the mechanical
properties of DNA molecules might have evolved not only to
position a substantial fraction of nucleosomes but also to equip
them with special physical properties according to their
genomic context.
Our paper is structured as follows. In the next section, we

introduce the computational nucleosome model that is based
on the rigid base-pair description of DNA molecules. Section 3
contains our results and a discussion of how our model can
explain the experimental data. Finally, the last section provides
some conclusions and discusses more general implications of
our findings.

2. MODEL
Our nucleosome model consists of a 147-bp-long DNA
molecule represented by the rigid base-pair model that is
forced into a superhelical conformation through constraints
that mimic the binding of 28 DNA phosphates to the protein
core; see Figure 1 (top). We first describe the coarse-grained
DNA model and then explain how we constructed the
constraints.
We represent the DNA by the rigid base-pair model which

describes the conformations of the DNA double helix solely by

the positions and orientations of its base-pairs that are
represented by rigid plates.31,32 This leaves six degrees of
freedom per bp step, three translationsshift, slide, riseand
three rotationstwist, roll, tilt. To explain the sequence-
dependent response of the nucleosome to external tension, we
also need the energy cost of deforming the DNA away from its
preferred conformation. We assume that the six degrees of
freedom of a given bp step have preferred intrinsic values
(dependent on its chemical composition) and that deviations
from these values incur a mechanical energy cost quadratic in
this deformation:

= − −E q q Q q q
1
2

( ) ( )el
0 T 0

(1)

Here q is a six-component vector that contains the six degrees
of freedom whose intrinsic values are given by q0 and which are
coupled by the 6 × 6 stiffness matrix Q. Each dinucleotide has
its own intrinsic values and stiffnesses that are fully para-
metrized in the literature.28,29 We use here the hybrid
parametrization33 in which intrinsic deformations are derived
from protein−DNA crystals and the stiffnesses from atomistic
molecular simulations.
The DNA is forced into a superhelix by constraining the

positions and orientations of 28 middle-frames of consecutive
bp that mimic DNA phosphates bound to the histone octamer.
We identified these 28 strongly bound phosphates from local
minima in the crystallographic B-factor in the NCP147
structure.34 They give rise to 14 distinct nucleosome binding
sites, each containing two bound phosphates. We studied
several nucleosome crystal structures and found that each pair
of DNA phosphates connecting two successive base-pairs,
whether bound to the octamer or not, is stationary in the so-
called midframe, the coordinate system whose position and
orientation is exactly in between those of the two base-pairs.

Figure 1. Nucleosomal DNA model with bp step dependent
mechanical properties. (Top) The rigid base-pair model is forced,
using 28 constraints (indicated by red spheres), into a left-handed
superhelical path that mimics the DNA conformation in the
nucleosome crystal structure.1 Shown here is the 601 sequence. The
four different colors indicate the two different base-pairs in two
different orientations. (Bottom) Nucleosome (with two tails, each
consisting of 100 bp) under a force of 14 pN. Here 8 binding sites
have opened symmetrically, releasing some of the nucleosomal DNA.
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This allows us to implicitly take bound phosphates into
account, even though our model consists only of rigid base-
pairs. A more detailed discussion of the construction of the
constraints is provided elsewhere. Compared to other similar
models in the literature,35−39 the benefit of our model is that it
does not contain free parameters and allows for efficient Monte
Carlo sampling.
According to a computational study by de Pablo and co-

workers,40 there are two main features that determine the
sequence affinity to nucleosomes: intrinsic curvature and minor
groove width. Both features are manifestations of the
equilibrium shape of the unbound DNA which is accounted
for in the rigid base-pair model by the intrinsic values of the bp
steps, namely, the quantities q0 in eq 1. Whereas the role of
intrinsic curvature to alleviate the cost of bending DNA into
nucleosomes is obvious (and is accounted for also by other
studies like refs 36 and 38), the role of the minor groove width
is more subtle and is neglected in those studies. Our model,
however, automatically takes the minor groove width into
account. Each binding site actually consists of two points where
the DNA is fixed to the histone core, one on either side of the
minor groove. A mismatch in minor groove width (as
prescribed by the equilibrium shape of the DNA) thus
automatically leads to a frustrated molecule, increasing the
energetic cost.
As we are studying the force-induced unwrapping, we need

two more elements. (1) We add 100-bp-long DNA tails at each
terminus of the wrapped portion and pull the two ends apart
with a given force; see Figure 1 (bottom). We are not
interested in the (small) effects arising from specific base-pair
sequences of the two DNA tails; we therefore model that part
of DNA as homogeneous DNA where we chose all elastic and

