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ABSTRACT

Despite the identification of H2A.Bbd as a new
vertebrate-specific replacement histone variant
several years ago, and despite the many in vitro
structural characterizations using reconstituted
chromatin complexes consisting of this variant, the
existence of H2A.Bbd in the cell and its location has
remained elusive. Here, we report that the native
form of this variant is present in highly advanced
spermiogenic fractions of mammalian testis at
the time when histones are highly acetylated and
being replaced by protamines. It is also present
in the nucleosomal chromatin fraction of mature
human sperm. The ectopically expressed non-
tagged version of the protein is associated with
micrococcal nuclease-refractory insoluble frac-
tions of chromatin and in mouse (20T1/2) cell
line, H2A.Bbd is enriched at the periphery of
chromocenters. The exceedingly rapid evolution of
this unique X-chromosome-linked histone variant is
shared with other reproductive proteins including
those associated with chromatin in the mature
sperm (protamines) of many vertebrates. This
common rate of evolution provides further support
for the functional and structural involvement of this
protein in male gametogenesis in mammals.

INTRODUCTION

It will soon be 9 years since the replacement histone
variant H2A.Bbd was first identified from an EST

database search using nucleotide sequences of members of
the human H2A gene (1). Northern blot identified the
presence of its mRNA in human testis and PCR of the
cDNA obtained from poly(A)+ RNA fraction revealed
its occurrence in different human female tissues. Using
ectopically expressed myc epitope-tagged and GFP-
tagged versions of the protein, it was shown that it was
largely excluded from the inactive X-chromosome under
these conditions. Furthermore, the ectopically expressed
tagged form of the protein co-fractionated in sucrose
gradients with the mononucleosome fraction generated
from micrococcal nuclease digestion of stably transfected
cells (1).

The identification of this new histone H2A variant was
followed by many important biochemical studies aimed at
the characterization of its role in chromatin organization
using mainly in vitro reconstituted systems and cells
ectopically expressing tagged forms of the protein (2,3).
In this way, it was shown that H2A.Bbd destabilizes the
nucleosome core particle (NCP) and it exchanges faster
from chromatin than the canonical H2A counterpart (3).
The H2A.Bbd-containing reconstituted NCP was shown
to have a more relaxed conformation (2–4) and organizes
�120–130 bp of DNA (2,5), leaving �10 bp at the flanking
ends of the NCP free from interaction with the histone
core octamer (4,5). Also, it was shown that the chromatin
remodeling complexes SWI/SNF, ACF and nucleolin are
unable to mobilize the variant H2A.Bbd NCP but can
assist the process of NCP assembly (6,7) similarly to
what has been observed in the case of the histone chaper-
one NAP-1 (8). From a functional perspective, H2A.Bbd
was initially found to co-localize with H4 acetylated at
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K12 (1) and hence, due to the well-known correlation
between histone acetylation and active transcription
(9,10), the in vitro work has tried to provide support for
an involvement of H2A.Bbd in this process. Indeed, tran-
scription appeared to be more efficient for H2A.Bbd
nucleosomal arrays than for conventional H2A arrays
(6). The lack of an H2A acidic patch (11) that regulates
chromatin compaction (12) in H2A.Bbd has been shown
to be structurally responsible for a 3.5- to 5.5-fold increase
in transcription in the H2A.Bbd nucleosome arrays (13).
However, despite the substantial amount of in vitro work,
the histone H2A.Bbd variant in its native form has never
been identified. Its physiological role has remained elusive
and is still completely unknown.

Here, we report the identification of H2A.Bbd in a
native setting and its involvement in mammalian spermio-
genesis where the protein is found associated with the
highly acetylated H4 chromatin fraction that precedes
the replacement of histones by protamines (14,15).

MATERIALS AND METHODS

Phylogenetic analysis

Sequence alignment. Histone H2A.Bbd sequences using in
the evolutionary analyses were retrieved through recurrent
BLAST searches on GenBank databases including
complete genomes from human and mouse. Sequences
were edited and aligned based on their amino acid
sequences using the BIOEDIT (16) and CLUSTAL_X
programs using the default parameters as described
elsewhere. The accession umbers of the sequences used
in the analyses were: mBbd.1: NM_001102665; mBbd.2:
XM_001476045; mBbd.3: XM_88950, XM_911022;
mBbd.4: XM_910275; mBbd.5: XM_001472598; hBbd.1:
NM_080720, AF254576, NM_001017991; hBbd.2:
NM_001017990.

Phylogenetic inference. The study of the evolutionary
relationships among H2A.Bbd sequences from mouse
and human was carried out by reconstructing phylogenetic
trees based on nucleotide and protein sequences, using
the neighbor-joining tree-building method based on
Kimura 2-parameter and Poisson distance matrices,
respectively. In order to assess that our results are not
dependent on this choice, phylogenetic inference analyses
were completed by maximum parsimony trees. We
combined the bootstrap and the interior-branch test
methods in order to test the reliability of the topologies,
assuming values >90% as statistically significant (17). All
the molecular evolutionary analyses conducted through-
out the present work were performed using the MEGA4
program (18).

