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Centromere protein A (CENP-A) is a histone H3 variant that marks
centromere location on the chromosome. To study the subunit
structure and folding of human CENP-A-containing chromatin,
we generated a set of nucleosomal arrays with canonical core
histones and another set with CENP-A substituted for H3. At the
level of quaternary structure and assembly, we find that CENP-A
arrays are composed of octameric nucleosomes that assemble in
a stepwise mechanism, recapitulating conventional array assembly
with canonical histones. At intermediate structural resolution, we
find that CENP-A-containing arrays are globally condensed relative
to arrays with the canonical histones. At high structural resolution,
using hydrogen-deuterium exchange coupled to mass spectrome-
try (H/DX-MS), we find that the DNA superhelical termini within
each nucleosome are loosely connected to CENP-A, andwe identify
the key amino acid substitution that is largely responsible for this
behavior. Also the C terminus of histone H2A undergoes rapid hy-
drogen exchange relative to canonical arrays and does so in a man-
ner that is independent of nucleosomal array folding. These
findings have implications for understanding CENP-A-containing
nucleosome structure and higher-order chromatin folding at the
centromere.

hydrogen exchange ∣ epigenetics

The centromere is the control locus that directs the faithful
inheritance of eukaryotic chromosomes at cell division (1, 2).

The histone H3 variant, CENP-A, is a highly conserved con-
stituent of all eukaryotic centromeres and is the most attractive
candidate for carrying the epigenetic information that specifies
the location of the centromere (3). Recent findings have led
to several fundamentally different proposals for how CENP-A
marks centromere location: (i) CENP-A confers structural and
dynamic changes to octameric nucleosomes (4, 5); (ii) CENP-
A confers alterations of nucleosomal histone stoichiometry (6, 7),
including the incorporation of nonhistone proteins into nucleo-
some-like structures (8); (iii) CENP-A directs the reversal of
handedness of DNA wrapping from left to right (9). The nature
and composition of CENP-A-containing nucleosomes remain
controversial and areas of intense investigation. The available
data regarding their structure, however, could be reconciled by
distinct CENP-A-containing complexes existing over the course
of a cell cycle-coupled maturation program of newly expressed
CENP-A protein that propagates the epigenetic centromere
mark (10).

In the bulk chromatin fiber, nucleosome–nucleosome interac-
tions are central to packaging eukaryotic DNA into the nucleus,
to compacting chromosomes during mitosis, and to organizing
functional subchromosomal domains (11). Although much is
known about how chromatin fibers condense in vitro, the extent
to which the structured helical histone core of the nucleosome is
physically impacted by contact with neighboring nucleosomes in a
folded chromatin fiber is not yet known. Eukaryotic centromeres

are composed of lengthy arrays of CENP-A-containing nucleo-
somes. An exception is the budding yeast point centromere
that harbors a single CENP-A-containing nucleosome (12, 13).
Despite the central role of the specialized CENP-A-containing
nucleosomal array in specifying centromere location and direct-
ing chromosome inheritance, the internucleosomal interactions
of nucleosomal arrays in which CENP-A replaces canonical his-
tone H3 are completely unexplored.

To address the subunit structure and folding of CENP-A-
containing nucleosomal arrays, we couple folding measurements
using analytical ultracentrifugation (AUC) with mass spectrome-
try-based hydrogen/deuterium exchange (H/DX-MS). The AUC
studies measure the bulk behavior of the arrays, and we find that
CENP-A-containing arrays are somewhat more condensed upon
folding than canonical arrays. H/DX-MS is an approach capable
of measuring the dynamic behavior of the polypeptide backbone
of each histone in the nucleosome core. Prior H/DX-MS experi-
ments with subnucleosomal ðCENP-A∕H4Þ2 heterotetramers
(14) and CENP-A-containing mononucleosomes (4) found that
the CENP-A/H4 interface is substantially rigidified by side-chain
interactions that restrict transient unfolding of the contacting
α-helices (5). In the present study, we demonstrate that the
αN-helices of canonical H3-containing nucleosomes are substan-
tially restricted (50- to 100-fold) at their superhelical termini
upon nucleosome array folding, indicating an unexpected conse-
quence of nucleosome-nucleosome interactions during chroma-
tin folding. Importantly, both the initial rigidity of CENP-A at
its own αN-helix and the rigidity imposed upon chromatin folding
are reduced compared to its conventional counterpart containing
H3, indicating looseness at the nucleosome superhelical termini.

Results
Stepwise Assembly of CENP-A-containing Polynucleosome Arrays.
Conventional nucleosomes and nucleosomal arrays can be as-
sembled by adding the four core histones at the appropriate
molar ratios to defined DNA templates consisting of nucleosome
positioning sequences in order to saturate all of the nucleosome
binding sites. This is followed by salt dialysis assembly from 2 M
to 2.5 mM NaCl (15–17). The stepwise assembly is characterized
by the initial binding of the ðH3∕H4Þ2 heterotetramer to DNA to
form a tetrasome as the [NaCl] is lowered to 1 M, followed by
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binding of H2A/H2B heterodimers to the tetrasome to complete
nucleosome formation as the [NaCl] is lowered to ≤0.6 M (16).
Whether CENP-A nucleosomes assemble by such a stepwise
mechanism has not been tested.

