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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 (A1 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 (A1 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 shapeddisc-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 twoDNA 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 TEMmicrographs 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
populatedmore rarely, which reflects a larger energetic penalty from the
spectrometer. Therefore, varying the distance of the nucleosomemoun-
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 S4 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 Q 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.
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 TEMmicrographs 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.
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At this point, we conclude that (i) there is a direct, attractive inter-
action between nucleosomes and (ii) themagnitude 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-EMdata 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
Fig. 2. Design, preparation, and characterization of nucleosomes with radially protruding DNA single strands. (A) Top left: Schematic of branched variants of the 601
nucleosomepositioning sequence (33) with up to four (positions A1 toA4) protrudingDNAsingle 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 DNAwith four nicks at positions A1 to A4; lane 4, nucleosomes assembled using nicked
template DNA as in lane 3; lane 5, template DNAwith two protruding single strands at positions A1 andA3 [see (A)]; lane 6, nucleosomes assembled using templateDNAwith two
protruding single strands as in lane 5; lane 7, template DNAwith four protruding single strands at positions A1 toA4; lane 8, nucleosomes assembled using the template DNAas 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 nucleosomeswith two protrudingDNA single strands (A1 andA3) 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.
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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 Q measured in 3091 single particles. Blue line, uniform kernel
density estimation (bandwidth of 3°); black,model of spectrometermechanics (fig. S7 andnote S3). (B andC) Left: Exemplarymicrographsof spectrometerswith twonucleosomes
withDNA single strands at A1 andA3 attached in the proximal position (B) versus distal position (C) (15 nmversus 30nmaway fromhinge). See figs. S11 and S12 formoredata. 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 nucleosomeon the longbeamof the spectrometerwas rotatedby 180°. (G andH) 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 MgCl2 concentrations of
10 mM (see notes S2, S5, and S7 for detailed methods). Scale bars, 30 nm.
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