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Extra views on structure and dynamics of DNA loops on nucleosomes studied with
molecular simulations
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ABSTRACT
It has been shown experimentally that the action of the RSC chromatin remodeler leads to the
formation of an irregular, partially remodeled nucleosome, termed a remosome. The remosome
contains an extra 30–40 base pairs of DNA compared to a canonical nucleosome. Large-scale
molecular simulations have provided information on the probable structure of remosomes and
have explained why they remain stable in the absence of RSC. Here we explain how these
simulations were carried out and what the resulting remosome models imply in terms of the
mechanism of action of RSC. We notably show that local kinks within DNA are key in explaining how
extra DNA can be in added to nucleosomes without unduly disturbing DNA-histone binding.
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Understanding the nature of DNA loops formed on
nucleosomes is important because of their implication
in the process of chromatin remodeling. In the case of
the RSC and SWI/SNF remodeler families,1 there is
strong evidence that DNA loop formation is an inte-
gral part of their functional mechanism.2-4 While loops
were typically thought to exist only within the remod-
eler, groundbreaking work by Shukla et al. showed that
nucleosomes containing 20–40 base pairs more DNA
than canonical nucleosomes could be isolated after the
action of RSC.5 These experiments were performed on
a single nucleosome placed within a 255 base pair (bp)
DNA fragment and held in position using the so-called
601 sequence.6 The off-center location of the nucleo-
some binding site showed that the extra DNA drawn
into the nucleosome by RSC came more or less equally
from both the 50- and 30-ends. These modified nucleo-
somes, termed “remosomes,” were not only stable
when isolated from RSC, but also turned out to be
substrates for the remodeler, subsequent interaction
with RSC leading to nucleosomes displaced to the ends
of the DNA substrate. Cryo-electron microscopy

showed that remosomes had very irregular structures,
clearly contrasting with canonical nucleosome core
particles.5 However, these images were not able to pro-
vide any detailed structural information. An additional
clue to the dramatic impact of the extra DNA within
remosomes came from data on DNA accessibility.
This was studied using nuclease binding sites inserted
at regular intervals within the nucleosome binding
sequence. Whereas, within nucleosomes, only sites
close to the 50- and 30-termini were reactive, within
remosomes all sites became accessible to nuclease
digestion. Most surprisingly, maximal digestion
occurred at the pseudodyad position, normally the site
most protected within the nucleosome. The impor-
tance of understanding the structure, dynamics and
the reasons underlying the stability of nucleosomes has
been underlined by recent work from the Dimitrov,
Angelov and Bednar groups showing that stable remo-
somes are also produced by the action of the SWI/SNF
remodeler (unpublished data).

Making progress in the analysis of remosomes
would clearly benefit from higher resolution structural
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data. Unfortunately, given the conformational vari-
ability observed by Shukla et al. using cryo-electron
microscopy, it seems very unlikely that it would be
possible to study them crystallographically (even if it
were possible to isolate remosomes in sufficient quan-
tities). Their size also precludes NMR spectroscopy as
a potential tool. For the present, molecular modeling
seems to be the only feasible route to a more detailed
understanding of these objects and, in particular, to
explaining the origin of their stability.

Given the size of nucleosomes, most modeling to date
has been based on simplified representations. Most com-
monly, long segments of DNA are represented as so-
called elastic rods.7-9 These models ignore the atomic
structure of the double helix and simply describe its
deformability in terms of bending (optionally comple-
mented by twisting and/or stretching), typically using
parameters that do not take the base sequence into
account. Rod models have been extremely successful in
describing the behavior of long segments of isolated
DNA and they have the notable advantage of often hav-
ing fast, analytic solutions. However, when DNA inter-
acts with other species, such as the histone core of the
nucleosome, such modeling becomes more difficult and
it is necessary to make some assumptions concerning the
strength and the distribution of theDNA-protein interac-
tions. In addition, on the relatively short length scale of
nucleosomes (or remosomes), it is also clear that local
irregularities in DNA structure, not treated by conven-
tional rodmodels, may become important.

Molecular dynamics offers a route to overcoming
these difficulties by representing the system at the atomic
scale and taking into account the effects of a realistic
water/salt environment.10-13 In this approach, all interac-
tions are treated with a single “force field” that treats fac-
tors ranging from atomic bond stretching, valence angle
or bond torsion changes, to dispersion/repulsion
(Lennard-Jones) interactions and electrostatics. Careful
parameterization, and extensive feedback from the user
community, enables today’s force fields to treat a wide
variety of molecules, including both nucleic acids and
proteins, in many cases with close to experimental accu-
racy. Naturally, moving to an atomic-scale representation
of macromolecules doesn’t come without sacrifices.
Exploiting force field models requires computationally
expensive numerical solutions, and, most commonly, the
generation of dynamic trajectories that involve the
numerical integration of Newton’s equations ofmotion.14

Given the rapid movements that occur on the atomic

scale, such integration requires evaluating the energy of
the system roughly every femtosecond. This makes it dif-
ficult to follow movements beyond the microsecond
timescale, and also limits the size of the system that can
be treated. Lastly, because of the classical (Newtonian)
nature of force fields, processes involving chemistry
(bondmaking or breaking, electron transfer, etc.) are nec-
essarily out of reach.

