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Mitosis ensures equal genome segregation in the eukaryotic
lineage. This process is facilitated by microtubule attachment to
each chromosome via its centromere. In centromeres, canonical
histone H3 is replaced in nucleosomes by a centromere-specific his-
tone H3 variant (CENH3), providing the unique epigenetic signa-
ture required for microtubule binding. Due to recent findings of
alternative CENH3 nucleosomal forms in invertebrate centromeres,
it has been debated whether the classical octameric nucleosomal
arrangement of two copies of CENH3, H4, H2A, and H2B forms
the basis of the vertebrate centromere. To address this question
directly, we examined CENH3 [centromere protein A (CENP-A)]
nucleosomal organization in human cells, using a combination of
nucleosome component analysis, atomic force microscopy (AFM),
and immunoelectron microscopy (immuno-EM). We report that
native CENP-A nucleosomes contain centromeric alpha satellite
DNA, have equimolar amounts of H2A, H2B, CENP-A, and H4, and
bind kinetochore proteins. These nucleosomes, when measured by
AFM, yield one-half the dimensions of canonical octameric nucleo-
somes. Using immuno-EM, we find that one copy of CENP-A, H2A,
H2B, and H4 coexist in CENP-A nucleosomes, in which internal
C-terminal domains are accessible. Our observations indicate that
CENP-A nucleosomes are organized as asymmetric heterotypic tet-
ramers, rather than canonical octamers. Such altered nucleosomes
form a chromatin fiber with distinct folding characteristics, which
we utilize to discriminate tetramers directly within bulk chromatin.
We discuss implications of our observations in the context of
universal epigenetic and mechanical requirements for functional
centromeres.

alternative nucleosomes | cell division | histone variant |
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Each eukaryotic chromosome has a centromere, which serves
as the sole attachment point for spindle microtubules during
mitosis (1). Sister centromeres undergo a distinct phase change
from independent discrete spots in the interphase nucleus to a
paired constriction on mitotic chromosomes. At the base of
the constriction, centromeric DNA is packaged within variant nu-
cleosomes composed of a centromere-specific histone H3
(CENH3). In metazoans, centromeric DNA alone is insufficient
to dictate centromere location, as evidenced by the formation of
satellite-free neocentromeres (2, 3). That a common epigenetic
identity prevails can be deduced from a number of studies span-
ning evolutionary, biochemical, cytological, genetic, and genomic
methods (4-22), all of which pinpoint CENH3 as the key epige-
netic marker for active centromeres in eukaryotes.

Another general feature of CENH3 nucleosomes is that they
must provide a stable foundation for kinetochore proteins (23),
while still allowing displacement during DNA replication. Studies
investigating structural features of centromeric chromatin that
contribute to its function have reported that it is refractory to
nuclease digestion (24-26) and topologically distinctive (27, 28).
Direct examinations of Drosophila and yeast CENH3 chromatin
indicate that native centromeric nucleosomes can adopt tetra-
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meric (29) or hexameric states (30), respectively, in contrast to
the octameric nucleosomal configuration reported for ectopically
expressed CENH3 (31). In vitro, centromere-like AT-rich DNA
excludes octameric nucleosomes, suggesting that the geometry
of native centromeric DNA can adapt to noncanonical confor-
mations (32). Indeed, recent analysis of yeast and Drosophila
CENH3 nucleosomes show that they wrap DNA into a right-
handed configuration, which is structurally incompatible with
canonical octameric organization (33, 34). The right-handed
direction of the DNA wrap dictated by tetrameric nucleosomes
would be the same as the direction of the twist of double helix,
providing a plausible solution for how centromeres are able to
provide a solid structural basis for the kinetochore (35).

In vitro, in contrast to the flexible structures described for in-
vertebrate CENH3s (2930, 32), the loop-1/alpha-2 [centromere
protein A (CENP-A) targeting domain (CATD)] domain of hu-
man CENH3 (CENP-A) reduces flexibility in alpha-2 of H4 (18).
In the context of nucleosome structure, CENP-ACATD induced
stiffness in H4 is proposed to create a compacted, left-handed
octameric nucleosome. This model is attractive, because it pre-
dicts an inflexible centromeric chromatin fiber, which should
be resistant to disassembly (18, 36). However, subsequent dissec-
tions reveal that the CATD domain also drives instability in
CENP-A octameric nucleosomes in vitro (37). Consequently,
these seemingly incompatible in vitro observations present a me-
chanistic hurdle for understanding how CENP-A nucleosomes
function without destabilizing the mitotic kinetochore in vivo.
Therefore, it is of interest to dissect properties of CENP-A chro-
matin in vivo.

