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a b s t r a c t

Histone variants TH2a and TH2b are highly expressed in testes, oocytes and zygotes. Our recent analysis
suggested that these histone variants enhance the induced generation of pluripotent stem cells (iPSCs)
when co-expressed along with four transcription factors, Oct3/4, Sox2, Klf4 and c-Myc (OSKM), and are
associated with an open chromatin structure [1]. In the present study, we report the crystal structures of
nucleosomes (NCPs) with the mouse histone variants, TH2a and TH2b. The structures revealed two
significant changes, as compared to the canonical counterparts: fewer histone-DNA contacts and changes
in dimeredimer interactions between TH2a-TH2a0 (L1-loop). In vivo studies with domain swapping and
point mutants of the variants revealed that the residues in the histone tails and the TH2a-L1 loop are
important for reprogramming. Taken together, our work indicates that the NCP variants with structural
modifications and flexible tails are most likely important for enhanced reprogramming of functions.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

During spermatogenesis, chromatin restructuring occurs by the
exchange of somatic histones with testis-specific histone variants
[2e4]. TH2a and TH2b were originally identified as testis-specific
histone variants [5e8] and they share a promoter, suggestive of a
common function [9]. Our recent study showed that both variants
are also expressed in oocytes and fertilized eggs, and their
expression levels decreased as the embryos differentiated into
blastocysts. The TH2a/TH2b variants induce an open chromatin
structure, and are enriched, and uniformly distributed both on the
X chromosomes and autosomes [1].

Chromatin decondensation is a hallmark of reprogramming
[10,11]. Somatic cells can be experimentally reprogrammed back to
pluripotency by nuclear transfer into oocytes [12], fusion with
embryonic stem (ES) cells [13] or artificially overexpressing four
tory, RIKEN Yokohama Insti-
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transcription factors, Oct3/4, Sox2, Klf4 and c-Myc (OSKM) [14]. Our
recent study revealed that the histone variants TH2a and TH2b,
when co-expressed with OSKM, enhanced the generation of iPSCs
by nine-fold. However, either TH2a or TH2b expressed together
with canonical H2a/H2b had no effect on reprogramming [1].
Nucleoplasmin (Npm) is an abundant oocyte protein that plays an
important role in chromatin decondensation during fertilization
[15], and its activity is modulated through phosphorylation [16].
When phosphorylation mimics of nucleoplasmin (P-Npm) and
TH2a/TH2b were coexpressed, they enhanced the OSKM-induced
iPSC generation by 18-fold. Moreover, iPSCs were generated using
only Klf4 and Oct3/4 coexpressed with TH2a/TH2b and P-Npm [1].

Histone variants and chemical modifications of histones and
DNA generate diversity in chromatin structure and function [4,17].
In this study, we have determined the nucleosome structures with
the mouse testis-specific histone variants TH2a and TH2b, to
identify the structural differences as compared to their canonical
counterparts. The in vivo studies with domain swapping and point
mutants of the histone variants revealed the regions and the key
residues important for the reprogramming function.
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2. Materials and methods

2.1. Histone expression and purification

The mouse testis-specific histone variants, TH2a and TH2b, and
the canonical human histones, H2a, H2b, H3.1 and H4, were over-
expressed in Escherichia coli and purified according to the previ-
ously published protocols [18,19]. The domain-swapped and point
mutant histone variant proteins were purified in a similar manner.

2.2. Nucleosome preparation and crystallization

The 146-bp DNA and the NCPs were prepared as described
previously [19,20]. The octamers were separated from the excess
dimers by gel-filtration chromatography in a buffer containing 2 M
NaCl. The nucleosomes were reconstituted by salt dialysis and
purified from the excess DNA by ion exchange chromatography
(Mono-Q 5/5 column, GE Healthcare). Nucleosomes were concen-
trated to 3.5e4 mg/mL and crystallized by the hanging drop
method under the following conditions: 20 mM potassium caco-
dylate, pH 6.0, 60e70 mM KCl and 70e90 mM MnCl2. The crystals
were cryo-protected with the mother liquor, containing with 24%
2-methyl-2,4-pentanediol (MPD) and 6% trehalose.