To determine if CENP-A-containing nucleosomal arrays as-
semble via the same sequential pathway as canonical arrays,
samples that contained ðCENP-A∕H4Þ2 tetramers, (H2A/H2B)
dimers, and a linear DNA template containing twelve tandem
copies of the so-called 601 sequence (18, 19) were mixed in 2 M
NaCl and then successively dialyzed against buffer containing 1M
NaCl, 0.6 M NaCl and 2.5 mM NaCl. At each dialysis step, the
reactions were assayed by AUC (Fig. 1 A–C and Fig. S1 A and B).
AUC has been successfully employed in classic sedimentation
velocity experiments to measure physical properties of nucleoso-

mal arrays including array composition as well as global changes
that accompany intraarray nucleosome–nucleosome interactions
and interarray oligomerization (20). The CENP-A-containing
samples were compared with otherwise identical samples con-
taining canonical ðH3∕H4Þ2 in place of ðCENP-A∕H4Þ2, as well
as samples that contained only ðH3∕H4Þ2 (Fig. 1 A and B). As
expected, the canonical H3-containing nucleosomal arrays as-
sembled as previously reported, with the ðH3∕H4Þ2 tetramers
bound to each DNA repeat at 1 M NaCl to form a 16–20 S
12-mer tetrasomal array (we measured the free 12-mer DNA
template sedimenting at approximately 13 S). This is followed by
dimer binding at 0.6 M NaCl to generate the completely as-
sembled 28–30 S beads-on-a string species also present in low
salt (i.e., 2.5 mM NaCl) (Fig. 1 B and C and Fig. S1 A and B).
Similarly, for the centromeric counterpart complexes, the
ðCENP-A∕H4Þ2 tetramer binds to DNA in 1 M NaCl and forms
a 17–20 S tetrasomal array (Fig. 1B and Fig. S1A). In reactions
that contain ðCENP-A∕H4Þ2 tetramers as well as H2A/H2B
dimers the H2A/H2B binding is prevented by the presence of
1 M NaCl and we still observe a 17–20 S array (Fig. 1 B and C).
Upon dialysis into 0.6 M NaCl, CENP-A-containing nucleosomal
array assembly is completed as H2A/H2B dimers bind to the
tetrasomes to form a stable 28–30 S nucleosomal array (Fig. 1 B
and C and Fig. S1 A and B). We confirmed by electron micro-
scopy that the 28–30 S CENP-A-containing arrays are saturated
with 12 nucleosomes per input linear DNA fragment (Fig. 1D and
Fig. S1D and E). These results indicate that CENP-A arrays form
octameric nucleosomes via the same set of intermediate steps as
do conventional nucleosomal arrays.

Protection from H/DX Upon Nucleosome Array Folding. Despite
no predicted gross change in their static structures (5, 21), the
histone fold domains of ðH3∕H4Þ2 and ðCENP-A∕H4Þ2 undergo
>1000-fold slowing in H/DX rates upon incorporation into nu-
cleosomes (4). Further protection from H/DX upon nucleosome
array folding, however, was previously untested. Nucleosome–
nucleosome interactions are restricted in nucleosomal arrays in
the absence of cations, most notably Mg2þ (22). Addition of
1–2 mM Mg2þ leads to nucleosomal array folding mediated by
internucleosomal contacts that condense the structure so signifi-
cantly that the 29 S array now sediments at 40–55 S (22) (Fig. 2 A
and B). Importantly, such folding behavior is observed in
1.25 mMMg2þ, both with our conventional arrays assembled with
canonical recombinant human histones, and with the centromeric
counterparts containing CENP-A in place of H3 (Fig. 2 A and B).
This indicates that CENP-A does not function by locally decon-
densing nucleosomal array structure. Indeed, CENP-A-contain-
ing nucleosome arrays show a small but highly reproducible
shift toward a state that is condensed relative to canonical arrays
(Fig. 2 A and B).

H/DX measures how polypeptide backbone amide protons are
exchanged with deuterons from heavy water in solution. Folded
regions (e.g., α-helices and β-sheets) only exchange upon transi-
ent unfolding events when amide protons lose main chain hydro-
gen bonding. Slow exchange can be achieved by many stabilizing
interactions (23), including, in the case of DNA-binding proteins,
assembly into higher-order complexes with DNA (4, 24, 25).
In order to test the extent to which the polypeptide backbone
dynamics of the structured histone core of the nucleosomal sub-
units are altered by array folding, we monitored H/DX exchange
behavior of folded and unfolded array fibers (time points at 10,
100, 1,000, and 10,000 s at 23 °C) (Fig. 2C). To potentially detect
changes on the most rapidly exchanging regions we also included
an additional 10 s time point at 4 °C because such a reduction
in temperature leads to a nearly 10-fold slowing in chemical ex-
change rates at the amide protons that we can measure (23).
Throughout this time course, both H3- and CENP-A-containing
arrays remain intact and extensively folded as determined by

