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ABSTRACT

Nucleosomes in all eukaryotic cells are organized
into higher order structures that facilitate genome
compaction. Visualizing these organized structures
is an important step in understanding how genomic
DNA is efficiently stored yet remains accessible to
information-processing machinery. Arrays of linked
nucleosomes serve as useful models for understand-
ing how the properties of both DNA and protein part-
ners affect their arrangement. A number of important
questions are also associated with understanding
how the spacings between nucleosomes are affected
by the histone proteins, chromatin remodelers, or
other chromatin-associated protein partners. Con-
trast variation small angle X-ray scattering (CVSAXS)
reports the DNA conformation within protein-DNA
complexes and here is applied to measure the confor-
mation(s) of trinucleosomes in solution, with specific
sensitivity to the distance between and relative ori-
entation of linked nucleosomes. These data are inter-
preted in conjunction with DNA models that account
for its sequence dependent mechanical properties,
and Monte-Carlo techniques that generate realistic
structures for comparison with measured scattering
profiles. In solution, trinucleosomes segregate into
two dominant populations, with the flanking nucleo-
somes stacked or nearly equilaterally separated, e.g.
with roughly equal distance between all pairs of nu-
cleosomes. These populations are consistent with
previously observed magnesium-dependent struc-
tures of trinucleosomes with shorter linkers.

INTRODUCTION

In eukaryotic cells, DNA is hierarchically organized for
compaction and organization, yet remains accessible for
transcription, translation, repair and other processes. The
fundamental unit of DNA organization is the nucleosome,
a complex containing two sets of the four histone proteins

H2A, H2B, H3, and H4. The octamer core formed by these
proteins is wrapped by ~145 bp of DNA (1). Additional
proteins, such as the H1 linker histone, as well as diva-
lent cations such as Mg?*, help condense nucleosomes into
higher order structures, eventually forming chromosomes
(2).

Arrays of nucleosomes are used as model systems to un-
derstand the organizational hierarchy of these higher order
structures. They commonly consist of a few, typically 3—12,
nucleosomes connected by DNA linkers of variable lengths
(3). Nucleosome arrays are generally used to probe the for-
mation of the 30-nm fiber, the next level of organization,
and to determine its structure, which is still not fully un-
derstood (2). They can also potentially report the effect of
added (remodelers) or modified (histone variant) compo-
nents (4). The higher order structures are more easily eval-
uated if the relative orientations and distances between the
nucleosomes can be derived.

Multiple conformations and structures of nucleosomal
arrays have already been identified by prior crystallographic
and cryo-EM studies (5-7). Structural details and order of
the arrays depend on the linker lengths, ionic conditions,
histone composition, as well as the presence of additional
chromatin architectural proteins. Both methods are limited
in their ability to report on highly diverse or mobile struc-
tures, as they rely on the presence of many identical (crys-
tallography) or a handful of classes of similar (cryo-EM)
conformation. In nucleosomal arrays, the intrinsic disor-
der of the linker DNA introduces a high degree of vari-
ance in the structures, which limits the linker lengths ac-
cessible with these methods. Solution measurements such
as fluorescence resonance energy transfer (FRET, both in
bulk and at the single molecule level), as well as analytical
ultracentrifugation (AUC) can detect these motions (8-10),
but these techniques are limited in other ways. AUC can be
label free, but only provides information on the global shape
and size of the array, while FRET requires sample labeling,
and is limited by the distance between the carefully placed
labels.

Thus, the application of a solution technique which is sen-
sitive to the many length scales present in nucleosome ar-
rays would be advantageous, and also amenable to future
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studies monitoring changes in the positioning of the nu-
cleosomes where the feature of interest is the nucleosome
spacing. Small-angle X-ray scattering (SAXS) has the po-
tential to report on structural details of nucleosomal ar-
rays in solution, even when there are large fluctuations or
high variance in the sample population. SAXS allows for a
full sampling of the conformational space of a biomolecule,
without requiring any modifications (such as tags) to the
structure of the molecule. Similarly, no constraints are im-
posed on the composition of the buffer. SAXS data reflect
macromolecular length scales of 50-500 A, a good match to
the major features present in trinucleosome arrays. Despite
these strengths, interpretation of standard SAXS curves
for protein-nucleic acid complexes is difficult because sig-
nals from the nucleic acid and the proteins, as well as their
combination (the so-called interference term) contribute
to what is measured (11). Fortunately, contrast variation
SAXS (CVSAXS) can be applied to ‘mask’ the contribu-
tion of the protein, thus measuring the scattering from only
the nucleic acid portion of the complex, as has been pre-
viously demonstrated (12). Although removing all but one
component simplifies the interpretation, CVSAXS experi-
ments provide the most information when detailed models
are available for comparison or fitting.