We report here an investigation of CENP-A chromatin in
interphase human cells. Our nucleosome component analysis
shows that CENP-A nucleosomes are composed of equimolar
amounts of CENP-A, H2A, H2B, and H4, contain centromeric
alpha satellite DNA, and are bound to kinetochore proteins
CENP-B and CENP-C. Such native CENP-A nucleosomes form
chromatin fibers with distinctive folding characteristics, and when
measured by atomic force microscopy (AFM) are consistently
one-half the height and volume of canonical octameric nucleo-
somes under a range of ionic conditions. Furthermore, immunoe-
lectron microscopy (immuno-EM) analysis detects stable DNA
organization and single copies of CENP-A and H2B in each
CENP-A nucleosome. These observations offer direct evidence
in support of tetrameric organization of CENP-A nucleosomes
in human cells. Tetrameric nucleosomes can also be discriminated
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directly from bulk octamers within human chromatin. We discuss
mechanisms by which tetramer nucleosomes may arise, propose
an epigenetic model by which they contribute to centromere
recognition, and suggest a universal role for CENP-A tetramers
in withstanding mitotic torque.

Results

Native Human CENP-A Nucleosomes Have a Heterotypic Composition.
We purified native CENP-A nucleosomes from interphase HeLa
nuclear extracts to examine their composition and physical
dimensions. Taking into consideration that CENP-A chromatin
may interconvert between folded and unfolded fibers, we used
low salt (LS, 50 mM NaCl) and moderate salt (MS, 350 mM
NaCl) buffers to extract chromatin fibers made soluble by se-
quential micrococcal nuclease digestion (38). Analysis of bulk
chromatin fibers (BC) reveals a classical nucleosomal DNA
ladder (Fig. 14), and protein analysis detects the full complement
of histones (Fig. 1B, BC). To avoid shearing the chromatin by
centrifugal forces, we coupled anti-CENP-A antibodies to
magnetic beads and performed gentle native CENP-A chromatin
immunopurification (NChIP) (39).

CENP-A nucleosomal components eluted from the immune
beads were analyzed by ultrasensitive protein gels (Fig. 1B),
and by Western blot analysis (Fig. 1B, WB). Regardless of chro-
matin fiber length, CENP-A, H2A, H2B, and H4 are equimolar
components of native CENP-A chromatin [Fig. 1B, LS CENP-A
immunopurification (IP), WB a-H2B; Fig. 1C, MS CENP-A IP;
and Fig. S14, WB «-H2B]. Consistent with previous reports of
CENP-A and H3 domains alternating within metazoan centro-
meres (10, 11), histone H3 is present in long arrays of CENP-
A, but rapidly depleted in shorter arrays (Fig. 1B, a-H3, compare
lanes 2 and 4). In LS and MS, native and tagged CENP-As associ-
ate stably with H2A, H2B and H4 (Fig. 1 B and C, and Fig. S1B),
whereas transiently overexpressed CENP-A does not (Fig. S1B).
Kinetochore proteins CENP-B and CENP-C are enriched within
LS and MS CENP-A chromatin, suggesting that native CENP-A
nucleosomes are representative of active centromeres (Fig. 1B,
WB o-CENP-C and o-CENP-B, and Fig. S14). To confirm that
native CENP-A IPs derive from centromeric locations, we used

the D17Z1 171 bp a-satellite repeats as a marker for human
centromeres (40). Indeed, this centromeric DNA is enriched
in both LS and MS CENP-A chromatin compared to the equiva-
lent BC input (Fig. 1D). LS and MS chromatin fractions of native
CENP-A contain similar histone components, bind CENP-B and
CENP-C, and contain centromeric a-satellite DNA. From these
data, we infer that LS and MS CENP-A IPs derive from active
centromeric regions in human cells.

