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ABSTRACT: Genomic DNA is packaged into chromatin in
eukaryotes, and the nucleosome is the fundamental unit of
chromatin. The canonical nucleosome is the octasome, which is
composed of two H2A/H2B dimers and two H3/H4 dimers. During
transcription elongation, one of the H2A/H2B dimers is removed
from the octasome. The depletion of the H2A/H2B dimer is also
suggested to occur during DNA replication and repair. The remaining
histone components are believed to maintain a nucleosomal structure called a “hexasome”, which is probably important for the
regulation of gene expression, DNA replication, and repair in chromatin. However, hexasomes are currently poorly understood,
due to the lack of in vivo and in vitro studies. Biochemical and structural studies of hexasomes have been hampered by the
difficulty of preparing purified hexasomes. In the present study, we successfully reconstituted hexasomes, using recombinant
human histones. A micrococcal nuclease treatment and in vitro reconstitution assays revealed that the hexasome tightly wraps
approximately 110 base-pairs of DNA, about 40 base-pairs shorter than the length of the DNA wrapped within the canonical
nucleosome. A small-angle X-ray scattering analysis revealed that the global structure of the hexasome is similar to that of the
canonical nucleosome. Our studies suggest that octasomes can be converted into hexasomes by the eviction of one of the H2A/
H2B dimers, and the release of about 40 base-pairs of DNA, without involving large structural changes in the nucleosome core
particle.

In eukaryotes, chromatin organizes the genomic DNA, and
therefore, transcription, replication, recombination, and

repair must occur within the chromatinized DNA. The
nucleosome is the elemental repeating unit of chromatin and
consists of 146 base-pairs of DNA and the histone octamer.1

The histone octamer is composed of the core histones H2A,
H2B, H3, and H4. Histones have a common structural motif,
called the “histone-fold”, within the central region of each
molecule, and it is responsible for specific heterodimer
formation. H2A forms a heterodimer with H2B (H2A/H2B
dimer), and H3 forms a heterodimer with H4 (H3/H4 dimer)
through the histone-fold domain.2,3 Accumulating evidence
indicates that the nucleosome is assembled from the H2A/H2B
and H3/H4 dimers in a stepwise manner. Two H3/H4 dimers
are first loaded on the DNA to form a tetrasome, in which the
DNA is partially wrapped around the H3/H4 tetramer. Two
H2A/H2B dimers are then incorporated, and the resulting
histone octamer wraps 146 base-pairs of DNA to form the
nucleosome (octasome). In addition to the canonical
nucleosome containing two H2A/H2B dimers and two H3/
H4 dimers, the existence of a hexasome, in which one of the
two H2A/H2B dimers is depleted from the octasome, has been
suggested. Previous studies have shown that the hexasome is an
important intermediate structure during the disassembly,

remodeling, and reassembly of nucleosomes in replication,
transcription, recombination, and DNA repair.4−6

The importance of the hexasome has been demonstrated in
transcription. The hexasome is reportedly formed when RNA
polymerase II passes through the nucleosome.7 This finding is
consistent with previous observations that the nucleosome
structure may be altered by transcription with RNA polymerase
II, which probably involves the disassembly of an H2A/H2B
dimer.8,9 Consistently, fluorescence recovery after photo-
bleaching (FRAP) experiments revealed that a fast-exchange
H2B fraction, which may reflect the exchanged H2A/H2B
dimer during transcription, was eliminated by inhibiting
transcription elongation.10 Rapid exchange of the H2A/H2B
dimer also occurs at transcriptionally active loci in cells.11

These findings support the formation of the hexasome during
transcription elongation.
The RNA polymerase II-dependent hexasome formation is

stimulated by the histone chaperone FACT (facilitates
chromatin transcription) complex,12 which is required to
facilitate transcription elongation by RNA polymerase II on
the nucleosomal DNA.13 Interestingly, the FACT-like
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hexasome formation activity during the RNA polymerase
passage was also found with nucleolin, which is an abundant
nucleolus protein.14 The major histone chaperone Nap1 also
promotes the eviction of a single H2A/H2B dimer from the
octasome.15−17 Studies indicated that the H2A/H2B eviction
by FACT may also occur in the double-strand break repair of
DNA. In this DNA repair process, FACT promotes the
replacement of H2A by the phosphorylated form of H2AX (γ-
H2AX),18 which accumulates at damaged sites within DNA.19

