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Abstract  Solution-based interrogation of the physi-
cal nature of nucleosomes has its roots in X-ray and 
neutron scattering experiments, including those that 
provided the initial observation that DNA wraps 
around core histones. In this study, we performed a 
comprehensive small-angle scattering study to com-
pare canonical nucleosomes with variant centromeric 
nucleosomes harboring the histone variant, CENP-A. 
We used nucleosome core particles (NCPs) assem-
bled on an artificial positioning sequence (Widom 
601) and compared these to those assembled on a nat-
ural α-satellite DNA  from human centromeres. We 

establish the native solution properties of octameric 
H3 and CENP-A NCPs using analytical ultracentrifu-
gation (AUC), small-angle X-ray scattering (SAXS), 
and contrast variation small-angle neutron scatter-
ing (CV-SANS). Using high-pressure SAXS (HP-
SAXS), we discovered that both histone  and DNA 
sequence have an impact on the stability of octa-
meric nucleosomes in solution under high pressure 
(300 MPa), with evidence of reversible unwrapping in 
these experimental conditions. Both canonical nucle-
osomes harboring conventional histone H3 and their 
centromeric counterparts harboring CENP-A have 
a substantial increase in their radius of gyration, but 
this increase is much less prominent for centromeric 
nucleosomes. More broadly for chromosome-related 
research, we note that as HP-SAXS methodologies 
expand in their utility, we anticipate this will provide 
a powerful solution-based approach to study nucle-
osomes and higher-order chromatin complexes.
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Introduction

Just as the canonical nucleosome is the fundamental 
unit of chromatin, the specialized nucleosome harbor-
ing the histone H3 variant CENP-A is, in general, the 
defining unit of chromatin at the portion of the cen-
tromere that serves as the foundation of the mitotic 
kinetochore (Earnshaw and Rothfield 1985; Kixmoe-
ller et al. 2020; Palmer et al. 1987; Yatskevich et al. 
2023). The roles of the centromere also include serv-
ing as the final location of sister chromatin cohesion 
until anaphase onset, and as the site for enrichment in 
early mitosis of the chromosome passenger complex 
where it functions to monitor the presence and quality 
of spindle microtubule attachments to the kinetochore 
(Broad and DeLuca 2020; Carmena et al. 2012). Out-
side of mitosis, CENP-A nucleosomes serve to epi-
genetically maintain the location of the centromere. 
Throughout the cell cycle, CENP-A nucleosomes 
bind to a sixteen-subunit protein complex called the 
constitutive centromere-associated network (CCAN) 
(Foltz et  al. 2006; Okada et  al. 2006). A CENP-A 
nucleosome with maximal wrapping of ~ 1.7 turns of 
DNA, similar to conventional nucleosomes, is evident 
in structural analyses of reconstituted CENP-A nucle-
osome/CCAN complexes (Yatskevich et  al. 2022) 
and in the context of their natural counterparts at the 

centromeres of intact human chromosomes (Kixmoe-
ller et al. 2025).

Methods like X-ray crystallography and cryo-
electron microscopy have provided fundamental 
insights into the atomic structure of the CENP-A 
nucleosomes and its assemblies at high resolution 
(Ali-Ahmad et  al. 2019; Allu et  al. 2019; Arimura 
et  al. 2014; Ariyoshi et  al. 2021; Boopathi et  al. 
2020; Chittori et  al. 2018; Jiang et  al. 2023; Tachi-
wana et al. 2011b; Takizawa et al. 2020; Yatskevich 
et al. 2022; Zhou et al. 2019, 2022). However, these 
approaches are limited by their ability to observe 
only ordered components in experimental densities, 
and the use of artificial environments that include 
buffer excipients, grid environments, and sample vit-
rification/freezing. These high-resolution methods 
provide a static view of atomic structure, hence lim-
iting insights into intrinsic flexibility and ensemble-
averaged dynamic properties such as histone tails, 
conformational changes, and interdomain flexibil-
ity. These constraints limit the scope of insights into 
other distinguishing physical features of CENP-A 
nucleosomes that could impact their essential func-
tions at the centromere. In a highly complementary 
way, solution-based studies have revealed that CENP-
A/H4 tetramers and CENP-A nucleosomes have rigid 
histone cores (Black et al. 2007, 2004; Sekulic et al. 
2010) and loose superhelical DNA termini (Conde e 
Silva et al. 2007; Falk et al. 2015; Hasson et al. 2013).

Since the 1970 s, small-angle scattering (SAS) 
has served as an invaluable complementary tool for 
structural biology that has bridged the gap between 
atomic-level structure and solution behavior (Moham-
med et al. 2024; Weiss 2017). The angular-dependent 
decay in scattering intensity provides rich model-
independent information about macromolecular size, 
shape, and flexibility in solution, and with the avail-
ability of experimental and ab initio atomic structures, 
a rigorous test of solution structure. Contrast variation 
methods have been particularly powerful in a way not 
possible with other solution methods like FRET due 
to their spatial resolution of global structure, the abil-
ity to resolve complex mixtures by isotopic substitu-
tion, and the absence of a requirement for site spe-
cific covalent attachments (Ashkar et  al. 2018). The 
first studies of nucleosomes using SAS arrived in the 
1970s (Baldwin et  al. 1975; Finch and Klug 1976; 
Hjelm et al. 1977; Olins and Olins 1974; Stuhrmann 
and Duee 1975; Woodcock et al. 1976), when neutron 
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contrast variation (Krueger 2022) experiments were 
first employed to distinguish between the protein and 
DNA components of the nucleosome, as they exist 
in complex. These early studies revealed fundamen-
tal properties of chromatin and nucleosomes, such as 
the size, shape, and quaternary arrangement. Canoni-
cal small-angle X-ray scattering (SAXS) and neutron 
scattering (SANS) experiments during this era con-
tributed to the initial development of the solenoidal 
(Finch and Klug 1976) and"beads-on-a-string"(Olins 
and Olins 1974; Woodcock et  al. 1976) models of 
chromatin structure. These studies also established the 
now well-known structural feature of DNA wrapping 
around an inner histone octamer in mononucleosomes 
(Hjelm et al. 1977). Advancements in deuterium labe-
ling techniques in the mid-1970s and 1980s enabled 
subsequent higher-resolution SANS studies, offering 
deeper insights into nucleosome assembly and compo-
nent interactions (Baldwin et al. 1975; Moore 1982). 
Similarly, the advent of synchrotron SAXS in the 
1990 s improved signal-to-noise ratios, enabling more 
detailed investigations into chromatin flexibility and 
conformational changes in response to factors such as 
salt concentration (Hansen et al. 2017; Joti et al. 2012; 
Maeshima et al. 2016; Nishino et al. 2012). Over the 
past two decades, integrative approaches combining 
SAXS with high-resolution structural modeling meth-
ods have driven further advances in understanding. 
These approaches have allowed detailed investigations 
into the effects of histone variants (Sugiyama et  al. 
2015; Tachiwana et al. 2011a), nucleosome interactors 
(Yang et  al. 2011), post-translational modifications 
(PTMs) (Brehove et  al. 2015), and DNA sequence 
(Yang et  al. 2011) on nucleosome structure. X-ray 
scattering has also contributed insights into nucleo-
some dynamics, remodeling processes, and the organi-
zation of higher-order chromatin assemblies (New-
man et al. 2012; Sundaramoorthy et al. 2017; Tokuda 
et  al. 2018; Yang et  al. 2011). However, despite the 
early successes of SANS with contrast variation 
(CV-SANS) in nucleosome studies, relatively few 
such studies have been published since over the past 
30 years. This is surprising given the utility of con-
trast variation and significant advancements in neu-
tron reactor sources, detector technology, data analy-
sis techniques, and the availability of high-resolution 
atomic structures through this time (Ashkar et  al. 
2018). While SANS has found increasing applica-
tions in the biological realm (Ashkar et al. 2018), most 

contrast variation studies performed during this period 
have focused on other large assemblies or specific pro-
tein-DNA interactions, leaving nucleosome-specific 
applications still relatively underexplored.

In this study, we revisit these canonical applica-
tions of SAS, including contrast variation SANS (CV-
SANS), and introduce the emerging state-of-the-art 
approach of high-pressure small-angle X-ray scatter-
ing (HP-SAXS) to investigate the structural properties 
of nucleosome core particles (NCPs), with a focus on 
centromeric chromatin. We examine how differences 
in protein composition and DNA sequence influence 
NCP structure and dynamics in solution. Specifically, 
we compare canonical H3.1 histone octamers with 
centromeric histone octamers, in which the canonical 
H3.1 is replaced by the variant centromeric histone 
CENP-A (approximately ~ 63% sequence identity in 
the histone core but highly divergent histone tails). 
These octamers are assembled on two different and 
well-studied DNA sequences: the strong-positioning 
Widom DNA (601) sequence (Lowary and Widom 
1998) and an AT-rich α-satellite sequence derived from 
centromeric DNA(Harp et al. 1996). Using SAXS and 
SANS, we demonstrate that NCPs containing CENP-A 
and α-satellite DNA exhibit a measurably larger spatial 
extent and evidence of flexibility compared to canoni-
cal H3 NCPs, in agreement with prior studies. Ana-
lytical ultracentrifugation (AUC) studies of α-satellite 
NCPs confirm their octameric stoichiometry and reveal 
physical polydispersity specific to the combination 
of CENP-A histones and α-satellite DNA. To further 
probe these differences, we employ HP-SAXS and 
discover a reversible sensitivity of α-satellite NCPs to 
pressure, highlighting structural and dynamic proper-
ties specific to nucleosome composition.

