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Abstract

While nucleosomes are dynamic entities that must undergo structural deformations to perform their func-
tions, the general view from available high-resolution structures is a largely static one. Even though
numerous examples of twist defects have been documented, the DNA wrapped around the histone core
is generally thought to be overtwisted. Analysis of available high-resolution structures from the Protein
Data Bank reveals a heterogeneous distribution of twist along the nucleosomal DNA, with clear patterns
that are consistent with the literature, and a significant fraction of structures that are undertwisted. The
subtle differences in nucleosomal DNA folding, which extend beyond twist, have implications for nucleo-
some disassembly and modeled higher-order structures. Simulations of oligonucleosome arrays built with
undertwisted models behave very differently from those constructed from overtwisted models, in terms of
compaction and inter-nucleosome contacts, introducing configurational changes equivalent to those asso-
ciated with 2–3 base-pair changes in nucleosome spacing. Differences in the nucleosomal DNA pathway,
which underlie the way that DNA enters and exits the nucleosome, give rise to different nucleosome-
decorated minicircles and affect the topological mix of configurational states.

� 2021 Elsevier Ltd. All rights reserved.
Introduction

The dynamic features of the nucleosome are
critical to its function. Nucleosomal DNA needs to
peel away from the spool of histone proteins
around which it wraps in order for assorted
binding factors to access the embedded genetic
information (exceptions include pioneer
transcription factors, which target sites on the
nucleosome exterior1). The ease of nucleotide
exposure depends upon the DNA pathway, with
residues at the ends of the ~150-bp bound fragment
much more likely to undergo spontaneous ‘breath-
ing’ motions, i.e., unwrapping and rewrapping, than
those in the middle.2 Complete unwrapping comes
only upon major perturbation of the local environ-
td. All rights reserved.
ment, e.g., addition of salts that compete with the
highly charged histones for access to DNA3 or
imposition of external forces from invading molecu-
lar machinery4 or direct molecular manipulations.5,6

Maps of histone-DNA interactions, obtained by
mechanically unzipping the DNA of single
nucleosomes,7 find the contacts near the exit and
entry DNA to be particularly weak, allowing for the
spontaneous peeling of DNA ends consistent with
assays of nucleosomal DNA digestion by restriction
enzymes2 and opened configurations detected with
fluorescence resonance energy transfer measure-
ments.8–10 While many of the structures of nucleo-
somes captured in recent cryogenic electron
microscopy (cryo-EM) studies bear close resem-
blance to high-resolution crystal structures where
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DNA is tightly wrapped in a superhelical pathway
around the core of histone proteins, there are exam-
ples in the cryo-EM literature of open nucleosome
structures with bulges at the ends of the bound
DNA or with DNA displaced from the histone core.11

The perturbations in the histone assembly that
accompany these deformations seemingly limit the
unwrapping to one end of the double helix, providing
a structural rationale behind the DNA breathing
asymmetry detected with other techniques.10,12

The literature also includes observations of
slower nucleosomal motions, such as sliding,
where the DNA and histone core translocate with
respect to one another, forcing DNA-protein
contacts to break in one setting and reform in
another.13,14 There is further experimental evidence
of a slow opening, or gaping, of the nucleosome
under physiological conditions,15 motions hypothe-
sized to arise from slight distortions (e.g.,
hydrogen-bond breakages) of the histone core.16

The proposed separation of DNA gyres introduces
a higher-order curvature in the DNA superhelical
pathway thought to account for topological changes
observed in nucleosome-decorated DNA minicir-
cles.17 The displacement of the gyres upon gaping
is expected to disrupt the extended groove structure
of the nucleosome, formed by the side-by-side
alignment of DNA segments separated by a turn
(~80 bp) of superhelix and used by selected ligands
and transcription factors to recognize spatially dis-
tant DNA residues.18,19 The two DNA gyres run
roughly parallel to one another in an intact nucleo-
some, save for a single, ~15 bp stretch of DNA
around the central base pair, the so-called dyad.
The global motions, estimated from the interatomic
contacts in three of the first reported high-resolution
structures,20 suggest that nucleosomal gaping may
be coupled to breathing. That is, the nucleosome
appears to flex about the normal of the central base
pair as the ends of the DNA wrap and unwrap from
the histone core. Moreover, single-molecule studies
of salt-induced nucleosome disassembly have
found DNA dissociation to precede the displace-
ment of proteins.21 The mode of DNA deformation,
however, is unclear, with either gaping or unwrap-
ping consistent with observation.
Subtle differences in the structures of

nucleosomes lead to displacements between the
DNA ends large enough to change the features of
nucleosome-decorated DNA chains. Slight
changes in the degree of DNA wrapping around
idealized nucleosome models give rise to sharp
jumps in the predicted folding of nucleosome-
decorated minicircles,22 with the protein-free DNA
converting between an open, contact-free loop
and a crossed configuration with sequentially dis-
tant residues in close contact.23 As described in this
work, perturbations in the three-dimensional struc-
tures of nucleosomes bearing DNA fragments of
the same length give rise to other modes of chro-
matin reorganization. The precise structure of the
2

histone-DNA assembly determines whether a regu-
larly spaced array of nucleosomes adopts a loose,
relatively flexible form with the DNA superhelical
axes running roughly parallel to the overall chain
direction or a stiffer, more tightly packed state with
the superhelical axes oriented more nearly perpen-
dicular to the chain direction. Our findings suggest
that the twisting of successive base pairs may be
responsible, at least in part, for the observed differ-
ences in global features.
Examples of nucleosomal twist defects go back to

the very first high-resolution structures of the
histone-DNA assembly, where the number of base
pairs in one half of the complex is one less than
that in the other half.24,25 The shorter DNA twists
and stretches over roughly a turn of double helix
in order to preserve the stacking of terminal base
pairs against those of neighboring nucleosomes in
the crystal lattice. The site of twist uptake varies
with DNA sequence and in the presence of small
ligands, occurring in many early structures at sites
~20 or ~45 bp on either side of the dyad and appear-
ing to fluctuate between these and other sites in
solution.26,27 There is growing experimental evi-
dence that these small distortions of DNA may play
a role in the remodeling of nucleosomes,28–30 e.g.,
helping to propagate a DNA bulge on the surface
of the histone core and thereby to slide the nucleo-
some onto a new position on DNA.31

Increasing interest in how local nucleosome
dynamics contribute to larger-scale features of
chromatin has stimulated the development of
models that incorporate the intrinsic motions of
nucleosomes in simulations of longer DNA chains.
For example, Norouzi and Zhurkin32 have devised
a novel adhesion potential, based on the unzipping
properties of single nucleosomes,7 to treat the
dynamic response of nucleosomal arrays to exter-
nal forces. Schiessel and associates have used a
sequence-dependent elastic potential, based on
the arrangements of successive base pairs in
observed and simulated DNA structures,33 to
account for the positioning of nucleosomes along
DNA33 and the unwrapped states of nucleosomes
bearing different DNA sequences.34 Other groups
have employed even more coarse-grained repre-
sentations of the nucleosome, e.g., with themotions
of the assembly controlled by the interactions of a
reduced set of points on protein and DNA,35 to fol-
low the potential breathing and sliding propensities
of nucleosomes.31,36–37 Here we make use of the
large and growing collection of high-resolution
nucleosome structures to examine motions of the
histone-DNA assembly as a whole and to incorpo-
rate this information in studies of longer molecules.
There are now enough well-determined X-ray and

cryo-EM structures of nucleosomes and their
complexes with other molecules to begin to
decipher the overall dynamics of the histone-DNA
assembly from the set of available examples
rather than describe the dynamics in terms of
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simplified physical models. The data gathered here
reveal surprising trends in the build-up and
distribution of twist along the DNA and the
apparent gaping of DNA between the two halves
of the nucleosome not found in individual
structures. The variation in twist has a marked
effect on the arrangement of successive
nucleosomes and, in turn, on the configurations of
simulated oligonucleosome arrays and cyclic
nucleosome-decorated DNA. The gaping is most
pronounced near the sites of extreme under- and
overtwisting. The collective information provides
Figure 1. Molecular images illustrating the ‘dynamics’ of 1
perspectives. (a) Conventional view in the direction of the
assembly and the relative deformability of DNA vs. prote
regions83 of the best-resolved structure (pdb file 1kx525) u
backbones depicted by thin lines (DNA in blue/gold and h
respectively) and the dyad base pairs shown as thick lines. H
are not shown; (b) Same depiction of nucleosomal compone
of pyrimidine/purine bases at positions ±70 shown as sphe
frame of the dyad base pair (blue/gold blocks) and the cent
(d) ‘Fixed-end’ view with nucleosomes aligned on the frame
again depicted by B-spline curves.

