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ABSTRACT In eukaryotic cells, DNA is packaged into chromatin where nucleosomes are the basic packaging unit. Important
cellular processes including gene expression, DNA replication, and DNA repair require nucleosomal DNA to be unwrapped so that
functional proteins can access their target sites, which otherwise are sterically occluded. A key question in this process is what
are the unwrapped conformations individual nucleosomes adopt within chromatin. Here, we develop a concurrent nucleosome
unwrapping model to address this question. We hypothesize that for a given end-to-end distance of the nucleosomal DNA, the
nucleosomal DNA stochastically unwraps from the histone core from both ends independently and that this combination of
unwrapping from both sides results in a significant increase in the average distance between the DNA extending from both sides
of the nucleosomes. We test our model on recently published experiments using a DNA origami nanocaliper that quantifies
nucleosome unwrapping and achieve good agreement between experiment and model prediction. We then investigate the DNA
origami caliper distribution when attached to a hexasome (a nucleosome lacking a H2A/H2B dimer). A significant shift in the
caliper angle distribution because of the asymmetric structural features of the hexasome seen experimentally is consistent with
the model. Our modeling approach may more broadly be useful to the interpretation of other studies of nucleosome dynamics,
chromatin dynamics, and regulatory processes involving nucleosome unwrapping, as well as more generally to optimization of
future DNA origami designs to probe mechanical properties of biomolecules.

STATEMENT OF SIGNIFICANCE The genome of eukaryotic cells is compacted to fit into the nucleus by wrapping
approximately 147 base pairs of DNA around cores of eight histone proteins each, thereby forming nucleosomes. While this
achieves compaction, wrapping of the DNA around the histone protein cores influences and thus regulates cellular processes
requiring access to the DNA. It is therefore important to understand the propensity for DNA to temporarily unwrap. The main
significance of our work is that we show that if one considers unwrapping from both ends, DNA unwrapping from nucleosomes is
10-100 times more likely than expected from previous quantitative studies of nucleosome unwrapping from individual ends. This
implies a less stringent constraint of nucleosome geometry on chromatin structure.

INTRODUCTION an important role in regulating a number of genetic pro-
cesses (O6HS).

Dynamic DNA unwrapping and rewrapping from an indi-
vidual histone octamer core has been extensively studied using
a number of complementary approaches. Restriction enzyme
experiments were first used to quantify transient nucleosome
unwrapping (9), while Forster Resonance Energy Transfer
(FRET) measurements have been used extensively in both

In eukaryotic cells, genomic DNA is packaged into chromatin.
The basic packaging unit is the nucleosome, a protein-DNA
complex which consists of a histone protein octamer core
and approximately 147 base pairs of DNA wrapped around
it (1). The nucleosomes interconnect with each other to form
a “beads-on-a-string” 10 nm chromatin fiber and higher or-
der chromatin structures (2)). Important cellular processes,
including DNA transcription, replication, and repair, require
transient exposure of nucleosomal DNA to functional DNA
binding proteins such as transcription factors, DNA/RNA
polymerases, and repair enzymes (3H5). By controlling DNA
accessibility within chromatin, nucleosome unwrapping plays
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ensemble and single molecule experiments to quantify both
nucleosome unwrapping/rewrapping equilibrium and kinet-
ics (10H15). However, these approaches typically only detect
unwrapping from one side of the nucleosome and therefore do
not reveal how unwrapping is correlated on the opposite sides
of the nucleosome. Single molecule force spectroscopy mea-
surements have been used to induce and detect unwrapping on
both sides of single nucleosomes (16) and within nucleosome
arrays (17). However, forces applied at opposite ends of a
chromatin fiber induce single large unwrapping events corre-
sponding to entire nucleosomes (18, [19) and therefore do not
provide information about the continuous and dynamic nature
of nucleosome unwrapping. Moreover, the flexible tethers
used in these experiments contribute to the force-extension
responses, making the force induced extension of individual
nucleosomes difficult to measure. Recent single molecule
measurements that combine force and FRET allowed for lo-
cal detection of the force induced unwrapping (20), which
revealed that force induced nucleosome unwrapping on one
side of the nucleosome suppresses unwrapping on the oppo-
site side. However, the magnitude of this effect was difficult
to quantify. Separate restriction enzyme experiments com-
bined with transcription factor binding did not detect this
anticorrelation between DNA unwrapping on opposite sides
of the nucleosome (21) raising the question of how significant
anticorrelated nucleosome unwrapping is. Separate single
molecule DNA unzipping experiments provide local informa-
tion on force induced unwrapping (22), which was used to infer
the entire nucleosome unwrapping free energy landscape (23)).
But again, this only provides information on nucleosome
unwrapping/rewrapping on one side of the nucleosome.

A more recent experimental approach uses DNA origami
nanocalipers to measure nucleosome unwrapping (24, [25). In
these experiments, a single nucleosome is incorporated into
a DNA nanocaliper. With the two ends of the nucleosome
separately attached to two arms of the caliper, the DNA
origami caliper exerts a force on the nucleosome and biases
the nucleosome toward more partially unwrapped states that
would not be observable on free nucleosomes. The unwrapping
process undergoes nanoscale dynamic thermal fluctuations,
which results in an unwrapping conformation distribution that
is reported by the caliper angle distribution and measured
by imaging these conformations with transmission electron
microscopy (TEM). This approach is complementary to other
methods in that it probes nucleosome unwrapping on both
sides of the nucleosome and is sensitive to the continuous
nature of nucleosome unwrapping.

Based on this experiment, we developed a concurrent
nucleosome unwrapping model to quantitatively describe how
individual nucleosomes unwrap/rewrap when constrained at
both ends, similar to how they would be within the context of
chromatin. In this model, the two ends of the nucleosome can
independently unwrap simultaneously, where the length of
unwrapped DNA on each side of the nucleosome is individu-
ally determined by the interaction between the DNA and the
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histone core proteins. By comparing the model predictions
to the experimental results from Le et al. (24), we find that
the presence of multiple unwrapping conformations for a
given unwrapping state (end-to-end distance of nucleosome)
significantly lowers the free energy cost of unwrapping. These
results imply that while unwrapping nucleosomal DNA is
a rare event, the additional entropy from a multitude of un-
wrapping combinations results in a significant increase in
the distance between opposite ends of the DNA extending
out from the nucleosome, or equivalently in a significantly
increased probability to unwrap a given amount of base pairs
compared to experiments that probe unwrapping on only one
side of the nucleosome at a time as shown in Table [Tl

To then further verify our model, we examined replac-
ing the nucleosome within the nanocaliper with a hexasome,
which lacks one H2A/H2B dimer. Due to the missing contacts
between DNA and the H2A/H2B dimer, a certain length of
DNA is expected to always remain unwrapped. We used our
model to calculate the caliper angle distribution with varying
length of always unwrapped DNA. We then experimentally
determined the angle distribution for nanocalipers containing
a hexasome and compared it to the calculated caliper angle
distribution. We find that our model qualitatively captures
the asymmetric structure of the hexasome, further supporting
the validity of our concurrent unwrapping model. In combi-
nation these results provide insight into how nucleosomes
can accommodate constraints on the DNA extending out of
the nucleosome and a framework for modeling and designing
future nanocaliper experiments studying nucleosomes and
other biomolecules.