Fig. 1. CENP-A nucleosome array assembly. (A) Experimental scheme for de-
fining the assembly pathway of CENP-A containing nucleosome arrays. (B)
Average sedimentation coefficients (Save is defined at 0.5 boundary fraction)
that were measured by AUC of all the different assembly species at varying
NaCl concentrations as outlined in A. ðCENP-A∕H4Þ2 assembles onto the DNA
as a tetramer forming a species sedimenting at approximately 19 S, with com-
plete assembly of an approximately 29 S complex corresponding to a 12-mer
octameric nucleosome array that occurs at NaCl concentrations at or below
0.6 M. For corresponding AUC profiles of all 12 conditions shown in B see
Fig. S1 A and B. (C) Representative AUC profiles of CENP-A or H3 containing
nucleosome arrays analyzed at 1 M and 0.6 M NaCl. All sedimentation coef-
ficients have been corrected for temperature and normalized for water.
(D) Electronmicroscopy (EM) images of CENP-A andH3 containingnucleosome
arrays showing that both form similar “beads-on-a-string” 12-mer arrays.
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AUC (Fig. 2 A and B). We monitored the H/DX behavior of
overlapping peptides spanning the majority of the folded core
of the nucleosome with approximately 90% coverage of the his-
tone fold domains and approximately 60% coverage of the total
polypeptide length of all histones for both H3- and CENP-A-
containing arrays. There is a striking lack of folding-dependent
protection at most locations throughout either type of nucleo-
some core (Fig. S2). However, at peptides spanning much of
the αN helix of either H3 or CENP-A, we observed additional
protection from H/DX (Fig. 2 D and E and Fig. S2). In the
canonical nucleosome structure (21), the αN helix contacts the
DNA at the superhelical termini (i.e., the DNA entry/exit site)
of the nucleosome.

The αN Helix of CENP-A is Less Protected than That of H3 Upon Folding
of Nucleosomal Arrays. Although peptides spanning the αN helix
of CENP-A are additionally protected upon array folding, the
magnitude of this protection is less pronounced than for the
same region in H3 arrays (Figs. 2 D and E and 3 A–C). The smal-
ler magnitude of protection in this region of CENP-A, relative to
H3, was observed in several time points from three independent
experiments. H/DX data from several peptides that cover the
same region, spanning a portion of the αN helix and following
loop in each complex, can be used to compare the local effect
of nucleosomal array folding. Representative peptides are shown
in Fig. 3 B and C and Fig. S3. While nucleosomal array folding
slows the H/DX of the αN helix of H3 by 50–100 times compared

to unfolded arrays (Fig. 3B, compare −Mg2þ to þMg2þ), array
folding only leads to a 5–10-fold slowing of H/DX in the corre-
sponding region of CENP-A (Fig. 3C). We also noted that in
addition to not being as restricted by nucleosomal folding at its
αN helix, this region of CENP-A exchanges approximately 10
times faster than the corresponding region in H3 prior to poly-
nucleosome folding (i.e., its beads-on-a-string; compare −Mg2þ

in Fig. 3 B and C). Indeed, the αN helix of CENP-A is nearly
as flexible in folded chromatin as is the αN helix of H3 in com-
pletely unfolded arrays (compare −Mg2þ in Fig. 3B with þMg2þ

in Fig. 3C).
In the canonical H3-containing nucleosome, the αN helix lies

at the DNA entry/exit site (Fig. 3D) (21). Reconstituted CENP-A-
containing nucleosomes wrap approximately 150 bp of DNA in a
left-handed manner (5). The finding that CENP-A nucleosomal
arrays maintain local flexibility after chromatin folding builds on
the earlier observation that topologically constrained DNA mini-
circles containing a single CENP-A nucleosome prefer a more
“open” conformation where the exiting DNA strands do not
cross (26). In our reconstituted arrays on a repetitive and strongly
positioning DNA sequence, digestion with MNase clearly pro-
tects less DNA (Fig. 3E). CENP-A-containing arrays have a clear
pause site at approximately 150 bp (Fig. 3E, 0.2 U MNase), con-
sistent with a heavily populated steady-state species that is a fully
wrapped octameric nucleosome. Further, CENP-A-containing
nucleosomes dynamically and transiently release their DNA
superhelical termini to allow the digestion of an additional one
or two turns of DNA (i.e., 10–20 bp) at either terminus to yield a
fragment of approximately 125 bp upon extensive digestion
(Fig. 3E, 2 U MNase).