Native CENP-A Chromatin Fibers Have Distinctive Folding Motifs. We
next sought to determine the characteristics of native CENP-A
chromatin fibers by AFM. Regardless of whether extracted from
LS or MS, BC and CENP-A nucleosomes present the beads-on-a-
string motif, consistent with stable nucleosomal configuration
(Fig. 2 A and B, and Fig. S2). CENP-A arrays are also close
packed, but generally shorter (5-25 nucleosomes) than BC arrays
(20-50 nucleosomes), suggesting that nuclease release is more
effective for AT-rich centromeric chromatin than for bulk (24,
25, 29, 39). As reported previously (38), BC chromatin is gener-
ally open in LS and more compacted in MS (Fig. 2.4 and B, and
Fig. S2A4), whereas over 60% of CENP-A chromatin arrays of
equivalent length are compacted in LS and resist ionic condensa-
tion in MS (Fig. 2 4 and B, and Fig. S2). Therefore, CENP-A
chromatin manifests unique folding behavior. Line section
profiles of individual CENP-A nucleosomes indicate that they
have similar widths, but shorter heights relative to BC nucleo-
somes (Fig. 2C).

Native CENP-A Nucleosomes Have Tetrameric Dimensions. During our
analysis of compaction above, we noted that individual CENP-A
nucleosomes were shorter than BC nucleosomes (Fig. 2C, line
section profiles). AFM serves as a reliable tool for quantitative
assessment of nucleosomal configuration because it can distin-
guish octamers from tetramers (41). Previous AFM measure-
ments of native Drosophila CENH3 nucleosomes yield one-
half the height of canonical octameric nucleosomes, indicating
that they are tetrameric at interphase (29, 42).

Consequently, we automated our analysis protocols (SI Text),
in order to obtain unbiased dimensions for large numbers of
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stained protein gels show that MS and LS CENP-A
IP have H2A, H2B, and H4. (D) PCR analysis shows that
the D1721 171-bp centromeric alpha satellite repeat
is enriched in LS and MS CENP-A IP.
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Fig. 2. Native CENP-A chromatin has distinctive
folding motifs. Representative AFM images showing
(A) LS BC, MS BC, LS CENP-A, and MS CENP-A chroma-
tin have classical nucleosomal organization but differ
in compaction. LS BC has open beads-on-a-string
structure, whereas LS CENP-A chromatin remains
compacted. Conversely, MS BC is heavily compacted,
whereas MS CENP-A resists condensation. (Scale bar:
100 nm.) (B) Representative 3D topography images
showing folding differences between BC and CENP-
A, with (C) single-molecule line scans below showing
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CENP-A and BC nucleosomes (Table S1). Consistent with
previously published AFM height estimates of classical octameric
organization (29, 41, 42), LS BC nucleosomes range in height
from 2.5-4.5 nm (Fig. 34, red). In contrast, 75% of LS CENP-
A nucleosomes yield one-half octameric heights, ranging from
1.4-2.0 nm, with a distinct 25% subpopulation ranging from
1.7-3.0 nm (Fig. 34, dark blue). We also assessed volumes, which
are an independent measure of nucleosomal organization. BC
nucleosomes yield a mean volume of 260 nm? in good accordance
with octameric volumes (AFM methods), whereas CENP-A nu-
cleosomes have ~1/2 the octameric volume, at 115 nm? (Fig. 3B,
red vs. dark blue).

In long centromeric fibers, H3 domains alternate with CENP-
A domains (10, 11). We reasoned it should be possible to purify
A 10+ B 104
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Fig. 3. Native CENP-A nucleosomes have tetramer dimensions. (A) LS CENP-
A nucleosomes are lower in height compared to LS BC nucleosomes. (B) LS
CENP-A nucleosomes occupy smaller volumes compared to LS BC nucleo-
somes. (C) LS CENP-A nucleosomes have a bimodal distribution of CENP-A tet-
ramers and H3 octamers in long chromatin and enrich exclusively in tetramers
in short chromatin. (D) LS and MS HeLa CENP-A and HEK LS CENP-A nucleo-
somes show overlap in tetrameric dimensions. BC nucleosomes (red), LS and
MS CENP-A nucleosomes (dark and light blue), short and long CENP-A (light
green and dark blue), and HEK CENP-A nucleosomes (green). Means are
shown above peaks. Data are summarized in Table S1.
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that CENP-A nucleosomes are one-half the height of
BC nucleosomes. (Scale bar: 50 nm.)

