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ABSTRACT

Nucleosome-nucleosome interactions drive the fold-
ing of nucleosomal arrays into dense chromatin
fibers. A better physical account of the folding of
chromatin fibers is necessary to understand the role
of chromatin in regulating DNA transactions. Here,
we studied the unfolding pathway of regular chro-
matin fibers as a function of single base pair incre-
ments in linker length, using both rigid base-pair
Monte Carlo simulations and single-molecule force
spectroscopy. Both computational and experimental
results reveal a periodic variation of the folding en-
ergies due to the limited flexibility of the linker DNA.
We show that twist is more restrictive for nucleosome
stacking than bend, and find the most stable stacking
interactions for linker lengths of multiples of 10 bp.
We analyzed nucleosomes stacking in both 1- and 2-
start topologies and show that stacking preferences
are determined by the length of the linker DNA. More-
over, we present evidence that the sequence of the
linker DNA also modulates nucleosome stacking and
that the effect of the deletion of the H4 tail depends
on the linker length. Importantly, these results imply
that nucleosome positioning in vivo not only affects
the phasing of nucleosomes relative to DNA but also
directs the higher-order structure of chromatin.

INTRODUCTION

In eukaryotic cells, DNA is compacted into arrays of nu-
cleosomes, forming chromatin fibers. The structure of these
fibers affects the accessibility of DNA (1) and consequently
plays an important role in regulating DNA transactions
such as transcription, replication and repair (2-4). Nucleo-
some stacking interactions drive chromatin fibers into com-
pact higher-order structures, generally referred to as 30-

nm fibers. The structure of these fibers has proven diffi-
cult to resolve and have been described in terms of disor-
dered fibers, without regular features, and 1-start (solenoid)
and 2-start (zig-zag) models, in which neighboring or next-
neighboring nucleosomes form one or two stacks of nu-
cleosomes that fold in a super helix. The term 1- or 2-
start refers to the stacking of nucleosomes in the folded
fibers, which start with either one or two stacks. Consistent
with this terminology we refer to unfolded fibers, lacking
nucleosome-nucleosome interactions, as 0-start. The con-
densed structure of the left-handed 2-start fiber, composed
of tetra-nucleosomal units, was resolved with cryo-EM (5),
and was highly similar to the crystal structure of a tetra-
nucleosome (6). Analogous 2-start structures have been re-
ported based on RICC-sequencing (7) and Micro-C (8) ap-
proaches. However, both the generality of such a 2-start
topology for 30-nm fibers (9-11) and their occurrence and
function in vivo have been heavily debated (12). Whereas
highly condensed, regular fibers have been reconstituted,
folded and characterized in vitro, high-resolution EM imag-
ing (13,14) and super-resolution optical microscopy (15) of
eukaryotic nuclei rather suggest a disordered packing of nu-
cleosomes in native chromatin fibers. Pending further high-
resolution structural data, the discrepancy between these
reports impedes a mechanistic understanding of chromatin
folding and its role in the eukaryotic genome metabolism.
The primary structure of chromatin, i.e. the location
of nucleosomes along the DNA, has been mapped with
exquisite detail using nucleosome-sequencing approaches
(16,17). Alignment of transcription start sites (TSS), yields
decidedly regular, equally spaced nucleosome distributions
near the TSS, and other barriers in the genome (18). Re-
cently, Baldi et al. reported that such regular spacing of nu-
cleosomes is more universal and is also prominent in silent
promotors (19), which may have been obscured by varia-
tions in phasing of otherwise regular arrays of nucleosomes.
Importantly, nucleosome spacing, quantified by the average
nucleosome repeat length (NRL), varies with the functional
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conformation of chromatin (20). This implies that subtle,
local regulation of the NRL may play an important role
in genome function, possibly by modulation of the higher-
order structure of chromatin.

When reporting quantized linker lengths of 10n + 5 bp
in Saccharomyces cerevisiae, Widom speculated that this
might be the result of constraints imposed by the higher-
order structure of chromatin (21). However, the overall
high transcription activity in yeast suggests an absence of
condensed chromatin. Higher organisms and mature cells
tend to have longer linker lengths and favor 10n lengths,
as summarized by Perisic et al. (22). Though modern high-
resolution genome-wide methods allow for mapping of nu-
cleosome positions with single base pair accuracy (16), anal-
ysis of nucleosome-nucleosome interactions not only re-
quires positional mapping of multiple nucleosomes on the
same DNA substrate, it also necessitates simultaneously re-
solving nucleosome-nucleosome interactions. This has not
been possible and structural studies on native chromatin
typically average over large populations of chromatin frag-
ments (12-15), obscuring the details of higher-order fold-
ing. The structural consequences of variations of the NRL
have to date only been evaluated coarsely.

In silico studies of chromatin fibers, which allow a de-
tailed energetic evaluation of single chromatin fiber struc-
tures, highlight the role of linker DNA—the DNA be-
tween adjacent nucleosomes- in the geometry and elasticity
in compacting chromatin. A multitude of condensed fiber
topologies has been computed for different linker lengths
when using straight linker DNA and fixed nucleosome an-
gles (23). Mesoscale modeling yielded zigzag structures for
short NRL chromatin fibers and solenoid-like features for
longer NRLs (22). The implications of small changes in
NRL, however, seem to be best modeled by more refined
rigid base pair models, that have proven successful in de-
scribing nucleosome positioning (24). By fixing nucleosome
orientations in a 2-start topology, Norouzi and Zhurkin re-
ported a 10 bp periodicity in fiber compaction (25-27) and
quantified the energetic penalty for non-optimal NRLs.

To experimentally resolve the role of NRL in chromatin
higher-order structure, tandem arrays of the Widom 601
nucleosome positioning sequence have been instrumental
(28). Though any NRL can be cloned into a regular ar-
ray (29) and reconstituted with nucleosomes, experimental
work has almost exclusively focused on 10n NRLs, yield-
ing high-resolution X-ray structures of 157 (30) and 167 (6)
NRL fibers, single-particle cryo-EM reconstructed struc-
tures of 177 and 187 NRL fibers (5), as well as quantification
of the fiber diameter of 177-237 NRL fibers in 10 bp steps
by EM (9). It is likely that this focus on 10n NRLs not only
reflects earlier reports on NRLs found in vivo. It may also
be that the better folding properties of these fibers make it
easier to handle them experimentally, but little experimental
data are available for intermediate NRLs.