MATERIALS AND METHODS

Concurrent nucleosome unwrapping model

We consider nucleosomal DNA unwrapping from the histone
octamer core and attached to a nanocaliper as shown in
Figure |1} We assume that (1) the geometry of nucleosome
unwrapping can be described in a two-dimensional plane, (2)
the histone octamer has cylindrical shape, 8 nm in diameter,
in this plane, and (3) once the dsDNA, 2 nm in cross-section,
unwraps from the histone octamer tangentially there is no
bending or twisting of the DNA. The latter is a reasonable
first assumption because the length of the unwrapped DNA
is smaller than the persistence length of DNA (~ 50 nm).
However, as we note in the discussion, departure from this
assumption might be responsible for remaining deviations
between model calculations and experiments. Initially, the
DNA is fully wrapped on the histone. We model this case as
147 bp of DNA in contact with the histone octamer for the
maximum wrapping of 1.65 times (1) and two extra dsDNA
linker segments with variable lengths connected at each end
of the positioning sequence. The size of the biotin-neutravidin
linkage between the DNA and the DNA origami nanocaliper is
taken to be a 5 nm extension beyond the linker DNA. In order



for the positioning sequence to be wrapped 1.65 turns, in our
model each bp is taken to be 0.352 nm for the wrapped DNA
while 0.34 nm is used for the unwrapped DNA. Note, that this
base-pair-step for the wrapped DNA is calculated based on
the assumed 10 nm diameter of the mid-point circle of the
nucleosomal DNA, which has been used in other nucleosome
modeling studies before (26} 27). The geometrical parameters
of the model and their values are summarized in Table S1 in
the Supporting Material.

nucleosome
core particle

DNA origami
hinge

linker DNA

biotin-neutravidin

Figure 1: Concurrent nucleosome unwrapping model where a
nucleosome is incorporated into a DNA origami nano caliper.
(A) 3D structure of the DNA origami caliper-nucleosome
system. (B) Geometry of the model. In our DNA origami
calipers incorporating nucleosomes experiment, the two ends
of a nucleosome are attached to two arms of the caliper, respec-
tively, via linker DNA (additional base pairs of DNA beyond
a 147 bp Widom 601 nucleosome positioning sequence at
both ends of the nucleosome) and biotin-neutravidin linkages.
The caliper acts as a nanoscale torsional spring and applies
force on the nucleosome to extend its end-to-end distance.
In our model, the two ends of the nucleosome responding
to the same external force can unwrap simultaneously and
independently, with n; bp unwrapped on one side and n;
bp unwrapped on the other. We use the caliper angle 6 as a
readout, which can be directly measured on TEM images of
the caliper-nucleosome constructs, to report the nucleosome
unwrapping state (end-to-end distance). Note that the objects
in this figure are for illustration purposes only and do not
represent the actual scale of the molecules.

In our nucleosome unwrapping model, the DNA is allowed
to be released from the histone octamer core from both sides
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simultaneously with each side unwrapping independently.
This release is associated with a free energy cost G (ny, np) of
a given unwrapping state, in which n; base pairs are released
from the “forward” side and n; base pairs are released from the
“reverse” side of the nucleosome (here, “forward” and “reverse”
are defined based on the Widom 601 nucleosome positioning
sequence) (28). The unwrapping free energy G (ny,ny) =
Grorward(11) + Greverse(n2) is given by the sum of individual
free energy costs from both sides. n; and n; range from 0 to
half of the total length of the positioning sequence (73 bp),
which means the DNA in our model cannot be unwrapped
beyond the dyad region on the histone core from either side
(this is a reasonable approximation since the free energy cost
of these larger unwrapping events anyway prevents them from
having a significant weight in the calculations).

Caliper angle distribution of DNA origami
nanocaliper incorporating a nhucleosome

In our DNA origami nanocaliper device, the two ends of the
DNA construct that includes nucleosomal and linker DNA are
connected to the two nanocaliper arms of length 68 nm through
a biotin-neutravidin linkage (24). In the absence of a nucleo-
some, the DNA origami nanocaliper has an experimentally
measured angular distribution Peyjiper (6 — 6 + 66), where 6
is the nanocaliper angle. In our concurrent unwrapping model,
different lengths of nucleosomal DNA can be released from
both sides of the histone core simultaneously. Thus, for a given
end-to-end distance range from distance d to distance d + 6d
(d — d + 6d) of the nucleosome-linker-construct (measured
from one end of the DNA-arm attachment to the other end) or
corresponding nanocaliper angle range 8 — 6 + 66, there are
potentially multiple corresponding unwrapping states (71, 12).
The angle distribution P (6 — 6 + §0) of the nanocaliper
incorporating a nucleosome can then be calculated as

_G(n]’nz)
P (0 — 6+ 60) « Pegiiper (6 — 6 + 66) X Ze BT

(n1,n2)in 0—0+60

ey
where the summation runs over all possible unwrapping
configurations (np, np) resulting in a nanocaliper angle in the
range 6 — 0 + 96.

This allows numerical calculation of the angle distribution
of nanocalipers incorporating nucleosomes. We first set up 6°
bins in angle space centered at 0°, 62, . . . . For each angle bin,
we then enumerate all possible unwrapping configurations
(n1, ny) which are allowed in this bin and use Equation (1) to
calculate the probability of this bin. Due to the steric effect
of the biotin-neutravidin linkages which connect the nucleo-
somal DNA and the DNA origami nanocaliper, we disallow
any angles smaller than 4.2° (corresponding to approximately
5 nm biotin-neutravidin linkage size).The final angle distri-
bution of the nanocalipers is obtained by normalizing the
probabilities of all angle bins. We performed this calculation
for all four DNA linker lengths used in the experiments (6
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bp, 26 bp, 51 bp and 75 bp). Error bars for the calculated dis-
tributions were obtained by resampling 1000 times from the
experimental distribution Peyjiper (6 — 6 + 66) of the empty
hinge, calculating the standard deviations of the experimental
empty hinge distribution in every angle bin from the samples,
and multiplying these standard deviations with the same factor
as the probability itself is multiplied with in Equation (T)).
Kolmogorov-Smirnov P-values that quantify the probability
that the predicted and the experimentally observed distri-
butions are sampled from the same underlying distribution
are calculated by scaling the predicted distribution to a total
count equal to the total count of the empty hinge experimental
distribution used in Equation (T).