2.3. Data collection and structure determination

Diffraction data were collected using the synchrotron radiation
source at the Beamline BL41XU Station of SPring-8, Japan. The NCP
crystals belonged to the orthorhombic space group P212121, with
one molecule per asymmetric unit. The structures were solved by
the molecular replacement method, with the PDB entry 1AOI as a
search model [21], using the Phaser program. The refinement was
performed with Refmac [22] and CNS [23], and model building was
accomplished with Coot [24] and Quanta (Accelrys, San Diego, CA,
USA). The data collection parameters and refinement statistics are
provided in Table S1. All of the structure figures were produced
using PyMOL. The atomic coordinates of the GCH, GCHV1, GCHV2
and canonical NCPs have been deposited, with the RCSB ID codes
3X1T, 3X1U, 3X1V and 3X1S, respectively.

2.4. Domain swapping, point mutations, iPSC generation and FACS
analysis

The details of the procedures related to domain swapping, point
mutations, iPSC generation and FACS analysis are explained in
Supplementary Materials and Methods section.

3. Results and discussion

3.1. Nucleosome structures with mouse TH2a and TH2b variants

The histone variants TH2a and TH2b are abundantly expressed
during spermatogenesis [2,3], as well as in oocytes and fertilized
eggs [1]. Knockout studies in mice revealed that female homozy-
gous TH2a�/�TH2b�/� oocytes have reduced capacity for embryo-
genesis, and both variants contribute to paternal genome activation
[1]. TH2a and TH2b share 87% and 85% sequence identities with the
mouse canonical H2a and H2b, respectively (Fig. 1A). Most of the
non-conserved residues in the variants are localized at the N- and
C-terminal histone tail regions and within the TH2a-L1 loop.

We have determined the structures of three nucleosome core
particles (NCPs) with mouse TH2a and TH2b variants: GCH (TH2a-
TH2b-H3-H4)2, and the cross variants GCHV1 (TH2a-H2b-H3-H4)2
and GCHV2 (H2a-TH2b-H3-H4)2, with 146-bp palindromic DNA
derived from human a-satellite DNA, by the molecular
replacement method (Fig. 1B). (Note: we used the human canon-
ical histones H2a, H2b, H3 and H4, along with the mouse TH2a
and TH2b for the nucleosome preparation. The Human and Mouse
canonical histones H2a and H2b are having almost 99% sequence
identity; H3 and H4 are having 100% identity between the spe-
cies). In addition, we determined the structure of the human ca-
nonical nucleosome, for comparison. The data collection and
refinement statistics are summarized in Table 1. Unlike the testis-
specific H3T variant [25], the TH2a and TH2b variants form stable
octamers under high salt concentrations. The superposition of the
GCH, GCHV1, and GCHV2 nucleosomes with the canonical-NCP
gave root mean square deviations (r.m.s.d.) of 0.3 Å, 0.5 Å and
0.37 Å, respectively. Intriguingly, closer inspections of the variant
NCPs (GCH, GCHV1, and GCHV2) revealed two changes: fewer
histone-DNA contacts and significant changes in the L1-L10 loop
interactions between the TH2a-TH2a0 dimers. Recently, chromatin
structure containing the human histone H2B variant TSH2B was
reported and the overall structural composition is similar to our
GCHV1 [26].
3.2. Histone-DNA interactions

The NCP containing the TH2a and TH2b variants had fewer
histone dimer-DNA contacts, as compared to its canonical coun-
terpart, due to the altered side-chain conformations of the DNA-
interacting residues. In the canonical-NCP, the H2a/H2a0-Arg21
side-chain forms strong H-bonding interactions with DNA at ±31-
bp from the entry/exit sites, and also forms H-bonds with the
H2a/H2a0-Lys16 main chain CO, thereby holding the H2a N-ter-
minal tail (Fig. 2). Intriguingly in GCH-NCP, the TH2a/TH2a0-Arg21
side chain conformation is altered, resulting in the loss of in-
teractions with DNA and the TH2a/TH2a0-Lys16 residue, and the
formation of the two new H-bonds with the TH2b C-terminal end.
In the cross variant GCHV2-NCP, the H2a/H2a0-Arg21 side-chain
forms H-bonds with the TH2b C-terminus, and weakly associ-
ates with DNA and the H2a/H2a0-Lys16 residue. In GCHV1-NCP,
the side-chain density of Arg21 was undetectable, presumably due
to the high b-factors around the region when compared to other
structures.

