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Abstract

Nucleosome remodelers modify the local structure of chromatin to release the region from nucleosome-mediated transcriptional
suppression. Overlapping dinucleosomes (OLDNs) are nucleoprotein complexes formed around transcription start sites as a result of
remodeling, and they consist of two nucleosome moieties: a histone octamer wrapped by DNA (octasome) and a histone hexamer
wrapped by DNA (hexasome). While OLDN formation alters chromatin accessibility to proteins, the structural mechanism behind this
process is poorly understood. Thus, this study investigated the characteristics of structural fluctuations in OLDNSs. First, multiple
structures of the OLDN were visualized through cryoelectron microscopy (cryoEM), providing an overview of the tilting motion of the
hexasome relative to the octasome at the near-atomistic resolution. Second, small-angle X-ray scattering (SAXS) revealed the
presence of OLDN conformations with a larger radius of gyration than cryoEM structures. A more complete description of OLDN
fluctuation was proposed by SAXS-based ensemble modeling, which included possible transient structures. The ensemble model
supported the tilting motion of the OLDN outlined by the cryoEM models, further suggesting the presence of more diverse
conformations. The amplitude of the relative tilting motion of the hexasome was larger, and the nanoscale fluctuation in distance
between the octasome and hexasome was also proposed. The cryoEM models were found to be mapped in the energetically stable
region of the conformational distribution of the ensemble. Exhaustive complex modeling using all conformations that appeared in the
structural ensemble suggested that conformational and motional asymmetries of the OLDN result in asymmetries in the accessibility
of OLDN-binding proteins.
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Significance Statement

Cryoelectron microscopy (cryoEM) visualizes multiple conformations of a biomolecule at the near-atomistic resolution to elucidate its
functional motion. Although chemical cross-linkingis useful to obtain high-resolution models through cryoEM, there is still a lack of
research on biases in resultant structures caused by sample processing. Here, the structural fluctuation of the overlapping dinucleo-
some (OLDN), a nucleoprotein complex formed around the transcription start site, was investigated by combining cryoEM and
small-angle X-ray scattering (SAXS). The 12 cryoEM models obtained from the OLDN with chemical cross-linking were mapped to
energetically stable structures in the SAXS-based structural ensemble. Our results suggest that combining structural data from
cryoEM and SAXS provides complementary insights, leading to a more comprehensive understanding of dynamic biomolecules.

Introduction (1). The functional dynamics of chromatin span a wide hierarchy.
Eukaryotic chromatin is compact and dynamic, enabling con- The nucleosome is a fundamental structural unit in chromatin
trolled and timely transcription from the appropriate DNA region that accommodates the entire genomic DNA within the cell
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nucleus (2). Histones H2A, H2B, H3, and H4 are protein compo-
nents of the nucleosome (3). In the canonical nucleosome, the
histone octamer containing the two H2A-H2B and H3-H4 hetero-
dimers are lefthandedly wrapped with 150 base pairs of DNA (4).
This stable nucleosomal structure generally inhibits genomic
function in chromatin. For example, nucleosomes formed around
the transcription start site (TSS) suppress the initiation of gene
expression (5). This may be because nucleosome formation
substantially inhibits the assembly of DNA-binding proteins re-
quired for transcription initiation around the TSS (6). To resolve
nucleosome-mediated transcriptional suppression, nucleosome
remodelers are recruited around the TSS, and an overlapping di-
nucleosome (OLDN) may be formed as a consequence of the nu-
cleosome remodeling reaction (7). The atomic structure of the
OLDN, which comprises an octasome and a hexasome, has been
revealed using X-ray crystallography (8). The octasome encom-
passes the histone octamer as a canonical nucleosome, whereas
the hexasome lacks one H2A-H2B dimer compared with the octa-
some. In addition, the structural flexibility of OLDNs has also been
proposed (9).

However, the impact of OLDN formation on chromatin struc-
ture and properties is not yet fully understood. In chromatin,
OLDNs should continually change their conformation by external
force from the connected DNA regions and neighboring nucleo-
somes. Furthermore, it is not yet clear how OLDNSs, the result of
nucleosome remodeling, enhance the accessibility of other func-
tional proteins to chromatin.

Although it is difficult to observe OLDNSs in chromatin directly
at the atomistic resolution, trends in the fluctuation and deform-
ation of a single OLDN should provide information on their dy-
namics under external force. Structural biology has recently
made significant strides in understanding structural fluctuations
by integrating various methods. One distinguished method, cryoe-
lectron microscopy (cryoEM), has become an indispensable tool
for capturing real images of biomacromolecules with high spatial
resolution without sample crystallization. Furthermore, this
method often provides multiple high-resolution structures of a
biomolecule, providing insights into its molecular motion (10).
From a different perspective, methods for visualizing molecular
motion by coupling measurements with computational simula-
tions have also been evolving. Solution scattering techniques,
such as small-angle X-ray scattering (SAXS) and small-angle neu-
tron scattering, provide averaged scattering profiles of all possible
structures of a dynamic biomolecule, including transient and rare
structures. Nevertheless, individual conformations that make up
a molecular motion cannot be solved from an experimental scatter-
ing profile alone, because it cannot be decomposed into profiles of
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the individual structures. Advances in ensemble modeling methods
have overcome this limitation by providing a structural set repre-
senting a biomolecular motion, incorporating both experimental
scattering data and a biomolecular force field (11-15). Therefore,
the integration of cryoEM, solution scattering, and ensemble
modeling methods is expected to encompass the entire range
of conformations of the fluctuating biomacromolecule.