geometric constants to represent the average over all possible
bp steps. Our simulations are performed at a tension of 14 pN.
This will allow us to demonstrate the remarkable fact that even
at such a high force the nucleosome is stuck in a metastable
state with a substantial barrier to the global minimum, the
unwrapped nucleosome. (2) We study the nucleosome in
various states of unwrapping from the left and from the right.
To then compare energies of different unwrapping states, we
need to assign adsorption energies for the 14 binding sites. Due
to the dyad symmetry of the nucleosome, this leaves us with
seven independent values. We follow here an earlier study39

where the energies were assumed to have different values for
each of the seven independent sites. The energies were
estimated, up to a constant offset, from an experiment where
DNA was unzipped into a nucleosome,41 and the offset was
derived from a nucleosome breathing experiment.3 This led to
the values presented in Table 1 in that study.39 However, the
newer experimental setup allows us to determine the offset
much more precisely. Specifically, Figure 1E of Ngo et al.8 gives
the FRET signal for small forces for the weak end of the
nucleosome. At a force of about 4 pN, this signal is half as big as
that for a vanishing force, meaning this part of the DNA spends
equal time being bound and being free. We thus choose the
offset in our model such that at this force the energies of the
fully wrapped state and that of the cheapest singly wrapped
state (a metastable state, as explained below) have the same
energy. This is achieved when we add an extra offset of 1.87
kBT to the values provided by Fathizadeh et al.39 in their Table
1. This is the only adjusted parameter in our model.
Importantly, however, the results of our analyses are not very
sensitive to the choice of the adsorption energies as long as they
remain within reasonable limits. Even naively choosing all the

Figure 2. Energy landscape of the 601 nucleosome under a 14 pN force as a function of the number of open binding sites from the left, L, and from
the right, R. Also shown is a cut through this landscape for metastable states with five open binding sites that sit at the bottom of the valley.
Snapshots of the nucleosome are given at (L, R) = (0, 0) (fully wrapped), at (0, 5) (unwrapped from the right, leaving one turn wrapped, a
metastable state), at (4, 4) (a state on top of the ridge), and at (6, 7) (unwrapped state, global minimum).
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binding sites to have the same energy, rather than the measured
values, has been seen to have little effect and does not change
the conclusions of this paper.
For each possible state of unwrapping, we produce random

samples of nucleosome conformations using the standard
Metropolis algorithm. Our Monte Carlo moves consist of local
moves of base-pairs (making sure that constraints on fixed
middle-frames are not violated) and, for the nonwrapped DNA,
additional pivot moves.

3. RESULTS AND DISCUSSION
An Asymmetric Set of Metastable States. The energy

landscape of the 601 nucleosome under a force of 14 pN as a
function of the unwrapping state is shown in Figure 2 together
with snapshots of four different states. The unwrapping state
(L, R) is defined by two integers, L and R, which correspond to
the number of opened binding sites from the left, L, and from
the right, R. As can be seen in this figure, the fully wrapped
state (0, 0) is the most expensive state, whereas fully
unwrapped states, i.e., states with L + R = 13 (assuming that
the DNA is still bound at one site), are highly favored.
However, to go from the fully wrapped nucleosome to the fully
unwrapped states, the system has to cross over a substantial
barrier. This barrier corresponds to a nucleosome that still has
half a turn of DNA wrapped, L + R = 8, and extends along a
straight ridge that connects state (0, 8) with state (8, 0). The
presence of the ridge leads to a metastable valley, extending
from (0, 5) to (5, 0) which corresponds to nucleosomes with
one full turn of wrapped DNA.
The general shape of the unwrapping landscape has been

predicted on purely theoretical grounds.5 In that model, the
nucleosome was represented by a cylinder wrapped by a DNA
molecule, modeled by the wormlike chain (a homogeneous
elastic rod with bending modulus A). The energy landscape of
this model nucleosome with a force f applied to the ends of the
wormlike chain was calculated analytically (as detailed in a
recent textbook;42 extensions of the model can be found in
various studies43−50). It was found that, for the last turn of the
DNA to unpeel, the system has to cross a high energy barrier.
This barrier is the result of a 180° flip of the nucleosome which
is a geometrical necessity for the DNA unwrapping to occur.
Halfway, when the nucleosome has turned by 90° and only
one-half DNA turn remains wrapped, the transition state is
reached. Most of the energy in this state is focused in two

strongly bent DNA portions where the straight DNA arms
connect to the wrapped section by 90° bends. The height of the
barrier scales like Af . In other words, the barrier is only
present and is caused by the applied force and becomes higher
when one pulls harder, reflecting a sharpening of the two 90°
bends. Only because the overall landscape is tilted by the force,
the barrier eventually shrinks and disappears at very high forces.
Going back to the simulated landscape, Figure 2, we can

