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7Institut de Génomique Fonctionnelle de Lyon, Ecole Normale Supérieure de Lyon, Centre National de la Recherche Scientifique, UMR 5242,
46 Allée d’Italie, 69364 Lyon Cedex 07, France
8Qatar Biomedical Research Institute, Hamad Bin Khalifa University, P.O. Box 5825, Qatar Foundation, Doha, Qatar
9Present address: Department of Plant Physiology and Molecular Biology, University of Plovdiv, Faculty of Biology, Plovdiv 4000, Bulgaria
10Present address: Division of Cancer Pharmacology, Indian Institute of Integrative Medicine (CSIR), Jammu 180001 and Kashmir, India
*Correspondence: dimitar.anguelov@ens-lyon.fr (D.A.), hamiche@igbmc.fr (A.H.), stefan.dimitrov@univ-grenoble-alpes.fr (S.D.)
http://dx.doi.org/10.1016/j.molcel.2016.06.023

SUMMARY

CENP-A is a histone variant, which replaces histone
H3 at centromeres and confers unique properties to
centromeric chromatin. The crystal structure of
CENP-A nucleosome suggests flexible nucleosomal
DNA ends, but their dynamics in solution remains
elusive and their implication in centromere function
is unknown. Using electron cryo-microscopy, we
determined the dynamic solution properties of the
CENP-A nucleosome. Our biochemical, proteomic,
and genetic data reveal that higher flexibility of
DNA ends impairs histone H1 binding to the CENP-A
nucleosome. Substituting the 2-turn aN-helix of
CENP-A with the 3-turn aN-helix of H3 results in
compact particles with rigidified DNA ends, able to
bind histone H1. In vivo replacement of CENP-A
with H3-CENP-A hybrid nucleosomes leads to H1
recruitment, delocalization of kinetochore proteins,
and significant mitotic and cytokinesis defects. Our
data reveal that the evolutionarily conserved flexible
ends of the CENP-A nucleosomes are essential to
ensure the fidelity of the mitotic pathway.

INTRODUCTION

Chromatin is composed of repetitive structures of the basic unit,
a nucleosome, which consists of histone octamer composed of

core histones (two of each H2A, H2B, H3, and H4) around which
167 base pairs (bp) of DNA are wrapped to form two superheli-
ces (Luger et al., 1997; Van Holde et al., 1980). Individual
nucleosomes interspersed with linker DNA form the 10 nm chro-
matin filament (Thoma et al., 1979; Van Holde et al., 1980).
A fifth histone, termed ‘‘linker histone’’, interacts with this linker
DNA and assists in the assembly, condensation, and stability of
the 30 nm chromatin fiber (Makarov et al., 1983; Thoma et al.,
1979).
In addition to the conventional core histones, each cell ex-

presses histone variants. Histone variants are non-allelic iso-
forms of conventional histones and all histones, except H4,
have variants (Van Holde et al., 1980). Incorporation of these var-
iants confers novel structural and functional properties to chro-
matin (reviewed in Boulard et al., 2007).
The histone CENP-A is a textbook example of a histone variant

that upon incorporation changes the properties of a nucleosome
(Goutte-Gattat et al., 2013; Kingston et al., 2011; Mizuguchi
et al., 2007; Tachiwana et al., 2011). CENP-A belongs to the
H3 family of histones (Earnshaw and Migeon, 1985; Palmer
et al., 1987) and is exclusively localized to centromeres and de-
fines the specific centromere structure and function (Buscaino
et al., 2010).
CENP-A epigenetically marks the centromeres, where it is

required for the assembly of active kinetochores. The constitu-
tive centromere associated network (CCAN), a complex consist-
ing of 16 proteins (termed generally as CENPs), recognizes and
directly interacts with centromeric chromatin (Perpelescu and
Fukagawa, 2011). Importantly, two of the CCAN members,
CENP-C and CENP-T, assemble a platform to direct kinetochore
formation (Perpelescu and Fukagawa, 2011).
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CENP-A depletion results in numerous mitotic and cytokinetic
defects and subsequent aneuploidy (Goutte-Gattat et al.,
2013; Régnier et al., 2005). CENP-A loss leads to altered compo-
sition and organization of the kinetochore, including the delocal-
ization of the inner kinetochore proteins CENP-C, CENP-I, and
CENP-H as well as the outer kinetochore components HEC1,
Mad2, and CENP-E (Goutte-Gattat et al., 2013; Régnier et al.,
2005).
The crystal structure of the CENP-A nucleosome particle was

recently solved (Tachiwana et al., 2011). In contrast to the
conventional nucleosome structure, only 121 bp of DNA are
resolved in the crystal structure of the CENP-A nucleosome,
suggesting that 13 bp of DNA at each nucleosomal end display
marked flexibility. In agreement with this suggestion, CENP-A
nucleosomal ends exhibited higher accessibility to nucleases
(Kingston et al., 2011). Experiments in solution point to some
crystal packing artifacts, which might affect the central part of
the CENP-A nucleosomes, but not the dynamics of their ends
(Falk et al., 2015). However, whether the CENP-A driven nucleo-
somal end DNA flexibility has any physiological consequences is
totally unknown.
To determine the dynamics of nucleosomal DNA ends in

