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Abstract: CENP-A is a histone variant found in high abundance at the centromere in humans. At

the centromere, this histone variant replaces the histone H3 found throughout the bulk chromatin.

Additionally, the centromere comprises tandem repeats of α-satellite DNA, which CENP-A nucleo-

somes assemble upon. However, the effect of the DNA sequence on the nucleosome assembly and

centromere formation remains poorly understood. Here, we investigated the structure of nucleo-

somes assembled with the CENP-A variant using Atomic Force Microscopy. We assembled both

CENP-A nucleosomes and H3 nucleosomes on a DNA substrate containing an α-satellite motif and

characterized their positioning and wrapping efficiency. We also studied CENP-A nucleosomes on

the 601-positioning motif and non-specific DNA to compare their relative positioning and stability.

CENP-A nucleosomes assembled on α-satellite DNA did not show any positional preference along

the substrate, which is similar to both H3 nucleosomes and CENP-A nucleosomes on non-specific

DNA. The range of nucleosome wrapping efficiency was narrower on α-satellite DNA compared with

non-specific DNA, suggesting a more stable complex. These findings indicate that DNA sequence

and histone composition may be two of many factors required for accurate centromere assembly.

Keywords: centromere chromatin; CENP-A nucleosomes; atomic force microscopy; nanoscale

structure of nucleosomes; alpha satellite DNA

1. Introduction

The centromere is a specialized segment of chromosomes that aids in chromosomal
segregation. There are several key features of the centromere that likely lead to unique
structures distinct from those found in bulk chromatin that possess dynamic properties
necessary for proper centromere function. The distinction between the centromere and bulk
chromatin appears at the nucleosomal level; in most eukaryotes, including humans, this is
the presence of histone H3 variant CENP-A [1,2]. CENP-A has been shown to be necessary
for proper kinetochore association and chromosome segregation [3]. Kinetochores must
be able to interact directly with the centromere in order to connect centromere chromatin
to microtubules; this interaction is necessary for faithful chromosome segregation [4]. In
fact, CENP-A deposition on non-centromere genomic sites can result in recruitment of all
kinetochore components and formation of a neocentromere [5,6]. While CENP-A protein
shares high sequence identity with histone H3 [7,8], they have distinct characteristics.
CENP-A nucleosomes exhibit a reduced wrapping efficiency compared with their H3
counterparts, wrapping 13 bp less at the entry-exit sites of the nucleosome core [9]. At the
same time, CENP-A nucleosomes demonstrate a similar, or even enhanced, core stability
compared with H3 nucleosomes [10,11]. Moreover, unlike H3 nucleosomes, CENP-A
nucleosomes are formed exclusively at the centromere [12,13].

Another key feature of centromeric chromatin in humans is the presence of tandem
repeats of α-satellite DNA motifs. The α-satellite motifs share high sequence identity, and
all motifs are A-T rich and 171 bp in length [14]. These motifs form higher order repeats
spanning thousands of bases, which together comprise the centromere region spanning



Int. J. Mol. Sci. 2022, 23, 11385 2 of 11

several megabases [15]. Recently, the human centromere was sequenced, highlighting
the important role of α-satellite arrays in the interaction and almost exclusive localiza-
tion of CENP-A [16]. An important characteristic of α-satellite DNA is that it contains a
17 bp motif called the CENP-B box. This motif specifically binds centromere protein B
(CENP-B), another protein that is thought to play a significant role in the assembly of the
centromere [17]. On the other hand, the CENP-B protein is considered non-essential to the
survival of its host organisms due to the results of knockout mice studies [18]. This further
complicates the understanding of the role of DNA sequence and protein interaction in the
assembly of the centromere.