3

useful benchmarks for atomic-level studies of
nucleosomes and new ideas for exploration of the
properties of chromatin.
Results

Nucleosome structural diversity

The collective information found in a large number
of high-resolution nucleosome structures offers
insights into macromolecular organization and
dynamics not evident in the isolated structures.
64 high-resolution nucleosome structures from different
DNA superhelical axis highlighting the symmetry of the
in. Structures are superimposed on the core histone
sing the PyMOL software,84 with the DNA and histone
istones H2A, H2B, H3, H4 in yellow, pink, blue, green,
istone tails and DNA residues outside the central 141 bp
nts but viewed down the dyad axis with the C6/C8 atoms
res; (c) ‘Pinched’ view with nucleosomes aligned on the
ers of base pairs connected by smooth B-spline curves;
of base pair –70 (blue-gold blocks) and DNA pathways
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Here we examine selected features in 164
nucleosome structures of 3.5-�A or better
resolution available as of August 2020 in the
Protein Data Bank (pdb).38 The collection includes
146 structures determined using X-ray crystallo-
graphic methods and 18 based on cryo-EM tech-
niques. The DNA sequence in the vast majority of
structures is a variation of an a-satellite
nucleosome-positioning sequence24,39 with nearly
20% (29) bearing the Widom-601 positioning
sequence.40 The DNA chain length in the different
complexes ranges from 145 to 167 bp with nearly
60% (94) of the entries containing 146 bp and
almost 40% with 145 or 147 bp (29 and 34 exam-
ples, respectively). Most of the crystal structures
(136) belong to the orthorhombic space group
P212121, with the terminal base pairs of each nucle-
osome stacked against the base pairs of two
symmetry-related neighbors forming a pseudo-
continuous DNA pathway.41 A total of 39 structures
bind additional proteins. See Figure S1 and Tables
S1 and S2 for further details.
The composite structures appear quite similar

when examined from the conventional top-down
perspective, showing the familiar pseudo-twofold
symmetry of the nucleosome about the dyad
(Figure 1(a)). Here the structures are
superimposed on the histone core of the best-
resolved core-particle structure (pdb file 1kx525)
with thin lines connecting the Ca atoms of protein
and the P atoms of DNA and thick lines highlighting
the base pair on the dyad. This alignment allows for
the uniform numbering and comparison of base
pairs with respect to the dyad, at base-pair 0, in all
considered structures (see Methods). The wider
spread of lines on DNA compared to protein draws
attention to the well-known enhancement in atomic
mobility at the edges vs. the core of individual struc-
tures.24 The relative spread of lines along the DNA
similarly highlights the known ease of deforming the
ends of the double helix compared to the
center.2,7–10 This viewpoint, however, hides sub-
tleties in the orientation of terminal base pairs,
which span a wide range of states that become
apparent when the set of structures is viewed look-
ing down the dyad axis (Figure 1(b)). The variety of
orientations appears in the semicircular scatter of
points depicting the purine C8 and pyrimidine C6
atoms of the terminal pairs (here located at base
pairs ±70 with respect to the dyad). A related view
of the same structures, superimposed in a common
reference frame on the dyad with thin lines passing
through the centers of successive base pairs,
reveals noticeable displacements in the DNA chain
ends (Figure 1(c)). The displacements become
even more pronounced when the basepair
pathways are superimposed at one end of the
chain (here base-pair –70), with the overall struc-
tures significantly rotated with respect to one
another (Figure 1(d)). Moreover, these structures
fall into distinct groupings suggestive of different
4

nucleosome states and motions of potential
relevance to chromatin organization.
Nucleosomal DNA under- and overtwisting

The rotations of terminal base pairs and the large-
scale reorientation of nucleosomal DNA seen in the
collection of structures arise in large part from
differences in the twisting of the constituent base
pairs. A color-coded heat map of the build-up in
twist at successive base pairs in the set of
high-resolution structures reveals distinct patterns
of DNA under- and overtwisting within different
subsets of structures (Figure 2). Here we plot the
uptake of the so-called twist of supercoiling42,43 at
every base-pair step along with the total uptake on
each nucleosome relative to the average values
for all nucleosomes in the dataset—an average
accumulated twist of 4835±28� over the central
140-bp steps, corresponding to an average twist
per base-pair step of ~34.5±0.2� (see Table S2 for
numerical values and Figure S2 for an enlarged plot
of the relative total twist uptake on each nucleo-
some). The twist of supercoiling takes account of
both the rotational and the translational contribu-
tions to the wrapping of DNA strands about one
another, as opposed to the rigid-body or base-pair
step parameter of the same name44 widely used
to quantify the spatial disposition of successive
base pairs and to build accurate three-dimensional
models. The two twists differ by a few degrees if
the DNA axis, i.e., the pathway described by the
centers of successive base pairs, is broken by lat-
eral displacement of the base pairs. The differences
are especially pronounced when the so-called
Slide, the displacement of successive base pairs
in the direction of their long-axes and a deformation
of local structure known to control the superhelical
pitch of nucleosomal DNA,45 is a large positive
value; see the effects of both Slide and Shift (the lat-
eral displacement of base pairs along their short
axes) on the difference in the two twists (sscoil and
Xstep) in all nucleosome structures in Figure S3
and the differences in the two values at individual
steps in different structures in Figures S4 and S5.
The groupings of nucleosome structures,

obtained by clustering the values of twist uptake
over the central 141 bp of each entry (see
Methods), show distinct differences at the same
locations known in isolated structures to
accommodate effects of DNA chain length or
ligand binding,24–27 in the vicinity of base pairs
±20 and ±50. What is new in the composite data
are the various combinations of under- and over-
twisting at these four sites and the net effects of
these local differences on the twisting of the nucle-
osome as a whole, revealing sets of structures that
are under- or overtwisted relative to the average
(see the column of net twist uptake DTw[–70,+70] val-
ues between base pairs ±70 at the right of Figure 2).
The undertwisted structures occur primarily in the



