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SUMMARY
Chromosome inheritance depends on centromeres, epigenetically speciÞed 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
Þnd that human centromeric DNA exhibits complex DNA folds such as local hairpins. Upon binding to a spe-
ciÞc sequence within 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 Þndings 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 con�guration 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 DNA motif 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-
Mo
nates from the domestication of pogo-like transposases ( Casola
et al., 2008), and it is the only known centromeric DNA-
sequence-speci�c 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)
(Garav�́s 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 in�uences the positioning of centromeric
lecular Cell 82, 1751–1767, May 5, 2022 ª 2022 Elsevier Inc. 1751
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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 (s traight
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, t he
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 �ber 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 and He-
nikoff, 2015). To directly visualize whether centromeric DNA per
se was prone to form non-canonical DNA structures at nano-
meter resolution, we �rst 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)—a measure describing the stiffness of the DNA molecule
(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 tra
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-kb DNA (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 Mg 2+ ions in the buffer (known to affect sec-
ondary structure), as changing the Mg 2+ 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 con�rm 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 �ow 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. Sca le

n, dotted bars quartiles. See Table S1 for details.
e two DNA ends (N = 55 and 70, respectively). Red dotted line marks lengthof

ne, non-centromeric DNA. See Table S1 for details.
nslocation events. Type I events indicate translocation of an unfol ded dsDNA;

-nm pore used in the measurements. Scale bars, 5 nm.
tic of how the DNA may be folded. Black arrows indicate the DNA transloc ation

X DNA (N = 87) (middle), and CenY DNA (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.
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Figure 2. CENP-B proteins form a tetrameric complex with centromeric DNA
(A) Representative microscale thermophoresis (MST) experiment to measure the af�nity between FL-CENP-B (dots) or CENP-B DC (squares) and a 57-bp DNA
fragment containing 1 CENP-B box. Lines represent binding curves �tted 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 pro�les (3 angles combined) and molec ular masses
of CENP-B either full-length (B) or delta dimerization domain (DC) (D); green lines: light-scattering and mass pro�les of the 57-bp DNA containing (B and D) or not
(C) the CENP-B box sequence; red lines: pro�les 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 on ly
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 since multiple 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 signi�cantly higher in centromeric DNA (27.6% and 6.1% for
CenX and CenY, respectively) (Figures 1J and 1K).
1754 Molecular Cell 82, 1751–1767, 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 �rst expressed and puri�ed
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 K D (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. Errorbars
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. SeeTable 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 speci�c
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 speci�cally 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 �ve 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 str
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 da
open black. Colored lines mark interaction between potential B box sites. Distanc
(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 da
open black. Blue lines mark interaction between potential B box sites. Distance b
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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
�tting 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 �rst quanti�ed the apparent
DNA contour length as obtained from the WLC �t 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-B DC. 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
etching curve indicating the formation of secondary structure. Sq uare root for
eeTable S1 for details.
gray curve shows a stretch curve of CenX in the absence of CENP-B.
ta shown in (F). Canonical B boxes are depicted in black, potential B box es in
e between B boxes is indicated.
y axis represents the probability density function and area of the histogr am is

ta shown in (I). Canonical B boxes are depicted in black, potential B box es in
etween 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 DNA molecules 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 D NA 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 represe nts 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 pN was 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 structures were 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 indica
(G) Violin plots showing the DNA loop length in the indicated conditions. Horizontal
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 signi�cance 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 re�ects 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 de�ned 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-B was 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 upon mica 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
ted condition. Error bars show the SEM.
dashed lines marked the expected loop size (highlighted as blue b ackground).

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

the Mann-Whitney U test, ns: 0.05 < p, *: 0.01 < p < 0.05, **: 0.001 < p < 0.0 1,
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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 speci�cally
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 random DNA deposition were of un-
speci�c 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 de�ned 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 �ve 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 immuno�uorescence (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 in WT versus 0.42 ± 0.01mm2 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 �broblasts 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 andS5H; Video S6). Changes in centromere organization
were also detectable when CENP-B was expressed at its phys-
iological level (Figures S5H–S5K) con�rming 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 �rst 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-B DC, 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,
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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 square s 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) ofa-sat foci in the indicated cell lines. N R 1,000 centromeres, >40 cells. See Table S1and
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 centrome res 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 quanti�cation 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 signi�cance 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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