In a previous study, we identified dynamic translocation properties of CENP-A nu-
cleosomes and proposed a model explaining the effect of nucleosomal DNA shorten-
ing on such nucleosomes [11,19,20]. However, the experiments were performed on the
non-physiological 601 motif characterized by the high affinity for the assembly of H3
nucleosomes [21]. The goal of this study was to reveal nanoscale structural character-
istics of nucleosomes assembled on the α-satellite sequence. We utilized Atomic Force
Microscopy (AFM) with the capability to characterize nucleosomes on the single molecule
level with nanometer resolution to address this issue [22–26]. We assembled CENP-A nucle-
osomes on three different substrates: a substrate containing an α-satellite motif, a substrate
containing non-specific DNA and nucleosomes assembled on the Widom 601 positioning
motif to determine whether CENP-A has distinguishing structural characteristics between
α-satellite and other DNA sequences. H3 nucleosomes were also assembled on α-satellite
DNA for comparison. We end-labeled DNA with streptavidin [27] to differentiate be-
tween DNA ends. We did not reveal highly specific assembly of CENP-A nucleosomes,
as observed for the 601 motif, on the α-satellite DNA. A similar effect was found for H3
nucleosomes on the same substrate. Moreover, we identified similarities between CENP-A
nucleosomes assembled on the α-satellite DNA and those assembled on non-specific DNA.
The data indicate other factors, rather than simply CENP-A or DNA sequence, dictate the
assembly of the centromere.

2. Results

2.1. AFM Analysis of Nucleosomes Assembled on α-Satellite DNA Motif

CENP-A and H3 nucleosomes were assembled on the α-satellite DNA substrate shown
in Figure 1A. The substrate features a centrally positioned α-satellite sequence contain-
ing the CENP-B box flanked on both ends by non-specific DNA. DNA was terminated
with biotin on the far flank allowing for distinction between DNA ends on assembled
nucleosomes after streptavidin labeling. Incubation with streptavidin was performed im-
mediately prior to the deposition of nucleosome samples on mica functionalized with APS
for AFM imaging.

We performed AFM imaging of the nucleosomes. Representative images of the nu-
cleosome samples are shown in Figure 2. A representative image of assembled CENP-A
nucleosomes can be seen in Figure 2A, while a representative image of assembled H3
nucleosomes can be seen in Figure 2B. Nucleosome cores are identifiable as the bright
globular features along the DNA substrate, while streptavidin is distinguishable as the
smaller, less pronounced round features at the end of DNA substrates. From these images
we measured the contour length of all nucleosome flanks and the nucleosome core position
relative to the streptavidin-labeled DNA end. The data for flank lengths can be seen in
Figure S1, where it is shown that the flank length distribution for both types of nucleosomes
is quite similar. The nucleosome flank lengths were subtracted from the known DNA
substrate length of 410 bp to determine the wrapping efficiency of each nucleosome. The
results were plotted as histograms, shown in Figure 3. Fitting a Gaussian curve to each
histogram produced an average wrapping efficiency of 125 ± 20 bp and 146 ± 22 bp for
CENP-A and H3 nucleosomes, respectively. These values are consistent with the expected
wrapping efficiency of fully assembled nucleosomes.
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Figure 1. Schematic representation of the substrates used. Schematic (A) represents the α-satellite

substrate. Schematic (B) represents the 601 substrate. Schematic (C) represents the non-specific

substrate. F1 is 114 bp and F2 is 125 bp on substrate (A). F1 is 113 bp and F2 is 117 bp on substrates

(B,C). A-sat represents the α-satellite sequence of 171 bp; the yellow region represents the 17 bp

CENP-B box within the α-satellite sequence; 601 represents the Widom 601 sequence of 147 bp; NS

represents a non-specific sequence of 147 bp; the black circles represent the biotin label at the end of

each template.

Figure 2. Representative images of CENP-A nucleosomes (A) and H3 nucleosomes (B) assembled on

the α-satellite DNA substrate labeled with streptavidin. Scale bars indicate 100 nm.

Mapping of nucleosome positioning was performed utilizing the end labeling of our
DNA substrate, and the results are shown in Figure 4. The gray regions of the maps
represent the free DNA flanks of the nucleosomes. The blue regions indicate the DNA
occupied by the nucleosome. The maps are overlayed with a transparent green region,
indicative of the α-satellite motif on the DNA substrate. The transparent gray bar is
representative of the position of the CENP-B box within the α-satellite motif. The results
for CENP-A and H3 mapping are strikingly similar. A decrease in end positioning is seen
for CENP-A nucleosomes; H3 nucleosomes are observed to position at the end of the DNA
substrate in 18% of cases (n = 196), while CENP-A nucleosomes are end-positioned in only
9% of cases (n = 194). However, no direct preference for the CENP-B box or the α-satellite
motif is observed for either nucleosome type. These data suggest that the α-satellite motif
does not inherently influence the positioning of CENP-A nucleosomes at the centromere.
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Figure 3. Histograms with Gaussian fitting of CENP-A nucleosome (A) and H3 nucleosome

(B) wrapping efficiency on the α-satellite DNA substrate reveal a mean wrapping efficiency of

125 ± 20 bp and 146 ± 22 bp for CENP-A and H3 nucleosomes, respectively.