Free energy landscapes of hucleosome
unwrapping from both ends

Our model described in the previous two sections requires
the free energy costs Giorward(72) and Greverse () of unwrap-
ping a specific number n of base pairs from the histone
core on one side. The exact values of these free energy
costs depend on the DNA sequence and the locations where
DNA and histone proteins are in contact. Due to the non-
palindromic nature of the NPS, the unwrapping free energy
landscapes from either side of the nucleosome are differ-
ent (22) (Giorward(m) # Goackward(2)). The free energy land-
scape Giorward(n) of unwrapping DNA from the forward direc-
tion was previously determined (23) by fitting a quantitative
model to the mechanical nucleosome unzipping experiment
performed by Wang’s group (22). Here, we used the same
method to determine the unwrapping free energy landscape
G everse () for unzipping of the opposite side of the nucleo-
some. Briefly, first we create a trial free energy landscape
and, based on this free energy landscape, use the quantitative
model in (23) to calculate the expected dwell times of unzip-
ping each DNA base pair. We then vary the trial free energy
landscape until we get good agreement (a final Bhattacharyya
distance (29) of 0.064) between the calculated dwell times
and the experimentally measured dwell times reported in (22).

Preparation of hexasomes

The model presented above indicated that longer linkers
should show stronger effects of the hexasome on the caliper
angle distributions. Since 75 bp linker constructs failed to
efficiently reconstitute hexasomes, we settled for 51 bp linker
constructs for hexasome preparation. Biotinylated DNA mol-
ecules containing the Widom 601 NPS with Gal4 binding
site (CCGGAGGGCTGCCCTCCGQG) at the 8 — 26 base
pairs consistent with previously published work (24) were
prepared by PCR using oligonucleotides containing a biotin
label on the 5’-end (Table S2 in the Supporting Material)
for integration into the nanocaliper. DNA molecules were
purified by phenol-chloroform extraction and then purified
by anion-exchange HPLC using a Gen-Pak Fax column (Wa-
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ters). Recombinant X. laevis histones H2A(K119C), H2B,
H3(C110A) and H4 were expressed, purified and refolded
into H3/H4 tetramers and H2A/H2B dimers separately for
use in hexasome preparation. The H2A(K119C)/H2B(WT)
dimers were labeled with Cy5-maleimide (GE Healthcare) and
purified as detailed in a previous publication (30). Hexasomes
were reconstituted with the double salt dialysis method by
mixing purified histone tetramer, histone dimer, and DNA pre-
viously used to reconstitute nucleosomes (31). The recovered
nucleosomes were then analyzed by Electrophoretic Mobility
Shift Assay (EMSA). Hexasome reconstitution was optimized
by first titrating the amount of dimer against fixed tetramer and
DNA concentration (x:1:1.3) until well formed hexasomes
were observed before proceeding to purification. For purifi-
cation, hexasomes were loaded into 5-30% sucrose gradients
made with 0.5x TE and purified by ultracentrifugation (Beck-
man Coulter, Optima L-90K) at 4 °C, 41,000 rpm for 22 h in
a SW41 rotor. The gradient was analyzed by 5% polyacry-
lamide native gel electrophoresis after ultracentrifugation, and
fractions containing hexasomes without tetrasomes or nucleo-
somes (the three highest mobility species) were collected and
concentrated. Neutravidin was added to purified hexasomes
at a 10:1 molar ratio and fractions containing hexasomes
with two neutravidins were purified by ultracentrifugation
with a 5-30% sucrose gradient as described above. Figure S1
in the Supporting Material shows TEM images of purified
hexasomes.

Preparation of DNA origami nanocalipers

The DNA origami nanocaliper design is comprised of 2
bundles of 18 double-stranded DNA connected together by
6 single-stranded DNA connections as previously reported
in (24,132). 184 unique DNA oligonucleotides were thermally
annealed to an 8,064 nucleotide ssDNA scaffold derived from
M13mp18 plasmid variant in an annealing ramp with a 15
minute melt time at 65°C, a 4 hour annealing time at 52°C, and
a 15 minute cool time at 4°C. Structures were folded in 18 mM
MgCl,, SmM Tris, SmM NaCl, and 1mM EDTA buffer condi-
tions to form a DNA origami nanocaliper. The structures were
characterized by gel electrophoresis and transmission elec-
tron microscopy (TEM) as previously described (24} 33)). For
hexasome experiments, the structures were purified via cen-
trifugation with protocols modified from (34). 15% PEG8000
(Sigma Life Science) diluted in 200mM NaCl were combined
in equivolumes of unpurified structures. The combined so-
lution was centrifuged at 16,000g for 30 minutes to pellet
structures. After PEG-based centrifugal purification, nano-
calipers were resuspended to 8 nM in 59 mM Tris, 1.7 mM
MgCl,, 240 mM NaCl, pH 8.0.

Preparation of hexasome-caliper assemblies

Hexasome samples were diluted to 5nM in 0.5x TE pH 8.0
after sucrose gradient purification. Then, 1 ul of the 7.5 nM



calipers was combined with 1 ul of the 5nM nucleosomes
and an additional 2 ul of a 63.5 mM Tris, 1.0 mM MgCl, and
260 mM NaCl solution for an equimolar final concentration
1 nM:1 nM (nanocalipers : hexasomes) in a final buffer of
50 mM Tris, I mM MgCl,, and 200 mM NaCl. We previously
confirmed the stability of the nanocalipers in the buffer over
the timescale of our measurements (Figure S18 in (24)). The
mixed solution was incubated on ice for 30 minutes and then
immediately deposited on the TEM grid. Figure S2 in the
Supporting Material shows sample TEM images.

TEM imaging

Sample imaging and analysis by TEM are done as in (24).
Hexasome-nanocaliper assemblies were deposited and in-
cubated for 4 minutes onto Formvar-coated copper grids
(Electron Microscopy Services). The sample was wicked off
and the copper grids were stained with 2% uranyl formate
(SPI, West Chester, PA) and immediately wicked off. The
copper grid was dabbed gently with filter paper until all resid-
ual liquid was taken off and allowed to dry for at least 15
minutes. TEM was carried out at the Ohio State University
Campus Microscopy and Imaging Facility, located at OSU,
on a FEI Tecnai G2 Spirit TEM. Samples were imaged at an
acceleration voltage of 80kV at a magnification of 85,000x. A
combination of Mathematica, ImageJ, and eman2 was used
to quantify the conformation of the samples as previously
described in (24). Caliper angle measurements were obtained
manually via Image J’s angle measurement tools along the
inner edges of the caliper arms.