Here, we report a model-guided interpretation of
CVSAXS data on minimal nucleosome arrays containing
three nucleosomes connected by 60 base pairs of linker
DNA, which is the average separation for nucleosomes in
the cell. Comparing the experimental results with calculated
scattering results from models allows extraction of key dis-
tances and orientational details of nucleosomes in arrays.
These structural details are consistent with previously deter-
mined cryo-EM structures of trinucleosomes with shorter
linker lengths, and in the presence of stabilizing divalent
ions (6).

MATERIALS AND METHODS
Trinucleosome assembly

561 bp  DNA used  for  assembling  Non-
linker ended (NLE) trinucleosomes.
ATCGGAGAATCCCGGTGCCGAGGCCGCTCAATT
GGTCGTAGACAGCTCTAGCACCGCTTAAACGCA
CGTACGCGCTGTCCCCCGCGTTTTAACCGCCAA
GGGGATTACTCCCTAGTCTCCAGGCACGTGTCA
GATATATACATCGATTGCATGTGGA
TCCGAATTCATATTAATCATATCT
AATACTAGGACCCTATACGCGGCC
GCATCGGAGAATCCCGGTGCCGAGGCCGCTCA
ATTGGTCGTAGACAGCTCTAGCACCGCTTAAAC
GCACGTACGCGCTGTCCCCCGCGTTTTAACCGC
CAAGGGGATTACTCCCTAGTCTCCAGGCACGTG
TCAGATATATACATCGATTGCATGTG
GATCCGAATTCATATTAATCATATCT
AATACTAGGACCCTATACGCGGCC
GCATCGGAGAATCCCGGTGCCGAGGCCGCTCA
ATTGGTCGTAGACAGCTCTAGCACCGCTTAAAC
GCACGTACGCGCTGTCCCCCGCGTTTTAACCG
CCAAGGGGATTACTCCCTAGTCTCCAGGCACGT
GTCAGATATATACATCGAT
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Here, the positioning sequence is underlined, the linker
regions are not, and the base at the dyad in each nucleosome
is in bold type.

DNA production and purification. Detailed protocols for
expressing and purifying the 601 positioning sequences in
E. coli are described elsewhere (13,14).

Histone octamer refolding and purification. Human his-
tones were purchased from ‘The Histone Source’ at Col-
orado State University and octamers were assembled and
purified as described in Dyer ef al., 2004 (13).

Trinucleosome assembly.  Trinucleosomes were assembled
using well-established protocols previously published
(13,14) using the DNA sequences mentioned above as
well as histone octamers assembled with human histones.
Briefly, the DNA was incubated with varying amounts of
human histone octamer in 2 M NaCl buffer (10 mM Tris
7.5, 1 mM EDTA, 1 mM DTT) and the salt concentration
was slowly reduced via continuous dilution with a buffer
containing 250 mM NaCl with the rest of the components
same as the 2M NaCl buffer. Eventually, the samples were
dialyzed into a no salt buffer (TCS 20 mM Tris 7.5, 1 mM
EDTA, | mM DTT).