Single molecule studies revealed that the histone-DNA in-
teractions are unevenly distributed within the nucleosomes. The
nucleosome dyad has the strongest interactions, and these are
followed by two regions localized approximately ±33-bp from the
nucleosome entry/exit sites [27]. Interestingly, the DNA contacts
lost at ±31-bp from the entry/exit sites in our variant NCPs might
have effects on the nucleosomal stability and function. Histone
variants generate diversity in chromatin structures and functions
by altering the properties of the nucleosomes [17]. Biochemical
analysis suggests that hTSH2B induces the octamer instability
compared to H2B [28]. Further studies using mutant mice lacking
the expression of TH2B suggest that it not only compensates
expression of H2B during spermatogenesis but also it affects the
epigenetic reprogramming through histone-DNA or histoneehi-
stone interactions [29]. Very recent data clearly indicated that
lacking both the TH2A and TH2B variants affects in spermatogen-
esis by disturbing cohesion release and histone replacement [30]. In
the sin mutant, the mutated residues encircling the nucleosome
dyad, where H3eH4 pair with each other, affect the nucleosome
stability, and thereby enhance the octamer mobility with respect to
the DNA [31]. The H3 homologue CENP-A has been shown to affect
the binding of a 13-bp DNA fragment at the NCP entry/exit sites
[32]. The human testis-specific H3T affects nucleosome stability,
due to the weaker association of the (H3T-H4)2 tetramer with the
H2a-H2b dimer, without affecting the interaction with DNA [25].



Fig. 1. Sequence alignment and nucleosome structure. A) The sequences of the histone variants, TH2a and TH2b, were aligned with those of the mouse canonical H2a and H2b.
Schematic representations of secondary structures are shown above the alignment, and the TH2a L1-loop is labeled. The residues underlined in magenta were domain-swapped
with the corresponding canonical sequences, and are labeled A1, A2 and A3 for TH2a, and B1 and B2 for TH2b. The residues enclosed in red boxes within the TH2a (A2) and TH2b
(B2) domains were substituted by point mutations with the corresponding canonical residues. The residues marked with red stars down-regulate iPSC generation. The residue in the
green box with a star up-regulates iPSC generation by two-fold. B) Crystal structure of the nucleosome complex GCH-NCP (TH2a-TH2b-H3-H4), with TH2a (cyan) and TH2b (green)
highlighted. The left figure is rotated by 90� along the Y-axis, and the TH2a-TH2a0 interaction between the L1-L10 loops is marked by an arrow. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. L1-L10 loop interactions

In nucleosomes, the L1-loop connecting the H2a a1-a2 helixes is
the only site of contact between the H2a-H2b dimers, and it me-
diates the interactions between H2a-H2a0 [21]. The L1-loop region
is a major site of sequence variation within a histone fold [33]
among the H2a variants, and it has been suggested to play a role
in the cooperative incorporation of a second dimer during NCP
assembly [34].

In the canonical NCP the L1-L10 loop interface interactions are
stabilized by the H2b-His83 residues, which are located on both
sides of the L1-L10 interfaces and formH-bond contacts (Fig. 3AeD).
In GCH-NCP, the L1-L10 interface lacks H-bond contacts. Intrigu-
ingly, the side-chain dihedral angle for TH2b-His84, in both dimers
with well-defined electron density, changed its conformation as
compared to the canonical H2b. This change affects the interactions
between the His84 side-chain and the L1-L10 interface, and shifts
the position of TH2a-Asn39 towards the space generated by the
TH2b-His84 residue. In the cross variant GCHV1-NCP, the H2b-
His83 side-chain adopts a conformation similar to that in GCH,
and thus has lost the contact with the interface. Also, it is note-
worthy to mention that we did not observe any structural changes



Table 1
Data collection and refinement statistics.

Data collection GCH GCHV1 GCHV2 Canonical

Wavelength 1.00 1.00 1.00 1.00
Space group P212121 P212121 P212121 P212121
Cell dimensions
a, b, c (Å) 105.77,109.59, 181.59 104.43,109.18,175.00 99.32, 108.47,168.67 105.38, 109.36,175.57
a, b, g (�) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (Å) 2.80 (2.90-2.80) 3.25 (3.31-3.25) 2.90 (3.00-2.90) 2.80 (2.90-2.80)
Reflections (unique) 51,865 (5066) 32,890 (1638) 38,723 (3737) 46,322 (3349)
I/sigma I 19 (2.04) 24.5 (2.65) 13.26 (2.05) 21 (1.76)
Completeness (%) 99.6 (99.1) 99.9 (100) 96.8 (95.3) 91.9 (67.9)
Redundancy 8.1 (7.1) 13.8 (14.0) 11.4 (10.1) 9.8 (8.3)
Rmerge 0.128 (0.72) 0.138 (0.78) 0.184 (0.74) 0.097 (0.73)
Refinement
Rwork/Rfree 0.203/0.266 0.199/0.270 0.191/0.258 0.190/0.258
Number of atoms
Protein 6201 6157 6417 5956
DNA 5980 5980 5972 5980
Water 107 30 e 57
B–factors (Å2)
Protein 44.7 83.8 27.9 61.5
DNA 100.6 142 63 121.6
R.m.s deviations
Bond lengths (Å) 0.008 0.009 0.009 0.009
Bond angles (�) 1.419 1.423 1.565 1.436
Ramachandran plot
Favored (%) 99 96.95 98.68 97.82
Allowed (%) 1.6 2.92 1.32 2.04
Outliers (%) 0.4 0.13 e 0.14
PDB Code 3X1T 3X1U 3X1V 3X1S
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around the residue Asn84 (Ser85 in TSH2B) of TH2B in GCH or
GHV2 nucleosome structures, when compared to TSH2B [26]. In
GCHV2-NCP, the L1-L10 interface has three H-bonds and resembles
the canonical-NCP. Thus, the overall L1-L10 loop interactions in the
canonical and GCHV2-NCPs are tightly connected, as compared to
those in GCH and GCHV1, and the following changes could be due
to the Ile substitution of Val44 in the TH2a L1-loop.

