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Summary 

Histone variants fine-tune the regulation of transcription, replication, DNA damage repair, and 

cell division relies on distinct chromatin states. The histone H3 variant CENP-A/CENH3 seeds 

the kinetochore, creating the physical interface between centromeric chromatin and mitotic 

spindles. How kinetochore proteins modify CENP-A nucleosome dynamics and how these 

dynamics affect centromere chromatin states is poorly understood. Using interdisciplinary 

analyses, we report that CENP-A nucleosomes are intrinsically elastic, but CENP-C binding 

suppresses this innate elasticity. Shifting the balance between elastic and rigid CENP-A states in 

vivo results in the suppression of centromeric chromatin plasticity, so that centromeric chromatin 

becomes less permissive to RNA polymerase 2, thereby diminishing new CENP-A loading. 

These data suggest a link between innate structural properties possessed by histone variant 
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nucleosomes, and adaptability of chromatin states in vivo, which in turn dictate the 

transcriptional plasticity of the underlying locus. 

 

Introduction 

The adaptive nature of chromatin states allows a cell to replicate, divide, differentiate, 

transcriptionally respond to various stimuli, and repair damaged DNA1,2. In part, this dynamic 

chromatin landscape is shaped by removing old and incorporating new nucleosomes3,4, by 

incorporating specific histone variants5, and by incorporating covalent modifications6-8. How 

different histone variants convey unique biophysical properties of their nucleosomes to the 

chromatin fiber, and whether such non-canonical nucleosomes modulate chromatin dynamics 

remains a subject of intense studies. 

 

One of the most striking cellular events is mitosis, when chromosomes condense into rod-shaped 

structures, temporarily yet dramatically changing the transcriptional landscape9,10. Chromosome 

segregation is a mechanical process, where chromosomes are actively pulled from the metaphase 

plate towards the poles11. This process relies, in part, on the presence of specialized centromeric 

nucleosomes. Epigenetically the centromere is marked by the enrichment of the histone H3 

variant CENP-A/CENH312-16. Despite lack of sequence conservation at the level of CENP-A or 

its associated DNA12,17, in most species, CENP-A chromatin provides the foundation by 

recruiting a triad of inner kinetochore proteins: CENP-B, CENP-C, and CENP-N18-21. Deleting 

either CENP-A or CENP-C results in cell death or induces senescence22,23. This happens only 

after a few cell cycles, suggesting that both CENP-A and CENP-C are likely present in excess 

over that required to form a functional kinetochore for one cell cycle. While CENP-A and 
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CENP-C are long-lived proteins, guaranteeing faithful chromosome segregation even after their 

genes have been deleted24-28, incorporation of new CENP-A in human cells depends strongly on 

the transcription of centromeres at the end of mitosis/early G127,29,30. A major paradox is how 

active transcription, which normally requires accessible chromatin, is accomplished at a time 

when kinetochore-bound centromeric chromatin is engaged in completion of mitosis. 

Consequently, elucidating biophysical features of the inner kinetochore-associated chromatin, 

composed of CENP-A nucleosomes and its closest bound partners such as CENP-C, remains a 

fundamental biological question. 

 

To investigate these questions, in this report, we used in silico, in vitro, and in vivo tools to 

dissect the dynamic nature of CENP-A nucleosomes compared to H3 nucleosomes, either with, 

or without CENP-C. Using all-atom molecular dynamic simulations, we report that when a 

CENP-A nucleosome is bound to CENP-C, its local and global flexibilities are severely limited, 

so that CENP-C fixes specific conformational states of a CENP-A nucleosome. To 

experimentally test the global changes of nucleosome dynamics, we directly measured the 

elasticity of CENP-A nucleosomes, finding to our surprise, that they are twice as elastic as H3 

nucleosomes. Remarkably, upon CENP-C binding, CENP-A nucleosomes markedly rigidify by 

three-fold and cause three-dimensional compaction of centromeric chromatin fibers. In vivo, we 

demonstrate that CENP-A chromatin plasticity is required for recruitment of the transcriptional 

machinery. Indeed, overexpression of CENP-C led to overcompaction of centromeric CENP-A 

chromatin, reduced the levels of RNA polymerase 2 (RNAP2) occupancy at centromeres, which 

we show is concomitant with a reduction of de novo CENP-A loading in early G1. These data 
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support a model in which a balance between elastic and rigidified centromeric nucleosomes 

regulates the plasticity and fidelity of the centromeric chromatin fiber in vivo. 

 

Results 

CENP-A nucleosomes are highly elastic compared to H3 nucleosomes 

Previous computational results found that CENP-A nucleosomes are conformationally 

distortable compared to canonical H3 nucleosomes31. One prediction from these experiments was 

that nucleosome distortability would correlate with nucleosome elasticity; in other words, the 

more deformable a nucleosome, the more likely it is to be elastic. Elasticity of materials is 

measured by the ratio of stress (N/m2 or Pascal) to strain (indentation), known as the Young’s 

modulus. In physics and biology, nano-indentation experiments are a well-accepted means of 

measuring the elastic properties of biological materials32-34. 

 

Despite the longstanding use of nanomechanical force spectroscopy, we were surprised to 

discover that the elasticity of nucleosomes of any kind, has never been reported. Therefore, we 

performed in-fluid, single-molecule, nano-indentation force spectroscopy35,36 of canonical H3 

and variant CENP-A nucleosomes within in vitro reconstituted arrays under physiological 

conditions (Figure 1A). As reported earlier37,38, we found that in vitro reconstituted CENP-A 

nucleosomes possess dimensions similar to H3 nucleosomes (3.7±0.3 and 3.8±0.3 nm, resp.) 

