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Revealing the energy landscape for nucleosome association may contribute to the understanding of higher-order
chromatin structures and their impact on genome regulation. We accomplish this in a direct measurement by integrat-
ing two nucleosomes into a DNA origami-based force spectrometer, which enabled subnanometer-resolution mea-
surements of nucleosome-nucleosome distance frequencies via single-particle electron microscopy imaging. From the
data, we derived the Boltzmann-weighted distance-dependent energy landscape for nucleosome pair interactions. We
find a shallow but long-range (~6 nm) attractive nucleosome pair potential with a minimum of —1.6 kcal/mol close to
direct contact distances. The relative nucleosome orientation had little influence, but histone H4 acetylation or removal
of histone tails drastically decreased the interaction strength. Because of the weak and shallow pair potential, higher-
order nucleosome assemblies will be compliant and experience dynamic shape fluctuations in the absence of addi-
tional cofactors. Our results contribute to a more accurate description of chromatin and our force spectrometer
provides a powerful tool for the direct and high-resolution study of molecular interactions using imaging techniques.

INTRODUCTION

The nucleosome core particle (“nucleosome”) consists of 147-base pair
(bp) DNA wrapped in 1.65 left-handed turns around a disc-shaped pro-
tein octamer. The octamer consists of two copies each of the histone
proteins H2A, H2B, H3, and H4. High-resolution images of nucleosome
structures from various organisms (I1-8) show the tight interaction of
DNA with histones such that access for most DNA binding proteins, such
as transcription factors, is restricted. Packaging of eukaryotic DNA into
nucleosomes, collectively called “chromatin,” is therefore a crucial level
of regulation for all genomic processes, for example, transcription, re-
plication, recombination, and DNA repair (9). Beyond individual nu-
cleosomes, an x-ray structure of a tetranucleosome (10) as well as several
electron microscopy and solution studies with linear nucleosome arrays
suggested that nucleosomes may fold into higher-order structures, but
the existence and the properties of higher-order structures in vivo are
currently much debated (11).

The condensation of nucleosome arrays argues for attractive forces
between individual nucleosomes (Fig. 1A). The N-terminal histone tails
emanating from the nucleosome have already been implicated in
mediating attractive forces (I, 10, 12-18). Previous efforts to quantify
the interactions between nucleosomes based on mechanical stretching
experiments of whole chromatin fibers indicated a wide range of nucleo-
some interaction strengths (—0.3 to —8 kcal/mol) (19-22), and the shape
of the fundamental interaction potential was not accessible in these
experiments.

However, detailed knowledge about the free-energy landscape that
governs the association of two nucleosomes would help in clarifying the
role of these interactions within higher-order chromatin, provide the
basis for understanding chromatin dynamics, and could also help in
constructing improved structural chromatin models. Thus, the goal of
this work is to shed light on the direct nucleosome-nucleosome inter-
actions, but determining the interaction potential requires a level of con-
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trol over nucleosome positioning that is difficult to achieve with
conventional experimental assays. To enable a direct measurement of
the interactions between two nucleosomes, we therefore exploited the
positioning capabilities of DNA origami (23-25) to develop a custom
molecular-scale biophysical tool (26-31).

RESULTS

We used a previously calibrated high-resolution DNA-based posi-
tioning device (32) to place two nucleosomes close to each other in a
defined relative orientation (Fig. 1B). The device constrains the relative
motion of the nucleosomes to one degree of freedom and additionally
features an effective spring that mildly counteracts the attractive inter-
action between the nucleosomes. The spring converts the positioner
into a force spectrometer. Analogous to force spectroscopy as per-
formed with optical traps, atomic force microscopes, or magnetic tweez-
ers, the force bias in our spectrometer increases the chance of populating
otherwise rarely frequented states and thus enables the exploration
of the full energy landscape for molecular interactions in thermal
equilibrium. By sampling the frequency at which particular conforma-
tions, and thereby nucleosome-nucleosome distances, are realized by
the spectrometer, we can infer the underlying energy landscape.