Following the above-mentioned strategy, we employed cryoEM,
SAXS, and coarse-grained molecular dynamics (CG-MD) simula-
tions to visualize the structural fluctuations of the OLDN. First,
by collecting multiple cryoEM images of the OLDN as snapshots,
we gained insights into its mode of motion, including the charac-
teristics of the distance and direction between two nucleosomal
moieties. Second, to reveal the fluctuating structures in more de-
tail, we conducted ensemble modeling using SAXS and CG-MD
simulations, which allowed us to analyze the distribution range
of the fluctuating structures. Through this integrated analysis,
we propose an overall picture of the structural fluctuations in
the OLDN. Finally, a possible mechanism of OLDN formation is
discussed.

Results

Fluctuation of the OLDN visualized by cryoEM

Reconstituted OLDN samples were purified by native polyacryl-
amide gel electrophoresis (PAGE) using a PrepCell apparatus (SI
Appendix Fig. S1). The OLDN samples were fractionated by su-
crose gradient ultracentrifugation with glutaraldehyde fixation
(GraFix) (16) (Fig. S1). Each OLDN sample was then subjected to
data collection using a 200 kV electron microscope, and 1.5 mil-
lion particles were identified from 3,000 electron micrographs
(Fig. S2). We initially obtained twelve 3D classes of the OLDN
structures (classes 01-12). The hexasome and octasome moieties
of the OLDN were commonly observed in these 12 classes (Fig. 1A).
To compare the hexasome-octasome arrangements among OLDN
structures, we superimposed these 12 low-resolution structures,
which involved fitting the octasome units to one another.
Through this process, we confirmed structural fluctuations that
were diverse spatial arrangements of the hexasome unit relative
to the octasome unit (Fig. 1B).

To clarify the structural details of the hexasome-octasome ar-
rangementin the OLDN, we performed multibody refinement sep-
arately for the hexasome and octasome units (Figs. 2A and S2).
Four representative models are selectively shown in Fig. 2A.
Class 01 represented the closed form, in which the hexasome
and octasome moieties were in close proximity. In contrast, class
09 represented the open form, in which the hexasome and
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Fig. 1. Multiple cryoEM density maps of the OLDN. A) 12 cryoEM density maps (classes 01-12) obtained by 3D classification from 1.3 million particles. The
percentage of particles in each class is shown below the map. B) Superimposition of the 12 cryoEM density maps aligned by the octasome moiety.
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octasome moieties were spatially separated. Classes 06 and 10 structures. Consistent with the previously described crystal struc-

were intermediate forms between classes 01 and 09. ture (8), in all four structures, one H2A-H2B dimer was absent at

Subsequently, we obtained atomic models for these cryoEM the hexasome-octasome interface (Fig. 2B), and the hexasomal
A

class06 class10 class09

B c PHRYRPGTVALREIRRYQKSTELLIRKLPFQRLVREIAQDFKTDLRFQSSAVMALQEACEAYLVGLFEDTNLCATHAKRVTIMPKDIQLARRIRGER
38 134

hexasome

octasome

O H3-H4
@@ H2A-H2B

(iii) - (iv)

F
class01
G H 20
hexasome
octasome
/o 80+ 08
(=]
<L 11 09
2 B E 3 07 o o
a4 B ° o5

L .9
Or 0802 o0 1

4 %y 10 20 30 40

a/°

Fig. 2. Structural details of the OLDN obtained by cryoEM analysis. A) Refined cryoEM density maps of the OLDN structures. The closed form (class 01),
intermediate forms (classes 06 and 10), and open form (class 09) are shown in gray, pink, yellow, and blue, respectively. B) The atomic model of OLDN
class 10. The H2A-H2B dimers in the hexasome and octasome moieties are shown in cyan and magenta, respectively. C) The amino acid residues and the
secondary structures of H3.1 visible in the cryoEM structure of the OLDN. H3.1 molecules in the hexasome and octasome are colored orange (i and ii) and
green (iii and iv), respectively. D) Locations of the H3 aN helices in the OLDN. The H3 aN helices labeled with (i), (ii), (iii), and (iv) correspond to the H3.1
molecules shown in C). E) Close-up views of four H3 aN helices (i, ii, iii, and iv) in the OLDN. F) Angular differences of the hexasome-octasome stackings
between class 01 (gray) and each of class 06 (pink), class 09 (blue), and class 10 (yellow). G) Distance of center of geometry between two nucleosome
moieties R and the angle of their planar orientation ¢. H) Distribution of cryoEM models.
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H3 oN helix facing the interface was disordered (Fig. 2C-E).
Therefore, the unique structural features of the OLDN found in
the crystal structure were maintained in a solution, as shown in
the cryoEM structures. The structural differences between open
and intermediate conformations, or open and closed forms, are
described in Fig. 2F. To quantitatively understand this motion,
we focused on the distance of the center of geometry R and the an-
gle of normal vectors 6 between the planes of the hexasome and
octasome units (Fig. 2G, definition details described in the SI
Appendix), the structural distribution of all cryoEM structures is
mapped in Fig. 2H. In summary, the cryoEM models were distrib-
uted in the ranges of R=62-78 A and # =15-35°, which reflected
the structural fluctuations of the OLDN in solution.