(Table S1). Next, we performed in-fluid nano-indentation on these reconstituted nucleosomes 

(Figure 1A,B). H3 nucleosomes had a Young’s modulus of 11.1±4.5 MPa. Strikingly, CENP-A 

nucleosomes were nearly twice as elastic (6.2±3.9 MPa, Figure 1B-D, Table S2) as H3 

nucleosomes. 
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Figure 1. CENP-A nucleosomes are elastic 

(A) To be able to determine the Young’s modulus of CENP-A and H3 nucleosome arrays, we in vitro reconstituted 

these arrays by salt dialysis. (B) Graphical representation of nano-indentation force spectroscopy experiment for H3 

and CENP-A nucleosomes. (C) Representative AFM images and force curves with Hertz model (spherical indenter) 

of reconstituted H3 and CENP-A nucleosomes. (D) Histogram  and summary table of Young’s modulus values 

showing that CENP-A nucleosomes are more elastic than H3 nucleosomes (ANOVA test P<0.0001). 

 

Modeling CENP-A:CENP-CCD nucleosomes predicts a change in conformational flexibility 

These elasticity measurements are compatible with previous computational modeling results, 

which demonstrated that CENP-A nucleosomes have an intrinsically more distortable 
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fertility, the basis of which is not fully understood [37]. H3f3a is expressed ubiquitously during mouse 
embryonic development until day E13.5, as well as adult heart, kidney, brain, testes, and ovaries [38]. 
In another series of experiments, a retroviral gene trap insertion of H3f3a created a hypomorphic 
mutation. The resulting mutant mice were indistinguishable from wild-type mice at birth, but 
nevertheless 50% died within 24 hours. Surviving mutant mice displayed retarded growth, impaired 
neuromuscular activity, and reduced fertility [38], pointing to the importance of the H3f3a in 
maintaining proper cellular activity. The phenotype for the H3f3b knockout was even equally severe, 
with 50% of H3f3b knock-out embryos dying during the second half of embryogenesis. Most of these 
embryos exhibited abnormal development indicative of a broad failure of embryonic growth [39]. An 
even more dramatic phenotype was observed when both H3.3s were knocked-down by morpholinos [40], 
or with siRNAs [40]. Morpholino disruption of H3.3 in Xenopus resulted in defects in late gastrulation, 
a phenotype mimicked by knock-down of the H3.3 chaperone HIRA (Table 1) [40]. Knock-down of 
both H3.3 genes in mouse oocytes resulted in arrest in early blastocyte stage. This phenotype is 
exclusively dependent on the maternal H3.3 pool to regulate the reactivation of imprinted genes in 
both the maternal and paternal genome [41], since the paternal genome has not yet been activated. 
Finally, a role for H3.3 in establishing heterochromatin at endogenous retroviral elements in mouse 
embryonic stem cells has been shown [42]. Altogether, these targeted gene disruption studies 
emphasize the importance of H3.3 in regulating various stages of development. 

Independent of its importance in development, in slow dividing or non-replicative cells, H3.3 also 
accumulates at transcribed regions and sites of DNA repair [43]. Not only is H3.3 enriched at these 
genomic regions, it can also induce senescence together with its cleaved version (1–21 aa), which is 
incorporated into the chromatin by the chaperone HUCA complex, and subsequently represses the 
transcription of cell cycle regulators, presumably due to the loss of N-terminal modifications [43]. 
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 6 

nucleosome core, compared to H3 nucleosomes31. The corresponding free energy landscape 

predicts the existence of multiple conformational states of CENP-A. Next,  we performed all-

atom explicit-solvent molecular dynamics simulations with, or without the central domain 

fragment of CENP-C (CENP-CCD)39-41, from which we obtained the free energy landscapes of 

CENP-A nucleosomes. Strikingly, in the presence of CENP-CCD, the otherwise rugged free 

energy landscape of CENP-A nucleosomes collapses into just two broad basins (Figure 2A), with 

a distribution similar to that of H331. This change in the free energy landscape manifested itself 

in the loss of the bimodal distribution of the movements of the center of mass (Figure S1A). 

Furthermore, local structural flexibility was also suppressed upon CENP-CCD binding (Figure 

S1B). Overall, these findings indicate that CENP-CCD limits the conformational distortability and 

motions of CENP-A nucleosomes. 

 

Next, we computationally examined the effect of doubling the amount of CENP-C per CENP-A 

nucleosome. Compared to a single CENP-CCD fragment, binding two CENP-CCD fragments 

globally reduced whole histone motions and local residue fluctuations of CENP-A nucleosomes 

(Figure S2A, B). We also assessed DNA gyre sliding and gaping motions within the CENP-A 

nucleosome. We modeled these motions using the same residues as in previous smFRET 

experiments33. In support of these published experimental data, our high-resolution analysis 

showed that a single CENP-CCD fragment dampened the CENP-A nucleosome gyre gaping; 

where DNA slides asymmetrically away from the CENP-C bound-face of CENP-A nucleosomes. 

In contrast, two CENP-CCD fragments froze both, gaping and sliding motions (Figure 2B, S2C). 