solution, both conventional and CENP-A nucleosomes were
analyzed by using electron cryomicroscopy (ECM) combined
with 3D reconstruction. ECM data clearly show that the CENP-A
nucleosomal ends, as suggested by the crystal structure, exhibit
a high degree of flexibility. The aN helix of H3 and the preceding
loop, which is in contact with DNA, plays a role in stabilizing the
conventional nucleosomal DNA ends. This specific rigid orienta-
tion of the exit and entry angle of the nucleosomal DNA ends, in
addition to the linker histone H1 binding modes and condensa-
tion of nucleosomal arrays, is regulating the interaction of H1
with conventional nucleosomes (Song et al., 2014; Syed et al.,
2010; Zhou et al., 2013; Zhou et al., 2015). Thus, highly dynamic
CENP-A nucleosomal ends would likely preclude the binding of
H1, which might in turn be important for centromere function
and kinetochore assembly (Figures 1A and 1B). Since the fixed
entry/exit angle and rigidity of DNA ends of conventional nucle-
osome are governed by the interaction of the aN helix of H3,
we created a hybrid CENP-A nucleosome, wherein the aN helix
of CENP-Awas replacedwith that of H3, which is one helical turn
longer. ECM analysis reveals that this hybrid H3-CENP-A parti-
cle, in contrast to the wild-type (WT) CENP-A nucleosome,
exhibits a compact structure very similar to that of the conven-
tional nucleosome. We then studied the properties of these
hybrid nucleosomes in vitro and in vivo and compared them
with those of the WT CENP-A nucleosomes. Our biochemical
and cell biological data demonstrate that the flexible DNA ends
of CENP-A nucleosome are essential for the structural integrity
of the centromere, which is required for the fidelity of the mitotic
process.

Figure 1. The Hybrid aNH3-CENP-A Nucleosome, in Contrast to the
WTCENP-A Nucleosome, Exhibits a Compact Structure Very Similar
to that of the Conventional Nucleosome
(A) Schematics of the secondary structure of the N-terminal regions of

CENP-A, H3, and aNH3-CENP-A in the nucleosome. The sequences of human

CENP-A, H3, and aNH3-CENP-A are aligned with the secondary structural

elements.

(B) Close up views of the aN helices and the DNA edge regions of CENP-A (left)

and H3 (middle) nucleosomes; right, predicted organization of the aN helices

and the DNA edge regions of aNH3-CENP-A nucleosome; bottom, schematics

of the expected interaction of H1with the respective nucleosomes, depicted in

the upper images.

(C) ECM and image analysis of conventional, CENP-A, and mutant aNH3-

CENP-A nucleosomes reconstituted on 601 DNA; gallery of class averages

after image alignment and clustering for conventional (upper), CENP-A

(middle), and aNH3-CENP-A (lower) nucleosomes without H1; right, surface

representation of the main distinct conformations of conventional (upper),

CENP-A (middle), and aNH3-CENP-A (lower) nucleosomes.
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RESULTS

CENP-A Nucleosomes Exhibit Highly Dynamical DNA
Ends in Solution, Determined by the ‘‘Defective’’ aN
Helix of CENP-A
We used ECM to analyze the dynamics of CENP-A nucleosome
in solution. We purified recombinant human core histone oc-
tamers containing conventional H3 or CENP-A (Figure S1) and
reconstituted centrally positioned nucleosomes on 197 bp 601
DNA in order to have 25 bp free DNA ends. The reconstituted
particles were studied in frozen hydrated conditions (Figure S2).
Frames showing well-separated nucleosomes were selected
and 29,711 and 24,286 molecular images were extracted for
conventional andCENP-A nucleosomes, respectively. These im-
ages were used for building ab initio a 3D model of the particles
(Figure 1C). The final ECMmap is in full agreement with the crys-
tal structure of the nucleosome core particle (NCP) (Luger et al.,
1997). To analyze the conformational variability of the particle
population, a 3D classification scheme based onmaximum likeli-
hood optimization was used to separate different structural var-
iants (Scheres, 2012; Table S1). While the nucleosome core
showed little variation, we observed distinct configurations of
the DNA ends for both conventional and CENP-A particles (Fig-
ure 1C). For each 3D class, the angles between each linker arm
and the dyad axis were determined in the front and the site view
of the nucleosome (Figure S3). The analyses indicated that, in
particular, the CENP-A particles have open conformations with
much higher entry/exit angles (higher DNA end orientation fluctu-
ations) compared to the conventional ones. We conclude that in
solution, the CENP-A nucleosomal ends exhibited, as suggested
by the X-ray diffraction studies, a very high degree of flexibility.
The aN helix of CENP-A is one helical turn shorter than that of
conventional H3 nucleosome and the preceding region, in
contrast to that of H3, is completely disordered (Tachiwana
et al., 2011; see also Figure 1B). However, both the aN helix
length and the loop segment preceding the aN helix (which
directly interacts with the DNA ends in H3 nucleosome; Luger
et al., 1997) are required for maintaining the DNA orientation at
the entrance and exit of H3 nucleosomes. Thus, the specific or-
ganization of these regions in CENP-A might be responsible for
the inherent flexibility of the DNA ends of the CENP-A nucleo-
some (Tachiwana et al., 2011; Figure 1B). Therefore, we hypoth-
esized that swapping the CENP-A aN helix and the segment
preceding it with those of conventional H3 would rigidify the
ends of nucleosomal CENP-A DNA. To test this, we generated
a hybrid H3-CENP-A mutant (aNH3-CENP-A) containing the
aN helix and the preceding loop region of H3. Next, we ex-
pressed this construct in bacteria and, after purification, we
used it for reconstitution of aNH3-CENP-A nucleosomes on
197 bp 601 DNA (Figure S1). The structure and dynamics of
the mutant aNH3-CENP-A nucleosomes were studied by ECM
as described above for both conventional and CENP-A nucleo-
some. There were 155,000 molecular images that were ex-
tracted and used for building ab initio a 3D model of the hybrid
particles (Figures 1C, bottom, S2 and S3). As seen, the mutant
aNH3-CENP-A particle exhibits a structure very similar to those
of conventional H3 nucleosome conformations, with smaller en-
try/exit angles of the DNA ends. Therefore, the defectiveaN helix

of CENP-A is themain determinant for the highly flexible CENP-A
nucleosomal ends.

