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ABSTRACT: Centromeres are specific segments of chromosomes compris-
ing two types of nucleosomes: canonical nucleosomes containing an octamer
of H2A, H2B, H3, and H4 histones and CENP-A nucleosomes in which H3
is replaced with its analogue CENP-A. This modification leads to a difference
in DNA wrapping (∼121 bp), considerably less than 147 bp in canonical
nucleosomes. We used atomic force microscopy (AFM) and high-speed AFM
(HS-AFM) to characterize nanoscale features and dynamics for both types of
nucleosomes. For both nucleosomes, spontaneous asymmetric unwrapping of
DNA was observed, and this process occurs via a transient state with ∼100 bp
DNA wrapped around the core, followed by a rapid dissociation of DNA.
Additionally, HS-AFM revealed higher stability of CENP-A nucleosomes
compared with H3 nucleosomes in which dissociation of the histone core occurs prior to the nucleosome dissociation. These results
help elucidate the differences between these nucleosomes and the potential biological necessity for CENP-A nucleosomes.

■ INTRODUCTION
Nucleosomes are the fundamental nano assemblies in
chromatin, the assembly of which is the first step for packing
DNA in the nucleus.1,2 Interaction between nucleosomes is a
fundamental property that defines the assembly and function
of chromatin. Studies over the past two decades have revealed
highly dynamic features of nucleosomes that can explain
regulatory processes at the chromatin level (e.g., see recent
reviews3−5). However, structural details and the mechanism
underlying the assembly of nucleosomes in higher-order
structures of chromatin and their dynamics remain unex-
plained. Many cellular processes, such as transcription, require
the dissociation of DNA from nucleosomes, which is achieved
through nucleosome dynamics and remodeling machinery.6,7

Structural and single-molecule studies of these processes have
been critical in developing current nucleosome models;8

however, the strong reliance on nucleosome positioning
sequences for these techniques raises the question of how
nucleosome structure and dynamics differ for those assembled
on positioning vs nonpositioning DNA sequences.5 We used
DNA templates with different sequences and AFM visual-
ization to directly characterize the role of the DNA sequence
on the positioning of nucleosomes and their interactions.5,9−13

In paper,13 we used DNA templates with different sequences
and found that nucleosomes are capable of close positioning
with no discernible space between them, even in the case of
assembled dinucleosomes. This array morphology contrasts
with that observed for arrays assembled with repeats of the
nucleosome positioning motifs separated by uniform spacers.14

Simulated assembly of tetranucleosomes by random placement
along the substrates revealed that the interaction of the

nucleosomes promotes nucleosome array compaction.13 We
developed, in this paper, a theoretical model capable of
accounting for the role of the DNA sequence and
internucleosomal interactions in forming nucleosome struc-
tures. These findings suggest that in the chromatin assembly,
the affinity of the nucleosomes to the DNA sequence and the
strengths of the internucleosomal interactions are the two
major factors defining the compactness of the chromatin.
Two types of nucleosomes exist. Canonical nucleosomes

(H3nuc) are found throughout the chromosome and consist of
two of each histone (H2A, H2B, H3, and H4).15−17 The H2A
and H2B form dimers and interact with the entry−exit site
opposite the H3/H4 tetramer arranged at the dyad.18 The
H3nuc wrap ∼147 bp of DNA corresponding to ∼1.7 turns
around the octameric histone core.19−22 A unique area of the
chromosome is the centromere, which is responsible for
holding together the sister chromatid and then must be pulled
apart during replication.23−25 In the centromere nucleosomes,
a variant of H3 histone is replaced with its variant, CENP-A, in
the octameric core. CENP-A nucleosomes (CENP-Anuc)
typically wrap 121 bp.26,27 Both types of nucleosomes are
dynamic, and in our AFM experiments,9 we found that CENP-
Anuc are capable of spontaneous unwrapping, which is the
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major dynamics pathway.9,28−30 Unwrapped CENP-A nucleo-
somes can undergo long-range translocation by traveling over
∼200 bp; this process is also reversible.28,29 Additionally,
CENP-A stabilizes nucleosome core particles against complete
dissociation even when not fully wrapped with DNA.28,29

Here, we compare the nanoscale features of both types of
nucleosomes assembled on identical DNA templates. Using the
DNA template with segments with different nucleosome
affinities capable of forming two nucleosomes, we compared
the interactions and dynamics properties of both types of
nucleosomes assembled on the same DNA templates.
Internucleosomal interaction was estimated by measuring the
internucleosomal distance, revealing the elevated interactions
between canonical nucleosomes compared with the CENP-A
ones. Time-lapse, high-speed AFM (HS-AFM) was applied to
characterize the nucleosome’s unraveling dynamics, allowing us
to reveal similarities and differences between canonical H3 and
CENP-A nucleosomes.

■ EXPERIMENTAL METHODS
Y-DNA Construct. Our DNA preparation is done in the same way

as our lab has done previously using PCR with a pUC57 plasmid
vector from BioBasic (Markham, ON, CA).10,31−33 The 3WJ terminal
DNA design was completed by introducing the SapI cut site in the
primer (5′-TTAGCGGAAGAGCGCTTGTCTGTAAGCG-
GATGCCG-3′), with the cut site for SapI being bolded. The SapI
cut site allows for modular insertion of the restriction enzyme into any
DNA construct. Once SapI cuts the DNA, construct a 3WJ ligated

from three single-stranded DNAs, with the appropriate sticky end
ligated to the original DNA. The full-length DNA containing the 3WJ
end can be seen in Figure 1. There is a 601 motif that is 80 bp from
the non-3WJ end. The rest of the DNA is made of a random sequence
with no nucleosome binding specificity.