One prediction from these modeling data is that increasing CENP-C concentration should 

dampen CENP-A nucleosomal plasticity in a dose-dependent manner. 
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CENP-CCD rigidifies CENP-A nucleosomes 

We were curious whether CENP-CCD would suppress CENP-A nucleosomal elasticity. First, we 

measured the dimensions of CENP-CCD bound to CENP-A nucleosomes, finding that they are 

slightly taller than CENP-A nucleosomes alone (3.7±0.3 nm vs. 4.1±0.4 nm) (Table S1). Next, 

we measured the Young’s modulus. About half the CENP-A nucleosomes remained highly 

elastic (5 MPa), whereas the other half lost elasticity by a factor of three (14.5 MPa) (1-way 

ANOVA P<0.0001; Figure 2C-E, Table S2). This bimodal distribution of the CENP-A+CENP-

CCD population most likely represents two distinct CENP-A sub-species: one free (5 MPa), and 

the other bound to CENP-CCD (14.5 MPa). When we doubled the amount of CENP-CCD, 

virtually all CENP-A nucleosomes lose elasticity, and become rigidified (17.1±10.6 MPa, Figure 

1D,E, Table S2) in a dose-dependent manner. 
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neuromuscular activity, and reduced fertility [38], pointing to the importance of the H3f3a in 
maintaining proper cellular activity. The phenotype for the H3f3b knockout was even equally severe, 
with 50% of H3f3b knock-out embryos dying during the second half of embryogenesis. Most of these 
embryos exhibited abnormal development indicative of a broad failure of embryonic growth [39]. An 
even more dramatic phenotype was observed when both H3.3s were knocked-down by morpholinos [40], 
or with siRNAs [40]. Morpholino disruption of H3.3 in Xenopus resulted in defects in late gastrulation, 
a phenotype mimicked by knock-down of the H3.3 chaperone HIRA (Table 1) [40]. Knock-down of 
both H3.3 genes in mouse oocytes resulted in arrest in early blastocyte stage. This phenotype is 
exclusively dependent on the maternal H3.3 pool to regulate the reactivation of imprinted genes in 
both the maternal and paternal genome [41], since the paternal genome has not yet been activated. 
Finally, a role for H3.3 in establishing heterochromatin at endogenous retroviral elements in mouse 
embryonic stem cells has been shown [42]. Altogether, these targeted gene disruption studies 
emphasize the importance of H3.3 in regulating various stages of development. 

Independent of its importance in development, in slow dividing or non-replicative cells, H3.3 also 
accumulates at transcribed regions and sites of DNA repair [43]. Not only is H3.3 enriched at these 
genomic regions, it can also induce senescence together with its cleaved version (1–21 aa), which is 
incorporated into the chromatin by the chaperone HUCA complex, and subsequently represses the 
transcription of cell cycle regulators, presumably due to the loss of N-terminal modifications [43]. 
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Figure 2. CENP-CCD binding rigidifies CENP-A nucleosomes 

(A) The free energy landscape of CENP-A nucleosomes alone or CENP-A nucleosome with CENP-CCD fragment 

was determined by principle component analysis. CENP-A nucleosomes display a rugged free energy landscape, 

which is locked down when CENP-CCD is bound, increasing the connectivity of the energetic minima. (B) All-atom 

computational modeling of DNA gyre gapping or DNA gyre sliding of CENP-A nucleosome alone or bound to 

either 1 or 2 CENP-CCD fragments. (C) Graphical representation of nano-indentation force spectroscopy experiment 

for CENP-A nucleosomes alone and incubated in the presence of 2.2-fold or 4-fold excess CENP-CCD fragment. (D) 

Histogram of Young’s modulus values showing that CENP-A nucleosomes become rigidified upon addition of 

CENP-CCD in a dose-dependent manner (ANOVA test P<0.0001). (E) Tabular representation of the Young’s 

modulus for H3, CENP-A, CENP-A nucleosomes with 2.2-fold, or 4-fold excess CENP-CCD. 

 

Altering the balance between flexible and rigid CENP-A domains changes chromatin 

plasticity 

These modeling and nano-indentation data support a model in which CENP-C fixes the elastic 

CENP-A nucleosome in a conformational state more similar to H3 nucleosome, and compact 

CENP-A chromatin. We were very curious to elucidate potential functions for elastic CENP-A 

nucleosomes and open vs. closed chromatin states in vivo.  

 

We first hypothesized that during mitosis smaller CENP-A particles might provide a mechanical 

“bungee”-like state, which allows the dissipation of mitotic forces. In this scenario, we 

postulated, excess CENP-C would dampen the motions of CENP-A (Figure 2), thereby reducing 

the overall springiness of centromeric chromatin; and loss of the flexible CENP-A domain might 

result in an accumulation of DNA breaks during mitosis. To test this hypothesis, we transiently 

overexpressed C-terminally tagged GFP CENP-C (OE) for three days, in cells synchronized to 

late mitosis and early G1 (Figure 3A) and scored for the DNA break marker gH2A.X. Although 
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we do observe an increase in mitotic defects (Figure S3, no appreciable increase in gH2A.X was 

observed at centromeric foci (Figure S4). These data, a priori, do not provide evidence that 

flexibility of CENP-A plays a direct role in dissipation of mitotic tension. 