CENP-ANucleosome Is Refractive to HistoneH1Binding
The binding of histone H1 to the nucleosome is regulated by the
entry/exit angle of the nucleosomal DNA ends and is favored by
rigid DNA (Bednar et al., 1998; Syed et al., 2010). The flexibility
of the ends within the CENP-A nucleosomemight therefore inter-
ferewith thebindingof histoneH1.Toanalyze theability of histone
H1 to interact in vitrowith theCENP-A nucleosome,wehave used
a combination of two techniques, namely electro-mobility shift
assay (EMSA) and hydroxyl radical (,OH) footprinting. EMSA
allows the visualization of H1 binding to the nucleosome, but
does not differentiate between specific and non-specific associ-
ation, while ,OH footprinting detects the specific H1 binding at
1 bp resolution (Menoni et al., 2012; Syed et al., 2010).
A physiologically relevant linker histone chaperone (NAP-1)

was used to deposit histone H1 on centrally positioned conven-
tional or CENP-A nucleosomes (Syed et al., 2010). The particle
solutions were incubated with increasing amounts of NAP-1/
H1 complex and run on native PAGE (Figure 2A). As seen, at
the NAP-1/H1 concentration, when a complete shift for the H3-
nucleosome was found, only a very weak shifted band reflecting
the H1-CENP-A-nucleosomal complex was detected. These
data showed that the presence of CENP-A interferes with the
binding of histone H1 to the nucleosome.
The ,OH footprinting patterns of conventional and CENP-A di-

nucleosome were very similar; i.e., no enhanced cleavage at the
DNA ends of the CENP-A nucleosomewas observed (Figure 2B).
This reflects the lack of sensitivity of themethod to detect the dy-
namics and the transient dissociation of the ends from the core
histone octamer. Some perturbations (increase of the ,OH
cleavage ‘‘noise’’) in the ,OH cleavage pattern can be observed
only when the DNA nucleosomal ends are permanently and
completely dissociated from the histone octamer as in the case
of the histone variant H2A.Bbd and the chimeric H2A.ddBbd nu-
cleosomes (see Figures 4 and S1; Shukla et al., 2011).
In agreement with our earlier data (Syed et al., 2010), the bind-

ing of histone H1 to conventional H3 di-nucleosomes results in:
(1) clear protection of the nucleosomal dyad due to the strong
interaction of the globular domain of H1 with the dyad, and
(2) generation of 10 bp repeat of the linker DNA (Figure 2B, foot-
printing gel and the scans), which reflects the H1-induced forma-
tion of the stem structure (H1 interacts with both linkers and
brings them in close vicinity and, thus, induces the assembly of
the stem (Hamiche et al., 1996; Menoni et al., 2012; Syed
et al., 2010). However, only very faint protection and 10 bp re-
peats were observed in CENP-A-di-nucleosomes incubated
with the NAP1/H1 complex (Figure 2B, footprinting gel and the
scans). These data revealed weak interaction of histone H1
with the CENP-A particles. Taken together, our in vitro experi-
ments demonstrate that the CENP-A nucleosomal templates
are poor substrates for H1 binding.

‘‘Rigidifying’’ the DNA Ends of the CENP-A Nucleosome
Allows Efficient Binding of Histone H1 In Vitro
A low degree of flexibility of the nucleosomal DNA ends is
required for the efficient and specific binding of histone H1.
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The swapped aNH3-CENP-A mutant particle has rigid DNA ends
(Figure 1C) as conventional H3 nucleosomes, and thus, would
allow H1 binding (see schematics, Figures 1A and 1B). To test
this, we analyzed the interaction of H1 with aNH3-CENP-A nucle-
osomes with both EMSA and ,OH footprinting as described for
WT CENP-A (Figure 2). H1.5 subtype was used in these experi-
ments. Of note, H1.5 exhibits very similar to H1.2 binding effi-

ciency to the nucleosome (Figure S4). The deposition of H1
was performed by using the NAP-1/H1 complex, as detailed in
Figure 2. The EMSA experiment clearly shows that histone H1
binds to both H3 and aNH3-CENP-A particles with the same ef-
ficiency (Figure 3A, compare upper and lower). ,OH footprinting
revealed identical localization of histone H1 on both control
H3 and aNH3-CENP-A nucleosomes as evidenced by a clear
protection at the nucleosomal dyad and the generation of the
typical ,OH cleavage 10 bp-repeat of the linker DNA (Figure 3B).
Therefore, the hybrid aNH3-CENP-A nucleosomes, in contrast to
WT CENP-A nucleosomes, are able, as predicted, to bind H1
with higher specificity and affinity.

H1 Is Not Associated with CENP-A Chromatin In Vivo
To determine whether H1 binding to CENP-A nucleosomes was
also negatively affected in vivo as our in vitro experiments
demonstrated, we used a proteomic approach coupled to
mass spectrometry using cell culture models. We generated sta-
ble HeLa cell lines expressing double HA and FLAG tagged
CENP-A (e-CENP-A) (Goutte-Gattat et al., 2013; Shuaib et al.,
2010). Stable HeLa cell lines expressing double-tagged conven-
tional histone H3.1 (e-H3.1) or the histone variant H3.3 (e-H3.3)
were used as positive controls. We isolated the nucleosomal
e-CENP-A as well as both e-H3.1 and e-H3.3 nucleosomal com-
plexes by double immunoaffinity purification (Goutte-Gattat
et al., 2013). The composition of the complexes was analyzed
by mass spectrometry, SDS PAGE, and western blotting (Fig-
ure 4). The e-CENP-A complex, in agreement with the available
data (Foltz et al., 2006; Goutte-Gattat et al., 2013), contained
several proteins from the CCAN as well as other proteins (Fig-
ure 4; Table S2). Importantly, no histone H1 was found associ-
ated within the complex as shown by electrophoretic analysis,
western blotting, and mass spectrometry (Figures 4B–4D),
although e-H3.1 and e-H3.3 nucleosomal complexes contained
both isoforms H1.1 and H1.2 of histone H1 (Figure 4A). There-
fore, histone H1 does not associate in vivo with CENP-A chro-
matin. These in vivo data fully agree with the poor non-specific
in vitro binding of H1 to reconstituted CENP-A nucleosomes
(Figure 1).