both CENP-A tetramers and bulk octamers using long fibers as
input. Indeed, from lightly digested extracts, LS CENP-A IP
yields equal proportions of tetramers and classical octamers
(Fig. 3C, dark blue, and Fig. S34), whereas, from short chromatin
fibers, CENP-A IP yields tetramers exclusively (Fig. 3C, green,
and Fig. S34). These data are consistent with Western blot ana-
lysis, which show that H3 is present in long CENP-A arrays, but is
depleted in shorter arrays (Fig. 1C, WB a-H3). This experiment
demonstrates that H3 octamers and CENP-A tetramers coexist as
discrete populations. Thus, the far end of the tetrameric range
(2.0-2.3 nm) seen in LS CENP-A IP above (Fig. 34) most likely
derives from H3 nucleosomes, whereas the 75% fraction ranging
from 1.7-2.3 nm reflects CENP-A nucleosomes alone. This inter-
pretation is supported by an examination of MS samples, in which
MS BC nucleosomes have a broad distribution ranging from 3—
6 nm in height, (Table S1), whereas MS CENP-A nucleosomes
have tetrameric heights tightly distributed from 1.3-1.8 nm
(Fig. 3D, light blue). MS BC volumes are broadly distributed from
250-550 nm? (Fig. S3B, red), whereas MS CENP-A chromatin
yields volumes clustering around 81 nm?® (Fig. S3B, light blue).

We extended our analysis to noncarcinoma HEK cell lines, and
observed that LS and MS HEK CENP-A nucleosomes yield
heights corresponding closely to HeLa LS CENP-A nucleosomes
(Fig. 3D, green vs. dark blue, and Fig. S3C). Similarly, HEK LS
and MS CENP-A volumes cluster from 80-100 nm? (Fig. S3D).
To exclude the possibility that antibody binding and elution pro-
tocols might disrupt CENP-A chromatin obtained from native ex-
tracts, we expressed a fusion CENP-A protein (SI Materials and
Methods), expressed at a lower level than endogenous CENP-A,
and localized correctly to human centromeres (Fig. S4 4 and B).
Long CENP-A chromatin fibers were enriched by binding a strep
column in LS, eluted with biotin in physiological salt, and visua-
lized by AFM as nucleosomal beads (Fig. S4C). These fusion
CENP-A nucleosomes yield a bimodal distribution with ~60%
at 1.3 nm and ~40% at 2.3 nm in height (Fig. S4D), consistent
with the bimodal distribution obtained from LS CENP-A above
(Table S1).

Overall, when comparing the range of heights and volumes
of ~4,000 CENP-A nucleosomes (1.4-2.3 nm, 81-160 nm?,
Table S1), to those of ~4,900 BC nucleosomes (2.5-4.5 nm,
240-360 nm?, Table S1), it is apparent that BC nucleosomes yield
dimensions consistent with octameric organization, whereas
CENP-A nucleosomes do not. Therefore, tetrameric dimensions
are a particular feature of native and tagged CENP-A chromatin.
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CENP-A Nucleosomes Contain One Copy of CENP-A and H2B, and Have
Accessible C Termini. One explanation for the tetrameric structures
we report for CENP-A above (Table S1) might be that DNA is
dissociated and what remains is a protein tetramer. A priori, this
interpretation would seem unlikely, because a-satellite DNA is
enriched in CENP-A IPs (Fig. 1D), and linker DNA can be visua-
lized by AFM (Fig. 2 A and D). Nevertheless, we used the inter-
calating drug uranyl acetate (UA) (38) to detect DNA within the
same samples of LS CENP-A chromatin for which tetrameric
heights were observed by AFM (Table S1). We observed that
UA-stained DNA forms an electron-dense region around
CENP-A nucleosomes (Fig. 44), yielding widths of CENP-A nu-
cleosomes at 10 £ 1 nm (N = 31), consistent with stable hetero-
typic particles.

