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Mammalian centromeres are defined epigenetically. Although the
physical nature of the epigenetic mark is unknown, nucleosomes in
which CENP-A replaces histone H3 are at the foundation of cen-
tromeric chromatin. Hydrogen/deuterium exchange MS is now
used to show that assembly into nucleosomes imposes stringent
conformational constraints, reducing solvent accessibility in almost
all histone regions by >3 orders of magnitude. Despite this,
nucleosomes assembled with CENP-A are substantially more con-
formationally rigid than those assembled with histone H3 inde-
pendent of DNA template. Substitution of the CENP-A centromere
targeting domain into histone H3 to convert it into a centromere-
targeted histone that can functionally replace CENP-A in centro-
mere maintenance generates the same more rigid nucleosome, as
does CENP-A. Thus, the targeting information directing CENP-A
deposition at the centromere produces a structurally distinct nu-
cleosome, supporting a CENP-A-driven self-assembly mechanism
that mediates maintenance of centromere identity.
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E pigenetic determinants are known to modulate eukaryotic
gene expression at the level of individual genes or entire
chromosomes (1). Mounting evidence has implicated a similar
epigenetic mechanism for the specification of the centromere,
the chromosome element essential for faithful chromosome
inheritance (2, 3). The centromere in metazoans is typically
located within a region of repetitive satellite DNA in diverse
plant and animal phyla (2, 4). In humans, the predominant
centromeric satellite, al, consists of repeats of 171-bp monomers
that extend for several megabases at most centromeres (5).
Despite the strong correlation between centromere location and
the presence of these satellites, rare chromosomal rearrange-
ments in humans have revealed instances in which a centromere
has been silenced (6, 7) or generated de novo at a chromosome
arm locus lacking detectable « satellite DNA (8-10) or both (11,
12). Such evidence strongly argues that centromere specification
is not determined by a particular DNA sequence but rather is
specified epigenetically (2, 3, 13).

The maintenance of centromere identity is critical because the
loss of a single centromere or the presence of multiple, inde-
pendently functioning centromeres on a chromosome will lead to
a catastrophic cell division. In the former case, chromosome
missegregation will lead to the loss of a specific chromosome in
one daughter cell and an extra copy of it in the other. In the latter
case, the chromosome will be subject to breakage by opposing
forces exerted by the spindle. If centromere identity is lost in
meiotic divisions, the gain or loss of a chromosome (aneuploidy)
in the resulting gametes directly leads to spontaneous abortion
or developmental defects in the resulting embryo. Mitotic ab-
errations leading to aneuploidy in dividing cells may contribute
to cancer progression (14, 15), indicating that centromere iden-
tity in somatic cell lineages is of critical importance as well. All
of this has raised the critical question: What determines the
location of the centromere?
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The most attractive candidate for an epigenetic mark that
specifies the centromere is CENP-A, a histone variant that
replaces H3 in centromeric nucleosomes in humans (16, 17), and
CENP-A relatives have an essential role at centromeres in
diverse eukaryotic species (2). CENP-A is found at all active
centromeres in a manner that appears to be independent of DNA
sequence, including human neocentromeres lacking detectable «
satellites (10, 11). Conversely, despite the retention of «al-
satellite arrays, CENP-A is absent when centromeres are si-
lenced (10, 11). Nucleosomes assembled with CENP-A directly
recruit a CENP-A nucleosome-associated complex (CENP-
ANAC) that in turn recruits a set of at least seven more distal
components (18). All of this has suggested that CENP-A-
containing nucleosomes are an epigenetic mark for specifying
location of the centromere (2, 13).

Here we have assembled nucleosomes with CENP-A and used
hydrogen/deuterium (H/D) exchange coupled to MS (which
measures amide proton exchange along the polypeptide back-
bone of each histone subunit) to determine that the CENP-A-
containing nucleosome is more conformationally rigid than its
canonical counterpart containing histone H3. Furthermore, this
structural alteration is independent of DNA sequence but is
driven by the CENP-A centromere targeting domain, or CATD
(19), that can convert histone H3 into a centromere-targeted
histone that can functionally replace CENP-A in centromere
maintenance (20). These findings provide a structural basis for
an epigenetic mark carried by CENP-A, and that is used to
specify the location of the centromere.