The quality of trinucleosomes was assessed as follows:
1 pg of trinucleosomes was subjected to EcoRI digestion
and analyzed on a 1% TAE agarose gel. The absence of a
207 bp DNA after digestion indicates complete assembly /
saturation (Supplementary Figure S1). A 10 pg aliquot of
the trinucleosomes was also subjected to analytical ultra-
centrifugation to evaluate the level of -saturation. Briefly,
trinucleosomes were diluted in TCS buffer (20 mM Tris 7.5,
1 mM EDTA, 1 mM DTT) to a final volume ~400 pl and
subjected to sedimentation velocity analytical ultracentrifu-
gation at 37 000 rpm and 20°C and absorbance mode un-
til the sample had sedimented completely. The data were
processed using Ultrascan III software as described previ-
ously (15). A mid-point S value of ~17-18S was deemed
as a saturated trinucleosome array (Supplementary Figure
S2). Several such preparations with similar saturation levels
were then prepared and combined to achieve the higher con-
centrations needed for SAXS experiments. Trinucleosomes
were concentrated using the Amicon ultra devices with a
100 kDa cut-off. The final concentration of trinucleosomes
was 55 pM (~37 mg/ml).

Contrast variation small angle X-ray scattering

Small angle X-ray scattering (SAXS) provides global struc-
tural information for macromolecules in solution. Scatter-
ing profiles report the scattering intensity (/) as a func-
tion of the reciprocal-space momentum transfer, ¢ =
47 sin(6)/A, where 26 is the scattering angle and A is the X-
ray wavelength. The ¢ value can be related to the real space
distance between scatterers, r = 27 /q.

For a system containing multiple components, such as
a protein-nucleic acid complex, scattering arises not only
from each macromolecular component, but also from the
interference between them, through a so-called cross term
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(16). SAXS profiles of complexes can be challenging to in-
terpret as the scattering of the components combines non-
linearly. However, if there is a significant difference between
the electron density of the components, the electron den-
sity of the solvent can be increased to match one of them.
As the SAXS signal is proportional to difference in electron
density between solute and solvent, this process removes the
scattering from the matched components when the buffer
scattering is subtracted. For nucleosomes, the protein den-
sity can be ‘matched’ by the addition of 50% (w/w) sucrose
to the surrounding buffer (12). Sucrose has previously been
shown to negligibly impact nucleosome stability (17,18).
Under these conditions, CVSAXS reports only the DNA
conformation within the trinucleosome array.

SAXS data were collected at the Cornell High Energy
Synchrotron Source G1 station (now sector 7). Monochro-
matic X-rays at 11.166 keV were incident on the sample.
Profiles were normalized by measuring the intensity trans-
mitted through a semitransparent molybdenum beamstop
and dividing to remove the effect of variation in X-ray beam
strength. Scattering profiles were imaged using a PILATUS
300K (DECTRIS) detector located 2.0 m away from the
sample, giving a ¢ range of 0.006 to 0.260 A~!. This range
was calibrated using a silver-behenate standard. Scatter-
ing profiles were processed in MATLAB (MathWorks), and
background subtraction was done by subtracting the mea-
sured profile for the sucrose buffer from that of the sample,
following previous protocols (19).

Monte-Carlo model generation

To model the trinucleosomes we extend earlier work focus-
ing on the conformation(s) of DNA in single nucleosome
core particles (12). This approach does not model the hi-
stone proteins and is a good match to contrast variation
SAXS, where only the signal from the DNA is measured; it
will be especially valuable when assessing changes in the rel-
ative positions/orientations of nucleosomes, following spe-
cific changes to the composition of the system, including
the addition/variation of protein partners. In (12), we com-
pared the measured scattering profiles of DNA in a single
nucleosome to profiles computed from models constructed
using the cgDNA package. The details of model construc-
tion are provided previously (12), but briefly, we first extract
the DNA structure from a nucleosome crystal structure (1)
and create a coarse-grained model, with individual base res-
olution. The sequence information is edited to match the
sample of interest. cgDNA is then used to construct a stiff-
ness matrix for the sequence. Portions of the sequence are
released (‘freed’) from their positions, and the stiffness ma-
trix is used to calculate the minimum energy position of
the free bases, accounting for the sequence used. Possible
thermodynamically accessible conformations are then ran-
domly sampled. For each conformation, each grain is then
replaced with the appropriate atomistic base and backbone
model.