Figure 4. Mapping of CENP-A (A) and H3 (B) nucleosome position along the α-satellite DNA sub-

strate. Gray bars represent free DNA flanks. Blue regions indicate DNA wrapped by the nucleosome.

The transparent green region indicates the α-satellite motif. The transparent white bar indicates

the position of the CENP-B box within the α-satellite motif. Nucleosome position is organized by

smallest to greatest distance from the streptavidin-labeled DNA end.

2.2. AFM Analysis of CENP-A Nucleosomes on the Widom 601 Positioning Sequence

In order to assess how CENP-A nucleosome structure is affected by the α-satellite
motif, we assembled nucleosomes on the substrate containing the well-defined Widom
601 nucleosome positioning motif. A representative image of the nucleosome assembly
can be seen in Figure 5A. We performed the same analysis on these nucleosomes as we
did with those assembled on the substrate containing the α-satellite motif, and the results
are shown in Figure 5B,C. The histogram in Figure 5B describes the wrapping efficiency
for nucleosomes assembled on the 601 motif. The wrapping efficiency of nucleosomes on
the 601 motif display an asymmetric distribution, with a major peak at 121 ± 18 bp and a
shoulder corresponding to a minor peak at 154 ± 13 bp. A similar asymmetric distribution
was observed in our previous publication for CENP-A nucleosomes, which was explained
by the formation of DNA loops inside the nucleosomes. The free DNA flank measurements
are shown in Figure S2A. Nucleosomes assembled on the 601 motif vary more in the flank
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length of the streptavidin-labeled arm compared with the non-labeled arm, suggesting that
the nucleosomes over wrap in an asymmetric manner on this substrate.

Figure 5. Analysis of CENP-A nucleosomes assembled on the DNA substrate containing the 601 motif.

(A) Representative image of nucleosome samples. Scale bar indicates 100 nm. (B) Histogram of

wrapping efficiency displays a bimodal distribution, with a fully wrapped major peak at 121 ± 18 bp,

as indicated by the red line, and an over wrapped minor peak at 154 ± 13 bp, as indicated by the

green line. (C) Mapping of nucleosomes assembled on the 601 motif display central positioning in

line with the position of the motif.

Mapping of the nucleosomes is shown in Figure 5C. Nucleosomes assembled on the
601 substrate display consistent positioning along the central region of the DNA substrate;
this is consistent with the position of the 601 motif, indicating that CENP-A nucleosomes
bind tightly to this region. No such positioning effect was observed on the α-satellite
substrate, highlighting the strong preferential binding of the 601 sequence and suggesting
that CENP-A assembly along the α-satellite substrate does not behave as a sequence specific
motif for the nucleosome assembly.

2.3. AFM Analysis of CENP-A Nucleosome on Non-Specific DNA

To assess whether any sequence-dependent wrapping or positioning effect is present
in the α-satellite substrate, we assembled CENP-A nucleosomes on the DNA substrate con-
taining no positioning sequence or centromeric sequence seen in Figure 1C. This substrate is
termed the non-specific substrate. A representative image of nucleosomes on this substrate
is shown in Figure 6A. The wrapping efficiency of nucleosomes assembled on non-specific
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DNA was determined and plotted as a histogram, as done before. The histogram, shown in
Figure 6B, displays a broad Gaussian fitting with a peak centered around 128 ± 40 bp. This
value is both larger and broader than that seen on other substrates. Mapping of CENP-A
nucleosomes assembled on the non-specific DNA, shown in Figure 6C, revealed that the
nucleosomes do not display preferential positioning. This trend is similar to that seen for
nucleosomes assembled on the α-satellite motif, indicating that the α-satellite motif acts as
non-specific DNA with regard to the positioning of nucleosomes at the centromere.