In Vivo Binding of H1 to the aNH3-CENP-A Nucleosome
Does artificially rigidifying CENP-A nucleosomal ends allow H1
binding in vivo? To analyze this, we generated stable HeLa cell
lines expressing double HA and FLAG epitope tagged aNH3-
CENP-A. The aNH3-CENP-A nucleosomal complex was purified
as above and compared to the WT CENP-A nucleosomal com-
plex. Its members were characterized by SDS PAGE, western
blot, and mass spectrometry (Figures 4B–4D). Unlike the
CENP-A nucleosomal complex, all methods identified histone
H1 present in the aNH3-CENP-A nucleosomal complex. The
characteristic histone H1 doublet was present in the electropho-
retic pattern of the aNH3-CENP-A complex, but not in that of WT
CENP-A one (Figure 4B). The anti-H1 antibody revealed a clear
doublet corresponding to H1 (Figure 4C) and 15 H1 peptides
(in total) were found by mass spectrometry in the aNH3-CENP-A
nucleosomal complex (Figure 4D). Taken as a whole, our data
reveal that the swapping the aN helix, and the preceding region
of CENP-A with those of H3, primarily drives the generation of a

Figure 2. The Presence of CENP-A Interferes with Histone H1 Bind-
ing to the Nucleosome
(A) EMSA of binding of histone H1 to conventional H3 (nucH3, left) and to

CENP-A (nucCENP-A, right) mononucleosomes. The particles were incubated

with increasing amounts of NAP-1-histone H1 complex.

(B) ,OH footprinting of conventional H3 and CENP-A di-nucleosomes. The di-

nucleosomes were assembled with H1 and H1 binding was analyzed by ,OH

footprinting. On the left are schematics of the di-nucleosome, the nucleosome

dyad is indicated with an arrow, and on the right are scans of the ,OHdigestion

pattern of H3 and CENP-A di-nucleosomes, assembled (+H1, blue) or not

(!H1, red) with H1.
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particle with rigid orientation of the entry/exit DNA ends, which
then allows efficient and specific association with histone H1
both in vitro and in vivo.

The In Vivo Replacement of CENP-A with the
aNH3-CENP-A Swap Mutant Leads to Strong Mitotic and
Cytokinetic Defects
A hybrid aNH3-CENP-A with H1 bound to it would in turn lead to
the formation of condensed chromatin fibers similar to those es-
tablished with canonical H3. Could this compact structure of the
aNH3-CENP-A chromatin then affect the function of centro-
meres? To test this hypothesis, endogenous CENP-A was
knocked down by using specific small interfering (si)RNAs in
HeLa cell lines, andwe analyzed the effect of expressing a siRNA
resistant GFP-aNH3-CENP-A hybrid transcript as compared to a
siRNA resistant GFP-CENP-A transcript (see schematics in Fig-
ure 5A). This was followed by quantitative analysis of mitotic pro-
gression in all cell lines.

Treatment with siRNA results in very strong ablation of endog-
enous CENP-A: more than 85%–90% of endogenous CENP-A
was depleted in each of the cell lines used and, as expected,
the expression of the siRNA-resistant GFP-fusions was not
affected (Figure 5B). Both GFP-fusions were found localized to
the centromeres (Figure 5C). In agreement with the reported
data (Goutte-Gattat et al., 2013; Régnier et al., 2005), the
absence of CENP-A in naive HeLa cells has deleterious effects
on both mitosis and cytokinesis (Figure 5C). CENP-A depleted
cells exhibited numerous mitotic and cytokinetic defects
including chromosome misalignment, lagging chromosomes,
chromosome bridges, and multiple nuclei in interphase (Figures
5C–5E). The presence of stably expressed GFP-CENP-A
completely rescued the mitotic and cytokinetic defects in
HeLa cells lines treated with siRNA (Figures 5C–5E). No rescue

Figure 3. Efficient In Vitro Binding of His-
tone H1 Swapped aNH3 Helix Mutant
CENP-A, aNH3-CENP-A, Nucleosome
(A) EMSA of histone H1 binding to H3 and aNH3-

CENP-A nucleosomes. Conventional H3 (upper) or

swapped aNH3-CENP-A nucleosomes (lower)

were incubatedwith increasing amounts of NAP-1-

histone H1 complex and were analyzed by PAGE.

The positions of the non-bound and H1-bound

nucleosomes are indicated.

(B) ,OH footprinting of H3 and aN-H3-CENP-A di-

nucleosomes. The di-nucleosomes were assem-

bled with increasing amounts of NAP-1-histone H1

complex and H1 binding was analyzed by ,OH

footprinting. On the left are schematics of the di-

nucleosome, the nucleosome dyad is indicated

with an arrow, and on the right are scans of

the ,OH digestion pattern of H3 and CENP-A di-

nucleosomes, assembled (+H1, blue) or not (!H1,

red) with H1.

was, however, observed in CENP-A
depleted HeLa cell lines stably expressing
the GFP-aNH3-CENP-A fusion (Figures
5C–5E).

HeLa cells are polyploid and exhibit somemitotic defects even
under normal growth conditions and while our data clearly illus-
trate that cells harboring hybrid CENP-A nucleosomes are in a
poor condition, we cannot rule out some off-target effects. To
conclusively eliminate any possible undesirable effects, we es-
tablished conditional homozygous knockout/knockin (cKO/KI)
mouse lines, where the endogenous CENP-A was replaced
with a HA-FLAG-tagged CENP-A version (Figure 6A). These
mice did not show any visible phenotype and were fertile. We
derived mouse embryonic fibroblasts (MEF) from 14.5 days
post coitum embryos and immortalized them. The immortalized
MEFs were transfected with constructs expressing a tamoxifen
inducible Cre-ERT2 recombinase alongwith either GFP-CENP-A
or GFP-aNH3-CENP-A mutants and stable lines were estab-
lished. Quantification of centromeres in over 100 cells indicated
that the amount of both GFP-fusions incorporated at the centro-
meres of the respective MEFs were identical (Figure S5).
Tamoxifen induced Cre-ERT2 expression led to excision of