Nucleosome Assembly H3 and CENP-A. The assemblies of
both H3nuc and CENP-Anuc are completed through 24-h dialysis,
starting at 2 M NaCl and ending at 2.5 mM NaCl, the same as we
have published previously.28,30,31 This process occurs at 4C and
utilizes a peristaltic pump that continuously pumps the low salt buffer
into the reaction beaker at the same rate that it pumps the high salt
buffer out. The H3nuc is purchased from the Histone Source (Fort
Collins, CO) and is already in an octameric form. It requires mixing
the nucleosomes and DNA and a predialysis to remove the glycerol
from the stock. The CENP-Anuc histones are purchased from
EpiCypher (Durham, NC) and come in two stocks, one containing
the H2A/H2B dimers and one containing the CENP-A/H4 tetramer.
They require the extra step of mixing the two histone stocks in
equimolar concentrations to obtain an octameric core with two
dimers and a single tetramer.

Static AFM Sample Preparation and Imaging. The static AFM
samples are prepared after the assembly of the nucleosomes and are
deposited on 1-(3-aminopropyl) silatrane (APS) mica, thereby
functionalizing the surface of the mica. The stock solutions of H3nuc
and CENP-Anuc are stored at 300 nM at 4C. In preparation for the
stock solution for imaging, a small aliquot is taken and diluted to 2
nM using imaging buffer (4 mM MgCl2 and 10 mM HEPES) and
deposited on the APS mica. The mica containing the sample is
incubated for 2 min, washed gently with DI water, and dried with a
slow argon flow. The sample is placed in a vacuum and allowed to dry
overnight under vacuum. The dried samples are then imaged on a

Figure 1. AFM imaging of H3 nucleosomes. (A) DNA construct containing a three-way junction at one terminal end as a fiducial marker, and the
601 motif is shown in red. (B) AFM image 1000 nm × 1000 nm. Selected zoomed images of monoH3nuc(i) and diH3nuc (ii, iii, and iv) subsets are
shown to the right of the main AFM image. Nucleosomes and 3WJ are indicated with blue and green arrows, respectively. (C, D) Histograms for
wrapping efficiencies of mononucleosomes (C) and dinucleosomes (D).
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MultiMode AFM/NanoScope IIId utilizing TESPA probes (Bruker
Nano Inc., Camarilla, Ca). The static images were captured at 3 × 3
μm in size with 1536 pixels/line.
High-Speed Atomic Force Microscopy Imaging in Liquid.

High-speed AFM imaging was performed as described in our previous
literature.28,30,34 Briefly, a thin piece of mica was punched into 1.5 mm
diameter circular pieces and then glued onto the sample stage of the
HS-AFM instrument (RIBM, Tsukuba, Japan). 2.5 μL portion of 500
μM APS solution was deposited onto the mica and incubated for 30
min in a wet chamber to functionalize the mica surface. The mica
surface was then rinsed with 20 μL of deionized water. Then, 2.5 μL
of the DNA or nucleosome sample was deposited onto the APS
functionalized mica surface and incubated for 2 min. The sample was
then rinsed with buffer and put into a fluid cell containing the imaging
buffer described above. HS-AFM carried out imaging using electron
beam deposition (EBD) tips. The typical scan size was 400 × 400 nm
with an 800 ms/frame scan rate.
Data Analysis. We utilize the same methods as previously

published by our lab.28,31 The static images captured are analyzed
using FemtoScan (Advance Technologies Center, Moscow, Russia),
where we can measure the contour lengths of the DNA. The contour
length measurements begin at the end of the 3WJ and are measured
to the middle of the nucleosome. The second arm measurement starts
at the center of the nucleosome and is measured to the 601 terminal
end. Five nm is subtracted from both arm lengths due to the
contribution of the DNA to the wrapping around the nucleosome. A
conversion factor is calculated from naked DNA to calculate the bp of
the measurements. In the static images, measuring the contour lengths
of all of the free DNA and dividing by the known DNA length (659)
will provide a number around 0.35, which we use to convert nm
measurements to bp. The linker length between two nucleosomes is
calculated by measuring the DNA length between the center of two
nucleosomes and subtracting 10 nm of DNA to account for the
contribution of both nucleosomes.

In HS-AFM, the contour length is calculated by measuring the
DNA length after the nucleosome has evacuated the DNA, and the
full-length DNA is accessible for measurement. The averages of the

contour lengths are used to calculate the conversion factor. The
histograms were created by using Origin. Microsoft Excel was used for
creating scatter plots and bar graphs.

