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In brief

Chardon et al. discovered, using various

single-molecule techniques, that

centromeric DNA self-organizes into non-

B-form DNA including hairpins and that

CENP-B promotes DNA loop formation

within centromeric repeats. This CENP-

B-mediated architecture is important for

the organization of centromeric

chromatin and favors centromere

maintenance and integrity in human cells.
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SUMMARY
Chromosome inheritance depends on centromeres, epigenetically specified regions of chromosomes. While
conventional human centromeres are known to be built of long tandem DNA repeats, much of their architec-
ture remains unknown. Using single-molecule techniques such as AFM, nanopores, and optical tweezers, we
find that human centromeric DNA exhibits complex DNA folds such as local hairpins. Upon binding to a spe-
cific sequencewithin centromeric regions, the DNA-binding protein CENP-B compacts centromeres by form-
ing pronounced DNA loops between the repeats, which favor inter-chromosomal centromere compaction
and clustering. This DNA-loop-mediated organization of centromeric chromatin participates in maintaining
centromere position and integrity upon microtubule pulling during mitosis. Our findings emphasize the
importance of DNA topology in centromeric regulation and stability.
INTRODUCTION

Centromeres are essential regions of chromosomes acting as

platforms for kinetochore assembly and microtubule (MT)

attachment to guide proper genome repartitioning during both

mitosis and meiosis (Fukagawa and Earnshaw, 2014; Mellone

and Fachinetti, 2021). Despite being epigenetically regulated,

most centromeres across multiple species are enriched with

particular types of AT-rich DNA sequences, raising questions

on the functionality of such repeats (Dumont and Fachinetti,

2017; Talbert and Henikoff, 2020).

In human cells, centromeres are built with a unique type of

DNA tandem repeats, called a-satellites (a-sat) (Wu and Manue-

lidis, 1980), organized in a head-to-tail configuration of single AT-

nucleotide-rich 171-bp monomers with high sequence similarity

(Altemose et al., 2021). These monomers form larger repetitive

units named higher order repeats (HORs) that span up to 5 Mb

and represent �3% of the total genome (Logsdon et al., 2021;

Miga et al., 2020). Within roughly one in every other a-sat repeat

there is a unique, and highly conserved, 17-bp DNAmotif named

centromeric protein B (CENP-B) box, bound by CENP-B (Earn-

shaw et al., 1987; Gamba and Fachinetti, 2020; Masumoto

et al., 1989; Muro et al., 1992; Yoda et al., 1992). CENP-B origi-
nates from the domestication of pogo-like transposases (Casola

et al., 2008), and it is the only known centromeric DNA-

sequence-specific binding protein that associates with the

a-sat of all centromeres (except the Y chromosome; Earnshaw

et al., 1987).

DNA repeats are known to self-assemble into unusual struc-

tures through base-pairing (Mirkin, 2007). Given its repetitive na-

ture, AT-rich centromeric DNA is likely no exception. Accord-

ingly, in silico predictions and NMR spectroscopy studies on

satellite DNA from various species have suggested the presence

of short DNA dyad symmetries (Kasinathan and Henikoff, 2018)

that can favor the formation of several types of non-B-form

DNA, such as hairpins (Gallego et al., 1997; Jonstrup et al.,

2008), Z-DNA (Li et al., 2009), and intercalated motifs (i-motifs)

(Garavı́s et al., 2015; Nonin-Lecomte and Leroy, 2001). Forma-

tion of secondary structures were not predicted in centromeres

containing CENP-B boxes, suggesting that CENP-B itself could

be implicated in promoting secondary structures once bound to

centromeric DNA (Kasinathan and Henikoff, 2018). CENP-B was

shown to have DNA-bending properties leading to a translational

positioning of the nucleosome (Tanaka et al., 2001, 2005a; Yoda

et al., 1992). Furthermore, the distribution of CENP-B boxes sug-

gests that CENP-B influences the positioning of centromeric
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Figure 1. Centromeric DNA has higher propensity to form secondary structures

(A) Schematic of the scope of the manuscript: investigate the presence of secondary structures (depicted as bended arrows) within centromeric DNA (straight

arrows) and assess if/how CENP-B (light blue circles) reorganizes centromeric DNA once it is bound to CENP-B boxes (small blue triangles) and, if so, the

functionality in vivo.

(legend continued on next page)
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nucleosomes (Hasson et al., 2013; Nechemia-Arbely et al., 2017)

and overall chromatin fiber architecture (Tawaramoto et al.,

2003; Yoda et al., 1998).

Whether human centromeres fold into unique secondary DNA

structures and how CENP-B binding remodels the overall repet-

itive centromeric architecture are still key unsolved questions

(Figure 1A). Secondary structures have been implicated in main-

tenance of centromere identity (Kasinathan and Henikoff, 2018;

Mellone and Fachinetti, 2021) and stability (Black and Giunta,

2018; Bloom and Costanzo, 2017), but clear experimental dem-

onstrations of their existence and roles in human cells are

missing. Here, we use a wide range of single-molecule tech-

niques to show that human centromeric DNA self-organizes

into non-B-form secondary DNA structures. Binding of CENP-

B to CENP-B boxes is then capable of reshaping centromeres

by forming sub-micron sized DNA loops between repeats that

compact and cluster centromeric chromatin. Further, we show

that CENP-B-mediated DNA looping is a highly important feature

to preserve centromere positioning and DNA integrity in

living cells.

RESULTS

Human centromeric DNA forms secondary structures
To directly interrogate the existence of non-B-form DNA in hu-

man centromeres, we generated centromeric DNA (17 a-sat

monomers, �3 kb) derived from the two human sex chromo-

somes (hereafter referred to as CenY and CenX) and chromo-

some 3 (Cen3) (Figure S1A). All these sequences are known to

be bound by CENP-A in vivo (Dumont et al., 2020; Skene andHe-

nikoff, 2015). To directly visualize whether centromeric DNA per

se was prone to form non-canonical DNA structures at nano-

meter resolution, we first used atomic force microscopy (AFM)

(Binnig et al., 1986; Japaridze et al., 2016). The measured con-

tour length (1,000 nm) and the apparent DNA persistence length

(50 nm)—ameasure describing the stiffness of the DNAmolecule

(Rubinstein and Colby, 2003; Figure S1B; Table S1)—of linear

centromeric DNA deposited on mica surface were in good

agreement with previously reported values for B-form DNA (Ja-

paridze et al., 2016, 2017; Baumann et al., 1997).
(B) Representative zoomed AFM images of relaxed, hairpin, and complex DNA s

(C) Bar graph depicting the relative frequency of the type of structures shown in (B

(N = 318), AGM (N = 207), and TelDNA (N = 360). The category ‘‘others’’ include

(D) Bar graph shows hairpin frequency on the different DNA fragments. Unpaired

(E) AFM image of a hairpin DNA formed on CenX DNA with corresponding schem

bars, 200 nm.

(F) Violin plot showing hairpin length in the indicated DNA. Bars represent media

(G) Frequency of CenX (red) or AGM (blue) hairpin distances from either one of th

CenX, while blue and brown dotted lines mark AGM centromeric DNA or backbo

(H) Schematic depiction of the nanopore setup and various types of control DNA tr

type II events indicate a double dsDNA fold. Inset shows the TEM image of the 7

(I) Two examples of CenX (left) and CenY (right) current traces along with schema

direction.

(J)Maximum current blockade distribution for control 3-kbDNA (N = 496) (left), Cen

indicate the event threshold set at 3 times the average current blockade of a sin

threshold level.

(K) Histogram showing the percentage of deep events from (J) that are larger than

on control DNA. Error bars show the SD. Unpaired t test * p = 0.0112; ** p = 0.00
Surprisingly, centromeric DNA was found to preferentially

form local double-stranded (ds) hairpins and complex secondary

structures rather than merely unstructured relaxed B-form DNA

(>50% of all structures; Figures 1B–1D). These pronounced fea-

tures were clearly due to the DNA sequence and not caused by

sample preparation, as non-repetitive DNA (pSK 3-kb linearized

plasmid lacking centromeric sequences) or repetitive but not-

centromeric DNA (12 tandem repeats of 208-bp Widom 601

sequence or telomeric DNA) only displayed relaxed conforma-

tions (>90% of all structures in pSK) or other structures with

only few hairpins (<10% of all structures) (Figures 1C, 1D, S1A,

and S1B). In addition, hairpin accumulation in centromeric

DNA was not due to Mg2+ ions in the buffer (known to affect sec-

ondary structure), as changing the Mg2+ concentration did not

affect their formation (Figure S1C). The formation of hairpins

and more complex secondary structures were also observed

on DNA derived from CenY and from the primate Chlorocebus

sabeus (AGM, African green monkey) (Figures 1C, 1D, S1A,

and S1B), both lacking CENP-B boxes and predicted to form

secondary structures in silico (Kasinathan and Henikoff, 2018).

This shows that these non-canonical DNA structures formed

independently of the presence of CENP-B boxes and are a com-

mon feature of centromeric DNA. Hairpin length was similar

across the different centromeric DNAs (CenX: 41 ± 18 nm,

Cen3: 53 ± 19 nm, CenY: 47 ± 19 nm, AGM: 42 ± 23 nm;

mean ± SD), and hairpins were distributed unevenly along the

whole range of centromeric DNA but not outside of it (Figures

1E–1G). This indicates that hairpin structures can form within

the same a-sat monomer or involve two consecutive ones (me-

dian of 106–147 bp; 1 bp = �0.33 nm; Ghosh and Bansal,

2003) and that they could form at several sites along the DNA

molecules.

To confirm these AFM results, we investigated the formation of

secondary structures of centromeric DNA molecules in solution

by using solid-state nanopores (Japaridze et al., 2021; Plesa

et al., 2016; Kumar Sharma et al., 2019). The method is based

on electrophoretic voltage-driven translocation of DNA mole-

cules across a nanometer-sized pore (7-nm diameter in our

case) (Figure 1H). The translocation of the DNA across the

pore temporarily disrupts the flow of ions which leads to a
tructures. Scale bars, 100 nm.