To reveal this frequency, we use direct single-particle imaging with
transmission electron microscopy (TEM) (Fig. 1C) and count the number
of spectrometer particles that realize particular nucleosome-nucleosome
distances. The shape of our spectrometer, together with a previously
obtained calibration (32), enables relating with subnanometer resolu-
tion the scale-independent and easy-to-measure opening angles of
single particles to actual nucleosome-nucleosome distances. To pro-
vide an independent readout in solution, our spectrometer also features
a set of dyes that report the conformation via a complementary fluores-
cence resonance energy transfer (FRET) signal. In addition, by placing
the nucleosome pair at various positions along the spectrometer beams,
the degree of force bias may be controlled by the user (Fig. 1C, top ver-
sus bottom).

To integrate two nucleosomes site-specifically and in a defined ori-
entation within our spectrometer, we designed and prepared modified
nucleosomes in which DNA single strands protrude radially from the
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Fig. 1. Studying nucleosome-nucleosome interactions with a DNA force spectrometer. (A) Schematic of two nucleosomes based on 3MVD.pdb (4). Yellow, DNA template;
blue, histone octamer; red, N-terminal histone tails. (B) Schematic of the DNA force spectrometer featuring a spring-loaded hinge with two attached nucleosomes. The torque
generated by the hinge is illustrated with a red torsional spring. Red and green spheres indicate positions of fluorescent dyes (Atto647N and Atto550) that form a FRET pair. Two
nucleosomes with radially protruding DNA single strands (Fig. 2A) are attached site-specifically and in a user-defined orientation via DNA strand hybridization on the opposing
faces of the beams. (C) Schematic (left) and average TEM micrographs of the spectrometer with two nucleosomes attached either 15 nm (top) or 30 nm (bottom) away from the

hinge in apparent contact. Scale bar, 50 nm.

nucleosome template DNA, and hybridized those strands to com-
plementary single strands that are displayed at selected positions on
the beams of the spectrometer (note S1). Specifically, we constructed
branched double-stranded DNA (dsDNA) templates on the basis of
the 601 positioning sequence (Fig. 2A, left, and notes S1 and S4) (33).
There are four potential branching sites for DNA single strands on our
template (Al to A4), at positions pointing outward in radial directions
from the nucleosome core after reconstitution with histone octamers
(Fig. 2A, right). In particular, the positions (A1l and A3) are geometri-
cally favorable for attachment to the spectrometer.

Reconstitution by salt gradient dialysis (34) with the branched
template variants yielded proper nucleosomes by several criteria. The
resulting particles migrated as single bands in native polyacrylamide
gel electrophoresis, with their mobility depending on the number of
protruding DNA single strands (Fig. 2B). Histones were incorporated
at equimolar stoichiometry (fig. S1C). Direct TEM imaging showed ho-
mogeneously shaped disc-like particles (Fig. 2C). Reference-free average
single-particle micrographs of the single strand-labeled nucleosomes
(Fig. 2D, bottom) compare well to simulated low pass—filtered electron
density transmission projections computed using a nucleosome crystal
structure (Fig. 2D, top) (4). Structural features, such as the arc segment
of the nucleosome, that has only one instead of two DNA turns or seven
spike-like features along the circumference of the nucleosome can be
discerned. Also, the thermodynamic stability against increased ionic
strength was similar to that of canonical nucleosomes (fig. S2) (35).
We successfully reconstituted nucleosomes using either endogenous
Drosophila embryo histone octamers or recombinant wild-type and
mutant histones from Xenopus laevis.

To calibrate the force bias in our spectrometer before loading the
nucleosomes (note S2), we collected TEM micrographs of 3091 individ-
ual particles and determined the frequency at which the device popu-
lates particular opening angles (Fig. 3A). We could describe this
distribution by modeling single-stranded DNA elements at the hinge
of the spectrometer as entropic springs (36) and by introducing an
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electrostatic repulsion for small vertex angles (Fig. 3A, right, and note
S3). Two nucleosomes, one placed on each of two beams will therefore
be constrained to diffuse in the one-dimensional (1D) free-energy land-
scape of the force spectrometer.