■ RESULTS
DNA Substrate. We designed a DNA template capable of

assembling two nucleosomes containing the nucleosome-
specific 601 motif and non-nucleosome-specific random
sequences to accomplish the goal. Schematically, the construct
is shown in Figure 1A. At the end of the DNA, opposite to the
location of the 601 motif, we placed a three-way junction DNA
segment forming a Y-shape, which served as the marker for
mapping the nucleosomes on the DNA.12 The nucleosomes
were assembled as described in the Methods section using a
2:1 molar ratio of the nucleosome core and DNA. The samples
with CENP-Anuc and canonical H3nuc were assembled in
parallel and prepared for AFM imaging as described ear-
lier.30,31

Positioning for Canonical H3 Nucleosomes. Figure 1B
shows typical topographic AFM images for the array with a
canonical H3nuc sample. Nucleosomes appear as bright
globular features, and mononucleosome samples are seen
along with dinucleosomes. Selected images for mono and
dinucleosomes are shown to the right of the scan. The frame
(i) shows a mononucleosome AFM image in which the
nucleosome is indicated with a blue arrow, whereas the green
arrow points to the Y-end of the DNA. Three other frames
(ii)−(iv) illustrate dinucleosome samples with different
distances between the nucleosomes indicated with blue arrows.
The nucleosomes were found in close locations (frame (ii)) or
far from each other (frames (iii) and (iv)). The AFM images
were analyzed to characterize the arrays.
First, the length of DNA wrapped around the nucleosome

was measured to determine the length of DNA wrapped

Figure 2. AFM mapping of H3nuc. The static AFM of monoH3nuc (A) and diH3nuc (A, C) mapping location binding on the DNA construct. The
orange and yellow dots are nucleosome binding locations. The Y-axis is the DNA location, where 0 indicates the 601 terminal end, and the 601
motif starts 80 bp from 0. The green area represents the 601 area on the DNA. (B, D) Histograms for mapping data for mononucleosomes (B) and
dinucleosomes (D). Different colors in D correspond to the nucleosome position on the 601 motif (red) and the rest of the DNA template (blue).
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around the core and the wrapping efficiency. It was done by
subtracting the total contour lengths of DNA segments

attached to the nucleosome core from the total length of the
free DNA. The mono- and dinucleosome sample data are

Figure 3. AFM imaging of CENP-A nucleosomes. (A) AFM image of 1000 nm × 1000 nm. Selected zoomed images of monoCENP-Anuc (i) and
(iii) and diCENP-Anuc (ii) and (iv) subsets are shown to the right of the main AFM image. Nucleosomes and 3WJ are indicated with blue and
green arrows, respectively. (B, C) Histograms for wrapping efficiencies of mononucleosomes (B) and dinucleosomes (C).

Figure 4. AFM mapping of CENP-Anuc. The static AFM of monoCENP-Anuc (A) and diCENP-Anuc (C) AFM mapping location binding on the
DNA construct. The orange and yellow dots are nucleosome binding locations. The Y-axis is the DNA location, where 0 indicates the 601 terminal
end, and the 601 motif starts 80 bp from 0. The green area represents the 601 area on the DNA. (B, D) depict histograms for mapping data for
mononucleosomes (B) and dinucleosomes (D). Different colors in D correspond to nucleosome position on the 601 motif (red) and the rest of the
DNA template (blue).
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shown in Figure 1C,D, respectively. These data demonstrate
that the monoH3nuc wrap 145 ± 23 bp and the diH3nuc wrap
149 ± 24 bp, which are in the expected 147 bp value
range.35,36

Next, we mapped the positions of the nucleosomes for both
types of samples. The data visualizing the positions of the
center of the nucleosomes for the mononucleosome samples
are shown in Figure 2A. The green highlighted area indicates
the 601 location on the DNA construct. The zero position on
the Y-axis corresponds to the DNA end opposite the 3WJ. The
positions of the nucleosome center are marked with orange
dots. The primary binding locations of nucleosomes are to the
601 sequence (orange dots)�only three nucleosomes out of
202 (99%) bind to the locations outside the 601 region. The
histogram of the nucleosome position in Figure 2B produces a
narrow distribution.
A similar mapping analysis was performed for the

dinucleosome samples, and the results are assembled in Figure
2C. Nucleosomes bound to the 601 region are depicted as
orange dots, and the position of the second nucleosome is
shown as yellow dots. The positions of the yellow dots are not
specific, so these are scattered over the rest of the DNA
template. The histograms for the nucleosome positions
assembled as histograms are shown in Figure 2D. A narrow
peak (red) corresponds to the nucleosome assembled at
sequence 601, and the positions of the second nucleosome
shown in blue are not well-defined, producing a broad peak.
Positioning for CENP-A Nucleosomes. Typical AFM

images for the CENP-Anuc samples are shown in Figure 3A
with selected zoomed images of the subset’s mono- and
dinucleosome species. In frame (i), a mononucleosome (blue
arrow) can be seen bound to the 601 site, far from the 3WJ
(green arrow) at the opposite end of the DNA. In frame (ii),
two nucleosomes are relatively close to one another. In frame
(iii), there is one stable nucleosome fully wrapped near the 601
site, and near the 3WJ, there is an unwrapped nucleosome. In
frame (iv), two partially unwrapped nucleosomes are bound to
the DNA.
The measurements of the DNA wrapping efficiency for

CENP-Anuc were done in the same way as that for the H3nuc
samples. The monoCENP-Anuc samples had a DNA wrapping
efficiency of 137 ± 43 bp; the standard deviation for the
monoCENP-Anuc wrapping is much larger than that for the
H3nuc counterpart. The dinucleosome assemblies of the

CENP-Anuc DNA wrapping efficiency were 130 ± 20 bp.
Histograms for the bp wrapping of mononucleosomes and
dinucleosomes can be seen in Figure 3B,C, respectively.
The mapping of CENP-Anuc was completed on the same