Figure 6. Analysis of CENP-A nucleosomes assembled on the non-specific DNA substrate.

(A) Representative image of nucleosome samples. Scale bar indicates 100 nm. (B) Histogram

of wrapping efficiency displays a broad Gaussian fitting with a peak centered around 128 ± 40 bp.

(C) Mapping of nucleosomes assembled on non-specific DNA display no preferential positioning.

3. Discussion

In this study we explored the effect of DNA sequence on the assembly of CENP-A
nucleosomes. CENP-A and H3 nucleosomes are both present at the centromere, where they
wrap tandem repeats of α-satellite DNA. However, how the presence of both nucleosomes
at the centromere and how their interaction with α-satellite DNA affects the structure
and function of the centromere is still unknown. To our knowledge, this is the first direct
comparison between CENP-A and H3 nucleosomes assembled on α-satellite DNA at the
single-molecule level. We discovered that both nucleosomes assemble rather similarly along
α-satellite DNA. Moreover, our characterization of CENP-A nucleosomes on different DNA
substrates revealed that α-satellite DNA acts more as non-specific DNA with regard to
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nucleosome assembly than as a positioning motif. Below we discuss these findings and
their implications in more detail.

The centromere is defined by the presence of α-satellite repeats and CENP-A nucleo-
somes. Yet, our results indicate that CENP-A nucleosomes treat α-satellite DNA similar
to non-specific DNA. One important feature found in nearly all variations of α-satellite
DNA in humans is the presence of the CENP-B box, the 17 bp motif that binds CENP-B
protein [28]. It is important to consider that this motif could play a large role in the cen-
tromere structure as well. Our studies showed no specific preference for the α-satellite
region for neither CENP-A nor H3 nucleosomes. However, when breaking down nucleo-
somes into sub-populations based on wrapping efficiency, we noted an interesting effect.
We separated both CENP-A and H3 nucleosomes assembled on the α-satellite substrate into
sub-populations based on how many turns the DNA wraps around the nucleosome core,
and these can be seen in Figures 7 and 8. In both figures, nucleosomes were separated into
four groups- those that wrap less than 1.25 turns of DNA (Figures 7A and 8A), those that
wrap 1.25–1.5 turns (Figures 7B and 8B), those that wrap 1.5–1.75 turns (Figures 7C and 8C),
and those that wrap more than 1.75 turns (Figures 7D and 8D). Next to each map is a rep-
resentative zoomed in snapshot of a nucleosome adopting that conformation. The blue
regions in the maps indicate wrapped DNA. The green regions indicate the position of
the α-satellite sequence, and the light gray line indicates the CENP-B box. We found that,
as nucleosomes take on a more wrapped conformation, they tended to over wrap in the
direction of the CENP-B box. If nucleosomes indeed over wrap toward the CENP-B box,
it implicates the motif in both the positioning and stability of nucleosomes formed at the
centromere. Future studies involving the CENP-B box and CENP-B protein are warranted
to evaluate their effect on centromere structure and function.

Figure 7. Mapping of CENP-A nucleosome position on the α-satellite substrate based on wrapping

efficiency. Each bar denotes a single nucleosome. Dark gray regions indicate free DNA flanks. Blue

regions indicate DNA wrapped around nucleosome core. Green regions indicate the position of

the α-satellite motif. Thin gray line indicates position of the CENP-B box. Representative image of

nucleosome with corresponding wrapping efficiency shown to the right of each map. (A) Under

wrapped nucleosomes. (B) Fully wrapped nucleosomes. (C,D) Over wrapped nucleosomes.
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Figure 8. Mapping of H3 nucleosome position on the α-satellite substrate based on wrapping

efficiency. Each bar denotes a single nucleosome. Dark gray regions indicate free DNA flanks. Blue

regions indicate DNA wrapped around nucleosome core. Green regions indicate the position of

the α-satellite motif. Thin gray line indicates position of the CENP-B box. Representative image of

nucleosome with corresponding wrapping efficiency shown to the right of each map. (A) Under

wrapped nucleosomes. (B) Fully wrapped nucleosomes. (C,D) Over wrapped nucleosomes.