Reconstruction of ancestral sequences. Ancestral sequences
corresponding to internal nodes of the H2A.Bbd
nucleotide phylogeny were estimated by maximum likeli-
hood using the codeml program included in the PAML
package (19).

Estimation of evolutionary rates. The rate of H2A.Bbd
evolution was estimated by calculating the numbers of
amino acid substitutions per site between human and
mouse H2A.Bbd proteins taking 112 MYA as a reason-
able estimate for human–rodent divergence (20).

PCR

RNA was extracted from mouse testis using RNeasy mini
kit (Qiagen). After extraction, cDNAs were synthesized
using a Superscript II kit (Invitrogen) following the
manufacturer’s procedures, and used as templates for
PCR. Genomic DNA was extracted from mouse testis
using DNeasy tissue kit (Qiagen). cDNA and genomic
DNA were subjected to PCR analysis using the follow-
ing sets of primers: p5 (50 primer: TGATCTTTGCAGT
GAGCCTG; 30 primer: GTAGACCTCCAAGTCCAG
CG), p4 (50 primer: ATGACAACACCCCCAGAGAG;
30 primer: TAGCTGATGATGAGCAGGGG), p(1–2)
(50 primer: GTGGAGCCAAGTCATCCTGT; 30 primer:
AGACAGCCAAGTCCAGCAGT) and p3 (50 primer: A
TCTTTGCTGTGAGCCTGGT; 30 primer: AAGGCTG
GGCAGGACTAACT) of the 50 and 30 ends of the
coding regions of the corresponding genes (see
Figure 1A). Amplification was carried out by 35 cycles
of: 95�C for 30 s; 57�C for 30 s; 72�C for 50 s and final
extension: 72�C for 7min. The fragments of the PCR
product were cloned into pCR2.1-TOPO vector
(Invitrogen) and grown clones were amplified by PCR.
The PCR products were analyzed by native (1.5%)
agarose and the corresponding gene identification was
carried out by digestion with Hpa II (New England
Biolads) and analysis on 4% native PAGE in 20mM
sodium acetate, 40mM Tris–HCl (pH 7.2), 1mM EDTA
buffer. Selected clones from each gene type were also con-
firmed by the DNA sequencing.

DNA construct and transfection

Total RNA was extracted from mouse tissues and reverse
transcriptase-PCR (RT-PCR) was performed as described
previously (21). The RT-PCR amplicon was identified to
beMus musculus H2A.Bbd (MmH2A.Bbd) gene isotype 3.
The coding region of MmH2A.Bbd was cloned into the
pcDNA 3.0 mammalian expression vector (Invitrogen
Life Science). The MmH2A.BbD construct was trans-
fected into HeLa cell using Polyfect Transfection
Reagent (Qiagen) and cultured at 37�C, 5% CO2 for
24 h. A GFP-version of MmH2A.Bbd isotype 3 was also
prepared by cloning its coding region into a pEGFP-N1
vector (Clontech).

Mouse testis cell fractionation

Total cell suspensions were separated by centrifugal
elutriation (JE-6B rotor, Beckman Instruments) to
obtain fraction 2 enriched in steps 9–12 elongating sperm-
atids (flow rate interval: 12.6–18ml/min, rotor speed:
3000 r.p.m.), fraction 4 enriched in steps 1–8 round sperm-
atids (9.5–14ml/min, 2000 r.p.m.) and fraction 6 enriched
in pachytene primary spermatocytes (24–30ml/min,
2000 r.p.m.) (22,23).
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Chromatin preparation, histone extraction and purification

The testis or liver tissues from mouse were homogenized
using a Kinematica Polytron in 150mM NaCl, 20mM
Tris–HCl (pH 7.5), 0.1mM EDTA buffer containing a
protease inhibitor mixture (‘Complete’ from Roche
Diagnostics at the ratio of one tablet per 100ml buffer).
The homogenate was subsequently processed and digested
with micrococcal nuclease (MNase) at 30U/mg chromatin
for the amount of time indicated, to generate S1, SE and P
chromatin fractions as described elsewhere (24).
Chromatin fractions from native HeLa cells or from
HeLa cells ectopically expressing a non-tagged version
of mH2A.Bbd isotype 3 (mH2A.Bbd-3) (Figure 1A)
were prepared in the same way. Mouse testes nuclei were
also extensively digested and the digestion product
(mainly mononucleosomes) was processed with a modifi-
cation of the method described elsewhere (25). Briefly,
nuclei were digested with MNase at 100U/mg of
chromatin at 37�C for 30min. MNase digest reaction
was quenched by addition of EGTA to a final concentra-
tion of 1mM. Nuclei were centrifuged at 600g for 10min