both CENP-A alleles and subsequent depletion of CENP-A pro-
tein. Western blot analysis showed that 8 days after tamoxifen
treatment, the endogenous protein was completely depleted
(Figures 6B–6D) and a strong increase of both mitotic and cyto-
kinesis defects were observed in the control CENP-A depleted
MEFs (Figures 6E–6G). The expression of GFP-CENP-A was suf-
ficient to completely rescue the phenotype (Figures 6E–6G). The
expression of GFP-aNH3-CENP-A, however, was unable to
rescue both the mitotic and cytokinesis defects (Figures 6E–
6G). In the absence of endogenous CENP-A, the stable MEFs
expressing GFP-aNH3-CENP-A exhibited close to 2-fold more
mitotic defects compared to those expressing GFP-CENP-A
(Figure 6F). Of note, GFP-aNH3-CENP-A is likely to act as a domi-
nant negative since its stable expression (in the presence of
endogenous CENP-A) is associated with "2-fold increase of
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mitotic defects compared to these of control MEFs (Figure 6F).
Taken as a whole, the data in both HeLa cells and in MEFs reveal
that the replacement of CENP-A with aNH3-CENP-A nucleo-
somes at the centromeres impairs both mitosis and cytokinesis
in these cells.

Replacement of CENP-A with the Swapped
aNH3-CENP-A Mutant at the Centromeres Leads to
Aberrant Localization of CENP-C
The deleterious effect of aNH3-CENP-A hybrid nucleosomes on
centromere function might reflect reduced amount or absence
of some proteins from the CCAN complex, crucial for the assem-
bly of active kinetochores. Comparative mass spectrometry
analysis on the composition of aNH3-CENP-A and the WT
CENP-A nucleosomal complexes reveals that this is the case
(Figure 4; Table S2). In agreement with earlier observations
(Goutte-Gattat et al., 2013), the WT CENP-A nucleosomal com-
plex comprised a large number of CCAN proteins (CENP-B,
CENP-T, CENP-N, CENP-I, CENP-L, CENP-C, and CENP-H,
etc.), the CENP-A chaperone HJURP, the chromatin remodeler
RSF-1, as well asmany other proteins (Figure 4; Table S2). These
proteins are also members of the aNH3-CENP-A nucleosomal
complex (Figures 4C and 4D; Table S2). However, the number
of identified peptides originating from several of the identified

proteins and in particular for both CENP-C and CENP-B,
RSF-1, and the two subunits (SPT16 and SSRP1) of FACT
dramatically decreased in the aNH3-CENP-A nucleosomal com-
plex compared to the WT CENP-A complex (Figure 4D; Table
S2), suggesting a strong loss of these proteins in the aNH3-
CENP-A nucleosomal complex. Western blot analysis further
confirmed that the amount of both CENP-C and CENP-B is
much lower in the aNH3-CENP-A nucleosomal complex (Fig-
ure 4C). In contrast, the levels of several CCAN proteins,
including CENP-T, CENP-N, and CENP-W are not affected in
both types of nucleosomes, as shown by western blot and
mass spectrometry (Figures 4C and 4D). In addition, no changes
in the HJURP associated with both the nucleosomal and the
nuclear soluble GFP-CENP-A and GFP-aNH3-CENP-A were
observed (Figures 4C and S7B).
Indeed, immunofluorescence analysis of the localization of

CENP-C in stable HeLa cells expressing aNH3-CENP-A and
depleted of endogenous CENP-A support our biochemical
data (Figure 7). Depletion of CENP-A in naive HeLa cells results
in dramatic delocalization of CENP-C, but not of CENP-T from
the centromeres (Figures 7A, 7B, and S6). In the siRNA treated
stable HeLa cells expressing GFP-CENP-A, this phenotype
was completely rescued; i.e., a CENP-C centromere specific
localization was indistinguishable from that observed in naive

A B C D

Figure 4. Histone H1 Binds In Vivo to the aNH3-CENP-A Swapped Nucleosomes, but Not to WT CENP-A Particles
(A) Silver staining of proteins associated with either e-H3.1 or e-H3.3 nucleosomes. The nucleosomal e-H3.1 and e-H3.3 complexes were purified by tandem

immunoaffinity from stable HeLa cells expressing either e-H3.1 or e-H3.3 and the associated polypeptides were identified by mass spectrometry. Lane M

corresponds to a protein molecular mass marker. The H1 histones (both H1.1 and H1.2 isoforms) are indicated in red.

(B) Silver staining of proteins associated with either the e-CENP-A (left) or the e-aNH3-CENP-A (right) nucleosomal complexes isolated from stable HeLa ex-

pressing either e-CENP-A or e-aNH3-CENP-A, respectively. Note that the e-CENP-A complex, in contrast to e-aN-H3-CENP-A and both e-H3.1 and e-H3.3

complexes, is not associated with histone H1.

(C) Western blot detection of the indicated proteins associated with either the WT e-CENP-A or e-aNH3-CENP-A mutant nucleosomes.

(D) Mass spectrometry analysis of selected proteins associated with either the WT e-CENP-A or e-aNH3-CENP-A mutant nucleosomes. The proteins together

with the number of identified peptides are shown. The proteins with distinct number of identified peptides in both complexes are indicated in red.
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cells (Figures 7A and 7B). However, no rescue was observed in
the siRNA treated stable HeLa cells expressing GFP-aNH3-
CENP-A since almost complete delocalization of CENP-C was
observed (Figures 7A and 7B). We have further confirmed these
results by using stable HeLa cells expressing either GFP-
CENP-A or both GFP-aNH3- CENP-A and RFP-CENP-C fusions.
As expected, the absence of endogenous CENP-A in the control
cells resulted in the delocalization of RFP-CENP-C and this
phenotype was completely reversed by the presence of GFP-
CENP-A (Figure 7C). However, only very faint RFP stained cen-
tromeres were observed in endogenous CENP-A depleted cells,
stably expressing GFP-aNH3-CENP-A (Figure 7C). Identical re-
sults were observed in modified MEFs depleted of CENP-A,
which expressed mouse RFP-CENP-C (Figure 7D). Therefore,

the flexible CENP-A nucleosomal ends and the absence of H1
from centromeric chromatin are required for both proper
CENP-C localization and function at the centromeres.