We know that CENP-A is required for the faithful assembly of the kinetochore [3], and
that CENP-A nucleosomes are found in high abundance at the centromere, so there must
be important characteristics of the nucleosome structure on α-satellite that facilitate this
process. It should be noted, however, that other factors can be responsible for these unique
properties of the centromere, and these factors can serve as intermediaries between the DNA
sequence and the CENP-A core. For example, recent studies have tested the importance
of other centromere proteins, namely CENP-B and CENP-C, in a complex feedback loop
regulating the faithful deposition and assembly of CENP-A at the centromere [29]. It may
be that these proteins are critical in the positioning of CENP-A nucleosomes along the
DNA substrate and the subsequent kinetochore assembly. These factors could explain the
lack of preferential positioning observed in our system utilizing CENP-A nucleosomes and
α-satellite DNA.

Another important feature to consider is that nucleosomes assemble in arrays along the
centromere. While positional preference was not found in this study, CENP-A nucleosomes
assembled on α-satellite DNA were identified as having the most stable wrapping efficiency,
wrapping 125 ± 20 bp of DNA, shown in Figure 3. The commonly accepted value for a
fully wrapped CENP-A nucleosome is 121 bp due to the 13 bp terminal DNA segments
detached from the histone core [20]. CENP-A nucleosomes on other substrates were found
more commonly in varied and over wrapped states, as seen in Figure 6. Previous studies
have indicated the importance of internucleosomal interactions in canonical nucleosomes
to their positioning and stability [24,25], and this effect may be even more critical at the
centromere. The improved stability of CENP-A nucleosomes on α-satellite DNA could
provide a synergistic effect with internucleosomal interactions, allowing this region to
withstand the forces the centromere is subjected to during cell division [30]. Future studies
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are warranted to explore this property of CENP-A on α-satellite. Taken together, the results
reported here suggest that assembly of nucleosomes at the centromere is dependent on a
complex system of interactions, including interactions between CENP-A, α-satellite DNA,
and other centromere proteins.

4. Materials and Methods

4.1. DNA Substrates

The DNA substrates used in nucleosome assembly were generated using PCR with
a pUC57 plasmid vector from BioBasic (Markham, ON, Canada). A biotinylated reverse
primer (IDT, Coralville, IA, USA) was used on all substrates for streptavidin labeling.
Substrates containing the Widom 601 motif and the non-specific DNA totaled 377 bp
in length, while the substrate containing the α-satellite motif totaled 410 bp in length.
Schematics of the substrate designs can be seen in Figure 1. DNA sequences are listed as
Figure S3. DNA substrates were separated by gel electrophoresis using 1% SeaKem LE
Agarose gel (Lonza Group AG, Basel, Switzerland). The bands were excised and purified
using QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). DNA concentration was
then determined using NanoDrop Spectrophotometer ND-1000 (Thermo Fischer, Waltham,
MA, USA).

4.2. Nucleosome Reconstitution and Streptavidin Labeling

For CENP-A nucleosome studies, recombinant human CENP-A/H4 tetramers and
H2A/H2B dimers were purchased from EpiCypher (Research Triangle Park, NC, USA),
while for H3 nucleosomes, recombinant human octamers containing H3 were purchased
from EpiCypher. Nucleosome assembly was achieved using the continuous dilution
method, as described in [31]. Briefly, purified DNA was mixed with histones at a 1:2:1 ratio
of DNA:dimer:tetramer for CENP-A and a 1:1 ratio of DNA:octamer for H3 nucleosomes in
a buffer containing 2 M NaCl and 10 mM Tris pH 7.5. A syringe pump was used to reduce
the concentration to 200 mM NaCl over the course of 120 min. Nucleosomes were then
stored at 4 ◦C.

Before deposition for imaging, nucleosomes were labeled at a terminal biotin using
streptavidin, which binds specifically to the biotinylated DNA terminus [32]. Assembled
nucleosomes were incubated with streptavidin for 10 min at a molar ratio of 2:1 strepta-
vidin:nucleosome in incubation buffer (10 mM Tris pH 7.5, 125 mM NaCl, 5 mM MgCl2).
After incubation, samples were immediately prepared for imaging as described below.