S. Todolli, R.T. Young, A.S. Watkins, et al. Journal of Molecular Biology 433 (2021) 167121
groupings labeled III, V, and VII. The structures in
groups III and V stand out from all others in being
undertwisted near base pairs ±50, with those in
group III wrapping 146 bp and those in group V
147 bp. The structures in group V further stand
out in terms of the relative spatial locations of chain
ends, comprising most of the small, outlying set of
nucleosomal pathways illustrated in Figure 1(d);
see Table S2 for the coordinates of terminal base
pairs in individual structures and Figure S6 for
color-coded representations of twist uptake within
each grouping of nucleosome structures. The
undertwisted structures in group VII span a broader
range of pathways with two configurations resem-
bling those in group V and the remainder similar to
those in group III. The twist uptake in group VII is
neutral in the sense that roughly half of the struc-
tures are overtwisted and half are undertwisted.
The overtwisted structures, however, do not show
the same degree of overtwisting at individual steps
Figure 2. Color-coded heat map of the uptake of twist Ds
(~34.5�), at each base-pair step along the central 141 base p
with undertwisted steps depicted in shades of blue and ove
seven unique modes of twist build-up along the DNA (I-VII)
Gray lines highlight the ±7 bp regions around locations ±20
among the nucleosome groups. The bands across the top d
The vertical bar graph on the right shows the net twist uptak
average.
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as those in group VI; note the different range of
color variation near base pairs ±20 and ±50 for
these two groupings in Figure 2. Whereas the struc-
tures in group VI wrap 146 bp and come exclusively
from X-ray data, those in group VII wrap 145–
167 bp and derive from both X-ray and cryo-EM
measurements. The differences in twist uptake
occur in concert with subtle changes in the contact
patterns of DNA with histones H2A and H2B, with
the sites of close interatomic contact narrowed
and shifted by 1 bp toward the ends of the under-
wound DNA pathways (see Figure S7).
The differences in net twist within each grouping

reflect subtle differences in the local twist along
the complete length of nucleosomal DNA. As
evident from the levels of red/blue shading, the
degree of over/undertwisting varies within the
highlighted regions as well as in other parts of the
DNA. For example, the ~30� difference in twist
accumulated between base pairs ±70 in the R45C
, in degrees, relative to the average over all structures
airs of the nucleosome core particles shown in Figure 1,
rtwisted steps in shades of red. The seven panels show
found upon clustering the values of Ds (see Methods).
and ±50, which contain the largest differences in twist
enote the sites and frequencies of DNA-protein contact.
e DTw[–70, 70], in degrees, over all steps compared to the
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and R45H SIN mutant nucleosome structures (pdb
files 1p3f and 1p3i,46 respectively), both included in
group III, reflects a jump in twist of ~12� in the vicin-
ity of base pairs –50 and +60 in combination with
smaller, primarily positive increments of twist
spread over the remainder of the DNA (Table S2).
There are not yet enough data to determine the pre-
cise molecular features that distinguish the under-
twisted from the overtwisted nucleosomes, e.g.,
structures bearing additional proteins fall into both
structural categories as do those bearing a-
satellite sequences and the Widom 601 sequence.
By contrast, structures incorporating 147 bp of
DNA show a greater propensity for DNA undertwist-
ing vs. overtwisting compared to those bearing 145
and 146 bp, which incorporate both under- and
overtwisted nucleosomal DNA. As illustrated below,
the wide extremes in net twist found in the complete
set of structures have profound effects on other fea-
tures of nucleosomal DNA as well as on the pre-
dicted properties of oligonucleosome arrays and
nucleosome-bearing DNA minicircles.

Inter-gyre deformations

Knowing that the lateral displacement of
successive base pairs accompanies change in
DNA twist and that such displacements underlie
the superhelical pitch of nucleosomal DNA,45 we
examined the distances between the centers of
DNA base pairs separated by a complete turn of
superhelix (here set to 78 bp; see Methods) in the
different groups of nucleosomes. These values pro-
vide a measure of both the pitch and the separation
of DNA gyres, and the variation in these distances
among the different groupings offers an estimate
of deformations that might contribute to nucleoso-
mal gaping. The largest differences occur, as
expected, between the under- and overtwisted sets
of nucleosomes, noticeably in the vicinity of base
pairs ±20 and ±50 and the base pairs on the oppo-
site gyre, i.e., base pairs near �60 and �30,
respectively (Figure 3). The average separation of
gyres at locations ±40, directly across from the
dyad, is similar in the two structural families. The
opening of DNA in the general direction of the
superhelical axis in currently available nucleosome
structures thus differs from the hypothesized,
bivalve-like gaping mechanism,16 occurring at off-
side locations susceptible to large variations in twist
rather than opposite the dyad. The magnitude of
opening, i.e., the difference between the inter-gyre
distances in certain under- vs. overtwisted nucleo-
somes (groups V vs. VII), is as large as 5.8 �A in
the vicinity of base pairs +57 and –21. The pattern
of opening remains the same if the inter-gyre dis-
tances are measured in alternate ways (compare
Figures 3 vs. S8 and see Methods).
The features of the nucleosome responsible for

these differences in opening become apparent
when the relevant residues are highlighted in
close-up views of the different structures
6

superimposed in a common reference frame
(Figure 3b). Here we draw attention to the
locations of the base-pair centers (spheres) at the
sites of greatest inter-gyre separation and the
DNA backbones attached to the surrounding
residues (thin lines). The features of the
undertwisted nucleosomes are depicted in green
and the overtwisted nucleosomes in gold, with the
leading strand of DNA shown in darker hues. As
evident from the molecular images, the wider
separation distance between base pairs –47 and
+31 in overwound vs. underwound nucleosomes
arises primarily from movements around base-pair
–47, while that between –21 and +57 reflects
more pronounced movements around base-pair
+57. Both of the noted sites lie in the vicinity of
residues that are locally overtwisted in one
grouping of nucleosome structures and locally
undertwisted in the other, i.e., sites ±50 in groups
V vs. VII (Figure 2). The subtle differences in the
nearby DNA pathways reveal accompanying
changes in the widths of the DNA major and minor
grooves. The opening and closing of the DNA
gyres and the movements of specific base pairs
become apparent when toggling between
representative under- and overtwisted
nucleosome structures (illustrated in Figure S9
and Video S1 with pdb files 1kx525 and 5b0z47 from
groups V and VI, respectively).

Nucleosome dimer deformability

The reorientation of terminal base pairs
associated with the under- and overtwisting of
nucleosomal DNA also affects the configurations
of successive nucleosomes within an oligomeric
array. Here we report the rotation of successive
nucleosomes about the axis connecting their
centers in simulated arrays, with 172- or 177-bp
spacing between nucleosome dyads and the
protein-free DNA linker subject to elastic
deformations (Figure 4). All of the nucleosomal
DNA in a given array follows the same rigid 3D
pathway, with the base pairs adopting the steps
taken by the central 145 bp in a representative
under- or overtwisted structure (here pdb file
1kx525 or 5b0z,47 respectively). The rotation is mea-
sured in terms of the torsion angle / described by
the planes containing the cylindrical axis of each
nucleosome and the center-to-center axis (see Fig-
ure 4(a)). The distributions of torsion angles reflect
the equilibrium structure and room-temperature
fluctuations introduced in the DNA segments linking
successive nucleosomes in Monte Carlo simula-
tions of the dimeric fragments (see Methods). The
base-pair steps within these protein-free linkers
are subject to bending and twisting deformations
characteristic of ideal, mixed-sequence B DNA
(see Methods).
The differences in twist on the nucleosome

models lead to significant reorientation of
successive nucleosomes (Figure 4(b)), with the



Figure 3. DNA gaping propensities, measured in terms of the distances between the centers of base pairs
separated by a full (78-bp) superhelical turn, in representative under- and overtwisted nucleosome structures.
(a) Average inter-gyre distances, in �Angströms, for nucleosome groups V (undertwisted) and VII (under- and
overtwisted) shown respectively by green and gold centerlines. Shaded regions mark the 10th and 90th percentiles of
values in each group; (b) Molecular close-ups of the DNA gyre separation in the vicinity of locations –47 and +31 (left)
and –21 and +57 (right), with base-pair centers depicted by spheres and DNA backbones by thin lines. Nucleosomes
are aligned as in Figure 1(a, b), and assigned the same color-coding as the distance plots. The leading strand of each
structure is shown in a darker hue and the directions toward the entry and exit base pairs are noted.
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values of the torsion angles / in the undertwisted
arrays reduced by ~70� compared to those in the
overtwisted arrays regardless of the assumed
spacing. The differences are expected to be even
larger in models constructed with more extreme
examples of underwound and overwound
nucleosomal DNA. The respective twist uptake on
the central 141 bp of the two nucleosome models
used here is –27.4� (pdb file 1kx525) and +3.7�
(pdb file 5b0z47), values of much lesser magnitude
than those of the most under- and overwound
nucleosomes in the dataset (–97.3� in a cis platin-
treated nucleosome (pdb file 3b6f48) and 58.8� in
the human telomeric nucleosome (pdb file 6l9h49).
The 5-bp change of spacing from 172 to 177 bp
increases the torsion between successive nucleo-
somes by ~180�. The ~70� increment in / found
upon deformation of the nucleosome is comparable
to the changes in the torsion angle brought about by
a 2–3 bp increase in spacing between nucleosomes
(compare the distributions of / in Figure 4(a) with
those associated with 1-bp changes in DNA linker
length between undertwisted nucleosomes in
Figure S10).
7