Similar H2A/H2B eviction was also reported with SWR1, a
chromatin remodeling protein, which catalyzes the exchange of
the H2A/H2B dimer with the H2A.Z/H2B dimer.20,21 The
hexasome is also suggested to be an intermediate in this H2A-
H2A.Z exchange process.22

Despite these significant biological phenomena described for
the hexasome, only limited structural information is available
for it because the in vitro preparation of purified hexasomes has
not been accomplished. In the present study, we established a
method for hexasome reconstitution and purification and
prepared highly purified hexasomes composed of recombinant
human histones. Biochemical and structural analyses revealed
that the hexasome structure is similar to the canonical
nucleosome structure. We also showed that the hexasome
contains a histone hexamer that stably wraps 112 base-pairs of
DNA.

■ EXPERIMENTAL PROCEDURES
Purification of Recombinant Human Histones. The

human histones were produced as the N-terminally His6-tagged
proteins in Escherichia coli cells, as described previously.23 The
His6-tagged histones were recovered from the insoluble fraction
and were resuspended in 50 mL of 50 mM Tris-HCl buffer (pH
7.5), containing 7 M guanidine hydrochloride, 500 mM NaCl,
and 5% glycerol. The His6-tagged histones were then purified
by a three-step procedure, including nickel−nitrilotriacetic acid
(Ni-NTA) agarose chromatography (Qiagen), thrombin
protease (1 unit/mg of histones; GE Healthcare) treatment,
and Mono S column chromatography (GE Healthcare), as
described previously.24,25 The purified histones were dialyzed
against water, freeze-dried, and stored at 4 °C.
Preparation of the H2A/H2B, H2A.Z/H2B, H3/H4, and

CENP-A/H4 Complexes. The reconstitution of the H2A/
H2B, H3/H4, and CENP-A/H4 complexes was performed
according to a previously published method,26−28 with
modifications. The H2A.Z/H2B complex was reconstituted
by the same method used for the H2A/H2B complex. Briefly,
purified histones H2A and H2B (1 mg/mL), or histones H3
and H4 (1 mg/mL), were dissolved at 1:1 stoichiometry in 50
mM Tris-HCl buffer (pH 7.5), containing 2 mM EDTA, 7 M
guanidine-HCl, and 10 mM DTT and were gently mixed by
rotation at 4 °C for 1 h. The mixtures were then dialyzed for 4
h against 10 mM Tris-HCl buffer (pH 7.5), containing 1 mM
EDTA, 5 mM 2-mercaptoethanol, and 2 M NaCl (500 mL).
This dialysis step was repeated four times with freshly prepared
dialysis buffer. For the CENP-A/H4 complex, CENP-A and H4
(0.5 mg/mL) were dissolved at 1:1 stoichiometry in 50 mM
Tris-HCl buffer (pH 7.5), containing 2 mM EDTA, 7 M
guanidine-HCl, and 10 mM DTT, and were gently mixed by
rotation at 4 °C for 1 h. The mixtures were then dialyzed for 4
h against 10 mM Tris-HCl buffer (pH 7.5), containing 1 mM
EDTA, 5 mM 2-mercaptoethanol, and 2 M NaCl (500 mL),
and the NaCl concentration was gradually decreased to 0.1 M
in a stepwise manner. The reconstituted H2A/H2B, H2A.Z/

H2B, H3/H4, and CENP-A/H4 complexes were fractionated
by Superdex 200 (GE Healthcare) gel filtration chromatog-
raphy.

Preparation of DNA Fragments for Hexasome
Reconstitution. A 193-base-pair DNA fragment containing
the Widom 601 sequence29 was amplified by polymerase chain
reaction (PCR), using the following primers: FW 5′- AGGTA
CCAAG ATCTG ATATC GGACC CTATC GCGAG
CCAGG CCTGA GAATC CGGTG CCGAG GCCGC
TCAAT-3′ and REV 5′-AGGAT CCGAT ATCTA TGAAT
TTCGC GACAC AAGGC CTGGA TGTAT ATATC
TGACA CGTGC C-3′. The resulting 193-base-pair DNA
fragment was ligated into the pGEM-T easy vector (Promega),
and the 601(193)-4 plasmid, which contained four tandem
copies of the 193-base-pair 601 sequence, was obtained. The
193-base-pair DNA fragment was prepared by EcoRV digestion.
A 112-base-pair DNA fragment containing the α-satellite