Caliper angle distribution of DNA origami
nanocaliper incorporating a hexasome

Hexasome-nanocaliper assemblies were modeled analogously
to nucleosome-nanocaliper assemblies described above. How-
ever, in order to account for the missing copy of the H2A/H2B
dimer, we only allow states with arbitrary n; butn, > n, where
we vary n from 0 to 60 in order to identify its optimal value.
We only restrict n, since hexasomes have been shown (35)) to
incorporate into the Widom 601 NPS with the dimer missing
at the reverse side.

RESULTS

Quantitative modeling of nucleosome
unwrapping in the context of DNA origami
nanocalipers

We base our model and calculation on the DNA origami
nanocaliper developed by Le et al. (24). In this caliper, the
two ends of a nucleosome are attached to the two arms of the
caliper as shown in Figure[TJA. In order to develop a model
we first identify the relevant degrees of freedom of the system.
Based on the design of the system, its variable regions are
the base of the caliper, the flexible connections between the
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caliper arms and the nucleosome, and the unwrapping of
the DNA off the nucleosome. We model all other aspects of
the structure as rigid. The most complicated of the variable
regions is the unwrapping of the nucleosome since there are
two ends of the DNA that can unwrap to different extents.
Similar to (36) we describe this unwrapping in terms of
two variables n; and n, that quantify the number of base
pairs unwrapped on either end of the nucleosome as shown
in Figure [IB. Once the amount of unwrapping from both
sides is fixed, the experimental observable, namely the caliper
angle 6, is determined by geometry. We then describe the
interaction between the DNA and the histone core by free
energy landscapes of unwrapping DNA from either end of the
nucleosome. In order to fully include all nonlinearities of the
mechanical behavior of the free nanocaliper in the model we
use the measured angle distribution of a nanocaliper without
nucleosomes to characterize the intrinsic angle preferences
of the nanocaliper. Using partition function theory, we can
then calculate the caliper angle distribution in the presence of
nucleosomes and compare it to experiment. More details on
the model are given in the methods section.

The free energy landscape of unwrapping
nucleosome differs between two sides

A main ingredient to modeling the nucleosome-nanocaliper
assemblies, but also more generally to quantitatively under-
standing any experiment involving nucleosome unwrapping,
is the unwrapping free energy landscape. The free energy land-
scape of nucleosome unwrapping describes the free energy
cost associated with unwrapping each DNA base pair from
the histone core particle. The detailed interactions between
the histone core particle and DNA have been characterized by
an experiment carried out by Wang’s group (22) where the
nucleosomal DNA is mechanically unzipped from the histone
core particle. In this experiment, it was found that the free
energy landscapes of the two sides of the nucleosome differ
from each other due to the sequence difference between the
two sides of the Widom 601 NPS. We will refer to one side
of the nucleosome as the “forward” side (strong interaction,
red DNA in Figure [2JJA) and the other side as the “reverse”
side (weak interaction, blue DNA in Figure[2JA). Previously,
Forties et al. (23) determined the free energy landscape for
unwrapping the forward side by fitting a trial free energy land-
scape to the mechanical unzipping experiment (Figure 2B).
Since nucleosomes in the experiments we are modeling here
can unwrap from both sides, we need to know the unwrapping
free energy landscape of the reverse side as well. Thus, we use
the same method as Forties ef al. (23) to determine this free
energy landscape of the reverse side. Briefly, we first assume a
trial free energy landscape and then calculate the correspond-
ing reverse side dwell time distribution based on the trial free
energy landscape. We compare the calculated distribution to
the dwell time distribution observed in the mechanical unzip-
ping experiment. We then vary the trial free energy landscape
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and iterate this process until the corresponding dwell time
distribution is in good agreement with experimental obser-
vations (Figure [2C). We find a Bhattacharyya distance (29)
of 0.064 between the experimental dwell time distribution
and the dwell time distribution derived from the optimized
free energy landscape. The Bhattacharyya distance between
two distributions measures their similarity and is zero if they
are equal and infinity if the two distributions do not have any
overlap. Figure 2D compares the forward and reverse unwrap-
ping free energy landscapes with each other. We find that they
are overall very similar, which might at first be somewhat sur-
prising given the large differences in the measured dwell time
distributions but becomes clear when realizing that changes
in the free energy landscape have an exponential influence on
dwell times. The most significant differences are in the 35-45
bp region, where the reverse landscape is lacking the strong
rise (indicating especially strong DNA histone interactions)
in the forward landscape, and in the dyad region. We note
that in the dyad region both free energy landscapes rise a lot
faster past the central (73rd) nucleotide than before the central
nucleotide. This might at first sight appear as a contradiction
as unwrapping just past the central nucleotide in one of the
landscapes involves breaking the same DNA-histone contacts
as unwrapping just before the central nucleotide in the oppo-
site landscape. However, unwrapping just before the central
nucleotide occurs in the vicinity of the still wrapped opposite
end of the nucleosomal DNA while for unwrapping past the
central nucleotide the neighboring DNA strand is not present
leading to a much stronger electrostatic attraction between the
DNA and the histone core to be overcome during unwrapping
in that regime.

Comparison model and experiments confirms
the concurrent unwrapping model

We tested our concurrent nucleosome unwrapping model on
the recently published experiments by Le et al. (24) where
nucleosomes are incorporated into DNA origami nanocalipers.
In these experiments, the nucleosomes are reconstituted using
canonical histone octamer and the Widom 601 NPS. The
DNA linkers on these nucleosomes are of equal distances
with possible lengths of 6, 26, 51, and 75bp denoted as 6L,
26L, 51L, and 75L, respectively. The ends of the DNA link-
ers are then attached to the arms of the nanocaliper via a
biotin-neutravidin linkage to create a nucleosome-nanocaliper
assembly. More than 200 of such structures are measured
in TEM images to create an angular distribution (solid gray
bars, Figure[3). These angular distributions reflect the balance
between the nucleosomes’ tendency to remain wrapped and
the nanocalipers’ tendency to remain open. Both of these
tendencies are included in our model and the goal of this study
is to disentangle the two by comparison between experimental
data and model predictions. To this end, we calculate the
angle distribution of nucleosome-nanocaliper assemblies with
different DNA linker lengths (green open bars, Figure 3]A)
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Figure 2: Nucleosome unwrapping from both sides. (A) Left:
Crystal structure of the nucleosome (PDB ID: 1AOI (1)).
Axes indicate the number of bp along nucleosomal DNA. Red:
forward side of DNA. Blue: reverse side of DNA. Right: side
view of the nucleosome. (B) Experimental (solid) and calcu-
lated (dashed) dwell time distribution for forward unwrapping
(from (23)). (C) Experimental (solid) and calculated (dashed)
dwell time distribution for reverse unwrapping. In both (B)
and (C) the experimental dwell time distributions are from
mechanical unzipping experiments by the Wang group (22).
(D) Free energy landscape (FEL) for unwrapping the 601’
positioning DNA sequence from a nucleosome core particle.
Red: forward unwrapping FEL. Blue: reverse unwrapping
FEL. The FELs in (D) are derived by fitting the calculated
dwell times to the experiment.

based on our model without any adjustable parameters. In
order to quantify the agreement between calculated and ex-
perimentally determined angle distributions, we calculate
the Bhattacharyya distance (29)) between the predicted and
the experimental angle distribution (denoted d in Figure [3).