Our previous force spectroscopy studies, which uniquely
probe single chromatin fibers without staining, fixation or
surface deposition, showed that unfolding of 167 NRL
fibers under physiological conditions could best be inter-
preted by 2-start structures, whereas unfolding of 197 NRL
fibers could better be described with a 1-start unfolding

model (10,11,31). Many of these 10n NRLs have also been
scrutinized using other biochemical and biophysical tech-
niques, such as sedimentation analysis, atomic force mi-
croscopy (AFM) and single-molecule force spectroscopy.
Most notably, Grigoryev et al. used sedimentation analy-
sis, AFM and EM to quantify chromatin compaction as a
function of small NRL increments (32). A 10 bp periodic
dependence of chromatin folding for NRLs in the range
of 165-177 bp was found and the highest level of con-
densation was found for 20 and 30 bp linker DNA. How-
ever, a systematic experimental analysis of chromatin fiber
structure with single base pair increments of the NRL is
lacking.

Here, we combine rigid base pair Monte Carlo (rbMC)
simulations with single-molecule force spectroscopy to
probe a series of chromatin fibers and uncover the detailed
implications of NRL changes on fiber folding with single
base pair increments. The rbMC simulations allow detailed
evaluation of chromatin structures with different topolo-
gies and quantitative comparison of the energetic cost of
linker DNA distortions that nucleosome stacking imposes.
Previously, we have shown that rbMC simulations, in which
histone-DNA and histone-histone interactions are imple-
mented by simple harmonic potentials, can reproduce ex-
perimental force—extension curves of folded fibers fairly well
(33). In this study, we used magnetic tweezers to measure
the mechanical properties of a large set of reconstituted
fibers and combined the results with the insight obtained
from simulations. Furthermore, we quantified nucleosome-
nucleosome stacking energies and investigated how much
the H4 tail contributes to nucleosome stacking in short
and long NRL fibers. Previous studies showed that A-tracts
have a profound impact on inter-nucleosomal orientation
and higher order chromatin folding, raising the question
whether other linker sequences also affect fiber folding (34).
We therefore tested whether the sequence of the linker DNA
could affect the mechanical properties of chromatin (35).
Overall, we find that the mechanical constraints imposed by
the linker DNA define if and with which other nucleosomes
the nucleosome stacks, and thereby direct nucleosomal ar-
rays into specific higher-order structures.

MATERIALS AND METHODS
rbMC simulations

Chromatin fibers were simulated using a rigid base pair
model, expanded to include (un)wrapping of nucleosomal
DNA and (un)stacking of nucleosomes in one-start and
two-start chromatin fibers (33). Chromatin fibers under
force, as shown in Figure 1, were simulated following the
approach by De Jong et al. (33). Fibers with 16 repeats of
NRL 167 and NRL 197 were simulated without nucleosome
stacking (0-start), stacked in a 1-start structure, or stacked
in a 2-start structure. Stacking energy was set at 25 kg 7', and
wrapping energy at 2.5 kg T per contact point. Note that we
did not include a force in the simulations presented in Fig-
ures 2-4, which resulted in stacked nucleosomes throughout
all simulations, except for the O-start conformation. More
details can be found in supplementary information.
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Figure 1. Nucleosome stacking defines the higher-order structure of chromatin fibers. The spatial orientation of linker DNA (grey) and nucleosomes (red)
is depicted in three chromatin fiber structures: O-start, 1-start and 2-start. In this simulation, 3 pN of force was applied to stretch the fiber structures (33).
Nucleosome orientation was indicated by the blue and yellow rods, pointing to the dyad of the nucleosome and the direction along the superhelical axis.
(A) The relatively short linker DNA in NRL 167 fibers constrains nucleosome stacking in chromatin fibers. The 1-start fiber required strong linker DNA
bending to accommodate nucleosome stacking. The linker DNA in the 2-start fiber was less bent. (B) NRL 197 fibers can more easily facilitate the linker
bending imposed by 1-start fibers. The linker DNA of the 2-start fiber featured only moderate bends.
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Figure 2. Bending of short (20-30 bp) linker DNA imposes large energy penalties for 1-start fibers and compromises stacking in 2-start fibers. The average
conformation of the DNA of three adjacent nucleosomes, including their linker DNA, was calculated for the O-start, 1-start and 2-start structures. The
tension in the individual base pairs in the linker DNA is represented by the red color, which shows the bending energy compared to the starting, minimal
energy structure. When no stacking interactions were simulated, the linker DNA was on average straight. In this conformation, nucleosome breathing was
observed at the outer contact points of each nucleosome, resulting in red base pairs that reflect an increased standard deviation of their coordinates as
compared to the start conformation. The bending of the linker DNA in a l-start structure required strong deformation of the linker DNA, indicated by
large energy penalties. NRL 167 fibers showed approximately straight linker DNA in a 2-start structure. Increasing the linker length imposed deviations
from optimal stacking, which was maximal for NRL 172. Increasing the linker length to NRL 177 recovered proper stacking.

DNA substrates

The DNA substrates, containing an array of 601 nucleo-
some positioning sequences (28), were constructed as de-
scribed by Wu ez al. (29). An insert containing a single
nucleosome positioning sequence was cloned between the
Xbal and EcoRlI site in a pUC18 plasmid. The plasmid was

split in two fractions: an acceptor and a donor plasmid.
The acceptor plasmid was digested with BstXI and Dralll
and purified. The donor plasmid was digested with BstXI
and Bgll, which produced a backbone and an insert con-
taining the desired sequence. We introduced phosphatase
to prevent self-ligation. The insert was purified and ligated
into the acceptor plasmid by T4 ligase. The ligated plasmid