Results

Small‑angle X‑ray scattering (SAXS) reveals 
differences in the spatial extent of nucleosomes 
assembled with different histone and DNA sequences

For our SAXS experiments, we reconstituted the 
canonical H3.1 and CENP-A-derived histone octam-
ers on either the well-studied strong positioning 
Widom 601 sequence (Lowary and Widom 1998) 
(H3-601 and CENP-A-601, respectively) or on native 
α-satellite DNA (Harp et  al. 1996) (H3-αSat or 
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CENP-A-αSat, respectively) to determine their struc-
tural properties in solution. The strong positioning on 
Widom 601 is thought to be due to dinucleotide pair 
combinations that accommodate the deformations 
in DNA path conferred by histone DNA wrapping 
(Lowary and Widom 1998). It is reasonable to expect 
that while the overall path of DNA wrapping will 
be largely similar in Widom 601 and natural DNA 
sequences (Allu et  al. 2019; Vasudevan et  al. 2010; 
Wang et  al. 2021), there could nonetheless be DNA 
sequence-dependent deviations in localized structure 
and dynamics, such as with the positioning of the 
DNA ends. We first probed the structural properties 
of these reconstituted NCPs in solution using small-
angle X-ray scattering (SAXS), a technique that is 
very sensitive to changes in macromolecular confor-
mation in solution. Preliminary measurements were 
performed on a rotating anode X-ray source to opti-
mize buffer and concentration ranges and to eliminate 
any effects of interparticle interference, which can 

undermine structural interpretation, and quality con-
trol on particles performed using PAGE analyses (see 
Supplemental Fig. 1 and Methods). Final synchrotron 
data were recorded at multiple concentrations in the 
range of 0.5 mg/mL −1.2 mg/mL.

Two fundamental measures that can be made 
in a model-independent fashion using SAS are the 
radius of gyration (Rg) and the maximum dimension 
(Dmax). Rg refers to a mass-weighted average dis-
tance from the center of mass, while Dmax is a sin-
gle length describing the largest distance between any 
two points in a scattering volume. Hence, two objects 
can maintain the same average spread of mass from 
the center (Rg) but still differ in their furthest extent 
(Dmax). Together these are discerning parameters use-
ful in the detection of events like DNA unwrapping, 
histone core compaction, and overall shifts in mass 
distribution in NCPs. Here, classical Guinier analyses 
indicated particles free of self-association or aggre-
gation (Fig.  1A), and together these measurements 

Fig. 1   SAXS and SANS measurements reveal subtle dynamic changes between NCPs conferred by histone and DNA com-
position. A. Guinier Plots. Guinier plot analyses (lnI(q) vs. q2) of SAXS data (dots) for NCPs, with residuals from the fitted 
lines shown below (colors). Monodispersity is evidenced by linearity in the Guinier region of the scattering data and agree-
ment of the I0 and Rg values determined with inverse Fourier transform analysis by the programs GNOM (Table  1). Guinier 
analyses were performed where qRg ≤ 1.2. B. Difference P(r). C. Normalized Kratky Plots. D. FoxS Fitting. The recorded X-ray 
intensity for H3-601 (green line) is shown as a function of q (q = 4πsinθ/λ, where 2θ is the scattering angle) on a Kratky plot 
(Iq2 vs q), to emphasize the features in the middle q regime associated with conformational changes in solution. Parameters 
derived from SAXS analyses are summarized in Table 1. Show as a solid black line is the fit calculated intensity profile from 
the H3-601 atomistic model obtained using the program FoxS65, with the χ2 associated with the fitting provided. Similar analy-
ses are provided in panels C-E for CENP-A-601 (C, light red, versus the CENP-A-601 model), H3-αSat (D, cyan, versus the 
H3-601 model), and CENP-A-αSat (E, cyan, versus the CENP-A-601 model). Relative to the H3-601 model fit, the other three 
particles examined show differing levels of discrepancy at the ~ 0.1 and ~ 0.16 q peak features, and larger Rg values, indicating 
modest differences in solution conformation. E. DENSS analysis of synchrotron SAXS data. Shown in orthogonal views for 
each of the four particles examined by SAXS are ab initio electron density reconstructions, docked with the corresponding H3 
or CENP-A nucleosome model. Asterisks denote spatial discrepancies between the experimental volumes and idealized mod-
els that correlate strongly to changes in DNA end positioning. Electron density is colored with five contour levels of density 
rendered with these respective colors: 15σ (red), 10σ (green), 5σ (cyan), 2.5σ (blue), and −0.7σ (blue). The sigma (σ) level 
denotes the standard deviation above the average electron density value of the generated volume. Supplemental Fig. 7 provides 
the reconstructions without atomic models docked. F. Schematic of Stuhrmann Plot contrast variation profiles for different ide-
alized structures. In each case, higher scattering density in the composite particle is indicated by darker shading. The x-intercept 
at zero provides the Rg at infinite contrast (Rc). In profiles where the slope is positive (α > 0), the higher density component 
is located on the periphery of the composite particle, whereas negative slopes (α < 0) indicated the opposite. For non-linear 
profiles (where β ≠ 0), the two components are askew relative to the center of mass, as illustrated. G. Stuhrmann Plot analysis 
(Rg

2 vs Δρ−1) for the H3-601 particle is shown (dark red), with four SANS data points and one SAXS data point fit with the 
Stuhrmann equation. Shown for each data point are the errors associated with classical Guinier fitting (see Table 2). Provided in 
the panel are the numerical parameters derived from the fitting of the Stuhrmann equation, including the Rc.2 from the fitting. 
Similar analyses are provided in panels for CA-601 (green, four SANS data points and one SAXS data point), H3-αSat (cyan, 
five SANS data points and one SAXS data point), and CA-αSat (light red, five SANS data points and one SAXS data point), 
with the H3-601 Stuhrmann result shown as a dotted dark red line for comparison. Relative to H3-601, the other three particles 
have slightly increased spatial extent, as indicated by a modest upwards translation along the y-axis. All four particles have very 
similar determined Rc values, and positive α and β terms, indicate very similar gross compositional distributions of the protein 
and DNA components in these experimental conditions. All numerical parameters derived from these analyses and additional 
supporting measures are also provided in Supplemental Figs. 2–5 and Supplemental Tables 1,2, and 4

◂
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Table 1   Table of extended parameters derived from small-angle X-ray scattering (SAXS) analysis

Guinier GNOM

Sample Conc.a
(mg/mL)

qRg Rg (Å) I0 q (Å−1) Rg (Å) I0 Dmax (Å) T.E.b

ALS SIBYLS
  H3—601 1.5 0.46–1.16 41.2 ± 2.1 544 ± 21.3 0.011 < q 

< 0.19
41.9 ± 0.17 541 ± 2.5 118 0.80

1.1 0.56–1.10 41.2 ± 3.8 535 ± 14.7 0.011 < q 
< 0.19

42.0 ± 0.19 542 ± 4.3 118 0.87

0.8 0.47–1.24 42.1 ± 3.8 531 ± 14.2 0.011 < q 
< 0.19

42.2 ± 0.17 539 ± 3.5 125 0.81

0.5 0.87–1.28 40.1 ± 1.4 492 ± 8.5 0.011 < q 
< 0.19

41.6 ± 0.09 512 ± 1.8 118 0.97

ALS SIBYLS
  CENP-

A—601
1.5 0.48–1.19 42.1 ± 1.9 601 ± 18.5 0.011 < q 

< 0.19
42.9 ± 0.28 601 ± 3.8 135 0.73

1.1 0.47–1.18 41.9 ± 1.9 598 ± 26.9 0.011 < q 
< 0.19

42.4 ± 0.19 600 ± 4.1 128 0.74

0.8 0.46–1.12 41.3 ± 0.5 587 ± 14.6 0.011 < q 
< 0.19

42.2 ± 0.17 590 ± 3.2 140 0.77

0.5 0.87–1.29 40.3 ± 1.3 553 ± 11.4 0.022 < q 
< 0.20

41.2 ± 0.11 572 ± 2.3 122 0.94

Cornell CHESS
H3-α-sat Conc.a

(mg/mL)
qRg Rg (Å) I0 (cm−1) q (Å−1) Rg (Å) I0 (cm−1) Dmax (Å) T.E

  Ambient 
(0.1013 
MPa)