 

A second hypothesis we considered was whether the flexible CENP-A domain provides an open 

chromatin state, permissive to transcription. This hypothesis is supported by the observation 

CENP-A chromatin cannot compact through H1 due to CENP-A’s shorter aN helix which 

prevents DNA entry/exit cross-overs42. In this scenario, we postulated, excess CENP-C should 

compact the open chromatin state, thereby inhibiting the transcriptional machinery, namely, 

RNA polymerase 2 (RNAP2). In turn, because centromeric transcription has been shown to be 

critical for de novo CENP-A loading43, compaction driven by loss of elasticity could result in 

loss of transcriptional potential, and thereby impact new CENP-A loading. 

 

Indeed, in vitro, we noticed a qualitative increase in clustering of reconstituted CENP-A 

nucleosome when exposed to CENP-C. This phenomenon occurred in a dose-dependent manner 

(Figure S5A). We were curious to know whether we could induce CENP-A chromatin 

compaction simply by adding recombinant CENP-CCD fragment to kinetochore-depleted CENP-

A chromatin fraction. We purified bulk CENP-A chromatin from human cells and incubated 

these samples with our CENP-C for 30 minutes, followed by analysis of clustering. We observed 

a ~30% increase in chromatin compaction upon the addition of CENP-CCD (Figure 3B, Table 

S3). One logical outcome from these results is that excess CENP-C would encode a centromeric 

fiber that is less permissive to chromatin binding factors, such as the transcriptional machinery. 
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We tested this hypothesis by overexpressing CENP-C in vivo for three days, after which we 

purified kinetochore-associated CENP-A chromatin and kinetochore-depleted CENP-A 

chromatin by serial N-ChIP (Figure 3C). First, we assessed whether overexpression of CENP-C 

would also induce CENP-A chromatin compaction in vivo. We purified kinetochore-depleted 

CENP-A chromatin (second ACA N-ChIP) and measured compaction as above. We observed a 

doubling of compacted chromatin states relative to controls (Figure 3D, Table S3). Next, we 

measured the nucleosomal dimensions of the kinetochore-associated CENP-A nucleosomes, and 

of kinetochore-depleted CENP-A nucleosomes. In cells overexpressing CENP-C, CENP-A 

nucleosomes displayed a marked increase in particle height, whereas kinetochore-associated 

CENP-A nucleosomes did not display a change in particle height (2.0±0.5 nm vs 3.5±0.8 nm, 

and 2.7±1.0 nm vs 2.7±1.2 nm resp. Figure S5B, Table S4). These data suggest that in the 

CENP-C overexpression background, there is not only enhanced clustering and compaction of 

CENP-A chromatin, but also a general shift towards suppression of plasticity of individual 

CENP-A nucleosomes. 
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Figure 3. CENP-C overexpression compacts CENP-A chromatin, making it inaccessible to RNAP2 

(A) Schematic representation how HeLa cells were synchronized to late M/early G1 by double thymidine block. (B) 

Chromatin compaction was measured by average circumference of particles, as this would distinguish both 

compacted chromatin and clustered nucleosomes from individual nucleosomes. In vivo ACA N-ChIP samples with 

and without either the addition of CENP-CCD. (* p-value< 0.05) (C) Graphical representation of serial N-ChIP 

experimental procedure. (D) In vivo chromatin compaction was measured by average circumference of particles, as 

this would distinguish both compacted chromatin and clustered nucleosomes from individual nucleosomes. ACA N-

ChIP samples with and without CENP-C overexpression (OE) were compared. (** p-value< 0.005)  (E) Western 

blot analysis of serial N-ChIP probing for RNAP2 and various centromere and chromatin markers. Quantification of 

RNAP2 and CENP-A levels were determined (* p-value< 0.05). 
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CENP-C overexpression suppresses RNA polymerase 2 occupancy and de novo CENP-A 

loading 

During late mitosis and early G1, RNAP2 is present at the centromere43. We wondered whether 

overexpression of CENP-C, and thus the induction of more compacted CENP-A chromatin, 

would lead to reduced accessibility for RNAP2. Indeed, by western blot analysis, when CENP-C 

is overexpressed we observed a significant reduction in RNAP2 at both CENP-A domains (3- 

and 2-fold reduction, resp.; t-test p<0.05; Figure 3D, Table S5). 

 

Figure 4. New CENP-A loading impaired upon CENP-C overexpression 

(A) Schematic of experimental design. (B) De novo CENP-A incorporation was assessed by quench pulse-chase 

immunofluorescence. After old CENP-A was quenched with TMR-block, newly loaded CENP-A was stained with 

TMR-Star and foci intensity was measured over total CENP-A foci intensity. (C) Quantification of de novo CENP-A 

loading (** p-value< 0.005). 

 

Work from several labs have recently suggested that transcription of centromeric DNA is 

required for de novo CENP-A loading43. In this scenario, overexpression of CENP-C, which 

suppressed RNAP2 at centromeres (Figure 3E), should also lead to reduced de novo CENP-A 

loading. An initial clue leading to this possibility was already gleaned from our initial western 
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blot analysis, in which overexpression of CENP-C led to a significant reduction in the 

kinetochore-depleted CENP-A population (t-test p<0.05; Figure 3E, Table S5). We wanted test 

the idea that this reduction in CENP-A levels might have arisen from reduced de novo CENP-A 

loading. Therefore, we turned to the well-established SNAP-tagged CENP-A system combined 

with quench pulse-chase immunofluorescence27 to track de novo integrated CENP-A. Strikingly, 

in the CENP-C overexpression background, we observed a 2.3-fold reduction of de novo 

incorporation of CENP-A (t-test p<0.01; Figure 4, Table S6). 