2540 Nucleic Acids Research, 2021, Vol. 49, No. 5

NRL 192 195 197 199 202
=
]
¢
o
£
8
¢
- = 15
2 £
P 5
N oy
0

Figure 3. Longer (45-55 bp) linker lengths can better accommodate linker DNA stress in 1-start fibers. 0-start structures with straight DNA featured
nucleosome breathing. The increased linker DNA significantly reduced the stress in linker DNA imposed by the 1-start stacking as compared to 167-177
NRL fibers. A large variety of nucleosome orientations was found in 2-start structures in which linker DNA was slightly deformed.
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Figure 4. Rigid base pair Monte Carlo simulations decompose the energy contributions of fiber folding into linker DNA deformation, DNA unwrapping,
and nucleosome stacking. rbMC simulations were used to quantify the total energy penalty for each base pair step associated with nucleosome stacking.
1-start fibers are depicted in black, 2-start fibers in red. All energies are relative to the energies computed for 0-start fibers with the same linker length.
The energy contributions relative to the 0-start fiber were split in shift (A), slide (B), rise (C), tilt (D), roll (E), twist (F) and nucleosome wrapping (G) and
stacking (H) parameters. Increasing NRLs resulted in decreased the energies of most degrees of freedom (DoF). The exception was the twist energy (f) of
1-start fibers, which was strongly modulated by NRL and oscillated with a period of 10 bp and an amplitude of approximately 10 kgT. The energies of
rotational degrees of DoF of the 1-start fiber were higher than those of the 2-start fiber. The 2-start fiber however, yielded a much larger stacking energy
than the 1-start fiber. (I) When all contributions are summed, the negative energy difference with the O-start fiber for NR Ls larger than 165 bp indicates that
nucleosome stacking is favored. The summed energy also exhibits a periodic average modulation of the energy with NRL for 1-start fibers, but differences
between 1- and 2-start folding are smaller than the standard deviation of the simulated energies.



then contained two identical inserts. The plasmid was sub-
sequently transformed into Escherichia coli DM 1-blue com-
petent cells, amplified and harvested. Repeating these steps
doubled the number of inserts in the plasmid, which was
done three times to create arrays of 16 inserts. Sequences
are listed in supplementary information.

Chromatin reconstitution

Plasmids were linearized with Bsal and BseY1, creating lin-
ear arrays with ~1000 bp of DNA handles on each side. A
digoxigenin was introduced at the Bsal site and a biotin at
the BseYT site with a Klenow reaction (36). Chromatin was
reconstituted following (37). DNA and human WT histone
octamers (Epicypher, Durham, USA) were added together
in 2M sodium buffer (2 M NaCl/1x TE buffer), which was
slowly dialyzed to 200 mM NaCl. The level of saturation
of the chromatin fibers depended on the ratio between 601
nucleosome positioning sequences and histone octamers:
excess histones yielded additional tetrasomes and nucleo-
somes on the DNA handles. A too low stoichiometry re-
sulted in undersaturated fibers. More details and a step-by-
step protocol for DNA labeling and chromatin reconstitu-
tion can be found in (38). Drosophila WT and gH4 histones
were purified, reconstituted into histone octamers and pu-
rified as described (39).

Force spectroscopy on single chromatin fibers

All force spectroscopy experiments were done on a home-
built microscope. Details can be found in supplementary
information. The force—extension curves were measured by
increasing the force to 9 pN, releasing the force to 0.5 pN,
and increasing the force to 55 pN, and releasing again. This
trajectory was chosen to minimize the sticking of the beads
to the cover slip. Usually, a small force was sufficient to un-
stick a bead. A force of 0.5 pN was enough to keep the bead
suspended above the cover slip whilst still fully compacting
the fiber. The magnets were moved at a constant speed of
0.25 mm per second, which increased or decreased the force
exponentially.

Statistical mechanics model

To infer mechanical properties of individual chromatin
fibers the force—extension curves were fitted to a statistical
mechanics model developed by Meng et al. (31). All curves
that contained more than 12 nucleosomes, as assessed by the
number of 25 nm steps at F' > 10 pN, were included in fur-
ther analysis. The model and fitting procedure are described
in supplementary information.

RESULTS

rbMC simulations yield the detailed conformation of linker
DNA

To quantify the geometrical constraints on nucleosome
stacking in folded chromatin fibers, we performed a set of
rbMC simulations in which we evaluated three structures:
a fiber devoid of nucleosome-nucleosome interactions (0-
start), a solenoid fiber (1-start), and a zig-zag fiber (2-start).
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Nucleosome stacking was implemented by nucleosome step
parameters in 6 degrees-of-freedom (DoF), analogous to
base pair step parameters (33). Figure 1 shows snapshots
of states of NRL 167 and NRL 197 fibers. The fibers were
gently stretched by 3 pN force to provide an unobstructed
view on fiber folding. As expected, and particularly visible
in Figure 1B, the 0-start structures were most elongated and
featured some unwrapping of the nucleosomal DNA. Nu-
cleosome stacking largely inhibited such unwrapping in 1-
start and 2-start fibers. As reported before (33), the linker
DNA was more bent in I-start than in 2-start structures,
but nucleosome stacking was better accommodated in 1-
start fibers. The harmonic stacking and wrapping potentials
may require further refinement to properly discriminate be-
tween the different topologies. Nevertheless, the roMC sim-
ulations allow for a detailed, qualitative comparison of the
linker DNA in different structures and are well suited to
evaluate changes upon increasing the linker length.

In Figures 2 and 3, we show the changes in the confor-
mation of the linker DNA for the three topologies as the
linker length is increased in small steps. The structures were
reconstructed from the average step parameters of the DNA
of the first three nucleosomes after 10 000 Monte Carlo it-
erations at zero force. To pinpoint large deformations of the
linker DNA, the deviations in the step parameters from un-
perturbed DNA were converted to energies per base pair
and depicted in red (see Materials and Methods). In the
absence of stacking, the linker DNA was approximately
straight. Excluded volume effects, incorporated in our sim-
ulations, did not impose enough constrains to yield large
deformations of the linker DNA in any of the linker lengths
of the O-start fiber. The base pairs depicted in red near the
end of the nucleosomes reflect unwrapping of the nucleoso-
mal DNA. As the linker length increases, the orientation of
adjacent nucleosomes rotates, as every additional base pair
twists the adjacent nucleosome by ~36°.

When neighboring nucleosomes were forced to stack into
a 1-start fiber, bending of the linker DNA imposed large en-
ergy penalties, depicted in Figure 2 by the bright red color
of the linker DNA. Nucleosome pairs were positioned in
very similar orientations, showing that stacking in the 1-
start structure could be achieved for all linker lengths. Little
difference in terms of structure and energy penalties was ob-
served as the linker length increased from 20 to 30 bp. Per-
haps surprisingly, there was little unwrapping of the nucleo-
somal DNA in the 1-start fibers, except for the nucleosomal
DNA in the first half of the bottom nucleosome, which was
not constrained by stacking.