DNA construct as the H3nuc. The monoCENP-Anuc mapping
results can be seen in Figure 4A.
The mapping results for the dinucleosome CENP-Anuc

sample (diH3nuc) are shown in Figure 4C. The orange dots
are the nucleosomes bound closer to the non-3WJ end, which
results in 93% of the nucleosomes binding to the 601
sequence. The yellow dots represent the nucleosomes binding
closer to the 3WJ end, which comprises nonspecific DNA;
therefore, the nucleosomes have random binding locations.
Interestingly, there is an elevated affinity for the CENP-Anuc
assembly at the end of the DNA template. The green
highlighted area shows the location of the 601 sequence on
the DNA construct. The orange dots represent the center of
the nucleosome binding location. The blue arm represents the
DNA from the center of the nucleosome to the non-3WJ
terminal end, and the gray bars represent the DNA from the
center of the nucleosome to the 3WJ terminal end. The high
affinity of the nucleosomes to the 601 motif is seen in these
nucleosomes, although there is a decrease to 92% binding to
the specific sequence as compared with 99% for H3nuc. A
histogram representation of the CENP-Anuc binding location
can be seen in Figure 4B, showing specific binding to the 601
region.

Internucleosomal Interactions for H3 and CENP-A
Nucleosomes. Nucleosomes in the AFM images (e.g., plate ii
in Figure 1B) are located close to each other, pointing to the
interaction between the nucleosomes. Such events can be
identified in dinucleosome maps (Figure 5) by the
colocalization of two nucleosomes. We used the values for
the nucleosome locations’ centers to measure the linker
length’s internucleosomal distance to characterize the ratio of
such close contacts.10 The results of such measurements for
canonical H3 dinucleosomes are shown as histograms in Figure
5A. The first bar in the histogram corresponds to the close
location of the nucleosome, which, according to our
publication,10 points to the formation of close internucleoso-
mal contacts. The yield of nucleosomes with a linker length of
less than 50 bp was 23%. A similar analysis was done for the
CENP-A dinucleosomes, and the histogram is shown in Figure
5B. Although the bar corresponding to the distance below 50

Figure 5. Dinucleosome linker length results. The H3nuc linker length (A) shows a preferential linker length of less than 50 bp and a Gaussian
distribution of around 170 bp. The CENP-Anuc linker length (B) demonstrated a lower yield of linker lengths of less than 50 bp and the largest
population of around 125 bp.
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nm is detectable, its height is twice as low as that for H3nuc
(Figure 5A), pointing to the weaker internucleosomal
interactions for CENP-Anuc compared with H3nuc ones. The
error of measurements was calculated by measuring 35
particles approximately 20 times each and calculating the
standard deviation. With approximately 700 measurements, the
standard deviation was ±1.3 nm (±2.8 bp).
Time-lapse AFM to Probe Nucleosome Dynamics.

Nucleosomes are dynamic complexes capable of spontaneous
dissociation, which were directly characterized by single-
molecule approaches.37,38 AFM is attractive among these
methods because it can directly visualize the spontaneous
unraveling of nucleosomes using the time-lapse AFM
approach.38−40 In this approach, the sample is placed on the
substrate, and continuous scanning over the same area allows
one to observe the dynamics of various systems, including
nucleosomes.40 We applied high-speed AFM capable of data

acquisition in the millisecond time scale34,41 to compare the
dynamics of two types of nucleosomes characterized above.
Multiple frames are acquired, and a set of time-lapse images

over the same area is shown in Figure 6 to illustrate a
spontaneous unraveling of the nucleosome�the complete set
of data sets with 211 frames assembled as Movie S1 is shown in
the supplement. There were approximately 100 videos
analyzed in total for H3nuc and CENP-Anuc, which resulted in
4113 total frames being analyzed. In frame 4, the nucleosome
is fully wrapped in a random location (green arrow) in the
middle of the DNA. In frame 72, the nucleosome has
disassociated completely from the DNA. In frame 109, a
nucleosome rewraps DNA, spontaneously assembling a
nucleosome. This assembly remains stably wrapped up to
frame 139.

Dwell Time for Nucleosomes Unraveling. One of the
parameters that we analyzed was the dwell time of the

Figure 6. (A,B) High-speed AFM video analysis. Movie S1 analyzed, showing the mapping (bar graph) and snap shots of particular frames. The
gray dots in the bar graph indicate the nucleosome bound to the DNA. The yellow line shows the bp of DNA wrapping around the CENP-A
nucleosome. The number in white at the bottom left of the snapshots indicates the frame from which the image is taken. The scale bar is 50 nm.

Figure 7. Nucleosome dwell times on HS-AFM. The monoH3nuc results (A) showed most nucleosomes lasting 20 frames or less. The diH3nuc
results (B) showed a shift to the right, indicating that the dinucleosomes have a dwell time longer than that of the mononucleosomes. The
monoCENP-Anuc results (C) showed that most nucleosomes lasted less than 20 frames. The diCENP-Anuc results (D) showed a shift to the right,
indicating that the dinucleosomes have a longer dwell time than the mononucleosomes.
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nucleosome, defined by the time required for the complete
unraveling of the nucleosome. First, we compared the dwell
times of mono and dinucleosomes, and the results for H3nuc
can be seen in Figure 7A,B, respectively. For mono H3nuc, we
found that 62% (16/26) of the videos analyzed lasted 20
frames or less, videos that lasted 20 to 40 frames were 23% (6/
26), and videos lasting between 40 and 60 frames were 4% (1/
26). These lengths of the videos are increased when looking at
the dinucleosome dwell times with videos lasting less than 20
frames, between 20 and 40 frames, and between 40 and 60
frames being 53% (21/40), 35% (14/40), and 8% (3/40),
respectively. These results show a ratio of 16:6:1, demonstrat-
ing that short videos are more than 2.5 times more common
than 20 to 40 frame videos. This ratio is decreased when
looking at the dwell times of the diH3nuc with a ratio of
21:14:3; the dwell time of less than 20 frames was 1.5 times
more likely to occur. Similarly, the dwell time was analyzed for
CENP-Anuc samples, and the data are summarized in Figure
7C,D. We found that the dwell time for monoCENP-Anuc was
48% (13/27), 22% (6/27), and 19% (5/27) for videos less
than 20 frames, between 20 and 40, and between 40 and 60
frames, respectively. Next, we analyzed the dwell time for
diCENP-Anuc, which was 34% (13/38), 21% (8/38), and 29%
(11/38) videos with less than 20 frames, between 20 and 40,
and between 40 and 60 frames, respectively. A similar analysis
was completed on the frame analysis in supplementary Figure
S1, where a direct visual comparison of lifetimes of mono- and
dinucleosomes (H3 and CENP-A) demonstrates that
dinucleosomes almost always had a longer dwell time (bar
height). This figure demonstrates that gray bars (mono-
nucleosomes) are lower than red ones (dinucleosomes). Taller
bar heights for each type of nucleosome support the elevated
longevity of CENP-Anuc compared with H3nuc.
Dynamics of Nucleosomes Core During Unraveling.