1.2 0.51–1.21 42.1 ± 0.2 0.12 ± 0.0003 0.014 < q 
< 0.190

42.2 ± 0.17 0.12 ± 0.0003 126 0.94

1.0 0.53–1.19 41.7 ± 0.2 0.10 ± 0.0003 0.014 < q 
< 0.195

41.7 ± 0.07 0.10 ± 0.0003 126 0.95

0.8 0.50–1.19 42.2 ± 0.2 0.08 ± 0.0003 0.012 < q 
< 0.188

42.2 ± 0.08 0.08 ± 0.0003 126 0.86

  5 MPa 1.2 0.55–1.24 45.7 ± 0.1 0.14 ± 0.0002 0.012 < q 
< 0.188

43.3 ± 0.37 0.13 ± 0.0010 134 0.85

  100 MPa 1.2 0.42–1.33 42.6 ± 0.7 0.10 ± 0.0012 0.010 < q 
< 0.188

42.0 ± 0.37 0.13 ± 0.0010 132 0.92

  200 MPa 1.2 0.53–1.33 39.2 ± 0.9 0.07 ± 0.0012 0.014 < q 
< 0.204

40.8 ± 0.44 0.08 ± 0.0007 120 0.85

  300 MPa 1.2 1.22–2.67 136.7 ± 0.8 0.68 ± 0.0108 0.009 < q 
< 0.059

146.5 ± 2.9 0.77 ± 0.0300 453 0.88

  Return to 
0 MPa

1.2 0.59–1.33 51.9 ± 0.9 0.15 ± 0.0020 0.015 < q 
< 0.170

47.0 ± 0.38 0.14 ± 0.0011 152 0.80

  Return to 300 
MPa

1.2 1.28–2.12 142.8 ± 1.8 0.80 ± 0.0200 0.009 < q 
< 0.059

148.3 ± 3.1 0.80 ± 0.0200 479 0.84

  2nd Return to 
0 MPa

1.2 0.58–1.27 54.4 ± 0.9 0.16 ± 0.0020 0.011 < q 
< 0.153

50.7 ± 0.51 0.15 ± 0.0013 157 0.84

CENP-A-α-sat
  Ambient 

(0.1013 
MPa)

1.2 0.52–1.20 44.4 ± 0.2 0.15 ± 0.0003 0.013 < q 
< 0.180

43.7 ± 0.14 0.15 ± 0.0003 155 0.84

1.0 0.46–1.21 44.7 ± 0.2 0.13 ± 0.0003 0.010 < q 
< 0.180

43.7 ± 0.13 0.13 ± 0.0003 152 0.69
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yielded structural parameters from SAXS consistent 
with prior literature reports on canonical particles 
(Hjelm et al. 1977; Sugiyama et al. 2014, 2015; Yang 
et al. 2011) (Table 1). We find that H3 and CENP-A 
NCPs assembled on 601 sequences have similar radii 
of gyration (Rg ~ 41 Å−42  Å). An indirect Fourier 
transform of the data (in reciprocal space) allows us 
to measure the distance between pairs of atoms in real 
space (P(r)). While both 601 particles show a very 
similar P(r) profiles, difference analysis (Fig.  1B) 
reveals a shift in interatomic vectors away from the 
middle of the distribution when the CENP-A-601 par-
ticle is compared to the H3-601 particle. The larger 
maximum dimensions (Dmax) determined (~ 122 
Å−140 Å) for CENP-A-601 coincides with a decrease 
in interatomic vectors between ~ 60 Å−100  Å and 
the overall slight increase in Dmax when compared 
to H3-601 (Dmax ~ 118 Å−125  Å) (Table  1). On 
α-satellite DNA, the Rg of H3 on α-satellite DNA is 
more like those observed for 601 NCPs. In contrast, 
CENP-A nucleosomes on α-satellite DNA show sig-
nificantly larger spatial extents (Rg = ~ 43 Å−45  Å) 
(Table  1). Interestingly, both the H3 and CENP-A 
α-satellite NCPs have larger maximum dimensions (~ 
126 and 155 Å, respectively) with CENP-A showing 
the largest interatomic distances observed.

Normalized Kratky representations of the primary 
data [(qRg)2 × I(q)/I0) vs qRg] (Receveur-Brechot 

and Durand 2012) were employed to facilitate direct 
comparison in a model-independent fashion, placing 
emphasis on the length scales in the middle q regime 
(~ 0.05 Å−1 < q < 0.2 Å−1) that are most strongly cor-
related to changes in macromolecular conformation, 
and for overall insight into the compactness and over-
all shape. The normalized Kratky profiles for H3-601 
and CENP-A-601 are shown in Fig. 1C. In both cases, 
a lower primary peak feature is observed where 
qRg ~ 1.7 (Putnam et  al. 2007; Receveur-Brechot 
and Durand 2012), consistent with globular/compact 
particles and a properly determined Rg from Guinier 
analysis, followed by a second smaller peak feature 
at ~ 4 qRg before a return to a baseline intensity, all 
indicating a well-folded and compact macromolecule. 
In this comparison, only modest differences can be 
discerned in the middle q regime in a pairwise com-
parison. In contrast, after the lower primary peak 
feature at ~ 1.7 qRg, the profiles for α-satellite DNA 
NCPs vary upward as a function of qRg with no return 
to baseline at higher q values, consistent with the 
increased Rg and Dmax values observed and indica-
tive of flexibility and disorder in solution (Rambo and 
Tainer 2011).

To more precisely relate the observed solution 
properties obtained from these preparations to canoni-
cal atomic structures, we also generated all-atom mod-
els of both H3-601 and CENP-A-601 using molecular 

Table 1   (continued)

Guinier GNOM

0.8 0.46–1.23 43.7 ± 0.2 0.10 ± 0.0003 0.011 < q 
< 0.183

43.5 ± 0.13 0.10 ± 0.0003 150 0.86

  5 MPa 1.2 0.54–1.27 46.5 ± 0.6 0.19 ± 0.0020 0.011 < q 
< 0.172

45.9 ± 0.63 0.19 ± 0.0014 162 0.79

  100 MPa 1.2 0.41–1.30 44.4 ± 0.6 0.15 ± 0.0014 0.011 < q 
< 0.180

43.2 ± 0.32 0.15 ± 0.0014 130 0.86

  200 MPa 1.2 0.51–1.25 46.6 ± 1.1 0.11 ± 0.0018 0.009 < q 
< 0.172

46.6 ± 0.75 0.11 ± 0.0013 157 0.81

  300 MPa 1.2 0.75–1.92 83.1 ± 0.9 0.22 ± 0.0036 0.009 < q 
< 0.096

83.4 ± 0.79 0.21 ± 0.0030 239 0.87

  Return to 
0 MPa

1.2 0.62–1.24 48.6 ± 0.8 0.20 ± 0.0023 0.011 < q 
< 0.164

45.7 ± 0.23 0.20 ± 0.0014 135 0.89

  Return to 300 
MPa

1.2 0.73–1.82 82.1 ± 1.1 0.21 ± 0.0039 0.009 < q 
< 0.098

84.7 ± 1.04 0.21 ± 0.0040 238 0.83

  2nd Return to 
0 MPa

1.2 0.56–1.28 49.8 ± 0.7 0.22 ± 0.0021 0.009 < q 
< 0.160

46.3 ± 0.23 0.21 ± 0.0011 139 0.89

a.Determined using Bradford protein assay
b.Total Estimate figure as determined using GNOM
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dynamics. Our H3-601 model is derived from the 
PDB 3LZ0 crystal structure (Vasudevan et al. 2010), 
with unresolved histone tails (comprising about ~ 30% 
of the total protein mass in a nucleosome core parti-
cle) modeled as collapsed random coils (see Meth-
ods). Similarly, the CENP-A model was constructed 
using the PDB 3AN2 atomic structure (Tachiwana 
et al. 2011a) as a template for the protein component. 
Full atomic coordinates for the models including his-
tone tails and correct DNA sequence were built manu-
ally and models were minimized (see Methods). To 
compare our experimental scattering results to these 
models, we employed the Debye relationship (Debye 
1915). However, the proper interpretation of experi-
mental intensity profiles and their reconciliation with 
atomistic models of composite particles like protein-
DNA complexes requires accurate predictions of the 
hydration layers and excluded solvent (Knight and 
Hub 2015; Svergun et al. 1995a) due to differences in 
the scattering length densities (SLDs) between protein 
and DNA in X-rays, as well as nonuniform hydration 
layers (Poitevin et  al. 2011) which contribute to the 
overall X-ray scattering. To address these considera-
tions, the program WAXSiS (Knight and Hub 2015) 
was employed to explicitly calculate the hydration 
layer via molecular dynamics simulation. These fits 
were compared to calculations performed with a more 
common implicit solvent model where the boundary 
layer is an adjustable parameter in the fitting (FoxS 
(Schneidman-Duhovny et al. 2016)). Using both algo-
rithms, general agreement was observed between our 
atomistic models on 601 DNA and the corresponding 
solution scattering from 601 and α-satellite DNA con-
taining particles, using standard Kratky plots (Iq2 vs q) 
to again place focus on middle q features (Fig. 1Dand 
Supplemental Fig.  2). The H3-601 particle was con-
cordant with a canonical atomic model across scat-
tering angles where qmax < 0.3 Å−1, whereas with the 
CENP-A-601 particle, only fine discrepancies were 
readily apparent, mapping primarily to peak features 
at ~ 0.1 q (corresponding to a length scale of ~ 63 Å, 
where d = 2π/q,). In contrast, direct comparison of 
our respective canonical models to α-satellite NCP 
data shows less concordance in middle q. While the 
H3-αSat particle fit is somewhat concordant (χ2 = 
0.95) with modest discrepancy most apparent near the 
~ 0.16 q peak feature (corresponding to a length scale 
of ~ 39.3 Å), CENP-A-α-Sat data shows the poorest 
correlations overall, with the CENP-A-601 atomic 

model poorly matching across nearly all of the middle 
q regime (χ2 = 3.27).