sequence was prepared by self-ligation of the 54-base-pair DNA
fragment containing a four-base overhang. The 58-base-pair
DNA fragment (54 + 4 base-pairs) was amplified by PCR, with
the α-satellite DNA1 as the template, using the following
primers: FW 5′-GGTAC CAAGA TCTGA TATCT CTACC
AAAAG TGTAT TTGGA AACTG C-3′ and REV 5′-GGATC
CGATA TCGAA TTCAG CTGAA CATGC CTTTT G-3′.
The resulting 58-base-pair DNA fragment was ligated into the
pGEM-T easy vector (Promega), and the Satellite112 plasmid,
which contained 16 tandem copies of the 58-base-pair
sequence, was obtained. The 54-base-pair DNA fragment
containing a four-base overhang was prepared by EcoRV and
EcoRI digestions. The 112-base-pair DNA was obtained by self-
ligation of the 54-base-pair DNA containing a four-base
overhang (5′ AATT 3′) at this cohesive site.

Preparation of the Hexasome. The purified H2A/H2B
complex (54−74 μg) and H3/H4 complex (143 μg) were
mixed with a 193-base-pair DNA fragment (240 μg), in a
solution containing 2 M KCl. For the CENP-A nucleosome, the
CENP-A/H4 complex (94−104 μg) was used instead of the
H3/H4 complex. For the H2A.Z nucleosome, the H2A.Z/H2B
complex (53 μg) was used instead of the H2A/H2B complex.
For the hexasome reconstitution with a 112-base-pair DNA
fragment (1000 μg), the purified H2A/H2B complex (680 μg)
and H3/H4 complex (1100 μg) were used. The mixtures were
dialyzed against 10 mM Tris-HCl buffer (pH 7.5), containing 1
mM EDTA, 1 mM dithiothreitol, and 2 M KCl, at 4 °C. The
hexasome reconstitution was then performed by gradually
decreasing the KCl concentration to 250 mM with a peristaltic
pump (0.8 mL/min flow rate). To eliminate the nonspecific
histone−DNA binding, the reconstituted hexasomes and/or
octasomes were incubated at 55 °C (for the experiments with
the 193-base-pair DNA) for 1 h or 65 °C (for the experiments
with the 112-base-pair DNA) for 2 h. The hexasomes and/or
octasomes were separated from the free DNA and histones by
nondenaturing polyacrylamide gel electrophoresis, using a
Prepcell apparatus (Bio-Rad). The purified hexasomes or
octasomes were concentrated and were dialyzed against 20 mM
Tris-HCl buffer (pH 7.5), containing 1 mM EDTA and 1 mM
dithiothreitol.

Micrococcal Nuclease (MNase) Treatment Assay. The
purified hexasomes (10 μg/mL) or octasomes (10 μg/mL)
were treated with 0, 0.5, 1.0, and 2.0 units of MNase (Takara),
in 20 μL of 57.5 mM Tris-HCl (pH 7.5), 12.5 mM NaCl, 12.5
mM CaCl2, 0.75 mM DTT, and 0.75 mM EDTA. After a 5 min
incubation at 23 °C, the reaction was stopped by the addition
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of 15 μL of proteinase K solution (20 mM Tris-HCl (pH 7.5),
80 mM EDTA, 0.25% SDS, and 0.5 mg/mL proteinase K
(Roche)). After a 30 min incubation at 23 °C, the DNA was
precipitated with ethanol and then analyzed by 10% PAGE in
0.5 × TBE buffer (9 V/cm for 2 h).
ExoIII Treatment Assay. The ExoIII treatment assay was

performed according to a previously published method.28

Briefly, the purified hexasomes (40 μg/mL) or octasomes (40
μg/mL) were treated with ExoIII (5 units, Takara), in 10 μL of
50 mM Tris-HCl (pH 8.0), 5 mM MgCl2, and 2 mM DTT.
The reactions were incubated for 2.5, 5, and 10 min at 37 °C
and were stopped by the addition of 55 μL of proteinase K
solution (20 mM Tris-HCl (pH 8.0), 20 mM EDTA, 0.25%
SDS, and 0.5 mg/mL proteinase K (Roche)). After a 10 min
incubation at 23 °C, the DNA was extracted by phenol/
chloroform and was precipitated with ethanol. The DNAs were
then analyzed by denaturing 10% PAGE containing 7 M urea in
0.5 × TBE buffer (18 V/cm for 1 h).
Dynamic Light Scattering Measurements. Dynamic