We find that, the predictions agree reasonably well with the
experiment for all different linker lengths. For 6L, 26L, 51L,
and 75L, the Bhattacharyya distances between prediction
and experiment are 0.11 + 0.01, 0.09 + 0.01, 0.07 + 0.01,
and 0.04 = 0.01, respectively, where the error bars were de-
termined by resampling 1000 times with replacement from
the experimental distribution. Kolmogorov-Smirnov P-values
quantifying the probability that the experimental and the the-
oretical distributions are sampled from the same distribution
are 1.27-10718,1.69 - 10712,2.38 - 107, and 1.89 - 10~* for
the four linker lengths, respectively. This reflects the fact that
the Kolmogorov-Smirnov P-value is overly stringent since
it focuses only on counting error and not other sources of
sample-to-sample fluctuations but also indicates that there
are still aspects of the nucleosome-nanocaliper system that
our model may be missing as further elaborated on in the
discussion section.

An important aspect of our model is that both sides of the
nucleosome are allowed to unwrap concurrently. The question
if the two sides of a nucleosome can unwrap concurrently or
not and if this behavior is intrinsic or depends on the appli-
cation of an external force has recently been hotly debated
in the field (20, 21} 37, 38)). Thus, we wanted to contrast our
concurrent unwrapping model with variants that do not allow
independent unwrapping on both sides of the nucleosome. The
key in a non-concurrent model, no matter if one limits unwrap-
ping to only one side of the nucleosome, allows unwrapping
of only one side at a time, or chooses some other mechanism
to avoid concurrent unwrapping, is that in contrast to the
concurrent model the number of unwrapping configurations
does not increase with the total number of unwrapped base
pairs. To be specific, we chose two among the several different
ways one could implement a non-concurrent model: (i) the
one where either side of the nucleosome can unwrap but if one
of the sides unwraps, the other must remain wrapped (namely
niny = 0), which we term the single-sided model, and (ii) the
one where the length of DNA unwrapped from one side of the
nucleosome is equal to the length of DNA unwrapped from
the other side (namely n; = n,), which we term the symmetric
model. We again compare the calculated angle distributions
to the experimental distributions (Figures [3B and C). The
Bhattacharyya distances between calculated and experimental
angle distributions for 6L, 26L, 51L and 75L are 0.33 + 0.03,
0.37 £ 0.03, 0.37 £ 0.04, and 0.30 = 0.03 for the single-sided
and 0.10+0.01,0.09+0.01, 0.11+0.02, and 0.13 +0.02 for the
symmetric model, respectively. Comparing these distances,
the corresponding Kolmogorov-Smirnov P-values, and the
visual appearances of the distributions with the concurrent
model, the concurrent model clearly yields a better description
of the experimental results for all linker lengths. The symmet-
ric model performs similarly to the concurrent model for the
short linker lengths but becomes clearly less consistent with
the experimental data for the longer linker lengths. This result
supports our conclusion that in the nanocaliper experiments
the nucleosome adopts multiple possible conformations at a
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Figure 3: Comparison between concurrent, single-sided, and
symmetric model predictions. (A) The comparison between
the concurrent unwrapping model prediction and experiment;
Column (B) (middle): the comparison between the single-
sided unwrapping model prediction and experiment; (C) The
comparison between the symmetric unwrapping model pre-
diction and the same experiment. Gray: caliper distributions
measured from calipers incorporating nucleosomes experi-
ments; blue and green: calculated caliper distributions. 6L,
26L, 51L and 75L are the lengths of the DNA linkers (in
number of base pairs) attached to both ends of the nucleosome.
Error bars on the predicted distributions are calculated by
resampling from the free hinge distribution as described in
the Methods section. d is the Bhattacharyya distance (29)
between the experimental and predicted caliper distributions.
The standard error on d is obtained by resampling the experi-
mental data with replacement. ‘p’ is the Kolmogorov-Smirnov
P-value quantifying the probability that the experimental
and predicted caliper distributions are drawn from the same
underlying distribution.

given end-to-end distance (or corresponding caliper angle)
rather than only one or a few, as it would in a non-concurrent
scenario.

Hexasomes have significantly larger
end-to-end distances than nucleosomes

To demonstrate the generalizability of our concurrent model,
we performed similar experiments using the nanocaliper to
investigate unwrapping as Le er al. (24), but with hexas-
omes instead of nucleosomes. To this end, we have prepared
hexasomes, consisting of one tetramer and one heterodimer,
using the Widom 601 sequence with a 51 bp DNA linker
extending from both sides (51L hexasomes) attached to both
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arms of the nanocaliper via a biotin-neutravidin linkage. The
hexasome-nanocaliper assembly has ~ 50% efficiency in join-
ing both arms of a hexasome construct to both arms of a single
nanocaliper (Figure {jA).

o 30 60 90
Caliper Angle (Degrees)

Figure 4: DNA origami nanocalipers incorporating hexasomes
with 51 bp DNA linkers. The hexasomes were reconstituted
using the Widom 601 positioning sequence with 51 bp DNA
linker at both ends. (A) Transmission electron microscopy
images of calipers incorporating hexasomes. 6 is the caliper
angle. Scale bars = 50 nm. (B) Experimental angle distri-
bution of nanocalipers incorporating hexasomes (red) and
angle distribution of nanocalipers with nucleosomes from
the experiments in (24) (gray). Error bars are determined by
resampling 1000 times from the experimental distributions
with replacement and calculating the standard deviation of the
counts in every angle bin from these random samples. p’ is
the Kolmogorov-Smirnov P-value quantifying the probability
that the two experimental distributions are drawn from the
same underlying distribution.

We measure the conformation of 420 hexasome-nano-
caliper assemblies in the TEM. The angular distribution of
the 51L hexasomes has a mean angle of 43.9° with a range
from 6.4° to 84.8°. In contrast, the distribution of the 51L
nucleosomes has a mean of 36.6° and a range of 0° to 69.4°
(Figure B). The Kolmogorov-Smirnov P-value quantifying
the probability that the two experimental distributions are
sampled from the same underlying distribution is a highly
significant 1.04 - 10723, Thus, the 51L hexasomes-nanocaliper
assemblies have an angle distribution favoring significantly
larger angles than that of the 51L nucleosome-nanocaliper
assemblies, indicating that hexasome constructs favor states
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that are more unwrapped than their nucleosomal counterparts,
consistent with the loss of DNA-histone contacts on one side.