Arg49 of H3 Contributes to Rigidity at the Superhelical Nucleosome
Termini in Folded Arrays. One likely contribution to the increased
flexibility in folded CENP-A-containing nucleosomal arrays is
the substitution of a lysine at the position corresponding to Arg49
in histone H3. Arg49 of H3 intercalates into the DNA one half
turn from the superhelical terminus of the nucleosomal DNA
(Fig. 4A) (21). Indeed, with mononucleosomes assembled onto
topologically constrained minicircles, the R49K mutation leads
to a preference for an open DNA entry/exit arrangement (as
opposed to with entering/exiting strands crossed in a closed
arrangement) to nearly the same extent as seen with CENP-A
mononucleosomes (26). The R49K mutation generates increased
local flexibility, measured in six out of six peptides that span at
least some portion of the αN helix, including adjacent peptides
whose amino acid composition is identical to WT H3 (Fig. 4B
and Fig. S4). The increased flexibility in H3 R49K nucleosomes
is more pronounced in folded than unfolded arrays. While this
substitution does not account for the full extent of the flexibility
observed in CENP-A-containing nucleosomal arrays (Fig. 3), the
lysine in place of the DNA intercalating arginine is clearly a major
contributor. Thus, the R49K mutation in H3 generates an inter-
mediate level of flexibility that also corresponds with an inter-
mediate level of sensitivity to digestion of superhelical DNA
termini by MNase (Fig. 4C).

Beyond the αN helix, we also observed a region of H2A
(a.a. 91–134) with 10 out of 11 peptides showing faster exchange
rates in CENP-A containing arrays (approximately 10-fold faster
than in H3-containing nucleosomes; representative peptides are
shown in Fig. S5). This observation was missed in earlier efforts
(4) but was readily detected in the present study where many
more nucleosome-derived peptides could be monitored due to
major technical improvements in peptide resolution. Unlike
the αN helices of H3 and CENP-A, the difference in H2A at this
location is independent of nucleosomal folding (Fig. S5).

Fig. 2. Protection from H/DX upon nucleosome array folding. (A and B)
AUC profiles showingMgCl2 dependent array folding and array stability over
the course of the H/DX experiment. (C) Experimental scheme for determining
differences in protection from H/DX upon nucleosome array folding. Protec-
tion profiles of CENP-A containing nucleosome arrays at 100 s are repre-
sented in D, and protection profiles of H3 containing nucleosome arrays at
100 s are represented in E. Protection upon array folding is calculated for
each peptide in each array type as the difference of percent deuterium con-
tent of the peptide from array in the “unfolded” state minus the percent
deuterium content of the same peptide in the “folded” state. Peptides are
represented by horizontal bars and color coded based on the difference in
protection upon folding.
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Discussion
CENP-A in the Nucleosomal Array Context. The measurement of
>100 partially overlapping peptide “probes” that span the major-
ity of each histone subunit in canonical and CENP-A-containing
nucleosomal arrays provide a high-resolution view of these
structures. Previous high-resolution/site-specific studies of the
dynamic and structural impact of CENP-A focused on the sub-
nucleosomal tetramer that it forms with histone H4 (5, 14, 27),
mononucleosomes (4, 26), and the ternary complex that CENP-A
and H4 forms with the centromeric chromatin assembly protein
HJURP (or the HJURP counterpart, Scm3, in yeast) (27–29).
The CENP-A targeting domain (CATD), comprised of the L1
and α2-helix of CENP-A, contributes hydrophobic stitches that
rigidify the interface between CENP-A and H4 (5, 14). This
rigidity is maintained after assembly into mononucleosomes (4).
L1, within the CATD, generates a surface on the face of the
CENP-A nucleosome that is divergent in shape and electrostatic
charge (5) from the corresponding surface on canonical H3-
containing nucleosomes (21). These features structurally and
dynamically distinguish CENP-A mononucleosomes from con-
ventional ones. The essential role of the CATD in centromere
function (30) strongly suggests that these features are key to
distinguishing centromeric chromatin from the rest of the chro-
mosome.

Beyond individual mononucleosomes, each centromere is
made up of many CENP-A mononucleosome subunits. CENP-
A-containing nucleosomes coalesce on the face of the chromo-
some to define the location of the mitotic kinetochore assembly,
but they are not arranged in a linear context. Instead they are
interspersed with conventional H3-containing nucleosomes (31).
Whether or not there is a regular geometry to centromeric
chromatin organization (31–34), it is very likely that internucleo-
somal contacts between CENP-A-containing nucleosomes are

fundamental in organizing centromeric chromatin. Using H/DX-
MS, we have found that a major difference between the subunit
structures of folded CENP-A- and H3-containing nucleosomal
arrays is increased flexibility at the αN helix of CENP-A that
contacts superhelical termini of each nucleosome.

After this work was complete, a crystal structure of an octa-
meric CENP-A-containing nucleosome was reported (35). In the
crystal structure, the terminal 13 bp of DNA are not visible (35),
consistent with our observations of additional flexibility in the
beads-on-a-string configuration (Fig. 3 B and C; −Mg2þ). The
H/DX studies of nucleosome array folding show the difference
at this site between CENP-A- and H3-containing nucleosomes
is much greater in folded than unfolded arrays (Fig. 3 B and C).
This finding greatly extends our understanding of CENP-A
beyond mononucleosomes (4, 5, 35) because it provides the first
view of the dynamics and structure of the CENP-A-containing
chromatin fiber.