The distance of the nucleosome mounting position from the spec-
trometer hinge determines the angle at which the nucleosomes would
come into direct contact. As seen in Fig. 3A, smaller opening angles are
populated more rarely, which reflects a larger energetic penalty from the
spectrometer. Therefore, varying the distance of the nucleosome moun-
ting position from the hinge corresponds to adjusting the destabilizing
bias that is exerted by the spectrometer. Depending on the mounting
position, the bias may be significant compared to the nucleosome-
nucleosome interaction strength. With this significant bias, we expect
that both bound and otherwise rarely populated states along the inter-
action reaction coordinate may be observed experimentally. The whole
nucleosome-nucleosome interaction landscape may be then constructed
based on the frequency at which each the various states are observed.

To reveal the internucleosomal forces, we integrated a pair of nu-
cleosomes at a distance of either 15 nm (“proximal”) or 30 nm (“distal”)
from the spectrometer hinge (notes $4 and S5), followed by TEM im-
aging. In the image data, only particles with two attached nucleosomes
were selected (Fig. 3, B and C, left), and their opening angles were
measured. We determined the distribution of the opening angles using
kernel density estimation (Fig. 3, B and C, right) (37). For the proximal
or distal nucleosome position, spectrometer particles with opening
angles © around ~42° or ~23°, respectively, occurred much more fre-
quently than for the empty spectrometer without nucleosomes. Inspec-
tion of the respective micrographs revealed that these opening angles
correspond to nucleosomes in apparent contact (Fig. 3, B and C, left).
The fraction of particles with nucleosomes in contact was eightfold
greater for the proximal than for the distal nucleosome position. This
is expected because the force bias in the spectrometer generates a greater
energetic penalty for a direct nucleosome contact in the distal than in
the proximal position.
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Fig. 2. Design, preparation, and characterization of nucleosomes with radially protruding DNA single strands. (A) Top left: Schematic of branched variants of the 601
nucleosome positioning sequence (33) with up to four (positions A1 to A4) protruding DNA single strands. Bottom left: Schematic of purified histone octamer. Right: Schematics of
nucleosomes with radially protruding DNA single strands at positions A1 and A3 that are produced by salt gradient dialysis from the components on the left. The bottom
schematic is based on 3MVD.pdb (4). (B) Native ethidium bromide-stained 4.5% polyacrylamide gel electrophoresis of various samples: lane 1, continuous template DNA; lane
2, nucleosomes assembled using continuous template DNA as in lane 1; lane 3, template DNA with four nicks at positions A1 to A4; lane 4, nucleosomes assembled using nicked
template DNA as in lane 3; lane 5, template DNA with two protruding single strands at positions AT and A3 [see (A)]; lane 6, nucleosomes assembled using template DNA with two
protruding single strands as in lane 5; lane 7, template DNA with four protruding single strands at positions A1 to A4; lane 8, nucleosomes assembled using the template DNA as in
lane 7. Nucleosomes were assembled by salt gradient dialysis reconstitution with Drosophila embryo histones. See note S1 for detailed protocol. (C) Representative electron
micrograph of nucleosomes with two protruding DNA single strands (A1 and A3) and recombinant tailless histones from X. laevis. Scale bar, 50 nm. (D) Projection of a nucleosome
crystal structure (3MVD.pdb) (top) and average electron micrograph from nucleosomes shown in (C) (bottom). See fig. S4 for additional data. Black arrowheads indicate radial

intensity signatures stemming from grooves in the DNA template. Red arrowheads indicate the dyad axis in the arc segment having only one DNA turn.

At this point, we conclude that (i) there is a direct, attractive inter-
action between nucleosomes and (ii) the magnitude of this interaction is
in the range of the energetic penalty for closing the force spectrometer. If
the interaction were much weaker, then the alteration of the angle
distribution compared to that of the empty spectrometer would have
been negligible; if the interaction were stronger, the placement position
should have made little difference.

We also tested the impact of the relative nucleosome orientation by
rotating the nucleosome placed on the long beam of the spectrometer.
To realize the 180° rotation, we interchanged the sequences of the
DNA single strands protruding from the long beam of the spectrom-
eter at the proximal position. Spectrometer particle imaging and angle
determination revealed an angle distribution that was only slightly
shifted (Fig. 3D) but otherwise very similar to the one obtained in
the previous orientation (Fig. 3B).