indeed see that, even at 14 pN, there is still a substantial barrier
against unwrapping. The cause of this barrier can be seen in the
example configuration (4, 4) where the two strongly bent DNA
portions can be clearly detected. Likewise, the fully wrapped
nucleosome (0, 0) is highly unfavorable, as the DNA arms have
to be bent substantially as well. On the other hand, the two
DNA arms for the nucleosome inside the valley at (0, 5) and
for the fully unwrapped nucleosome at (6, 7) feature nearly
straight DNA arms, even close to the wrapped portion. The
barrier is substantial; e.g., the difference between the highest
point in the valley and the pass over the ridge is still about 10
kBT for f = 14 pN.
In the earlier theoretical work,5 it was indeed speculated that

nucleosomes “are strongly kinetically protected from mechan-
ical disruption upon applied tension”. We claim here that it is
this kinetically protected set of states that is observed between
5 pN < f < 15 pN in the new experiment.8 The rupture force of
about 15 pN might seem low given that the pulling rate of 466
nm/s is substantial. However, the force clamp is applied on a
long DNA tether (lambda DNA). This results in loading rates
on the nucleosome which are comparable to the rates used in
previous experiments using shorter tethers2,6 and where similar
rupture forces were observed.
We are now in the position to test whether our model

predicts the same asymmetries as observed for the three
experimental sequences. We start with the 601 sequence. Figure
3 shows a cross section of the energy landscape taken along the
metastable valley (see also the inset in Figure 2). As can be
seen, the nucleosome strongly prefers to have the single DNA
turn wrapped at either end. This reflects the fact that the DNA
is less bent close to the termini of the nucleosome; if the single
wrap were in the middle, none of the termini would be
involved. Most importantly, it can be seen in Figure 3 that there
is a strong asymmetry in this set of metastable states: according
to the model, state (0, 5) is 6.0 kBT more favorable than state

Figure 3. Energy of the singly wrapped nucleosomes under a 14 pN tension as a function of the unwrapping state (L, R) with L + R = 5. Three
different sequences, 601, 601MF, and 601RTA, are shown, the sequences studied experimentally.8 These energy landscapes correspond to the
bottom of the metastable valley; see also Figure 2 for the 601 case.
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(5, 0). Assuming that the system has time to equilibrate
between all of the states in the valley on the time scales of this
experiment, we expect to find the nucleosome in state (0, 5) for
more than 99% of the time. We performed this calculation for
14 pN, but the relative energies inside the valley are hardly
affected by the force, so that this statement holds for the whole
relevant experimental range of forces 5 pN < f < 15 pN. This is
in remarkable agreement with the experimental observation
that the label (called ED2) at the left end shows high FRET up
to 15 pN, whereas the label at the right end, ED1, already loses
its FRET signal around 5 pN (see Figure 2 of Ngo et al.8).
Also shown in Figure 3 are the energy landscapes for the

metastable valley for the other two sequences. Sequence
601MF has the inner two quarters of the 601 sequence
swapped. As can be seen in the plot, the lowest energy state in
the metastable valley is now at the other end, (5, 0). The state
at the other end is 4.9 kBT more expensive. If the system has
time to equilibrate within the valley, the nucleosome is in state
(5, 0) about 98% of the time. It has indeed been observed in
the experiment that the FRET signal is flipped with respect to
that of the 601 nucleosome.8 Finally, Figure 3 also depicts the
energies for sequence 601RTA, a sequence which is derived
from 601 by adding three extra TA steps at the stiffer of the two
inner quarters. The experimentalists speculated that these soft
extra steps make the 601 sequence more symmetric and indeed
found a much more symmetric FRET signal. In our model, the
difference between the left and right ends has shrunk to 2.6
kBT, less than half the difference found for the original 601
nucleosome. On the basis of this, we predict that the
nucleosome spends about 81% in state (0, 5) but also a
substantial fraction, about 7%, in state (5, 0).
To have a nucleosome that unwraps stochastically from both

sides, there needs to be a near-cancellation of two huge
energies. In our model, the bending energy of the 601RTA
DNA is reduced by 26.8 kBT when the right five sites are
opened and by 24.2 kBT when the left five sites are opened,
leaving just the 2.6 kBT difference. The experimental FRET
signals are even more symmetric, pointing to an energy
difference between these two states that might be smaller than
one kBT. This small but noticeable difference between our

model and the experimental data gives a hint of the level of
accuracy of our model. We noticed also an error of the same
order, about 2.5 kBT, when comparing our predicted difference
in affinities between the 601 and the 5S rDNA nucleosome
positioning sequence to experimental data. However, we can
conclude that our model is precise enough to explain the
different scenarios found for the three different nucleosomes.8

To summarize, our computational nucleosome model
predicts that a nucleosome under a (quickly) increasing tension
will be trapped in metastable states which correspond to singly
wrapped nucleosomes with various degrees of wrapping
asymmetry. The asymmetries observed in our model agree
well with the experimentally observed ones. As there are three
sequences (601, 601MF, 601RTA) and three possible out-
comes (unwrapping from the left, from the right, or from both
sides), we predict the correct scenario out of 27 different
possible scenarios. What remains to be explained is the actual
underlying mechanism that leads to the puzzling effect that the
unwrapping of the outer DNA sections is governed by the
mechanical properties of the inner sections.