Fluctuation of OLDN in solution visualized by
ensemble modeling based on SAXS and CG-MD
simulations

To estimate the conformational ensemble of the fluctuating struc-
tures of OLDN, we conducted SAXS, which corresponded to the
average structure over the conformational ensemble. Figure 3A
shows the experimental SAXS profile for the OLDN after analyt-
ical ultracentrifugation (AUC)-SAXS treatment (17, 18), which
removed the contribution of 1.7% of aggregated components
in the sample solution (Fig. S3). Furthermore, dynamic light
scattering (DLS) was performed to confirm that the sample did
not contain large aggregates (1.5 MDa), which were outside the
range of the current AUC measurement (Fig. S4). Figure 3B shows
the Guinier plot and the result of the least-square fitting with the
Guinier formula, I(q) = loexp (-R7q°/3), where I, and R, are the

forward scattering intensity and radius of gyration, respectively.
From the Guinier fitting, R; was found to be 55.0+0.5 A.

The calculated SAXS profiles of the 12 cryoEM models were
compared with the experimental SAXS profiles, as shown in
Fig. S5A. The values of y?> and gyration radii are listed in Table 1.
The 4? value is an index indicating the degree of agreement be-
tween the calculated SAXS profile I.;(q) and the experimental
SAXS one lexp(a): 22 = 1/ = 1) 3" ((ler(@) ~ lexp(a))/e)’, where N,

1

i, and o; are the number of measurement points, scattering vector
of i th measurement point, and its experimental error, respective-
ly. All y* values were relatively large, indicating that neither
cryoEM model alone matched the structure reflecting the SAXS
data. Because of the smaller R, values of the cryoEM models
than the experimental Ry value (Table 1), any mixture of the 12
structures cannot reproduce the experimental SAXS profile.
Thus, there should be different structures in the solution com-
pared with the 12 models solved by cryoEM.

A structure set that contains 12 cryoEM models and reprodu-
ces the SAXS profile is expected to be one of the following two
possible structure sets. First, the 12 cryoEM models almost cover
a distribution range of fluctuating structures of the OLDN. In this
possibility, the OLDN exists mostly as an intermediate state be-
tween these 12 cryoEM structures. Second, the OLDN fluctuates
more widely than the open-close motion observed by cryoEM
models. The schematic views of the two possibilities are shown
in Fig. Sé.

When the structural distribution of the OLDN follows the
first possibility, a structure that reproduces the experimental
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Fig. 3. Ensemble modeling of the OLDN from the SAXS profile and CG-MD simulation. A) Experimental SAXS profile of the OLDN (open circles) and

theoretical SAXS profile of the SAXS- and CG-MD-based ensemble model (red line). In the experimental profile, the contribution of unintended oligomers
or degradation products of the OLDN was removed by AUC-SAXS treatment (17, 18). B) Guinier plot of the experimental SAXS profile. The fitted line is
shown in green. In (A) and (B), error bars represent the SD. C) Two-dimensional histogram of the geometrical parameters of the structural ensemble based
on SAXS and CG-MD simulations. The scale bar indicates the probability. The values of the cryoEM models (cyan circles) and the NMA-optimized models
(pink triangles) are also shown. D) Representative structures in the structural ensemble. Their corresponding ¢ and R are shown in C) with lines and text.
DNA, H3-H4 heterodimers, H2A-H2B heterodimers in the octasome, and H2A-H2B heterodimers in the hexasome are shown by gray spheres, gray ribbon,

magenta ribbon, and cyan ribbon, respectively.
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Table 1. x> and R, of the 12 OLDN models.

Class 7 Ry/A
CryoEM NMA CryoEM NMA
models optimization models optimization

1 110 4.9 49.1 56.9

2 32 4.7 51.3 56.0

3 26 3.8 51.7 56.2

4 31 3.7 514 56.2

5 20 3.9 52.0 56.2

6 30 6.0 51.5 55.8

7 19 4.9 52.6 56.3

8 7.5 2.7 545 57.0

9 9.9 5.1 53.5 56.2

10 44 4.1 50.8 56.2

11 13 4.0 53.2 56.4

12 30 3.7 513 571

SAXS profile, namely an averaged structure, should exist in
the distribution range of the cryoEM models. Therefore, to ex-
plore the structural models of the OLDN that matched the
SAXS profile, we employed a structural optimization method
with a normal mode analysis (NMA-optimization method). In
the NMA-optimization method, an initial structure is modulated
into another structure utilizing small normal mode vectors,
followed by calculating their SAXS profiles and their y> values
for the experimental SAXS profile. Then, the structure with the
lower 4 value yields the initial structure for the next round of
the optimization. This operation is iteratively performed until
the 42 value is sufficiently small and the final structure is adopted.
The details of the NMA-optimization method with Pepsi-SAXS
software (19) are outlined in the Supporting Methods in the SI
Appendix. In this study, by adopting each of the 12 cryoEM models
as theinitial structure, the NMA-optimization method found each
of the 12 optimized structures. As shown in Fig. S5B, their SAXS
profiles were well-fitted to the experimental ones, and their ?
and Ry values are listed in Table 1. Figure S5C shows the structural
distribution of the 12 optimized structures (pink circles), referring
to their initial cryoEM structures (numbered cyan circles). All the
NMA-optimized structures were concentrated in the narrow re-
gion with R ~ 75 A and 10° < ¢ <20°. Unlike the first possibility,
this region is outside the distribution region of cryoEM models,
where R <75 A and 5° < § <35°. Consequently, the first possibil-
ity was not plausible.