Because the N-terminal histone tails were previously implicated in
mediating the pair interaction (15-18), we also assembled nucleosomes
with recombinant tailless histones or with full-length histones acety-
lated by the lysine acetyltransferase MOF (male absent on the first)
(fig. S1A and note S1), which is largely specific for lysine 16 in histone
H4 (38), to study the impact of the alterations on the interaction (Fig. 3,
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B versus C). The such modified nucleosome variants were inserted in
the proximal position of the spectrometer. In the proximal position, the
bound state is more often observed than in the distal position because
of the smaller destabilizing bias exerted by the spectrometer in the
proximal position. In addition, the proximal position affords greater
resolution with respect to measuring the nucleosome-nucleosome
distances than the distal position for a given accuracy of measuring
opening angles of the spectrometer. Loss of the tails or histone H4
acetylation (which merely eliminates the positive charge of lysines)
greatly reduced the frequency of states with nucleosomes in apparent
contact compared to wild-type nucleosomes (Fig. 3, E and F versus B).

Complementary to negative-staining TEM imaging, we also used
cryo-electron microscopy (cryo-EM) imaging and a gel-based FRET as-
say to test the relative shifts in the angle distribution of the spectrometer
with integrated nucleosomes in solution. The cryo-EM data agreed favor-
ably with the negative staining data but were more prone to false particle
classification because of reduced transmission contrast of the nucleo-
somes (note S6). Regarding the FRET measurements [note S7; see also
the study by Funke and Dietz (32) for the relationship between FRET
signals and spectrometer conformations], a significant FRET signal above
background was observed for both proximal and distal placement
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FRET efficiency: 0.3 I 0.46

Fig. 3. Probing nucleosome interactions with the force spectrometer using direct electron microscopy imaging and FRET. (A) Left: Exemplary electron micrographs of
force spectrometers without attached nucleosomes. See fig. S6 for more data. Right: Statistics of opening angles ® measured in 3091 single particles. Blue line, uniform kernel
density estimation (bandwidth of 3°); black, model of spectrometer mechanics (fig. S7 and note S3). (B and C) Left: Exemplary micrographs of spectrometers with two nucleosomes
with DNA single strands at A1 and A3 attached in the proximal position (B) versus distal position (C) (15 nm versus 30 nm away from hinge). See figs. S11 and S12 for more data. See
note S5 for particle selection criteria and TEM image processing details. Right: Angle distribution (red) obtained from 1301 (B) and 158 (C) particles. Dashed line, distribution from
(A). (D to F) Angle distributions of spectrometers with rotated (D), acetylated H4 (E), and tailless (F) nucleosomes. Particle numbers were 979, 846, and 818, respectively. In the
rotated sample, the nucleosome on the long beam of the spectrometer was rotated by 180°. (G and H) FRET efficiency images computed from three-channel laser-scanned images
of agarose gels in which the indicated samples were electrophoresed. See note S7 for image processing details and figs. S18 and S19 for complete gel data. Nucleosomes were
prepared with recombinant Xenopus histones (wild type, tailless, or H4 acetylated, respectively). All samples were prepared in buffer containing effective MgCl, concentrations of
10 mM (see notes S2, S5, and S7 for detailed methods). Scale bars, 30 nm.
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positions but only when we loaded two nucleosomes into the spectrom-
eter (Fig. 3G). The FRET signal strength depended on the nucleosome
variants. Tailless nucleosomes gave no FRET signal above background,
variants with acetylated tails yielded a slightly stronger signal, and
wild-type tail variants produced the strongest signal. We note that the
ensemble FRET signals stem from heterogeneous solutions of spec-
trometer particles including zero, one, or two nucleosomes, whereas on-
ly the two nucleosome particles are selected in TEM imaging.
Nonetheless, the trends reflected by the FRET signals are consistent with
the angle distributions that we obtained from single-particle electron
microscopy, and thus independently support the conclusions that we
draw from the TEM data.