4.3. Atomic Force Microscopy Imaging

Sample preparation for AFM imaging was performed as previously described [24].
Freshly cleaved mica was functionalized with a solution of 1-(3-aminopropyl)- silatrane
(APS). The nucleosome stock solution was diluted from 300 nM to 2 nM in imaging buffer
(10 mM HEPES pH 7.5, 4 mM MgCl2) immediately before deposition on the functionalized
mica. The sample was left to incubate for 2 min before being rinsed with water and dried
with argon flow. Samples were stored in vacuum before being imaged on a Multimode
AFM/Nanoscope IIId system using TESPA probes (Bruker Nano Inc., Camarillo, CA, USA).
A typical image captured was 1 × 1 µm in size with 512 pixels/line.

4.4. Data Analysis

DNA contour length analysis was performed by measuring from the center of the
protein label to the free end of DNA using Femtoscan software (Advanced Technologies
Center, Moscow, Russia). Flank measurements for the nucleosomes were obtained by
measuring from the center of the protein label to the center of the nucleosome for the labeled
arm and from the free end of DNA to the center of the nucleosome for the unlabeled arm.
5 nm was subtracted from each measured flank length to account for the size contributed
by the histone core [33,34]. Free DNA was measured on each image. The mean value of the
free DNA was then divided by the known length of a given substrate. The resulting value
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was used as a conversion unit. All other measurements on each image were divided by the
calculated conversion unit to convert measurements in nm to base pairs (bp).

Wrapping efficiency was calculated by subtracting the combined flank lengths from
the known DNA lengths as done previously [24,25]. These methods were used to produce
histograms and mapping of nucleosome position and wrapping efficiency. Subsets of these
data were sorted by wrapping efficiency to compare nucleosome structure at various wrap-
ping states. All graphs were created using Origin, Version 6.0 and Origin 2016 (OriginLab
Corporation, Northampton, MA, USA). Gaussian fitting was performed automatically
using Origin software’s “Fit Gaussian” analysis function on each histogram. The reported
peak values correspond to the output of the “Fit Gaussian” analysis function.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.

com/article/10.3390/ijms231911385/s1.

Author Contributions: Conceptualization, Y.L.L. and T.S.; methodology, Y.L.L. and T.S.; validation,

Y.L.L. and T.S.; formal analysis, T.S.; investigation, T.S.; resources, Y.L.L. and T.S.; writing—original

draft preparation, T.S.; writing—review and editing, Y.L.L. and T.S.; visualization, T.S.; supervision,

Y.L.L.; project administration, Y.L.L.; funding acquisition, Y.L.L. All authors have read and agreed to

the published version of the manuscript.

Funding: The work was supported by grants to Y.L.L. from NSF (MCB 1515346 and MCB 2123637).

T.S. was partially supported by the SBMB Fellowship through funding from the Department of

Education Graduate Assistance in Areas of National Need (GAANN) program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors thank the Lyubchenko lab members for useful insights in the

data interpretation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Black, B.E.; Jansen, L.E.T.; Maddox, P.S.; Foltz, D.R.; Desai, A.B.; Shah, J.V.; Cleveland, D.W. Centromere identity maintained by

nucleosomes assembled with histone H3 containing the CENP-A targeting domain. Mol. Cell 2007, 25, 309–322. [CrossRef]

2. McKinley, K.L.; Cheeseman, I.M. The molecular basis for centromere identity and function. Nat. Rev. Mol. Cell Biol. 2015, 17,

16–29. [CrossRef]

3. Régnier, V.; Vagnarelli, P.; Fukagawa, T.; Zerjal, T.; Burns, E.; Trouche, D.; Earnshaw, W.; Brown, W. CENP-A Is Required for

Accurate Chromosome Segregation and Sustained Kinetochore Association of BubR1. Mol. Cell. Biol. 2005, 25, 3967. [CrossRef]

4. Cheeseman, I.M.; Desai, A. Molecular architecture of the kinetochore–microtubule interface. Nat. Rev. Mol. Cell Biol. 2008, 9,

33–46. [CrossRef] [PubMed]

5. Voullaire, L.E.; Slater, H.R.; Petrovic, V.; Choo, K.H.A. A functional marker centromere with no detectable alpha-satellite, satellite

III, or CENP-B protein: Activation of a latent centromere? Am. J. Hum. Genet. 1993, 52, 1153. [PubMed]

6. Depinet, T.W.; Zackowski, J.L.; Earnshaw, W.C.; Kaffe, S.; Sekhon, G.S.; Stallard, R.; Sullivan, B.A.; Vance, G.H.; Van Dyke, D.L.;

Willard, H.F.; et al. Characterization of neo-centromeres in marker chromosomes lacking detectable alpha-satellite DNA. Hum.