Oligonucleosome arrays

The differences in nucleosomal DNA twist and
dinucleosome configuration noted above lead to
distinctly different oligonucleosome properties.
Monte Carlo simulated nucleosome arrays
incorporating undertwisted nucleosomal pathways
show different levels of compaction and interaction
compared to those constructed with overtwisted
pathways. For example, the computed
sedimentation coefficients s of ensembles of
12-mer arrays bearing undertwisted (1kx525) nucle-
osomes with 172-bp (dyad-to-dyad) spacing
exceed those of identical constructs bearing over-
twisted (5b0z47) nucleosomes (curves labeled 0 in
Figure 5(a)). The lesser chain extension of the for-
mer system (Figure 5(b)) follows from the inverse
dependence of s on average inter-nucleosome
spacing (see Methods). Here we show average
3D configurations of the two arrays, with pathways
between successive nucleosomes constructed
from the averages of the rigid-body parameters
used to specify the precise arrangement of
neighboring base pairs within each simulated linker



Figure 4. Influence of nucleosomal twist on the orientation of successive nucleosomes in Monte Carlo simulated
12-mer nucleosome arrays. (a) Distribution of the torsion angle /, in degrees, described by the cylindrical axis of each
nucleosome and the axis connecting their centers (inset). Nucleosome pairs selected from the central regions of
simulated arrays with 172- or 177-bp spacing. Graphs are labeled in terms of the rigid pathway used to model the
nucleosomal DNA, undertwisted (pdb file 1kx525) and overtwisted (pdb file 5b0z47). Average values for 172-bp arrays
bearing undertwisted and overtwisted nucleosomes are –144� and –75�, respectively. The corresponding values in
arrays with 177-bp spacing are 28� and 97�; (b) Three-dimensional representations of successive dimers constructed
from the average base-pair step parameters of the deformable protein-free linkers and the fixed nucleosome
geometry in each simulated array. The histone core is shown as a light gray cylinder, with the top shown in blue to
note the orientation in space. DNA is depicted as a thin tube connecting the base-pair centers. All four dimer
configurations are aligned in a common frame on the first nucleosome.

S. Todolli, R.T. Young, A.S. Watkins, et al. Journal of Molecular Biology 433 (2021) 167121
configuration (see Videos S2 and S3 for sampled
configurational states). The arrays comprised of
overtwisted nucleosomes more closely match the
reported sedimentation coefficients50 than those
with undertwisted nucleosomes. The limited overlap
of the computed values of s with the observed data
(41 S and 38 S in solutions of 150 mM NaCl and
1 mM MgCl2, respectively), however, shows that
the simulated arrays are less extended than those
detected experimentally.
Simulated 12-mer arrays incorporating a mix of

under- and overtwisted nucleosomes show
intermediate behavior. For example, the
incorporation of undertwisted nucleosomes
compresses the extended arrays containing
purely overtwisted (5b0z47) nucleosomes, with a
shift in the predicted distribution of sedimentation
coefficients toward higher values of s and a con-
comitant decrease in end-to-end displacement
(Figure 5(a, b)). The modifications also tighten
the arrays in terms of the frequency of interactions
with nearby residues (Figure 5(c)), with a build-up
in close (�110 �A nucleosome center-to-center)
contacts between alternate (i, i + 2) nucleosomes
and every third (i, i + 3) nucleosome in proportion
to the number of undertwisted nucleosomes placed
in the center of an array of overtwisted nucleo-
somes. The addition of overtwisted nucleosomes
to an array containing purely undertwisted
(1kx525) nucleosomes has the opposite effect.
The distribution of s shifts toward lower values,
the chain becomes more extended on average,
and the contacts between alternate (i, i + 2) and
8

more distant (i, i + 5) nucleosomes decrease.
The contacts between every third (i, i + 3) nucleo-
some, however, increase with the opening of the
array. The average structures (Figure 5(b)) show
how the mix of under- and overtwisted states might
increase the accessibility of specific nucleosomes
or introduce local bends in an array.
Mononucleosome DNA minicircles

The twist of DNA on the nucleosome also
influences the configuration and topological mix of
nucleosome-decorated DNA minicircles. Here we
examine the effect of nucleosomal twist on 359-bp
closed circular molecules bearing a single 141-bp
nucleosome, a system that when free of proteins
and is torsionally relaxed comprises 34.2 turns of
a B-DNA double helix, i.e., 359 bp � 10.5 bp/turn.
The configuration of the protein-free DNA loop
anchored by the nucleosome in each minicircle is
described in terms of the angle c formed by the
base-pair normal at the mid-point of the loop with
the plane containing the starting point, mid-point,
and end-point of the loop (Figure 6(a)), i.e., the
midpoint of the loop and the terminal base pairs of
the nucleosome (see Figure S11). The rotation of
the loop with respect to this plane is greatest and
the elastic energy of the loop lowest when
overtwisted nucleosomes are incorporated in
minicircles of linking number Lk 33 (Figure 6(b)).
Variation among the different nucleosome
structures, here all 164 surveyed structures, leads
to large-scale rearrangements of the topoisomer,



Figure 5. Effect of nucleosomal twist on the configurations of Monte Carlo simulated nucleosome arrays.
(a) Distribution of the sedimentation coefficients s computed from simulated ensembles of 12-mer arrays with 172-bp
spacing built from a mix of undertwisted (pdb file 1kx525) and overtwisted (pdb file 5b0z47) nucleosome pathways. The
color intensity indicates the number of overtwisted (top) or undertwisted (bottom) nucleosomes incorporated
respectively into an array of otherwise undertwisted or overtwisted nucleosomes. Dashed vertical lines denote the
values of s20�,w observed in ultracentrifgation studies.50 (b) Three-dimensional configurations of nucleosome arrays
constructed from the ensemble-averaged base-pair step parameters of the deformable protein-free DNA linkers, and
the fixed nucleosome geometry in each simulated array. Nucleosomes are depicted as cylinders and color-coded in
light green and gold for the undertwisted (1kx5) and overtwisted (5b0z) models, respectively. See the widely ranging
configurations that contribute to these simplified, static images in Videos S2 and S3. (c) Frequency of intra-chain
nucleosome contacts for the nucleosome arrays described in part (a). The horizontal axis denotes the nucleosome
separation, where 1 indicates immediate neighbors, and so on. The contact frequency shown in the vertical axis is the
measure introduced in 32,59.
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including a ~40� decrease in c and accompanying
changes in the writhing number. The mix of
topoisomers is greater when the nucleosomes are
underwound, with more pronounced uptake of
nucleosomes on minicircles of Lk 32 and 34
(Figure 6(c)). The differences in minicircle
configuration brought about by changes in the
nucleosomal twist become apparent when
structures bearing pathways representative of
different twist groupings are superimposed in a
common reference frame (Figure 6(d)), here the
central 141 bp of undertwisted nucleosomes from
9

groups III and V (pdb files 1aoi24 and 1kx5,25

respectively) and an overtwisted nucleosome from
group VI (pdb file 5b0z47) in the histone reference
frame (see Methods and Table S5 for the writhing
number and twist of these and all other constructs).
As anticipated from early studies of idealized

nucleosome-decorated minicircles,22,51 allowance
for DNA ‘breathing’ changes the configurational pic-
ture. Peeling the DNA off the nucleosome lengthens
and reorients the protein-free DNA loop. Here we
simulate symmetric DNA breathing by removing
the same number of base pairs from both ends of