To determine the free-energy landscapes that govern the motions of
the spectrometer particles from our measured angle distributions, we
assumed Boltzmann statistics (Fig. 4, inset top middle, and note S8).
We subtracted the energy bias of the spectrometer to obtain the energy
landscape for the pure nucleosome pair interaction and plotted the
energy landscapes as a function of the distance between the centers
of mass of the two nucleosomes (Fig. 4 and note S9). The obtained
nucleosome pair potentials show three characteristic features: a strong
repulsion at distances smaller than 6 nm, an energetic minimum located
ata distance of 6 to 7 nm, and vanishing interactions at distances greater
than 13 nm. According to the crystal structure (4), clashes occur when
the nucleosomes come within a distance of 6 nm (note S8). We there-
fore interpret the repulsion at smaller distances as reflecting steric ex-
clusion effects.

The depths of the minima are similar for the wild-type nucleo-
somes in the two orientations that we tested (—1.5 kcal/mol) and re-
flect a weak interaction that is comparable in strength to the free
energy of forming one DNA base pair (39), albeit with much longer
range. By contrast, the minima are shallower for the nucleosome var-
iant with acetylated histone H4 (—0.6 kcal/mol) and for the variant
with removed histone tails (0.4 kcal/mol). These observations direct-
ly show that the histone tails and, in particular, the positive charge at
lysines of histone H4 play a key role in mediating the interaction be-
tween nucleosomes and provide a direct quantification of their respec-
tive energy contributions. Because the landscapes for the tailless versus
the histone H4 acetylated variants are very similar, we conclude that
the other histone tails do not play a substantial role in mediating the
nucleosome pair interaction. The residual contribution of the remain-
ing tails, as well as the contribution of some nonacetylated histone H4,
may be reflected in the difference of the energy landscapes obtained
for the acetylated versus tailless nucleosomes. The minor shift in the
position of the minima in the landscapes of the two rotated wild-type
nucleosomes may be attributed to small differences in the onset of
steric exclusions (Fig. 4, inset bottom right, and note S9). The 6-nm
range of the nucleosome pair potential for wild-type nucleosomes
corresponds to approximately two-thirds of the overall contour length
of the histone H4 tail [26 amino acids; assuming that each residue
contributes with 0.365 nm (40)]. We note that the measured shape
of the pair potentials could be approximated with Gay-Berne poten-
tials (note S10) (41, 42).

DISCUSSION

The structure and the dynamics of higher-order nucleosome assemblies
are currently much debated (11, 43-46). Especially when considering
chromatin fibers, depending on the structural model, different entropic
and energetic penalties from DNA twisting and bending deformations
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would arise. In the absence of other protein cofactors, these penalties
must be outweighed by the pair interaction between nucleosomes with-
in the fibers. Our distance-resolved energy landscapes may thus help in
constructing improved models of chromatin fibers.

For example, the linker DNA between consecutive nucleosomes in
human chromatin is typically ~45 bp long. According to our data and
on the basis of the mechanical properties of duplex DNA (47), the pair
interaction between two nucleosomes can balance up to 70° bends or,
alternatively, up to 50° twists in the linker DNA. Moreover, our wild-
type nucleosomal pair potential has a curvature of 1.2 pN/nm around
the minimum, which compares remarkably well to the extrapolated
spring constants obtained from the elasticity of the entire chromatin
fibers, as measured in previous mechanical stretching experiments
[0.5 pN/nm (19) to 2 pN/nm (20)]. Given the soft spring constant, at
room temperature, we thus expect a root mean square deviation (RMSD)
of ~1.8 nm in the distance coordinate between two nucleosomes, and up
to an RMSD of ~3 nm per nucleosome when we take the exact shape of
the pair potential into account.

On the basis of our data, we thus predict that higher-order assem-
blies of nucleosomes would experience substantial thermally induced
shape fluctuations at physiological temperatures, which argue against
well-structured linear chromatin fibers. A more dynamic, liquid-like
state of chromatin is currently considered (48) instead of the classical
30-nm fibers, which so far have not been observed in vivo. A dynamic,
“fluid” behavior of chromatin would be fully supported by the weak
nucleosome-nucleosome interaction potential measured here. In our
measurements, we used effective Mg>* concentrations of 10 mM
and found a weak interaction of —1.6 kcal/mol. As the condensation
of nucleosome arrays is promoted by increasing the concentration of
cations and especially Mg** (15, 19, 22), our conditions provide an
upper limit and the interaction may be even more delicate at lower
magnesium concentrations.