Peculiarities of the 601 Nucleosome. Before comparing
the two sequences, 601 and 601MF, in detail, let us analyze first
what causes the asymmetric response of the 601 sequence. In
Figure 4, we plot the deformation energy for each bp step along
a 190-bp-long stretch of DNA containing the 601 sequence
(continuous blue curve). The nucleosome is fully wrapped, at
state (0, 0), under an external force of 14 pN. The 601
sequence corresponds to the 146 wrapped bp steps (marked by
positions 100−246 along the x-axis); the rest of the DNA is
homogeneous (see the Model section). Our system is at the
ground state which we obtained by simulated annealing. To
understand the asymmetric response, we need to compare
states (0, 5) and (5, 0) (both indicated in Figure 4; the
positions of constraints are indicated by dashed vertical lines).
Inspection with the naked eye suggests that the energies stored
in the right half are higher, which means that more energy is
released when the nucleosome unwraps from the right to state
(0, 5) than when it unwraps from the left to state (5, 0). This
can be seen more directly by inspecting the cumulative elastic
energy in Figure 5. The blue curve coming up from the left

Figure 4. Elastic energy per bp step along a 190 bp long DNA molecule with sequence 601 (blue) and 601MF (dashed purple). The DNA is fully
wrapped into a nucleosome that extends from position 100 to 246, and a force of 14 pN is applied to its ends. Twenty-eight dashed vertical lines
indicate constraints, two per binding site. The extents of wrapping in states (0, 5) and (5, 0) are also indicated.
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shows the elastic energy released as a function of the position
up to which the left side of the 601 DNA has unwrapped. At
the gray vertical line, one can read off the released energy when
one unwraps into state (5, 0) to be about 24 kBT. The blue
curve coming up from the right of Figure 5 shows the released
elastic energy for unwrapping from the right. The released
energy in state (0, 5) is about 30 kBT, 6 kBT more than the
value for (5, 0). This is indeed the energy difference between
these two states that we found in Figure 3 (blue curve). A
similar line of arguments explains the response with opposite
asymmetry of the 601MF nucleosome (see dashed purple
curves in Figures 4 and 5).
After having explained the asymmetric response of the 601

and 601MF nucleosome separately, we are now in the position
to answer the question of which property of the 601 sequence
causes the flipping of the force response when going to 601MF.
For this, we need to compare the two sequences directly. To do
so, compare the elastic energy per bp step in Figure 4 for both
sequences (blue, 601; purple, 601MF). As can be seen clearly,
the energies of the two sequences are identical up to about
position 134 from the left and up to about position 212 from
the right. The elastic energies for the inner region of the
wrapped nucleosomes, extending from position 134 to position
212, are vastly different from each other. They are in fact mirror
images of each other, reflecting the symmetry operation that
relates the two sequences. In other words, the elastic energy is
in a first approximation local and just depends on the position
and chemical identity of each bp step. This is, however, not
strictly true as, e.g., a soft step can take up more deformation,
allowing stiffer steps close by to relax slightly. This effect
manifests itself at the interfaces between the inner and outer
quarters (positions 136 and 210) where this symmetry does not
hold and deviations that extend over about five bp steps can be
detected.
We need now to compare in Figure 4 the two states of

interest, (0, 5) (black) and (5, 0) (gray), for the two sequences.
Consider first state (0, 5). For both nucleosomes, 601 and
601MF, there is a stretch, from position 100 to 134
(corresponding to the left outer quarter minus the interfacial
region), where the elastic energies of these two nucleosomes
are identical. Moreover, most of the rest of the wrapped DNA
can also not contribute to the energy difference between the
601 and 601MF nucleosome, as the energies of the 45-bp
stretch from position 155 to 190 are mirror images of each

other; see Figure 4. The large difference in energy between
these two nucleosomes (more than 5 kBT, see Figure 3) must
therefore stem from DNA outside these portions. In principle,
DNA from outside the wrapped portion could contribute to
this difference. However, since the DNA arms are nearly
straight for nucleosomes with a single DNA wrap, this
contribution is negligible (see the example configuration (0,
5) in Figure 2). This leaves as the only source of the large
difference in energy between 601 and 601MF the 20-bp stretch
from position 135 to 155. A similar line of reasoning for state
(5, 0) singles out the region from position 191 to 211 as the
cause of the more than 5 kBT elastic difference between the 601
and 601MF nucleosomes. In short, logic dictates that the
dramatic differences in the asymmetric response to tension
between the 601 and 601MF nucleosomes are caused by the 20
outmost bp of the inner quarters.
This can indeed be seen when comparing the cumulative