The concurrent unwrapping model captures
the asymmetric structure of hexasome
unwrapping.

We postulate that the main difference between the unwrapping
behavior of a hexasome and the unwrapping behavior of
a nucleosome is the lack of an opportunity for beneficial
interactions between the DNA and the histone core at the site
of the missing H2A/H2B dimer. Thus, there is no reason for the
DNA to remain wrapped at the end where the contacts with the
H2A/H2B dimer have been eliminated and indeed cryo-EM
structures of hexasomes support the picture of the DNA that
would be bound by the H2A/H2B dimer in the nucleosome
protruding straight out of the hexasome (38)). This suggests a
simple modification of our model to describe the hexasome
experiments: we exclude configurations where the DNA on the
side of the hexasome with the missing dimer is not sufficiently
unwrapped. Formally, we define a minimum number n of base
pairs that must remain permanently unwrapped on the side
of the hexasome with the missing dimer, i.e., we only allow
configurations with arbitrary (ny,n,) but limited to n, > n
and leave all other aspects of the model unchanged. Since we
do not know a priori how many base pairs remain unwrapped
due to the missing dimer, we vary the length n of permanently
unwrapped DNA and compare the caliper angle distribution
predicted by the resulting model for a large range of possible
lengths n of permanently unwrapped DNA in Figure [3] to
the experimental observation shown as the red open bars in
Figure ] Among calculations with » ranging from 0 bp to 60
bp, the best agreement is obtained for n = 20 bp based on the
Bhattacharyya distance (0.07 = 0.01) and for n = 25 based on
the Kolmogorov-Smirnov P-value (1.71 - 1073). These levels
of agreement are similar to or better than the agreement we
obtained for nucleosomes with the same linker length, which
further verifies our model and demonstrates the capability of
our model to capture the asymmetric structural features of
hexasomes.

DISCUSSION

In summary, we studied the mechanism by which single nu-
cleosomes undergo conformational changes when the DNA is
attached at both ends of the nucleosome. This configuration
is important since it corresponds to the natural chromatin
context: when a nucleosome has to fit into a particular chro-
matin geometry it does not depend on the probability that
one particular side of the nucleosome unwraps, but instead
depends on the probability that the two ends of the nucleosome
span the particular distance required by the geometric context.
We proposed a detailed mathematical model in which each
single nucleosome undergoes stochastic and often asymmetric
unwrapping fluctuations and adopts multiple possible unwrap-



Nucleosome Unwrapping from Both Ends

0.6 n: 0 n: 10 n: 15 n: 20
I d: 0.16+0.02 d: 0.12+0.01 d: 0.09+0.01 d: 0.07+0.01

0.4} P:4.98x107% p: 1.79 x 10~12 p: 2.51 x 10710 p: 1.80 x 10~
g r“l*I-TT-I_I—I—L
[
N 0
© 0.6 n: 25 n: 30 n: 35 n: 40 +
S °l d: 0.10+0.01 d: 0.21+0.02 d: 0.31+0.02 + d: 0.33+0.02
2 04} P:1.71x 1073 p: 7.83 x 10716 p: 1.61 x 10734 p: 5.93 x 1074°
>
= 1 il ol gl
Qo
© o 1 ] J —‘1
o 06 n: 45 n: 50 n: 55 n: 60
o I d: 0.26+0.02 d: 0.21+0.02 kS d: 0.16+0.02 d: 0.13+0.01

0.4} P:3.22x107% p: 7.74 x 10731 p: 1.21 x 10721 rh p: 1.33x 107 T

" ).—r'rrr

0 30 60 90 0 30 60 9 0 30 60 9 0 30 60 90

Caliper Angle (Degrees)

Figure 5: Comparison between model prediction and experimental distribution of hexasomes incorporated into DNA origami
calipers. Hexasomes in this experiment have 511 DNA linkers. In our model for hexasomes, we assumed a certain length
of DNA (in number of bp) to be always unwrapped on the side where the H2A/H2B dimer is missing. We calculated the
caliper angle distributions incorporating hexasomes with varying lengths of unwrapped DNA and compare them to the
experimental measurement shown as the red open bars in Figure[d Subfigures are comparisons of angle distributions between
the caliper-hexasome experiment (identical in all subfigures) and trial caliper-hexasome calculations with varying length of
exposed DNA. Solid gray: experimental caliper distribution with hexasomes; open purple: predicted caliper distribution with
hexasome, n on the upper right of each figure indicates the minimum length of DNA unwrapped in the calculation. Error
bars on the predicted distributions are calculated by resampling from the free hinge distribution as described in the Methods
section; error bars for the experimental distribution are omitted for the sake of clarity but can be found in Figure |4} d is the
Bhattacharyya distance (29) between the experimental and the calculated distribution. The standard error on d is obtained by
resampling the experimental data with replacement. ‘p’ is the Kolmogorov-Smirnov P-value quantifying the probability that the

experimental and predicted caliper distributions are drawn from the same underlying distribution.

ping configurations at a given unwrapping state (end-to-end
distance). We confirmed our model by comparing the model
predictions to recent experiments on nucleosome-nanocali-
per assemblies (24). We note that a similar DNA origami
device probing nucleosomes as the one modeled here was
developed by Funke et al. (25). The latter was used to ex-
plore the salt induced nucleosome disassembly. Since the
histone-DNA interaction depends on the salt conditions, our
model calculations cannot be directly compared to the Funke
et al. experiment, which were carried out at higher MgCl,
concentrations. In addition to comparing to the experiments
by Le et al. (24), we conducted an independent experiment
on hexasome-nanocaliper assemblies to verify the predictive
capability of our model.