We emphasize that our DNA origami force spectrometer enabled
herein the first direct measurement of nucleosome-nucleosome inter-
actions, where the direct measurement eliminates potentially
confounding assumptions about contributions from nucleosome con-
formation changes or unwrapping that were necessary in the inter-
pretation of previous single-molecule pulling studies (19-21).
Furthermore, the strong weakening of the pair potential that is in-
duced by the removal or acetylation of histone tails underscores the
physiological relevance of our measurements. Because the lysine acetyl-
transferase MOF used by us is mainly specific for lysine 16 in histone
H4 (38), we assume that the acetylation effects were mainly due to this
particular modification. This is consistent with previous observations
(15-18) and with the role of this residue in interactions with the acidic
patch formed by histones H2A and H2B (49). Because acetylation of
the H4 lysine 16 shuts the pair interaction essentially off, as we see it
directly on the level of individual nucleosomes, chromatin regions
carrying this particular epigenetic marker should be more open (eu-
chromatin versus heterochromatin).

Finally, our experimental methods that use DNA origami compo-
nents add a high-resolution and more interactive dimension to the
spectrum of techniques for studying molecular interactions. Biological
macromolecules may be placed and exposed in controlled orientations
and stoichiometry in our spectrometer to study weak interactions
occurring between them along a user-defined reaction coordinate. A va-
riety of interactions between various kinds of molecules may be studied in
the future, because of the modularity and the addressability of the DNA
origami positioning system. Our system, or derivatives of it, could also be
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Fig. 4. Energy landscapes for nucleosome pair interactions. Normal and uniform kernel density estimates (thick versus thin lines; kernel density bandwidth of 3°) of the
nucleosome-nucleosome interaction energy landscapes plotted as a function of the distance between the nucleosome centers of mass (CM; computed from 3MVD.pdb using
C,-atoms for histones and C4-atoms for nucleosomal DNA). Red versus dark blue lines, wild-type nucleosomes, oriented such that the dyad axis encloses an angle of 78° or
258° (Fig. 3, B and C, respectively). The dots mark the first steric clashes of the nucleosomes. Cyan lines, nucleosomes with acetylated histone H4; orange lines, nucleosomes
lacking all N-terminal histone tails. Inset: The combined free-energy landscapes of nucleosome and force spectrometer (red, dark blue, cyan, and orange) plotted versus the
measured opening angle, which were obtained from the angle distributions (Fig. 3) by taking the logarithm (note S8). Solid black lines, the free-energy landscape of the bare
spectrometer; dashed line, free energy of the fitted force spectrometer model (note S3). Top right: Schematics indicating sample details. Border color refers to the
corresponding energy landscape. Bottom right: Zoom into the average single-particle micrograph obtained from force spectrometers having vertex angles within the range
of 36° to 41° and wild-type nucleosomes as in Fig. 3B. Lines schematically depict the trapezoidal shapes of the nucleosome. Red versus blue indicates samples as in the main

panel. The onset of clashes depends on the relative orientation of the nucleosomes (see fig. S13 for additional average single-particle micrographs).

combined in the future with the advanced methods of (cryo)-TEM that
are currently being developed (50) to gain insight into structures and
energy landscapes for the forces acting within protein complexes in
one stroke, thus also expanding the scope of TEM imaging.

MATERIALS AND METHODS

Preparation of branched template DNA

For reconstitution of nucleosomes with continuous dsDNA, 147-bp
dsDNA fragments based on the 601 sequence (4) were produced by
polymerase chain reaction amplification [primers: 5'-ATCGA-
GAATCCCGGTGCCGAG-3' and 5'-ATCGGATGTATATATCT-
GACACGTGCCTG-3’; DNA template: 601 sequence cloned via
A-overhangs within the TOPO TA pCR 4.0 vector (Invitrogen)].
Nicked or branched DNA templates were assembled by annealing the
six parts of the 601 sequence with a complementary continuous 147-
nucleotide single-stranded DNA, which was synthesized by Integrated
DNA Technologies and purified by polyacrylamide gel electrophoresis.
All other oligonucleotides were synthesized in high-purity salt-free

Funke et al. Sci. Adv. 2016;2:e1600974 23 November 2016

grade by Eurofins Genomics. Sequences of single-stranded DNA at-
tachment handles were optimized with NUPACK (51). Assembly of
the oligonucleotides was performed by heating to 60°C and cooling
to 40°C in steps of 1°C/hour in 10 mM tris-HCI (pH 7.6), 2 M NaCl,
and 1 mM EDTA. Complete annealing of all oligonucleotides to
dsDNA was confirmed by agarose gel electrophoresis before nucleo-
some reconstitution (see fig. S3 and note S1 for details).