In comparison to the NCPs described above, the other H2a
variant NCPs have markedly different L1-L10 loop conformations
and interactions (Fig. 4). In H2a.Z-NCP, the L1-L10 loop interaction
between H2a.Z-H2a.Z0 is extensive, and the path of the a1-helix and
parts of the loop connecting the a1 and a2-helixes differ from those
of the canonical structure [35]. In the macroH2a-NCP, the L1-L10

interface is less flexible and hasmore hydrophobic interactions. The
Lys40 side chain is sandwiched between Tyr41 and Pro390 and vice
versa [34]. It is interesting to note that the H2b-His79 residue in
both the H2a.Z- and macroH2a-NCPs does not interact with the L1-
L10 interface, and adopts a similar conformation to GCH.
3.4. TH2a/TH2b domain swapping and iPSC generation

Histone tails are epigenetically modified and regulate distinct
transcriptional states and nuclear events [36], and are essential for
the formation of highly ordered structures [37]. The mouse TH2a/
TH2b variants enhance OSKM-induced reprogramming. However,
neither each individual TH2a/TH2b variant nor the canonical H2a-
H2b has the capacity for enhancing iPSC generation [1]. The above
studies clearly suggested that the functional residues in the flexible
N- and C-terminal tails and the coexistence of TH2a-TH2b have
determining roles in reprogramming. Moreover, the structural
studies with these variants revealed changes in the L1-L10interface
and fewer histone-DNA interactions within the nucleosome. To
understand the significance of the histone tails and the structural
changes of the nucleosome in iPSC generation, we performed
domain swapping of variants with mouse canonical histones, as
depicted in Fig. 1A. Three domain swaps for TH2a, corresponding to
the N-terminal region (A1), the L1-loop (A2) and the C-terminus
(A3), and two domain swaps (B1 and B2) for the N-terminus of
TH2b were constructed. All five domain-swapping constructs were
analyzed for their roles in iPSC generation.

The domain-swapped variants, along with the appropriate
counterpart plus KOSM and P-Npm, were expressed in mouse
embryonic fibroblasts (MEFs), which also express the GFP marker
from the promoter of the ES cell-specific gene Nanog. The iPSC
generationwas analyzed by FACS (Supplementary Figure S1, A). The
results clearly showed that all five domains are indeed important
for iPSC generation. The swapped TH2a-L1 loop caused reduced
iPSC generation, clearly signifying the importance of the structural
changes at the L1-L10interface. A closer view of the other four do-
mains (A1, A3, B1 and B2) in the histone tail regions revealed
changes in the positions of the functional residues. For example, the
canonical H2b-Ser14 residue is phosphorylated by caspase-3-
activated mammalian sterile twenty (Mst1) kinase, which plays
an important role in regulating apoptotic chromosome condensa-
tion [38]. In TH2b, phenylalanine is located at the equivalent po-
sition, and is highly conserved among eukaryotic organisms
(Supplementary Figure S1, B,C). Similarly, the H2a-Arg4 residue is
deaminated by peptidylarginine deaminase 4 (PAD4), which re-
presses gene transcription [39] and is replaced with Pro in TH2a.
The N-terminal tail of H2b is known to be involved in chromatin
condensation [40]. Also both of the H2A and H2B N-terminals are
required for binding to the nuclear chaperones (Karyopherins
family) to be imported into the nucleosome assembly machineries
and the N-terminal deletion of H2B reduced its incorporation at all
sites by approximately half due to the reduced protein stability
though the overall function of H2B is intact in chromatin assembly
[41,42], and these may be one probable reason why the N-terminal
mutants of both the variants failed to reproduce the iPSC genera-
tion. Together, these results suggested that the variants of histone
tails might establish alternative epigenetic marks as compared to
the canonical counterparts, and they may affect the overall chro-
matin structure as well as iPSC reprogramming.