To further visualize the changes in canonical struc-
ture detected, ab initio modeling approaches were 
applied using the SAXS data to generate low-resolu-
tion particle envelopes of the solution average ensem-
ble. The algorithm DENSS (Grant 2018b) allows for 
the reconstruction of the electron density of particles 
at low resolution, allowing for a real space assessment 
of available atomic models. We applied this algorithm 
to data from the four particles and the results are 
shown in Fig. 1E. The molecular envelopes were gen-
erated with no symmetry restraints, as to not bias the 
shapes derived (see Methods). Consistent with direct 
fitting of the experimental profiles, strong spatial cor-
relation was observed for the H3-601 particle when 
the structure is docked into the calculated volume. 
The strongest density contours in this reconstruction 
correlate well with the DNA component of the mod-
els, consistent with the dominance of the DNA sig-
nal in the X-ray measurements. Relative to this result, 
the DENSS calculation for the CENP-A-601 particle 
yielded a particle shape with greater oblate charac-
ter and more apparent asymmetry. Docking of the 
CENP-A-601 model into this SAXS-derived volume 
is suggestive of differences in the DNA ends of the 
particle, consistent with prior reports of DNA entry/
exit behavior (Conde e Silva et al. 2007), greater mic-
rococcal nuclease sensitivity of these regions (Bloom 
and Carbon 1982; Falk et  al. 2015; Hasson et  al. 
2013) and the atomic structure of CENP-A-601 (Ali-
Ahmad et  al. 2019; Tachiwana et  al. 2011a) where 
these regions are entirely disordered and unresolved 
in the electron density. Ab initio reconstructions of 
H3-αSat show reasonable spatial correlation with the 
H3-601 canonical model, and like the CENP-A-601 
result, indicate asymmetry corresponding to the posi-
tioning of DNA ends when docked. The CENP-A-
αSat shows the greatest spatial discrepancy versus a 
docked canonical model, consistent with significant 
displacement of both DNA ends. Together, these data 
indicate that SAXS on NCPs in solution captures 
dynamic features resulting from the unique combina-
tion of histone and DNA sequences reflecting qua-
ternary arrangements that do not coincide well with 
canonical models. Differences between CENP-A and 
H3-containing nucleosomes are consistent with flex-
ible DNA ends previously observed by micrococ-
cal nuclease digestion, X-ray crystallography, and 
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cryo-electron microscopy, and are most pronounced 
in the CENP-A derived species.

Contrast variation small‑angle neutron scattering 
(CV‑SANS) measures the gross compositional 
distribution of NCPs

A strength of the SAXS approach in studying NCPs is 
the higher scattering power of the DNA component in 
X-rays and higher signal-to-noise across larger scat-
tering angles, making it very well suited to detect dif-
ferences in DNA conformation. While it is possible 
to entirely contrast away the protein contribution of 
composite particles in X-rays using excipients such 
as glycerol or sucrose (Chen et  al. 2014; Mauney 
et  al. 2021, 2018), such approaches limit insights 
attained by contrast variation to the DNA compo-
nent only, as it exists in the complex via a relatively 
narrow window for contrast variation. Hence, SAXS 
alone is limited in its ability to discern the proper-
ties of the protein component of these assemblies. 
Contrast variation studies using small-angle neutron 
scattering (CV-SANS) provide a powerful comple-
ment to the X-ray approach and can provide a wider 
range of accessible contrast using specific mixtures 
of H2O and D2O. Due to the negative scattering 
density of H2O (−0.56 × 10–6 Å−2) compared to the 
positive scattering density of its isotope D2O (6.67 
× 10–6 Å−2), it is possible to adjust the neutron scat-
tering of an aqueous solution by mixing H2O and 
D2O in different ratios so that the scattering of the 
solution completely coincides with that of the protein 
(~ 2–2.5 × 10–6 Å−2) or DNA component (~ 1.8–2.0 
× 10–6 Å−2). If the solution matches the neutron scat-
tering density of the protein, all the scattering col-
lected will come from the DNA component and vice 
versa. While typically weaker in signal-to-noise for 
particles of the size of a nucleosome, this approach is 
sensitive to both composition and spatial extent and 
provides a direct determination of the distribution of 
component parts, as they relate to each other in the 
larger assembly. In contrast to the measurements ini-
tially made in the 1970s, more modern technology 
provided the opportunity to better capture intensity 
profiles at contrast points normally afflicted with 
strong incoherent scattering, thus increasing signal-
to-noise and allowing a wider accessible q range.

Neutron scattering data were recorded at four 
to five different contrast points (∆ρ) for each of the 

four particles (Table  2). Despite the implementation 
of more modern technology, attempts to capture data 
at calculated protein or DNA-only contrasts points 
were limited by strong incoherent scatter at the low 
sample concentrations used (see Methods). Using 
the recorded intensities at zero angle (I0) by SANS, 
calculated masses (Kuzmanovic et  al. 2003) for 
each of the four NCPs, all samples were consistent 
with octameric preparations, and experimental total 
match points were readily determined (Supplemental 
Fig.  3  and Supplemental Table  1). Monodispersity 
was again confirmed by classical Guinier analyses 
(Table  2 and Supplemental Figs.  4&5). Using both 
the available SAXS and SANS data combined, the 
dependence of Rg with the contrast of the individual 
components and their relative positions within the 
composite particle was determined using classical 
Stuhrmann analysis:

where Rc is the radius of gyration (Rg) at infinite con-
trast (Fig.  1F). In the Stuhrmann plots derived for 
all four NCPs, hyperbolic relationships were appar-
ent, within the error of the determination (Fig.  1G 
and Supplemental Table 3), generally consistent with 
canonical measurements made in 1977 and more 
recent reports for H3-derived nucleosomes (Hjelm 
et  al. 1977; Sugiyama et  al. 2014, 2015). The posi-
tive term for α correlates with known structure where 
the DNA (the denser component) lies at the periphery 
of the complex, distal from the center-of-mass (Hjelm 
et al. 1977). The large terms for β describes the rela-
tive distribution of scattering length densities within 
the particle. Distinguishing more recent SANS stud-
ies and our studies from the original measurements 
from 1977 is the ability to model the β term, yield-
ing hyperbolic rather than linear fits in the Stuhrmann 
plots. In all four cases, similar Rc values (Rg at infi-
nite contrast) are derived, indicating that within the 
error associated with this approach, all four NCPs 
assume a similar spatial extent and gross quaternary 
structure in these solution conditions. The deter-
mined α parameter, which describes the distribution 
of scattering densities relative to the center of mass, 
is the smallest for the CENP-A-αSat particle, suggest-
ing the greatest changes in the denser DNA compo-
nent. The term β derived from this fitting relates to 

(1)Rg
2 = Rc

2 +
�

Δ�
−

�
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the separation of the mass centers of the two compo-
nents. In our analysis, the determined values for β are 
the largest for the CENP-A-αSat, suggesting a more 
asymmetric positioning of the protein and DNA com-
ponents relative to the center of mass when compared 
to canonical models. These results are consistent with 
the more flexible DNA in CENP-A-αSat sample.

Independent of atomic models, we were read-
ily able to reconcile these contrast variation data-
sets with empirical core–shell cylinder models 
using global fitting methods as in employed in the 
program SASVIEW (Doucet 2017) (Supplemen-
tal Figs. 6–7 and Supplemental Table 4). Using the 
experimentally determined SLDs and fixing the 
radius of the DNA wrap, global fits to the SAXS 
and SANS data together to this model provided a 
determination of cylinder radius and length. In 
this analysis, similar radii (18.1 Å to 19.5 Å) were 
obtained. Notably, the fit length of the cylinder for 
the canonical H3-601 particle (59.5 Å ± 2.8 Å) was 
markedly smaller than those determined for the 
other three particles (ranging from 68.6 Å ± 0.3 Å 
to 74.3 Å ± 0.2 Å). The length of the cylinder in this 
model corresponds well with the nucleosome gyre, 
which is the path of the DNA as it wraps around 
the histone protein core, on its smallest dimen-
sion. The increase in this fit parameter suggests that 
the particle gyre is wider in the other three parti-
cles, again suggesting a less compact particle in 
solution. Like with the SAXS data, it is also pos-
sible to directly test atomic models against SANS 
data using the Debye relationship (as implemented 
in the program CRYSON (Svergun et  al. 1995b)), 
free of the consideration of solvent boundaries, and 
with the experimentally determined SLDs from our 
contrast variation data (Supplemental Figs. 6–7 and 
Table  2). Direct fitting reveals general concord-
ance for most of the experimental data recorded, 
with the greatest discrepancies observed at the 20% 
D2O (dominated by DNA) and the 70% D2O con-
trast points (dominated by protein, and which were 
most difficult to capture and fit due to high incoher-
ent scattering). While these results reaffirm compo-
sition distribution and the general consistency of 
canonical structural models to the solution scatter-
ing profiles, the SANS data lacks the resolution of 
our SAXS measurements needed to discern finer 
changes in DNA conformation, illustrating the com-
plementarity of the two approaches.