Reconstitution of nucleosomes with single-strand branches
Salt gradient dialysis reconstitution of nucleosomes was done as de-
scribed previously (34), but bovine serum albumin and IGEPAL were
omitted from the reconstitution buffer because they interfere with
TEM imaging. We used either Drosophila embryo (52) or recombi-
nant X. laevis (purchased from the Protein Expression/Purification Fa-
cility at Colorado State University) histones. Drosophila embryo
histones contain some modifications (53), whereas the recombinant
histones allow studying modification-free or specifically modified/
truncated histones. Different species can be used as histone source
in our studies, because the sequences of rodent, chicken, human, fly
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(Drosophila melanogaster), and frog (X. laevis) histones are nearly
identical (54). Recombinant Xenopus histones were either wild type
or tailless, with the latter encompassing only the trypsin-resistant glob-
ular domains, as previously described (55), or were acetylated by MOF
acetyltransferase (note S1) (56), which is largely specific for lysine 16
in histone H4 (38).

Design of the force spectrometer

The force spectrometer is based on the previously described posi-
tioner apparatus (32) and was modified using caDNAno (57) and
CanDo (58, 59). Single-stranded DNA handles for nucleosome at-
tachment protrude either 15.6 nm (proximal) or 29.6 nm (distal)
away from the hinge from the beams of the spectrometer (fig. S5). Two
nucleosome handles are separated by approximately 11.4 nm, assuming
an effective DNA diameter of 2.2 nm within a DNA origami object.

Assembly and purification of the force spectrometer

The self-assembly of the force spectrometer was performed as pre-
viously described (32) in reaction mixtures containing 40 nM scaf-
fold DNA (p7704), 200 nM of each DNA oligonucleotide strand,
20 mM MgCl,, 5 mM tris base, 1 mM EDTA, and 5 mM NaCl
(pH ~8). Fluorescently modified DNA oligonucleotides were in-
cluded in the self-assembly reaction mixture. DNA oligonucleo-
tides were obtained from Eurofins MWG. Reaction mixtures
were annealed in a Tetrad thermal cycling device (M] Research,
now Bio-Rad) using an object-specific temperature interval an-
nealing protocol (60). Assembled force spectrometer objects were
purified in two rounds of polyethylene glycol precipitation (61) and
finally dissolved to 160 nM in buffer [11 mM MgCl,, 5 mM tris base,
1 mM EDTA, 5 mM NaCl (pH ~8)].

Incubation of force spectrometers with nucleosomes
Purified force spectrometers were incubated with nucleosomes of
sequence sets 1 and 2 to yield a 1:3 excess of nucleosome per binding
site (typically 40 nM force spectrometer with 135 nM nucleosome) at
4°C overnight in buffer (11 mM MgCl,, 5 mM tris base, 1 mM
EDTA, and 35 mM NaCl). Samples were used without further puri-
fication for the preparation of TEM grids or for gel electrophoresis
experiments.

Negative-staining TEM imaging and particle selection

Force spectrometer samples with attached nucleosomes in 11 mM MgCl,,
5 mM tris base, ] mM EDTA, and 35 mM NaCl were adsorbed on
glow-discharged formvar-supported carbon-coated Cu400 TEM grids
(Science Services) and stained using a 2% aqueous uranyl formate so-
lution containing 25 mM sodium hydroxide (pH ~5). Imaging was
performed using a Philips CM100 electron microscope operated at
100 kV. Images were acquired using an AMT 4-megapixel CCD (couple-
charged device) camera. Micrograph scale bars were calibrated by
imaging 2D catalase crystals and using the lattice constants as a length
reference. Imaging was performed at 28,500-fold magnification. For
image processing, libraries of individual particle micrographs were
created by particle picking using the EMAN2 boxing routine (62). Par-
ticles from all samples were subsequently randomized (with index
tracking) in a master library to avoid human bias during analysis
and postselected for particles that feature two intact bound nucleo-
somes at the expected positions in the correct orientation (see figs.
S11 and S12 for exemplary libraries and fig. S10 for particle selection
rules). Vertex angles of selected single particles were measured using
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Image] (1.49v) (63). Average particle micrographs were generated
using either the Xmipp MIf_aline2d_v3 routine (64) or IMAGIC
(Image Science Software GmbH).