Subsequently, we addressed the second possibility, in which
the OLDN fluctuated significantly around the conformation of
the 12 cryoEM models, which were visualized as quasi-stable
structures. To describe these structural fluctuations in the
OLDN, structural sampling using CG-MD simulations was inte-
grated with the experimental SAXS profile. It has been reported
that Kullback-Leibler divergence is useful for modeling a struc-
tural ensemble that matches both the small-angle scattering pro-
file and CG-MD simulations (20), where the Kullback-Leibler
divergence indicates the difference between a structural distribu-
tion obtained by CG-MD and a resultant distribution. Referring to
this idea, we adopted Kullback-Leibler divergence as a criterion
for modeling fluctuations in the OLDN. The modeling was per-
formed using a simple gradient method. First, the initial struc-
tural ensemble was obtained through CG-MD simulations.
Second, the ensemble was gradually and repeatedly modified
until 4> <3.0. In each operation, one snapshot was selected,
and its weight was slightly reduced. The reweighted snapshot

Ax
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Fig. 4. Electrostatic potential energy (Veie) of the OLDN in the SAXS-based
structural ensemble. Distribution of the average electrostatic potential
energy is shown. The (6, R) of the 12 cryoEM models (cyan circles) are also
shown. Here, the potential energy was shown for pixels with an
appearance probability >0.0001 in Fig. 3C.

the weight of the jth snapshot is reduced, and AKI, is the change
in KL according to the reweighting (more detail in the Materials
and methods section). Through this procedure, a conformation
ensemble of OLDN with y? =3.0 was obtained. The y* value is
smaller than that of any NMA-optimized model. Figure 3C shows
the structural distribution of the OLDN. The obtained ensemble
not only covered the distribution region of the 12 cryoEM models
but also expanded to the range of R~90 A and 6~ 60°. That is,
the amplitude of the open-close motion of the OLDN was greater
than that expected by the cryoEM models, and the tilting motion
of the hexasome relative to the octasome appeared more clearly.
The representative structures in the (6, R) map are shown in
Fig. 3D. Deviation along the R was considerably larger than that
expected from the cryoEM models. Regardless of whether the 6
resembled the open or closed structure of the cryoEM models,
structures with a larger R appeared at a high frequency.
Finally, the robustness of the ensemble model to the initial struc-
tural distribution was confirmed by performing the same ap-
proach using a smaller initial structural set, which was
obtained by dividing the original set of CG-MD simulations into
five structural sets (Fig. S7). We also confirmed that the ionic
strength parameter for CGMD had little effect on the ensemble,
at least in the range of 0.1 to 0.175 (Fig. S8).

Interpretation of the difference in structural
diversity of the OLDN between cryoEM
and SAXS-based structural ensemble

To interpret the difference between the SAXS-based structural
distribution and that of the cryoEM models (Fig. 3C), we investi-
gated whether the 12 cryoEM models were located in relatively
stable states in the SAXS- and CG-MD-based conformational dis-
tribution. Since many cryoEM images are required to obtain a
high-resolution model, it was expected that the obtained 12 mod-
els would fluctuate less or be relatively stable among the possible
conformations.

Since an electrostatic interaction is dominant between the oc-
tasome and the hexasome under the CG-MD force field, the stabil-
ity of the OLDN was estimated using the electrostatic potential.
Figure 4 maps the averaged electrostatic potential in the (6,
R)-space. The results mostly supported our perspective that the
12 cryoEM models were located in a region with relatively low
electrostatic potential, that is, a stable region. Meanwhile, the
noncryoEM-observable structures were distributed in relatively
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higher potential regions (orange and red) in the conformational
ensemble.