Sedimentation velocity experiments indicate higher 
physical polydispersity of CENP‑A containing 
nucleosomes

Polydispersity in a macromolecular complex can 
arise from differences in molecular composition 
(compositional polydispersity) or from variations in 
particle size, shape, or conformation among structur-
ally similar species (physical polydispersity). Since 
α-satellite DNA occurs naturally and harbors both 
H3 and CENP-A in chromatin, we further focused 
our investigation on the differences between H3 and 
CENP-A nucleosomes in the context of α-satellite 
DNA while H3-601 was used as a reference where 
needed. To further explore biophysical differences 
between CENP-A and canonical nucleosomes and 
to confirm stoichiometry, mass and shape using an 
orthogonal approach we employed different modali-
ties of analytical ultracentrifugation. To examine the 
possibility of dissociation of these nucleosomes into 
hexosomes (Kato et  al. 2017), tetrasomes (Sollner-
Webb et  al. 1976), or other lower-order species, we 
performed sedimentation equilibrium analysis (SE-
AUC), which can provide very precise determina-
tions of molecular weight, independent of any shape 
effects. Using a mass-averaged partial buoyant den-
sity (νbar) from known composition and global fitting 
across multiple rotor speeds and concentrations with 
strict mass conservation, the masses derived closely 
matched those expected for DNA-wrapped histone 
octamers (Fig.  2A and Supplemental Tables  3&5). 
At these low rotor speeds, both α-Sat particles had 
determined buoyant masses consistent with octameric 
NCPs, confirming that the differences observed by 
SAXS do not correlate to differences in composition 
(mass and stoichiometry). In agreement with these 
results and our SAXS analysis, dynamic light scat-
tering (DLS) measurements of the α-Sat particles 
yielded particle diameters derived from the applica-
tion of the Stokes–Einstein equation (Einstein 1905) 
that were generally consistent with the known struc-
ture of canonical nucleosome particles and indicative 
of preparations of high compositional homogeneity 
(Fig. 2B).

Having confirmed the compositional homogeneity 
of particles on a biophysical level, we next interro-
gated the solution properties of these particles using 
sedimentation velocity analytical ultracentrifugation 
(SV-AUC). The experiment is performed at higher 
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Fig. 2   Solution properties of nucleosomes assembled on natu-
ral α-satellite DNA probed by analytical ultracentrifugation. 
A&B. Sedimentation equilibrium analytical ultracentrifuga-
tion (SE-AUC). Top panels show radial absorbance data (sym-
bols) collected at three denoted rotor speeds fitted to single-
species model (lines); lower panels show residuals from the 
model fit. With both particles, a singles species fit consistent 
with a DNA-wrapped octameric nucleosome was determined. 
Expected masses and calculated partial buoyant densities are 
provided in Supplemental Table  3, and masses derived from 
this analysis are shown in Supplemental Table  5. C. Sedi-

mentation velocity analytical ultracentrifugation (SV-AUC). 
Van Holde-Weischet analysis of SV-AUC data from H3-601 
(green), H3-αSat (cyan), and CENP-A-αSat (light red) NCPs at 
25 °C. Results were normalized for s20,w. Vertical profiles dis-
tinguish homogenous species from sloping distributions which 
indicated heterogeneity.  D. Dynamic Light Scattering (DLS) 
of α-satellite NCPs. Panel shows the distribution of particles 
of H3-αSat (cyan) and CENP-A-αSat (light red) as a function 
of hydrodynamic radius, normalized for volume. The meas-
ured radius for the H3-αSat particle was 43.2 Å vs an effective 
radius of 50.8 Å for CENP-A-αSat
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rotor speeds (and hence g forces) and in conditions 
known to be optimal for nucleosome integrity (e.g. 
low ionic strength, ambient temperature). The sedi-
mentation coefficient is a hydrodynamic parameter 
that is sensitive to the size, shape, and density of 
particles in solution (Svedberg and Pedersen 1940). 
A model-independent van Holde-Weischet analysis 
(Vanholde and Weischet 1978) was employed to eval-
uate the monodispersity of these particles with mini-
mal diffusion effects. The sedimentation properties 
observed by SV-AUC for the H3-601 particle agreed 
well with its atomic structure (s20,w of 11.7 ± 0.9 for 
H3-601, representative of three independent trials, 
versus a calculated value of 10.9)(Fig. 2C). Similarly, 
H3 histone octamer wrapped in α-satellite DNA dis-
played vertical profile by this analysis indicative of 
monodispersity (s20,w of 11.2 ± 0.2, representative of 
three independent trials). However, while the average 
s value obtained was similar (s20,w of 10.9 ± 0.2), the 
CENP-A-αSat particles displayed more polydisper-
sity as evidenced by broader s distributions relative 
to the other particles assessed. Taken together with 

our SAS analyses, these data further indicate that the 
differences in solution properties observed by SAXS 
and AUC map not to differences in stoichiometry but 
physical differences in shape.

The reversible assembly of NCPs under high pressure

While physical polydispersity for CENP-A-αSat 
NCPs in these SV-AUC experiments relative to 
other NCPs is apparent, that property was less pro-
nounced in other complementary measures. A fac-
tor that distinguishes SV-AUC from these other 
methods employed is the occurrence of hydrostatic 
pressure under conditions of high centrifugal force. 
At the bottom of a SV-AUC cell at 40,000 RPM, 
calculated pressures upwards of ~ 1.7 MPa are pre-
dicted (Schuck 2016) (whereas standard atmos-
pheric pressure is ~ 0.1 MPa). It has already been 
shown that histone octamers in isolation are sensi-
tive to hydrostatic pressure (Scarlata et  al. 1989; 
Silva et  al. 1993). To more directly investigate the 
possibility that pressure can affect NCP structure in 

Table 2   Parameters derived from Small-angle Neutron Scattering (SANS) analysis

Guinier GNOM CRYSON

Sample % D2O Conc
(mg/mL)

qRg Rg (Å) I0(cm−1) Rg (Å) I0 (cm−1) Dmax (Å) T.E χ2

ORNL CG-3
H3—601 0% 1.0 0.57–1.34 48.3 ± 3.0 0.15 ± 0.006 45.5 0.14 135 0.860 1.7

20% 1.9 0.40–1.28 38.6 ± 2.9 0.08 ± 0.003 42.9 0.08 102 0.777 3.1
80% 1.0 0.23–1.26 34.1 ± 3.2 0.04 ± 0.002 37.3 0.04 91 0.878 0.9
90% 1.0 0.53–1.31 34.6 ± 1.4 0.08 ± 0.002 33.9 0.08 90 0.932 3.1

CENP-A—601 0% 1.0 0.47–1.40 42.5 ± 2.1 0.13 ± 0.004 41.9 0.13 110 0.994 1.2
20% 2.4 0.49–1.41 41.6 ± 1.9 0.12 ± 0.003 46.3 0.12 132 0.826 3.1
80% 1.0 0.44–1.54 37.3 ± 2.6 0.04 ± 0.002 38.1 0.04 119 0.900 0.6
90% 1.0 0.38–1.26 34.7 ± 1.5 0.08 ± 0.002 35.9 0.08 110 0.996 0.7

NIST NG-3
H3—αSat 0% 0.8 0.45–1.25 44.3 ± 2.4 0.11 ± 0.004 40.0 0.11 119 0.967 1.0

20% 0.8 0.41–1.29 41.2 ± 1.8 0.08 ± 0.002 42.1 0.08 129 0.938 0.9
70% 2.0 0.29–1.28 34.2 ± 1.8 0.02 ± 0.001 43.1 0.03 108 0.505 6.8
80% 0.8 0.50–1.23 32.9 ± 1.6 0.03 ± 0.001 34.5 0.03 96 0.917 2.0
90% 0.7 0.37–1.27 38.2 ± 1.5 0.08 ± 0.002 34.1 0.07 103 0.893 0.9

CENP-A—αSat 0% 0.7 0.66 −1.35 38.1 ± 2.9 0.09 ± 0.005 39.9 0.09 110 0.976 0.9
20% 0.7 0.59–1.39 44.4 ± 5.8 0.05 ± 0.005 44.7 0.05 117 0.970 0.9
70% 2.0 0.44–1.33 30.0 ± 1.7 0.04 ± 0.001 32.0 0.04 106 0.949 1.4
80% 0.7 0.67–1.24 40.7 ± 5.4 0.03 ± 0.003 39.1 0.04 116 0.974 0.8
90% 0.8 0.32–1.30 34.4 ± 1.3 0.08 ± 0.002 37.3 0.04 107 0.701 0.8
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solution, we turned to the high-pressure SAXS (HP-
SAXS) resource at the Cornell High Energy Syn-
chrotron Source (XBio Beamline) (Gillilan 2022a). 
Hydrostatic pressure, when systematically applied, 
is a robust and powerful tool to explore reversible 
changes in macromolecular structure without the 
need for chemical excipients or mutations (Silva 
et  al. 2014). Here, the goal was to better under-
stand the differences in NCP structure and stability 
on authentic α-satellite DNA for H3 and CENP-A 
nucleosomes as a function of applied pressure.