elastic energy in Figure 5. Unwrapping 601MF (purple) from
the left to state (5, 0) (gray line) releases about 5 kBT more
energy than for the 601 and 601RTA sequences (which are
identical on that side of the nucleosome). The difference
between the sequences starts to build up only when the inner
quarter is unwrapped, i.e., from position 35 onward. On the
other hand, for unwrapping from the right to positions beyond
(i.e., smaller than) 111, the three sequences deviate from each
other: the unwrapping of 601 releases about 3 kBT more energy
than 601RTA and about 5 kBT more than 601MF.
To make it possible that the preferred asymmetry changes

when going from 601 to 601MF, one needs two properties of
the 601 sequence: (1) The outer 20-bp stretches of the inner
half need to have a substantial asymmetry in the stored elastic
energy (about 9 kBT for the left vs 14 kBT for the right stretch),
and (2) the elastic energy difference between the two outer
quarters must be much smaller (15 kBT vs 16 kBT).
Is there something special about the 601 sequence that could

explain why two 20-bp stretches determine the “fate” of the
whole nucleosomes? There are good reasons to believe that this
is the case. The 601 sequence was discovered via an
experimental scheme where a huge pool of 5 trillion short
random sequences underwent selection under pressure.9

Histone octamers were assembled onto these sequences, but
far fewer octamers were available than there were sequences,
causing them to bind mainly to high-affinity sequences. The
601 sequence, being the winner in this scheme, performs

Figure 5. Cumulative energy for nucleosome unwrapping. This plot gives the total released elastic energy for unwrapping DNA from the left or from
the right to the corresponding bp positions for the three different sequences, 601, 601MF, and 601RTA. These plots follow from Figure 4 by
summing up the energies starting from the left or from the right ends of the wrapped portion (compared to Figure 4, we renumber here the positions
such that the wrapped portion starts at bp 1 instead of bp 101). A comparison between the energies in states (5, 0) and (0, 5) for each sequence
reveals which are the preferred states in the metastable valley.
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especially well in the specific protocol that was employed in this
experiment. The histone proteins in solution consist of (H3−
H4)2 tetramers and (H2A−H2B) dimers.51 The tetramer binds
first, followed by the dimers (after lowering the ionic strength).
It is thus the tetramer that “reads out” the affinity of the DNA.
The 601 DNA molecule therefore contains a sequence
optimized for tetramer binding, whereas the DNA portions
involving the dimers (the outer quarters) are less strongly
selected for. Moreover, it is the outermost stretches of the
tetramer part that are most important, as they secure the
binding of the tetramer in the middle of the DNA molecules,
leaving space for the dimers. Indeed, the two stretches of 20 bp
contain the outermost two binding sites of the six binding sites
that are associated with the globular part of the histone
tetramer.
We therefore speculate that the curious response of the 601

nucleosome might be the exception rather than the rule. To test
this, we also simulated the force response of a nucleosome that
is associated with a natural nucleosome positioning sequence,
the Lytechinus variegatus 5S rDNA sequence, the only other
high-affinity sequence that has been used in a nucleosome
unwrapping experiment.2 This sequence does not bind the
nucleosome at a unique position but has two prominently
favorable positions that have been mapped with single bp
resolution.52 These two positions are 19 bp apart from each
other. For both positions, we find a strong asymmetry in the set
of metastable states (similar to 601) with the state (0, 5) being
the preferred state; see Figure 6. We then performed for each
case the same symmetry operation as the one that produces the
601MF sequence from the 601 sequence, namely, swapping the
inner two quarters. We found that this operation does not
change the asymmetry of the landscape; see Figure 6.
Why do the two sequences respond differently? We expect

that the flipping behavior of nucleosomes with asymmetric
force response typically reflects the way the corresponding
sequence has been experimentally isolated. Sequences like 601
that compete well against others during salt dialysis
reconstitution9 might typically change the order of unwrapping
when their DNA segment associated with the tetramer is
flipped, since the tetramer needs to be stably bound before a
nucleosome can form. On the other hand, stable nucleosome
positioning sequences that survive micrococcal nuclease
digestion of native chromatin30,53 are especially stably bound

close to the termini, where then also the largest asymmetry is to
be expected.
Such effects thus have an impact on the results of a flipping

experiment such as that performed by Ngo et al.,8 and one
should be careful when drawing general conclusions from such
an experiment. We suggest a general approach to examining the
flipping behavior of sequences that show an asymmetric force
response. By studying how the response changes when
sequences of various lengths (centered around the dyad) are
flipped, one can determine the distance from the dyad up to
which the bulk part of the asymmetry between the left and right
is located. In such a scheme, once the flipped segment length
reaches half the nucleosome wrapping length, the 601
nucleosome has already flipped its response to force, whereas
the 5SrDNA nucleosome is still largely unaffected. In this way,
force-induced unwrapping asymmetries could be characterized
in more detail.