light scattering analyses of the hexasomes (1.0 mg/mL) and
octasomes (1.0 mg/mL) were performed with Zetasizer Nano
μV (Malvern Instruments) in 20 mM Tris-HCl buffer (pH 7.5),
containing 1 mM EDTA and 1 mM dithiothreitol, at 25 °C.
Small-Angle X-ray Scattering (SAXS). SAXS measure-

ments of the reconstituted hexasomes and octasomes, in 20
mM Tris-HCl buffer (pH 7.5) containing 1 mM EDTA and 1
mM DTT, were performed at the RIKEN structural biology
beamline I (BL45XU) of SPring-8 (Hyogo, Japan).30 The
scattering intensities of the hexasome and octasome solutions
were measured with a PILATUS300 K-W detector at 20 °C
with a sample-to-detector distance of 3509 mm, which was
calibrated by the powder diffraction from silver docosanoate.
Circular averaging of the scattering intensities was then
performed, to obtain the one-dimensional scattering data I(q)
as a function of q (q = 4π sin θ/λ, where 2θ is the scattering
angle, and the X-ray wavelength λ = 1.0 Å). Nine successive
measurements were made for each solution, with an exposure
time of 20 s. The resultant nine data sets were combined after
inspections for X-ray radiation damage to the solution and the
existence of instrumental artifacts. SAXS measurements of the
buffer solution for background subtraction were performed
after each measurement of the nucleosome solutions, using the
same conditions and procedure as those for the nucleosome
solutions. To correct the interparticle interference effect, the
I(q) data were collected at three protein concentrations (0.7,
1.0, and 1.3 mg/mL) and extrapolated to zero concentration.
The data were processed and analyzed using the software
applications embedded in the ATSAS package. The radius of
gyration, Rg, was estimated by fitting the I(q) data using the
Guinier approximation I(q) = I(0) exp(−q2Rg

2/3), where I(0)
is the forward scattering at the zero scattering angle, in a smaller
angle region of qRg < 1.3. The error of Rg was estimated from
the least-squares fitting. The distance distribution function P(r)
and its error were calculated by the program GNOM.31 The
maximum dimension, Dmax, was estimated from the P(r)
function as the distance r, where P(r) = 0,32 and its error was
estimated from the errors of the P(r) values around P(r) = 0.

■ RESULTS
Reconstitution of the Hexasome.We purified the human

histones H2A, H2B, H3 (H3.1), and H4 as bacterially
expressed recombinant proteins, and the H2A/H2B and H3/
H4 complexes were prepared. We then performed the

nucleosome reconstitution by the salt-dialysis method. A 193-
base-pair DNA fragment, containing the 601 nucleosome
positioning sequence,29 was used as the DNA substrate. The
nucleosome reconstitution was performed with a reduced
amount of the H2A/H2B complex (73.8 μg), relative to the
amount of the H3/H4 complex (143 μg). Under these
conditions, two nucleosomal bands were detected upon an
electrophoretic mobility shift assay (EMSA) (Figure 1A). The
nucleosomes reconstituted on the 193-base-pair DNA fragment
are very stable and are maintained after an incubation at 55 °C,
while nonspecific histone-DNA binding is disrupted by this

Figure 1. Reconstitution of hexasomes and octasomes with a 193-base-
pair DNA fragment. (A) The hexasomes and octasomes were
reconstituted by the salt-dialysis method and were analyzed by
nondenaturing 6% PAGE. Lanes 1 and 2 indicate the samples before
and after a 55 °C incubation, respectively. DNA was visualized by
ethidium bromide staining. (B) The octasomes (upper band, lane 1)
and the hexasomes (lower band, lane 2) were purified using a Prepcell
apparatus and were analyzed by nondenaturing 6% PAGE with
ethidium bromide staining. (C) Histone compositions of the purified
octasomes (upper band, lane 2) and hexasomes (lower band, lane 3)
were analyzed by 18% SDS-PAGE with Coomassie Brilliant Blue
staining. Lane 1 indicates molecular mass markers. (D) The hexasomes
and octasomes were reconstituted by the salt-dialysis method with
histone H2A.Z. Lane 1 indicates the naked DNA. Lane 2 represents a
positive control experiment with canonical H2A. Lane 3 indicates the
experiment with H2A.Z. The samples were analyzed by nondenaturing
6% PAGE with ethidium bromide staining.
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heat treatment.24 As shown in Figure 1A (lane 2), both the
upper and lower bands were still detected after a 1 h incubation
at 55 °C, suggesting that both bands correspond to
nucleosomes. Therefore, two types of nucleosomes were
reconstituted under the conditions with a reduced amount of
the H2A/H2B complex by the salt-dialysis method.
We then purified these two nucleosomes by fractionation on