Figure 6. Effect of nucleosomal twist on the energy-optimized configurations of 359-bp DNA minicircles bearing a
141-bp rigid nucleosomal DNA fragment from different groupings of high-resolution structures. (a) Illustration of the
out-of-plane rotation angle c formed by the base-pair normal at the mid-point of the protein-free DNA loop with the
plane containing the starting point, mid-point, and end-point of the loop (colored blocks); (b) Scatter plot of the
optimized loop energy per base-pair step, in units of kBT, vs. the angle c, in degrees, for topoisomers with linking
number Lk 33 (undertwisted groups III and V in purple and green, respectively, and overtwisted group VI in gold).
Smooth curves on the edges of the scatter plot are the relative densities of individual parameters for each set of data;
(c) Probabilities of occurrence of minor topoisomers (Lk 32 or 34) of minicircles found for the different groupings;
(d) Schematics of optimized minicircles of specified linking number bearing nucleosome pathways representative of
each structural grouping (pdb files 1aoi,24 1kx5,25 5b0z47 from groups III, V, VI, respectively).
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representative nucleosomal pathways on a 359-bp
minicircle. The level of base-pair peeling, up to
10 bp from the ends of the nucleosome, is consis-
tent with the adhesion energies estimated from
the mechanical unzipping of single nucleo-
somes.7,32 Chains bearing the overtwisted nucleo-
some resist changes in configuration as
evidenced by the limited variation in the writhing
number Wr of the dominant Lk 33 topoisomer upon
peeling (Figure 7(a)), showing an increase in value
only after 8 bp are removed from both ends of the
superhelical pathway. The minicircles containing
more undertwisted nucleosomes, by contrast, show
comparable jumps inWr upon removal of 4 bp from
the nucleosome ends. The loop orientation angle c
shows similar sensitivity to nucleosomal twist (Fig-
ure S12), decreasing in magnitude at the sites
where Wr shows a jump in value. Thus, localized
10
changes in nucleosomal twist modulate both the
breathing patterns and the overall fold of the mod-
eled topoisomer. The minicircles bearing over-
twisted nucleosomes adopt a wider mix of
topological states than those incorporating
undertwisted nucleosomes upon opening. The val-
ues of the average linking number hLki reveal a
sizable population of the Lk 34 topoisomer as the
DNA ends peel off the overtwisted nucleosome
but limited variation upon similar peeling of the
undertwisted nucleosomes (Figure 7(b)). The
increase in Lk in the former minicircles occurs in
concert with a reorientation of the DNA loop in
excess of 100� and a jump in Wr of 0.5 or more
depending upon the degree of breathing. Changes
in Lk, of course, necessitate the breaking and
rejoining of DNA strands. See sample configura-
tions in Figure 7(c).



Figure 7. Effect of symmetric nucleosome ‘breathing’ on the energy-optimized configurations of 359-bp DNA
minicircles bearing nucleosomal DNA fragments representative of three groupings of high-resolution structures.
(a) Variation in the writhing numberWr, as a function of the degree of breathing, in minicircles of Lk 33; (b) Influence of
the same levels of breathing on the average linking number hLki of all low-energy topoisomers, with breathing
described in terms of either the number of DNA base pairs constrained on the nucleosome (upper label) or the
number of base pairs peeled from both ends of the assembly (lower label); (c) Schematics illustrating the transitions
between opened and closed states as DNA is unwrapped in Lk 33 topoisomers bearing different nucleosome
structures (left) and the ~50:50 mix of topoisomers found when 10 bp are peeled off both ends of the overtwisted
nucleosome (right). The cyan lines in (a) and (b) denote the degree of peeling associated with the structures shown in
(c). See the legend to Figure 6.
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Discussion

The idea that nucleosomal DNA is overtwisted
goes back to early interpretations52 of the classic
DNA linking number paradox, i.e., why the level of
supercoiling in the SV40 minichromosome—appro
ximately one superhelical turn per bound histone-
DNA assembly—is less than expected from the
observed core-particle structure.53 That is, the left-
handed superhelical wrapping of DNA around the
histone protein core was hypothesized to overwind
the double helix, and indeed, the DNA superhelix
reported in the first well-resolved nucleosome core
particle structure (pdb file 1aoi24) exhibited such
overwinding. The asymmetric uptake of torsional
stress on arrays of 5S and 601 nucleosome posi-
tioning sequences54,55 lends further support to this
11
idea. These systems absorb positive stress more
easily than negative stress in single-molecule
manipulation studies.
Given these findings, it is not surprising that

interest in the twisting of DNA on the nucleosome
has focused more on localized perturbations
within individual structures, e.g., the increase in
twist needed to compensate for the lesser number
of base pairs in one half of a structure compared
to the other24,25 or the incorporation of a ligand
known to unwind the double helix,26,27 than the twist
of nucleosomal DNA as a whole. Moreover, the
reported structural differences help to account for
the constraints placed on DNA base pairs within
the crystal lattice, in which the base pairs at the
ends of each nucleosome stack against those of
two neighbors. Interestingly, the first high-
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resolution structural example of a nucleosome
bearing the 601 sequence, in the complex with the
RCC1 protein,56 shows overtwisting of DNA at sites
where the a-satellite DNA in the best-resolved
structure25 is less twisted. In contrast to the
a-satellite DNA, the ends of the 601-RCC1
sequence are not constrained by crystal packing,
raising the question of how the differences in
sequence and/or crystallographic environment
might give rise to the changes in DNA twist.
As shown herein, a local perspective on the

nucleosome, including the top-down visualization
of the protein-DNA assembly used in the structural
literature (Figure 1), ignores the build-up of twist
over the full length of nucleosomal DNA and any
effects that the overall twist might have on global
nucleosomal structure and larger-scale chromatin
properties. Looking at this build-up in a large
number of nucleosome structures reveals the
surprising presence of globally undertwisted as
well as globally overtwisted DNA (Figure 2).
Indeed, the DNA pathways in many of the
currently best-resolved structures are appreciably
undertwisted. Moreover, many of the undertwisted
DNA pathways differ from the overtwisted
pathways at the very same sites, in the vicinity of
base pairs ±50, as those found to distinguish the
DNA in the histone assembly with RCC156 from that
in the best-resolved core particle structure.25 As
expected from other anecdotal examples of DNA
under/overwinding,24–27 differences in DNA twist
also occur in the vicinity of base pairs ±20. The
set of high-resolution structures considered here
includes six of the 24 = 16 possible combinations
of DNA under- or overtwisting at positions ±20
and ±50. There are not yet enough structural exam-
ples to understand what might determine the
observed build-up of twist on the nucleosomes (Fig-
ure S1). Under- and overtwisted pathways occur in
approximately equal numbers on nucleosomes
bearing a-satellite sequences, on those containing
the Widom 601 DNA sequence, and on those incor-
porating other proteins. The pool of surveyed struc-
tures based on X-ray crystallographic data includes
roughly equal numbers of examples with under-
wound and overwound DNA. The few structures
determined by cryogenic electron microscopy
methods, by contrast, tend to incorporate under-
twisted DNA.
The gaping of nucleosomal DNA, measured in

terms of the distances between the centers of DNA
base pairs separated by a complete turn of
superhelix, shows greatest variation in the vicinity
of the base pairs (±20 and ±50) subject to the
largest variations in twist (Figure 3). The largest
variations, found between under- and overtwisted
nucleosomes, are much smaller on average than
the distances extracted from single-molecule
fluorescence resonance energy transfer
measurements at the same locations,15 i.e., 3.2
±0.9 �A within the high-resolution structures vs.
12
5–10 �A between dyes tethered to base pairs ±50
and ±28. Molecular images show that themeasured
gaping between under- and overtwisted structures
arises primarily from movements near base pairs –
47and+57, siteswhereDNAcomes in close contact
with proteins H2A and H2B (Figure S7) and poten-
tially involved in histoneH2A�H2Bdimer exchange57

and nucleosome disassembly.9,21 The inter-gyre
separation at these and other sites is consistently
greater in nucleosomes bearing overwound than
underwound DNA. The separation of gyres at loca-
tions ±40, directly across from the dyad, is similar
in all nucleosome structures, suggestive of an off-
center opening as opposed to the hypothesized
bivalve-like gaping of the nucleosome.16