). Control SK DNA (N = 107), CenX (N = 139), CenY (N = 80), Cen3 (N = 120), 601

s DNA loops and complex structures. See Table S1 for details.

t test *p = 0.0105. See Table S1 for details. Error bars show the SD.

atic depiction of the hairpin distance from the end and the hairpin length. Scale

n, dotted bars quartiles. See Table S1 for details.

e two DNA ends (N = 55 and 70, respectively). Red dotted line marks length of

ne, non-centromeric DNA. See Table S1 for details.

anslocation events. Type I events indicate translocation of an unfolded dsDNA;

-nm pore used in the measurements. Scale bars, 5 nm.

tic of how the DNA may be folded. Black arrows indicate the DNA translocation

XDNA (N = 87) (middle), andCenYDNA (N = 279) (right). Horizontal dotted lines

gle DNA helix (3xIo). Red circles indicate the DNA events that are above the

the threshold level. Deep events are seen only on both CenX and CenY, but not

89.

Molecular Cell 82, 1–17, May 5, 2022 3



A B

C D

Figure 2. CENP-B proteins form a tetrameric complex with centromeric DNA

(A) Representative microscale thermophoresis (MST) experiment to measure the affinity between FL-CENP-B (dots) or CENP-BDC (squares) and a 57-bp DNA

fragment containing 1 CENP-B box. Lines represent binding curves fitted using Kd-binding model. See Table S1 for details.

(B–D) SEC-MALS analyses identify the stoichiometry of the indicated complexes. Blue lines: light-scattering profiles (3 angles combined) and molecular masses

of CENP-B either full-length (B) or delta dimerization domain (DC) (D); green lines: light-scattering and mass profiles of the 57-bp DNA containing (B and D) or not

(C) the CENP-B box sequence; red lines: profiles obtained when CENP-B and the DNA fragment are mixed before injection. Here, we can observe: CENP-B

dimers in complex with two CenDNA molecules (B), CENP-B dimers that did not interact with DNA (C), and a single molecule of CENP-B that interacts with only

one molecule of CenDNA (D). The expected molecular masses (in kDa) are indicated. The measured kDa were calculated with Astra 6.1.7 (Wyatt).
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drop in the measured current. Based on the magnitude of these

current blockades, it is possible to estimate the folding of DNA

molecules sincemultiple DNA helices that traverse the nanopore

in parallel yield a deeper blockade than a single helix (Plesa et al.,

2016; Kumar Sharma et al., 2019). As expected, the control 3-kb

DNA showed translocation events of so-called type I and type II

(Plesa and Dekker, 2015; Storm et al., 2005), which are the result

of a single dsDNA or a single folded DNA that is translocating

through a pore (Figures 1H, 1J, and S1D). In contrast to the con-

trol, both CenX and CenY showed additional, much deeper, and

more heterogeneous blockade events, indicating complex DNA

folding in solution (Figures 1I, 1J, S1D, and S1E). By setting the

threshold 3 times the average current blockade of a single

DNA helix, we observed that only �1% of all molecules dis-

played deep translocations in control DNA, while this percentage

was significantly higher in centromeric DNA (27.6% and 6.1% for

CenX and CenY, respectively) (Figures 1J and 1K).
4 Molecular Cell 82, 1–17, May 5, 2022
Taken together, these results indicate that human centromeric

DNA is folded into non-B-form DNA as hairpins and more com-

plex structures.

Homodimers of CENP-B bind to CENP-B boxes forming a
tetrameric complex
Next, we wanted to examine the capability of CENP-B to bind

and reshape centromeric DNA. We first expressed and purified

full-length (FL) CENP-B and its dimerization mutant (DC) (Figures

S2A and S2B). CENP-BDC has the capacity to bind and bend

DNA (Tanaka et al., 2001), but it cannot dimerize (and hence

likely cannot form any secondary structure). Both FL-CENP-B

and CENP-BDC bind to a short DNA sequence containing one

CENP-B box motif with the same apparent KD (0.5 mM) as deter-

mined by microscale thermophoresis (MST) (Figure 2A). To

determine the absolute molar masses and the stoichiometry of

this interaction, we performed size-exclusion chromatography
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Figure 3. High-resolution optical tweezers detect DNA changes due to homodimer CENP-B binding to CENP-B boxes

(A) Schematic of the experiment. DNA is clamped between two beads held by optical traps. Loop formation induced by CENP-B is detected as a change of the

DNA end-to-end length. An example of force-distance curve obtained after pulling a structured DNA is also shown.

(B) Averaged and normalized stretch curves for CenX, CenY, and PKYB1 (control) DNA. The predicted behavior for dsDNA (black line) is also shown. Error bars

show the SEM.

(C) Violin plots show the distribution of the determined contour length in the indicated conditions. Mann-Whitney U test, ns: 0.05 < p, **: 0.001 < p < 0.01,

***: 0.0001 < p < 0.001, ****: p < 0.0001. See Table S1 for details.

(legend continued on next page)
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multi-angle light-scattering (SEC-MALS) analysis (Figure 2B).

FL-CENP-B protein (blue curve) formed a homodimer as re-

vealed by its molecular weight (MW of 218 kDa), while the molar

mass of DNA alone (green curve) is close to the expected value

(38.6 kDa) (Figure 2B). Pre-incubation of FL-CENP-B with DNA

(red curve) revealed a main peak at 282 kDa corresponding to

a dimer of CENP-B in complex with two molecules of DNA. We

observed two additional peaks, corresponding to the excess of

DNA (43.9 kDa), and a shoulder on the main peak (248.3 kDa)

that could correspond to a transition state with a dimer of

CENP-B complexed with one DNA molecule (Figure 2B). This

formation of a CENP-B/DNA tetrameric complex was specific

to the presence of the CENP-B box and dependent on the dimer-

ization domain of CENP-B (Figures 2C and 2D). In summary,

these data show that a CENP-B dimer specifically interacts

with two different molecules of DNA containing CENP-B boxes

through its dimerization and DNA-binding domain.

We then assessed if and how CENP-B shapes the topology of

the centromeric DNA. To test the binding properties of CENP-B

to DNA, we used CenX and CenY, the latter serving as a negative

control since it lacks CENP-B boxes and CENP-B cannot bind to

it. Within the 17 a-sat monomers, CenX contained 7 potential

CENP-B-binding sites (4 canonical CENP-B boxes consensus

sequences of NTTCGNNNNANNCGGGN and 3 putative ones

NTTCNNNNNANNCGGGN) (Figure S2C). The electrophoretic

mobility shift assay (EMSA) on CenX revealed that FL-CENP-B

and CENP-BDC were both capable of binding to DNA (Fig-

ure S2D) in a concentration-dependent manner (Figure S2E).

As previously reported (Yoda et al., 1998), CENP-B binds several

CENP-B boxes and promotes DNA complexes as judged by the

presence of a higher MW smear that disappeared with the

removal of the CENP-B dimerization domain (Figure S2D).

Similar results were obtained on CenX derivatives (CenX-300,

-500 and -700) that carry three, four, or five monomers of a-sat

DNA embedded in non-centromeric DNA with varying distances

between the two CENP-B boxes (Figures S2F–S2H). Here, we

could also detect a band with about twice the MW of a single

DNA molecule, which likely represents two molecules of DNA

brought together by CENP-B via its dimerization domain (Figures

S2G and S2H).

Homodimers of CENP-B reshape centromeric DNA
To assess the architecture of centromeric DNA at a single-mole-

cule level, we employed high-resolution optical tweezers that

enable DNA manipulation with sub-nanometer spatial and pico-

newton (pN) force accuracy to obtain force/distance curves. A

single dsDNA of CenX or CenY was attached at both ends to
(D) Representative force-distance curves obtained in the indicated conditions.

(E) Bar graph showing the frequency of the occurrence of discontinuities in the st

each sample is also indicated. c2 test: ***: 0.0001 < p < 0.001, ****: p < 0.0001. S

(F) Examples of 5 color coded force-distance curves of CenX + FL-CENP-B. The

(G) Map of possible interactions between CENP-B boxes sites derived from the d

open black. Colored lines mark interaction between potential B box sites. Distan

(H and I) Force-clamp experiments of CenX without (H) or with (I) CENP-B. The

normalized to 1.

(J) Map of possible interactions between CENP-B boxes sites derived from the d

open black. Blue lines mark interaction between potential B box sites. Distance

6 Molecular Cell 82, 1–17, May 5, 2022
beads (Figure 3A). These beads were then manipulated by two

optical traps while the force response and the length of the

DNA were measured (Figures 3A and S3A). When CenX or

CenY were stretched at a constant velocity, we observed the

typical force-distance curve for DNA with a non-linear force in-

crease expected for a worm-like chain (WLC) followed by a

typical force plateau at �65 pN indicating overstretching of the

dsDNA helix (Figure 3B; Smith et al., 1996). However, when

comparing their stretch response to the prediction (WLC with a

persistence length of �50 nm, as measured by AFM; Table

S1), it became evident that centromeric DNA, but not non-

centromeric DNA (PKYB1 DNA), got softer, which led to a

force-dependent shortening with a length decrease of up to

�30 nm at �10 pN (Figures 3B and S3B). Quantitatively, when

fitting an extensible WLC to the initial segment (up to 30 pN) of

the force-distance curve (Odijk, 1995), this softening is the result

of a strong reduction of the apparent persistence length (26 ±

12 nm for CenX, 17 ± 7 nm for CenY, 43 ± 11 nm for PKYB1,

mean ± SD) (Figures S3C and S3D). Since the persistence length

of dsDNA under stable buffer conditions is highly reproducible

(Gross et al., 2011), we relate the force-dependent shortening

of centromeric DNA to the occurrence of non-B-form DNA as

observed in the AFM and nanopore assays.

We then tested how addition of CENP-B impacts the structure

of centromeric DNA. For this we first quantified the apparent

DNA contour length as obtained from the WLC fit with addition

of FL-CENP-B or CENP-BDC at non-saturating condition. The

measured apparent contour length of the CenX was found to

be reduced by 100–300 nm upon FL-CENP-B binding (Figures

3C, S3E, and S3F; Table S1). The distribution of the apparent

contour length of CenX in the presence of CENP-B showed

distinct peaks with maxima at 0.75, 0.9, and 1 mm (Figures S3E

and S3F). This reduction in length was not observed for CenX

alone or CenY ± FL-CENP-B that instead showed only a single

peak at �1 mm, representing the length of the bare DNA. Since

CenX has multiple binding sites for CENP-B, the two peaks

around 0.75 and 0.9 mm could correspond to the formation of

several structures (as DNA loops) between different CENP-B

sites, which were larger than what observed by AFM (as hairpin

in Figure 1). Since binding of proteins to DNA could also lead to

shortening of the DNA helix, which can be measured directly

using optical tweezers (Heller et al., 2014), we tested changes

in CenX following incubation with CENP-BDC. CENP-BDC led

indeed to partial shortening of the DNA (�100 nm) due to its

binding proprieties and the presence of several CENP-B boxes;

however, very few curves had a contour length shorter than

0.8 mm (Figures 3C, S3E, and S3F; Table S1). In contrast, for
retching curve indicating the formation of secondary structure. Square root for

ee Table S1 for details.

gray curve shows a stretch curve of CenX in the absence of CENP-B.

ata shown in (F). Canonical B boxes are depicted in black, potential B boxes in

ce between B boxes is indicated.

y axis represents the probability density function and area of the histogram is

ata shown in (I). Canonical B boxes are depicted in black, potential B boxes in

between B boxes is indicated.
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Figure 4. CENP-B promotes loop formation on centromeric DNA via its dimerization domain

(A) (Left) Schematic of the AFM experimental setting. (Center) Representative AFM image of a looped CenX bound by CENP-B. Scale bars, 50 nm. (Right)

Schematics depicting the various statistical properties measured for the DNAmolecules and for DNA loops: total DNA contour length (cyan dotted line), radius of

gyration (white arrow), loop length (red dotted line), and distance to DNA end (blue dotted line).