When nucleosomes were forced into a 2-start fiber, the
linker DNA was straighter, yielding lower energy penalties.
Like in the 1-start state, nucleosome unwrapping was re-
pressed in the 2-start fiber. The relative orientation of the
first and the third nucleosomes, however, varied strongly as
the linker DNA length increased from 20 to 30 bp. Espe-
cially the NRL 169, NRL 172 and NRL 175 structures devi-
ated considerably from the optimal stacking geometry. Ap-
parently, nucleosome stacking was more restricted by the
linker DNA in 2-start fibers than in 1-start fibers, result-
ing in a large variety of higher-order structures. Chromatin
fibers with NRL 167 and NRL 177 had the straightest linker
DNA and appeared better stacked. In summary, the rboMC
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simulations of fibers with 20-30 bp of linker DNA shown in
Figure 2 featured different geometries in which the 1-start
fibers featured most stress in the linker DNA, while 2-start
fibers compromised stacking to reduce linker DNA stress.

For linker lengths between 45 and 55 bp, we observed
similar trends, as shown in Figure 3. The energy penalties
for chromatin with longer linker DNA were, however, con-
siderably lower since stress was distributed over more base
pairs. In the absence of nucleosome stacking, chromatin
fibers with longer linkers sustained straight DNA and nu-
cleosome breathing. In 1-start fibers, the stress appeared to
accumulate at distinct locations that were spaced by 10 bp,
but nucleosomes positions and orientations were quite sim-
ilar in the series of simulations. The linker DNA of 2-start
fibers was only gradually bent and the stress appeared to
be well distributed along the linker DNA. The nucleosomes
appeared similarly stacked, independent of the linker length
although the relative orientation of the two staked nucleo-
somes varied a lot, which may have a large impact on the
resulting higher-order structures.

Decomposition of energy distributions as a function of NRL
highlights twist as a decisive factor in fiber folding

To quantify the effect of linker length in more detail, we cal-
culated the average folding energy per nucleosome. Each en-
ergy contribution, relative to the O-start fiber structure, was
calculated by summing the energy terms over all base pairs
between two dyads. In Figure 4, the contributions of each
degree of freedom are plotted as a function of NRL. Over-
all, the energy contributions of the linker DNA decreased
with linker length, as stacking could be better accommo-
dated when the resulting stress is distributed over longer
linker DNA. The translational step parameters (shift, slide,
rise) showed little difference between the 1-start and 2-start
states. The deformation of the linker DNA was more promi-
nent in the rotational step parameters (tilt, roll, twist): fold-
ing fibers into a 1-start conformation costs up to 8 kgT for
tilt and 10 kgT for roll. The stress in the linker DNA in 2-
start fibers was significantly less, starting at a few kgT for
tilt and roll in NRL 167 and approaching zero for longer
NRLs. The two states differ most in terms of twist: whereas
2-start fibers featured a small but gradual decay in twist en-
ergy as the linker length increases, 1-start fibers displayed
a 10 bp periodic modulation of the twist energy. The most
favorable linker lengths at 10n base pairs were up to 10 kg T
lower in energy than the most unfavorable ones.

Next to the energy contributions due to changes in the
base pair steps, we plotted the changes in wrapping and
stacking energy in Figure 4. Unwrapping of nucleosomal
DNA contributed only marginally to energy differences be-
tween the three structures. The outcomes of the rbMC sim-
ulations at low force, as reported here, did not depend on the
precise value that was chosen for the stacking energy, pro-
vided that it was large enough to impose stacking. However,
when compared with non-stacked nucleosomes, as done in
Figure 4h and i, the difference in free energy shifted these
curves up when smaller values for the stacking energy were
chosen. Nucleosome stacking lowered the energy per nucle-
osome by approximately 23 kgT in 1-start fibers, which is
about 2 kgT less than the maximum stacking energy, show-

ing that the simulations resulted in a compromise between
optimal stacking and minimization of the stress in the linker
DNA. For 2-start fibers, the less perfect stacking only low-
ered the energy by 6 kgT as compared to O-start fibers.
It therefore seems that 2-start fibers prefer to compromise
stacking when the linker length is not optimal, whereas 1-
start fibers rather accommodate stacking by twisting the
linker DNA.

In summary, the total energy per nucleosome pair was
dominated by contributions of the rotational step parame-
ters. The O-start state appeared to have the lowest energy for
very short NRLs. Beyond approximately 165 bp the mini-
mum energy alternated between the 2-start and the 1-start
state. For NRLs that have an optimal twist, 1-state con-
formations appear to be preferred. Note however, that the
standard deviations that were computed exceeded the differ-
ence in energy between the two topologies, suggesting that
all three conformations can be sampled, given enough time.
Though the trends that we observed are clear and highlight
torsional stress rather than bending of linker DNA as the
defining aspect of fiber folding, we want to emphasize that
the harmonic approximation of the stacking energy may
not be sufficient for absolute quantitative comparison (see
Discussion). Nevertheless, based on these simulations we
expect a strong dependence of fiber folding on the linker
length, featuring a 10 bp periodicity of its stability.

Single-molecule force spectroscopy reveals a 10 bp periodic
dependence of fiber folding parameters on NRL

To experimentally examine the role of linker DNA on chro-
matin fiber structure in a systematic manner, we performed
a series of force spectroscopy experiments on chromatin
fibers with increasing NR Ls. A series of 22 tandem arrays of
16 601 positioning sequences were cloned using the method
of Wu et al. (29) (see Materials and Methods). The linker
length was varied in single base pair increments in range
NRL 167-177 (short linker DNA) and NRL 192-202 (long
linker DNA). Both series cover one helical period of the
DNA, which should result in a full turn of each nucleosome
with respect to its neighbor in 0-start fibers.