The differences in twist between under- vs.
overwound nucleosomal DNA lead to sizable
reorientation and displacement of the ends of
these structures, even when constrained by
crystal packing. The terminal base pairs of one
nucleosome do not necessarily stack in a uniform
manner against the ends of another. The DNA
twist at the ‘nick’ between neighboring
nucleosomes (i.e., the double-stranded break
between terminal base pairs along the pseudo-
continuous DNA pathway connecting one
nucleosome to the next) is thus highly variable
(see Table S2 and Figure S13). Moreover, the
differences in rotation/displacement of base pairs
at the ends of undertwisted vs. overtwisted
pathways change the orientation of successive
nucleosomes and the underlying configurations of
nucleosome-decorated DNA chains (Figure 4),
along the same lines as the rearrangement of
successive nucleosomes brought about by
changes in nucleosome spacing58–60 and expected
from the rotation of base pairs along the DNA
double-helical structure. The reorientation of nucle-
osomes associated with changes in twist in simu-
lated nucleosome arrays is comparable to that
associated with 2–3 bp changes in nucleosome
spacing, depending upon the precise models used
to describe the nucleosomal DNA. The differences
in dinucleosome configuration lead, in turn, to dis-
tinctly different oligonucleosome properties (Fig-
ure 5). Simulated nucleosome arrays incorporating
undertwisted nucleosomal pathways show different
levels of compaction and interaction compared to
those constructed with overtwisted pathways.
Arrays incorporating a mix of under- and over-
twisted nucleosomes show how the mix might
increase the accessibility of specific nucleosomes
or introduce local bends in an array. The degree
of large-scale deformation depends, in turn, on the
dynamic equilibrium between twist-defect states in
individual nucleosomes, crudely approximated in
the present work by two distinctly different DNA
pathways localized at selected sites along the mod-
eled arrays.
Finally, the twist of DNA on the nucleosome also

influences the predicted configurations and
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topological mix of nucleosome-decorated DNA
minicircles. The choice of nucleosomal pathway
introduces subtle perturbations in the folding of
the protein-free loop anchored by the nucleosome
in a modeled 359-bp closed circular molecule
(Figure 6). The variation in twist among these
structures introduces large-scale changes in the
overall folding and topological mix of minicircles,
again suggestive of how nucleosome dynamics
may affect the larger-scale features of chromatin.
Allowance for DNA ‘breathing’ changes the
configurational picture, with a chain bearing a
representative overtwisted nucleosomal pathway
more resistant than one with an undertwisted
pathway to spatial rearrangements and better able
to accommodate a wider range of topological
states as DNA peels off the two ends of the
structure (Figure 7). The capability to take account
of realistic features of the nucleosome makes it
possible to examine how subtle changes in local
structure, such as localized under- and
overtwisting of DNA, may contribute to large-scale
changes in chromatin architecture.

Materials and Methods

Nucleosome data and annotation

The deformations of nucleosomes reported
herein are based on the configurations of 164 core
particle structures of 3.5 �A or better resolution
stored in the Protein Data Bank (pdb)38 as of
August, 2020. The examples were found from a
search for all files containing the character string
“nucleosom” and the coordinates of eight or more
polypeptide chains and two or more DNA chains.
In view of the discrepancies among the various files,
we have implemented an automated scheme to
annotate DNA residues in a consistent manner
and to assign standard reference frames to each
core-particle structure. We identify the dyad base
pair through comparison with the currently
best-resolved nucleosome structure (pdb file
1kx525)— first by least-squares fitting of the histone
Ca atoms in each structure (residues 17–96,
35–119, 45–131, and 31–92 in the folded domains
of histones H2A, H2B, H3, and H4, respectively)
to those in the globular core of the 1kx5 reference
(Table S4) and then determining which DNA base
pair of the fitted structure lies closest to the axis
passing through the dyad of the 1kx5 reference.
Nucleotides can then be numbered consistently,
with the dyad corresponding to base-pair zero and
the residues of greatest negative and positive value
located respectively at the 50- and 30-ends of each
DNA strand. The leading strand is taken as the first
DNA chain listed in the pdb file. We focus attention
here on the central 141 bp of each structure given
the variability in both the length of DNA and the con-
formations of terminal residues in the archived
structures.
13
Nucleosomal twist and gaping

The twist of nucleosomal DNA is described in
terms of the twist of supercoiling, a quantity that
when added to the writhing number of a covalently
closed DNA molecule yields integral values of the
linking number42,43 (see Table S5), and the gaping
in terms of the distances between the centers of
DNA base pairs on neighboring gyres of each
nucleosome. The writhing number is a standard
measure of the global folding of DNA and the total
twist quantifies the rotation of the DNA strands with
respect to the line segments connecting successive
base pairs. The linking number is a topological
invariant, which remains constant as long as the
DNA strands stay intact.61,62 The twist of supercoil-
ing takes account of the contributions of base-pair
translations of a chiral nature as well as the relative
orientations of successive base-pair frames. The
large, lateral displacements (so-called Slide) known
to accompany the sharp histone-induced bending of
nucleosomal DNA45 fall into this category andmake
a notable contribution to the total twist, 4� or more
for every such move.42 See Figure S3.
Values of the twist of supercoiling are based on a

treatment of DNA as a discrete, or segmented,
ribbon.43 The centerline of the ribbon is defined by
the origins of coordinate frames fitted on successive
base pairs, and the edge by the tips of unit vectors
along the axes that point toward the leading strand.
The uptake of twist along this ribbon is expressed
relative to the average uptake over all nucleosomes
in the dataset, i.e., DTw = Tw – hTwi, where Tw is
the sum of the twist of supercoiling s at each
base-pair step and hTwi the corresponding aver-
age. While the twist uptake can be calculated for
any range of base pairs, the reported data describe
the symmetrical region between base-pairs ±70.
Similar values are obtained if the ribbon is defined
by the locations of the pyrimidine C6 and purine
C8 atoms on the paired bases, i.e., using the mid-
points of the vectors connecting C6 to C8 as the
centerline of the ribbon and the locations of the
respective C6/C8 atoms in the leading strand as
the edge. The twist uptake tends to be much larger
if measured in terms of the base-pair step parame-
ter of the same name (see Table S3 for comparative
values of the accumulated twist of supercoiling
determined using the base-pair reference frame
and the C6/C8 positions of each base pair and the
accumulated values of the step parameter twist in
each nucleosome).
The base-pair frames needed to evaluate the

twist of supercoiling are identified with the 3DNA
software63 and checked for base-pair identity using
the annotations of base interactions provided by
DSSR.64 Discrepancies between the observed vs.
expected identities of paired bases are corrected
by appropriate transformations of atomic coordi-
nates. For example, the pyrimidines found in the
conformationally unlikely syn glycosyl form and
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associated with a complementary purine in a non-
canonical parallel association in some structures
are flipped by a 180� rotation about the C10-N1 gly-
cosyl linkage into an anti form with appropriate
Watson-Crick geometry (e.g., cytosines at position
–70 in pdb files 2nqb, 3c1b, 3kwq, etc.). See
Table S6 for a complete listing of all ‘corrected’ gly-
cosyl orientations. Structures found to contain
flipped-out bases and other unusual base content
(e.g., noncanonical pairs that cannot be converted
to Watson-Crick arrangements by simple torsional
changes) are excluded from the dataset.
The nucleosomal DNA pathways are divided into