Until very recently systems of the size of remosomes
were also out of reach for molecular dynamics. Once
we take into account the water molecules and ions that
surround remosomes in their natural environment, we
have to envisage treating almost half a million atoms.
In addition, since we have no detailed information on
their structure, we have to simulate their dynamics
long enough to allow an initial structural guess to relax
into the most stable conformation. Based on studies of
other protein-DNA complexes, this is likely to require
many hundreds of nanoseconds, much longer than any
of the simulations of unmodified nucleosomes carried
out to date.15,16 Happily, computer power continues to
progress, as do the algorithms and computer codes for
performing molecular dynamics simulations. Notably,
by running simulations in parallel on hundreds of
computational cores (in our case up to 480 cores on
the OCCIGEN supercomputer at the CINES center in
Montpellier) it has now become feasible to begin to
numerically decorticate the remosome.

Our recent publication in Nucleic Acids Research
presents results on 2 remosome models that involve
either 21 or 42 base pairs (i.e. 2 or 4 helical turns)
added to a canonical nucleosome.17 Starting from the
high-resolution X-ray structure of the nucleo-
some,18,19 we made an initial assumption concerning
the loop structure. Given the stiffness of the DNA
double helix, we chose to detach the central turn of
DNA from the nucleosome and then add the extra
DNA to form a smooth, circular “epicyclic” loop. The
resulting loops were centered on the pseudodyad posi-
tion. This results in a significant loss of DNA-histone
interactions, but maximizes the radius of curvature of
the loop DNA (resulting in less bending strain) and
also allows smooth transitions between the ends of the
loops and the rest of the DNA wound around the
core. This choice yields a structure similar to that pre-
dicted by a conventional elastic rod model of DNA.

Once we began molecular dynamic simulations of
the 2 loops, it became clear that our initial assumption
was completely wrong. Within 100–200 nanoseconds,
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both loops developed sharp kinks that reduced the
bending strain in the rest of the loop and also enabled
most of the lost DNA-histone contacts to be re-estab-
lished (see Fig. 1). In fact, the final loop structures
resulted in the loss of only 1 or 2 of the 14 key DNA-
arginine contacts that exist in canonical nucleo-
somes.18,19 The resulting loops lengths were subse-
quently reduced to only 2 or 3 helical turns more than
the length of the inserted DNA segment (either 2 or 4
helical turns). After generating trajectories of 1.0 ms
for the smaller loop and 0.5 ms for the larger loop, the
structures remained stable apart from short-lived
detachments of the 50- or 30-DNA termini (also
observed with canonical nucleosomes20,21) and some
local rearrangements of the kinks. In fact, the strain
within the remosome loops leads to 2 types of kinks.
Crick and Klug originally proposed kinks in 1975 as
resulting from the loss of base stacking at a single base
pair step.22 Kinks of this type, now termed Type I,
have already been seen in molecular simulations of
small minicircles, where more extended kinks, termed
Type II, and involving the unstacking of 2 steps and
breaking the central base pair also occur.23 Here, while
the 42 bp insertion leads to a Type II kink, the more
strained 21 bp insertion results in a new Type III kink
that perturbs 3 steps, and leads to the formation of an

unusual staggered pairing following the breakage of 2
successive Watson-Crick base pairs.

Implications for RSC remodeling

The first striking result of this study was the apparent
stability of the nucleosome loops. The primary reason
for this was the recovery of DNA-histone contacts as a
result of DNA kinking. Initially, we thought that con-
tacts between DNA and the flexible, cationic histone
tails could provide a means of stabilizing the loops.
This is still a possibility and indeed it is possible to esti-
mate that roughly 30 positively charged residues within
the tails could contact the 42 bp loop placed at the
dyad position. However, since the histone tails were
excluded from our simulations (due to the difficulty of
sampling the conformational states of these unstruc-
tured oligopeptides), it is clear that they are not indis-
pensable for maintaining the loops. An alternative
source of stabilization is likely to come from the envi-
ronment. Studies of minicircles currently being carried
out with our new analysis techniques,24 show that cati-
ons from solution will accumulate on the inside face of
strongly curved DNA segments, compensating the
increased density of anionic phosphate groups in such
regions (unpublished results).