Accessibility of the nucleosome remodeler
to the OLDN

Finally, the accessibility of possible OLDN-binding for OLDN was
examined. SWI/SNF (switch/sucrose nonfermentable) remodelers
are OLDN-binding proteins, which are involved in the OLDN for-
mation (7). Recently, it was also reported that the structure of an-
other nucleosome construct forms around the TSS, known as the
overlapping trinucleosome (OLTN), which is composed of octa-
some-hexasome-hexasome (21). However, an array different
from the observed OLTN, such as octasome-tetrasome-hexasome
or octasome-hexasome-tetrasome, has not yet been reported. It is
assumed that the function of the SWI/SNF remodeler may be in-
equivalent between the octasome and hexasome because the
OLDN and OLTN are formed by the function of the remodelers
on the nucleosome array (6). The assumption was examined
from the perspective of the accessibility of SWI/SNF remodelers
to the subnucleosome moieties of the fluctuating OLDN as fol-
lows. First, BAF or PBAF, major members of SWI/SNF remodelers,
were placed on the OLDN structures referring to cryoEM models of
the remodeler-nucleosome core particle (NCP) complexes (PDB:
6LTJ, 7VDV) (22, 23). Because of the symmetry of the NCP struc-
ture, there are two ways to place the octasome of the OLDN at
the NCP binding site of the remodelers. One way is to place the oc-
tasome so that the hexasome is above it (see Fig. 5A and C, de-
noted as side A). The other way is to arrange for the hexasome
to be below the octasome (see Fig. 5A and C, denoted as side B).
If the hexasome can also form a complex with the remodelers us-
ing the same NCP binding site, there can be two ways to place
the hexasome. Therefore, four ways to place a moiety of the
OLDN on the remodelers can be considered (Fig. S9). For every
OLDN structure in the conformation ensemble, we constructed
the four virtual BAF-OLDN complexes; the four virtual PBAF-
OLDN complexes were constructed in a similar manner.

Next, the steric hindrance of the complex was evaluated using
N, which is the number of contacting atom pairs between the re-
modeler and the OLDN. An excessively large N, indicates a steric
crash in the modeled complex, meaning that the complex cannot
physically exist due to steric hindrance. In other words, the OLDN
moiety cannot access the remodeler with its current orientation.
Figure 5B and D shows the distribution of the averaged N. values
for the conformation ensemble of the OLDN. Asymmetric distri-
butions were clearly observed depending on the remodeler—
OLDN and their orientations. When BAF was placed in the
octasome with the orientation of side A, the N, value was almost
zero in the region of the OLDN conformations with R>75 A
(Fig. 5B, left). In the case where BAF was placed in the octasome
with the side B orientation, the regions with small N. values
were localized to a narrow region where both 6 and R were large.
Ahigh N, value, exceeding 50, was observed uniformly across al-
most all regions of OLDN conformations when BAF was placed on
either side of the hexasome (Fig. 5B). This implies that BAF can
form a complex with the octasome of OLDN with a side A orienta-
tion, but it faces hindrance in accessing the hexasome of the
OLDN. Similarly, the trend persisted in PBAF-OLDN complexes,
where the N, value for PBAF was close to zero in the region of
OLDN conformations with R > 80 A and ¢ > 10°, indicating an abil-
ity to access the octasome with a side A orientation (Fig. 5D, left).
Moreover, when PBAF interacted with the octasome with a side B
orientation or the hexasome, the N value was considerably large

(Fig. 5D). We note that a region with small N. also appeared
around R > 80 A in the case where PBAF was placed with the hex-
asome with side A orientation. For further validation of this trend,
the N, values were also calculated for the 12 cryoEM models. A
similar tendency to the SAXS-based fluctuation was observed,
where only four cases resulted in small N values. Specifically,
when the octasomes of classes 07, 08, 09, and 11 were placed on
the BAF with side A orientation, the N, values were 37, 0, 0, and
20, respectively (Fig. 5A). Therefore, from an accessibility perspec-
tive, SWI/SNF remodelers are more likely to act on the octasome
with a certain orientation than on the hexasome.

Discussion

In this study, we introduced an integrated approach combining
cryoEM, SAXS, and CG-MD to investigate the fluctuations of bio-
molecules, subsequently applying this method to analyze the dy-
namics of OLDN. The acquisition of 12 sets of structural data by
cryoEM allowed for the identification and characterization of
structural fluctuations by comparing the distinct features present
in each structure. However, techniques to visualize highly fluctu-
ating molecules with cryoEM, such as chemical cross-linking, may
introduce bias in the observed structures. In this regard, SAXS can
provide complementary information, including bias-free struc-
tural information, on unstable and transient structures. Here,
the MD simulation allowed for the extraction of individual struc-
tures and their distribution in the conformation ensemble from
the SAXS data. In this study, the results of SAXS-based ensemble
modeling with CG-MD simulations suggest that the fluctuation of
the OLDN in solution is larger than the structural variability
among the 12 cryoEM models. We note that the constraint of
“The fluctuation includes the 12 cryoEM models” enabled us to
visualize a reasonable ensemble model.

Frequently appearing structures are more likely to be detected
in cryoEM imaging, and glutaraldehyde may cross-link two nu-
cleosomal moieties that are sufficiently close to each other.
Therefore, structures with less fluctuation—those with low poten-
tial energy—will tend to be obtained by cryoEM imaging. However,
cryoEM analysis itself cannot address this presumption. In this
study, our SAXS-based ensemble modeling with CG-MD simula-
tions showed that the 12 cryoEM models of the OLDN are energet-
ically stable among all possible fluctuation structures. This result
supports the utility of the integrative approach of cryoEM, SAXS,
and MD simulations as an effective tool for a comprehensive
understanding of structural dynamics, including transient or
rare structures. From the same perspective, structural analysis
of complexed biomolecules combining cryoEM with other tech-
niques, such as NMR or FRET, will also be effective.