 

Taken together, these data suggest elastic CENP-A nucleosomes create an intrinsically open 

chromatin environment, which is rigidified by CENP-C.  

 

Discussion 

Previous computational modeling experiments suggested that nucleosomes containing the 

CENP-A can intrinsically sample altered conformations and are structurally “frustrated” 

compared to canonical H3 nucleosomes31. In a plasticine vs. rock model, we predicted that a 

structurally “frustrated” nucleosome would manifest itself in distinctly different elasticity. 

Indeed, by novel single molecule nano-indentation force spectroscopy, CENP-A nucleosomes 

are twice as elastic as canonical nucleosomes (Figure 1). 

 

FRET experiments of in vitro reconstituted CENP-A mononucleosomes showed restricted DNA 

gyre gapping and sliding33. These data suggested that kinetochore components could choose and 

fix one or a few specific conformational states. Indeed, when we modeled CENP-A nucleosomes 

alone, vs. those bound to CENP-CCD, we observed both, a marked diminution of motion, and free 
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energy minima, representing lost conformational flexibility (Figure 2A,B, S1, S2). The 

diminution of conformational flexibility correlates with a loss of elasticity of CENP-A 

nucleosomes upon CENP-CCD binding (Figure 2D,E).  

 

 

Figure 5. A balance between elastic and rigidified CENP-A nucleosomes governs centromere chromatin 

fidelity 

Working model showing that a balance exists between the intrinsically elastic CENP-A nucleosomes and its 

kinetochore-induced rigidified form. The elastic CENP-A chromatin creates an open chromatin state permissive of 

the recruitment of the transcriptional machinery, which is critical for de novo incorporation of CENP-A. When this 

balance is disturbed by for instance CENP-C overexpression, CENP-A chromatin becomes overcompacted, which 

impedes the necessary recruitment of the transcriptional machinery, and subsequently reduced new CENP-A 

loading. 

 

Our hypothesis is that elasticity of CENP-A contributes to the accessibility of the centromeric 

chromatin fiber, potentially by allowing nucleosomes to deform or slide more easily. Indeed, in 

support of this idea, overexpression of CENP-C resulted in centromere chromatin compaction 

and decreased localization of RNAP2 at CENP-A chromatin, which correlates with the loss of de 

novo CENP-A loading (Figure 3, 4). In a working model based on these data, a balance between 

kinetochore bound rigid CENP-A nucleosomes, and unbound elastic CENP-A nucleosomes 
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exists to maintain the fidelity of centromere chromatin. In this working model, intrinsically open 

chromatin state is created by CENP-A nucleosomes are potentially bound to other factors (such 

as Mis18BP1), permitting recruitment of RNAP2, which in turn facilitates incorporation of new 

CENP-A nucleosomes (Figure 5). When this balance is disturbed resulting in loss of unbound 

CENP-A chromatin, for instance through overexpression of CENP-C, the level of centromeric 

CENP-A will reduce, jeopardizing centromeric fidelity. This working model, we think, also 

sheds light on the paradox of how centromeric transcription required for new CENP-A loading is 

enabled in the context of actively engaged kinetochores. 

 

Not all nucleosomes are identical, as many contain histone variants, giving them distinct 

functions. In this report, we demonstrate how a single histone variant can alter the intrinsic 

biophysical properties of a nucleosome, which can be over-ridden by its cognate protein partners, 

thereby impacting the structural and functional state of the resulting chromatin fiber. An ongoing 

extension of this work is to test whether partnering with alternative histone variants, such as that 

reported in cancer cells41,43-46, impacts CENP-A nucleosomal elasticity. In this context, testing 

whether suppressing such cancer-specific partnerships changes the outcome at ectopically 

occupied loci, most significantly, at neocentromere like domains41,46 is an outstanding avenue of 

future investigation. 

 

We note that centromeric DNA and centromeric protein genes are rapidly evolving12-17,47. Not all 

species share all kinetochore components: centromeric genes are lost, duplicated, and sometimes 

invented48-50. Despite these evolutionary changes, the distinctive chromatin structure of 

centromeres must be maintained, to accomplish its conserved function during mitosis. 
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Investigating whether CENP-A structures and their elasticities are conserved, or co-evolve with 

specific kinetochore proteins, will also provide critical clues into what drives the evolution of 

centromere chromatin, in turn serving as an excellent model for studying the evolution of 

epigenetic systems in the genome. 
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Online Methods 

Key Resources Table 

Reagents or 
Resource 

Source Identifier 

Antibodies 
ACA serum BBI 

Solutions 
SG140-2 

Anti-GFP Santa Cruz sc-9996 
Anti-CENP-A 
(mouse) 

Abcam ab13939 

Anti-CENP-A (rabbit) Abcam ab45694 
Anti-CENP-A (rabbit) Milipore 04-205 
Anti-CENP-B (rabbit) Santa Cruz sc-22788 
Anti-CENP-C (guinea 
pig) 