a nondenaturing polyacrylamide gel, using a Prepcell apparatus
(Figure 1B). The upper band contained histones H2A, H2B,
H3, and H4 with a 1:1:1:1 stoichiometry (Figure 1C, lane 2),
indicating that it is the canonical nucleosome (octasome). On
the other hand, the lower band contained all four histones, but
the band intensities of H2A and H2B were half of those of H3
and H4 (the band intensity of H2A was 51.9%, relative to the
H4 band intensity) (Figure 1C, lane 3). This suggests that the
lower band corresponds to the hexasome, consisting of one
H2A/H2B dimer and two H3/H4 dimers that form the histone
hexamer, and the DNA fragment that wraps around the histone
complex.
Multiple bands, probably corresponding to multiple

nucleosome positions, were observed when H2A.Z (H2A.Z1)
was used instead of H2A under the experimental conditions for
the hexasome formation (Figure 1D). Therefore, the H2A.Z
hexasome may be more mobile than the hexasome containing
canonical H2A.
The Hexasome Wraps 112 Base-Pairs of DNA. We next

examined the DNA length that is wrapped within the
hexasome. To do so, we treated the fractions containing the
reconstituted octasomes and hexasomes with micrococcal
nuclease (MNase), which preferentially digests the DNA
region detached from the histone surface in the nucleosomes.
In the octasome, about 150 base-pair DNA fragments were
protected from MNase digestion (Figure 2A, lanes 2−5). On
the other hand, in the hexasome, only about 115 base-pairs of
DNA were protected from MNase digestion (Figure 2A, lanes
6−9). These results suggest that about 115 base-pairs of DNA
were tightly wrapped within the hexasome, and about 30−40
base-pairs from the DNA ends are detached from the histone
surface. To confirm this, we performed a nucleosome
reconstitution experiment with a 112-base-pair DNA. We
found that only one type of nucleosome was formed using this
DNA (Figure 2B). The reconstituted nucleosome contained all
four histones, but the H2A/H2B band intensities were about
half of those of H3/H4 (the band intensity of H2A was 50.3%,
relative to the H4 band intensity) (Figure 2C). Thus, we found
that the reconstitution of nucleosomes on a DNA fragment that
is about 30 base-pairs shorter than the canonical size (146 base-
pairs) results in the formation of a hexasome, instead of an
octasome.
The Hexasome Containing CENP-A. We previously

reported that CENP-A, the centromere-specific histone H3
variant, forms the octasome, and the DNA segments at the
entry/exit sites are detached from the histone surface.28,33−35

We performed the MNase assay with the CENP-A hexasome.
The CENP-A octasome and hexasome were reconstituted by
the same method used for the canonical H3 octasome and
hexasome (Figure 3A, lane 1). The upper and lower bands,
which corresponded to the CENP-A octasome and hexasome,
respectively, were purified on a nondenaturing polyacrylamide
gel, using a Prepcell apparatus (Figure 3A, lanes 2 and 3).
Consistent with the previous results, the DNA segments at the
entry/exit sites of the CENP-A ocatsome were more
susceptible to nuclease (MNase) than those of the H3

octasome (Figure 3B, lane 2 and lanes 4−7). In the CENP-A
hexasome, the DNA segments at the entry/exit sites were quite
susceptible to the MNase digestion (Figure 3B, lanes 8−11), as
compared to those of the H3 octasome (Figure 3B, lane 3).
Therefore, the flexible nature of the DNA within the CENP-A
octasome at the entry/exit sites may also be conserved in the
CENP-A hexasome.