A significant contribution of our work is highlighting a
mechanism that promotes unwrapping in situations where the
ends of the nucleosome are fixed. In previous experimental
and theoretical studies on nucleosome unwrapping, the em-
phasis is usually on individual unwrapping from one side of
the nucleosome (10} [11). This results in unwrapping being
considered a relatively rare event suppressed by free energy
costs on the order of several kgT. E.g., based on the free
energy landscape known before this study, i.e., the forward
side of the Widom 601 NPS alone, it is estimated that un-

wrapping events of 20, 30, and 40bp occur with probabilities
of 2.1-1072,3.3-1073, and 6.0 - 1075, respectively (see
Table [T). The newly determined free energy landscape for
the weaker reverse side of the Widom 601 NPS only some-
what modifies those to 1.9 - 1072, 3.1 - 1073, and 3.0 - 10~%.
Compared to unwrapping from one side, our concurrent nu-
cleosome unwrapping model accommodates a multitude of
possible configurations at a given end-to-end distance (or
corresponding caliper angle as measured in the DNA origami
experiments) decreasing the free energy cost for unwrapping
to a certain end-to-end distance by introducing additional
entropy. For a rough estimate of this entropic contribution
we can for simplicity assume that the end-to-end distance
depends only on the total number n of unwrapped base pairs
and that all n + 1 combinations of n; and ny with n = ny + ny
have the same unwrapping free energy G(n|, ny). This would
lead to an entropy boost of kg In(n + 1) or a free energy
decrease of 3 — 4kpT for 20-40 total unwrapped base pairs.
For the Widom 601 NPS taking all the geometric details of
the model and the unwrapping free energies G(ny,ny) into
account the full calculation yields probabilities of 3.2 - 1072,
2.2-1072, and 8.8 - 1073 for 20, 30, and 40 total unwrapped
base pairs, respectively, which are significantly higher than
the probabilities one obtains when looking at one side alone.
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By contrasting with predictions of non-concurrent models,
we show that the concurrent aspect of our model is crucial
to explaining the relatively frequent unwrapping observed in
the DNA origami caliper experiments (24)). This implies that
concurrent unwrapping plays a similar role in increasing the
frequency of unwrapping compared to asymmetric unwrap-
ping in the context, where neighboring nucleosomes as part
of chromatin structure instead of an artificial DNA origami
device define the end-to-end distance of the nucleosome.

Table 1: Probabilities to unwrap 20, 30, and 40 base pairs from
the forward side of the nucleosome alone, from the reverse
side of the nucleosome alone, and concurrently. It can be
seen that the additional entropy of the concurrent unwrapping
significantly increases the unwrapping probabilities for the
larger numbers of unwrapped base pairs.

bp unwrapped forward only reverse only both sides
20 2.1-1072 19-1072 321072
30 331073 3.1-10° 22-1072
40 6.0-1073 3.0-107* 8.8-1073

The concurrent aspect of our model is also consistent
with direct measurements of DNA extensions. If nucleosomes
unwrapped only on one side at a time, hexasomes, which
are naturally unwrapped at the side where the heterodimer
is missing, should not unwrap at all at the opposite side.
We therefore traced the DNA contours in all 37 hexasome
images, in which the DNA was actually visible including 13,
in which the DNA was visible on both sides of the hexasome
(unfortunately the staining of the TEM images allows only a
small fraction of the DNA molecules to be traced). Figure S3
in the Supporting Material shows some representative images,
the histogram of all 50 quantified DNA lengths, and a scatter
plot of the two lengths measured for the 13 images, in which
both sides of the DNA were visible. If hexasomes unwrapped
only on the side on which the heterodimer is missing, the
shorter of the two DNA lengths should be 51 nucleotides or
17 nm for all 13 images, while the longer of the two DNA
lengths is fluctuating. This expectation is clearly not consistent
with the data with only one point being close to 17 nm. On
the contrary, the points in Figure S3B are broadly scattered,
further supporting our concurrent unwrapping model.

Importantly, while the experiments and thus also our
model use the 601 nucleosome positioning sequence, the
general effect that entropic contributions from asymmetric
unwrapping increase the probability of unwrapping should be
independent of DNA sequence. For a different sequence we
would expect that the respective "forward only" and "reverse
only" unwrapping probabilities are different than their 601
counterparts used here but that asymmetric unwrapping still
leads to a similarly increased probability for unwrapping
from both sides as the entropic gain of a few kpT estimated
above is independent of DNA sequence. Thus, while the
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comparison between experiment and modeling that revealed
the importance of this entropic gain has been performed for the
601 sequence, the mechanism should be relevant for arbitrary
genomic sequences.

It is essential to note that even the entropically enhanced
unwrapping probabilities in the lower single digit percent range
would hardly be observable, were it not for the DNA origami
nanocaliper exerting a force on the nucleosome. Figure S4
in the Supporting Material illustrates this point by showing
the probability distributions of the number of unwrapped
bases corresponding to the angle distributions in Figure [3A
predicted by our model. While a free nucleosome is expected
to be mostly fully wrapped with unwrapping probabilities
to 20 bp in the single digit percent as discussed above, the
probability of these states is in the 20%-25% range when
attached to the nanocaliper. Still, the fully wrapped states
(< 4 bp unwrapped) are observed with probabilities of 0.008,
0.026, and 0.04 for the linker lengths of 26, 51, and 75bp,
respectively (for a linker length of 6bp, our assumed geometry
actually forbids these nearly fully wrapped states) even in the
presence of the nanocalipers and are thus probed relatively to
the unwrapped states that the nanocalipers emphasize.

These findings are in agreement with other force spec-
troscopy studies on nucleosome unwrapping. It was reported
in a previous paper (32), which used the same nanocaliper as
our study, that the nanocaliper applies a torque of 35 pN nm
at the smallest angle of 20° explored in that study. The free
nanocaliper distribution from Le et al. (24) used as input to
our model shows the largest change in probability from an
opening angle of 0° to an opening angle of 6° and this change
constitutes a factor of 7.3. This corresponds to a torque of
80 = 40 pN nm, where the uncertainty stems from the rela-
tively low counts in the empirical probability distribution for
these small angles. Since the DNA extending out from the
nucleosomes is attached to the nanocaliper arms, which are
68 nm in length from the hinge vertex, the force applied at
the ends of the arms is at most 1-2 pN. A number of studies
have reported that in this force range, the outer portion of
the nucleosomal DNA partially unwraps (16} 20, 139). In fact,
the magnetic tweezers measurements from the van Noort
lab (39) report that at a force of 2.5 pN, the outer turn of
the nucleosome has a probability of 0.5 to be unwrapped.
Therefore, in our nanocaliper measurements, since the force
range applied by the nanocaliper is 0 to 2 pN, both the fully
wrapped and partially unwrapped states of the nucleosome
are populated.

A second important contribution of this work is the de-
termination of the unwrapping free energy landscape for the
“reverse” side of the Widom 601 NPS. While models based on
DNA mechanics have characterized sequence dependent differ-
ences in nucleosome stability and unwrapping (37,140L/4 1)), the
reverse side free energy landscape presented here is directly
derived from experimental data and thus includes contribu-
tions from DNA conformational changes as well as from any
rearrangements of the histone core due to unwrapping. Its



comparison with the forward free energy landscape shows
an overall similar profile but important differences of a few
kpT in the region of contact with the H2A/H2B dimer and
in the dyad region. We hope that this will spur more exper-
imental investigations into the sequence dependence of the
unwrapping free energy landscape.