Results

Protection from H/D Exchange Upon Assembly of Histones into Nu-
cleosomes. In static crystal structures, >3,000 water molecules
are positioned within the canonical nucleosome structure and
participate in the electrostatic interactions between histone
subunits and between histones and DNA (21). The extent to
which these water molecules are free to exchange in solution is
not known. Centromeric or canonical nucleosomes were recon-
stituted by using the salt-dialysis method (22) starting with
(CENP-A/H4), or (H3/H4), heterotetramers, H2A/H2B het-
erodimers, and a 208-bp DNA fragment encompassing a mono-
meric 171-bp human al-satellite repeat (Fig. 14). These nucleo-
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Fig. 1. Reduced H/D exchange upon assembly of histones into nucleosomes. (A) Experimental scheme for examining the solvent accessibility to nucleosomes
assembled with al-satellite DNA from human centromeres and with CENP-A in place of histone H3. (B) Composition of the five different nucleosomes
reconstituted and examined by H/D exchange in this study. Either nucleosomes containing CENP-A (C-G) or histone H3.1 (H-L) were analyzed by H/D exchange.
Horizontal blocks represent peptides from CENP-A-containing nucleosomes (C) or from H3-containing nucleosomes (H) monitored for H/D exchange over a time
course from 102 to 108s. Within each block the color-coded percentage of deuteration is represented with early time points at the top progressing to the latest
time point at the bottom. Peptides are placed beneath schematics showing the location of the a-helices of each histone. Multiple charge states were detected
for a subset of peptides, each represented by its own block. Peptides highlighted in C and H from the nucleosomes are enlarged (D-G Left and /-L Left) and
compared with data collected from the corresponding subnucleosomal heterotetramers (D-G Right and /-L Right). The time course for the heterotetramer
experiment extends over a range from 10" to 10%s, and these data are from published experiments (19).

somes were then incubated for times varying >4 orders of
magnitude (10? to 10° s) in heavy water (D,O) to exchange
deuterium onto amide protons along the polypeptide backbone.
At each time point, exchange was quenched and the histones
were then fragmented by proteolysis. Protection of the nucleo-
somal histones from rapid H/D exchange will occur if solvent
does not have access for exchange (23). Slowed exchange also
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reflects increased stability of hydrogen bonding of amide pro-
tons. Protection of amide proton exchange can occur via intra-
or intermolecular contacts, restricted conformational flexibility,
compaction, or a combination of these.

Multiple peptides corresponding to the majority of each of the
structured histone fold domains for each of the four histones of
the 245-kDa nucleosome were then identified by MS, as well as
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the proportion of deuterium incorporated. Nucleosome assem-
bly sharply reduced conformational accessibility within the
folded cores of both H3 and H4 in the canonical nucleosome and
CENP-A and H4 in the centromeric nucleosome, with most
domains reduced at most sites by >3 orders of magnitude
relative to the prenucleosomal heterotetramers (19) of either
(H3/H4), or (CENP-A/H4),. Thus, conformational flexibility of
histones H3 (or CENP-A) and H4 are severely restricted by their
incorporation into nucleosomes.

Close inspection of the CENP-A-containing nucleosomes
revealed that some portions of the nucleosomal histone octamer,
such as the region covered by the group of peptides spanning the
aC-helix of histone H2B, showed little exchange at early time
points, but nearly complete exchange later (Fig. 1C). Other
regions, such as the a2-helix from CENP-A (Fig. 1 C and F),
were protected from H/D exchange even after 10° s (=12 days).
Although this region was previously found to be the most
conformationally constrained region of CENP-A in the subnu-
cleosomal (CENP-A/H4), heterotetramer, complete exchange
of this region in the heterotetramers was seen by 10* s (Fig. 1F)
(19), whereas there was essentially no exchange in the CENP-A
nucleosome even at 100-fold greater times (Fig. 1F), demon-
strating that in the nucleosome this domain of CENP-A is held
in a very rigid structure that does not undergo significant
conformational flexing that would expose it to solvent. This
offers direct support for the prediction, based on the known
structure of the canonical nucleosome (24), that the majority of
the a2-helix is buried within the center of the octameric disk-
shaped core of the nucleosome as opposed to regions providing
the major DNA contact points on the surface of the histone
octamer.