(B) Violin plots showing the distribution of the control DNA or CenX DNA contour length with or without full-length (FL) or dimerization mutant (DC) CENP-B.

Horizontal dashed line represents the mean in control DNA without CENP-B. Bars represent median, dotted bars quartiles. See Table S1 for details.

(C) Violin plots showing the distribution of the DNA radius of gyration in the indicated conditions. Horizontal dashed line marks the mean in control DNA without

CENP-B. Bars represent median, dotted bars quartiles. See Table S1 for details.

(D) Representative large scale (left) and zoomed (right) AFM images of CenX DNA + CENP-B complexes. CENP-B forms multiple loops when bound to the

centromeric DNA. Scale bars, 200 and 100 nm, respectively.

(E) Bar graph depicting the relative frequency of the type of structures per DNA fragment in the indicated conditions. Horizontal dashed line represents the number

of looped DNA molecules in the control DNA without CENP-B. See Table S1 for details.

(legend continued on next page)
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CenX + FL-CENP-B 30% of the curves fell into this category of

shorter contour length. In summary, our data show that binding

of CENP-B to the CENP-B boxes and its subsequent dimeriza-

tion leads to a compaction of the centromeric DNA (measured

as the apparent contour length), likely due to the formation of

secondary structures.

During stretching of CenX DNA in the presence of FL-CENP-B,

we observed steps in which the force suddenly dropped in about

50% of cases, while this was rarely observed in the other condi-

tions (Figures 3D and 3E). Changes in the DNA length during the

jumps were directly related to the position of CENP-B boxes

(Figures 3F and 3G), which indicates that these steps were

most likely related to the opening of CENP-B-mediated second-

ary structures. These structures form only between two consec-

utive CENP-B boxes (from �187 to �560 bp [�56 to �168 nm],

but never bigger than �560 bp) and can form at multiple sites

(max 3) on the same molecule (Figures 3F and 3G). Most struc-

tures were resolved when a force >than 20 pNwas applied, while

others (the one forming a �350-bp structure) can remain stable

until the overstretching transition (up to 60 pN). When the same

CENP-B-bound CenX DNA was stretched multiple times, the

length of the DNA increased over time, and the discontinuities

in the curve disappeared (Figure S3G). This suggested that the

secondary DNA structureswere resolved during stretching, likely

due to the unbinding of CENP-B from the DNA or to the CENP-B/

CENP-B dimers going apart.

To further examine the force dependence of CENP-B binding

to CenX, we performed force-clamp experiments. In these

experiments, the DNA was held at a constant low force (5, 10,

or 15 pN) maintained by a feedback loop, while the length of

the DNA was measured. When CenX was clamped in the

absence of CENP-B, the apparent contour length (calculated

with the eWLC model) showed only a single peak at �1 mm (Fig-

ures 3H and S3H; Table S1). Interestingly, contrary to the typical

behavior of dsDNA, the exact contour length slightly changed

with force from 0.97 mm at 5 pN to 1.02 mm at 15 pN, which pre-

sumably is related to the force-dependent dissolution of non-B-

form DNA structures such as hairpins. When CenX was incu-

bated with FL-CENP-B just prior to clamping, we frequently

observed sudden stepwise elongation of the DNA even at a con-

stant low force, with many peaks observed between 0.75 and

1 mm at 5 pN (Figures 3I, 3J, and S3I). This stepwise elongation

presumably originates from opening of several DNA structures

formed by CENP-B due to varying distances of the CENP-B-

binding sites (Figures 3I and 3J). We never observed structure

larger than �700 bp, as we never detected peaks lower than

0.75 mm, similarly to the steps in the force-distance curves (Fig-

ures 3D–3G). The distribution of the apparent contour length

changed drastically in relationship to the forces. At 10 pN,

most of these peaks disappeared suggesting a lower stability
(F) Bar graphs show the percentage of molecules with >2 DNA loops in the indic

(G) Violin plots showing the DNA loop length in the indicated conditions. Horizonta

Bars represent median, dotted bars quartiles. See Table S1 for details.

(H) Tukey box plot showing the distance from the DNA loop to the nearest linear DN

S1 for details.

For all graphs, the center line marks the median and significance was tested using

***: 0.0001 < p < 0.001, ****: p < 0.0001.
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due to the applied force. At this constant force only several

peaks around 1 mm remained, with the addition of a unique

peak between 0.8 and 0.85 mm that reflects structures of

�350 bp, as observed in the force/distance curves (Figures 3F

and 3G). At 15 pN, only the peak around 1 mm remained,

indicating that all previous DNA structures had resolved under

the impact of the constant applied force. To conclude, force/

distance curves on single dsDNA molecules revealed that

CENP-B compacts centromeric DNA and promotes formation

of secondary structures of a defined size.

CENP-B binding to centromeric DNA forms DNA loops
via its dimerization domain
We then used AFM again to investigate which type of secondary

structures were present. To this end, we deposited DNA incu-

bated with increasing concentrations of CENP-B (between 4.5

and 18 nM) on mica surfaces with the addition of spermidine to

kinetically trap the DNA-protein complexes (Japaridze et al.,

2016; Pastré et al., 2006). We then compared the various phys-

ical properties of the CenX/CENP-B FL or DC complexes with

the values obtained for the control samples (Figure 4A). Even

at the highest concentration (18 nM), FL-CENP-B did not change

the contour length of the DNA compared with DNA alone (Fig-

ure 4B; Table S1), indicating that the proteins were neither wrap-

ping nor changing the local twist of the DNA. Importantly, the free

radius of gyration of the molecules, a measure describing their

average globular size, changed upon binding of FL-CENP-B

(150 ± 40 nm for CenX DNA alone compared with 120 ± 35 nm

for the highest protein concentration; mean ± SD, Figure 4C;

Table S1). The persistence length of CenX also decreased signif-

icantly when CENP-Bwas added (from 52 ± 3 nm in CenX to 35 ±

3 nm in CenX + CENP-B; Table S1). Changes in the free radius of

gyration and persistence length were not observed on the pSK

control DNA at the same FL-CENP-B protein concentrations

and were only moderately detected when the dimerization

domain of CENP-B was removed (Figure 4C; Table S1). Alto-

gether, this indicates that CENP-B increases the compaction

of centromeric DNA in agreement with the optical tweezers

data (Figure 3C).

AFM analysis revealed the presence of DNA loops (Figures 4D,

S4A, and S4B). Linear DNA fragments can randomly form DNA

loops by self-crossings uponmica surface deposition, especially

in the presence of spermidine (Figure S4C). In order to distin-

guish between such DNA-self crossings and the CENP-B-medi-

ated loops, we measured the frequency of the DNA loops, their

size and position relative to the nearest DNA linear end (Fig-

ure 4A). The frequency of DNA loops in the CenX DNA increased

with increasing concentrations of FL-CENP-B, up to almost

double compared with the pSK control (from 36% to 65%,

respectively), while this was not observed in the case of the
ated condition. Error bars show the SEM.

l dashed lines marked the expected loop size (highlighted as blue background).

A end. Lines mark the position of the first canonical CENP-B boxes. See Table

the Mann-Whitney U test, ns: 0.05 < p, *: 0.01 < p < 0.05, **: 0.001 < p < 0.01,
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CENP-BDC (Figure 4E). At the highest protein concentration, half

(50.4%) of all looped DNA structures formed two or three loops

(only 17.3% and 22.7% for CenX alone or CenX with CENP-BDC,

respectively; Figure S4D) with three-looped DNA specifically

accumulating (22% for CenX + FL-CENP-B versus 6.9% for

CENP-BDC) (Figures 4F and S4D).

The DNA loop sizes were also different between the different

conditions; loops formed by randomDNA deposition were of un-

specific sizes in CenX alone (230 ± 120 nm) and similar to the

control DNA (Figure 4G; Table S1). In this case, the loop size

was unaffected by the addition of the protein to control pSK

DNA (215 ± 115 nm and 230 ±115 nm at 0 and 18 nM CENP-

B, respectively, mean ± SD) or by adding CENP-BDC to CenX

(210 ± 90 nm) (Figure 4G). On the contrary, CENP-B bound to

CenX led to smaller loops in a concentration-dependent manner

and with a defined size (145 ± 55 nm) (Figure 4G). A loop length

that spans between 80 and 160 nm occurs in 60% of the

observed molecules at the highest protein concentration (Fig-

ure S4E) and matches the distance between two consecutive

CENP-B boxes (354–560 bp) (Figures 4G and S2C) and the

shortening of the apparent contour length observed by optical

tweezers (Figures 3F–3J). Similar changes in the loop size

upon CENP-B binding were observed in control DNA that con-

tains five a-sat monomers with two CENP-B boxes positioned

700 bp apart (Figure S4F).

Finally, FL-CENP-B-dependent loops on CenX were mainly

positioned between 117 and 185 nm away from the nearest

linear DNA end, in agreement with the position of the CENP-B

boxes along the DNA molecule (Figure S2C), with loops being

preferably formed toward the DNA ends. On the contrary, loops

were randomly positioned in CenX without CENP-B (mean of

CenX = 207 ± 94 nm versus CenX + CENP-B = 154 ± 48 nm,

mean ± SD) (Figures 4H and S4G). In summary, the AFM data

indicate that CENP-B compacts centromeric DNA via its dimer-

ization domain by forming �350–550 bp sized DNA loops, in

agreement with optical tweezers experiments.