Dynamics at the Superhelical Termini of the Nucleosomal Subunits
of Folded Arrays. For both ðH3∕H4Þ2 and ðCENP-A∕H4Þ2 het-
erotetramers, assembly into nucleosomes causes major H/DX
protection along their polypeptide backbones (approximately
1,000-fold slower exchange throughout the respective histone
fold domains) (4). However, the internucleosomal contacts that
accompany nucleosomal array folding apparently remain fluid
and do not further restrict the backbone dynamics of the bulk of
the octameric histone core of the nucleosome (Fig. 2 D and E
and Fig. S2). The observation that the αN helix of H3-containing
arrays is substantially affected upon folding (50–100-fold slower
H/DX; Fig. 3 B and C and Fig. S3) was not predictable from
earlier crystal structures. In both nucleosome (21) and tetranu-
cleosome (36) static structural models, the local structure of
histone and DNA are not changed (21, 36). However, it is inter-
esting that rigidity is required for linker DNA and up to 10 bp of

Fig. 3. Increased flexibility at the αN helix of CENP-A in nucleosomal arrays. (A) Alignment of H3 and CENP-A sequences in the αN and adjacent loop region.
Boxed region highlights the sequence of the representative peptides in B and C. (B) H/DX of a representative αN-H3 peptide from nucleosome arrays containing
H3. Top panel shows normalized deuterium levels at each time point for arrays that are either “unfolded” (−Mg2þ) or “folded” (þMg2þ) and bottom panels
show raw peptide data where the dotted blue and pink lines are drawn as guides to visualize differences in H/DX and red arrows indicate peptide centroid
values. (C) H/DX of a representative αN-CENP-A peptide from nucleosome arrays containing CENP-A. Top and bottom panels are displayed as in B. (D) Schematic
representation of the locations where H3 αN helix contacts nucleosomal DNA. (E) MNase digestion of CENP-A or H3 containing nucleosome arrays.
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terminal nucleosome core DNA in order to make an idealized
chromatin fiber model based on the tetranucleosome crystal
structure (36). It is also interesting that in the leading models
for nucleosome higher-order packing, the nucleosome superhe-
lical termini always face the interior of the fiber (37). Our results
suggest that the fiber interior imposes the most rigidity on nucleo-
some cores.

Our studies also conclusively demonstrate that CENP-A-con-
taining arrays can be readily assembled in a stepwise manner and
form condensed fibers in a manner highly similar to canonical
nucleosomal arrays (Figs. 1 A–C and 2 A and B). Prior to our
present study, the data indicating whether or not CENP-A-con-
taining complexes can assemble nucleosomes in a stepwise man-
ner was not clear. Indeed, it has been reported that after assembly
of the ðCENP-A∕H4Þ2 heterotetramer a 147 bp DNA template
(i.e., the number of base pairs that wraps the canonical nucleo-
some core particle) resulted in formation of complexes that
showed native gel migration consistent with two stacked hetero-
tetramers, not a single one as for canonical ðH3∕H4Þ2 heterote-
tramers assembled onto the same template (26). However, the
exact nature of the CENP-A “tetrasomes” was not explored
further. Nonetheless, the apparent deviation from the canonical
tetrasome (i.e., ½H3∕H4�2 þ 147 bp DNA) behavior (26) was used
to strongly question the relevance of subsequently reconstituted
octamers to bona fide centromeric chromatin (38).

The histone H3 N-terminal tail is known to participate in array
folding (39). We note that the CENP-A N-terminal tail, which
is completely divergent in sequence identity from bulk H3 but
maintains the strongly basic charge, does not preclude the nucleo-
some–nucleosome interactions that lead to formation of exten-
sively folded array structures (Fig. 2 A and B). Indeed, we
always observe that at the same Mg2þ concentration, CENP-A
nucleosomal arrays are somewhat more condensed than canoni-
cal arrays (as judged by the right-shifted sedimentation profiles).
It is attractive to speculate that the enhanced propensity to fold
is related to the loosened superhelical termini of CENP-A nu-
cleosomes, perhaps working in conjunction with the specialized
CENP-A N-terminal tail.

In budding yeast, one of a subset of fungal species where
centromere location is determined not by epigenetic informa-
tion but by a specific 125 bp DNA sequence, the CENP-A coun-
terpart, Cse4p, assembles into an octameric nucleosome that
protects only 110–125 bp of DNA with no evidence of further
wrapping (40, 41). We note that at the position corresponding
to Arg49 in histone H3 (where substitution to the lysine corre-
sponding to human CENP-A leads to increased flexibility; Fig. 4
and Fig. S4), Cse4p has substituted a tyrosine that likely prevents
any DNA wrapping by its αN helix. It seems likely that the
Arg → Tyr substitution evolved to prevent full 145 bp DNAwrap-
ping and to accommodate the constraints imposed by a system in
which the centromere is defined by a particular DNA sequence.