CENP-A Directs the Formation of More Rigidified Nucleosomes. The
H/D exchange profiles of the CENP-A and H3 nucleosomes were
similar, with most peptides reflecting a pattern of slow and fast
exchanging regions in the CENP-A nucleosome that mimicked
that seen for nucleosomes assembled with canonical histone H3
(H3.1) (Fig. 1H), consistent with the notion that CENP-A
typically replaces histone H3 in a nucleosome with otherwise
identical histone stoichiometries (two copies of each histone
subunit) (17) and a-helical protein folds that are largely similar
(Fig. 1 C and H).

Histone H2A and H2B peptides from both CENP-A- and
H3-containing nucleosomes displayed nearly identical exchange
behavior. On the other hand, peptides from discrete regions of
the centromeric nucleosome, including the «2-helix from
CENP-A and the a2- and o3-helices from histone H4 were
slower to exchange than the corresponding regions from the
canonical nucleosome (Fig. 1 D-G and /-L). Although primary
sequence differences between histone H3 and CENP-A limited
comparison of peptides of identical composition, the residual
sequence identity (the histone fold domains from H3 and
CENP-A are 62% identical) allowed analysis of peptides that
could potentially span regions of similar sequence. The
FEDTNL peptide in H3 (amino acids 104-109) and FEDAYL
peptide in CENP-A (amino acids 105-110) is one such peptide
pair spanning the corresponding region within each respective
a2-helix (Fig. 24). Whereas measurable H/D exchange was
observed at the 2.5 X 103 and 1 X 10° s time points for the H3
peptide (Fig. 24), there was negligible exchange observed in the
corresponding CENP-A peptide at all time points.

Direct comparisons are possible when identical peptides are
found corresponding to the histone subunits common to each
type of nucleosome. From histone H4, a peptide spanning a large
portion of the a2-helix was seen to exchange more slowly in the
CENP-A nucleosome than when assembled into its canonical
counterpart containing histone H3 [Fig. 2B and supporting
information (SI) Fig. 5]. The a3-helix of histone H4 was also
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Fig. 2. Centromeric nucleosomes containing CENP-A are more protected

from H/D exchange relative to those containing histone H3. (A) Comparison of
peptides from the corresponding position in the «2-helices from histone H3
and CENP-A. (B) Comparison of H/D exchange for an identical peptide from
histone H4 (amino acids 61-84) in nucleosomes (assembled with either CENP-A
or H3) or their respective subnucleosomal heterotetramers [(CENP-A/H4); or
(H3/H4),] (19).

slower to exchange in the CENP-A-containing nucleosome, and
this was evident even though the peptides identified to span the
majority of this helix also contained the extreme C terminus
including the rapidly exchanging, unstructured eight residues
beyond the final a3-helix (19, 24). A second, slower phase of
exchange was observed between this initial burst of exchange
measurable at 1 X 102 s and the final time point (1 X 10°s) (SI
Fig. 6). Thus, for each the a2- and «a3-helices, the H4 peptides
have undergone more H/D exchange at all time points in the
canonical nucleosomes, whereas these same peptides require
~10 times as long to achieve the same level of deuteration in the
centromeric nucleosome.

Rigidity of the CENP-A-Containing Nucleosome Is Independent of DNA

Sequence. CENP-A-containing nucleosomes are typically assem-
bled onto al-satellite repeats in human chromosomes (17, 25),
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Fig.3. The rigidified nucleosome structure generated by the incorporation
of CENP-A does not require centromeric DNA. (A) The peptides (the same
region as in Fig. 2A) are shown here from experiments in which the CENP-A-
containing and H3-containing nucleosomes are now each assembled with
rDNA. (B) Comparison of H/D exchange from an identical peptide from histone
H4 from CENP-A-containing and H3-containing nucleosomes assembled with
a-satellite DNA or rDNA.