We first examined the pressure-induced changes in 
H3-αSat structure at room temperature in 100 MPa 
increments, starting at 5  MPa and arriving at 300 
MPa, followed by cycling between the two extremes 
(Fig. 3A). At each pressure, the samples were allowed 
to equilibrate for five minutes before SAXS data col-
lection. The structural properties obtained from this 
analysis are summarized in Table 1 and the primary 
data shown in Fig.  3B. As pressure was incremen-
tally applied, changes in Rg and Dmax were read-
ily observed. Concomitant with the increases in Rg 
and Dmax, dimensionless Kratky plot analysis shows 
a steady transition away from a compact macro-
molecule to a more distended polymer as pressure 
increased, suggestive of unwrapping and disassem-
bly of the NCP (Fig. 3C, Table 1). To visualize these 
changes in shape, we performed ab initio electron 
density calculations using the program DENSS at 
each condition of pressure for both particles and a 
canonical model manually docked in to illustrate dis-
crepancies in structure (Fig.  3D and Supplemental 
Fig. 7). In the H3-αSat particles, the oblate ellipsoidal 
character of the initial particles at ambient pressure 
are modestly retained up to 200 MPa. The simplest 
interpretation of these data is that the progressive 
unwrapping of the DNA ends of the NCPs increases 
the spatial extent along the plane perpendicular to 
the short axis of rotation. At 300 MPa the particles 
undergo a dramatic shift to larger Rg and Dmax val-
ues, indicating a more dramatic unfolding (Fig. 4 & 
Table 1). DENSS calculations were not employed at 
the most extreme pressures (300 MPa) because of the 
conditions where qmin > π/Dmax, where Rg is too large 
relative to qmin, truncating the Guinier region, and the 
Kratky profiles indicating a significant degree of flex-
ibility/unfolded character. Pressure cycling directly 
between 300 and 5 MPa was performed at the same 

time intervals and compared to the initial scattering 
profiles. Strikingly, the particle reverted to nearly its 
initial state, although the recovered Rg and Dmax were 
always slighter higher for both particles, suggestive 
of hysteresis behavior: the “swelling” observed can 
be attributed to pressure-induced hydration effects, 
where interatomic contacts were replaced with water 
molecules, causing incorrect reassembly and folding 
(Silva et  al. 2014). This is further supported by the 
disparities observed in P(r) analysis from the same 
data, including (Dmax) (Table 1).

CENP‑A nucleosomes also reversibly disassemble 
under pressure but display different properties at the 
most extreme pressures

Using the same pressure method, we next examined 
the CENP-A-αSat particle (Fig.  4A). In contrast to 
the H3 result, we observe somewhat larger increases 
in Rg and Dmax when pressure was applied through 
200 MPa (Fig.  4B&C), consistent with the unwrap-
ping of the DNA. However, at 300 MPa the CENP-
A particle adopts a much more compact structure 
than H3 nucleosomes (Fig.  4D). Yet surprisingly, 
normalized Kratky plot analysis indicates the tran-
sition to an entirely unfolded polymer at 300 MPa. 
Because of the lack of contrast, we cannot directly 
distinguish unfolded protein from unfolded nucleic 
acid, although in X-rays, it is expected that nucleic 
acid will dominate the signal. This contrasts with the 
H3-αSat result where some evidence of globularity is 
retained (Fig. 3C). In agreement with these observa-
tions, DENSS analysis of the CENP-A-αSat particle 
data displays a more dramatic transition to a prolate 
ellipsoid form as pressure is increased (Fig. 4F). For 
both particles, the observed I0 at the final pressure 
cycle back to the 5 MPa measurement condition sug-
gests that sample mass was preserved throughout the 
experiment.

Discussion

Our experiments revealed several similarities and 
differences between the solution behavior of conven-
tional nucleosomes and their centromeric counter-
parts. SAXS and SANS performed at ambient pres-
sure provide a view, albeit at lower resolution than 
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crystallography or cryo-EM, of a generally shared 
NCP architecture in solution. Differences, potentially 
attributable to pressures under centrifugal force that 
exceed ambient pressure by more than an order of 
magnitude, are measurable via AUC between nucleo-
some types. NCP distortions under very high pres-
sure (two additional orders of magnitude higher than 

in the AUC) lead to the most pronounced differences 
between nucleosomes containing the canonical his-
tones versus histones where CENP-A replaces con-
ventional histone H3.

The high degree of reversibility of NCP distor-
tion at high pressures is very surprising and will 
stimulate further use HP-SAXS for studies of a 
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variety of types of nucleosomes (and perhaps other 
chromatin complexes). The increase in Rg and 
Dmax with increasing pressure correlates with a 
type of deformation and denaturation of the parti-
cle that is to be expected, but the ability of the par-
ticles to return to almost their original 3D shape 
indicates that the NCPs are robust, energetically 
optimized protein-DNA structures with a stable 
and self-directed structure. Of note, the magnitude 
of Rgs observed at 300 MPa is similar to the mag-
nitude observed by salt-induced dissociation of 
nucleosomes previously reported by time-resolved 
SAXS (TR-SAXS) measurements on NCPs, where 
protein signal was contrasted away with 50% 
sucrose and disassembly is monitored (Chen et al. 
2017, 2014). The Rg and Dmax observed for the 
H3-αSat particle at this extreme is entirely con-
sistent with what would be calculated for a fully 
extended 147 bp B-form DNA using Flory’s Law 
(Caillet and Claverie 1974) (Rg of ~ 144 Å, Dmax 
of ~ 500 Å). While our experiments do not lev-
erage sucrose for total protein matching, we still 
expect the signal to still be dominated by the DNA 
scattering (∆ρDNA of 220 e−/nm3 vs ∆ρprotein of 90 

e−/nm3). The difference in high pressure-induced 
deformation at 300 MPa between H3 NCPs and 
CENP-A NCPs has two seemingly contradictory 
findings: CENP-A has a more extended shape but 
smaller Rg and Dmax. A potential explanation is 
that CENP-A NCPs completely but reversibly dis-
sociate some histone subunits at very high pres-
sures, while H3 NCPs remain octameric at high 
pressures.

High pressure studies are directly relevant to 
considerations of deep-sea life. Deep-sea life 
comprises a major percentage of the planet’s total 
biomass (Bar-On et  al. 2018), and includes spe-
cies of prokaryotes and archaea with chromatin-
like assemblies (Henneman et  al. 2018; Takai 
and Horikoshi 1999; Yamaguchi et  al. 2012) and 
eukaryotes that have adapted their chromatin to 
function at extreme temperatures (both near 0  °C 
and exceeding 50 °C), pressures, and ionic strength 
(dissolved salts upwards of ~ 1 M)(Gage and Tyler 
1991). Little is known about this aspect of deep-
sea life on a biochemical, biophysical, and struc-
tural level, and such insights would inform our 
broader understanding of chromatin structure and 
dynamics across all species of life. HP-SAXS is 
uniquely poised to directly interrogate the physical 
properties of these biological assemblies in native-
like conditions (Gillilan 2022b). The pressures 
achievable at the Cornell CHESS SAXS resource 
well exceed those pressures encountered by deep 
sea life at up to ~ 10 km depths (~ 100 MPa), pro-
viding the opportunity to probe the stability, dis-
assembly, and reassembly of chromatin and chro-
matin-like structures as was performed here in this 
study, and to determine how nature has evolved 
these assemblies to persist in extreme conditions.

In closing, we highlight that nucleosomes in 
a chromosome undergoing biological processes 
are encountering forces that may (or are known 
to) distort and dissociate them. These include 
DNA metabolic processes (replication and tran-
scription), chromatin disassembly and remod-
eling by ATPases, spindle forces at cell division, 
nuclear deformation in tissues under mechanical 
stress, and more. The methodologies and findings 
described in this study provide further approaches 
and understanding into this challenging aspect of 
chromosome studies.