Immuno-EM permits mapping histones on chromatin at single
molecule resolution (43). Therefore, we chose an anti-CENP-A
antibody that recognizes the N terminus of CENP-A, which
should be accessible regardless of whether CENP-A nucleosomes
are tetrameric or octameric. Secondary-antibody-coupled 5-nm
gold beads subsequently bind the primary antibody. Of 576
CENP-A nucleosomes detected by the CENP-A antibody, no ex-
amples of dual labels could be found, which is consistent with
tetrameric organization (Fig. 4B and Table 1). In contrast, bulk
nucleosomes stained with anti-H3 yield both single and double
labels (Table 1 and Fig. S5).

Even though H2A and H2B copurify with CENP-A from long,
medium, and short chromatin (Fig. 1 B and C, and Fig. S14), one
intriguing possibility is that CENP-A nucleosomes have weaker
associations with H2A/H2B (30). Thus, the tetrameric nucleo-
somes measured in AFM experiments above could reflect
CENP-A, /H4, instead of CENP-A/H2AB/H4 tetramers. In or-
der to distinguish between these two possibilities, we tested if
H2B was present within individual CENP-A nucleosomes. We
chose an antibody that detects the C terminus of H2B, reasoning
that this epitope is exposed in heterotypic tetramers, whereas it is

Table 1. CENP-A nucleosomes have one copy of CENP-A and H2B

Single Two

Nucleosomes 5-nm  5-nm  Nm between

Chromatin Antibody observed, N bead beads beads*
CENP-A CENP-A 576 576 0 >12
CENP-A H2B 588 588 0 >12
Bulk H3 632 589 43 <9
Bulk* H2B 1141 109 5 <9

*Center-to-center distances were plotted for gold beads.
"Efficiency of detection of H2B's C-terminal epitope was 30-fold less for bulk
nucleosomes compared to CENP-A nucleosomes.

20320 | www.pnas.org/cgi/doi/10.1073/pnas.1009563107

Fig. 4. CENP-A nucleosomes have single copies of
CENP-A and H2B, and exposed C termini electron
micrographs showing (A) uranyl-acetate-stained
CENP-A nucleosomes are 10-nm beads on a string.
(B) Anti-CENP-A 5-nm gold bead (black bead) detects
single epitope per LS CENP-A nucleosome. (C) Anti-
H2B 5-nm gold bead staining shows that a single
C-terminal epitope of H2B is present and accessible
in LS CENP-A nucleosomes. (D) Anti-H2B 5-nm gold
bead staining of bulk chromatin is highly inefficient,
but detects examples of dual labels. Particles larger
than 25 nm in diameter were observed and excluded
from this analysis. (Scale bar: 5 nm.) Images were re-
sized for comparison.

relatively inaccessible in octamers, and absent in CENP-A, /H4,
tetramers (34). We first tested bulk chromatin with anti-H2B, de-
tecting 30-fold less H2B staining in bulk nucleosomes compared
to CENP-A nucleosomes (Table 1), consistent with H2B C termi-
ni being buried within the bulk octameric core (34). In five cases,
dual H2B labels were observed for bulk nucleosomes within
10 nm of each other, consistent with octameric configuration
(Fig. 4D and Table 1). However, in 588 CENP-A nucleosomes
readily detected by H2B labeling, only a single epitope is present
in each CENP-A nucleosome (Fig. 4C), with no examples of dual
labels. These data indicate that the C terminus of H2B is present
and easily accessed in CENP-A nucleosomes (Table 1). There-
fore, immuno-EM data indicate that tetramer height CENP-A
nucleosomes are present in stable heterotypic nucleosomal arrays
containing DNA, single copies of CENP-A, H2A, H2B, and H4,
and that the C-terminal interface of the CENP-A nucleosome is
accessible.