Asymmetric DNA Wrapping in the Hexasome. To
identify the boundaries of the entry/exit sites of the DNAs in
the octasome and the hexasome with histones H2A, H2B, H3,
and H4, we performed an ExoIII assay. In this assay, the
nucleosomal DNA was treated with ExoIII, which exonucleo-
lytically digests a single strand only from the 3′ end, and
consequently generates a 5′ single-stranded region. The DNA
region directly bound to the histone surface was protected from
the ExoIII digestion. In the octasome with the 601 sequence,
the 145-base-pair DNA region is tightly wrapped around the
histone octamer.36,37 Therefore, a single-stranded DNA
(ssDNA) fragment containing about 165−170 bases would
be detected by a denaturing PAGE analysis, if the DNA was

Figure 2. Formation of the hexasome with a 112-base-pair DNA
fragment. (A) MNase treatment assay. The purified octasomes (Figure
1B, lane 1) and hexasomes (Figure 1B, lane 2) were treated with 0
units (lanes 2 and 6), 0.5 units (lanes 3 and 7), 1.0 units (lanes 4 and
8), and 2.0 units (lanes 5 and 9) of MNase. The resulting DNAs were
analyzed by 10% PAGE. Lane 1 indicates 10-base-pair DNA ladder
markers. (B) The hexasomes reconstituted with a 112-base-pair DNA
fragment were purified using a Prepcell apparatus and were analyzed
by nondenaturing 6% PAGE with ethidium bromide staining. (C)
Histone compositions of the purified hexasomes were analyzed by 18%
SDS-PAGE with Coomassie Brilliant Blue staining (lane 2). Lane 1
indicates molecular mass markers.
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symmetrically detached at both sides of the entry/exit sites in
the nucleosome (Figure 4A, upper panel). On the other hand,
two ssDNA fragments, encompassing about 135−140 bases and
165−170 bases, would be detected if the DNA was asymmetri-
cally detached (Figure 4A, lower panel). As anticipated, in the
Exo III digestion experiments with the octasome, an ∼165-base
ssDNA was detected by denaturing PAGE analysis (Figure 4C,
lanes 2−5). In addition, two ssDNA fragments of approx-
imately 145 and 165 bases were detected, when the hexasome
was treated with ExoIII (Figure 4C, lanes 6−9). These results
strongly suggested that the DNA was asymmetrically detached
at either the entry or exit site (probably at the site lacking an
H2A/H2B dimer) in the hexasome.
Dynamic Light Scattering Analysis of the Hexasome.

The MNase and ExoIII treatment assays revealed that the
MNase- or ExoIII-susceptible DNA region of the hexasome is
larger than that of the octasome, suggesting that the DNA
segments located at the entry/exit site of the nucleosome may
be detached from the histone surface in the hexasome. If this is
the case, then the hydrodynamic radius of the hexasome may be
larger than that of the octasome, when both nucleosomes are
formed with the same length of DNA (Figure 5A). To test this
possibility, we analyzed hexasomes and octasomes that were
reconstituted on the 193-base-pair DNA fragment by dynamic
light scattering (DLS). The measurements revealed that the
mean particle size of the octasome with the 193-base-pair DNA
was about 13.5 nm in diameter (Figure 5B). By contrast, the
mean particle size of the hexasome with the 193-base-pair DNA
was about 16 nm in diameter, which was clearly larger than that
of the octasome (Figure 5B). These DLS data are consistent
with the MNase data and indicate that the DNA segment is
unwrapped at the entry/exit of the hexasome.

Small-Angle X-ray Scattering Analysis of the Hex-
asome. We next performed a small-angle X-ray scattering
(SAXS) analysis of the hexasome. In the SAXS measurements,
we used the hexasome containing a 112-base-pair DNA
fragment (Figure 2B). For comparison, the octasome
containing a 146-base-pair DNA fragment was reconstituted
and subjected to the SAXS analysis, as previously reported.38

Interestingly, despite the difference in the DNA lengths in the
hexasome and the octasome, the hexasome generated nearly
identical SAXS curves to those of the octasome (Figure 6A).
The distance distribution function (P(r)) profiles of the
hexasome and the octasome were also quite similar (Figure
6B). These results indicated that the overall structures of the
hexasome and the octasome are similar. On the other hand, the
radius of gyration (Rg = 38.5 Å) and the maximum diameter
(Dmax =115 Å) of the hexasome were substantially smaller than
those of the octasome (Rg = 42.0 Å, Dmax = 135 Å). This may
reflect local structural differences in the nucleosomes due to the
absence of one H2A/H2B dimer and the shorter DNA in the
hexasome.
We then modeled the hexasome structure (hexasomecryst)