We used the following automated approach to generate
the various conformations. To model the trinucleosome sys-
tem the DNA was broken into three parts: the center nu-
cleosome plus the full linkers comprised one part, and the
two flanking nucleosomes comprised the other parts. A two

base-pair section of the linkers was added to each flanking
nucleosome to facilitate the subsequent merging of struc-
tures. Thermodynamic variants of each section were gen-
erated as described above. Up to 10 bp were allowed to un-
wrap from each end of flanking nucleosomes, while up to 50
bp were allowed to unwrap from each end of the center nu-
cleosome. Once a set of models was generated, but prior to
reinsertion of the bases, the models were merged to create a
low-resolution structure of the full trinucleosome. The small
linker piece on each flanking nucleosome was aligned to the
same bases on the central nucleosome and then merged by
averaging their positions

RESULTS AND DISCUSSION
Contrast variation SAXS

To measure the DNA conformation(s) within trinucleo-
some arrays, we performed CVSAXS, adding 50% (w/v)
sucrose to buffers to contrast match the histone core as in
past studies (18). Data were acquired at three trinucleosome
concentrations (4.8, 2.4 and 1.2 uM; data shown in SI), and
at buffer conditions of 20 mM Tris 7.5, | mM EDTA. All
three experimental curves matched well and shared com-
mon features for ¢ values in the 0.05-0.17 A~! range. Curves
acquired at the highest nucleosome concentration showed
signs of interparticle interference at low ¢, while the lowest
concentration curves did not have sufficient signal to noise
at high ¢ as sucrose increases the background (Supplemen-
tary Figure S3). The sample containing nucleosomes at con-
centrations of 2.4 wM evaded both of these issues and was
used for further analysis.

The measured CVSAXS signal from this trinucleosome
sample is shown in Figure 1A. The well-defined features in
the profile signal the presence of distinct length scales in
the system. To focus on these length scales, we converted
the data from reciprocal to real space (Figure 1B), using
GNOM (20) to compute the pair distance distribution func-
tion, P(r). The quality of this computation can be assessed
by back calculating the I(¢) curve from P(r). The result of
this calculation is shown as the red curve in Figure 1A. This
curve can be interpreted as a histogram of the distances be-
tween all pairs of scatterers in the sample. The presence of
features such as sharp maxima or minima in the distance
distribution correspond to length scales present in the sam-
ple. In this measurement two distinct peaks can be seen: a
sharp maximum ~80 A and a broader one ~260 A.

To understand the structural basis of features present in
the experimental P(r) curves, we employed a bottom up
strategy that starts by considering the computed P(r) for
DNA from a single nucleosome. Each feature in this P(r)
curve is easily interpretable to reflect a meaningful macro-
scopic length scale. We then add a second (unconnected) set
of nucleosomal DNA to the model. Features of the single
nucleosome remain visible and new ones appear, reflecting
distances between the two sets of DNA. This simple strat-
egy ignores the effects of the linker DNA, however due to
the relatively small size and lack of repeated distances in
the linkers, they do not significantly change the features in
the P(r) curves. From the simple two nucleosome models
we then move to models of three nucleosomes connected by
linkers.
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Figure 1. CVSAXS data (A) of trinucleosomes and associated distance distribution (B). The fit of the CVSAXS data associated with the distance distri-
bution is shown in red. Both y axes (log of I(q) and P(r)) are in arbitrary units, a.u..

One nucleosome models

Previous studies from our lab showed the power of the P(r)
approach in revealing unwrapping transitions of single nu-
cleosomes (18). Wrapped nucleosomes show a strong peak
at ~80 A corresponding to the diameter of the DNA su-
perhelix and a smaller peak ~40 A due to the separation of
the turns around the nucleosome (Figure 2A). With added
salt, the nucleosomal DNA unwraps beginning from the
entry/exit points. The extent of the unwrapping manifests
through several features of the P(r) curves and this analysis
informs some aspects of a P(r) analysis of larger nucleosome
arrays. At the buffer conditions employed for the trinucleo-
some experiments, specifically the low background of salt,
we expect that the DNA remains wrapped, meaning that
the 80 A peak should be pronounced. Additionally, as seen
with single nucleosomes, the maximum spatial extent of the
trinucleosome can be determined from a P(r) plot from the
distance at which P(r) goes to zero.