MBL Int. PD030 

Anti-CENP-C (rabbit) Santa Cruz sc-22789 
Anti-RNA 
polymerase II 

Millipore 05-623 

Anti-RNA 
polymerase II 

Abcam ab5095 

Anti-CENP-N Avivasysbio ARP57258-P050 
Anti-CENP-I Bethyl A303-374A 
Anti-CENP-T Bethyl A302-314A 
Anti-CENP-W Invitrogen PA5-34441 
Anti-MIS12 Abcam ab70843 
Anti-HEC1/NDC80 GeneTex GTX70268 
Anti-macroH2A.1 Abcam ab37264 
Anti-gH2A.X Abcam ab2893 
Anti-gH2A.X Abcam ab11174 
Anti-H2A.Z Abcam ab4179 
Anti-H2A Abcam ab18255 
Anti-H2B Abcam ab1790 
Anti-H4 Cell 

Signaling 
2935T 

Anti-H3 Santa Cruz sc-8654 
Software and Algorithms 
RepBase  hhtp://www.girinst.org/repbase 
Gwyddion  http://gwyddion.net/ 
R  https://www.r-project.org/ 
NIH ImageJ  https://imagej.nih.gov/ij/ 
Bio-Formats  https://www.openmicroscopy.org/bio-formats/ 
PyMOL  https://pymol.org/2/ 



CRaQ  http://facilities.igc.gulbenkian.pt/microscopy/microscopy-
macros.php 

 

 

Contact for Reagent and Resource Sharing 

Requests for further information or reagents should be directed to the Lead Contact, Yamini 

Dalal (dalaly@mail.nih.gov) 

 

Experimental Model and Subject Detail 

HeLa cells (female cells derived from cervical adenocarcinoma) were obtained from ATCC 

CCL-2 and grown at 37ºC and 5% CO2 in T-175 tissue culture flasks from Sarstedt (Cat. 

#83.3912.002). 

 

Methods Details 

All-atom computational modeling 

Two nucleosomal systems were built for simulation: the CENP-A nucleosome as described 

previously1 and the CENP-A nucleosome with CENP-C fragment bound from PDB ID: 4X232. 

The CENP-CCD fragments were docked onto the CENP-A interface using the CE algorithm3 of 

PyMOL (The PyMol Molecular Graphics System). Both systems were started from the final time 

point of our previous 1 μs simulation and the coordinates, velocities, parameters, and system 

setup and analysis methods were replicated1. Both CENP-A and CENP-A with one and two 

CENP-CCD bound were simulated for an additional microsecond and the first 600 ns of 

simulation time were truncated from the dataset for further analysis and to account for 

equilibration. Furthermore, we calculated the relative positions of three phosphate backbone 



atoms at positions -33, -43, and +38 numbered from the 5’ (−) to 3’ (+) direction relative to 

the pseudo-dyad. The distances between these points and the skew of the triangle formed were 

measured and then plotted with the initial position of residue -33 set to (0,0) on an xy-plane. 

The distribution of Dy and Dx of +38 relative to -33 and -34 was used to measure DNA gaping 

and sliding respectively. These distributions were visualized with standard box plots showing 

the mean, the central rectangle showing the interquartile range, and whiskers extending to the 

extrema. The distribution of polygons contains the minima and maxima of all three vertices 

were plotted visually with triangles to visually represent changes in skew and the range of 

sizes.  

 

Native Chromatin-Immunoprecipitation and western blotting 

Human cell line HeLa were grown in DMEM (Invitrogen/ThermoFisher Cat #11965) 

supplemented with 10% FBS and 1X penicillin and streptomycin cocktail. N-ChIP experiments 

were performed without fixation. After cells were grown to ~80% confluency, they were 

harvested as described here1,4, but with a few modifications. In short, cells were harvested, 

washed with PBS and PBS containing 0.1% Tween 20 (Sigma-Aldrich cat #P7949). Nuclei were 

released with TM2 (20 mM Tris-HCl, pH 8.0; 2 mM MgCl2; 0.5 mM PMSF) with 0.5% Nonidet 

P-40 (Sigma-Aldrich cat #74385). Afterwards, nuclei were washed with TM2 and dissolved in a 

total volume of 2 mL of 0.1 M TE (10 mM Tris-HCl, pH 8.0; 0.2 mM EDTA, 100 mM NaCl). 

Subsequently, chromatin was digested for 6 minutes with 0.25 U MNase (Sigma-Aldrich cat 

#N3755-500UN) and supplemented with 1.5 mM CaCl2. MNase reaction was quenched with 10 

mM EGTA. All centrifugations were done at 1000 rpm at 4ºC. The cell or nuclei pellet was only 

tapped once to facilitate braking them up. Supernatant was removed, and chromatin extracted 



overnight in low salt solution (0.5X PBS; 0.1 mM EGTA supplemented with a protease inhibitor 

cocktail (Roche cat #05056489001). N-ChIP chromatin bound to Protein G Sepharose beads (GE 

Healthcare cat #17-0618-02) were washed twice with ice cold 0.5X PBS and spun down for 1 

minute at 4ºC at 800 rpm. For a serial N-ChIP, the first unbound fraction was saved and 

subjected to a second N-ChIP. Westerns were done using LiCor’s Odyssey CLx scanner and 

Image Studio v2.0. 

For CENP-C overexpression we transfected HeLa cells with pEGFP-CENP-C using the Amaxa 

Cell Line Nucleofector Kit R (Lonza cat#VVCA-1001) per manufacturer’s instructions. HeLa 

cells were synchronized to early G1 by double thymidine block (0.5 mM, Sigma-Aldrich 

cat#T9250). After the first block of 22 hours, cells were released for 12 hours, followed by a 

second thymidine block of 12 hours. Cells were released for approximately 11 hours, which 

corresponds to early G1, based on our previous reports1,4,5. 