In the current analysis, we revealed the asymmetric nature
of structural fluctuations between octasomes and hexasomes.
This observation suggests that factors beyond hexasome- or
octasome-specific molecular surfaces could influence the binding
to other proteins. Correspondingly, our analysis suggests a clear
difference in accessibility to SWI/SNF remodelers between octa-
somes and hexasomes; the SWI/SNF remodelers can easily access
octasomes while facing difficulties in accessing hexasomes. This
asymmetry not only has implications for the formation process
of OLDNs and OLTNs but may also provide insights into under-
standing the mechanism for overcoming transcriptional barriers.
At present, no other proteins that bind to the OLDN have been
identified. If such proteins are found in the future, their accessibil-
ity to the OLDN could be evaluated using the fluctuation model of
the OLDN presented in this study.
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Fig. 5. Steric hindrance in virtual remodeler-OLDN complexes. A) Examples of BAF-OLDN complexes. There are four possible binding sites: octasome
sides A and B and hexasome sides A and B. The orientation of BAF is the same throughout the four panels as the orientation of the OLDN changes. B)
Averaged N, value at each pixel. The colors indicate the values: green indicates low steric hindrance values, and purple indicates the opposite. C)
Examples of PBAF-OLDN complexes. There are four possible binding sites: octasome sides A and B and hexasome sides A and B. The orientation of PBAF is
the same throughout the four panels as the orientation of the OLDN changes. D) Averaged N values. In (A) and (C), OLDNs are drawn using the same color
scheme as in Fig. 3D. BAF and PBAF are shown by yellowish green or dark blue ribbons and meshes, respectively. NCP binding sites in the remodelers are
shown by yellow ellipses. The locations where the octasome or hexasome is in collision with the remodeler are indicated by the pale green dotted lines. In
(B) and (D), the regions with N. > 50 are drawn in the same color (purple). Here, the N. was shown for pixels with an appearance probability >0.0001 in
Fig. 3C. The locations of the 12 cryoEM models are shown by cyan circles.

In summary, characterizing fluctuations in a biomolecular of cryoEM, SAXS, and MD simulations is expected to be a generic
complex enabled the discussion of its accessibility to other factors. approach to bridge the gap between dynamics and kinetics.
As accessibility is an aspect of ko, or kinetics, the combination In addition, there are many experimental techniques that

202 19qWaAON 9 UO Josn OHSOL NIM-IMISIVMIENS "AINN OLOAM Ad 6165+8./7810€6d/| L/g/o01E/snxauseud/woo dno-olwapede//:sdiy wody papeojumod



8 | PNAS Nexus, 2024, Vol. 3, No. 11

complement the information obtained from cryoEM and SAXS.
If more experimental data could be integrated, the accuracy of
the structural fluctuation model could be improved.

Materials and methods

Preparation of the OLDN

The OLDN was prepared using 250-base pair DNA fragments de-
rived from the Widom-601 sequence and a purified histone oc-
tamer, as previously described (8). Briefly, the histone octamer
was mixed with a 2.8-fold molar ratio of the 250 base pair DNA
fragments in a reconstitution buffer containing 10 mM Tris-HCl
(pH 7.5), 2M NaCl, 1mM EDTA (pH 8.0), and 1 mM DTT. The
NaCl concentration was then linearly reduced to 0.25 mM by con-
tinuous buffer exchange during dialysis for 33 h. The reconsti-
tuted OLDN was purified by nondenaturing gel electrophoresis
using a PrepCell apparatus (Bio-Rad) in an elution buffer contain-
ing 20 mM Tris-HCl (pH 8.0) and 1 mM DTT. The eluted fractions
were analyzed by nondenaturing PAGE, and the peak fractions
were concentrated using an Amicon Ultra centrifugal filter unit
(MWCO 30,000; Millipore). The resulting OLDN samples were
stored on ice until further use.

Fixation of the OLDN for cryoEM analysis

Before blotting, the OLDN samples were fixed using the gradient
fixation method (GraFix) (16). The gradient solutions (13.2 mL)
containing 20 mM HEPES-KOH (pH 7.5), 50 mM KOAc, 0.2 uM
Zn(OAc),, 0.1 mM TCEP (pH 8.0), 10-25% sucrose, and 0-0.1% glu-
taraldehyde (Electron Microscopy Sciences) in Ultra-Clear cen-
trifuge tubes (Beckmann) were prepared using GRADIENT
MASTER (BioComp). The purified OLDN was loaded on top of
the gradient solution and was then centrifuged at 27,000 rpm
for 16 h at 4 °C. After centrifugation, the sample aliquots were
gently collected from the top of the gradient solution into
1.5-mL tubes, and the peak fractions were analyzed by nondena-
turing gel electrophoresis with EtBr staining. The peak fractions
were appliedin a PD-10 column (Cytiva) and eluted with the final
buffer containing 20 mM HEPES-KOH (pH 7.5), 50 mM KOAc,
0.2 uM Zn(OAc),, and 0.1 mM TCEP (pH 8.0). Finally, the eluted
sample was concentrated with an Amicon Ultra centrifugal
filter unit (MWCO 30,000; Millipore) and immediately used for
blotting.