Two nucleosome models

We now increase the complexity of the model by adding a
second nucleosome without linker DNA. These simple cal-
culations allow us to understand how features reflecting in-
ternucleosome interactions are reflected in the P(r) curves.
We specifically consider three degrees of freedom: distance,
rotation and stacking.

Modeling the distance between two nucleosomes. We start
by examining how changing the separation of the two dis-
connected nucleosomes affects the simulated distance dis-
tribution (Figure 2B). The DNA is isolated from the crys-
tal structure of a nucleosome (1AOI) and imported into
Pymol (21) The DNA is then duplicated, and the trans-
late tool is used to move the copied DNA a distance (200,
300 or 400 A) in the plane of the nucleosome, perpendicu-
lar to the dyad axis (the axis passing through the middle
base pair of the nucleosomal DNA), and observing how
this distance is reflected in the distance distribution com-
puted using CaPP (22). CaPP calculates P(r) directly from

a structural model, and as such gives much higher resolu-
tion (1 A) distance distributions than those obtained from
an experimental measurement. The distance distribution of
these models always contains two peaks, a low distance peak
at ~80 A that does not change, and a second peak that cor-
responds to the translation distance. The first peak corre-
sponds to the distances within a single nucleosome (the in-
tranucleosome peak) and appears at the same location as
the single nucleosome peak. The second peak appears at
the distances between the two nucleosomes (the internucle-
osome peak). It is accompanied by two satellite peaks that
correspond to the distance between near edges of the nucle-
osomes and far edges of the nucleosomes. It is also interest-
ing to see that the largest distance observed in the model is
reflected by the x value at which the curve goes to zero: 300,
400 and 500 A respectively for the three models shown (Fig-
ure 2B). This behavior is as expected; it reflects the transla-
tion (additional separation) by 100 A of the nucleosomes in
the three different cases. Similar behavior was also seen for
non-planar separations of the same distances.

Modeling the relative orientation of two nucleosomes, 200 A
apart. In a trinucleosome we do not expect the nucleo-
somes to remain co-planar, so we introduced a rotational
difference in the nucleosomes to see how the internucleo-
some peak would change (Figure 2C), These calculations
used nucleosomes separated by 200 A, with one rotated
about the dyad axis. 200 A was chosen because it is the
shortest distance displaying a full separation of features re-
flecting internucleosome or intranucleosome distance distri-
butions, as shown in Figure 2B. As the second nucleosome
is rotated, the internucleosome peak broadens before even-
tually splitting into two separate peaks as the nucleosomes
approach perpendicularity.

Modeling nucleosome stacking. Finally, we attempted to
capture the known behavior of systems containing multiple
nucleosomes: stacking. Stacked nucleosomes have been im-
plicated in higher order structure formation based on crys-
tal structures (23,24), and attractive effects have been ob-
served between nucleosomes in solutions using SAXS (25).
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Figure 2. Distance distributions of simple one and two nucleosome models (in arbitrary units, a.u.). For panels with multiple models shown, each is
colored differently. (A) Distance distribution for nucleosomal DNA from a single nucleosome. (B) Distance distributions for coplanar nucleosomal DNA
as a function of center-center distance. The second peak in P(r) is located at the center-center distance for each model. (C) Distance distributions for
nucleosomal DNA separated by 200 A as one nucleosome is rotated. The sharpest peak occurs when the nucleosomes are coplanar. The peak is then
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mononucleosome. Shoulders appear and expand as the stack is separated.
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Two stacked nucleosomes will be separated by short dis-
tances, and, in contrast with separations shown in Figure
2B, these displacements are along the cylindrical axis com-
mon to the illustrated nucleosomes (Figure 2D). Because
the length scales for intra and inter nucleosomes overlap
at these shorter distances, the features in the P(r) curve are
not as readily separable as described above. These models
show that stacking deforms the ‘single nucleosome’ peak
of Figure 2A, reflecting the overlap of large portions of the
inter and intra nucleosome length scales. At the minimum
stacking distance of ~50 A the peak is slightly broadened,
and low distance features corresponding to the helix—helix
separation in the single nucleosome are washed out. As the
stacking distance increases, shoulders in the peak begin to
develop and eventually become plateaus at ~100 A stack-
ing distance. Beyond this point, the shoulders separate, and
a two peak pattern is observed, like that of Figure 2B.