distinct groups based on deviations of the twist Ds
from the average over all base-pair steps. The
values of Ds over the central 140-bp steps of each
structure are first smoothed by calculating a rolling
average with a window of five at each position.
These data are then organized using the
HDBSCAN clustering algorithm,65 an extension of
the DBSCAN algorithm,66,67 which clusters the data
into groups with a preselected minimum number of
members but without preconceived notions of the
number of such groups or the need to normalize
the data. Here using the default minimum group
size of five that is built into the Python library imple-
mentation, the algorithm identifies a set of seven
nucleosome clusters and assigns each structure
either as a member of a cluster or as noise/unas-
signed. The distinct patterns of over- and under-
twisting in the vicinity of base pairs ±20 and ±50
are then used as the basis of a second round of
clustering, implemented with K-means,68 to place
all of the data, including the structures initially iden-
tified as noise, into seven groups. The latter cluster-
ing is based on the smoothedDs values within ±7 bp
of base pairs ±50 and ±20, yielding the desired
number of groups with 7–54 members.
The distance between DNA gyres, or gaping, is

measured in terms of the distances between the
centers of DNA base pairs separated by a
complete superhelical turn. The superposition of
nucleosome structures on the globular histone
core of pdb file 1kx5, described above, allows for
incorporation of the superhelical axis of the
reference structure in each entry, i.e., the line that
minimizes the sum of residuals of the distance
from that line to each base-pair center.45 The gap-
ing is then determined in two different ways, first
by identifying the base-pair centers from the two
gyres that come in closest contact when viewed
down the superhelical axis and then by choosing
the base pairs with the most commonly determined
superhelical spacing in all structures. The former
base pairs are those with the shortest separation
distances in the plane perpendicular to the
superhelical axis and the latter are base pairs sep-
arated by the 78-bp average. The magnitude of
gaping is given in both cases by the relative
displacement of the selected points along the
DNA superhelical axis.
14
Nucleosome arrays

Simulations of oligonucleosome arrays have
been carried out along lines previously
described,58,69,70 with the nucleosomes treated as
rigid bodies locked in the 3D arrangements found
in different core-particle structures and the interven-
ing linker DNA modeled as a series of base-pair
steps subject to bending and twisting deformations
consistent with the solution properties of ideal,
mixed-sequence DNA.71 The potential governing
the changes in linker configuration ignores the base
sequence-dependent structural and deformational
features of DNA—incorporating a bending constant
consistent with the persistence length of mixed-
sequence DNA (~500 �A), limiting the variation in
twist to values compatible with the topological and
binding properties of DNA minicircles,72,73 and
treating the DNA as a naturally straight, inextensible
molecule subject to isotropic bending and
independent fluctuations in twist. The changes in
configuration are measured relative to a naturally
straight B-DNA helix with 10.5 bp per turn and an
axial displacement of 3.4 �A/bp. with a bending
deformation of 4.84� or a change in twist of 4.09�
raising the energy per base-pair step by 0.5 kBT.

71

This simple model helps to decipher the effects of
the different nucleosomes on the global properties
of the arrays.
Excluded volume, i.e., molecular overlap, is

detected with software from a rigid-body simulator
(OpenDE; www.ode.org), with spheres of 10 �A
radius encircling the base pairs of linker DNA and
cylinders (84�A diameter � 35�A height) around the
nucleosomes. Also considered are electrostatic
interactions between representative points on the
negatively charged nucleotides, the positively
charged N-terminal histone tails (placed at the sites
where H2A, H2B, H3, H4 exit the 1kx5 histone
core), and the 26 charge clusters found in previous
analysis of the 1kx5 globular core.58 The protein
charge sites are embedded in the symmetrized
1kx5 reference frame (see locations in Table S7)
for approximate placement on other nucleosomes.
Configurations of nucleosome-decorated DNA

are generated through Markov-Monte Carlo
sampling of the rigid-body parameters between
successive base pairs along the protein-free
DNA linkers, i.e., the angles (Tilt, Roll, Twist)
describing the orientation of coordinate frames
embedded in successive base-pair planes and
the components of the displacement vector
(Shift, Slide, Rise) joining successive base-pair
centers.44,63 Average chain configurations are built
from the average values of the rigid-body parame-
ters used to describe the orientations and dis-
placements of successive base pairs along the
flexible DNA linkers and the specific values at
each step along the intervening rigid nucleo-
somes. The histone core is treated as a side
group of the nucleosomal DNA, i.e., the protein

http://www.ode.org
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atoms are expressed in the reference frame of
one of the base pairs in the nucleosome assem-
bly. Different mixes of nucleosomal pathways are
used as crude models of the experimentally
known dynamic equilibrium of twist-defect
states.26,27

The sedimentation coefficient s of an array of N
nucleosomes is estimated with the formula of
Hansen et al.,74

s ¼ 1þ R

N

X
i

X
j>i

1

r ij

 !
s1; ð1Þ

where s1 is the sedimentation coefficient and R the
radius of a single nucleosome (taken to be 11 S and

56 �A, respectively), and rij is the distance between
the origins of the superhelical reference frames of
nucleosomes i and j.
The frequency of inter-nucleosome interactions is

described in terms of the contact score introduced
by Norouzi and Zhurkin,32,59 where nucleosomes i
and i + n are considered to be in close contact if
the center-to-center distance is less than 110 �A
(the radii of two nucleosomes).

Nucleosome-bearing DNA minicircles
Looped DNA pathway. The models of
nucleosome-bearing DNA minicircles consist of
two regions, a fragment fixed along the DNA
pathway observed in an arbitrary high-resolution
nucleosome structure and a free connecting loop.
The starting configuration of the protein-free DNA
loop is described by a Bézier curve:

rloop uð Þ ¼
Xn
j¼0

Bn
j uð Þ pj : ð2Þ

Thepj in this expression are controlling points that
determine the contour of the curve, while the Bn

j uð Þ
are coefficients defined in terms of the parameter u,
0 � u � 1, and the number of controlling points,
n + 175:

Bn
j uð Þ ¼ n!

j ! n � jð Þ!u
j 1� uð Þn�j

: ð3Þ

The coordinates rloop and the tangents r0 loop at the
boundaries of the loop, where u = 0 and 1, are
directly related to the controlling points.

rloop 0ð Þ ¼ p0

r0 loop 0ð Þ ¼ n p1 � p0ð Þ
rloop 1ð Þ ¼ pn

r0 loop 1ð Þ ¼ n pn � pn�1ð Þ

: ð4Þ

This property of the curve makes it possible to
connect the protein-free loop smoothly to the
nucleosomal DNA with an appropriate choice of
controlling points p0, p1, pn–1, pn.
In practice, we choose n = 3 (i.e., four controlling

points), generating a set of smooth, twice
differentiable curves. Then, from Eq. (4) it follows
that points p0 and p3 coincide with the termini of
15
the nucleosomal fragment, while points p0 and p1

determine the tangent at the start of the loop and
points p2 and p3 the tangent at the end of the loop.
The locations of p1 and p2 are varied to fix the
contour length at a specified value, i.e., DNA chain
length. The constraints on nucleosomal end
conditions in combination with the size of the
minicircles treated herein limit the spatial range of
p1 and p2, thereby preventing the introduction of
inflection points in the Bézier curve and making it
possible to construct base-pair-level models and
characterize DNA topology along the lines
described below.
We take advantage of the approximation of

Gravesen,76

L ¼ 2Lc þ n � 1ð ÞLp

n þ 1
; ð5Þ

to find the desired contour length L of the Bézier
curve. Here Lc is the distance between the first
and last controlling points, Lp the sum of the
distances between consecutive controlling points
(total polygon length), and n + 1 the number of
controlling points of the desired curve. Given the
fixed locations of p0 and p3 and the constraints on
the directions in which the two intermediate points
may move, the positions of p1 and p2 that satisfy
the desired value of L for an order 3 curve are
estimated with an iterative procedure, increasing
the polygon length in successive steps,

pf
1 ¼ 1þ DLp

Lip

� �
pi
1 � p0

� �
pf
2 ¼ 1þ DLp

Lip

� �
pi
3 � p3

� � ; ð6Þ

and using Eq. (5) to estimate L. The pi
1, p

i
2, and Li

p

refer respectively to the initial controlling points and
polygon length at each step and the DLp to the
imposed change in polygon length. The Bézier
curve, once determined, is then divided into

equidistant segments close to the standard 3.4-�A
B-DNA spacing. These points serve as the origins
of the base pairs that are placed along the curve.
The ends of the loop are chosen to coincide with

the origins of the coordinate frames on arbitrary
base pairs within a given high-resolution structure
and the tangents to coincide with the normals of
the selected residues, i.e., with the vector p3–p2

running parallel to the normal of the first
nucleosomal base pair and the vector p1–p0

parallel to that of the last nucleosomal pair. The
locations and axes of the base-pair frames in a
given structure are extracted from the pdb file
using the 3DNA software63 and corrected, as
needed, as described above.