DISCUSSION

Recent X-ray diffraction studies revealed that within the crystal,
the DNA ends of the CENP-A nucleosome are not firmly wrapped
around the histone octamer. In this work, by using high resolution
ECM, we confirmed the results of the X-ray diffraction studies
and showed that in solution the CENP-A nucleosomal ends
are indeed highly flexible. Our data further revealed that the un-
common structure of the aN helix of CENP-A determines this
peculiar feature of the CENP-A particle. We hypothesized that

A C

D E

B

Figure 5. The Replacement in HeLa Cells ofWTCENP-Awith the Swapped aNH3-CENP-AMutant at the Centromere Results in StrongMitotic
and Cytokinetic Defects
(A) Schematics for the silencing resistant GFP-fusions used for the in vivo replacement of WT CENP-A with the swapped aNH3- CENP-A mutant.

(B) Western blot detection of the GFP-CENP-A fusions and endogenous CENP-A using anti-CENP-A antibody in cells treated with control siRNA (!) or CENP-A

siRNA (+). The nuclear proteins were extracted 72 hr post-transfection. The cell lines as well as the positions of the GFP-CENP-A fusions and endogenous

CENP-A are indicated.

(C) Cell-cycle visualization, after endogenous CENP-A depletion by siRNA treatment, of naive HeLa cells (second row) or HeLa cells stably expressing siRNA-

resistant full-length GFP-CENP-A (third row) or the swapped aNH3-CENP-Amutant (fourth row). On the first row are shown naive HeLa cells treated with scramble

siRNA. The centromeres in naive cells were stained by CREST antibody and GFP fluorescence was used to visualize CENP-A in GFP fusion-expressing cells. An

antibody against inner centromere protein (INCENP) and an anti-lamina antibody were used to detect themidbody during cytokinesis and the nuclear envelope in

interphase cells (shown in red).

(D and E) Blue, DNA; quantification of the mitotic (D) and cytokinetic (E) defects at 72 hr post-transfection with siRNA against CENP-A in the indicated cell lines.

For each experiment, at least 300 cells were counted. The data are means and SEM from three different experiments.
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Figure 6. The Replacement in MEFs of WT CENP-A with the Swapped aNH3-CENP-AMutant at the Centromere Results in StrongMitotic and
Cytokinetic Defects
(A) Schematics of the establishment of stable MEF cell lines expressing the indicated GFP-CENP-A fusions.

(B–D) Western blot detection of the HA-GFP-CENP-A fusions and endogenous HA-CENP-A in control CENP-A (Flox/Flox) MEFs (B) and stable CENP-A (Flox/

Flox) MEFs expressing either HA-GFP-CENP-A (C) or HA-GFP-aNH3-CENP-A (D) at different days after tamoxifen treatment. All cells have stably inserted Cre-

ERT2. H3 is used for visualization of the equal loading.

(legend continued on next page)
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maintaining DNA ends in a flexible state is central to the function
of CENP-A in not only the structural context of a nucleosome, but
also in the control of the biological output of CENP-A centro-
meric chromatin. Our results show that the higher flexibility of
the DNA ends prevents the in vitro binding of the linker histone

H1 to the CENP-A nucleosome. In agreement with this, no bind-
ing of H1 was observed to the CENP-A nucleosome in vivo. This
observation may be linked to the fact that a stable interaction
with the nucleosome requires that H1 interact not only with the
DNA on the dyad axis, but also with both linker DNAs. A more

(E) Cell-cycle visualization of the effects of CENP-A depletion (8 days after the treatment with tamoxifen) in the indicatedMEF lines. The first row shows the control

CENP-A (Flox/Flox) MEFs, which do not have inserted Cre-ERT2.

(F andG) Quantification of themitotic (F) and cytokinetic (G) defects in the indicated cell lines upon depletion of CENP-A after 8 days treatment with tamoxifen. For

each experiment, at least 200 cells were counted. The data are means and SEM from three different experiments.

Figure 7. The Incorporation of Swapped aNH3-CENP-A Mutant in the Centromeres Affects the Localization Pattern of CENP-C
(A) Immunofluorescent localization of CENP-C in CENP-A depleted HeLa cells stably expressing the indicated siRNA-resistant GFP-CENP-A fusions (rows 3

and 4). Rows 1 and 2 show the CENP-C localization in naive HeLa cells treated with scrambled or CENP-A siRNA, respectively. Centromeres in naive cells were

stained with a CREST antibody.

(B) Quantification of the CENP-C delocalization data presented in (A). In each experiment, 150 cells were used. The data are means and SEM from five different

experiments.

(C) Same as (A), but for the localization of the fusion RFP-CENP-C. The experiments were carried out in stable HeLa cells expressing both RFP-CENP-C and the

respective siRNA-resistant GFP-CENP-A fusions.

(D) Localization of RFP-CENP-C in endogenous CENP-A-depletedMEF cells stably expressing either the GFP-CENP-A (first row) or GFP-aNH3-CENP-A (second

row) fusions.