Mol. Genet. 1997, 6, 1195–1204. [CrossRef]

7. Sullivan, K.F.; Hechenberger, M.; Masri, K. Human CENP-A contains a histone H3 related histone fold domain that is required for

targeting to the centromere. J. Cell Biol. 1994, 127, 581–592. [CrossRef]

8. Tachiwana, H.; Kagawa, W.; Kurumizaka, H. Comparison between the CENP-A and histone H3 structures in nucleosomes.

Nucleus 2012, 3, 6–11. [CrossRef] [PubMed]

9. Tachiwana, H.; Kagawa, W.; Shiga, T.; Osakabe, A.; Miya, Y.; Saito, K.; Hayashi-Takanaka, Y.; Oda, T.; Sato, M.; Park, S.Y.; et al.

Crystal structure of the human centromeric nucleosome containing CENP-A. Nature 2011, 476, 232–235. [CrossRef]

10. Kim, S.H.; Vlijm, R.; Van Der Torre, J.; Dalal, Y.; Dekker, C. CENP-A and H3 Nucleosomes Display a Similar Stability to

Force-Mediated Disassembly. PLoS ONE 2016, 11, e0165078. [CrossRef] [PubMed]

11. Stumme-Diers, M.P.; Banerjee, S.; Hashemi, M.; Sun, Z.; Lyubchenko, Y.L. Nanoscale dynamics of centromere nucleosomes and

the critical roles of CENP-A. Nucleic Acids Res. 2018, 46, 93–103. [CrossRef] [PubMed]

12. Foltz, D.R.; Jansen, L.E.T.; Bailey, A.O.; Yates, J.R.; Bassett, E.A.; Wood, S.; Black, B.E.; Cleveland, D.W. Centromere-specific

assembly of CENP-a nucleosomes is mediated by HJURP. Cell 2009, 137, 472–484. [CrossRef] [PubMed]

13. De Rop, V.; Padeganeh, A.; Maddox, P.S. CENP-A: The key player behind centromere identity, propagation, and kinetochore

assembly. Chromosoma 2012, 121, 527. [CrossRef] [PubMed]



Int. J. Mol. Sci. 2022, 23, 11385 11 of 11

14. Sullivan, L.L.; Chew, K.; Sullivan, B.A. α satellite DNA variation and function of the human centromere. Nucleus 2017, 8, 331.

[CrossRef] [PubMed]

15. Allshire, R.C.; Karpen, G.H. Epigenetic regulation of centromeric chromatin: Old dogs, new tricks? Nat. Rev. Genet. 2008, 9, 923.

[CrossRef] [PubMed]

16. Altemose, N.; Logsdon, G.A.; Bzikadze, A.V.; Sidhwani, P.; Langley, S.A.; Caldas, G.V.; Hoyt, S.J.; Uralsky, L.; Ryabov, F.D.;

Shew, C.J.; et al. Complete genomic and epigenetic maps of human centromeres. Science 2022, 376, eabl4178. [CrossRef]

17. Masumoto, H.; Masukata, H.; Muro, Y.; Nozaki, N.; Okazaki, T. A human centromere antigen (CENP-B) interacts with a short

specific sequence in alphoid DNA, a human centromeric satellite. J. Cell Biol. 1989, 109, 1963–1973. [CrossRef]

18. Hudson, D.F.; Fowler, K.J.; Earle, E.; Saffery, R.; Kalitsis, P.; Trowell, H.; Hill, J.; Wreford, N.G.; De Kretser, D.M.;

Cancilla, M.R.; et al. Centromere protein B null mice are mitotically and meiotically normal but have lower body and

testis weights. J. Cell Biol. 1998, 141, 309–319. [CrossRef] [PubMed]

19. Stumme-Diers, M.P.; Banerjee, S.; Sun, Z.; Lyubchenko, Y.L. Assembly of centromere chromatin for characterization by high-speed

time-lapse atomic force microscopy. In Methods in Molecular Biology; Human Press: New York, NY, USA, 2018.