CENP-B compacts and clusters centromeric chromatin
To assess whether the observed CENP-B-mediated DNA loops

reshape centromeric DNA in living cells, we used 3D structured

illumination microscopy (3D-SIM) of immunofluorescence (IF)-

Fluorescence in situ hybridization (FISH) against CENP-C and

a-sat. Here, we used pseudodiploid (average of �44 chromo-

somes; Dumont et al., 2020) colorectal cancer DLD-1 cells in

wild-type and CENP-B-depleted condition (Hoffmann et al.,

2020), further rescued with ectopic DOX-inducible FL-CENP-B

or CENP-BDC transcribed from an isogenic FRT site. We syn-

chronized and analyzed cells in G1 to minimize variations of

centromere DNA due to different phases of the cell cycle. Image

analysis on hundreds of centromeres showed that centromeric

DNA (visualized with a-sat) is more compacted in wild-type cells

compared with CENP-B KO cells where a-sat is more disorga-

nized and dispersed (circularity: 0.91 ± 0.002 in WT versus

0.83 ± 0.003 in KO, mean ± SEM; Figures 5A and 5B; Videos

S1 and S2). This decompaction is mirrored as an increase in

the total area of centromeric DNA in CENP-B KO cells (0.29 ±

0.007 mm2 inWT versus 0.42 ± 0.01 mm2 in KO,mean ± SEM; Fig-

ures 5A and 5C; Videos S1 and S2). Importantly, these features
are not cell line dependent as they were also observed in

RPE-1 cells (a diploid, non-transformed cell line) (Figures 5B,

5C, and S5A) and in mouse fibroblasts depleted for CENP-B

(Figures S5B–S5D). Over-expression of FL-CENP-B, but not

CENP-BDC, further enhanced centromeric DNA compaction

(Figures 5A, 5B, and S5E; Videos S3 and S4) reinforcing the

role of CENP-B-mediated DNA loops in reshaping centromeric

DNA as observed by optical tweezers (Figure 3C) and AFM (Fig-

ure 4C). Over-expressed CENP-B did not, however, reduce

centromeric area, but rather caused an increase compared

with wild-type cells (Figure 5C). This increase derived from clus-

tering of various centromeres in G1-arrested cells as measured

by a reduction in the number of distinct visible a-sat foci

(Figure 5D). This clustering is dependent on the presence and

abundance of CENP-B, but it is only partially dependent on its

dimerization domain (Figures 5A and 5D; Videos S1, S2, S3,

and S4).

3D-SIM image analysis of IF staining with CENP-C and an anti-

centromere antibody (ACA), that recognizes mainly CENP-B,

on DLD-1 cells showed that highly expressed FL-CENP-B

organized centromeres into hollow, sphere-like structures of

�1–3 mm decorated with several distinct CENP-C foci in a

CENP-B concentration-dependent manner (Figures 5E–5H and

S5F–S5H; Video S5). Removal of the CENP-B dimerization

domain reduced the formation of these structures, their circu-

larity, and, partially, the extent of centromeric clusters (Figures

5E–5H and S5H; Video S6). Changes in centromere organization

were also detectable when CENP-B was expressed at its phys-

iological level (Figures S5H–S5K) confirming the IF-FISH data

(Figures 5A–5D). Altogether, our results show that CENP-B is

capable, via its dimerization domain, to compact and partially

cluster centromeric chromatin via the formation of highly ordered

centromeric structures.

DNA looping and compaction favor maintenance of
centromere position and integrity
We hypothesize that the CENP-B-mediated loops and DNA

compaction can provide a favorable environment that contribute

to maintain centromere position in interphase and/or centromere

integrity during mitosis.

To test the first hypothesis, we took advantage of our recently

developed CENP-A/COFF/ON system that allows us to condition-

ally abrogate and, subsequently, reactivate the centromere

epigenetic marks CENP-A and CENP-C with unprecedented

time resolution (Hoffmann et al., 2020). Using this system, we

previously demonstrated a key role for CENP-B in preserving

centromere position (Hoffmann et al., 2020). Here, we co-

depleted and reactivated both CENP-A and CENP-C in cells ex-

pressing FL-CENP-B or CENP-BDC (Hoffmann et al., 2020;

Figures 6A and S6A). Following depletion (via Auxin, IAA) and re-

activation (via IAA removal) of CENP-A/C, cells failed to reload

CENP-C in CENP-B downregulated cells (Figures 6B, 6C, S6A,

and S6B), as previously shown (Hoffmann et al., 2020). Expres-

sion of DOX-inducible FL-CENP-B, but not CENP-BDC, restored

centromeric CENP-C loading to a similar level as in control con-

dition (no RNAi) (Figures 6B, 6C, S6A, and S6B). These data

suggest that the dimerization domain of CENP-B favors centro-

mere maintenance by promoting CENP-C, and subsequently,
Molecular Cell 82, 1–17, May 5, 2022 9
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Figure 5. CENP-B compacts centromeric DNA and favors centromere clustering in living cells

(A) Representative 3D-SIM images in the indicated cell lines arrested in G1 with Palbociclib. White square marks a zoomed region, while yellow squares highlight

centromeres in single planes (Z = 0.125 mm). To express FL-CENP-B and CENP-BDC Dox was used at 0.1 mg/mL. Scale bars, 5 and 1 mm.

(B–D) Tukey box plots showing circularity (B), area (C), and number (D) of a-sat foci in the indicated cell lines. NR 1,000 centromeres, >40 cells. See Table S1 and

Data S1 for details.

(E) Representative 3D-SIM images with the indicated CENP-B constructs. White square marks a zoomed region, while yellow squares highlight centromeres in a

single plane. To express FL-CENP-B and CENP-BDC Dox was used at 1 mg/mL. Scale bars, 5 and 2 mm.

(F–H) Tukey box plot, bar graphs and violin plot showing quantification of circularity of ACA foci (F), the type of centromeres (G) and numbers of CENP-C foci per

ACA foci (H), respectively, in the indicated cell lines. Error bars in G show the SEM.N R 400 centromeres. See Table S1 for details.

For all graphs the center line marks the median and significance was tested using the Mann-Whitney U test, ns: 0.05 < p, *: 0.01 < p < 0.05, **: 0.001 < p < 0.01,

***: 0.0001 < p < 0.001, ****: p < 0.0001.
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Figure 6. CENP-B-mediated DNA loops and compaction favor centromere position and centromere stability in mitosis

(A) Schematic of the experiment shown in (B). e = ectopic; IAA = Auxin.

(B) Representative immunofluorescence image showing CENP-C and ACA localization after IAA treatment and wash-out. See Figure S6A for details. Yellow

squares mark zoomed regions. Scale bars, 5 mm.

(C) Dot blot showing CENP-C reloading in the indicated cell lines and conditions. Each dot represents one experiment with n > 30 cells and each experiment is

depicted with a different shape. The bar represents the SEM. Unpaired t test, **p = 0.0052. N = average of 68 cells per experiment. See Table S1 for details.

(D) Schematic representing the aim of the experiment shown in (E–I). See Figure S6D for experimental details.

(E) Violin plot and representative image showing inter-centromere distance between CENP-C dots (magenta) andmarked by Aurora B (green). Bars represent the

median, unpaired t test, *p = 0.015. N = average of 128 centromeres per experiment. See Table S1 for details.

(F) Representative FISH images of a chromosome with reduced DAPI staining (marked by a yellow arrow) at the centromere, identified with a CENP-B boxfish

probe. Scale bars, 3 mm.

(G) Quantification of the percentage ofmetaphase spreads showing reducedDAPI staining at the centromere. Each dot represents one experiment (depictedwith

a different shape) with N > 60 cells. The bars represent the SEM. c2 test, *p = 0.0343. N = average of 76 cells per experiment. See Table S1 for details.

(H) Representative immunofluorescence images showing CENP-C, gH2AX, and 53BP1. Yellow and orange squares mark zoomed regions. Scale bars, 5 mm.

(I and J) Quantification of the percentage of interphase centromeres showing 53BP1 staining in the indicated cell lines and conditions. Each dot represents one

experiment (depicted with a different shape) with an average of >40 cells/experiment. Dox: 1 ng/mL. The bars represent the SEM. Unpaired t test, *p = 0.02, **p =

0.002. N = average of 40 cells per experiment. See Table S1 for details.
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Figure 7. Model of centromeric DNA structure and function via CENP-B-mediated DNA loops

(A–E) Corresponding AFM images show (A) a hairpin of 50 nm (in CenX DNA) and (B) a DNA loop of 165 nm (in CenX + FL-CENP-B) with a scale bars, 100 and

200 nm, respectively. The 3D-SIM images in FL-CENP-B over-expressing cells show (C) compaction of a-sat DNA (magenta) bound by CENP-C (cyan) and two

centromeric clusters (D: a-sat DNA in magenta, CENP-C in cyan; E: CENP-B in green, CENP-C in purple). Scale bars, 1 mm.
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CENP-A deposition, possibly via the formation of centromeric

DNA loops and/or compaction.

We then tested whether these CENP-B-mediated DNA loops

could be important during mitosis, as tension develops in this

phase in response to external forces. Based on the force depen-

dence of DNA loop formation observed by optical tweezers, we

hypothesize that these DNA loops can function as a reservoir of

springs to absorb MTs-pulling forces (Lawrimore and Bloom,

2019) and to prevent centromeric breakage (Figure 6D). MT

forces have been already shown to promote stretching of centro-

meres (Cimini et al., 2001; Suzuki et al., 2014; Wan et al., 2009)

and, in certain conditions, loss of centromere integrity (Addis

Jones et al., 2019; Lera et al., 2019). We set up a protocol to spe-

cifically deplete centromeric CENP-B during G2/mitosis (via

Auxin-mediated degradation) and to extend MT pulling up to

3 h (via inhibition of the anaphase promoting complex/cyclo-

some [APC/C]) to exacerbate centromere tension (Figures S6C

and S6D). Constant MT pulling on kinetochores led to the recruit-

ment of the mitotic spindle checkpoint protein BUBR1 (Fig-

ure S6E), as already observed with the MT-stabilizing drug Taxol

(Taylor et al., 2001). Under these conditions and following

CENP-B depletion in G2/M, inter-centromere distance was

reduced (Figures 6E, S6F, and S6G). This suggests that CENP-

B-mediated DNA loops are important for creating a certain dis-

tance between sister chromatids, which could serve to absorb

MT-pulling forces. Following CENP-B removal, we observed a

significant increase in centromere fragility (detected as reduced

4,6-diamidino-2-phenylindole [DAPI] staining) on one or more

metaphase chromosomes possibly due to chromosome

breakage or decondensation of centromeric regions (Figures

6F and 6G), similarly to what we observed in CENP-A-depleted

cells (Giunta et al., 2021). Fragility of centromeres during con-

stant MT pulling and following CENP-B depletion in G2/M was

also confirmed by the accumulation at centromeric sites of the

DNA-damage markers gH2AX in mitosis and 53BP1 foci in the

following G1 (Figures 6H, 6I, and S6H–S6L). Expression of FL-

CENP-B significantly rescued accumulation of 53BP1 foci at

constitutive CENP-B-depleted centromeres, while expression
12 Molecular Cell 82, 1–17, May 5, 2022
of CENP-BDC was shown to be less efficient (Figure 6J). Centro-

meric 53BP1 foci also significantly decreased in CENP-B KO

cells released in the absence of prolonged MT pulling (nocoda-

zole release), confirming that prolonged MT-kinetochore tension

impacts centromere stability (Figure 6J).