Figure SA schematically shows the unfolding of a nu-
cleosome that is embedded in a folded fiber, in which sev-
eral characteristic force-induced intermediate conforma-
tions occur (31). A typical experimental force—extension
curve of a chromatin fiber is shown in Figure 5B. At forces
below 3-5 pN, the nucleosomes are predominantly stacked
in a folded fiber (conformation I in Figure 5A shows a 1-
start fiber, but the same statistical mechanics model, with
adjusted parameters can account for 2-start fibers). When
the force increases, the nucleosomes unstack into a partially
unwrapped conformation (conformation II). Further un-
wrapping yields a singly wrapped conformation in which
77 bp are wrapped around the histone core (conformation
I11). At forces above 10 pN, the singly wrapped nucleosomes
unfold into a fully unwrapped conformation that has an ex-
tension that equals that of bare DNA (conformation IV).
This last transition is not in equilibrium, as opposed to the
first two transitions, and results in distinct steps of approx-
imately 25 nm for each nucleosome (31).
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Figure 5. Force spectroscopy experiments show that single base pair changes in linker length have large effects on fiber folding. (A) chromatin fibers unfold
in three steps and switches between four conformations: I) Folded fibers consist of stacked nucleosomes. II) Unstacking yields a partially unwrapped
nucleosome and costs rupture energy AG. I11) Subsequent unfolding yields singly wrapped nucleosomes and costs unwrapping energy AG,. IV) At high
force, the DNA is completely unwrapped from the histone core at the cost of unwrapping energy AGs. (B) Fitting a typical force—extension curve of a
chromatin fiber (NRL 197) with the statistical mechanics model yielded 18 stacked nucleosomes, fiber stiffness k£ = 0.3 £ 0.1 pN/nm, rupture energy
A G1= 23 £1 kT, and partial interaction energy AG, = 8 £1 kgT. (C) A qualitative comparison of chromatin fibers with NRL 167, NRL 168, NRL
169 and NRL 172 revealed that fibers with NLR 167 unfolded cooperatively and had the highest & and AG|. Increasing the linker length by a single base
pair to NRL 168 distorted fiber folding, reflected by the loss of cooperativity and the sharp drop in k and AG|. Increasing the linker length to NRL 169
or NRL 172 did not have a subsequent effect. AG, was the same for all NRL. (D) For almost 10 bp longer linker length the reverse trend was observed.
NRL 175 depicted gradual unfolding, low stiffness and reduced rupture force. Increasing the linker length to NRL 176 restored the shape of the curve to
the one observed for NRL 167. Further increase of the linker length to NRL 177 had no effect. Again, AG; remained unaffected by NRL. (E) A different
trend was observed for longer linker DNA. Chromatin fibers with NRL 192 had a relatively low k£ and A Gy, which steadily increased for NRL 195 and
NRL 197. (F) NRL 198, NRL 200 and NRL 202 showed a decline in k and AG}. The fitted parameters of all curves in c-f) can be found in Table S1 of the
supplementary material.

Four exemplary force-extension curves of chromatin
fibers with NRL 167, 168, 169 and 172 are plotted in Fig-
ure 5C. Compared to the NRL 167 fiber, the NRL 168, 169
and 172 fibers were easier to stretch and ruptured at smaller
forces. The larger stiffness and rupture force of the NRL
167 fiber were recovered when the NRL approached 177
bp (Figure 5SD). For the longer NR Ls, we obtained a similar,
but more gradual trend (Figure SE and F). For both short
and long linkers, linker lengths near 10n bp were stiffer and

ruptured at larger forces than intermediate NRLs. Thus,
single base pair increments of the NRL had a large impact
on the fiber’s mechanical response to force.

The mechanical properties of each of the four unfolding
conformations, as well as the equilibrium transitions be-
tween them, were fitted to a statistical mechanics model that
is based on the mechanical properties of DNA, the strength
of nucleosome-nucleosome interactions, the histone-DNA
interactions, and the composition of the chromatin fiber
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(31). Details are described in Materials and Methods. Here,
we focus on the parameters that describe the rupture of the
folded chromatin fiber. For all measurements, we found that
the experimentally obtained force—extension curves in the
force regime below 3 pN could be described by the combina-
tion of a worm-like chain (WLC) for the free DNA handles,
and a Hookean spring with stiffness & for the chromatinized
part of the tether. The limited force range and the relatively
small extension over which the fiber is stable may explain
the success of this linear approximation.

Because we found that fibers reconstituted with tandem
arrays of 601 sequences still featured heterogeneity in terms
of the number of reconstituted nucleosomes, we manually
counted the number of 25 nm steps at / > 10 pN and at-
tributed these to the number of nucleosomes. A typical re-
sult is depicted by the grey dotted lines in Figure 5B. Be-
tween fibers, the number of nucleosomes varied between 12
and 20, but was typically centered around 16 for 16 repeats
of the 601 positioning sequence. The highly reproducible
value of the second rupturing energy A G, for all NRLs im-
plies that this individual assessment of the composition of
each fiber worked well. When comparing fibers with identi-
cal linker sequence but a different number of repeats (both
NRL 167 and NRL 197), the distribution of mechanical
fitting parameters overlapped (see, for example, Figure 8),
which implies that the variation in the composition of indi-
vidual chromatin fibers did not affect the fit results.

For different NRL fibers, the obtained fitting parame-
ters, i.e. stiffness k, rupture energy AGy, and partial un-
wrapping energy A G», showed a large variation that should
be attributed to differences in fiber folding. Fitting the
curves in Figure S5C-F yielded the highest stiffness &k =
1.1 &£ 0.1 pN/nm and rupture energy AG; = 23 + 1 kgT
for NRL 167, in agreement with our qualitative assess-
ment. For NRL 168, 169 and 172, both the stiffness and
the rupture energy dropped, which was ultimately recov-
ered for NRL 176 bp. The chromatin fibers with longer
linker lengths had a 2-3 times smaller stiffness than that of
the short NRLs. The rupture energy AG, varied between
15 and 25 kgT. AG, was unaffected by NRL, as would
be expected since at this stage the fibers are stretched far
enough to prevent interactions between nucleosomes. The
difference in contour length between the partially wrapped
and the singly wrapped nucleosomes was fixed at 15 bp,
which would correspond to two histone-DNA contacts of
each about 3.5 kgT, in fair agreement with previous estima-
tions (10,40). For the intermediate NR Ls we obtained good
fits and parameters that are consistent with these trends.
Thus, all effects of changing the NRL could be captured in
two fit parameters: the fiber stiffness and the nucleosome-
nucleosome stacking energy. Representative examples of ex-
perimental curves for all NRLs and their fits are plotted in
Supplementary Figure S1. The fitted parameters and stan-
dard errors are given in Table S5 of the supplementary ma-
terial.

To quantify variations between individual fibers from the
same batch, we measured and fitted the force—extension
curves of at least 35 different fibers for each of the 22 batches
of different NRL that we reconstituted. The resulting fit
parameter distributions are plotted as decorated box plots
in Figure 6. Next to the trends described above, we ob-

served a qualitative difference between the short and the
long NRL series. Whereas the long NRLs show a gradual
periodic modulation of the average stiffness and rupture en-
ergy AGy, that we fitted with a sinusoidal function with a
period of 10.4 bp, the short NRL series featured a much
more abrupt drop (NRL 167 to NRL 168) and recovery
(NRL 175 to NRL 176) of k and AG. Apparently, an in-
crease of 1 bp in NRL has a larger effect on short NRLs
than on long NRLs. We tentatively attribute the abrupt-
ness of the transition and the relatively small values of both
stiffness k transition and rupture energies AGy in between
to inhibition of nucleosome stacking. The rupture energy
A G would, in absence of stacking interactions, correspond
to the partial unwrapping of nucleosomal DNA from non-
interacting nucleosomes rather than unstacking. Interac-
tions between histone tails and the (linker-) DNA could add
to the stability of such non-interacting nucleosomes. Inde-
pendent of the interpretation of the fit parameters, these
single-molecule force spectroscopy experiments and subse-
quent analysis clearly reveal a 10 bp periodic modulation
of fiber folding with NRL, with a larger impact for short
NRLs than for long NRLs.