but functional neocentromeres that form at sites on chromosome
arms lacking these repeats are loaded with CENP-A nonetheless
(10, 11). To test whether the rigidity of the CENP-A nucleosome
(Figs. 1 and 2 and SI Figs. 5 and 6) was selective to assembly with
al-satellite DNA, the H/D exchange behavior of CENP-A-
containing and H3-containing nucleosomes was determined
with a noncentromeric rDNA template (Fig. 3). Although there
were some differences in the identities of the peptides recovered
by using this rDNA (SI Figs. 7 and 8), the overall patterns of
exchange were nearly identical. Moreover, closer inspection of
similar (Fig. 34) or identical (Fig. 3B and SI Figs. 9 and 10)
peptides in the regions of rigidity of the CENP-A nucleosome
revealed H/D exchange that was essentially indistinguishable
when comparing wrapping with a-satellite or rDNA templates,
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indicating that conformationally more rigid nucleosomes are
generated by CENP-A, rather than by influences from DNA
sequences prevalent at typical centromeres.

The CATD Specifies Conformational Rigidity to Centromeric Nucleo-
some. The conformationally more constrained subnucleosomal
heterotetramer of (CENP-A/H4), and the targeting of newly
made copies of this complex to existing centromeres has been
shown to be determined by its CATD [this domain is formed by
22-aa changes from histone H3 within the Loop 1 (L1) and the
a2-helix] (19). Substitution of the CATD into H3 is sufficient to
replace most CENP-A in maintaining centromere function (20).
To test whether the CATD plays a dual role serving both as a
cis-acting targeting element on newly made (CENP-A/H4),
heterotetramers en route to the centromere and as a chromatin-
bound mark that generates structurally divergent nucleosomes
unique to centromeres, nucleosomes were assembled with
H3CATD 3 chimeric version of histone H3 substituted with the
CATD (19). The conformational rigidity of these nucleosomes
was then determined by H/D exchange. The exchange in the
H3¢ATD_containing nucleosome (Fig. 44 and SI Fig. 11) closely
resembled that observed in bona fide centromeric nucleosomes
assembled with CENP-A (Fig. 1C), with the L1 and «a2-helix that
constitute the CATD showing the very slow accessibility previ-
ously seen for the domain in CENP-A.

Close inspection of individual peptides that were found in
peptide pools from both CENP-A- and H3“ATP-containing
nucleosomes showed a similar pattern of much slower exchange
within a more conformationally constrained «2-helix (Fig. 4 B
and C and SI Fig. 12) relative to histone H3-containing nucleo-
somes. Included here was an H3ATP peptide, corresponding to
CENP-A amino acids 105-110 that showed almost no exchange
throughout the entire time course. This behavior is nearly
identical to that seen in the exact same peptide in the context of
the CENP-A-containing nucleosome, but differed from the
more readily exchangeable nature of the peptide at the corre-
sponding position in the H3-containing nucleosome (amino
acids 104-109) (Figs. 24 and 4C). Importantly, examination of
peptide behavior from within the a2-helix of H4 revealed that
incorporation of H3“ATP into a nucleosome confers a similar
degree of rigidity to histone H4 as is found in the CENP-A-
containing nucleosome (SI Fig. 13). Together, these data indi-
cate that substitution into histone H3 of the CATD is sufficient
to confer the conformationally more constrained properties that
are a hallmark of centromeric CENP-A nucleosomes.

Discussion

A Potential Centromere Mark Generated by the CENP-A-Containing
Nucleosome. Regarding the proposal that CENP-A provides the
epigenetic mark to specify the location of the centromere, our
finding here that it generates structurally divergent nucleosomes
relative to those assembled with H3 provides a means by which
this mark is generated. The CENP-A nucleosome is more
conformationally constrained within the a2-helix from CENP-A
and the o2- and o3-helices from H4, which are predicted to form
the interface between CENP-A and histone H4 in three-
dimensional space (19). Twelve of the 29 aa that comprise the
a2-helix of CENP-A vary from the corresponding positions in
canonical H3, and, together with the preceding loop (L1) that
varies from the L1 in histone H3 in both primary sequence and
length, it forms the CATD. Essential for targeting newly made
CENP-A to the centromere, substitution of the CATD into
canonical H3 is sufficient to replace the essential function of
CENP-A in the maintenance of centromere function (20).
Together with earlier evidence that the CATD confers compac-
tion to the prenucleosomal (CENP-A/H4), heterotetramer (19),
our finding here that it is sufficient to confer structural inflex-
ibility to the nucleosome gives strong support to a model wherein
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with CENP-A-containing nucleosomes (F). See Discussion for details.