In summary, lack of CENP-B-mediated DNA loops and conse-

quent DNA decompaction and reduced flexibility enhances

centromere fragility under MT forces.

DISCUSSION

The results presented in this manuscript change our perspective

of centromeres in many ways. We first demonstrate that human

centromere DNA folds into non-B-form DNA such as hairpins

and more complex folded structures (Figures 1 and 7). Intrigu-

ingly, these structures were observed in all the types of centro-

meric DNA that we analyzed suggesting an intrinsic tendency

to form non-B-form DNA. Secondary structures were not only

observed in ‘‘in silico-predicted’’ non-B-form DNA (as the

CENP-B-negative CenY in human and Cen7 in AGM; Kasinathan

and Henikoff, 2018) but also found in human centromeres that

derived from chromosome X and 3. This finding indicates that

secondary structures can form independently of the presence

of CENP-B boxes and also contrary to in silico predictions, as

observed in activated B cells in both minor and major satellites

(Kasinathan and Henikoff, 2018; Kouzine et al., 2017). This is

likely due to the presence at centromeric DNA of highly repeti-

tive, AT-rich regions that favor the formation of secondary struc-

tures such as hairpins. In vivo, it is possible that negative super-

coiling induced by the RNA polymerase II activity could also

facilitate the formation of sequence-specific non-B DNA struc-

tures (Talbert and Henikoff, 2020). Centromeric hairpins involve

dsDNA interactions, vary in position and length, and can form

within the same monomer or two adjacent ones. This suggests

that these structures might be highly dynamic and short-lived,

a hypothesis also supported by optical tweezers data where

we did not observe a stepwise transition between shorter (non-

B-form DNA) and longer (B-form DNA) states of the DNA in
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both force-distance (Figure 3B) and force-clamp (Figure 3H)

experiments.

CENP-B has been predicted to form and/or stabilize small

cruciform structures, therefore substituting the spontaneous for-

mation of non-B DNA (Kasinathan and Henikoff, 2018). Here, we

have shown that CENP-B is capable of modulating the topology

of centromeric DNA by forming structures that are larger than

cruciform or hairpin-like structures; single-molecule analysis by

AFM and optical tweezers revealed that CENP-B via its DNA-

binding and dimerization domains promotes the formation of

DNA loops of �350–560 bp (�115–185 nm) in length between

different a-sat monomers (Figures 3, 4, and 7). Interestingly,

similarly sized DNA loops were observed during replication of

centromeric-DNA-containing BAC in Xenopus sp. egg extracts

(Aze et al., 2016). Formation of DNA loops via CENP-B’s dimer-

ization region consequently promotes compaction of centro-

meric DNA into sphere-like structures leading to a reduction of

total centromeric DNA area in interphase cells (Figures 5

and 7). Similar ring-like organizations were also observed in

mitotic kinetochores in Xenopus sp. and human cells to promote

efficient capture of MTs (Sacristan et al., 2018; Wynne and Funa-

biki, 2016). Since CENP-BDC still showed a certain degree of

chromatin compaction, other domains of CENP-B likely involved

in heterochromatin (Otake et al., 2020) and/or transcription

(Chen et al., 2021) regulations might also be potentially partici-

pating in this process.

Centromere compaction mediated by CENP-B might facilitate

bundling of CENP-A nucleosomes that are expected to be

spaced between each other. In favor of this hypothesis, high-or-

der centromeric structures of �100–300 nm containing several

CENP-A nucleosomes were already observed (Andronov et al.,

2019) where other centromeric proteins such as CENP-C

(Melters et al., 2019) and CENP-N (Pentakota et al., 2017;

Zhou et al., 2021) could provide additional nucleosome bridging.

Here, we show that the CENP-B-mediated compaction of

centromeric chromatin in interphase favors CENP-C recruitment

and, overall, maintenance of centromere identity by possibly

bridging several centromeric nucleosomes creating a special

chromatin environment (Figures 6A–6C and 7). An alternative,

but not mutually exclusive model, is that secondary structures

similar to DNA loops might directly favor CENP-A deposition

(Mellone and Fachinetti, 2021), since centromeric DNA was

shown to be a preferential site for centromere formation in

human artificial chromosomes (HACs) (Ikeno and Hasegawa,

2020), on the Y centromere in human cells (Hoffmann et al.,

2020), and in BAC containing centromeric DNA (Aze et al.,

2016). In this context, the Holliday junction recognition protein

(HJURP) necessary for CENP-A incorporation (Fukagawa and

Earnshaw, 2014) may be an important factor due to its ability

to recognize cruciform structures on DNA (Kato et al., 2007).

Beside these intrachromosome connections, we report that

CENP-B promotes inter-chromosome interactions favoring cen-

tromeres clustering with a length of 1–2 mm (Figures 5 and 7). To

date, no other factor was clearly implicated in centromere clus-

tering other than condensin II (Hoencamp et al., 2021), and, while

centromere clustering is commonly observed in several species,

in human, it was mainly reported in non-dividing/quiescent lym-

phocytes (Muller et al., 2019). The ability of CENP-B to bring
together multiple centromeres could have functional relevance

to phase-separate certain centromeres to further control DNA

metabolism, such as replication or repair of centromeric regions.

Further, the possible existence of chromosome-specific pat-

terns within centromeric clusters (Muller et al., 2019) could

explain the existence of certain whole-arm chromosomal trans-

locations in pathological conditions such as cancer. To which

extent these clusters modulate the different levels of organiza-

tion of the eukaryotic genome will require further studies. An

interesting role could be attributed to DNA methylation (Scelfo

and Fachinetti, 2019), since it was proposed to inhibit CENP-B

binding (Tanaka et al., 2005b) and CENP-A-chromatin is known

to be built on hypomethylated regions (Logsdon et al., 2021;

Miga et al., 2020).

Finally, our data have direct implications on the maintenance

of genome stability, as centromere breakage and translocation

are commonly observed in several types of cancers. Non-B-

form DNA could impact replication fork progression leading to

double-strand breaks and HORs amplification and evolution

(Balzano andGiunta, 2020; Rice, 2019). In this view, centromeres

could represent regions with enhanced chromosomal fragility

(Barra and Fachinetti, 2018) where CENP-A (Giunta et al.,

2021), mismatch repair proteins (Aze et al., 2016), specialized

helicases (Li et al., 2018), proteins involved in the homologs

recombination pathway (Yilmaz et al., 2021), and other potential

factors are necessary to control their stability. While the role of

the CENP-B-mediated DNA loops during replication remains to

be investigated, we propose that they are important to sustain

centromere stability under MT tension. DNA loops could there-

fore favor the stretching of centromeres/kinetochores (visualized

as inter-kinetochore distance) to absorb the tension generated

duringMT pulling and shortening, which is in the range of several

hundreds of pNs (Anjur-Dietrich et al., 2021). This DNA looping

mechanism and/or chromatin compaction promoted byCENP-B

could facilitate chromosome segregation and maintenance of

centromere stiffness, since the absence of such DNA loops

causes an increased rigidity and subsequent fragility of centro-

meric DNA (Figures 6D–6J and 7). A similar spring-like function

for centromeres necessary to counteract MT dynamics has

been proposed in budding yeast (Lawrimore and Bloom, 2019;

Lawrimore et al., 2015). As CENP-B is not ubiquitously present

in all vertebrates and CENP-B-deficient centromeres exist

even in human (e.g., neocentromeres or the Y chromosome),

an important further question is whether there are alternative

mechanisms to modulate centromere topology.

In summary, our findings provide a significant step forward in

understanding of the basic architecture and organization of hu-

man centromeres. While CENP-B was described to play a role

in centromere formation (Ohzeki et al., 2020) and maintenance

(Hoffmann et al., 2020), heterochromatin establishment (Okada

et al., 2007) and kinetochore stability (Dumont et al., 2020; Fachi-

netti et al., 2015; Hoffmann et al., 2016) via protein-protein inter-

actions, this work provides implications on the importance of

DNA topology for centromeric regulation. Our data indicate

that organization and regulation of human centromeres resemble

those of other repetitive regions of the human genome, such as

telomeres and transposable elements, known to formDNA loops

via specialized protein complexes and to cluster to adopt a
Molecular Cell 82, 1–17, May 5, 2022 13
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certain genome architecture (Adam et al., 2019; Cournac

et al., 2016).

Limitations of the study
The work is limited to the study of four different types of centro-

meric DNA molecules (three derived from human and one from

Chlorocebus sabeus) and three non-centromeric ones with a

length of �2–4 kb, two human cultured cell backgrounds

(DLD-1 and RPE-1), and one derived fromMusmusculus (mouse

embryonic fibroblasts). The lack of non-B-form DNA structures

outside the analyzed regions or in other centromeric DNA and/

or the absence of CENP-B-mediated centromere compaction/

clustering in other cell types or in the context of an animal cannot

be excluded.
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and Villasante, A. (2015). The structure of an endogenous Drosophila centro-

mere reveals the prevalence of tandemly repeated sequences able to form

i-motifs. Sci. Rep. 5, 13307.

Ghosh, A., and Bansal, M. (2003). A glossary of DNA structures from A to Z.