Fig. 3   High-Pressure SAXS reveals reversible deformation of 
H3 NCPs assembled with α-satellite DNA. A. High pressure 
strategy (grey line and closed circle) is shown, with recorded 
Rg as determined by GNOM analysis at each pressure point 
shown as a cyan closed triangle. B. Pressure-dependent SAXS 
profiles from H3-αSat, scaled arbitrarily along the y-axis. C. 
Normalized Kratky Plot analysis, showing the changes in the 
particle structure as a function of pressure, with the black 
arrow showing the trend with pressure. At the highest pressure, 
the particle retains some degree of folded character. D.DENSS 
analysis of α-satellite NCPs as a function of pressure. Shown 
in orthogonal views are DENSS reconstructions of H3-αSAT 
at different pressures, showing an oblate ellipsoidal charac-
ter preserved through to the highest pressure. For reference, 
a canonical H3-601 atomic model is shown. Rg and Dmax as 
determined by GNOM analysis are provided for each pres-
sure point (Table  1). Asterisks denote spatial discrepancies 
between the experimental volumes and idealized models that 
correlate strongly to changes in DNA end positioning. Electron 
density is colored with five contour levels of density rendered 
with these respective colors: 15σ (red), 10σ (green), 5σ (cyan), 
2.5σ (blue), and −0.7σ (blue). The sigma (σ) level denotes the 
standard deviation above the average electron density value 
of the generated volume. Where denoted, “0 MPa” refers to 
measurements made at ambient pressures (0.1013 MPa)) Sup-
plemental Fig.  8 provides the reconstructions without atomic 
models docked

◂
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Methods

Preparation of reconstituted mononucleosomes

Reconstituted mononucleosomes were prepared as 
previously described using recombinant histones 
and DNAs (Sekulic and Black 2016). The following 
DNA sequences were used:

DNA Sequence

601 (Widom) ATC​AGA​ATC​CCG​GTG​CCG​AGG​
CCG​CTC​AAT​TGG​TCG​TAG​ACA​
GCT​CTA​GCA​CCG​CTT​AAA​CGC​
ACG​TAC​GCG​CTG​TCC​CCC​GCG​
TTT​TAA​CCG​CCA​AGG​GGA​TTA​
CTC​CCT​AGT​CTC​CAG​GCA​CGT​
GTC​AGA​TAT​ATA​CAT​CGA​T

α-satellite (Harp et al. 1996) ATC​AAT​ATC​CAC​CTG​CAG​ATT​
CTA​CCA​AAA​GTG​TAT​TTG​GAA​
ACT​GCT​CCA​TCA​AAA​GGC​ATG​
TTC​AGC​TCT​GTG​AGT​GAA​ACT​
CCA​TCA​TCA​CAA​AGA​ATA​TTC​
TGA​GAA​TGC​TTC​CGT​TTG​CCT​
TTT​ATA​TGA​ACT​TCC​TGA​T

Reconstituted nucleosomes were uniformly posi-
tioned on sequences by thermal shifting (heating 
at 55 °C for two hours). After this, nucleosomes 
were separated from free DNA, nucleosomes with 
alternative positions on the DNA and higher-order 
aggregates using 5% preparative native gel electro-
phoresis (PrepCell 491, (37 mm diameter × 7 cm 
height), Bio-Rad, Hercules, California, USA). The 
histone composition and stoichiometry were veri-
fied with 2D-PAGE (Supplemental Fig. 1). Finally, 
samples were dialyzed into 20 mM potassium caco-
dylate pH 7.0 and 1 mM EDTA for all SANS exper-
iments or 20 mM Tris–HCl pH 7.5, 1  mM EDTA, 
and 1  mM DTT for all other biophysical analyses 
described herein. Sample concentrations were 
determined using Bradford Assay (Bradford 1976) 
and by measuring absorbance at 260 nm (DNA) in 
clean nucleosome samples.

Dynamic light scattering

Samples at 0.3 mg/mL concentration were analyzed 
using a Nanobrook Omni particle sizer (Brookhaven 
Instruments Corporation, Holtsville, NY, USA). Data 
were recorded at 25 °C in polystyrene 1-cm cells 
using a standard diode laser at 640 nm, with scat-
tering recorded at an angle of 90°. Three scans were 
recorded for each sample and hydrodynamic radii 
(Stokes radii, Rs) were calculated using the BIC Parti-
cle Solutions software v3.6.0.7122.

Sedimentation equilibrium (SE) and sedimentation 
velocity (SV) analytical ultracentrifugation

Analytical ultracentrifugation experiments were per-
formed with an XL-A analytical ultracentrifuge or 
Optima (Beckman-Coulter, Indianapolis, IN, USA) 
and a TiAn60 rotor with six-channel (for SE) or two-
channel (for SV) charcoal-filled epon centerpieces 
and quartz or sapphire windows. SE data were col-
lected at 4 °C with detection at 260 nm for three sam-
ple concentrations. SE analyses were carried out using 
global fits to data acquired at multiple speeds for each 
concentration with strict mass conservation using the 
program SEDPHAT (25). Error estimates for masses 
derived with mass-averaged partial specific volumes 
(ʋbar) were determined from a 1,000-iteration Monte 

Fig. 4   High-Pressure SAXS of CENP-A NCPs assembled 
with α-satellite DNA reveals distinct behaviors upon revers-
ible deformation relative to H3 NCPs. A. Pressure-dependent 
SAXS profiles from CENP-A-αSat, scaled arbitrarily along 
the y-axis. B&C. Variation in Rg and maximum dimension 
as a function of pressure for H3-αSat (light red) and CENP-
A-αSat (cyan). D. Stacked bar graph showing the reversible 
behavior under pressure for two iterations of changes in pres-
sure from 300 to 5 MPa. H3-αSat particles (shown in cyan) 
show a greater change in spatial extent versus the CENP-A-
αSat particle (light red). E. Normalized Kratky Plot analysis, 
showing the changes in the particle structure as a function 
of pressure. At the highest pressure and unlike the H3-αSAT 
particle, CENP-A-αSat particle loses all folded character. 
F. DENSS analysis of CENP-A-α-Sat NCPs as a function of 
pressure. Shown in orthogonal views are DENSS reconstruc-
tions of CENP-A-αSAT at different pressures. For reference, a 
canonical H3-601 atomic model is shown. A transition from an 
oblate to elongated prolate particle is observed. Rg and Dmax 
as determined by GNOM analysis are provided for each pres-
sure point (Table  1). Asterisks denote spatial discrepancies 
between the experimental volumes and idealized models that 
correlate strongly to changes in DNA end positioning. Electron 
density is colored with five contour levels of density rendered 
with these respective colors: 15σ (red), 10σ (green), 5σ (cyan), 
2.5σ (blue), and −0.7σ (blue). The sigma (σ) level denotes the 
standard deviation above the average electron density value 
of the generated volume. Where denoted, “0 MPa” refers to 
measurements made at ambient pressures (0.1013 MPa). Sup-
plemental Fig.  8 provides the reconstructions without atomic 
models docked

◂
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Carlo simulation. A partial specific volume value for 
the different particles examined were calculated by 
the program MuLCH (Whitten et al. 2008a) based on 
chemical composition.

Complete SV profiles were recorded on samples 
(OD260nm of 0.5–1.0) every 30 s at 260 nm for 50–200 
boundaries at 26,000 rpm. Selected boundaries from 
the dataset were analyzed using the program SEDFIT 
to generate van Holde-Weischet plots. Solvent density 
was determined gravimetrically at room temperature 
(d = 1.01 g/mL ± 0.01 g/mL), and a viscosity of η = 
0.001 poise was used in all analyses.

Experimental considerations for SAXS analysis

Several experimental considerations were made and 
optimized for this study. The intensity of scatter from 
a particle can be expressed as:

where N
V

 is the number of proteins per unit volume 
(concentration), Vparticle is the volume of the individ-
ual particle, Δρ the contrast, FF(q) is the form factor, 
or scattering component from a single particle rota-
tionally averaged, and S(q) is the interparticle struc-
ture factor.

Because of the relatively electron-rich nucleic acid 
component comprising the bulk of this particle’s mass 
and exterior and the particles relatively large size, we 
found that relatively low sample concentrations of par-
ticle (~ 0.75 mg/mL-1.5 mg/mL) provided measurable 
scatter at both synchrotron sources and with a rotating 
anode X-ray source, and with experimental neutron 
sources, as intensity of scattering varies as the square 
of volume (Eq. 1)). The added benefit of working with 
samples at these relatively dilute concentrations is the 
minimization of any potential interparticle interfer-
ence (S(q)) that could confound structural analysis.

Small‑angle X‑ray scattering (SAXS) data collection

X-ray scattering data were measured on at two different 
synchrotron sources: beamline CHEX at the Cornell 
University High Energy Synchrotron Source (Acerbo 
et al. 2015; Skou et al. 2014) (CHESS Ithaca, NY) and 
beamline SIBYLS at the Advanced Light Source (Hura 
et al. 2009). Data were also recorded using a rotating 
anode SAXS instrument as described previously. In all 

(1)I(q) ∝
N

V
V2

particle
(Δ�)2FF(q)S(q)

cases, the forward scattering from the samples stud-
ied was recorded on a CCD or multiwire detector and 
circularly averaged to yield one-dimensional intensity 
profiles as a function of q (q = 4πsinθ/λ, where 2θ is 
the scattering angle). Samples were centrifuged at 
10,000 × g for three min at 4 °C prior to 0.5 s – 20 s 
X-ray exposures at 20 °C. Scattering from a matching 
buffer solution was subtracted from the data and cor-
rected for the incident intensity of X-rays. Replicate 
exposures were examined carefully for evidence of 
radiation damage by Guinier analysis and Kratky plot 
analysis. Silver behenate powder was used to locate 
the beam center and to calibrate the sample-to-detector 
distance. All the preparations analyzed were monodis-
perse, as evidenced by linearity in the Guinier region 
of the scattering data (where qRg ≤ 1.2) and agreement 
of the I0 and Rg values determined with inverse Fourier 
transform analyses using the program GNOM (Sver-
gun 1992). Experimental details unique to each X-ray 
source are provided in Supplemental Methods.