4. CONCLUSION AND OUTLOOK
For the experimentally most favored nucleosome positioning
sequence, the Widom 601 sequence,9 the order in which the
outer DNA quarters unwrap from a nucleosome under tension
depends on the orientation of the inner two quarters. In this
paper, we have shown that this surprising dynamic behavior,
observed experimentally,8 can be explained through a static
analysis of a computational nucleosome model with sequence-
dependent mechanical properties. We were able to show that
this asymmetry reflects an asymmetry in a set of metastable
states in which the nucleosome gets stuck once it is put under
tension. (The stabilizing energy barrier comes from the
elasticity of the DNA itself.5,44) This asymmetry is due almost
entirely to an asymmetry in the termini (about 20 bp long) of
the inner DNA quarters.
We draw three main conclusions from this work. (1) The

new experimental insights into nucleosome dynamics provide a
novel testing ground for nucleosome models based on rigid
base-pair elasticity as studied by us and others.35−39 We find
that such a model can indeed predict and help interpret the
asymmetric force response of nucleosomal sequences. (2) Our
findings indicate that the surprising experimental observations
reflect peculiarities of the 601 sequence that result from the
specific method by which it was selected from a pool of many
sequences. This serves as a warning: experiments that deal with
this very special sequence (which is convenient to use and is

Figure 6. Energy of the singly wrapped nucleosomes under 14 pN of tension as a function of the unwrapping state (L, R) with L + R = 5, i.e., along
the bottom of the metastable valley. The nucleosome is positioned on the 5S rDNA sequence at two major positions, 19 bp apart.52 In both cases, a
flipping of the inner two quarters of the bp sequence does not change the asymmetry, unlike for the 601 nucleosome, cf. Figure 3.
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thus found in many experiments6,7,10−27) might find very
special results that do not reflect the behavior of typical
nucleosomes. We hope this insight will motivate research into
the dynamical properties of nucleosomes that are wrapped into
other sequences as well, a suggestion also made by some of us
in a recent review.54 (3) We found that a small fraction of the
wrapped DNA portion (here two 20-bp stretches) can have a
dramatic effect on the dynamics of the nucleosome (in this case
to make the nucleosome about 150 times more likely to unwrap
from one end than from the other). This suggests that the
mechanical properties of base-pair sequences can be used not
only to position nucleosomes30,55,56 or repel them from certain
DNA stretches57,58 but also to strongly affect the physical
properties of nucleosomes.
These three conclusions open a range of exciting possibilities.

We speculate that bp sequences might have evolved over
evolutionary time scales to equip positioned nucleosomes with
physical properties depending on their genomic context.
Additionally, there is the tantalizing possibility that such
sequences could be engineered, starting from a nucleosome
model such as the one we employed. In a preview on the Ngo
et al. experiment,8 Moevus and Greene59 speculated that the
observed “unexpected mechanical asymmetry may offer a path
of least resistance, allowing RNA polymerases to traverse
nucleosomes if they approach from the correct direction”. We
speculate further that nucleosome sequences before and after
transcription start sites might have evolved to absorb a twist in
the form of one-bp-twist-defects,37,39 helping RNA polymerases
to initiate elongation. On more general grounds, one might
imagine that a whole range of nucleosomal “species” has
evolved, each reflecting its genomic context, just as the 601
sequence has been selected for its special mechanical properties
in an in vitro scheme.
In the specific context of the unwrapping of nucleosomes

under force, we speculate that nucleosomal sequences can be
designed where the unwrapping happens along a predescribed
path that has been “programmed” into the bp sequence. Of
special importance are the two strongly bent DNA portions in
the transition state. We speculate, for example, that one could
design their sequences such that the energy cost of this state is
reduced substantially, lowering the barrier against unwrapping
through a specific configuration.
Finally, we mention that it might be interesting to create

more detailed nucleosome models to study their force
response. On one hand one might replace the rigid constraints
representing binding sites by soft ones (e.g., by using a coarse-
grained representation of the protein core40) and check
whether the elasticity of the buried DNA segments also affects
the unwrapping landscape. On the other hand, one could
implement a less coarse-grained DNA model like the rigid base
model60 where geometrical frustration between bases leads to
longer ranged effects along the sequence.
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(19) Böhm, V.; Hieb, A. R.; Andrews, A. J.; Gansen, A.; Rocker, A.;
Tot́h, K.; Luger, K.; Langowski, J. Nucleosome Accessibility Governed

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.6b00391
J. Phys. Chem. B 2016, 120, 5855−5863