Acta Crystallogr. D Biol. Crystallogr. 59, 620–626.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-CENP-B Abcam Cat# ab25734; RRID:AB_726801

Guinea pig polyclonal anti-CENP-C Clinisiences Cat# PD030; AB_10693556

Human polyclonal anti-centromere antisera (ACA) Antibodies Incorporated Cat# 15-235-0001; RRID: AB_2797146

Rabbit polyclonal anti-CENP-B Santa Cruz Biotechnology Cat# sc-22788, RRID: AB_2078775

Mouse monoclonal anti-aTubulin (clone DM1A) Sigma-Aldrich Cat# T9026;

RRID: AB_477593

Rabbit polyclonal anti-AuroraB Abcam Cat# ab2254; AB_302923

Mouse monoclonal anti-Vinculin (clone hVIN-1) Sigma-Aldrich Cat# V9264;

RRID: AB_10603627

Rabbit polyclonal 53BP1 Novus-biologicals Cat# NB100-304; AB_10003037

Mouse gH2AX Millipore/Upstate Cat# JBW301; AB_568825

Donkey polyclonal anti-mouse - Cy3 Jackson ImmunoResearch

Laboratories

Cat# 715-165-151;

RRID: AB_2315777

Donkey polyclonal anti-rabbit - Cy5 Jackson ImmunoResearch

Laboratories

Cat# 711-175-152;

RRID:AB_2340607

Donkey polyclonal anti-mouse - Alexa Fluor� 488 Jackson ImmunoResearch

Laboratories

Cat# 715-545-150; RRID: AB_2340846

Donkey polyclonal anti-rabbit - Cy3 Jackson ImmunoResearch

Laboratories

Cat# 711-165-152; RRID: AB_2307443

Donkey polyclonal anti-guinea pig - Alexa Fluor� 647 Jackson ImmunoResearch

Laboratories

Cat# 706-605-148; RRID: AB_2340476

Sheep anti-mouse - HRP GE Healthcare Cat# NA931l; RRID: AB_772212

Donkey anti-rabbit – HRP GE Healthcare Cat# NA934; RRID: AB_772206

Bacterial strains

NEB� 5-alpha Competent E. coli New England Biolabs Cat# C2987H

BL21-AI� One Shot� Chemically Competent E. coli Invitrogen Cat# C607003

Sf9 cells Gibco Cat# 11496015

High Five� Cells Gibco Cat# B85502

MAX Efficiency� DH10Bac� Competent Cells Thermo Fischer Scientific Cat# 10361012

Chemicals, peptides, and recombinant proteins

Indole-3-acetic acid (IAA) sodium salt Sigma-Aldrich Cat# I5148; CAS: 6505-45-9

Polybrene� Santa Cruz Biotechnology Cat# sc-134220; CAS 28728-55-4

VectaShield Vector Laboratories Cat# H-1000;

RRID: AB_2336789

Invitrogen� PureLink� HiPure Plasmid Filter Midiprep Kit Invitrogen Cat# 210014

QIAGEN Plasmid Plus Kit QIAGEN Cat# 12943

NucleoSpin Gel and PCR Clean-up, Mini kit Macherey-Nagel Cat# 740609.50

Q5� High-Fidelity DNA Polymerase New England Biolabs Cat# M0493L

dNTP set Invitrogen Cat# 10297117

Sf-900� II SFM medium Gibco Cat# 10902088

Insect-XPRESSTM Protein-free Insect Cell Medium Lonza Cat# BELN12-730Q

Any kD� Mini-PROTEAN� TGX� Precast Protein Gels BioRAD Cat# 4569036

InstantBlue� Coomassie Protein Stain Euromedex Cat# EX-ISB1L

Agarose Life Technologies Cat# 16500500

GelGreen� Nucleic Acid Gel Stain Biotium Cat# 41005

Tris Acetate EDTA (TAE) buffer EUROMEDEX Cat# EU0201-A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Tris Borate EDTA (TBE) buffer EUROMEDEX Cat# ET020-A

Sodium Dodecyl Sulfate (SDS) EUROMEDEX Cat# EU0660

Glycine Thermo Fischer Scientific Cat# 15665690

2xYT medium Thermo Fischer Scientific Cat# 11738892

Kanamycin EUROMEDEX Cat# UK0015-B

Ampicillin EUROMEDEX Cat# EU0400-A

Isopropyl-b-D-1-thiogalactopyranoside (IPTG) EUROMEDEX Cat# EU0008-A

L-(+)-Arabinose Sigma-Aldrich Cat# A3256-100G

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) EUROMEDEX Cat# 10-110-A

NaCl Thermo Fischer Scientific Cat# 16623410

Dithiothreitol (DTT) EUROMEDEX Cat# EU0006-B

Complete Protease Inhibitor Cocktail tab Sigma-Aldrich Cat# 1187358001

Phenylmethanesulfonyl fluoride (PMSF) Sigma-Aldrich Cat# P7626

D-(+)-Maltose Sigma-Aldrich Cat# M9171

Glycerol Thermo Fischer Scientific Cat# 15665690

ß-Mercaptoethanol Life Technologies Cat# 31350010

Imidazole Sigma-Aldrich Cat# 56750

KCl Thermo Fischer Scientific Cat# 15691160

MgCl2 Sigma-Aldrich Cat# 13152

NiSO4 Sigma-Aldrich Cat# 227676

NaN3 Sigma-Aldrich Cat# 71289

Tween20 Sigma-Aldrich Cat# P9416

SYBR Safe DNA Gel Stain Thermo Fischer Scientific Cat# S33102

1 kb DNA Ladder New England Biolabs (NEB) Cat# N3232S

L-Glutamine Thermo Fischer Scientific Cat# 25030149

MBP-CENP-B FL This study N/A

MBP-CENP-B DC This study N/A

CENP-B DC-6xHis-EGFP This study N/A

Chromatography columns 5ml MBPTrap� HP GE healthcare Cat# 28-9187-80

Chromatography columns HiLoad� 16/600 Superdex� 200 pg GE healthcare Cat# 28-9893-35

Chromatography columns 5ml HisTrap� Fast Flow GE healthcare Cat# 17-5255-01

Chromatography columns 1ml HiTrap� Capto� Q ImpRes GE healthcare Cat# 17-5470-51

Chromatography columns Superdex� 200 10/300 GL GE healthcare Cat# 17-5175-01

Deposited data

Mendeley dataset https://doi.org/10.17632/cs9v2zvktv.1

Experimental models: Cell lines

Human: hTERT RPE-1 EYFP�AID/EYFP-AIDCENP-

A +OsTIR19Myc-Puro

(Hoffmann et al., 2016) N/A

Human: hTERT RPE-1 EYFP�AID/EYFP-AIDCENP-A

CENP-B KO +OsTIR19Myc-Puro

(Fachinetti et al., 2015) N/A

Human: DLD-1 Flp-In T-Rex +OsTIR19Myc-Puro (Holland et al., 2012) N/A

Human: DLD-1 CENP-BAID-EYFP +OsTIR19Myc-Puro (Hoffmann et al., 2016) N/A

Human: DLD-1 CENP-B KO Flp-In

T-Rex +OsTIR19Myc-Puro

(Hoffmann et al., 2020) N/A

Human: DLD-1 CENP-B KO + FRT::TO-CENP-B(fl)-

mCherry +OsTIR19Myc-Puro

(Hoffmann et al., 2020) N/A

Human: DLD-1 CENP-B KO + FRT::TO-CENP-

B(DC) +OsTIR19Myc-Puro

This paper N/A

Human: hTERT DLD-1 EYFP�AID/-

CENP-A mcherry�AID/AIDCENP-C +OsTIR19Myc-Puro

(Hoffmann et al., 2020) N/A
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Mouse: Embryonic Fibroblast (Okada et al., 2007) N/A

Mouse: Embryonic Fibroblast CENP-B KO (Okada et al., 2007) N/A

Recombinant DNA

CenX This paper N/A

CenY This paper N/A

Cen3 This paper N/A

AGM This paper N/A

pSty11 (De Lange, 1992) Addgene # 12401

601 Gift from H. Kurumizaka N/A

pSK pBluescript N/A

pKYB1 (Hoekstra et al., 2017) N/A

Software and algorithms

Fiji (Schindelin et al., 2012) https://imagej.net/Fiji

CRaQ v1.12 (Bodor et al., 2012) http://facilities.igc.gulbenkian.pt/microscopy/

macros/CRaQ_v1.12.ijm

Centromere intensity (Giunta et al., 2021) Available upon request

Centromere circularity, area and cluster This study Included as supplemental information

GraphPad Prism www.graphpad.com RRID:SCR_002798

Python https://www.python.org 3.7.9

Scipy https://scipy.org 1.6.0

Pylake https://lumicks-pylake.

readthedocs.io/en/stable/

0.8.1

Imaris https://imaris.oxinst.com/

microscopy/software

N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Daniele

Fachinetti (daniele.fachinetti@curie.fr).

Materials availability
Plasmids and cell lines generated in this study will be provided upon request to the lead contact.

Data and code availability
d Data reported in this paper will be shared by the lead contact upon request.

d All original code is available in this paper’s supplemental information.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

d Raw data of main images were deposited on Mendeley at https://doi.org/10.17632/cs9v2zvktv.1
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell line name Type Species Original Source

hTERT RPE-1 Retinal pigment epithelial Human ATTC

DLD-1 Colon Cancer Human ATTC
Cell culture
Flp-In TREx DLD-1 cells and Mouse Embryonic Fibroblasts (MEFs a kind gift from Hiroshi Masumoto; Okada et al., 2007) were culti-

vated at 37�C in Dulbecco’s modified essential medium (DMEM) medium containing 10% tetracycline free Fetal Bovine Serum (FBS,

MEFs Embryonic Fibroblast Mouse Okada et al., 2007
e3 Molecular Cell 82, 1–17.e1–e8, May 5, 2022
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Pan Biotech) at 5% CO2 atmosphere. hTERT RPE-1 cells were maintained in DMEM:F12 (GIBCO) medium containing 10% heat in-

activated FBS (biosera), 0.123% sodium bicarbonate and 2 mM L-glutamine.

METHOD DETAILS

Gene/protein symbols and ID
Input Symbol Approved name HGNC ID Location

CENP-B CENPB centromere protein B HGNC:1852 20p13

CENP-A CENPA centromere protein A HGNC:1851 2p23.3

CENP-C CENPC centromere protein C HGNC:1854 4q13.2

BUBR1 BUB1B BUB1 mitotic checkpoint serine/threonine kinase B HGNC:1149 15q15.1

gH2AX H2AX H2A.X variant histone HGNC:4739 11q23.3

53BP1 TP53BP1 tumor protein p53 binding protein 1 HGNC:11999 15q15.3

CENPN CENPN centromere protein N HGNC:30873 16q23.2
DNA cloning
The open reading frame of the Escherichia colimaltose/maltodextrin-binding periplasmic protein (MBP) was inserted in fusion at the

N-terminal of the open reading frame of CENPB FL or DC ([1-538]) in pET30 vector (from Fachinetti et al., 2015). The open reading

frame of CENPB [1-538] was inserted in fusion at the N-terminal of His-EGFP in pFastBac plasmid to express CENP-BDC.