Tetrameric Nucleosomes Can Be Directly Discerned in Human Chroma-
tin. Our data suggested a distinct nucleosomal population posses-
sing tetramer features exists in human chromatin. We reasoned
we might be able to discriminate such domains directly in chro-
matin by scanning nuclear extracts for three properties: open
chromatin structure, shorter heights, and differential surface
properties. In this experiment, chromatin fibers are very long
and generally appear compacted in physiological salt (38). In-
deed, from MS, the vast majority of bulk chromatin forms highly
compacted fibers (Fig. 54, MS, red circles, graphic to the right).
In cases where nucleosomes can be seen as well-separated beads,
these heights are in correspondence to octameric heights and
volumes (Fig. S6 B and C). However, a distinct subset of chro-
matin resists compaction and has smaller nucleosomes (Fig. 54,
MS, blue circles, graphic to the right). These nucleosomes tend to
have a darker phase image than bulk chromatin, which is indica-
tive of differential surface properties (Fig. 54, phase image, blue
vs. red circle). Similarly, in LS, a small population of such diminu-
tive nucleosomes can be easily identified amongst octameric
nucleosomes (Fig. 54, LS, blue vs. red circle).

The phase and folding signatures observed are a qualitative
measure of differential material properties. To obtain a quanti-
tative measure, we used topography to measure the heights of
the differential nucleosomes. We measured 345 such smaller nu-
cleosomes from LS, whose mean heights and volumes are 1.95 nm
and 100 nm?, respectively, and 6,980 such nucleosomes from
MS, whose mean heights and volumes are 1.25 nm and 97 nm?,
respectively (Fig. 5B and Fig. S64, light blue and dark blue), in
contrast to the vast majority of bulk octamers with classical di-
mensions (Fig. S6 B and C). These tetrameric dimensions, folding
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motifs, and the close packing of tetrameric nucleosomes are in
excellent accordance with our observations of LS and MS
CENP-A chromatin above (Table S1), indicating that tetrameric
organization is the signature of an exclusive class of nucleosomes.

Discussion

Native IP experiments show that purified CENP-A nucleosomes
contain equimolar amounts of H2A, H2B, and H4 (Fig. 1 B
and C, and Fig. S14) and are enriched in centromeric a-satellite
DNA (Fig. 1D) regardless of ionic conditions. Transiently over-
expressed CENP-A does not incorporate into chromatin, but can
stably associate with centromeres (Fig. S1 B and C). Inner kine-
tochore proteins CENP-B and CENP-C copurify with native
CENP-A chromatin preparations, whereas histone H3 is depleted
(Fig. 1B, WB). Single molecule imaging shows that CENP-A
chromatin forms beads-on-a-string structures, which are com-
pacted in LS, and resist condensation in MS, relative to equiva-
lent length BC arrays (Fig. 2 A-C). AFM height measurements
show that the majority of LS and MS CENP-A IP nucleosomes
are one-half the dimensions of canonical octameric nucleosomes
(Fig. 3 A-D). Such tetramer-height nucleosomes predominate
across three different experimental conditions and two human
cell lines (Table S1) and can be clearly distinguished in mixtures
with bulk octamers (Fig. 3C). Electron microscopy analysis of
CENP-A chromatin shows individual nucleosomes connected
to each other by linker DNA, with four to five nucleosomes form-
ing an array (Fig. 44), in which single epitopes of CENP-A
are recognized efficiently (Fig. 4B). The C terminus of H2B is
relatively inaccessible in bulk chromatin, whereas, in CENP-A
nucleosomes, a single C terminus of H2B is readily detected
(Fig. 4C and Table 1). These traits are indicative of stable orga-
nization, wherein each CENP-A nucleosome contains one copy of
CENP-A, H2A, H2B, and H4, allowing access to the C-terminal
interface. Nucleosomes with folding motifs and dimensions iden-
tical to those of CENP-A nucleosomes can be discriminated
from bulk chromatin directly within nuclear spreads (Fig. 54
and Fig. S6 A). Put together, these data are compatible with a
heterotypic tetrameric nucleosomal organization. Because
CENP-A nucleosomes contain centromere-specific DNA repeats
and are associated with CENP-C/CENP-B, we favor the view that
they derive from active centromeres (44).