(E) Schematics describing the role of the flexible nucleosomal ends of the CENP-A nucleosome in the organization of CENP-A centromeric chromatin and the

assembly of active kinetochores. Rigidifying the ends of the CENP-A nucleosome compromises kinetochore assembly and mitosis.
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open conformation resulting in highly divergent entry and exit
linker DNA ends may prevent H1 from binding simultaneously
both linkers and thus weaken the interaction. Indeed, we found
that hybrid H3-CENP-A nucleosome with rigid orientation of
the DNA linkers was able to bind in vitro histone H1 with higher
specificity and the same efficiency as conventional H3 nucleo-
some. In agreement with this, the in vivo replacement of the
CENP-A nucleosome with rigid hybrid H3-CENP-A nucleosome
led to H1 recruitment.
We have further investigated the biological outcomes of the

distinct CENP-A nucleosome structure by various in vitro and
in vivo approaches. Our data clearly illustrate that the highly flex-
ible DNA ends of the CENP-A nucleosome are required for the
assembly of the CCAN complex. In both HeLa and MEF cells,
where the CENP-A nucleosomes were fully replaced with rigid
end H3-CENP-A hybrid nucleosomes, several kinetochore pro-
teins, including CENP-C and CENP-B, were delocalized. As a
result, the kinetochore assembly was highly perturbed and the
chromosome segregation was strongly affected (schematically
depicted in Figure 7E). Our data thus revealed that the flexible
ends of CENP-A nucleosomes are required to ensure the fidelity
of the mitotic pathway in higher eukaryotes (schematically de-
picted in Figure 7E). The lower affinity of H1 for the CENP-A
nucleosome appeared to be important for this event, since
artificially induced H1 binding to centromeres, containing only
rigidified hybrid H3-CENP-A nucleosomes, altered both the as-
sociation of several kinetochore proteins (Figure 4; Table S2)
with centromeric chromatin and the organization of the structure
of the kinetochores. Since, among others, the CCAN platform
protein CENP-C binds equally well to the ‘‘open’’ CENP-A
(Guse et al., 2011; Kato et al., 2013) and rigid end hybrid H3-
CENP-A particles (Figure S7A), we attribute this to the assembly
of the rigid and compact conventional-like chromatin fiber con-
taining H1 and the subsequent inability of kinetochore proteins
to get access and bind to it.
Of note, the non-conventional flexible structure of the CENP-A

nucleosome is likely to be preserved in all eukaryotes, including
yeast (Kingston et al., 2011). All this indicates that the open struc-
ture of the CENP-A nucleosome in yeast is, as in the case of
higher eukaryotes, required for mitosis. Yeast does not express,
however, conventional H1 able to condense chromatin. The
inability of histone H1 to bind to CENP-A nucleosomes thus al-
lows higher eukaryotes to assemble centromeres with distinct
low compact chromatin structure, which would then be impor-
tant for recognition of centromeric chromatin by the kinetochore
protein complexes. Therefore, evolution has preserved an open
structure of CENP-A nucleosomes for chromosome segregation
and mitotic fidelity.
Interestingly, CENP-A is retained quantitatively, presumably

under the form of nucleosomes, in mature spermatozoa in
mouse, human, and bull as well as in Drosophila (Hammoud
et al., 2009; Palmer et al., 1990; Raychaudhuri et al., 2012).
The CENP-A nucleosome as a whole is therefore likely to be in-
herited, thus clearly establishing the epigenetic character of the
CENP-A nucleosomal structure. The flexibility of DNA ends on
CENP-A nucleosome could thus be needed to establish critical
protein networks important for male genome function post-
fertilization.

EXPERIMENTAL PROCEDURES

Plasmids and Recombinant Protein Purification
Human silencing-resistant CENP-A and aNH3-CENP-A mutants were con-

structed using the CENP-A coding sequence (Tanaka et al., 2004). For

aNH3-CENP-A construct, coding sequence of amino acids 39 to 54 from

CENP-A have been replaced by coding sequence for H3.1 amino acids 38

to 53. Final CENPA constructs were cloned in framewith GFP at the N terminus

into pBABE-puro vector (Addgene #1764).

Mouse aNH3-CENP-A was obtained by replacing mouse CENP-A coding

sequence of amino acids 34 to 49 by mouse coding sequence of H3.1 amino

acids 34 to 51. Both mouse WT CENPA and mouse aNH3-CENP-A were fused

in N-term with HA-GFP and then cloned into retroviral pCL-MFG vector.

Human CENP-C and mouse CENP-C sequence were fused in N-ter with

RFP and then cloned into pQCXIH vector (Clontech).

Construction of GFP-H3.1 and GFP-H3.3 were described elsewhere (Drané

et al., 2010). Core human recombinant histones and histone H1 were ex-

pressed in bacteria and purified as described in Angelov et al. (2004) and in

Syed et al. (2010), respectively. Recombinant bacterially expressed NAP-1

was purified according to the procedure described in Syed et al. (2010).

Nucleosome Reconstitution, EMSA, and ,OH Footprinting
Centrally positioned conventional or either WT CENP-A or aNH3-CENP-A

mono-nucleosomes and di-nucleosomes were reconstituted as described

previously (Menoni et al., 2007) using 255 bp 601 DNA fragment and

2 x197 bp 601 DNA (Syed et al., 2010). The deposition of H1 was carried out

by using NAP-1/H1 complexes as described in Syed et al. (2010). EMSA

and ,OH footprinting were performed according to well-established protocols

(Syed et al., 2010).

Cell Culture
HeLa cell lines stably expressing the various GFP-CENP-A fusionswere estab-

lished by retroviral infection with Moloney murine leukemia viruses (MMLV)

produced by amphotropic Phoenix packaging cells (Swift et al., 2001). HeLa

cell lines stably expressing either GFP-H3.1 or GFP-H3.3 were described in

Drané et al. (2010). The cells were maintained in standard Dulbecco’s modified

Eagle’s medium (DMEM) media containing 10% fetal bovine serum, 1% peni-

cillin and streptomycin, and 1% glutamine at 37#C in a 5% CO2 atmosphere.

For generation of stable HeLa cell lines expressing FLAG-HA epitope-tagged

either WT CENP-A or aNH3-CENP-A swapped mutant, the cells were trans-

fected with calcium phosphate.