This large set of data revealed that unraveling is a nongradual
process. It is illustrated in Figure 8. One set of images is shown
in Figure 8A (Movie S2). In Figure 8A, it can be seen that
there is an H3nuc(green arrow) that is wrapped at the 601
location (frame A1). In the following frames (A2 and A20),
the histone (blue arrow) has vacated the octameric core, but
the partial core remains to wrap the DNA. In frame A36, the
DNA unwraps the partial core, resulting in a wrapping of ∼100
bp, and the free histone remains near. In the last frame, A66,
the only histone remaining appears to be the tetramer. These
predictions on the dimer being the first to leave the octameric
core are based on the size of the histone leaving, the location,
and the assembly process of nucleosomes, showing that dimers
are the last ones to leave; it would make sense that they would
be the first histones to leave.
H3nuc (green arrow), in Figure 8B, starts fully wrapped at the

601 location (frame B1). In frames B4 and B7, it can be seen
that a histone (blue arrow) left the core particle and now drifts
nearby. During this process, unwrapping of the DNA took the
∼150 bp wrapping down to ∼100 bp in frame B4. This
unwrapping continues, and by frame B11, the core particle is
no longer wrapping any DNA. We assume that the octameric
core splits into its three components: H2A/H2B dimers (blue
arrows) and the H3/H4 tetramer (yellow arrows).
Next, we looked at the unwrapping pathways of CENP-Anuc

on the same DNA construct. Figure 9A (complete set of
frames in Movie S6), frame A1 shows a fully wrapped CENP-
Anuc (green arrow) bound to the 601 site. The nucleosome
remains stably wrapped in frames A4 to A18. In frame A20, the

nucleosome (yellow arrow) spontaneously unwraps, resulting
in a decreased wrapping of ∼110 bp. The CENP-Anuc remains
wrapped ∼110 bp through the next frame shown, A37. The
example in Figure 9B (Movie S7) shows a CENP-Anuc bound
near the 3WJ (frame B3). The CENP-Anuc (green arrow)
remains stably wrapped at this location through frames B8 to
B11. In frame B13, the nucleosome (yellow arrow) undergoes
unwrapping, resulting in a wrapping of ∼100 bp. By frame B18,
the nucleosome no longer wraps any DNA. Notably, no
octamer dissociation was observed during the entire unraveling
process, both on and off the 601 sequence.
The nucleosome core stability of H3nuc was found to be

weaker through our analysis of the HS-AFM videos. We found
that out of 69 total movies of H3nuc analyzed, 53 (77%) of
them resulted in the nucleosome core losing histones during
the unwrapping, as indicated in Figure 5A,B; the blue arrows
are pointing to the histones leaving the nucleosome core. In
contrast, CENP-Anuc had 63 nucleosomes analyzed, and only 6
(10%) had histones leave the core during the unwrapping
event, indicating that the DNA was able to unwrap the
nucleosome core without the octameric core falling apart.

Figure 8. HS-AFM analysis of H3nucunwrapping. HS-AFM videos
analyzed, showing the protein unwrapping pathway of H3nuc(green
arrows) with histones (blue arrows) leaving the nucleosome core
particle. Once the DNA unwraps the nonoctameric core, they are
indicated with yellow arrows�the frames in A come from Movie S2.
In frame A1, the nucleosome is bound to the 601 location, and the
histone can be seen bulging out, indicated with the blue arrows. This
histone moves in frames A2 and A20, while the DNA and
nucleosomes remain in the same location. In frame A36, the DNA
unravels the nucleosome; by frame A66, only the tetramer can be seen
still bound to the DNA. The frames in B come from the video of
Movie S3. In frame B1, the green arrow indicates a fully wrapped
nucleosome bound to the 601 location. In frames B4 and B7, the
histone (green arrow) can be seen to have left the nucleosome core
particle, leaving a partial core. By frame B11, the DNA has unwrapped
the partial core, and the tetramer remains bound. By frame B14, all
histones have evacuated the DNA. The scale bar is 25 nm.