H4 tails are essential for 2-start fiber folding, but not for 1-
start fiber folding

To obtain further insight into the balance between nucleo-
some stacking and linker DNA deformation, we tested the
effect of deleting the N-terminal tail of histone H4, result-
ing in so called globular H4 (gH4). Deletion of this tail
would reduce the stacking between nucleosomes in folded
fibers. We reconstituted chromatin fibers with recombinant
Drosophila melanogaster (Dm) histones and compared the
fiber unfolding characteristics of fibers reconstituted with
both wild-type (WT) and gH4 histone with those recon-
stituted with human (Hs) histones, as used in the previ-
ous paragraphs. As shown in Figure 7A and B, the force—
extension curves for both NRL 167 and NRL 197 fibers
featured the characteristic unfolding plateau at 3-5 pN, and
all curves fitted well to our unfolding model. Fibers recon-
stituted with Dm WT histones yielded a smaller k and a
lower AG| than WT Hs histones. The second rupture en-
ergy, AG,, was only marginally reduced. Thus, chromatin
fibers containing WT Hs nucleosomes folded slightly better
than fibers reconstituted with WT Dm histones.

Deletion of the H4 tail impeded folding of NRL 167
fibers, as shown in Figure 7A. The fibers unfolded more
gradually and at a lower force than with Dm WT histones.
Fitting the model yielded a lower k and AGy: k dropped
from 0.8 0.4 to 0.5+ 0.2 pN/nm (P < 0.001), and AG,
dropped from 21 +2to 17 £ 2 kgT (P < 0.001) for Dm ver-
sus Dmgps nucleosomes in 167 NRL fibers. Both the stiff-
ness and the rupture energy of the first transition had val-
ues that were similar to those of NRL 168 fibers, for which
we attributed the reduced values to inhibited nucleosome
stacking. In addition, the change from cooperative to un-
cooperative rupture of the fiber, as apparent from the more
gradual rupturing plateau, is characteristic for the absence
of nucleosome stacking in a 2-start structure. As expected,
A G, = 6+ 1 KgT was not affected by H4 tail deletion (P
= (0.43). These results indicate that nucleosome stacking in
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Figure 6. Base pair step parameters feature a 10 bp NRL periodicity. (A) For short NRLs, k& peaked at NRL 167, NRL 176 and NRL 177. Strikingly,
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a period of 10.4 bp and peaked at NRL 198, similar to k. (E, F) As expected for non-interacting nucleosomes, A G, did not change with NRL.

NRL 167 fibers was primarily mediated by the H4 tail, and
support the interpretation that short non-10x linker chro-
matin fibers are best described by a O-start state, in which
nucleosomes do not stack.

Surprisingly, folding of NRL 197 fibers was unaffected
by H4 tail deletion, as shown by the overlapping curves in
Figure 7B. Both WT and gH4 fibers unfolded gradually at
approximately 3 pN. Fitting the model to gH4 fibers yielded
k = 03£0.1 pN/nmand A G; = 20 £ 2 kgT. These val-
ues were the same for WT H4 histones (P = 0.98 and P =

0.35) for Dm versus Dmgn4 nucleosomes in 197 NRL fibers.
A G, was also unaffected by H4 tail deletion (P = 0.41).
Note that in fibers reconstituted with gH4, AG,| was larger
in NRL 197 fibers than in NRL 167, indicating that despite
the lack of the H4 tail, other nucleosome-nucleosome inter-
actions contributed to an increased rupture energy. As op-
posed to the NRL 167 fibers, the stiffness was unaffected,
supporting the interpretation that additional contacts me-
diate the stacking of nucleosomes in NRL 197 chromatin
fibers. Thus, 197 NRL fibers are organized differently than
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47 + 6 (mean = std). The average and standard deviations of the fitted parameters are given in Table S4 of the supplementary material.

167 NRL fibers, and 197 NRL fibers reach similar com-
paction when H4 tails are deleted.

Not only linker length, but also linker sequence modulates
fiber folding

Since our rbMC simulations suggest that deformation of the
linker DNA defines nucleosome stacking, and knowing that
the mechanical properties of DNA depend on its sequence,
we expect that the sequence of the linker DNA may play an
important role in the stability of chromatin fiber folding.
Two batches of chromatin fibers with NRL 167, consist-
ing of different linker DNA sequences but a similar num-
ber of repeats were reconstituted, stretched, and fitted with
the statistical mechanics model. They were compared with
another batch of chromatin fibers with identical linker se-
quence, but with a different number of repeats of the 601 se-
quence. The fitted parameters are depicted in Figure 8A-D.
A similar approach was followed for three batches of chro-
matin fibers with NRL 197, depicted in Figure SE-H. We
observed that the difference in linker DNA sequence (see
Materials and Methods) did not affect the measured stiff-
ness of the fiber, indicating the same folding. All fits yielded

approximately the same AG,. The rupture energy AGy,
however, differed significantly: ~6 kgT (P < 0.001). De-
spite that the stiffness of the folded fibers did not depend
on the linker DNA sequence, the rupture force did. The dif-
ference in AGy should predominantly be attributed to the
different sequence-dependent mechanical properties of the
linker DNA. This modulation of stability of the folded fiber
could play a role in epigenetic regulation in vivo. However, a
full understanding of how the linker DNA sequence directs
higher-order folding requires studying linker sequence vari-
ations in a more systematic manner, which will be explored
in future work.

DISCUSSION

The role of the linker DNA on the topology of chro-
matin fibers has been debated extensively, but generally in a
coarse and qualitative manner. Here, we combined compu-
tational modeling with experimental single-molecule force
spectroscopy and studied the effects of single base pair
increments on chromatin fiber folding. Using rbMC, we
showed that the energy cost of deforming the linker DNA
to enable nucleosome stacking decreased with increasing



linker length, as the resulting stress could be distributed
over a larger number of base pairs. The linker DNA energy
in stacked nucleosomes was generally dominated by contri-
butions of the rotational step parameters. We showed that
the twist of the linker DNA is an important factor in fiber
folding, demonstrated by the 10 base pair periodicity in 1-
start fibers, where the most favorable states were approxi-
mately 10 kgT lower in energy than the most unfavorable
ones. A similar 10 bp periodicity was observed in nucle-
osome stacking in 2-start fibers. We conclude that 1-start
fibers preferred to twist the linker DNA, where 2-start fibers
compromised stacking when the length of the linker was not
optimal.