Trinucleosome models

The pool of structures.  Although it would seem simple to
just add a third nucleosome to model the trinucleosome ar-
rays, we also must consider the constraints imposed by the
linkers to fully model the trinucleosome. These 60-bp (~200
A) segments of DNA are much shorter than the persistence
length of DNA (~500 A) and are expected to be relatively
(though not perfectly) straight. They therefore dictate the
distances and orientations of the flanking nucleosomes rel-
ative to the central nucleosome and each other. A pool of 10
000 models was created using the automated approach de-
scribed in Methods. The scattering profile and P(r) distribu-
tion was computed for each model, and our interpretation
is informed from our understanding of the simpler one- and
two-nucleosome systems discussed above.

Visual inspection of the models in the pool reveals that
the trinucleosomes are conformationally flexible (Supple-
mentary Figures S4-S28). A majority of this variation arises
from changes in the linker trajectory as base pairs are un-
wrapped from the center nucleosome. Each base pair un-
wrapped contributes to a roughly 5° shift in exit angle,
which corresponds to a shift of ~30 A at the end of the
linker. Most models display some amount of bending and
twisting of the linker. For the majority of models these
variations do not cause large deviations and the linker re-
mains mostly straight, however in some extreme examples
the linker has been observed to bend over 90°. All of these
factors lead to a high variance in the separation and orien-
tations of the nucleosomes.

Critical structural information is contained in the P(r)
curves. Experience gained from the models of one and two
nucleosomes allows us to make observations about some
general features of the P(r) curves derived from the DNA
in trinucleosomes. Each nucleosome should contribute to
the intranucleosome peak, and each pair of nucleosomes
should give rise to an internucleosome peak. These internu-
cleosome peaks will be located at the center-center distance
between the two nucleosomes. The shapes of these peaks de-
pend on the orientation of the nucleosomes, for well sepa-
rated nucleosomes a larger relative rotation causes a broad-
ening then splitting of the peak. For more closely spaced
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nucleosomes, stacking plays a bigger role and causes either
a smoothing of the ~70 A peak for close stackings or the ap-
pearance of shoulders on this peak if there is a larger stack-
ing distance.

We now focus on four test models (Figure 3, left) cho-
sen from the pool to connect features in P(r) plots to struc-
tural information. While Figure 3 only highlights some of
the models in our pool, their distance distributions are rep-
resentative of the pool as a whole. The Supplementary In-
formation contains a larger library of models with corre-
sponding distance distributions.

Test case 1. a fully extended trinucleosome. We now il-
lustrate how our understanding of the simple two nucleo-
some models is manifested in the computed profiles of the
DNA from trinucleosome arrays. First, we examine an ex-
treme case, illustrated in Figure 3A, which shows a highly
extended trinucleosome with asymmetric unwrapping of
the central nucleosome. The internucleosome distances be-
tween the center and flanking nucleosomes give rise to peaks
near 300 and 350 A, due to the different linker DNA lengths,
while the 1nternucleosome distances between the outer nu-
cleosomes give rise to a peak near 620 A. The maximum
distance between atoms in this model can deduced from
the curve, as the point where the distance distribution ap-
proaches zero: ~720 A.

Test case 2. a roughly equilateral triangle.  When the con-
necting linker DNA comes together and the center nucleo-
some is fully wrapped, it is less intuitively clear what the dis-
tance distribution will look like as the distance between the
outermost nucleosomes is not well distinguished from the
distance from the center to outer. An extreme example of
this occurs when the trinucleosome adopts a roughly equi-
lateral orientation, as in Figure 3B. In this case the peaks re-
flecting the distances between all three pairs of nucleosomes
occurs near 250 A and therefore merge into a single peak.

Test case 3: closer approach of the outer nucleosomes. As
the outer nucleosomes come closer together (Figure 3C), the
distance between the outer nucleosomes drops enough so
that the flanker—flanker peak can be resolved between the
intranucleosome peak and the flanker-center peaks (which
remain merged).