Figure 9. (A,B) HS-AFM analysis of CENP-Anuc unwrapping. AFM
videos were analyzed, showing the DNA unwrapping pathway of
CENP-Anuc (green arrows). The scale bar represents 25 nm.
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These results lead us to believe that the CENP-Anuc core
particle is significantly more stable than H3nuc, which likely
plays a role in its necessity of having a strong interaction to
withstand the kinetochore pulling the sister chromatid apart.
This overall higher stability of CENP-Anuc is also supported by
the longer dwell times found with CENP-Anuc compared to the
H3nuc, as seen in Figure 7.
Nucleosome Stepwise Unraveling. AFM images shown

above point to the stepwise process of the nucleosome
unraveling. To characterize this phenomenon, we measured
the lengths of the DNA arms for each frame and plotted these
measurements as a set of bars with different colors. These data
are shown in Figure 10A, and a few snapshots are displayed in
Figure 10B.
The complete set of frames is assembled into Movie S4. The

blue bars represent the distance from the 601 end of the DNA
to the center of the nucleosome (gray dot). The orange bar
represents the distance from the center of the nucleosome to
the end of the 3WJ. The yellow line shows the DNA wrapping
values calculated from the length measurements of the arms. In
this set of images in frame (2), the nucleosome can be seen to
be overwrapped. These data show that there was a partial
unwrapping event that started in frame (11) and proceeded to
frame (13), where the nucleosome went from a state of
overwrapped (∼210 bp) and, throughout three frames,
decreased to an under-wrapped state (∼100 bp), where it
remained bound for another seven frames. The last frame 29
shows the nucleosome wholly disassociated from the DNA.

A similar event is shown in Supplementary Figure S1 and
Movie S5. It was demonstrated that the initial overwrapped
state (∼200 bp) in frame 10 dropped quickly to an under-
wrapped state (∼100 bp), where it remained for another six
frames.
Both videos demonstrated an intermediate step in H3nuc

disassembly, a state in which the nucleosome is considerably
stable. There was a variation in the time at which these
unwrapping events took place. In Movie S4, the unwrapping
took place over 3 frames (2.4 s), whereas in Movie S5, the
unwrapping took place over 1 frame (0.8 s). The difference in
the time to unwrap indicates that there is still something not
completely understood in this process.
A similar analysis was done on CENP-Anuc. The data are

shown in Figure 11, where the results of measurements are
shown (Figure 11A), and snapshots are displayed below
(Figure 11B). The complete set of frames is assembled into
Movie S8. In the snapshots shown, frames (4) to (36) show a
fully wrapped nucleosome, and frame (43) shows an increase
in DNA length and a decrease in bp wrapping around the
nucleosome. Finally, frame (79) shows histones bound to the
DNA without wrapping. In Figure 11A, the CENP-Anuc was
stably wrapped (∼130 bp) for 41 frames, at which point, it
went to an unwrapped state (∼90 bp). The unwrapping
process took only a single frame (0.8 s).
Another video with the same analysis was done to confirm

the stepwise disassembly process observed in the previous
video, as seen in supplementary Figure S2. This video
demonstrates an event similar to that in Figure 10. The

Figure 10. (A,B) HS-AFM video of H3nuc analyzed with snapshots. Movie S4 was analyzed, showing the mapping (bar graph) and snapshots of
particular frames. The orange bars represent the DNA from the 3WJ end to the center of the nucleosome (gray dot). The blue bar represents the
601 DNA from the 601 end to the center of the nucleosome. The yellow line shows the bp of DNA wrapping around the H3nuc. The number in
white in the bottom left of the snapshots indicates the frame of the image.
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nucleosome began in an overwrapped state (∼200 bp),
remaining for 33 frames. The nucleosome was unwrapped
from frames 33 to 35 to ∼100 bp, staying for another 12
frames before completely disassociating. It is also important to
note that in Supplementary Figure S2, it can be seen that the
nucleosome only unwraps from a single side, the 601 arm side
unwraps, while the 3WJ arm remains a consistent length.
Asymmetric Unraveling of Nucleosomes. A closer

analysis of the H3nuc (Figures 10 and S3) and CENP-Anuc
(Figures 11 and S2) movies revealed that the unwrapping
process is asymmetric; therefore, one arm increases the size
without changing another arm in length. In Figure 10A, the
H3nuc short 601 arm (blue) remains constant throughout the
video, but the 3WJ arm (orange) increases in length during the
unwrapping. Similar asymmetry was observed for the
nucleosome initially assembled away from the 601 motif
(Figure S2). The 601 arm fluctuated, but the 3WJ arm grew as
unwrapping occurred, indicating a single-sided, asymmetrical
unwrapping.
The asymmetry in the unwrapping was observed for CENP-

A nucleosomes, which is illustrated in Figure 11. The
nucleosome is bound to the 601 site, and the short arm
(blue) remained constant throughout the video; however, the
3WJ arm (orange) grew in length during the unwrapping. In
supplementary Figure S3, the CENP-Anuc was assembled near
the middle of the DNA template, away from the 601 motif.
The nucleosome length of both arms remained relatively
consistent until the unwrapping event, which caused the blue

arm to grow in length, with the orange bar remaining constant.
Thus, the asymmetric unwrapping events do not indicate a
preference for the DNA sequence.
In the analysis of 98 total unwrapping events, asymmetric

unwrapping was found in 87% of cases for H3nuc and 88% of
the cases for CENP-Anuc. The symmetric unwrapping was
observed in 13 and 12% yields for H3nuc and CENP-Anuc,
respectively.