from the octasome crystal structure (PDB ID 3AFA)24 by
removing one H2A/H2B dimer and the DNA segment located
near the H2A/H2B dimer (Figure 7A). This hexasomecryst

model contained 112 base-pairs of DNA. The SAXS curve

Figure 3. Reconstitution of hexasomes and octasomes with CENP-A
and a 193-base-pair DNA fragment. (A) The CENP-A hexasomes and
octasomes were reconstituted by the salt-dialysis method and were
analyzed by nondenaturing 6% PAGE. DNA was visualized by
ethidium bromide staining. Lane 1 indicates the sample before
fractionation. Lanes 2 and 3 represent the octasomes (upper band,
lane 2) and the hexasomes (lower band, lane 3), purified using a
Prepcell apparatus. (B) MNase treatment of the CENP-A
nucleosomes. The purified CENP-A octasomes (Figure 3A, lane 2)
and the CENP-A hexasomes (Figure 3A, lane 3) were treated with 0
units (lanes 4 and 8), 0.5 units (lanes 5 and 9), 1.0 units (lanes 6 and
10), and 2.0 units (lanes 7 and 11) of MNase. Lanes 2 and 3 indicate
control experiments with the H3 octasome and the H3 hexasome in
the presence of 2.0 units of MNase. The resulting DNAs were
analyzed by 10% PAGE. Lane 1 indicates 10-base-pair DNA ladder
markers.

Figure 4. The ExoIII treatment assay. (A) Schematic representations
of the hexasome and octasome used in the ExoIII treatment assay. In
this assay, the canonical histones H2A, H2B, H3, and H4 are used for
the octasome and hexasome reconstitutions. The octasome and the
hexasome are represented in the upper and lower panels, respectively.
The ssDNA fragments detected by this assay are represented by solid
lines. Dashed lines indicate the ssDNA regions, which may be
exonucleolytically digested in the hexasome and octasome. (B)
Schematic representation of the ExoIII treatment assay. (C) The
purified octasomes and hexasomes were treated with 5 units of ExoIII.
The resulting DNAs were analyzed by denaturing 10% PAGE. Lane 1
indicates molecular mass markers, including 146- and 166-base
ssDNAs. Lanes 2−5 and 6−9 indicate experiments with the octasome
and the hexasome, respectively. Lanes 2 and 6 indicate negative
control experiments in the absence of ExoIII. Reaction times were 2.5
min (lanes 3 and 7), 5 min (lanes 4 and 8), and 10 min (lanes 5 and
9).
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obtained for the hexasomecryst model fit very well with the
SAXS curve of the actual hexasome (Figure 7B). The distance
distribution function (P(r)) profiles (curve shapes) of the
hexasomecryst and the hexasome were also very similar (Figure
7C), although the Dmax value of hexasomecryst was slightly
smaller, which probably reflects the absence of the flexible
DNA ends in the static crystal structure and the higher
flexibility of the overall structure in solution, as compared to
that in the crystal. Therefore, we concluded that the structure of
the hexasome core particle containing a 112-base-pair DNA
fragment is similar to that of the hexasomecryst structure, which

was generated by removing one H2A/H2B dimer from the
canonical nucleosome.

■ DISCUSSION

The hexasome is considered to be an intermediate structure
formed during the assembly and disassembly processes of
mature nucleosomes.4−6,22 Previous studies suggested that the
hexasome has a specific function during transcription
elongation.7,12 In addition, the hexasome appears to be
important during DNA replication and repair processes.4

Based on these findings, the biological significance of the
hexasome has been extensively discussed. However, the
hexasome structure remains to be elucidated.
In the present study, we reconstituted the hexasome with

human histones H2A, H2B, H3, and H4 and successfully
purified the hexasome to near-homogeneity. The reconstituted
hexasome was not disrupted by an incubation for 1 h at 55 °C.
This heat-stable nature of the hexasome is the same as that of
the octasome containing two each of the conventional
histones.24,25 The SAXS analysis revealed that the structure of
the reconstituted hexasome was similar to the modeled
hexasome, in which one H2A/H2B dimer is removed from
the crystal structure of the human octasome.
Importantly, we found that the hexasome efficiently forms

with a 112-base-pair DNA fragment. Consistently, in the
hexasome reconstituted with a 193-base-pair DNA fragment,
about 115 base-pairs of DNA are protected from the MNase

Figure 5. Dynamic light scattering (DLS) analysis of the hexasome.
(A) Schematic representations of the octasome and the hexasome.
DNAs are depicted by bold black lines. (B) The DLS profiles of the
octasome and the hexasome with a 193-base-pair DNA fragment. The
distributions of the particle sizes of the octasomes (closed circles) and
the hexasomes (open circles) are plotted. The mean particle sizes of
the octasomes (13.50 nm) and the hexasomes (16.24 nm) are
indicated with errors.