Experimentally, we measured a 10 bp modulation in stiff-
ness and stacking energy of folded fibers for both short
and long linker lengths. In fibers with short linker DNA,
the modulations inhibited stacking between nucleosomes,
which is apparent from the reduced stiffness and rupture
energy. For linker DNA between 45 and 55 bp, the modu-
lations were smoother, indicating that longer linker DNA
can more easily accommodate the higher-order structure
imposed by nucleosome stacking. The periodic modula-
tion in the experimental data qualitatively matched with
the rbMC simulations, though the phasing appears off:
the rbMC simulations suggest that fibers with 10n + 5
bp of linker DNA yield the most stable stacking interac-
tions, while the experimental data show the strongest stack-
ing interactions for NRLs with 10n bp of linker DNA.
The somewhat naive implementation of the nucleosome-
nucleosome interaction potential may be responsible for
this difference. In principle, the simulations could be used
to reproduce the entire force—extension curves that we mea-
sured. However, previous work showed that the current im-
plementation of the simulations could not reach equilib-
rium conditions for nucleosome unstacking (33), which is
also observed experimentally for these transitions. More-
over, the harmonic nucleosome-nucleosome interaction po-
tential used in our rboMC model is probably underestimat-
ing the energy for larger deviations from the equilibrium ge-
ometry. The very small periodic modulation in stacking en-
ergy for short NRLs is therefore likely an underestimation.
A more confined stacking interaction increases the energy
for non-optimal stacking configurations and would differ-
entiate stronger between viable and non-viable states. The
experimental curves on short NRLs indeed featured a more
abrupt inhibition of stacking.

Based on the size of the rupture plateau, we interpret the
first transition as unstacking of nucleosome-nucleosome in-
teractions. The extension per nucleosome of the first un-
stacked nucleosome conformation (conformation II in Fig-
ure SA) suggests that the nucleosomes in this conformation
have 92 bp of wrapped DNA. However, fitting a WLC with
a persistence length of 50 nm to this conformation may not
be accurate as the deflection of the path of the DNA that
results from such wrapping may require more detailed ac-
count of the geometry (41). Whether the nucleosomes are
fully wrapped in the stacked conformation or that the nu-
cleosomes are already partially unwrapped in the stacked
state to relieve some of the stress in the linker DNA could
therefore not be extracted from the experimental data. The
MC simulations suggest that unwrapping does not occur in
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stacked nucleosomes. But this result depends on the chosen
value for the wrapping energy. Experimentally the (lack of)
unwrapping in stacked nucleosomes could be checked us-
ing FRET experiments, similar to those by Kilic ez al. (42),
with appropriate label positions. Pending such experimental
validation, A G should be interpreted with caution.

Our finding that fiber folding is optimal, and conse-
quently that energy is minimized, for linker lengths of mul-
tiples of 10 does not imply that these will more promi-
nent in vivo. In fact, a 10n + 5 periodicity was shown to
be most prominent in yeast (43). Cells may organize (part
of) their nucleosomes such that nucleosome stacking is im-
peded. This gives chromatin remodelling enzymes a means
to indirectly control higher order folding.

Previously reported values of the nucleosome-
nucleosome interaction energy, as fitted from force
spectroscopy data, varied between 2.5 and 18 kgT (44,45).
The fitted rupture energies here are within that range.
However, the fitted rupture energies cannot be compared
directly with the energies that were used as inputs for the
rbMC simulations. The rupture energies that we fitted
represent the difference in free energy between stacked and
unstacked nucleosomes, including all contributions, such
as deformation of the nucleosomal DNA, histone-DNA
interactions, DNA-DNA repulsion and deformation
of the linker DNA. Unfortunately, this does not yield
insight in the exact structure of the nucleosomes in each
conformation and we cannot tell from end-to-end distance
if stacked nucleosomes are fully wrapped, or not. In the
rbMC simulations on the other hand, the energies were
assigned to specific contacts, and deformation energies
of the linker DNA were implicitly modeled from the
standard deviation of the step parameters and computed
afterward. Nevertheless, both the fitted unstacking and
partial unwrapping energies were in roughly in range with
the input parameters of the rbMC simulations.

Nucleosome—nucleosome stacking is thought to be pri-
marily, but not exclusively, mediated by interactions be-
tween the H4 histone tail and its adjacent nucleosome. Fu-
ture experiments with gH4 histones with different linker
lengths may confirm and refine this insight. To improve our
rbMC model, we therefore propose that stacking can bet-
ter be described by multiple freely-jointed chains that repre-
sent the histone tails, rather than a harmonic nucleosome—
nucleosome interaction potential. The H4-deletion experi-
ments on NRL 197 fibers suggest however that additional
histone interactions play a role in nucleosome stacking. The
large and positively charged H3 tail is likely to interact with
the negatively charged linker DNA for example (42,46).
This may severely affect the mechanical properties of the
DNA and would invalidate the use of standard step param-
eters for rbMC simulations of linker DNA. Similar effects
can be anticipated for linker histones and other additional
DNA organizing proteins, that we did not include in this
study. The rather large impact of the linker DNA on the ori-
entation of adjacent nucleosomes, e.g. 36° of twist per base
pair, probably makes that a harmonic interaction potential
can still reproduce major experimental features.