 

AFM and image analysis 

Imaging of CENP-C and CENP-A N-ChIP and bulk chromatin was performed as described6,7 

with the following modifications. Imaging was performed by using standard AFM equipment 

(Oxford Instruments, Asylum Research’s Cypher S AFM, Santa Barbara, CA) with silicon 

cantilevers (OTESPA or OTESPA-R3 with nominal resonances of ~300 kHz, stiffness of ~42 

N/m, and tip radii of 3–7 nm and FESP with ~75 kHz, 2.8 N/m and 7 nm, respectively, Bruker-

Nano) in noncontact tapping mode. Usually, 10 µl stock solution of 4× diluted CENP-C or 10× 

diluted CENP-A chromatin or 1,000× diluted bulk chromatin was deposited on APS-mica. APS-

mica was prepared as previously described6,7. The samples were incubated for 10 min, rinsed 



gently to remove salts, and dried under vacuum before imaging. Images were acquired at high 

resolution and preprocessed on the NanoScope instrument software. 

 

For the compaction study, we added 1 ng CENP-CCD to purified ACA samples and incubated 

them for 30 minutes prior to deposition on APS-mica and subsequent imaging. To determine the 

compaction frequency, we manually counted compacted chromatin clusters based on their size 

being at least twice as wide as an individual nucleosome, but with an identifiable entry and exit 

DNA strand. 

 

Automated image analysis was performed as described in 6  by using Gwyddion software, NIH 

ImageJ software (NIH), and R software (instead of Microsoft Excel). A total of six biological 

replicates were performed for CENP-C experiments and three biological replicates for the 

CENP-A and bulk chromatin experiments. Bulk chromatin from the same preparation was 

imaged in parallel to get the baseline octameric range. For all samples, manual spot analyses 

were performed to confirm accuracy of automated analyses.  

 

Force spectroscopy 

In vitro reconstitution of CENP-A (CENP-A/H4 cat#16-010 and H2A/H2B cat#15-0311, 

EpiCypher, Research Triangle Park, NC) and H3 (H3/H4 cat#16-0008 and H2A/H2B cat#15-

0311, EpiCypher Research Triangle Park, NC) nucleosomes were performed as previously 

described6,7 CENP-C482-527 fragment (ABI Scientific, Sterling, VA) was added in 2.2-fold molar 

excess to CENP-A nucleosomes. To be able to measure the Young’s modulus, the reconstituted 

chromatin was kept in solution containing 67.5 mM NaCl and 2 mM Mg2+ and a different 



cantilever (Olympus micro cantilever cat# BL-AC40TS-C2. Before each experiment, the spring 

constant of each cantilever was calibrated using both GetReal™ Automated Probe Calibration of 

Cypher S and the thermal noise method8. Obtained values were in the order of 0.1 N/m. As a 

reference to obtain the indentation values, the photodiode sensitivity was calibrated by obtaining 

a force curve of a freshly cleaved mica surface. All experiments were conducted at room 

temperature. Force-curves for ~50 nucleosomes for all three conditions were measured using 

both ‘Pick a Point’ and force-mapping mode. The maximum indentation depth was limited to 

~1.5 nm and the maximum applied force was 150-200 pN. For our analyses, we used Hertz 

model with spherical indenter geometry for Young’s Modulus measurements, δ = [3(1 – 

ν2)/(4ER1/2)]2/3F2/3 (for a spherical indenter), where ν is the Poisson ratio of the sample, which is 

assumed to be 1/3 as in studies reported previously9,10; δ, F, E, and R are the indentation, force, 

Young’s modulus of the sample and radius of the tip respectively. The radius of the tip was 

confirmed by SEM and found to be about 10 nm in width. 

 

Immunostaining of mitotic chromosomes 

HeLa cells were synchronized to mitosis with double thymidine block. Primary antibodies 

CENP-C and CENP-A were used at dilution 1:1000. Alexa secondary (488, and 568) were used 

at dilution of 1:1000. Images were obtained using DeltaVision RT system fitted with a CoolSnap 

charged-coupled device camera and mounted on an Olympus IX70. Deconvolved IF images 

were processed using ImageJ. Mitotic defects (lagging chromosomes and/or multipolar spindles) 

were counted for 83 and 76 cells (mock, GFP-CENP-C, respectively). 

 

Quench pulse-chase immunofluorescence 



To quantify de novo assembled CENP-A particles, we transfected HeLa cells with SNAP-tagged 

CENP-A (generous gift from Dan Foltz) in combination with either empty vector or GFP-CENP-

C using the Amaxa Nucleofector kit R (Lonza Bioscience, Walkersville, MD) per instructions. 

The quench pulse-chase experiment was performed according to Bodor et al 2012. In short, 

following transfection, cells were synchronized with double thymidine block. At the first release 

TMR-block (S9106S, New England Biolabs, Ipswich, MA) was added per manufactures 

instruction and incubated for 30 min at 37ºC, followed by three washes with cell culture media. 