The 57 bp DNA was obtained by annealing of two synthetic single strand DNA synthetized by Eurogentec and IDT. One of the two

strands is labelled with an Alexa Fluor 546.

3 Kb DNA derived from PCR amplification of centromeres of human chromosome X (from hg38: 60,070,156-60,073,157), human

chromosome Y (from hg38: 10,329,372-10,332,268), human chromosome 3 (from hg38: 92545021-92548081) and chromosome 7

of African Green Monkeys (from Chlorocebus sabeus 1.1: 16899047-16901965) were synthetized from GENEWIZ and cloned

into plasmid pUC57. pSty11 containing 800 bp of Telomeric DNA (De Lange, 1992) was a gift from Titia de Lange (Addgene

plasmid # 12401; http://n2t.net/addgene:12401). DNA containing 12 tandem repeats of 208 bp Widom 601 sequence (Lowary

andWidom, 1998) was a kind gift from Kurumizaka Laboratory. CenX-300, 500 or 700 containing 3, 4 or 5 of a-sat monomers derived

from CenX were purchased by IDT and cloned into pBluescript pSK plasmid. pKYB1 DNA was synthesized as described earlier

(Hoekstra et al., 2017).

Cell culture compounds, RNAi and generation of stable cell lines
IAA (I5148; Sigma) dissolved in ddH2O was used at 500 mM, doxycycline (from 1ng/ml to 1 mg/ml, as indicated), Palbociclib (1 mM),

9 mM RO-3306, 12 mM proTAME (R&D Systems), 25 mM Apcin (Sigma), Nocodazole (200 ng/ml). IAA was washed-out three times

using culture medium.

Lipofectamine RNAiMax (Invitrogen) was used to introduce siRNAs as described previously (Fachinetti et al., 2013). siRNAs

SMARTpool against Luciferase and CENP-B were purchased from Dharmacon.

The FRT/Flp-in systemwas used to generate stable cell lines as described previously (Fachinetti et al., 2013). Briefly, we integrated

cDNA of FL-CENPBEYFP-AID, FL-CENPBmcherry and CENP-BDC into a pcDNA5/FRT plasmid harboring a promoter and start-codon

lacking hygromycin resistance cassette and co-transfected this plasmid with a pOG44 plasmid (Flp-recombinase) in a 9:1 ratio

into Flp-In TREx DLD-1 WT or CENP-B KO cells using FugeneHD (Promega). Correct integration of the insert at the isogenic FRT

site gives rise to hygromycin resistance. After selection (0.3 mg/ml hygromycin, Invitrogen) single clones were isolated and tested

for successful integration by immunofluorescence microscopy.

Immunoblotting, immunofluorescence, chromosome spreads and FISH
For immunoblotting, cell pellets were suspended in protein sample buffer and samples were separated by SDS-PAGE, transferred

onto nitrocellulose membranes (Bio-Rad), and revealed with the following antibodies: CENP-B (1:1,000) and Vinculin (1:2,000). For

immunofluorescence, cells were fixed in 4% formaldehyde 0.1% Triton X-100 at room temperature for 10min or in methanol at -20�C
for 15 min and subsequently in a blocking buffer (2.5% FBS (v/v), 0.2 M Glycine, 0,1% triton X-100 (v/v) in PBS) for 30 min at room

temperature. Primary antibodies were incubated in blocking buffer for 1 h at room temperature. The following antibodies were used:

CENP-C (1:1,000), CENP-B (1:1,000), ACA (1:500), 53BP1 (1:500), aTubulin (1:2000) and gH2AX (1:1000). All secondary antibodies

used for immunofluorescence microscopy were purchased from Jackson Immuno Research and used at 1:500. After immunostain-

ing cells were DAPI counterstained and mounted using anti-fading reagent (Life technologies).

HJURP HJURP Holliday junction recognition protein HGNC:25444 2q37.1
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Fluorescence in situ hybridization (FISH) was performed as follows. Cells were trapped in mitosis with a mix of 12 mM proTAME

and 25 mM Apcin for 3h. Afterwards cells were harvested and swollen in hypotonic solution (75 mM KCl) before fixation with acetic

acid/ethanol mix (1:3) and spread onto slides. Coverslips were rinsed with 80 % ethanol, air-dried and probes against CENP-B Box

Cy3 probe (PNA, Bio) (1:300 of 50 mMstock) or a-sat strep Alexa 594-biotin (1:100 of 100 mMstock) (Giunta et al., 2021) were applied.

Probes and samples were denaturated by heating (65 �C, 2 min) followed by a 2h incubation at 37 �C. Then slides were washed with

0.4X SSC at 72 �C for 2 min, followed by a 30 sec wash in 2X SCC, 0.05 % Tween 20 at RT. Slides were rinsed with PBS before

mounting in ProLong Gold antifade reagent with 4,6-diamidino-2-phenylindole (DAPI, P36935, Invitrogen) and imaged with an epi-

fluorescence microscope (Leica DM6000) (100 x objective). FISH on MEFs was performed as described above on interphase cells

fixed in Carnoy’s solution (methanol/acetic acid 3:1), using a biotinylated probe targeting minor satellite sequence (1:100 from a 100

uM stock) and a denaturation step at 72�C for 2 min. Before mounting, slides were incubated with 1:1000 Streptavidin-Alexa Fluor�
647 conjugate (stock at 1mg/mL, InvitrogenTM), washed three times with PBS 1X and mounted.

For IF-FISH, following IF protocol, the cells were post-fixed in 2% formaldehyde for 10 mins prior FISH protocol. For denaturation,

coverslips were incubated at 75�C for 2 mins and hybridization was done overnight at 37�C.
Images of DAPI counterstained and immuno-/FISH-stained cells were collected using a Deltavision Core system (Applied Preci-

sion) with 100X Olympus UPlanSApo 100 oil-immersion objective (NA 1.4), 250W Xenon light source equipped with a Photometrics

CoolSNAP_HQ2 Camera. � 3 mm Z-stacks were acquired (Z step size: 0.2 mm).

Structured illumination microscopy was performed using an OMX 3D-SIM system (DeltaVision) with 100X Olympus UPlanSApo

100 oil-immersion objective (NA 1.4). Signal from all channels were realigned using fluorescent beads. Z-stacks were acquired

(Z step size: 0.125 mm).

Imaging analysis
An ImageJ macro (Data S1) was written to compute the different parameters of the a-satellites. First, all alpha-satellites were de-

tected in their respective channel. We distinguished the structures from the background using an automatic threshold (Otsumethod),

after a pre-processing made of a background subtraction and a median filtering. Alpha-satellite area and circularity [circularity =

4pi(area/perimeter2) a value close to 1 will define a perfect circle, a value close to 0 will describe a more elongated structure]

were obtained by the Analyse Particles function. In a second step, the nuclei were detected in the respective channel, using an auto-

matic threshold (Huang method, after a pre-processing made of background subtraction/ Gaussian blur/unsharp mask). The macro

offers the possibility to manually adjust each nucleus contour in order to provide amore accurate result. Finally, the macro computed

the number of alpha-satellites in each nucleus as well as the percentage of area covered by those structures within each nucleus (that

is the sum of the areas of all alpha-satellites within the nucleus divided by the nucleus area).

Protein expression and purification
FLMBP-CENP-B andMBP-CENP-BDCwere expressed in BL21-AITM (Invitrogen life technologies, Carlsbad, CA, USA). Bacteriawere

grown at 37�C in 2xYT medium supplemented with Kanamycin (50 mg/ml) until OD600nm between 0.6 and 0.8. Recombinant protein

expressionwas inducedbyaddition of 0.5mMIsopropylb-D -1-thiogalactopyranoside (IPTG) and0.2%L-(+)-Arabinose.Cell cultures

were incubated overnight at 20�Cand then harvested by centrifugation 4500 g for 30min. CENP-BDC-6xHis-EGFPwas expressed in

Hi-Five insect cells using the Bac-to-Bac expression system (Invitrogen). Briefly, genes encoding the protein of interest were cloned

into pFastBac1.Bacmidswere obtained fromDH10BacE. coli after transformationwith thepFastBac1 containingCENP-BDC-6xHis-

EGFP and used to transfect Sf9 cells (72 hr) to produce baculovirus. Hi-Five insect cells were infected by CENP-B baculovirus (1:10

dilution) for 40 hr, collected, and frozen. The pellets were resuspended in Buffer A. MBP-CENP-B bacteria and CENP-B DC-6xHis-

EGFP Hi-Five cells were lysed respectively by sonication or cell homogenizer, then centrifuged for 30min at 45000 g. The clear lysate

was loaded onto a 5mlMBP-Trap (GEHealthcare) for FLMBP-CENP-B andMBP-CENP-BDC or onto a 5ml His-Trap (GEHealthcare)

for CENP-BDC-6xHis-EGFP, connected to an Äkta Pure purification system (GEHealthcare). Non-specific proteinswere removed by

washing the columnwith buffer A, the proteins of interest were eluted with a linear gradient of Buffer B. For CENP-BDC-6xHis-EGFP,

an anion exchange chromatography was performed on a Capto Q Impress column (GE Healthcare), the protein of interest was eluted

with a linear gradient of Buffer D. A Gel filtration was then performed on the fractions containing eluted proteins using buffer C.