In many eukaryotes, including animals, CENP-A-containing
nucleosomes are thought to be arranged in several local clusters
of adjacent nucleosomes per centromere interspersed by clusters
of H3-containing nucleosomes (31). Although the exact numbers
of nucleosomes that make up each cluster is not known, our
12-mer arrays represent a single cluster. Our AUC experiments
show that CENP-A-containing arrays are generally more con-
densed than canonical arrays upon folding, while our H/DX
experiments demonstrate local flexibility at the contact point
between the CENP-A αN-helix and the nucleosomal terminal
DNA. We suggest that both characteristics (Fig. 5) are important
for centromeric chromatin. The condensed nature of the array
may reflect strong self–self interactions that culminate in the
coalescence of discontinuous CENP-A nucleosomes on each cen-
tromere into a discrete focus on the surface of the chromosome
(31). In addition, the condensed nature of the array may be
important to help maintain structural integrity of centromeric

chromatin under mitotic spindle stretching forces. The increased
flexibility at the DNA entry/exit site may accommodate internu-
cleosomal DNA paths unique to the centromere (31, 33, 34) and/
or nucleosomal (or nucleosome-proximal) binding proteins that
require increased local access to the DNA and/or histone core.
Alternatively, it is formally possible that the increased flexibility
at the nucleosomal termini of the human CENP-A protein is a
vestige of a common ancestral orthologue that may have lacked
any stable DNA binding at the superhelical termini (i.e., similar
to the behavior of Cse4 in Saccharomyces cerevisiae) (40, 41).

Rapid Exchange on the C Terminus of Histone H2A in CENP-A-Contain-
ing Nucleosomes. The region of H2A (a.a. 91–134) that undergoes

Fig. 4. Arg49 of H3 contributes to a more rigidified folded fiber. (A) Crystal
structure of the human nucleosome particle containing histone H3 (PDB ID
code 2CV5) (44) is shown to highlight the location of Arg49 in relation to the
αN helix and the DNA entry/exit site. (B) Representative peptides from αN
region of H3 containing arrays and mutant H3 R49K arrays. Boxed region
highlights the sequence of the representative peptide. (C) MNase digestion
of the H3 R49K nucleosome containing arrays.

Fig. 5. Summary of physical differences identified in this study between
CENP-A- and H3-containing nucleosomal arrays. AUC experiments showed
that CENP-A-containing arrays are generally more condensed than canonical
arrays upon folding (indicated by closer spacing of adjacent CENP-A-contain-
ing nucleosomes). At the same time the H/DX experiments measured local
relative flexibility at the CENP-A αN-helix, indicating that the DNA at the
entry/exit sites is less constrained (indicated by uncrossed internucleosomal
DNA for CENP-A-containing arrays). See the text for a discussion of the
potential implications of these findings.
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rapid exchange in CENP-A-containing nucleosomes is juxta-
posed to the αN-helix of H3 and is exposed on the surface of
the nucleosome in the conventional nucleosome structure (21).
Therefore, the increased exchange rates in H2A (a.a. 91–134)
is possibly related to the flexibility of the αN-helix of CENP-A.
This seems unlikely, however, because there is no correlation
with the αN-helix behavior. The H2A H/DX in this region is
not substantially slowed in H3-containing arrays upon array fold-
ing (Fig. S5) at the same time points where up to a 100-fold
slowing is observed in the αN-helix of H3 (Fig. 3C). Another
possibility is that the increased H2A H/DX in CENP-A-contain-
ing nucleosomes reflects a different orientation of H2A that
accompanies rotation of the H2A/H2B dimers. ðCENP-A∕H4Þ2
heterotetramers prefer a compact state, either in solution or
in crystals, which comes about by rotation at the CENP-A/
CENP-A four-helix bundle (5). Upon nucleosome formation, the
CENP-A/CENP-A interface may rotate to form a nucleosome
of similar shape to the canonical nucleosome (5, 35), or the
H2B/H4 four-helix bundles could rotate H2A/H2B dimers away
from the central axis of the nucleosome to avoid steric clashes (5).
Our H/DX data suggests that the possibility of whether one or
both of these two states of CENP-A-containing nucleosomes
are substantially populated at centromeres should be the subject
of further careful analysis.

Methods
H/DX Reactions. Nucleosome arrays (assembled and characterized by EM,
AUC, and MNase digestion as detailed in SI Methods) were incubated for
30 min at 4 °C or 23 °C with either 1 × TEN or 1 × TEN with 1.25 mM

MgCl2 prior to starting deuterium on-exchange reactions. Deuterium on-ex-
changewas carried out by adding 5 μL of the array (containing approximately
3.8 μg of array) to 15 μL of deuterium on-exchange buffer (10 mM Tris,
pD 7.0, 0.25 mM EDTA, 2.5 mM NaCl in D2O; supplemented with 1.25 mM
MgCl2 where indicated) so that the final D2O content was 75%. Reactions
were quenched at the indicated time points by withdrawing 20 μL of the
reaction volume, mixing in 30 μL ice cold quench buffer (2.5 M GdHCl,
0.8% formic acid, 10% glycerol), and rapidly freezing in liquid nitrogen
prior to proteolysis and LC-MS steps (detailed in SI Methods).