At the second release TMR-Star (S9105S, New England Biolabs, Ipswich, MA) was added per 

manufactures instructions and incubated for 15 min at 37ºC, followed by three washes with cell 

culture media. Fourteen hours after adding TMR-Star, cells were fixed with 1% 

paraformaldehyde in PEM (80 mM K-PIPES pH 6.8, 5 mM EGTA pH 7.0, 2 mM MgCl2) for 10 

min at RT. Next, cells were washed the cells three times with ice cold PEM. To extract soluble 

proteins, cells were incubated with 0.5% Triton-X in CSK (10 mM K-PIPES pH 6.8, 100 mM 

NaCl, 300 mM sucrose, 3 mM MgCl2, 1 mM EGTA) for 5 min at 4ºC. The cells were rinsed with 

PEM and fixed for a second time with 4% PFA in PEM for 20 min at 4ºC. Next, the cells were 

washed three times with PEM. Cells were permeabilized with 0.5% Triton-X in PEM for 5 min 

at RT and subsequently washes three times with PEM. Next, the cells were incubated in blocking 

solution (1X PBS, 3% BSA, 5% normal goat serum) for 1 hr at 4ºC. CENP-A antibody (ab13979 

1:1000) was added for 1 hr at 4ºC, followed by three washes with 1X PBS-T. Anti-mouse 

secondary (Alexa-488 1:1000) was added for 1hr at 4ºC, followed by three 1X PBS-T and two 

1X PBS washes. Following air-drying, cells were mounted with Vectashield with DAPI (H-

1200, Vector Laboratories, Burlingame, CA) and the coverslips were sealed with nail polish. 

Images were collected using a DeltaVision RT system fitted with a CoolSnap charged-coupled 



device camera and mounted on an Olympus IX70. Deconvolved IF images were processed using 

ImageJ and the macro CRaQ11. 

 

Quantification and Statistical Analyses 

Significant differences for nucleosome height measurement from AFM analyses and significant 

differences for immunostaining quantification, and chromatin compaction quantification, were 

performed using the t-test as described in the figure legends and main text. Significant 

differences for the Young’s modulus of in vitro reconstituted H3, CENP-A, and CENP-A + 

CENP-CCD were determined using 1-way ANOVA test. Significance was determined at p <0.05. 
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Supplemental Figure Legends 

 



Figure S1. CENP-A nucleosomes display diminished local flexibility when bound to CENP-

CCD 

(A) The distance between the center of mass (COM) of histone dimers is shown in blue for 

CENP-A + CENP-CCD and in red for CENP-A. Upon CENP-CCD binding the center of mass of 

various histone dimer pairs of the CENP-C nucleosome is limited, which means that CENP-CCD 

induces a global loss of CENP- A nucleosome flexibility. (B) Residue root mean square 

fluctuations (RMSF) shows freezing of local flexibility in the CENP-A nucleosome shown in red 

and with CENP-CCD bound shown in blue. In the region of CENP-CCD binding, the first 

heterotypic half on the top panel, CENP-CCD is seen to freeze the acidic patch and the loop 1 

region of CENP-A. Dashed lines separate individual histones.  

 

Figure S2. Two CENP-CCD fragment strengthens rigidification of CENP-A nucleosomes 

(A) The distance between the center of mass (COM) of histone dimers is shown in red for 

CENP-A, blue for CENP-A + 1 CENP-CCD, and in orang for CENP-A + 2 CENP-CCD. Two 

CENP-CCD fragment exaggerated the COM distances compared to a single CENP-CCD fragment, 

which means that 2 CENP-CCD further induces a global loss of CENP-A nucleosome flexibility. 

(B) Residue root mean square fluctuations (RMSF) shows freezing of local flexibility in the 

CENP-A nucleosome shown in red, 1 CENP-CCD bound shown in blue, and 2 CENP-CCD bound 

shown in orange. In the region of CENP-CCD binding, the first heterotypic half on the top panel, 

CENP-C is seen to freeze the acidic patch and the loop 1 region of CENP-A. One CENP-CCD 

creates asymmetry, especially at the C-terminal end of H2A and H2B, this is abrogated when the 

second CENP-CCD is bound. Dashed lines separate individual histones. (C) All-atom 

computational modeling of DNA gyre separation or DNA gyre sliding of CENP-A nucleosome 



alone or bound to either 1 or 2 CENP-CCD fragments. In each panel, each triangle represents a 

snapshot from simulation. 

 

Figure S3. CENP-C overexpression leads to increased mitotic defects 

Quantification of mitotic defects (multipolar spindles and/or lagging chromosomes) in HeLa 

cells with or without three days of CENP-C overexpression. 

 

Figure S4. CENP-C overexpression did not increase double strand DNA breaks 

Representative images of either wild-type or CENP-C overexpressing HeLa cells. HeLa cells 

were transfected 3 days and synchronized to early G1 prior to fixation and staining for CENP-C, 

CENP-A, and gH2A.X, a dsDNA break marker. No difference in gH2A.X foci was observed 

between the two samples. 

 

Figure S5. Chromatin compaction was altered upon exposure to CENP-C, but CENP-C 

associated CENP-A nucleosomes remained unchanged. 

(A) Representative images of either in vitro reconstituted CENP-A nucleosomes with or without 

CENP-CCD, or in vivo extracted ACA N-ChIP from either untreated sample where we added 1 ng 

CENP-CCD, or WT versus CENP-C OE. (B) Quantification of nucleosomal particle heights of 

both elastic (ACA N-ChIP) and rigidified (CENP-C N-ChIP) CENP-A nucleosomes (unbound 

and bound CENP-A’s) in wild-type or CENP-C overexpressing cells in early G1. 
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Supplemental Figure S5
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