In salt dialysis experiments in vitro, CENH3s reconstitute into
octamers robustly (18, 29-31, 36, 39). However, in this report, we
detect primarily tetrameric CENP-A species in vivo, suggesting
that they originate from biological processes. One simple possi-
bility is that specific chaperones constrain CENH3 deposition
into tetramers (6-9, 30, 33). An alternative possibility is that
CENH3 tetramers are generated by dynamic forces such as
mitotic torque (1), transcription, or emerge as an epigenetic
mark through replication (45). Either proposal is consistent with
observations that CENP-A octamers are far less stable than H3
octamers in vitro and dissociate when challenged by polyacidic
molecules (37). In vivo, noncoding centromeric RNA is tran-
scribed upstream of CENP-A assembly (46-48). Thus, RNA
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tent with tetramers.

could serve as a polyacidic competitor directly (46), or recruit
CENP-C, which interacts with the C terminus of CENP-A (49),
potentially blocking octamer formation. Concurrently, whereas
CENP-A nucleosomes comigrate with bulk nucleosomes on su-
crose gradients, high-resolution mapping of a-satellite chromatin
in vivo reveals that the CENP-A footprint spans only 100 bp of
DNA, rather than the canonical 150 bp (19, 39). The balance
could be driven to favor other CENP-A forms prior to replication,
when a-satellite transcription is repressed (47, 48), and CENP-A
chromatin is remodeled (50). Because our experiments were per-
formed in asynchronous cells, it remains to be determined if
CENH3 tetramers originate from dynamic processes and whether
alternate forms exist at other points of the cell cycle (45).

Could tetrameric chromatin confer a functional advantage
during mitosis? A recent study has proposed that alternating
CENP-A/H3 domains fold into a planar amphipathic arrange-
ment, stabilized by cross-array CENP-C binding (51). This notion
is supported by previous reports that CENP-C interacts with both
centromeric DNA and the C terminus of CENP-A in vivo (52).
Amphipathic sheets can also self-assemble by burying hydropho-
bic residues between planes. Therefore, a speculative proposal is
that the CENP-A chromatin fiber folds into a planar motif to
avoid exposing hydrophobic C-terminal interfaces, whereupon
CENP-C binds exposed C termini across planes, yielding an ac-
cordion-like tensility to the centromere. This proposal is consis-
tent with superresolution live microscopy and biochemical data
indicating that the CENP-A/CENP-C chromatin fiber is highly
compliant (53, 54), and provides a mechanistic basis for how
spring-like behavior can be generated. Future experiments will
test whether unconventional centromeric nucleosomes can pro-
vide a mechanical counterpoint to mitotic torque (35). However,
insofar CENH3s are evolutionarily divergent in their N-, loop-1,
loop-2, and C- terminal domains (15), it is remarkable that such
diversity could result in similar organization and folding proper-
ties, suggesting that centromere function is universally rooted in a
conserved chromatin fiber.

Materials and Methods

Detailed methods regarding chromatin preparation, immunopurification,
Tag-CENP-A expression and purification, PCR, antibodies used for ChiP,
and Western blot analysis are described in S/ Materials and Methods

AFM Image Collection. Sample preparation and imaging methods were as
stated (S/ Materials and Methods). MS and LS data were obtained from 10
experimental repetitions. Bulk chromatin and CENP-A-IP chromatin were
imaged in parallel, two technical replicates were performed for each experi-
mental pair, and all the particles in each image were collected. Approxi-
mately 4,000 CENP-A-IP and 4,900 bulk nucleosomes were measured (see
Table S1 for detailed analysis).

Array Folding Measurements. Chromatin arrays were defined as >5 nucleo-
somes attached by visible linker DNA. Typical CENP-A arrays range from
5-25 nucleosomes, but BC arrays were longer. We manually scored
CENP-A and BC arrays (each containing 5-15 nucleosomes, Fig. S2), qualita-
tively assessing the ratio of “open” beads-on-a-string vs. “closed” compacted
arrays (38).
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Height and Volume Measurements. Standard height and volume measure-
ments were performed (29, 42) using National Institutes of Health Image J
using automated counting (see S/ Text for detailed description). The volume
of an octameric nucleosome is ~400 nm?3, half of which is the water volume in
the histone core (S/ Text), thereby loss of hydration results in ~200-300 nm3
(29, 41, 42). Experimentally observed values for LS BC (V =260 nm3,
H = 2.8-4 nm) are in good accordance with those predicted (34) and ob-
served previously for octameric nucleosomes (41, 42). Tetramer nucleosome
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