Figure 6. Small-angle X-ray scattering (SAXS) measurements of the
hexasome. (A) Normalized SAXS curves of the hexasome (with a 112-
base-pair DNA) and the octasome (with a 146-base-pair DNA). Red
and black lines show the SAXS curves as a function of q (q = 4π sin θ/
λ) for the hexasome and the octasome, respectively. (B) Distance
distribution functions P(r) of the hexasome (red dots) and the
octasome (black dots). The maximum dimensions Dmax of the
hexasome and the octasome, estimated from the P(r) function as the
distance r, where P(r) = 0.

Figure 7. Comparison of the hexasome with its model. (A) The
hexasome model (right panel, hexasomecryst), created by removing one
H2A/H2B dimer and the DNA segment located near the H2A/H2B
dimer from the octasome crystal structure (PDB ID 3AFA), shown in
the left panel. This hexasomecryst model contained 112 base-pairs of
DNA. (B) The normalized SAXS curve of the hexasomecryst model
(black line). For comparison, the SAXS data of the hexasome
presented in Figure 6A are also presented (red dots). (C) The distance
distribution function P(r) of the hexasomecryst model (black dots). For
comparison, the P(r) distribution profile of the hexasome, shown in
Figure 6B, is also presented (red dots).
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digestion, indicating that this protected DNA region is tightly
bound to the histone hexamer. In our reconstitution experi-
ments, the octasome was not stably formed with a 112-base-
pair DNA, suggesting that the 112-base-pair fragment may be
too short to stably form the octasome, but is sufficient for the
hexasome. In agreement with this possibility, octasomes and
hexasomes were simultaneously formed, when a 193-base-pair
DNA fragment was used in the nucleosome reconstitution.
Approximately 145−147 base-pairs of DNA are required for
stable octasome formation.1,36,37,39,40 Therefore, about 35 base-
pairs of DNA become detached from the histone surface, upon
H2A/H2B eviction from the octamer. In the octasome
structure, each H2A/H2B dimer symmetrically binds to the
DNA region about 10 base-pairs away from the proximal DNA
end and covers about 30−40-base-pair regions.1 The absence of
one H2A/H2B dimer in the hexasome may asymmetrically
detach this DNA region from the histone surface. Consistent
with this idea, our ExoIII treatment assay revealed the
asymmetric detachment of the DNA region at the entry/exit
sites in the hexasome, but not in the octasome.
The detachment of the DNA segments at the edge of

nucleosomes has been reported in nucleosomes containing C-
terminally truncated H2A mutants.41 The histone H2A.Bbd, an
H2A variant that appears to be associated with active
chromatin, reportedly forms the octasome with 118−130
base-pairs of DNA, indicating that the DNA segments at the
entry/exit sites of the nucleosome are detached.42,43 These
results are consistent with the view that the H2A/H2B dimer
plays an important function for the stable association of the
DNA segment at the entry/exit sites of the nucleosome.
Intriguingly, we found that the H2A.Z and CENP-A histone
variants also have the potential to form hexasomes in vitro;
however, these hexasomes may be less stable, as compared to
those containing canonical H2A, H2B, H3, and H4. Therefore,
the hexasome formation with histone variants may function to
regulate gene expression and maintenance in chromatin.
During transcription processes, hexasome formation is

actively promoted by the FACT complex, which removes one
H2A/H2B dimer from the octasome.12 This H2A/H2B
eviction activity of FACT may relieve the kinetic barrier of
the nucleosomal DNA during RNA polymerase passage.44,45

When the RNA polymerase passes through the nucleosome,
the DNA ahead of the polymerase detaches from the histone
surface.46 This may allow RNA polymerase to proceed with
transcription elongation in the DNA region that is normally
incorporated within the octamer. FACT may promote the
formation of the hexasome just in front of RNA polymerase by
the H2A/H2B-eviction activity and may detach the DNA from
the histone surface for transcription elongation through
nucleosomal DNA.
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