Small‑angle neutron scattering (SANS) data 
collection

Neutron scattering data were measured at two dif-
ferent research reactor locations: beamline NG-3 of 
the National Institutes of Standards and Technology 
(NIST) Center for Neutron Research (Glinka et  al. 
1998), and beamline CG-3 of the Oak Ridge National 
Laboratories High Flux Isotope Reactor (HFIR) (Hel-
ler et al. 2008). Experimental details unique to each 
beamline are provided in Supplemental Methods. 
Samples were prepared by dialysis at 4  °C against 
matching buffers (20 mM potassium cacodylate pH 
7.0 and 1  mM EDTA) containing 0%, 20%, 70%, 
80%, or 95% D2O for a minimum of three hours 
across a 6–8 kD cutoff membrane (D-tube dialyzer 
(Novagen)). Samples were centrifuged at 10,000 × g 
for three min at 4  °C and then loaded into Hellma 
quartz cylindrical cells (outer diameter of 22 mm) 
with either 2-mm (for 95% and 80% D2O) or 1-mm 
pathlengths (70%, 20%, and 0% D2O). Before and 
during the experiment the samples were maintained at 
6 °C. Sample concentrations for the SANS measure-
ments were determined by Bradford analysis and are 
shown in Table 2. At both locations, scattering neu-
trons were detected with a two-dimensional position-
sensitive detector and data reductions are performed 
using beamline-specific software. Raw counts were 
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normalized for incident intensity and corrected for 
empty cell counts, ambient room background counts, 
and non-uniform detector response. Data were placed 
on an absolute scale and radially averaged to pro-
duce one-dimensional scattered intensity I(q) versus 
q profiles. Data collection times varied from 0.5 to 
5 h depending on the instrument configuration, sam-
ple concentration, and amount of D2O present in the 
sample. Multiple sample-to-detector distances were 
employed, and data were merged to create the final 
scattering profile for data analysis. At both locations, 
a wavelength of 6 Å and with a spread of 0.15 was 
employed. We observed good agreement between Rg 
and I0 determined from inverse Fourier analysis using 
GNOM and that determined by classical Guinier anal-
ysis (Guinier 1939). The program MuLCH (Whitten 
et  al. 2008b) was used to calculate theoretical con-
trast and to initially analyze contrast variation data, 
assuming ~ 50% proton exchange based on previously 
reported hydrogen–deuterium mass spectrometry 
studies (Sekulic et al. 2010). Stuhrmann plot analyses 
were performed manually using Origin version 2024b 
(Originlab Corp., Northampton, MA, USA). All of 
the preparations analyzed were monodisperse, as evi-
denced by linearity of sqrt(I0/c) versus fractional D2O 
plots (See Supplemental Fig. 3) and by comparison of 
the linear Guinier region of the scattering data with 
the I0 and Rg values determined with inverse Fourier 
transform analysis by the programs GNOM (Seme-
nyuk and Svergun 1991) (Table 2). Additional experi-
mental details specific to each location are provided 
in Supplemental Methods.

Molecular mass calculations from contrast variation 
SANS data

The scattered intensities from the protein-DNA com-
plexes were decomposed into the scattering from their 
components, IPROT(q) and IRNA(q), using the equation 
(Kuzmanovic et al. 2003):

where Δρ = (ρ − ρs) is the contrast, or the difference 
between the scattering length density of the molecule 
(ρ) and the solvent (ρs). The cross-term, IPROTDNA(q), 
represents the interference function between the 

(2)

I(q) = ΔρPROT2 IPROT(q)

+ Δ�PROTΔ�DNAIPROT−DNA(q) + ΔρPROT2 IDNA(q)

protein and DNA components. The known quantities 
in Eq. 1 are ΔρPROT and ΔρRNA and the unknowns are 
IPROT(q), IDNA(q), and IPROTDNA(q). Since measure-
ments were made at four-five different contrasts, or 
D2O/H2O buffer conditions, there is sufficient infor-
mation to solve for the three unknown component 
intensities from the set of simultaneous equations for 
I(q) at each contrast:

where Na is Avogadro’s number, Δρ is the calculated 
net scattering length density, and d is the mass den-
sity, where dprot = 1.35 g/cm3 and dDNA = 1.69 g/cm3. 
The I0 values in absolute units (cm−1) obtained from 
the GNOM analysis of the data for each D2O/H2O 
buffer are used with the measured number densities to 
solve the set of simultaneous equations for these two 
unknowns to obtain the MW values for the protein 
and DNA components (MWPROT and MWDNA) sepa-
rately in the nucleosome particle, where the total MW 
value is then the sum of the two component MW val-
ues. Our contrast calculations assume 50% of acidic 
proteins accessible by solvent (Sekulic et al. 2010).

Molecular modeling

Complete atomistic models of the canonical nucleo-
some are derived from the crystal structure of canoni-
cal nucleosome on the 145 bp long Widom 601 
sequence (PDB ID 3LZ0 (Vasudevan et  al. 2010)). 
The model the CENP-A nucleosome was derived 
from the crystal structure of CENP-A nucleosome on 
the 147 bp engineered palindromic α-satellite DNA 
(PDB ID 3 AN2). For modeling, the DNA sequence 
was mutated to the 145 bp Widom 601 sequence. 
Missing sequences at the N and C-termini of the 
respective histone components were modelled as 
unstructured coils with known amino acid sequences. 
The NAMD (Phillips et  al. 2020) program employ-
ing CHARMM43 forcefields was used to perform 
molecular dynamics. The resulting model was gradu-
ally relaxed by energy minimization and subsequent 
simulation in a box of water. Tails alone were relaxed 
further in vacuo for 1000 fs to collapse their position. 
The models shown were rendered using the program 

(3)

[
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n
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2

=
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PyMOL 2.5.2 Molecular Graphics System (Schrod-
inger, LLC, New Your, NY). Hullrad (Fleming and 
Fleming 2018) and WinHYDRPRO (Garcia De La 
Torre et al. 2000) were used to calculate the predicted 
hydrodynamic properties of these atomic models.

High pressure small‑angle X‑ray scattering 
(HP‑SAXS)

HP-SAXS experiments were conducted on beam-
line ID7 A1 at the Cornell High Energy Synchrotron 
Source (CHESS) using a hydrostatic pressure cell with 
a maximum operating pressure of 400 MPa (Acerbo 
et al. 2015; Skou et al. 2014). Samples were prepared 
at a concentration of 1.2 mg/mL and centrifuged at 
10,000 × g for three minutes at 4 °C prior to measure-
ment. The sample (40 μL) was filled into a disposable 
acrylic polymethyl methacrylate (PMMA) sample cell 
and sealed with high-vacuum grease (Dow Corning, 
Midland, MI, USA), which acted as a freely moving 
piston to equilibrate the sample to the surrounding 
pressure medium (water). The HP-SAXS cell design 
has been described in the literature (Rai et al. 2021).

Hydrostatic pressure cycles were performed at 
25 °C and between ambient pressure (0.1013 MPa, 
labelled “0 MPa” in figures) to 300 MPa in incre-
ments of 100 MPa. At each pressure, the sample 
was allowed to equilibrate for five minutes before 
collecting the SAXS data. The beam was blocked 
during equilibration to prevent radiation damage. 
For individual measurements, the sample was 
exposed for a total of 10 s (10 exposures of 1  s 
each). The matched buffer blanks were measured 
at identical pressures for proper background sub-
traction. The photon energy of the X-ray beam was 
14.09 keV (0.8788 Å) at 1.6 × 1011 photons/second 
with a standard beam size (250 μm × 250 μm). The 
data were collected using an EIGER X 4 M detec-
tor (DECTRIS, Switzerland) with a pixel size of 
75 μm × 75 μm and an active area of 155.2 × 162.5 
mm. The sample-to-detector distance was 1.772 
m, with the SAXS detector covering a collected 
q range of 0.0083 Å−1 < q < 0.6925 Å−1. The 
wavevector is defined as q = (4π/λ) sin θ, where 
2θ is the scattering angle and λ is the wavelength 
of the incident radiation (Table  1). All data were 
reduced and analyzed using the program RAW 
(Hopkins 2024).

Ab initio electron density reconstruction using 
DENSS

DENSS (Grant 2018a) was used to calculate the ab 
initio electron density directly from GNOM (Sver-
gun 1992) outputs, as implemented in the program 
RAW. Twenty reconstructions of electron density 
were performed in the slow mode with default param-
eters and subsequently averaged and refined with no 
symmetry restraints. Reconstructions were visualized 
using either UCSF ChimeraX (Meng et al. 2023), or 
PyMOL 2.5.2 Molecular Graphics System (DeLano 
n.d.) (Schrodinger, LLC, New Your, NY) with five 
contour levels of density rendered with these respec-
tive colors: 15σ (red), 10σ (green), 5σ (cyan), 2.5σ 
(blue), and −0.7σ (blue). The sigma (σ) level denotes 
the standard deviation above the average electron 
density value of the generated volume. DENSS cal-
culations were not employed at the most extreme 
pressures (300 MPa) because of the conditions where 
qmin > π/Dmax, where Rg is too large relative to qmin, 
truncating the Guinier region, and the Kratky profiles 
indicating a high degree of flexibility/unfolded char-
acter, all which would lead to inaccurate results.
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