Test case 4: closest approach of the outer nucleosomes.
When the outer nucleosomes come close enough together
(Figure 3D), the flanker—flanker peak begins to overlap with
the intranucleosome peak, raising and broadening it. A
small shoulder also appears, reminiscent of those seen at
moderate stacking distances (Figure 2D) and co-planar nu-
cleosomes (Figure 2C).

Interpreting experimental data. 'We now use the informa-
tion derived from the model curves to provide some insight
into our experimentally derived distance distribution (Fig-
ure 1); the insight obtained from the models allows us to
draw conclusions regarding the structural features of the ex-
perimental ensemble. We review these data from the largest
to small length scales shown. First, the P(r) curve of Figure
1 drops to zero ~400 A, indicating that under experimental
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Figure 3. Selected trinucleosome models (left) and associated distance distributions (in a.u.) (right). (A) A model with the flanking nucleosomes highly
extended and significant unwrapping of the center nucleosome. (B) A model with the flanking nucleosomes separated by roughly the length of a DNA
linker arm. (C) A model with the flanking nucleosomes at an intermediate distance. (D) A model with the flanking nucleosomes close together.
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conditions, trinucleosomes stay reasonably compact, unlike
the model in Figure 3A. This indicates that slightly more ex-
panded arrays than the model in Figure 3B, which drops to
zero near 350 A, are present in the sample. Next, the loca-
tion of the second peak contains information about the dis-
tance between the center and flanking nucleosomes. As this
distance is constrained by the linker length, it also reports
whether the nucleosomal DNA is fully wrapped. When this
is the case, this peak appears near 250 A (as in test cases
2-4), and as DNA unwraps from the histone octamer this
peak shifts to higher distances (as in test case 1). The exper-
imental peak is present at roughly 250 A, indicating that the
experimental ensemble remains largely wrapped. At even
shorter length scales, we note the presence of a well-defined
minimum at ~140 A. To interpret the absence of this length
scale we refer to the test models of Figure 3, specifically
those that prominently exhibit this length scale (e.g. test case
3). Here, length scales ~140 A arise from distances between
the flanking nucleosomes that are shorter than the linker
lengths, but longer than the lengths represented by individ-
ual nucleosomes. The absence of this length scale from the
experimental P(r) curve suggests that structures with small
distances between the peaks are not present to any signifi-
cant degree in our experimental system.

Thus, based on the longest dimension measured and the
minimum ~140 A, we rule out the existence of a substan-
tial population of very extended structures, and structures
where the flanking nucleosomes are close to each other (at
a distance that is larger than the mononucleosome length
scale). However, the roughly equilateral test case (Figure
3B) which satisfies both of these constraints, insufficiently
describes the data, as the two peaks have roughly the same
height, which does not match the experimental measure-
ment. The next closest model, test case 4, also does not ex-
actly match the data: the P(r) curve has a shoulder where
the minimum would be and has a much lower second than
first peak. We now consider that the likely scenario that the
conformations most likely represent an ensemble of struc-
tures, not a single conformation. The distance distribution
of an ensemble of structures is simply the average of dis-
tance distributions of the members of the ensemble.

Looking back to the two nucleosome stacking models
(Figure 3B and D), we surmise that the shoulder in the 100
150 A range of test case 4 would disappear when the flankers
are stacked together. The methodology used to generate the
trinucleosome models does not preclude the existence of
these models, however the likelihood of having the flank-
ing nucleosomes stack precisely is very low, and none were
seen in the model pool. The modeling framework used to
generate the structure pool (cgDNA), does not account for
energetic gains that would accompany stacking. To model
this possible conformation, we took the structures from test
case 3 above and manually stacked the flanker nucleosomes
(the lower flanker as viewed in Figure 3C was moved). This
manually constructed model is shown with its computed
P(r) in Figure 4. The relocated flanking nucleosome is no
longer connected correctly to its linker, as moving and ro-
tating the entire strand correctly is non-trivial; however, it
remains close to the end of the linker to maintain the dis-
tance, and we expect that the qualitative features of the P(r)
are not impacted by this discontinuity.