Tandem Affinity Purification
The chromatin extracts were prepared from stable HeLa cell lines expressing

CENP-A, aNH3-CENP-A, H3.1, or H3.3 proteins fused to FLAG and HA epitope

tags. The purification of both soluble and chromatin associated complexes

were carried out as described in Goutte-Gattat et al. (2013) and Drané et al.

(2010). After collection, cells were lysed in hypotonic buffer (10 mm Tris-HCl

at pH 7.65, 1.5 mm MgCl2, and 10 mm KCl) and a Dounce homogenizer

was used to disrupt them. Following incubation of the nuclear pellet in high

salt buffer (final concentration of NaCl of 300mM), tagged proteinswere immu-

noprecipitatedwith anti-FLAGM2-agarose (Sigma) and elutedwith FLAGpep-

tide (0.5 mg/ml). A second step of immuno-purification was carried out with

anti-HA antibody-conjugated agarose, and the material was finally eluted

with HA peptide (1 mg/ml). The different complexes were separated by

SDS-PAGE and stained using the Silver Quest Kit (Invitrogen). Of note, we

used for proteomic analysis extracts (either nucleosomal or nuclear soluble)

‘‘normalized’’ to CENP-A; i.e., we first performed western blotting to evaluate

the amount of CENP-A/aNH3-CENP-A in the extracts and then we used either

CENP-A or aNH3-CENP-A extracts containing the same amount of CENP- A/

aNH3-CENP-A for the proteomic study. This allowed us to have some semi-

quantitative estimation of the abundance of the different proteins within the

complexes.

CENP-A KI-cKO Mouse Line
The CENP-A cKO/KI mouse line was established by using standardmouse ge-

netic approaches. In this line, the CENP-A gene was replaced by a double
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tagged FLAG-HA-CENP-A fusion. The targeting vector of the generated cKO/

KI FLAG-HA tagged CENP-Aflox/flox mice flanked exon 1 of the murine CENP-A

gene with LoxP recombination sites. The exon 1 excision leads to the loss of

expression of the protein (see Figure 4).

MEF Conditional CENP-A KO
Day 14 MEFs were isolated and cultured from CENP-A cKO/KI mice. P2 cells

were immortalized and infected with MSCV CreERT2 puro (Addgene #22776)

and vectors expressing CENP-A constructs. CENP-A KO is induced by adding

10 mM (Z)-4-Hydroxytamoxifen (Sigma-Aldrich) to cell culture media during

24 hr. Every 48 hr during 10 days, cells are trypsinated and a small portion

of the cells is put back into culture. The rest of the cells are collected in order

to perform experiments.

RNAi
Endogenous CENP-A expression was silenced by transient transfection with

CENP-A siRNAs (Dharmacon). Transfections were carried out in six wells

plates with 100 nM of siRNA mixed with 4 ml of Oligofectamin (Invitrogen),

following the provider’s instructions. The following day, the transfection me-

dium was replaced by fresh medium and cells were allowed to grow. At

72 hr after transfection, cells were fixed on coverslip for immunofluorescence

(IF) or collected for western blot.

Immunofluorescence and Microscopy Image Acquisition
Cells were fixed in formalin solution (Sigma-Aldrich) at room temperature. After

permeabilization, primary antibodies were incubated in blocking buffer for 1 hr

at room temperature using the following antibodies: CENP-C 1/2000e (gift from

I. Cheeseman), CREST 1/2000e (ImmunoVision), and Lamin B 1/300e (Santa

Cruz). All microscopy was performed on fixed cells with a Zeiss Axio Imager

Z1 microscope with a Plan-Apochromat 363 objective. GFP, cyanine-2,

cyanine-3, and Hoechst 33342 were used as fluorochromes. z stack images

were acquired with a Zeiss Axiocam camera piloted with the Zeiss AxioVision

4.8.10 software. All image treatment was performed using Fiji (ImageJ2-rc14).

For quantification of CENP-C signal at centromeres, undeconvoluted 2D

maximum intensity projections were saved as 8-bit TIFF images. Each individ-

ual nucleus was determined using Hoechst staining, then colocalization of

CENP-C signal with GFP-CENP-A or CREST signal was calculated using

JACoP 2.1.1 plugin (Bolte and Cordelières, 2006).

ECM Image Acquisition
Specimen Preparation

The reconstituted nucleosomes were prepared in a low ionic strength buffer

(10 mM Tris, 1 mM EDTA, and 10 mM NaCl) and diluted in the same buffer

to a concentration of 150 mg/ml of DNA. Three microliters of the specimen

were deposited on a holey carbon film (C-flat 2-2-2), rendered hydrophilic by

a 20 s glow discharge in air, and flash frozen in liquid ethane using an

automated plunger (Vitrobot, FEI) with controlled blotting time (1 s), blotting

force (5), humidity (97%), and temperature (4#C). The particles were imaged

using a cryo-transmission electron microscope (Polara, FEI) equipped with a

field emission gun operating at 100 kV. Images were recorded under low-

dose condition (total dose of 20 e!/Å2) on a 4096 3 4096 CCD camera (Eagle

FEI) at a magnification of 59,0003 resulting in a pixel size on the specimen of

0.187 nm.

Image Processing

Nucleosomal particles were selected manually using the Boxer application in

the EMAN2 software package (Ludtke et al., 1999). The contrast transfer func-

tion (CTF) of the microscope was determined for each micrograph using the

CTFFIND3 program (Mindell and Grigorieff, 2003). CTF correction and further

image analysis was performed within the RELION software package (Scheres,

2012). The molecular images of both data sets representing conventional nu-

cleosomes and those with incorporated CENP-A were subjected to reference-

free 2D classification to remove images containing contamination or damaged

particles. An initial 3Dmodel was reconstructed from the 2D class-average im-

ages by the angular reconstitution method (Van Heel, 1987) and further refined

using maximum-likelihood based methods. 3D classification was carried out

to identify structural variations within the image data set. There were four or

five most populated classes that were selected for each of the samples. Illus-

trations were prepared using the Chimera visualization software (Pettersen

et al., 2004).
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