CATD-mediated conformational rigidity provides the cis-acting
targeting information for newly made CENP-A as well as the
nucleosomal mark that specifies the location for new CENP-A
deposition (Fig. 4D). Furthermore, the rigid nucleosome struc-
ture generated by the presence of CENP-A occurs in nucleo-
somes assembled with either centromeric or noncentromeric
DNA (Fig. 3), passing the critical test of an epigenetic centro-
mere mark that is known to specify centromere location inde-
pendent of DNA sequence (2, 3, 13).

Mechanisms for Propagating the Centromere Mark. The propagation
of this potential centromeric mark requires the faithful loading
of newly made CENP-A at centromeres during each cell cycle.
Because the bulk of new CENP-A deposition does not occur
simultaneously with DNA replication (26) and existing CENP-A
pools would presumably be equally divided between daughter
strands of the replicating DNA, we envision that canonical H3
is deposited in place of CENP-A at intervening sites at which
CENP-A has segregated with the opposite strand during S-phase
(Fig. 4D). Histone H3 modified by dimethylation at lysine-4 is
found interspersed with CENP-A in “stretched chromatin”
preparations and in immediate proximity on mitotic chromo-
somes prepared in the absence of microtubules (27, 28). An
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attractive extension of this idea is that these particularly modified
nucleosomes contain the H3 molecules that are destined to be
specifically replaced by newly made CENP-A.

Although the mechanism to eject histone H3 and replace it
with newly made CENP-A is unclear, our model of CATD-
mediated targeting and marking provides an explanation for how
it is faithfully assembled or stabilized at existing centromeres.
Potential models for this process include centromere-specific
chromatin loading factors (13). Given our findings, the most
plausible model is that any CENP-A loading factor would
recognize the prenucleosomal (CENP-A/H4), heterotetramer
via the CATD and deliver it to centromeric chromatin marked
by the rigid CENP-A nucleosomes already at adjacent sites. Our
data offer experimental support for a pathway leading to
CENP-A replenishment that incorporates self-directed, CATD-
mediated targeting (Fig. 4D) as the critical step.

The Foundation of Rigid Chromatin Structure at the Inner Kinetochore.
CENP-A nucleosomes are at the foundation of the kinetochore-
forming portion of each centromere, organizing into a higher-
order disk-shaped chromatin domain (0.5-1 um in diameter)
that forms the attachment site for spindle microtubules (27, 29,
30). We propose that exclusion of H3-containing nucleosomes

Black et al.
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from the centromeric chromatin domain is driven by the struc-
turally divergent, rigid properties of the CENP-A nucleosome
that drive self-association (Fig. 4E). The resulting higher-order
chromatin structure composed of coalesced CENP-A-
containing nucleosomes is, in turn, a highly rigid structure as
observed by monitoring spindle-mediated tension at kineto-
chores. Although the connection between the spindle and the
kinetochore can withstand 700 piconewtons of mechanically
generated force (31), and the chromatin between sister kineto-
chores is stretched >2-fold upon bipolar attachment to the
spindle starting in prometaphase (32, 33), CENP-A-containing
chromatin remains fixed in size (33).