Nucleic Acids Research, 2021, Vol. 49, No. 9 5035

We observed that the addition of stacking to the model in
test case 4 removes the original shoulder, without changing
the peak height ratio. The removal of the shoulder makes
this a better candidate for explaining the experimental data,
though the peak heights suggests that we still need a com-
bination of stacked and roughly equilateral models to ex-
plain our data. The average of test cases 2 and 4 qualitatively
recreates the data, as shown in Figure 5. Based on this curve,
we expect that these two test cases are good representatives
of two populations that explain the experimental data, con-
sisting of trinucleosomes with flanking nucleosomes either
stacked, or separated by 200-300 A.

Previously we derived insight into the structures of sin-
gle nucleosomes, using a genetic algorithm (EOM) (26) to
select structures from the pools whose summed scatter-
ing profile matches the experimentally determined curve
(12). We attempted this approach with these data as well;
however, we were unable to capture the experimental data.
This is likely due to the lack of stacked structures in the
pool, which our P(r) analysis indicates are a significant por-
tion of the experimental sample. While our goal is not to
provide detailed models of intra-nucleosome interactions,
which would clearly require inclusion of the histone pro-
teins, the value of our approach arises from the direct ‘read-
out’ of the relative positions of the nucleosomes. The P(r)
profiles would, in a straightforward way, reveal changes in
the relative positions of the nucleosomes, for example, if the
central nucleosome slid towards one of the flanking nucle-
osomes. In this case, the single length scale that represents
the equal distance between the central and flanking nucleo-
somes would be replaced by two, unequal distances between
the central nucleosome and the others. Although beyond
the scope of the present study, there are opportunities to ex-
pand this approach to model the inter-nucleosome interac-
tions, for example by incorporating phenomenological po-
tentials, such as those in (27) that include stacking interac-
tions. While EOM may provide more detailed information
about the contents of the ensemble, the main parameters of
interest relate to the unwrapping of the nucleosomes and
the organization of the flankers, both of which are readily
found through P(r).

CONCLUSIONS

Here, we report contrast variation SAXS measurements of
nucleosome arrays to obtain information on their relative
orientation in solution. This approach has the potential
to highlight the different distances, orientations, and an-
gles between nucleosomes in arrays in solution and uncon-
strained by crystal lattice or EM grid surface. Our measure-
ments are consistent with the presence of two dominant dis-
tinct populations, both of which are formed by nucleosomes
that are fully wrapped but that differ in their relative ori-
entation. One population consists of trinucleosomes where
the flanking nucleosomes are stacked close together (Figure
4), and the other where they are separated by ~200-300 A
and do not interact (Figure 3). Recently, Takizawa et al. ob-
served similar ‘stacked’ populations in trinucleosomes us-
ing cryo-electron microscopy (6), and this configuration was
stabilized by MgCl,. These trinucleosomes were connected
by shorter linker lengths (22 and 30 bp instead of the 60
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Figure 4. Manually stacked trinucleosome and associated distance distribution (a.u.). Flanking nucleosomes from test model 4 (Figure 3D) were manually
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Figure 5. Comparison of experimental distance distribution to two model
ensemble (in a.u.). A linear combination of the distance distributions of
a roughly equilateral model (Figure 2B) and the manually stacked model
(Figure 4) are used to model the experimental distribution.

bp used here), and a difference between these two shorter
length confirms the intuitive assumption that longer linker
length increases the degrees of freedom.

The sensitivity of CVSAXS to changes in the configura-
tion of nucleosomal DNA makes it an ideal platform for fu-
ture studies. Physiologically relevant protein partners, such
as remodelers or other nucleosome associated proteins, can
be added without changing the scattering due to the con-
trast matching. This allows for direct observation of the
changes caused by these proteins and could even be ob-
served as a function of time depending on the time scales
associated with the reorganization. Histone variants or mu-
tants can also be easily screened for effects on higher order
organization using this system.

DATA AVAILABILITY

SAXS data will be made available through the SASBDB,
under accession number SASDJ96.
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