Cryo-electron microscopy

Samples of force spectrometers with or without attached nucleosomes
(in 11 mM MgCl,, 5 mM tris base, 1 mM EDTA, and 35 mM NaCl)
were incubated for 120 s on glow-discharged lacey carbon grids with
ultrathin carbon film (Ted Pella, 01824) and vitrified using a freeze-
plunging device (Vitrobot Mark IV, FEI). Samples were imaged at lig-
uid nitrogen temperatures using a Tecnai Spirit TEM (FEI) operated
at 120 kV with a 4k x 4k Eagle CCD detector (FEI) at a magnification
of x26,000 (pixel size, 4.188 A) or x30,000 (pixel size, 3.574 A) with a
defocus between -2 and -1 pum.

Gel electrophoresis and image acquisition

Samples were electrophoresed for 2.5 hours at 70 V on ice-cooled 2%
agarose gels, where both the gel buffer and the running buffer con-
tained 0.5 TBE [1 mM EDTA, 44.5 mM tris base, 44.5 mM boric
acid (pH 8.3)] and 11 mM MgCl,. Gels were laser-scanned using
Typhoon Fla 9500 (GE Healthcare) with a resolution of 50 um. The
calculation of FRET efficiencies and depiction of laser-scanned agarose
gels are detailed in note S7 and follow the scheme shown in fig. S17.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/11/e1600974/DC1

note S1. Reconstitution of nucleosomes with single-strand branches

note S2. Design and assembly of the force spectrometer

note S3. Calibration of the force spectrometer

note S4. Attachment of nucleosomes to the force spectrometer

note S5. TEM imaging and particle selection

note S6. Comparison of negative staining versus cryo-EM

note S7. Gel-based measurements of ensemble FRET

note S8. Calculation of nucleosome-nucleosome energy landscapes

note S9. Geometric nucleosome arrangement on the force spectrometer

note S10. Gay-Berne potentials fitted to energy landscapes

fig. S1. Assembly of wild-type, tailless, and acetylated NCPs with single-strand branches.
fig. S2. Salt stability of NCPs without or with nicks.

fig. S3. Sequences of single-stranded DNA handles protruding from the nucleosome.

fig. S4. Direct imaging of nucleosomes.

fig. S5. Design diagram of the force spectrometer generated with caDNAno v0.1 (57).

fig. S6. Exemplary particles of the force spectrometer.

fig. S7. Characterization of the force spectrometer.

fig. S8. Attachment of nucleosomes to the force spectrometer.

fig. S9. Orientation of nucleosomes on the force spectrometer.

fig. S10. Rules for particle selection.

fig. S11. Exemplary particles of the force spectrometer with two bound NCPs (wild-type and X. laevis)
at the proximal position.

fig. S12. Exemplary particles of the force spectrometer with two bound NCPs (wild-type and X. laevis)
at the distal position.

fig. S13. Average micrographs of force spectrometers with attached NCPs (wild-type and X. laevis) at
the proximal position.

fig. S14. Negative staining versus cryo-EM micrographs.

fig. S15. Comparison of single particles from negative staining versus cryo-EM.

fig. S16. Quantitative comparison of distributions and energy landscapes from negative
staining versus cryo-EM.

fig. $17. Calculation of FRET efficiencies and depiction of laser-scanned agarose gels.

fig. S18. Nucleosome-nucleosome interaction observed using gel-based ensemble FRET
measurements.

fig. S19. Gel-based ensemble FRET measurements of nucleosome variants and orientations.
fig. S20. Calculation of free-energy landscapes.

fig. S21. Configuration of nucleosomes on the force spectrometer.

fig. S22. Gay-Berne potential fits.
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