Our model agrees reasonably well with experimentally
observed DNA origami caliper angle distributions incorpo-
rating nucleosomes and qualitatively reproduces the experi-
mental observations on hexasomes incorporated into DNA
origami calipers as well. However, there are still statistically
significant deviations between our model and nucleosome
experiments, only some of which are likely due to the fact that
the Kolmogorov-Smirnov statistics ignores the uncertainties
inherited by the predicted distributions from the underlying
experimental free hinge distribution, especially in cases of
short linkers where the peak of the predicted distribution is
in an angle range that is weakly sampled in the experimental
free hinge distribution. In addition, one aspect of our model’s
prediction on hexasomes does not quantitatively agree with ge-
ometric analysis and existing experiments such as enzymatic
digestion studies on hexasomes (42, 43)). Both indicate that
the length of unwrapped DNA due to the missing H2A/H2B
dimer should be around 40 bp; however, our model yields best
agreement if the number of unwrapped base pairs is in the
range of 20 to 25.

One possible reason for the discrepancies could be bending
of the DNA, which we have excluded in our model. In order to
quantify the amount of bending of the DNA in our hexasome
experiments, we used the 50 traced DNA contours from the
37 images used in Figure S3 and averaged the cosines of the
angle differences as a function of contour length (Figure S5 in
the Supporting Material). For a worm-like chain, this quantity
should exhibit an exponential decay with the slope indicating
the persistence length. The persistence length of DNA under
physiological conditions is known to be 50 nm and the some-
what elevated magnesium concentrations in our experiments
should lead to even shorter persistence lengths (44). Yet, the fit
in Figure S5 yields a persistence length of 65 nm + 14 nm and
even a fit that ignores the short distance effects and focuses on
contour lengths of 4 nm and higher yields a persistence length
of around 56 nm. We thus conclude that the DNA in our exper-
iments does not undergo any excessive bending beyond what
is expected based on its intrinsic flexibility. Also, bending of
the DNA would, if anything, cause the nanocalipers to exhibit
smaller angles. Hence, accounting for bending in the models
would increase the discrepancy with the experimental data and
further exclude the non-concurrent models for nucleosome
unwrapping. However, as quantified in Figure S5 the bending
that we observe is slight, and would likely cause only minor
changes in observed angles.

Another possible reason for the discrepancies is that our as-
sumption of complete independence between the unwrapping
on both sides is oversimplified. While we have conclusively
shown that a model that allows unwrapping only on one side at
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atime is not consistent with the data, it is possible that unwrap-
ping on one side does affect unwrapping on the other, i.e., that
our assumption G(ny, n3) = Grorward(11) + Greverse(12) is not
strictly true. In fact, this assumption must become incorrect as
ny + ny 2, 85 due to the electrostatic interaction between the
neighboring DNA gyres, even though unwrapping events of
this magnitude do not seem to play a role in the experiments
modeled here.

Further, discrepancies between the experiments and the
model could be due to different buffer conditions between
the experiments by the Wang group (22), from which the
free energy landscapes are extracted, and the DNA origami
experiments in Le et al. (24). The experiments from the Wang
group (22) were done in a buffer with 100 mM Na*, and 0.5
mM free Mg>*, while the DNA origami experiments (24) were
performed in 200 mM Na* and 1 mM Mg?* to maintain stabil-
ity of the DNA origami. While in general buffer conditions can
play a large role in the stability of nucleosomes, recent single
molecule FRET studies show that there is minimal impact on
nucleosome unwrapping in this particular range of sodium
concentrations (43)). The increase in free Mg”* concentration
from 0.5 mM to 1 mM also should play only a minor role (10)
and if anything will stabilize the nucleosome (46) and thus lead
to more wrapped nucleosomes and smaller caliper opening
angles; the deviations between our model predictions and the
experimental angle distributions go in the opposite direction.
We thus conclude that salt effects are not likely candidates for
explaining the remaining discrepancies between model and
experiment. We also note that our main conclusion that the
amount of unwrapping in the DNA origami experiment is sur-
prisingly high when compared to unwrapping from one side
at a time, is even more so true given that the buffer conditions
in the DNA origami experiments if anything should suppress
unwrapping. Lastly, the discrepancies could be due to the
fact that the model we proposed is limited to two dimensions,
which may not adequately describe the actual nucleosome and
hexasome structures in three dimensional space. However, a
three dimensional treatment would require detailed informa-
tion on the free energy landscape of unwrapping the DNA in
all possible spatial directions and is thus beyond the scope of
the discussion of this paper.

We also notice that the DNA origami caliper angle dis-
tribution predicted by our model is less accurate for shorter
DNA linkers than longer DNA linkers, especially for 6L and
26L. The predicted angle distribution is visually smaller than
the experimental distribution. This is likely due to the steric
interactions between the DNA origami device, neutravidin,
and the nucleosome when they get very close to each other.
These interactions are not fully taken into account in our
model and are subject of future extensions of the model.

A notable feature of the calculated angle distributions is
their apparent “ruggedness”, which one might expect of an
experimentally determined but not of an analytically calcu-
lated distribution. One reason for this ruggedness is that the
calculation does take the experimental angle distribution of
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the free caliper as input. However, a more important reason for
the ruggedness is the strong variation of accessible states from
angle bin to angle bin. To illustrate this point, Figure S6 in
the Supporting Material shows the number of configurations
per angle bin, both for the concurrent and the symmetric un-
wrapping model. To understand the variability, we categorize
these unwrapping configurations into four different modes:
mode 1 (blue), in which there is at least one turn of DNA
wrapped around the histone core and the two ends of the
DNA cross over; mode 2 (green), in which there is at least
one turn of DNA wrapped around the histone core and the
two ends of the DNA do not cross over; mode 3 (purple), in
which there is less than one turn of DNA wrapped around
the histone core and the two ends of the DNA cross over;
and mode 4 (yellow), in which there is less than one turn of
DNA wrapped around the histone core and the two ends of
DNA do not cross over. These data indicate that one major
discontinuity is due to the disappearance of modes 2 and 3.
For the symmetric model, the overall smaller number of states
generates additional fluctuations due to the discrete nature of
the binning by angle.

CONCLUSION

Through development of a quantitative theoretical model,
comparison of this model with previous experiments on nano-
calipers containing nucleosomes, and follow-up experiments
on nanocalipers containing hexasomes, we have identified
concurrent unwrapping as a mechanism that significantly
lowers the barrier to nucleosome unwrapping compared to
what is observed when studying unwrapping of one side of
the nucleosome alone. Since nucleosomes are attached at both
ends in their natural chromatin context, the lowered barriers
to unwrapping found here are important when interpreting the
amount of nucleosome unwrapping in the natural chromatin
context. In the future, we believe that our model, validated by
experiments, can be used to guide the design of other calipers
with different mechanical properties (i.e. free caliper angle
distribution, torsional stiffness, etc) to probe other aspects
of nucleosome mechanics and chromatin structure, and also
assist in expanding the current usage of calipers to the study
of other biological complexes.
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