Fig. 2. Histone-DNA interactions. The Arg21/Arg210 residues in TH2a/H2a from three nucleosome structures (GCH, GCHV2 and canonical-NCP) with 2Fo-Fc electron density maps
contoured at 1.0s are shown in a blue mesh, and their interactions with neighboring residues are depicted by dashed black lines with distances in red. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.5. Point mutations in the TH2a (A2) and TH2b (B2) domains

The domain swapping studies clearly suggested that the histone
tails and the structural changes in the dimeredimer interactions
between TH2a-TH2a0 (L1-loop) are important for iPSC generation.
Among the five domains, only the TH2a-(A2) and TH2b-(B2) do-
mains are structured within the NCP. To determine the importance
of each non-conserved residue in the TH2a-(A2) and TH2b-(B2)
domains, the residues shown in Fig. 1A were mutated to the cor-
responding canonical residues, and analyzed for their effects on
reprogramming through a FACS analysis.

Intriguingly, two single amino acid substitutions in the TH2a-L1
loop, Gln42 to Glu and Ile44 to Val, each clearly affected the iPSC
generation. The numbers of GFPþ cells with these mutants were
significantly reduced (Supplementary Figure S1, D), while the
Gln37 to Lys and Ala41 to Ser substitutions did not have a major
effect. The crystal structure revealed that the L1-L10 loop
interaction in the NCP consists of both variants (GCH), and only
with TH2a (GCHV1) lacks a H-bond, as compared to the H-bonding
interaction seen with the canonical and GCHV2-NCPs. This clearly
suggested that the replacement of Val44 with the bulky Ile residue
in the TH2a L1-loop affects the interface interactions
(Supplementary Figure S2, A).

The TH2b-(B2) domain has five non-conserved residues, and
the point mutations of Glu27 to Asp, Arg29 to Lys, Cys34 to Ser
and Ile43 to Val significantly reduced iPSC generation. Intrigu-
ingly, the TH2b-Ile41 to Val mutation up-regulated the iPSC
generation by two-fold (Supplementary Figure S1, C-D).
Furthermore, only the Ile41 and Ile43 residues had well-defined
side chain densities and are strongly conserved among higher
eukaryotic organisms (Supplementary Figure S1, C). In GCH-NCP,
the TH2b-Ile43 residue is surrounded by a hydrophobic pocket
and does not contact the DNA. By contrast, TH2b-Ile41 makes a
hydrophobic contact with the DNA at ±25-bp from the



Fig. 3. Close-up views of the L1-L10 loop interactions within NCPs. A) H2a-H2a0 with H2b (Canonical-NCP). B) TH2a-TH2a0 with TH2b (GCH-NCP), C) TH2a-TH2a0 with H2b (GCHV1-
NCP) and D) H2a-H2a0 with TH2b (GCHV2-NCP). The TH2b/H2b-His84/83 residues from both dimers are shown with 2Fo-Fc electron density maps contoured at 1.0s. The in-
teractions are depicted by dashed black lines.

Fig. 4. L1-L10 loop interactions in H2a variant complexes. A) The H2a.Z-H2a.Z0 interaction (PDB ID: 1F66). B) The macroH2a-macroH2a0 interaction (PDB ID: 1U35). Hydrogen bonds
are depicted by dashed red lines and the H2b-His79 residues are marked in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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nucleosome entry/exit sites, at a distance of 3.8 Å, and its
replacement with Val might affect the above-mentioned inter-
action (Supplementary Figure S2, B). This loss of interactions will
further weaken the strongest histone-DNA interacting region
within the NCP, along with the TH2a-Arg21 residue, which might
result in the two-fold increase in iPSC generation. It is also
interesting to note that both the Glu42 in TH2a and Arg29 in
TH2b are critical for iPSC generation in mouse (Supplementary
Figure S1), however they are not coserved with other species
like human and rat (Supplementary Figure S1) suggesting that
these functional residues might be species-specific. Altogether,
the above analyses clearly suggested that the loss of the histone
dimer-DNA contacts around ±31-bp from the nucleosome entry/
exit sites and the modifications in the L1-L10 interface in-
teractions between TH2a-TH2a0 might have significant impacts
on iPSC generation.
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