Such a self-assembly mechanism driving centromere propagation
is likely reinforced by recruitment of other constitutive centromere
components including the CENP-ANAC (see Fig. 4F) composed of
CENP-C, CENP-H, CENP-M, CENP-N, CENP-T, and CENP-
U(50) (18). Our finding that the CENP-A-mediated structural
differences in centromeric nucleosomes are initiated at the inter-
face between the CATD and H4 in the core of the nucleosome
firmly suggests that this initial change propagates a structural
divergence from canonical nucleosomes that continues outside this
limited domain. Thus, we envision that the CATD likely functions
by altering more global physical properties of the nucleosome, as
opposed to serving as a direct recognition element, because the
amino acid side chains within the conformationally constrained
a2-helix portion of the CATD are buried within the center of the
nucleosome. In this scenario, one or more CENP-ANAC compo-
nents would directly recognize and bind to one or a few CENP-
A-containing nucleosomes. Future experiments are now required
to identify the potential roles of these proteins in specializing
centromeric chromatin as a part of the epigenetic mark that is
inherited from generation to generation.
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in SI Methods. After reconstitution, mononucleosomes were
concentrated to 1 mg/ml by using Centricon concentrators
(Millipore, Billerica, MA). A total of 15 ul of each nucleosome
was mixed with 45 ul of D,O containing 5 mM Tris/S0 mM NaCl
(pD 7) and incubated for 1 X 10%,1 X 103, 1 X 1041 X 10%,2.5 X
10%, and 1 X 10° s at 37°C. At these time points, samples were
added to vials containing 90 ul of a quench solution (0.8%
formic acid/3.2 M guanidine hydrochloride) at 0°C, and samples
were immediately frozen at —80°C.

Histone Fragmentation and MS. Samples were individually melted
at 0°C, then injected (145 ul) and pumped through immobilized
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We thank J. Kahana, K. Luger, and A. Prunell for gifts of reagents; B.
Cottrell, C. Gessner, and S. Li for technical assistance; and L. Jansen, D.
Foltz, and P. Maddox for helpful discussions. This research was sup-
ported by National Institutes of Health Grants GM29513 and GM074150
(to D.W.C.); National Institutes of Health/National Cancer Institute
Innovative Molecular Analysis Technologies Grants CA099835 and
CA118595 (to V.L.W.); a postdoctoral fellowship from the American
Cancer Society (to B.E.B.); and a Career Award in the Biomedical
Sciences from the Burroughs Wellcome Fund (to B.E.B.). Salary support
for D.W.C. is provided by the Ludwig Institute for Cancer Research.
Support for B.E.B. and S.B. is provided by startup funds from the
University of Pennsylvania (to B.E.B.).

18. Foltz DR, Jansen LET, Black BE, Bailey AO, Yates, JR, III, Cleveland DW
(2006) Nat Cell Biol 8:458-469.

19. Black BE, Foltz DR, Chakravarthy S, Luger K, Woods VL, Cleveland DW
(2004) Nature 430:578-582.

20. Black BE, Jansen LE, Maddox PS, Foltz DR, Desai AB, Shah JV, Cleveland
DW (2007) Mol Cell 25:309-322.

21. Davey CA, Sargent DF, Luger K, Maeder AW, Richmond TJ (2002) J Mol Biol
319:1097-1113.

22. Luger K, Rechsteiner TJ, Richmond TJ (1999) Methods Enzymol 304:3-19.

23. Englander SW (2006) J Am Soc Mass Spectrom 17:1481-1489.

24. Luger K, Mader AW, Richmond RK, Sargent DF, Richmond TJ (1997) Nature
389:251-260.

25. Vafa O, Sullivan KF (1997) Curr Biol 7:897-900.

26. Shelby RD, Monier K, Sullivan KF (2000) J Cell Biol 151:1113-1118.

27. Blower MD, Sullivan BA, Karpen GH (2002) Dev Cell 2:319-330.

28. Sullivan BA, Karpen GH (2004) Nat Struct Mol Biol 11:1076-1083.

29. Zinkowski RP, Meyne J, Brinkley BR (1991) J Cell Biol 113:1091-1110.

30. Rieder CL (1982) Int Rev Cytol 79:1-58.

31. Nicklas RB (1983) J Cell Biol 97:542-548.

32. Shelby RD, Hahn KM, Sullivan KF (1996) J Cell Biol 135:545-557.

33. Maddox P, Straight A, Coughlin P, Mitchison TJ, Salmon ED (2003) J Cell Biol
162:377-382.

34. Pantazatos D, Kim JS, Klock HE, Stevens RC, Wilson IA, Lesley SA, Woods
VL, Jr (2004) Proc Natl Acad Sci USA 101:751-756.

PNAS | March 20,2007 | vol. 104 | no.12 | 5013

GENETICS


http://www.pnas.org/cgi/content/full/0700390104/DC1
http://www.pnas.org/cgi/content/full/0700390104/DC1