■ DISCUSSION
The dinucleosome approach using end-labeled DNA revealed
several different features of CENP-Anuc and bulk H3nuc.
Although both nucleosome types can form tight contacts
with no visible space between nucleosomes (Figure 1B, frame
ii), CENP-Anuc indicated a lower effect than H3nuc ones
(Figure 5). We have demonstrated that the balance between
energies of internucleosomal interaction and the affinity of the
nucleosome core to the DNA sequence previously defines the
formation of tight contacts between the nucleosomes.10,13 The
balance favors the dinucleosome assembly for nonspecific
DNA sequences. We have shown that the number of such
contacts increases in nucleosomes assembled with truncated
H4 histone, suggesting that histone tails contribute to the
tightening of dinucleosomes.10 Therefore, we hypothesize that
the lower yield of dinucleosome complexes for CENP-Anuc can
be due to the repulsion generated by the CENP-A tail, and we

Figure 11. (A,B) HS-AFM video of CENP-Anuc analyzed with snapshots. Movie S8 was analyzed, showing the mapping (bar graph) and snapshots
of particular frames. The gray dots in the bar graph indicate the nucleosome bound to the DNA. The orange bars represent the DNA from the 3WJ
end to the center of the nucleosome (gray dot). The blue bar represents the 601 DNA from the 601 end to the center of the nucleosome. The
yellow line shows the bp of DNA wrapping around the CENP-Anuc. The number in white in the bottom left of the snapshots indicates the frame of
the image.
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are currently planning these experiments to test this
hypothesis.
The smaller amounts of very close interactions between

CENP-A nucleosomes may play a role in centromere
formation. There are different theories on the nucleosomal
composition of the centromere, with one or a few CENP-A
nucleosomes flanked by H3 nucleosomes, or there may be a
cluster of CENP-A nucleosomes outward facing on the
centromere to interact with the kinetochore.42−46 Our results
show less propensity for CENP-A nucleosomes to bind
extremely close to one another; although the difference is
small, it may play a role in the CENP-A/H3 nucleosome
arrangement in the centromere.
The DNA sequence is the primary factor defining the

nucleosome positioning in the chromatin, and the 601 motif is
the strongest nucleosome positioning sequence�our AFM
data in Figures 1B and 3A visually support it, illustrating the
almost exclusive formation of mononucleosomes on the
position of the 601 motif. At the same time, there is a
difference between these two types of nucleosomes. The yield
of H3nuc bound to the 601 site in the mononucleosome and
dinucleosome samples was 99% (Figure 2B,D). The CENP-
Anuc were mapped similarly to H3nuc and found bound to the
601 site at 92% for mononucleosomes and 93% for the
dinucleosomes (Figure 4B,D). These differences in the binding
affinity to 601, although marginal ∼6%, were consistent in both
the mono and dinucleosomes results. Although the DNA
sequence and specifically the TA dinucleotides provide such a
high affinity of 601 to the formation of nucleosomes, it was
shown in47 that interaction with histones contributes to the
nucleosome positioning, and H3−H4 tetramer dominates in
the DNA sequence dependency effect. Replacement of the H3
histone with the CENP-A histone can decrease this DNA
affinity effect.
A number of novel features of nucleosome dynamics were

identified in the time-lapse AFM studies. One is the elevated
stability of CENP-A nucleosomes compared with H3
nucleosomes. The stability of nucleosomes was characterized
by the dwell time prior to the unwrapping, and according to
Figure 7, 38% of monoH3nuc lasted longer than 20 frames,
whereas 52% of monoCENP-Anuc lasted longer than 20 frames,
which is a 14% increase in the dwell time. This finding seems
counterintuitive as the wrapping efficiency of CENP-Anuc is less
than H3nuc. However, CENP-A nucleosomes are not simply
partially unwrapped H3 nucleosomes. Structures of CENP-A
and H3 nucleosomes are different, pointing to different
contacts between the DNA and histones; therefore, this
structural property of these two types of nucleosomes explains
their different stabilities. For example, the CENP-A nucleo-
somes have increased flexibility of the DNA ends, the
octameric core is more rigid, and has a different surface
charge (positive) at the interface of the L1 of CENP-A and L2
of H4; in contrast, this surface is negatively charged in
H3nuc.

27,48 The internucleosomal interaction further increases
the nucleosome stability of CENP-A nucleosomes, which can
be explained by the different internucleosomal contacts of
these two types of nucleosomes. Unwrapping pathways for
both types of nucleosomes are different, as well. Most
commonly, unwrapping of H3nuc occurs through the loss of
histones from the nucleosome core, apparently an H2A/H2B
dimer.49−51 According to18, the remaining dimer sits at the
entry−exit site opposite the tetrameric H3/H4 dimer at the
nucleosome’s dyad. This finding is in line with the recent

publication.52 Interestingly, their experiments utilized bare
mica, a negatively charged surface, whereas our experiments
utilized APS functionalized mica, which is a positively charged
surface. However, our experimental results aligned well, further
validating the experiments. Following the loss of the dimeric
histone, the nucleosome unwraps from ∼147 bp to a less
wrapped assembly with ∼100 bp of wrapped DNA. In the
H3nuc, a hexasome with a single dimeric H2A/H2B can
maintain the integrity of a single DNA wrap around the
histones.
The increase in dwell times for CENP-A is likely biologically

relevant due to the strain that the CENP-A nucleosomes
experience during sister chromatid separation, making it
necessary for these centromeric nucleosomes to have a
stronger interaction with the DNA than what is necessary in
the rest of the chromosome.
The unwrapping of the CENP-A nucleosomes is entirely