To date, structural data on nucleosome-nucleosome
stacking predominantly show short-range interactions that
feature close packing of interacting nucleosomes (47-50)
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Figure 8. The unstacking energy, but not the stiffness of the fiber, depends on the linker DNA sequence. Force—extension curves of three fibers with either a
different linker DNA sequences or a different number of repeats (denoted seql-4, see Materials and Methods) were fitted to equation 15. (A) The number
of nucleosomes N that were fitted largely reproduced the number of 601 repeats in the 167 NRL DNA substrates. Note that curves from seq2 were more
stringently selected for the number of nucleosomes, yielding a narrower distribution. (B) The number of 601 repeats did not affect stiffness k (P = 0.92) nor
did the sequence (P = 0.20). (C) Linker DNA sequence, however, significantly affected the unstacking energy A G, by approximately 7 kgT (P < 0.005).
The number of nucleosomes did not change AG| (P = 0.09). (D) Unwrapping energy A G> was not affected by either nucleosome number (P = 0.43) or
sequence (P = 0.05). Experiments on another group of NRL fibers yielded similar trends for (E) number of nucleosomes, (F) k (seq: P = 0.09, N: P =
0.03), (G) AG (seq: P < 0.005, N: P =0.05), and (H) AG> (seq: P =0.01, N: P =0.04).

similar to the packing in crystal structures (51). These data
were generally obtained using nucleosome core particles
rather than chromatin fibers, which lifts geometrical con-
straints of the linker DNA. Experimental data on fibers
have only reported close-packing in tetra-nucleosomes
(5,6), showing that such constraints may compromise stack-
ing. It should also be taken into account that the buffer
conditions that are required for successfully obtaining
high-resolution structural data may drive the fiber into
particular states. Here, we measured in buffer conditions
that mimic in vivo conditions. Interestingly, recent single-
molecule FRET experiments on NRL 167 chromatin fibers
reported a very dynamic arrangement, that was interpreted
as rapid changes in the register of tetranucleosomal fiber
sub-structures (52), highlighting the transient nature of nu-
cleosome stacking interactions. This more dynamic and on
average less tightly packed structure is fully consistent with
our current findings.

The ability to account for minimal differences in compo-
sition between fibers, as well as the ability to resolve differ-

ent mechanical aspects of fiber folding, like stiffness, rup-
ture energy and cooperativity of unfolding, gives single-
molecule force spectroscopy a competitive edge with respect
to bulk techniques like sedimentation velocity measure-
ments (32,53,54), native gel electrophoresis (55) and small
angle X-ray scattering (6,56). Furthermore, although only
a single dimension of the fiber is measured, the nanometer
accuracy and the direct manipulation of individual fibers
yields quantitative, structural insight. We show here that
sufficiently refined coarse-grain modeling provides a power-
ful combination that helps to resolve the dynamic structure
of chromatin higher-order folding.

It is remarkable that our statistical mechanics model,
with only three free fitting parameters, could capture all the
different fiber topologies and compositions. Previously, we
have only validated the model for two NRLs (10,11,31).
Despite our best efforts to maintain the integrity of the
fibers, we observed some variation in fiber fit parameters
between fibers reconstituted from DNA with the same se-
quence. A large fraction of these variations was captured by



taking into account the number of nucleosomes. Neverthe-
less, there was some correlation between k and A G within
each NRL, as depicted in Supplementary Figure S2. Inter-
estingly, the correlation for NRL 167, NRL 176 and NRL
177 was relatively small: R = 0.46. 197 NRL fibers had
a larger correlation coefficient: R = 0.82. Ideally, k£ and
AG; would be uncorrelated since the statistical mechan-
ics model should separate mechanical properties from fiber
composition. However, when fibers are not fully saturated,
defects within a fiber would affect fiber folding. Defects at
different locations could induce systematic variations that
cannot be captured in our statistical physics model, and lift
the independence of the fit parameters. It is noteworthy that
the fibers that were attributed to fold in a 2-start topology,
which corresponds to cooperative (un-)stacking (31), fea-
tured the lowest correlation in fit parameters. Such cooper-
ative stacking would reduce both compositional defects, as
nucleosomes are better stabilized, and provide additional
robustness against stretching and unstacking, having two
stacks of nucleosomes in series. Fibers that fold in 1-start
topologies would therefore be more susceptible for stacking
defects, leading to convoluted fitting parameters. Thus, the
larger correlation between the stiffness and the first rupture
energy may indirectly point to 1-start folding.

By comparing the force—extension curves of equal NRL
fibers with different DNA sequence, we showed that me-
chanical properties of the linker DNA have a defining role
in chromatin fiber folding. This may have important con-
sequences in vivo. A-tracts, for instance, are predominantly
found in the linker DNA regions of chromatin (57). Their
higher stiffness and intrinsic curvature drive nucleosomes
into flanking positions (58). As a secondary effect, these A-
tracts may drive nucleosomes into orientations that can pro-
hibit or enhance stacking, depending on the precise position
and length of the A-tract and linker length, and therefore
also control higher-order folding. More global effects can
also be envisioned: the most abundant linker lengths in vivo
are 10n + 5 (19,21), which we show here to fold into 0-start,
open chromatin fibers for short linker lengths. Increasing
the linker length promotes 1-start topologies. Nucleosome
positioning may thus modulate the accessibility of DNA lo-
cally and/or globally. It can result in direct effects, by wrap-
ping the DNA in a nucleosome, or indirect effects, by con-
trolling nucleosome stacking and the higher-order structure
of the chromatin fiber.

The debate on the role, abundance and existence of the
30 nm chromatin fiber in vivo, has not settled. Current ex-
perimental data, based on sophisticated EM and chromatin
capture techniques, tend towards dismissing such structures
(2). In this study we show, that especially for short NRLs,
a nucleosome shift of a single base pair can make the dif-
ference between stacked and non-stacked nucleosomes. The
recent study by Baldi ez al. (19) suggests that regular NRLs
are more prominent than previously thought. However, one
would need single base pair positioning accuracy for mul-
tiple nucleosomes in individual chromatin fragments to de-
termine if this affects fiber formation and current technol-
ogy does not allow for such accuracy. Pending such data,
it is more likely to assume that irregular linker lengths re-
sult in irregular nucleosome stacking patterns along the
fiber. Single-molecule force spectroscopy experiments on
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natively assembled chromatin (59) showed that despite such
anticipated irregularity nucleosome stacking is prominent.
It is therefore more compelling to discuss chromatin fold-
ing in terms of nucleosome stacking pairs that are defined
by, amongst other features, the linker length, rather than
imposing long-range regularity to understand chromatin
higher-order structure (60).

The sequence-dependence of nucleosome stacking, both
by the positioning of nucleosome pairs and by modulation
of the bendability and twistability of the linker DNA, brings
up an intriguing possibility. Next to post-translational his-
tone modifications, and remodeler-induced nucleosomal re-
arrangements, the DNA sequence itself may partially en-
code its (lack of) higher-order structure. Therefore, our
genome may have evolved to mechanically favor particular
higher-order organizations. Future studies will need to ver-
ify this hypothesis. Here we show that such features require
single base pair accuracy, as a shift of a nucleosome with one
base pair can make a major difference in chromatin higher-
order structure.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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