5862

mailto:schiessel@lorentz.leidenuniv.nl
http://dx.doi.org/10.1021/acs.jpcb.6b00391


by the Dimer/Tetramer Interface. Nucleic Acids Res. 2011, 39, 3093−
3102.
(20) Moyle-Heyrman, G.; Tims, H. S.; Widom, J. Structural
Constraints in Collaborative Competition of the Transcription Factors
against the Nucleosome. J. Mol. Biol. 2011, 412, 634−646.
(21) Lee, J. Y.; Lee, T.-H. Effects of Histone Acetylation and CpG
Methylation on the Structure of Nucleosomes. Biochim. Biophys. Acta,
Proteins Proteomics 2012, 1824, 974−982.
(22) Jimenez-Useche, I.; Yuan, C. The Effect of DNA CpG
Methylation on the Dynamic Conformation of a Nucleosome. Biophys.
J. 2012, 103, 2502−2512.
(23) Mack, A. H.; Schlingman, D. J.; Ilagan, R. P.; Regan, L.;
Mochrie, S. G. J. Kinetics and Thermodynamics of Phenotype:
Unwinding and Rewinding the Nucleosome. J. Mol. Biol. 2012, 423,
687−701.
(24) Hieb, A. R.; Gansen, A.; Böhm, V.; Langowski, J. The
Conformational State of the Nucleosome Entry-Exit Site Modulates
TATA Box-Specific TBP Binding. Nucleic Acids Res. 2014, 42, 7561−
7576.
(25) Schlingman, D. J.; Mack, A. H.; Kamenetska, M.; Mochrie, S. G.
J.; Regan, L. Routes to DNA accessibility: Alternative Pathways for
Nucleosome Unwinding. Biophys. J. 2014, 107, 384−392.
(26) Meng, H.; Andresen, K.; van Noort, J. Quantitative Analysis of
Single-Molecule Force Spectroscopy on Folded Chromatin Fibers.
Nucleic Acids Res. 2015, 43, 3578−3590.
(27) Schram, R. D.; Klinker, H.; Becker, P. B.; Schiessel, H.
Computational Study of Remodeling in a Nucleosomal Array. Eur.
Phys. J. E: Soft Matter Biol. Phys. 2015, 38, 85.
(28) Olson, W. K.; Gorin, A. A.; Lu, X. J.; Hock, L. M.; Zhurkin, V. B.
DNA Sequence-Dependent Deformability Deduced from Protein-
DNA Crystal Complexes. Proc. Natl. Acad. Sci. U. S. A. 1998, 95,
11163−11168.
(29) Lankas, F.; Sponer, J.; Langowski, J.; Cheatham, T. E., III DNA
Basepair Step Deformability Inferred From Molecular Dynamics
Simulation. Biophys. J. 2003, 85, 2872−2883.
(30) Segal, E.; Fondufe-Mittendorf, Y.; Chen, L.; Thastrom, A.; Field,
Y.; Moore, I. K.; Wang, J.-P. Z.; Widom, J. A Genomic Code for
Nucleosome Positioning. Nature 2006, 442, 772−778.
(31) Calladine, C. R.; Drew, H. R. A Base-Centred Explanation of the
B-to-A Transition in DNA. J. Mol. Biol. 1984, 178, 773−782.
(32) Coleman, B. D.; Olson, W. K.; Swigdon, D. Theory of
Sequence-Dependent DNA Elasticity. J. Chem. Phys. 2003, 118, 7127−
7140.
(33) Becker, N. B.; Wolff, L.; Everaers, R. Indirect Readout:
Detection of Optimized Subsequences and Calculation of Relative
Binding Affinities Using Different DNA Elastic Potentials. Nucleic
Acids Res. 2006, 34, 5638−5649.
(34) Davey, C. A.; Sargent, D. F.; Luger, K.; Mad̈er, A. W.;
Richmond, T. J. (2002) Solvent Mediated Interactions in the Structure
of the Nucleosome Core Particle at 1.9 Å Resolution. J. Mol. Biol.
2002, 319, 1097−1113.
(35) Tolstorukov, M. Y.; Colasanti, A. V.; McCandlish, D. M.; Olson,
W. K.; Zhurkin, V. B. A Novel Role-and-Slide Mechanism for DNA
Folding in Chromatin: Implications for Nucleosome Positioning. J.
Mol. Biol. 2007, 371, 725−738.
(36) Vaillant, C.; Audit, B.; Arneodo, A. Experiments Confirm the
Influence of Genome Long-Range Correlations on Nucleosome
Positioning. Phys. Rev. Lett. 2007, 99, 218103.
(37) Becker, N. B.; Everaers, R. DNA Nanomechanics in the
Nucleosome. Structure 2009, 17, 579−589.
(38) Morozov, A. V.; Fortney, K.; Gaykalova, D. A.; Studitsky, V. M.;
Widom, J.; Siggia, E. D. Using DNA Mechanics to Predict in vitro
Nucleosome Positions and Formation Energies. Nucleic Acids Res.
2009, 37, 4707−4722.
(39) Fathizadeh, A.; Besya, A. B.; Ejtehadi, M. R.; Schiessel, H. Rigid-
Body Molecular Dynamics of DNA Inside a Nucleosome. Eur. Phys. J.
E: Soft Matter Biol. Phys. 2013, 36, 21.