H/DX Data Analysis. MATLAB-based MS data analysis tool ExMS was used
for data processing (42). Detailed information regarding the ExMS algorithm
is described elsewhere (42) and briefly in SI Methods. The level of H/DX
occurring at each time point is expressed as either the number of deuterons
or the percentage of exchange within each peptide. In each case, corrections
for loss of deuterium label by individual peptides during H/DX-MS analysis
(back exchange) were made throughmeasurement of loss of deuterium from
reference samples (fully deuterated control, FD) that had been deuterated
under denaturing conditions as described elsewhere (43). The loss of deuter-
ium for the FD sample was approximately 10% for most peptides, and the
measured centroid values for several of the αN helix-containing peptides
are shown as part of Fig. S3. Calculation of deuterium loss correction and
other data operations were performed using MATLAB.
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SI Methods
Nucleosomal Array Reconstitution and Analytical Ultracentrifugation.
Nucleosomal arrays were reconstituted from purified compo-
nents using salt dialysis (1). Briefly, human histones H3, H4,
H2A, H2B were purified as monomers (2) and mixed to form
ðH3∕H4Þ2 tetramer and (H2A/H2B) dimer complexes (2, 3)
while human ðCENP-A∕H4Þ2 was purified from a bicistronic
vector as a tetramer (Fig. S1C) (4). The 601 12 × 207 bp DNA
template (5, 6) was purified by gel filtration (Sephacryl 1000)
as described (7). Histone tetramers and dimers were combined
with the DNA in 2 M NaCl and taken through stepwise dialysis
against 1 × TE (10 mM Tris pH 7.8, 0.25 mM EDTA) with 1 M
NaCl, followed by 1 × TE with 0.75 M NaCl, and completing dia-
lysis against 1 × TEN (1 × TE with 2.5 mM NaCl). Reconstituted
nucleosomal arrays were characterized by sedimentation velocity
in a Beckman Coulter XLA analytical ultracentrifuge. Bound-
aries were analyzed by the method of Demeler and van Holde
(8) to obtain the integral distribution of sedimentation coeffi-
cients, G(s), plotted as boundary fraction against S20;w. The extent
of DNA template saturation with nucleosomes was determined
from the sedimentation coefficient at boundary fraction of
0.5 (Save) as described (9). Sedimentation velocity experiments
showed that both canonical and CENP-A nucleosomal arrays
were stable in 1.25 mM MgCl2 for at least 2.7 hours (the length
of the longest H/DX time point; see below).

Electron Microscopy. Nucleosomal arrays were dialyzed into HEN
buffer (10 mM Hepes, 0.25 mM EDTA, and 2.5 mM NaCl), fixed
with 0.1% glutaraldehyde for 4 hr at 4 °C and dialyzed overnight
against HEN. Samples were diluted as needed, applied to glow-
discharged carbon-coated grids, and stained with 0.1% aqueous
uranyl acetate. Grids were examined in a Tecnai 12 TEM oper-
ated at 100 kV in the tilted darkfield mode, and digital images
were recorded using a TVIPS 2024 × 2024 CCD camera (10).

MNase Digestion. 2 μg of nucleosome arrays were digested with 0.2
or 2 units of MNase (Worthington) in the presence of 3 mM

CaCl2. Each reaction was quenched by addition of 10 μL of
0.5 M EDTA and Buffer PB (Qiagen), processed using a DNA
purification kit (Qiagen) and subsequently analyzed by agarose
gel electrophoresis.

Histone Fragmentation and MS. H/DX samples were individually
melted at 0 °C and then injected (50 μL) and pumped through
an immobilized pepsin (Sigma) column at initial flow rate of
50 μL∕min for 90 s followed by 150 μL∕min for another 90 s.
Pepsin was immobilized by coupling to Poros 20 AL support (Ap-
plied Biosystems) and packed into column housings of 2 mm×
2 cm dimensions (IDEX). Protease-generated fragments were
collected onto a C18 HPLC trap column (2.5 × 0.5 mm, LC
Packings). Peptides were eluted into and through an analytical
C18 HPLC column (0.3 × 75 mm, Agilent) by a linear 12–55%
buffer B gradient at 6 μL∕min (Buffer A: 0.1% formic acid; Buf-
fer B: 0.1% formic acid, 99.9% acetonitrile). The effluent was
electrosprayed into the mass spectrometer (LTQ Orbitrap XL,
Thermo Fisher Scientific). The SEQUEST (Bioworks v3.3.1)
software program (Thermo Fisher Scientific) was used to identify
the likely sequence of the parent peptides using nondeuterated
samples via tandem MS.