20. Lyubchenko, Y.L. Centromere chromatin: A loose grip on the nucleosome? Nat. Struct. Mol. Biol. 2014, 21, 8. [CrossRef] [PubMed]

21. Lowary, P.T.; Widom, J. New DNA sequence rules for high affinity binding to histone octamer and sequence-directed nucleosome

positioning. J. Mol. Biol. 1998, 276, 19–42. [CrossRef] [PubMed]

22. Lyubchenko, Y.L.; Shlyakhtenko, L.S. Imaging of DNA and Protein-DNA Complexes with Atomic Force Microscopy. Crit. Rev.

Eukaryot. Gene Expr. 2016, 26, 63–96. [CrossRef] [PubMed]

23. Filenko, N.A.; Palets, D.B.; Lyubchenko, Y.L. Structure and Dynamics of Dinucleosomes Assessed by Atomic Force Microscopy. J.

Amino Acids 2012, 2012, 650840. [CrossRef] [PubMed]

24. Stormberg, T.; Stumme-Diers, M.; Lyubchenko, Y.L. Sequence-dependent nucleosome nanoscale structure characterized by atomic

force microscopy. FASEB J. 2019, 33, 10916–10923. [CrossRef] [PubMed]

25. Stormberg, T.; Vemulapalli, S.; Filliaux, S.; Lyubchenko, Y.L. Effect of histone H4 tail on nucleosome stability and internucleosomal

interactions. Sci. Rep. 2021, 11, 24086. [CrossRef] [PubMed]

26. Stormberg, T.; Filliaux, S.; Baughman, H.E.R.; Komives, E.A.; Lyubchenko, Y.L. Transcription factor NF-κB unravels nucleosomes.

Biochim. Biophys. Acta-Gen. Subj. 2021, 1865, 129934. [CrossRef]

27. Chaiet, L.; Wolf, F.J. The properties of streptavidin, a biotin-binding protein produced by Streptomycetes. Arch. Biochem. Biophys.

1964, 106, 1–5. [CrossRef]

28. Suntronpong, A.; Kugou, K.; Masumoto, H.; Srikulnath, K.; Ohshima, K.; Hirai, H.; Koga, A. CENP-B box, a nucleotide motif

involved in centromere formation, occurs in a New World monkey. Biol. Lett. 2016, 12, 20150817. [CrossRef]

29. van den Berg, S.J.; Jansen, L.E. Centromeres: Genetic input to calibrate an epigenetic feedback loop. EMBO J. 2020, 39, e106638.

30. Harasymiw, L.A.; Tank, D.; McClellan, M.; Panigrahy, N.; Gardner, M.K. Centromere mechanical maturation during mammalian

cell mitosis. Nat. Commun. 2019, 10, 1761. [CrossRef]

31. Stumme-Diers, M.P.; Stormberg, T.; Sun, Z.; Lyubchenko, Y.L. Probing the structure and dynamics of nucleosomes using atomic

force microscopy imaging. J. Vis. Exp. 2019, 143, e58820. [CrossRef]

32. Michael Green, N. Avidin and streptavidin. Methods Enzymol. 1990, 184, 51–67.

33. Rybenkov, V.V.; Cozzarelli, N.R.; Vologodskii, A.V. Probability of DNA knotting and the effective diameter of the DNA double

helix. Proc. Natl. Acad. Sci. USA 1993, 90, 5307–5311. [CrossRef] [PubMed]

34. Rybenkov, V.V.; Vologodskii, A.V.; Cozzarelli, N.R. The effect of ionic conditions on DNA helical repeat, effective diameter and

free energy of supercoiling. Nucleic Acids Res. 1997, 25, 1412–1418. [CrossRef] [PubMed]


	The Sequence Dependent Nanoscale Structure of CENP-A Nucleosomes
	Recommended Citation

	The_sequence_dependent_nanoscale_structure.pdf