Looped base pairs. Base pairs are placed on the
constructed Bézier curves by making use of the
local [t(s),n(s),b(s)] Frenet-Serret trihedron, which
can be directly determined from the equation and
derivatives of the curve at a desired position s.
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The long and short axes of the base pairs,
respectively termed here dl(s) and d2(s), lie in the
n(s)-b(s) plane and the base-pair normal d3(s)
coincides with the local tangent vector. The [d1(s),
d2(s),d3(s)] base-pair frame is related to the [t(s),
n(s),b(s)] frame through x(s), the angle through
which the base pair rotates upon translation to
position s along the curve,

d1 sð Þ ¼ cosx sð Þn sð Þ � sinx sð Þb sð Þ
d2 sð Þ ¼ sinx sð Þn sð Þ þ cosx sð Þb sð Þ
d3 sð Þ ¼ t sð Þ

: ð7Þ

The [d1(s),d2(s),d3(s)] frames are used, in turn, to
generate a complete atomic description of the
chain. Each residue of the DNA loop is
constructed in a manner analogous that used to
build a standard fiber diffraction model,77 with the
coordinates xj,q of the jth atom in the qth residue
expressed in the reference frame of the Bézier
curve by:

x j ;q ¼ r sq

� �þ x jcosx sð Þ � y jsinx sð Þ� �
n sq

� �
þ x jsinx sð Þ þ y jcosx sð Þ� �

b sq

� �þ zj t sq

� �
: ð8Þ

Here the r sq

� �
are the coordinates of the evenly

spaced points along the Bézier curve and the (xj,
yj, zj) are the coordinates of the jth base-pair atom
in the standard Watson-Crick reference frame.78

Atoms of the sugar-phosphate backbone from the
canonical B-DNA fiber diffraction model77 are
appended to the base-pair frame at this stage of
model building and treated as a rigid unit upon opti-
mization (see below). Should an inflection point
arise in the Bézier curve, the severe under- and
overtwisting brought about by the accompanying
discontinuity in the Frenet-Serret frame can be cor-
rected with an energy optimization procedure,
whereby the angle of twist is perturbed at consecu-
tive base-pair steps until a minimum-energy state is
achieved with all values of twist close to the
average.

Topoisomer construction. The linking number
Lk of the nucleosome-decorated minicircle
depends upon the choice of x(s) used in the
construction of base-pair frames. The value of Lk
is determined, along with the values of the
writhing number and the total twist of supercoiling,
from the generated frames using methods
previously developed for the analysis of the
topological properties of DNA expressed as a
collection of discrete atoms.43,51 The increment in
x(s) needed to obtain a desired value of the linking
number for the composite nucleosome-Bézier con-
struct depends upon the difference between the
linking number Lki of the initially generated pathway
and the desired value of Lk and the number of
base-pair steps Nloop in the free DNA loop, i.e.,
Dx(s) = (Lk – Lki) 2p/Nloop. The imposed value of
Lk has no effect on the pathway connecting the cen-
ters of base pairs in the different toposiomers but
rather on the twisting of base pairs along the
16
protein-free DNA loop. The global fold of the most
torsionally stressed topoisomers, however, may
change upon optimization of the total energy (cf.
seq.). The torsional stress in the generated models
is proportional to the difference between Lk and the
relaxed value Lk0 given by the integer nearest to
N/10.5, where 10.5 is the assumed helical repeat
of DNA and N the total number of base pairs in
the nucleosome-decorated minicircle.

Loop optimization. The configuration of the
protein-free DNA loop is optimized using a
procedure that takes account of the local elasticity
of DNA and can be applied to chain fragments in
which the first and last base pairs are spatially
constrained.79 The deformations of successive
base pairs are expressed in terms of the six afore-
mentioned rigid-body parameters44,63 and guided
by the same potential71 as that used in the simula-
tion of nucleosome arrays. The configuration of
the loop as a whole is monitored by a second
set of variables that keep track of the vectorial
displacements of successive base pairs in a global
reference frame. The introduction of the latter quan-
tities makes it possible to take direct account of the
spatial constraints imposed on the DNA and to use
unconstrained numerical optimization methods.
The approach differs from the optimization of DNA
elastic energy used in our earlier work,80 which
requires explicit specification of the forces and
moments acting on the constrained base pairs (in-
cluding an educated first guess of these values),
or methods used by others81 that take the boundary
conditions into account through Lagrange multipli-
ers. A Debye-Hückel term is used to prevent the self
contact of DNA residues separated by 11 bp or
more—taking the charge on each phosphate group
to be –0.24 esu in accordance with the predictions
of counterion condensation theory,82 assuming the
dielectric medium to be a 100 mM aqueous mono-
valent salt solution, and placing the charges of com-
plementary residues on the base-pair center. The
wide range of optimized structures reflects the
choice of nucleosome model, here constrained to
the DNA pathways in all 164 surveyed structures.
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83. Ujvári, A., Hsieh, F.-K., Luse, S.W., Studitsky, V.M., Luse,

D.S., (2008). Histone N-terminal tails interfere with

nucleosome traversal by RNA polymerase II. J. Biol.

Chem., 283, 32236–32243.

84. Schrodinger_LLC, The PyMOL Molecular Graphics

System, Version 1.8, 2015.

http://refhub.elsevier.com/S0022-2836(21)00345-4/h0315
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0315
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0315
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0315
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0320
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0320
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0320
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0325
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0325
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0325
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0330
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0330
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0330
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0330
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0330
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0330
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0330
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0335
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0335
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0335
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0335
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0340
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0340
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0340
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0340
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0345
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0345
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0345
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0345
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0345
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0350
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0350
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0350
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0350
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0355
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0355
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0355
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0360
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0360
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0360
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0365
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0365
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0365
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0370
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0370
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0370
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0370
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0375
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0375
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0380
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0380
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0385
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0385
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0385
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0385
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0385
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0390
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0390
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0390
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0390
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0395
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0395
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0395
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0395
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0400
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0400
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0400
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0405
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0405
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0405
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0410
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0410
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0410
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0415
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0415
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0415
http://refhub.elsevier.com/S0022-2836(21)00345-4/h0415

	Surprising Twists in Nucleosomal DNA with Implication for Higher-order Folding
	Introduction
	Results
	Nucleosome structural diversity
	Nucleosomal DNA under- and overtwisting
	Inter-gyre deformations
	Nucleosome dimer deformability
	Oligonucleosome arrays
	Mononucleosome DNA minicircles

	Discussion
	Materials and Methods
	Nucleosome data and annotation
	Nucleosomal twist and gaping
	Nucleosome arrays
	Nucleosome-bearing DNA minicircles
	Looped DNA pathway
	Looped base pairs
	Topoisomer construction
	Loop optimization


	CRediT authorship contribution statement
	ack21
	Acknowledgement
	Conflict of Interest Statement
	Appendix A Supplementary material
	References