H/DX Data Processing and Validation. MATLAB based MS data
analysis tool, ExMS, was used for data processing (11). Detailed
information regarding the ExMS algorithm is described else-
where (11). Briefly, the ExMS program searches raw MS data,
identifies individual isotopic peaks/envelopes from a list of MS/
MS peptides obtained from a SEQUEST search, as described
above, and calculates centroid values of these envelopes. In
the first step, the program is used to identify the isotopic envelope
centroid and chromatographic elution time of each parental
nondeuterated (ND) peptide. This information is subsequently
used to identify deuterated peptides.

1. Carruthers LM, Tse C, Walker KP 3rd, Hansen JC (1999) Assembly of defined

nucleosomal and chromatin arrays from pure components. Meth Enzymol 304:19–35.

2. Sekulic N, Bassett EA, Rogers DJ, Black BE (2010) The structure of (CENP-A-H4)(2)

reveals physical features that mark centromeres. Nature 467:347–351.

3. Luger K, Rechsteiner TJ, Richmond TJ (1999) Preparation of nucleosome core particle

from recombinant histones. Meth Enzymol 304:3–19.

4. Black BE, et al. (2004) Structural determinants for generating centromeric chromatin.

Nature 430:578–582.

5. Lowary PT, Widom J (1998) New DNA sequence rules for high affinity binding to his-

tone octamer and sequence-directed nucleosome positioning. J Mol Biol 276:19–42.

6. Dorigo B, Schalch T, Bystricky K, Richmond TJ (2003) Chromatin fiber folding: Require-

ment for the histone H4 N-terminal tail. J Mol Biol 327:85–96.

7. Hansen JC, Ausio J, Stanik VH, Van Holde KE (1989) Homogeneous reconstituted
oligonucleosomes, evidence for salt-dependent folding in the absence of histone
H1. Biochemistry 28:9129–9136.

8. Demeler B, van Holde KE (2004) Sedimentation velocity analysis of highly heteroge-
neous systems. Anal Biochem 335:279–288.

9. Hansen JC, van Holde KE, Lohr D (1991) The mechanism of nucleosome assembly onto
oligomers of the sea urchin 5 S DNA positioning sequence. J Biol Chem 266:4276–4282.

10. Nikitina T, et al. (2007) Multiple modes of interaction between the methylated DNA
binding protein MeCP2 and chromatin. Mol Cell Biol 27:864–877.

11. Kan ZY, Mayne L, Englander SW (2011) ExMS: A data analysis program for HX-MS
experiments. J Am Soc Mass Spectrom in press.

12. Tsunaka Y, Kajimura N, Tate S, Morikawa K (2005) Alteration of the nucleosomal DNA
path in the crystal structure of a human nucleosome core particle. Nucleic Acids Res
33:3424–3434.

Panchenko et al. www.pnas.org/cgi/doi/10.1073/pnas.1113621108 1 of 6

http://www.pnas.org/cgi/doi/10.1073/pnas.1113621108


Fig. S1. Stepwise CENP-A nucleosome array assembly. (A) Sedimentation profiles of tetramer arrays at all NaCl concentrations as outlined in Fig. 1 A and B.
(B) Sedimentation profiles of nucleosome arrays at all NaCl concentrations outlined in Fig. 1 A and B. (C) Coomassie-stained SDS/PAGE gels of purified histones
used for array assembly. (D) Representative EM images of H3-containing nucleosome arrays. (E) Representative EM images of CENP-A containing nucleosome
arrays.
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Fig. S2. Nucleosome array H/DX difference plots. (A) H/DX difference plots of CENP-A containing arrays at all time points. (B) H/DX difference plots of H3
containing arrays at all time points. Plots are displayed as in Fig. 2D and E.
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Fig. S3. Additional peptides from αN region. (A) Peptides from the αN region of CENP-A containing arrays. The a.a. coordinates are shown at the top of each
centroid plot. (B) Peptides from the αN region of H3 containing arrays. Data points shown as separate points at 10 s correspond to 4 °C reactions while the rest
of the time course corresponds to 23 °C reactions.
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Fig. S4. Additional peptides from H3 R49K containing arrays. Peptides from the αN region of H3- and H3 R49K- containing arrays are shown. The a.a.
coordinates are shown at the top of each centroid plot. Data points shown as separate points at 10 s correspond to 4 °C reactions while the rest of the time
course corresponds to 23 °C reactions. (A) Unfolded arrays (−Mg2þ). (B) Folded arrays (þMg2þ).
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Fig. S5. Additional peptides from H2A C-terminal region. (A) Crystal structure of the human nucleosome particle containing histone H3 (PDB ID code 2CV5)
(12) is shown to highlight the location of histone H2A (yellow) and the region of H2A where increased protection is observed in H3-containing arrays (91–134;
a.a. 91–118 are in dark yellow; a.a. 118–134 are not visible in the structure). (B) Representative peptides spanning H2A region aa 91–134. Data points shown as
separate points at 10 s correspond to 4 °C reactions while the rest of the time course corresponds to 23 °C reactions.
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