CryoEM data collection

For the preparation of cryoEM specimens, Quantifoil grids (R1.2/
1.3, 200-mesh, copper, Quantifoil Micro Tools GmbH) were pre-
treated with ethyl acetate and glow-discharged in a soft plasma
ion bombardment PIB-10 (Vacuum Device Inc.). Then, 2 pL ali-
quots (0.4 mg/mL of OLDN) were applied to the grids and blotted
for 3s (blot force, 5) under 100% humidity at 16 °C in Vitrobot
Mark IV (Thermo Fisher Scientific). The grids were immediately
immersed in liquid ethane and stored in grid boxes. CryoEM im-
ages were collected using a Tecnai Arctica transmission electron
microscope (Thermo Fisher Scientific) equipped with a K2 summit
direct electron detector (Gatan). Automated data collection was
performed using SerialEM software (24).

Image processing

Single-particle analysis of the OLDN was performed with RELION3
software (Tables S1 and S2). First, motion correction and contrast
transfer function estimation were performed with RELION3 (25)
and Gctf (26), respectively. The particle images were

automatically picked using the Laplacian-of-Gaussian filter.
Contaminated junk particles were then removed throughout
rounds of 2D and 3D classifications. De novo 3D model generation
was used as a reference model for the initial 3D classification.
After the final round of 3D classification, the four selected OLDN
structures underwent a series of steps, including 3D auto-refine,
Bayesian polishing, and another round of 3D auto-refine.
Subsequently, multibody refinement (27) was performed using
masks specific to the octasome and hexasome units. Composite
maps were calculated for each class using phenix.combine_focu-
sed_maps (28).

Model building and refinement

Atomic models were built based on the crystal structure of the
OLDN (PDB: 5GSE). First, the octasome and hexasome units were
extracted from the previous crystal structure, and each unit was
treated as a rigid block and fitted to the cryoEM maps using
UCSF Chimera (29) for alignment. The linker DNA between
the octasome and hexasome units was modeled manually using
Coot (30). The models were automatically refined using phenix.
real_space_refine (31) and manually edited using Coot. The mod-
els were validated by MolProbity (32).

Small-angle X-ray scattering

An OLDN solution was utilized at a concentration of 4.7 mg/mL in
a buffer containing 20 mM Tris-HCI (pH 8.0), 50 mM NacCl, and
1mM dithiothreitol. SAXS measurement was performed using
NANOPIX (Rigaku, Japan) equipped with a point-focused Cu-Ka
source generator (MicroMAX-007 HFMR, Rigaku, Japan) with a
wavelength of 1.54 A. The scattered X-rays were counted using a
HyPix-6000 detector (Rigaku, Japan). The sample-to-detector dis-
tances were set at 1330 and 300 mm, covering a g-range of
0.008 A=*-0.70 A™?, where q is the magnitude of the scattering vec-
tor defined as q = (47rsin %)//1 with the scattering angle ¢ and the
X-ray wavelength A. The total exposure time was 500 min (50 ac-
cumulations of 10 min each). The circular average of the 2D scat-
tering images to 1D profile was calculated using SAngler software
(33) after data correction with background noise, transmitted
X-ray intensity, and buffer scattering. The absolute scattering in-
tensity calibration was made using the scattering intensity of
water (1.632x 1072 cm™) as a standard.

Analytical ultracentrifugation

To estimate the amount of undesirable aggregated molecules,
AUC was performed using the same solution that was used for
the SAXS measurements. The sample solution was rotated at a
speed of 40,000 rpm and a temperature of 25 °C using a sedimen-
tation velocity method in both the interference and absorption
modes. The acquired data were analyzed with the Lamm formula
using SEDFIT software (https://sedfitsedphat.github.io/) (34). The
sedimentation coefficient was converted to that at 20 °C in pure
water (Saow), and the molecular weight was computed from Sag v
and the friction ratio f/f0. We applied AUC-SAXS treatment to
eliminate the influence of aggregated molecules from the experi-
mental SAXS profile (Fig. S3). Details of the AUC-SAXS treatment
have been described elsewhere (16, 17).

Dynamic light scattering

DLS measurement was performed using a system equipped
with a 22-mW He-Ne laser, an avalanche photodiode (APD,
ALV, Germany) mounted on a static/dynamic compact goniom-
eter, ALV/LSE-5003 electronics, and an ALV-5000 correlator
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(ALV-Laser Vertriebsgesellschaft GmbH, Langen, Germany).
Measurement was performed at a temperature of 293K, and
CONTIN analyses were conducted to obtain the distribution of re-
laxation rates at eight different q values.

NMA optimization

NMA optimization was performed using Pepsi-SAXS software (ver-
sion 3.0, Linux) (18, 19). The details are described in the SI Appendix.

Modeling the OLDN with full-length histone
proteins

The atomistic model of the OLDN with full-length histone proteins
was created by connecting the N- and C-terminal flexible regions
(histone tails). First, full-length histone proteins were prepared us-
ing homology modeling. The one-to-one threading mode of the
Phyre2 modeling server (35) was employed, referring to the crystal
structure of PDB: 1KX5 (36). Second, the coordinates of the missing
N- and C-terminal regions were compensated for using homology
models. Different methods were employed for the cryoEM models
and for the models after NMA optimization. For the cryoEM models,
the homology-modeled histone octamer or hexamer was superim-
posed onto the cryoEM models, and then the proteins in the cryoEM
models were replaced with the homology model. For models after
NMA optimization, each missing N- or C-terminus was compen-
sated for (one by one) using N- or C-terminal fragments from the
homology models. Each fragment included an overlap of 10 amino
acids with the NMA-optimized model. Each fragment was super-
posed onto the corresponding NMA-optimized model, and full-
length histone proteins were modeled.