(40) Freeman, G. S.; Lequieu, J. P.; Hinckley, D. M.; Whitmer, J. K.;
de Pablo, J. J. DNA Shape Dominates Sequence Affinity in
Nucleosome Formation. Phys. Rev. Lett. 2014, 113, 168101.
(41) Hall, M. A.; Shundrovsky, A.; Bai, L.; Fulbright, R. M.; Lis, J. T.;
Wang, M. D. High-Resolution Dynamic Mapping of Histone-DNA
Interactions in a Nucleosome. Nat. Struct. Mol. Biol. 2009, 16, 124.
(42) Schiessel, H. Biophysics for Beginners: A Journey through the Cell
Nucleus; Pan Stanford: Singapore, 2014.
(43) Wocjan, T.; Klenin, K.; Langowski, J. Brownian Dynamics
Simulation of DNA Unrolling from the Nucleosome. J. Phys. Chem. B
2009, 113, 2639−2646.
(44) Sudhanshu, B.; Mihardja, S.; Koslover, E. F.; Mehraeen, S.;
Bustamante, C.; Spakowitz, A. J. Tension-Dependent Structural
Deformation Alters Single-Molecule Transition Kinetics. Proc. Natl.
Acad. Sci. U. S. A. 2011, 108, 1885−1890.
(45) Mollazadeh-Beidokhti, L.; Mohammad-Rafiee, F.; Schiessel, H.
Nucleosome Dynamics between Tension-Induced States. Biophys. J.
2012, 96, 2235−2240.
(46) Dobrovolskaia, I. V.; Arya, G. Dynamics of Forced Nucleosome
Unravelling and Role of Non-Uniform Histone-DNA Interactions.
Biophys. J. 2012, 103, 989−998.
(47) Lanzani, G.; Schiessel, H. Nucleosome Response to Tension
and Torque. Europhys. Lett. 2012, 100, 48001.
(48) Li, W.; Wang, P.-Y.; Yan, J.; Li, M. Impact of DNA Twist
Accumulation on Progressive Helical Wrapping of Torsionally
Constrained DNA. Phys. Rev. Lett. 2012, 109, 218102.
(49) Mochrie, S. G. J.; Mack, A. H.; Schlingman, D. J.; Collins, R.;
Kamenetska, M.; Regan, L. Unwinding and Rewinding of the
Nucleosome Inner Turn: Force Dependence of the Kinetic Rate
Constants. Phys. Rev. E 2013, 87, 012710.
(50) Mack, A. H.; Schlingman, D. J.; Salinas, R. D.; Regan, L.;
Mochrie, S. G. J. Condensation Transition and Forced Unravelling of
DNA-Histone H1 Toroids: A Multi-State Free Energy Landscape. J.
Phys.: Condens. Matter 2015, 27, 064106.
(51) Schiessel, H. The Physics of Chromatin. J. Phys.: Condens. Matter
2003, 15, R699−R774.
(52) Flaus, A.; Luger, A.; Tan, S.; Richmond, T. J. Mapping
Nucleosome Position at Single Base-Pair Resolution by Using Site-
Directed Hydroxyl Radicals. Proc. Natl. Acad. Sci. U. S. A. 1996, 93,
1370−1375.
(53) Satchwell, S. C.; Drew, H. R.; Travers, A. A. Sequence
Periodicities in Chicken Nucleosome Core DNA. J. Mol. Biol. 1986,
191, 659−675.
(54) Eslami-Mossallam, B.; Schiessel, H.; van Noort, J. Nucleosome
Dynamics: Sequence Matters. Adv. Colloid Interface Sci., in press.
(55) Widom, J. Short-Range Order in Two Eukaryotic Genomes:
Relation to Chromosome Structure. J. Mol. Biol. 1996, 259, 579−588.
(56) Bettecken, T.; Trifonov, E. N. Repertoires of the Nucleosome-
Positioning Dinucleotides. PLoS One 2009, 4, e7654.
(57) Chevereau, G.; Palmeira, L.; Thermes, C.; Arneodo, A.; Vaillant,
C. Thermodynamics of Intragenic Nucleosome Ordering. Phys. Rev.
Lett. 2009, 103, 188103.
(58) Drillon, G.; Audit, B.; Argoul, F.; Arneodo, A. Ubiquitous
Human ’Master’ Origins of Replication are Encoded in the DNA
Sequence via a Local Enrichment in Nucleosome Excluding Energy
Barriers. J. Phys.: Condens. Matter 2015, 27, 064102.
(59) Moevus, C. J.; Greene, E. C. A Molecular Take on Aesop’s The
Oak and the Reeds. Cell 2015, 160, 1039−1040.
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