MBP-CENP-B FL and DC purification buffers:
d A: 20 mMHEPES pH 7.5, 500 mMNaCl, 1 mMDithiothreitol (DTT), protease inhibitor (Roche), 1 mM phenylmethylsulfonyl fluo-

ride (PMSF)

d B: 20 mM HEPES pH 7.5, 500 mM NaCl, 1 mM DTT, 1 mM PMSF, 20 mM Maltose

d C: 20 mM HEPES pH 7.5, 500 mM NaCl, 1 mM DTT, 1 mM PMSF, 5% glycerol

CENP-B DC-6xHis-EGFP purification buffers:

d A: 20 mM HEPES pH 7.5, 200 mM NaCl, 2 mM ß-Mercaptoethanol, 1 mM PMSF, protease inhibitor (Roche), 10 mM imidazole

pH 7.5

d B: 20 mM HEPES pH 7.5, 200 mM NaCl, 2 mM ß-Mercaptoethanol, 1 mM PMSF, 500 mM imidazole pH 7.5
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d C: 20 mM HEPES pH 7,5, 200 mM NaCl, 1 mM DTT, 1 mM PMSF, 5% glycerol

d D: 20 mM HEPES pH 7.5, 1 M NaCl, 2 mM ß-Mercaptoethanol, 1 mM PMSF
Stoichiometry of the complexes
The absolute molar masses of proteins were determined using size-exclusion chromatography combined with multi-angle light scat-

tering (SEC-MALS). Protein samples (80 ml at approximately 2 mg/ml) were loaded onto a Superdex 10/300 Increase column (GE

Healthcare) developed in 20mMHEPES pH 7.5, 150mMKCl, 2 mMMgCl2, 1 mMDTT and 5mMNaN3 at 0.5 ml.min-1 using a Dionex

UltiMate 3000 HPLC system. The column output was fed into a DAWN HELEOS II MALS detector (Wyatt Technology). Data were

collected and analysed using Astra X software (Wyatt Technology). Molecular masses were calculated across eluted protein peaks.

Binding assays
Microscale thermophoresis (MST) measurements were performed on a Monolith NT.115 (Nanotemper Technologies) using 57 bp

DNA labelled with Alexa Fluor 546 at 5’ of one strand. Two-fold dilution series (16 in total) of FL MBP-CENP-B or MBP-CENP-BDC

were performed in the interaction buffer (20 mM Hepes pH 7.5, 150 mM NaCl, 2 mM MgCl2, 1 mM DTT and 0.05% (v/v) Tween

20). The DNAwas kept at a constant concentration of 100 nM. The samples were loaded into premium capillaries (Nanotemper Tech-

nologies). Initial fluorescence at wavelength of 600 nm was measured with excitation at 80% of green LED (550 nm wavelength), at

25�C. CENP-B concentration-dependent fluorescence quenching was observed. To rule out any material loss of fluorescent DNA

caused by nonspecific adsorption to tube walls or due to aggregation, an SDS-denaturation test was performed following the man-

ufacturer’s instructions. Then the affinity was quantified then by analyzing the change in initial fluorescence of labelled DNA as a func-

tion of the concentration of the titrated protein using the MO.AffinityAnalysis v2.1.5 software provided by the manufacturer.

For EMSA, centromeric DNA was incubated at a constant concentration of 8.6 nM together with various concentrations of recom-

binant CENP-B constructs, in 20 mM HEPES pH 7.5, 100 mM KCl, 2 mM MgCl2, 1 mM DTT. Following a 30 min. incubation at RT,

samples were supplemented with 25 % Glycerol prior to the migration on an 0.7% agarose gel, in the electrophoresis buffer (0.25X

TBE, 5% Glycerol), during 120 min. at 150V. The gel was stained in an electrophoresis buffer bath supplemented with 1X SYBR safe

(Invitrogen life technologies, Carlsbad, CA, USA) during 30 min. at RT, and washed 3 times with the same volume of electrophoresis

buffer prior to exposure.

Optical tweezers
CenX and CenY DNA were amplified by PCR using a biotinylated forward primer and a 3-dig reverse primer. The PCR products were

then purified from an agarose gel using Macherey Nagel gel and PCR clean-up kit. pKYB1 DNA with biotin-labels at both ends was

produced as described earlier (Hoekstra et al., 2017).

All optical tweezers experiments were performed on a commercial instrument (C-trap, Lumicks). 20 ng of centromeric DNA was

incubated with 1 ml of anti-digoxigenin coated beads (AD-beads) of 1,03 mmdiameter provided by Lumicks. This mix was then diluted

in 1000 ml Interaction Buffer (IB: 20mMHepes pH 7,5, 150mMKCl, 4mMMgCl2, 10mMDTT) and injected on channel 1. The channel

2 was filled with IB with or without 500 nM of FL-CENP-B or CENP-BDC, supplemented with glucose oxydase and glucose. Channel 3

was filled with streptavidin coated beads (SA-beads) of 1,76 mm provided by Lumicks. The pKYB1 DNA was stretched between two

SA beads of 1,76 mm. To that end, the beads were flushed into channel 1. pKYB1 DNA (25 ng) was diluted with IB buffer (1000 mL) and

directly injected into channel 2, where it was caught from the flow. Stretch experiments were then performed in channel 3, which

contained only IB buffer.

For all experiments, the trapping LASER was used at 100% relative power with an overall power of 30%.

Analysis of optical tweezers data
All optical tweezers data was analyzed using python (Hunter, 2007).

To determine the contour length of the stretchedDNA the extensible worm-like chain (eWLC)model byGross et al. (2011) andOdijk

(1995) was used

d = Lc

  
1� 1
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ffiffiffiffiffiffiffiffiffiffiffi
kBT

F,Lp

s !
+
F

S

!
; (Equation 1)

with the distance d, the contour length LC, Boltzmann’s constant kB, the temperature T, the force F, the persistence length LP, and the

stretch modulus S. Therefore, Equation 1 was solved for the force F and fitted to the initial segment of every force-distance curve (up

to 30 pN or the first step in the curve). To increase the robustness of the fit the stretch modulus was fixed to S = 1500 pN (Gross

et al., 2011).

To analyze force-clamp experiments themeasured bead-bead distance dwas converted into the apparent contour length LC using

Equation 1 and the mean persistence length determined for Centromere X DNA in the absence of CENP-B LP = 26 nm. To extract the

DNA length at a given force Fset all data points with a force F in the interval [Fset-0.25 pN, Fset+0.25 pN] were considered.
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Average stretch curves were calculated by interpolating themeasured distances to an evenly spaced force-axis with 1 pN spacing.

To normalize the average distances were divided by the estimated contour lengths (1.02 mm for CenX, 1.00 mm for CenY, 2.75 mm

for pKYB1).

AFM sample preparation
All samples were prepared in AFM buffer containing: 50 mMHepes, 100 mMKCl, 2 mMMgCl2, 1 mMDTT, pH 7.5. A control sample,

without proteins, was prepared by mixing 1 ml of (10 ng/ml) centromeric DNA (diluted in AFM buffer) with 8 ml of AFM buffer and 1 ml of

(2 mM) spermidine (diluted also in AFM buffer). The whole mix (10 ml) was deposited on freshly cleaved mica for 2 min at room tem-

perature. The mica was then rinsed with 1 ml of ultrapure water and dried under a gentle flow of compressed filtered air.

For protein-DNA constructs first the CENP-B was diluted in the AFM buffer to the desired concentration in AFM buffer (CENP-B

concentration 4,5 – 18 nM). Protein-DNA samples were prepared by mixing 1 ml of protein dilution with 7 ml AFM Buffer and 1 ml of

(2 mM) spermidine and only after mixing the proteins solution well, 1 ml of template DNA (10 ng/ml) was added to the solution. The

whole mix (10 ml) was first pre-incubated for 2 min at room temperature, then deposited on freshly cleaved mica for 2 min at room

temperature. Finally, the mica was rinsed with 1 ml of ultrapure water and dried under a gentle flow of compressed filtered air.

AFM imaging
Images were collected using a Bruker Multimode AFM, equipped with a Nanoscope V controller and Nanoscope version 9.2 soft-

ware. We used Bruker Peakforce-HIRS-F-A probes with nominal stiffness 0.35 N/m and tip radius 1 nm. The imaging was done in

PeakForce Tapping mode, with a 4 kHz oscillation frequency, and a peak force setpoint value less than 100 pN. All recorded

AFM images consist of 5x5 mm scan areas with 1024x1024 pixels recorded with typical scan frequencies below 1Hz.

Each protein-DNA binding experiment was performed at least in biological duplicate. AFM images were obtained at several sepa-

rate locations across the mica surface to ensure a high degree of reproducibility and were used for statistical analysis of protein-DNA

complexes. Only DNA molecules that were completely visible in AFM image were considered for statistical analysis. AFM images

were simply flattened using the Gwyddion software (Version 2.55) without further image processing (Ne�cas and Klapetek, 2012).

Quantification and statistical analysis of AFM images
Statistical properties such as the contour length and the radius of gyration of DNA molecules (typically between 80–100 individual

molecules) were analyzed using ‘‘DNA Trace’’ software (Mikhaylov et al., 2013). We measured the effective persistence length

lp of control and protein bound DNA molecules by using the bond correlation function for polymers in two-dimensions,

<cos qðsÞ>= e�s=2lp

where q is the angle between the tangent vectors to the chain at two points separated by the distance s, and lp, the persistence length

(Rubinstein and Colby, 2003). Since the persistence length of DNA is obtained by treating the molecules assuming their mechanical

properties are uniform (and thus ignoring locally bound proteins), we denote it as the effective persistence length. This analysis is a

provenmethod to extract the persistence length for polymer molecules that orient themselves in an unconstrained way at a surface in

equilibrium (Witz et al., 2008). We apply the approach here as well to nucleoprotein filaments that contain small loops, and hence

denote lp as the effective persistence length.

The square of the radius of gyration of a polymer was defined as the sum of the squares of the distances from all monomers to the

center of mass, divided by the total number of monomers:

R2 =
1

N

XN
i

r2i

where N is the number of monomers in the chain, and ri is the distance from the ith monomer to the center of mass (Grosberg

et al., 1995).

Nanopore experiments
We used TEM-drilled 7 and 20 nm diameter SiN nanopores (Goeppert) for the experiments. The SiN membrane containing the nano-

pore was loaded in a PEEK (Polyether ether ketone) flow cell. The DNA samples were diluted in LiCl solution (final concentration 1M)

to a final concentration of 2-2.5ng/ml before being introduced to the cis side (-ve) of the nanopore. A positive bias (100-200mV) was

applied to drive the DNA sample electrophoretically through the pore.

We used Ag/AgCl electrodes and an Axopatch 200B amplifier (Molecular Devices) for current detection. The traces were recorded

at 100 kHz and further filtered at 50kHz with the Transanalyzer Matlab package (Plesa and Dekker, 2015). We set a current blockade

threshold at three times higher than the average current blockade of a single DNA helix event (threshold = 3xIDNA) and quantified the

percentage of events above this threshold as compared to the control. All experiments were repeated in duplicates.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details, which include the value of n (where n represents the number of centromeres measured) can be found in the figure

legends and/or in Table S1. All statistical tests were performed using GraphPad Prism 9.0 for Mac (GraphPad Software, San Diego,

California, USA, www.graphpad.com).
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