Having established that DNA loops are stable on
the nucleosome core we can understand how remo-
somes become accessible to nuclease attack, as loop
migration around the histone core would successively
expose all the wrapped DNA. Our initial idea of loop
structure involved circular, epicyclic loops that would
have been able to change their position with virtually
no change in energy. Loop migration would therefore
conceivably have occurred at room temperature as a
result of thermal agitation. Given the loop structure
revealed by the MD simulations, with sharp local
kinks, this mechanism seems less likely. In order to
displace a loop, it is now necessary to remove the kink
before reforming it in another position. Preliminary
tests show that causing a loop to move around the his-
tone core by applying external forces is not a simple
process. It may therefore be necessary to envisage that
loop movement occurs only within RSC and under its
ATP-driven action. Our remosome model can indeed
be fitted into RSC as shown in Fig. 2, where the 42 bp
loop at the dyad position has been placed within the
25 A

�
electron density map obtained by cryo electron

microscopy (kindly provided by Francisco Asturias).

Figure 1. Remosome model resulting from a molecular simula-
tion. This snapshot presents the DNA loop generated by a 42 bp
insert at the dyad position.17 The image shows the solvent-
excluded surfaces of the histone core (gray) and of the DNA
(cyan, partially transparent) as well as the helical axis of the DNA
(black). Note the sharp kink within the DNA loop on the left hand
side of the image. Molecular graphics were generated with the
UCSF Chimera package.27
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In this connection, Chaban et al. remark that their
findings are “consistent with the idea that RSC bind-
ing leads to separation of DNA from the histones and
formation of a bulge around the dyad.”3

A further point should be made concerning the
length and the structure of remosome loops. Concern-
ing their length, it is only possible to build loops with-
out torsional strain if their length is equal to an integer
number of helical turns. While a turn contains
10–11 bp on average, the exact number will depend on
the base sequence and the length of the looped DNA
can thus be expected to vary by several base pairs. Any
larger variation would however lead to significant tor-
sion strain that is likely to destroy the loop. In addition
to its overall length, there are strong constraints on the
position of a kink within a loop. Base sequence may
influence the optimal site for loops (although current
studies have not yet demonstrated this), but more
importantly kinks don’t function like ball-and-socket
joints. They generally result in DNA bending in a
rather constrained direction. This implies that only a
small subset of possible kink sites will be compatible
with the constraints imposed by the location of the
ends of the loop where DNA is bound to the histone
core. Within these limits, loops can be expected to vary
in position, length and structure, in line with the vari-
ability of the shapes of remosome seen experimentally.

Future directions

Simulations are now underway to study loops at alter-
native locations around the histone core and to

analyze the mechanism of loop displacement. Prelimi-
nary results on loops near the ends of the nucleosome
suggest that even 1 or 2 arginine/minor groove con-
tacts may be sufficient to stabilize a loop. In this con-
nection, it is interesting to note that truncating the
C-terminal docking domain of histone H2A weakens
interactions with the ends of DNA wrapped around
the nucleosome, but also hinders the action of RSC
remodeling.25 This apparently counterintuitive finding
may be due to the fact that this change could also
destabilize loops entering the nucleosome and limit
remosome formation.

One feature of loop mobility that remains to be
explained is the finding of Liu et al. who created a
“peptide bridge” on nucleosomes by linking the H2A
histone N- and C-tails.26 This bridge hinders nucleo-
some mobilization by RSC or SWI/SNF, but does not
affect the accessibility of nuclease sites within the
DNA of the nucleosomes undergoing remodeling. The
authors of this study propose that DNA could thread
through the peptide bridge during loop displacement,
but this seems difficult to envisage with our remosome
model. One possibility is that the bridge might be
made bigger by partial denaturation of the termini of
H2A, but there is currently no evidence to support
this hypothesis.

To better understand DNA-histone interactions, we
are currently studying the dynamics of the 14 arginine
anchor points around the histone core, and the contri-
bution of other arginine and lysine residues that also
interact with the DNA wound around the histone
core. We are also analyzing the ion distributions

Figure 2. Remosome model placed within the RSC remodeller. Two views of a nucleosome containing a 42 bp insertions at the dyad
(DNA shown in cyan, histone core in gray) manually docked inside the 3D reconstruction of the RSC complex calculated from cryo-EM
data.3 (shown in yellow). A representative snapshot of the remosome model was taken from a 0.5 ms MD simulation17 converted to a
25 A

�
-resolution density map to match the RSC data. DNA in the looped nucleosome is shown up to 25 bp from the ends, to account for

the possible rearrangements in these zones.3 Molecular graphics were generated with the UCSF Chimera package.27,28
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around the remosome models to better understand
what role the environment can play in their stability
and, lastly, given the findings from molecular simula-
tions, it is important to obtain significantly higher res-
olution structures for remosomes and hopefully to
confirm the importance of DNA kinking.
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