CG-MD simulation

The CG-MD simulations were performed using CafeMol 3.2.1 (37).
The AICG2+ protein model and 3SPN.2 DNA model were em-
ployed, where each amino acid and each of the sugar, base, and
phosphate groups of DNA were represented by a single bead (38,
39). In addition, the Debye-Hiickel type electrostatic interaction,
excluded volume effect, and inter DNA-protein Go potential
were included. The default parameters of CafeMol 3.2.1 were
used unless otherwise stated. The AICG2+ and Go potentials
were employed to reproduce the tertiary structures of the hexa-
some and octasome, where the cryoEM structure class 09 was
used as a reference. Native contact potentials were defined only
for the amino acid beads within the folded region, as well as for
sugar and base beads. Here, the folded region denotes the region
where the atomic coordinates were identified in all 12 cryoEM
models. The flexible dynamics of the other regions were expressed
using a flexible local potential (40). Charges were defined in differ-
ent ways depending on the region. For the folded region, the
charge of each bead was defined using RESPAC (41). For the other
regions, each lysine, arginine, glutamic acid, aspartic acid, and
phosphate was treated as +1.0, +1.0, =1.0, —1.0, and —0.6 charged
bead, respectively. The ionic strength was set to 0.15. Meanwhile,
CGMD simulations at various ionic strengths were also performed
to investigate the ionic strength dependence of the ensemble
model (shown in Fig. S8).

Langevin dynamic simulations were performed for 50,000,000
steps at 300 K, with a time step of 0.2 CafeMol time units. Ten sim-
ulations were performed by changing the random seeds. The ini-
tial structure was prepared by performing steepest descent energy
minimization for cryoEM model class 09 with its histone tails com-
pensated for. The procedure of the compensation is described in
the SI Appendix. Simulation snapshots were recorded every

10,000 steps. To conduct structural analysis using atomic coordi-
nates, each CG-MD snapshot was converted into an atomistic
model using BBQ (42), Scwrl4 (43), and DNA backmap (44). The
SAXS profiles of the CG-MD snapshots were calculated using
Pepsi-SAXS (18, 19).

Ensemble modeling

The initial ensemble contained all the CG-MD snapshots with
the same weight. The structural ensemble that reproduced the
experimental SAXS profile was constructed by repeatedly chan-
ging the weights of the snapshots in the initial ensemble as
follows:

Step 1: Select a Snapshot to change the weight. The snapshot

was chosen based on AKL _ after slightly decreasing its weight (1%
2
of the initial weight). Here, y> =1 1Z(w) , where ¢

and a are parameters In addition,

KL= 3 poulinfeff= 3 ol

Weur, sum

that minimize y2.
weur (j)

In=5es5e, where m, peur()), Pini(),
Wlm,sum

wcur()), and wiy(j) are the number of snapshots, fraction of the
jth snapshot in the current structural ensemble, fraction of the
snapshotin theinitial structural ensemble, weight of the jth snap-
shot in the current structural ensemble, and weight in the initial
structural ensemble (in this study, wiy;(j) = 1.0), respectively. In

m
addition, the Wy, sum and Wini,sumzzwini(j) are defined by

Weur, sum = Z Weur () and Wipi sum = Z Wiy (j), respectively. For the
J=1 J=1

hth snapshot, Ay? and AKL represent the difference in y? and KL be-
fore and after decreasing the weight of the hth snapshot, respect-

ively. The 24 " was calculated for all snapshots, and the snapshots
were ranked for selection according to the following criteria: (i), a
snapshot with negative values of Ay? (* decreases after reweight-
ing) was chosen; (ii), snapshots with positive AKL values (KL in-
creases after reweighting) were prioritized over those with
negative AKL values; and (iii), higher priority was assigned to a

snapshot with a larger value of 2%

Step 2: The weight of the selected snapshot was decreased by
1% of its initial weight. The reweighting was repeated until the
Ay? fell below 3.0.

Calculation of N,

The octasome or hexasome of the OLDN was superimposed onto
the NCP in the BAF-NCP or PBAF-NCP complex (PDB: 6LTJ,
7VDV). The regions used for superposition were Ca atoms in
Leu60-Gly132 of histone H3, Asn25-GIn93 of histone H4,
Thr16-Pro109 of histone H2A, and Ser36-Thr122 of histone H2B.
When the octasome was superimposed onto the BAF-NCP or
PBAF-NCP complex, the N. was defined as the number of contact-
ing atom pairs between the hexasome and the remodeler. When
the hexasome was superimposed onto the BAF-NCP or PBAF-
NCP complex, the N. was defined as the number of contacting
atom pairs between the octasome and the remodeler. Since his-
tone tails are flexible, they were ignored in the calculation of the
contacting pairs. The regions analyzed for calculating N. are
shown in Table S3.
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