different. According to the data in Figure 9, the CENP-Anuc
unwrap without the loss of histones. Such an elevated stability
of the histone core for CENP-A nucleosomes is in line with
our early observations,28 wherein the long-range translocation
of the CENP-A nucleosome core, including its transfer from
one DNA molecule to another, was observed in the HS-AFM
experiments. Conversely, H3nuc had a much higher occurrence
of histones vacating the octameric core. In Figure 9A, the
CENP-Anuc (green arrow) can be seen sitting at the 601
location in frames A1, A4, and A18. In frame B20, the DNA on
the short arm can be seen to have lengthened, indicating an
unwrapping of the nucleosome (yellow arm now). Of note, no
histones left the nucleosome during this unwrapping transition.
The under-wrapped nucleosome can be seen stably bound to
the DNA in frame A37, still at the 601 location.
We also found that the disassembly process for both H3nuc

and CENP-Anuc is not gradual but stepwise. According to
Figures 10 and 11, the unwrapping results in a relatively stable
state of the nucleosomes with ∼110 bp of wrapped DNA. At
this transient state, one entry/exit DNA length remains
completely intact, while the other unraveled between 20 and
40 bp. These results give insights into how the nucleosomes
may be translocated in a rolling fashion, breaking only the
contacts on a single side. The stepwise nucleosome
unwrapping is in line with the recent publication,52 although
it was observed for H3 nucleosome only. We show here that
stepwise unwrapping is the typical dynamics property of both
types of nucleosomes regardless of the differences in the
pathways of the unwrapping process.
The asymmetric unwrapping of the nucleosomes is another

property observed in both nucleosome types. Asymmetry is the
preferential pathway for the unwrapping of nucleosomes,
which was observed in 87% of cases for H3nuc and 88% of the
CENP-Anuc. Previously, asymmetry was observed for the initial
stage of unwrapping for the breathing of DNA.53 Other
published works discovered that the histone dimers (H2A/
H2B) are the first to leave the octameric core, guided by the
asymmetrical unwrapping of the DNA.51,54 Here, we observed
asymmetry in the nucleosome unwrapping over the entire
unraveling process. Also, we observed the asymmetry in
unwrapping for CENP-A nucleosomes, where the core remains
intact, suggesting that core dissociation is not a factor
contributing to the asymmetry of nucleosome unwrapping.
Qualitatively, asymmetric unwrapping can be explained by the
fact that DNA within nucleosomes is mechanically stressed,
favoring the unwrapping process. So, initially, the dissociating
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DNA segment facilitates the unwrapping process for the
adjacent DNA segment. According to the recent theoretical
paper,55 asymmetric unwrapping of H3 nucleosomes rather
than symmetric is an energetically more favorable process. Our
data for CENP-A nucleosomes suggest that a similar model can
also be applied to this type of nucleosome.
Overall, a variety of unique structural characteristics of

canonical and centromere nucleosomes on the nanoscale have
been found. We found that CENP-A nucleosomes are more
stable than canonical nucleosomes regardless of their lower
wrapping efficiency. Moreover, time-lapse experiments dem-
onstrate that nucleosomes with ∼100 bp of DNA wrapped are
in a transient state with elevated stability. These findings
suggest that the amount of DNA wrapped around the histone
core is not the only factor defining the nucleosome stability;
instead, other interactions between the histone cores and DNA
contribute to the stability. The unwrapping process is highly
asymmetric, and it was observed with both types of
nucleosomes, revealing a novel property of nucleosome
dynamics. Additionally, HS-AFM revealed higher stability of
CENP-A nucleosomes compared with H3 nucleosomes, in
which dissociation of the histone core occurs prior to H3
nucleosome dissociation. The histone core of CENP-A
nucleosomes remains intact even after the dissociation of
DNA, so the reassembly of the CENP-A nucleosomes is
facilitated. This feature of CENP-A nucleosomes can be
important for centromere dynamics during mitosis and
chromatin replication.

■ CONCLUSIONS
In summary, it was found that the monoH3nuc wrap 145 ± 23
bp and the diH3nuc wrap 149 ± 24 bp, which are in the
expected 147 bp value range. The primary binding location of
H3nuc is in the 601 sequence, with only three out of 202
binding to locations outside the 601 region. The monoCENP-
Anuc samples had a wrapping efficiency of 137 ± 43 bp, while
the dinucleosome assemblies had a wrapping efficiency of 130
± 20 bp. The mapping of CENP-Anuc was completed on the
same DNA construct as that for H3nuc, with 93% of the
nucleosomes binding to the 601 sequence. The CENP-Anuc
assembly had an elevated affinity at the end of the DNA
template, with a decrease to 92% binding to the specific
sequence compared to 99% for H3nuc.
The CENP-Anuc samples, on average, had a longer dwell

time than H3nuc, which supports the statement of increased
stability of CENP-Anuc compared to H3nuc.
The unraveling process of DNA is a nongradual process.

The unwrapping of DNA starts at approximately 150 bp with
the octameric core splitting into H2A/H2B dimers and H3/
H4 tetramer components. CENP-Anuc, bound to the same
DNA construct, shows stably wrapped nucleosomes, with
spontaneous unwrapping resulting in a decreased wrapping of
∼110 bp. CENP-Anuc core particle is significantly more stable
than H3nuc.
The unwrapping process for both nucleosomes has an

intermediate step, where the nucleosome is stably unwrapped,
lasting for many frames. The time to unwrap the nucleosome
varies, with some events taking over three frames and others
taking only 0.8 s.

■ ASSOCIATED CONTENT
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