and the pellets were resuspended in 20mM Tris–HCl (pH
7.5), 420mM NaCl, 1.5mM MgCl2, 0.2mM EGTA. The
resuspended sample was incubated on ice for one and a
half hour and then centrifuged at 1000g for 10min to
produce an S supernatant and a P pellet. Histones from
the different chromatin fractions were extracted with 1N
HCl (at �6 ml/mg of starting tissue), the HCl extracts were
precipitated with six volumes of acetone at �20�C and
analyzed by SDS–/AU–PAGE or reversed-phase HPLC
as described elsewhere (26). Proteins from mature
human sperm samples were analyzed as described (27).
Alternatively, and in order to visualize the protamines,
the mouse testes chromatin fractions were dialyzed
against water, lyophilized, pyridylethylated in the
presence of 4M guanidium–HCl, 50mM Tris–HCl
(pH 7.5), 1.25mM EDTA solution and homogenated.
Briefly, 1 ml of b-mercaptoethanol was added to every
250 ml of the guanidinium chloride suspension and
incubated for 1.5 h at room temperature in the dark
followed by addition of 2 ml of vinyl pyridine and further
incubation for 30min vortexing every 5min. The sample

Figure 1. Rapid H2A.Bbd evolution. (A) Protein sequence alignment of the mouse mH2A.Bbd isotypes compared to a consensus canonical histone
H2A (H2Ac) and to human hH2A.Bbd isotypes. (B) Evolutionary pathways leading to the differentiation of mH2A.Bbd and hH2A.Bbd gene and
protein lineages. The total number of nucleotide (bold-face), synonymous (italics) and replacement (underlined) changes from the ancestral sequences
reconstructed for nodes 9–13 are indicated. Confidence levels for the nodes are indicated in the corresponding internal branches in parentheses.
(C) Evolutionary rates (amino acid change per 100 sites) of mammalian H2A.Bbd compared to P1 protamines (31) and with histones (42) and other
proteins.
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was then dialyzed, lyophilized and extracted with 1N HCl
as above.

The sperm chromatin was isolated as described else-
where (28). In brief, semen samples were washed with
ice-cold PBS, then cell pellets were treated with PBS con-
taining 0.5% Triton X-100 for 10min on ice, washed
with PBS and resuspended with reaction buffer: 10mM
Tris–HCl (pH 8.0), 2mM CaCl2, 2mM MgCl2, 10mM
dithiothreitol. The micrococcal nuclease was added to
the suspensions at final concentration of 20U/mg DNA
and samples were incubated for 10min at 37�C. After
centrifugation, the supernatants were discarded and the
pellets were resuspended with 10mM Tris–HCl (pH 8.0),
5mM EDTA, 10mM dithiothreitol, extracted on ice for
30min and supernatants (SE) and the pellet (P) were
collected.

Western blot analysis

Western blot analyses of SDS–PAGE of the proteins from
the different chromatin and RP-HPLC fractions were
carried out using a rabbit polyclonal antiserum elicited
against recombinant mouse H2A.Bbd (21) and used at
a dilution of 1:1000. Other antibody dilutions used in
the western blots were: H4, 1:5000; pan acetylated H4
(Millipore), 1 : 500; and a secondary rabbit horse-radish
peroxidase conjugate (Abcam), 1 : 5000. Protein transfer
and detection was performed as described (29). Western
blot analysis was also used to determine the ratio of
histone H2A.Bbd to histone H4 in the mouse spermato-
genic fraction 2 obtained by centrifugal elutriation. To this
end, the chromosomal proteins from this fraction were run
on an SDS–PAGE together with increasing amounts of
recombinant mH2A.Bbd and histone H4 followed by a
double western using the mouse H2A.Bbd and H4
antibodies described above. The intensity of the different
bands was analyzed by densitometry and the relative ratio
of H2A.Bbd to H4 in the query sample was determined by
interpolation.

Immunofluorescence

Mouse (20T1/2) and human (SK-N-SH) cell lines
were grown in DMEM with 10% fetal calf serum, plated
on glass cover slips and allowed to attach and grow
until between 40% and 80% confluent. They were then
co-transfected with GFP-H2A.Bbd using Effectene
transfection reagent (Qiagen). The cells were then grown
for an additional 16–20 h followed by fixation with
4% paraformaldehyde in PBS. The cells were then
mounted in PBS containing 90% glycerol, 0.5mg/ml
para-phenylenediamine and 1 mg/ml DAPI. The cells
were then fixed with 4% paraformaldehyde in PBS
and imaged by wide-field fluorescence microscopy. The
images were collected with a Zeiss Axioplan II fluo-
rescence microscope using a 63� 1.4N.A. PlanApo
objective and a Photometrics CoolSnap fx 12-bit
cooled CCD.

RESULTS AND DISCUSSION

Histone H2A.Bbd is located on the X-chromosome and
evolves very quickly under positive Darwinian selection

In order to identify the presence of native H2A.Bbd
protein in the cell, we used mouse (Mus musculus) as a
biological system. An initial search of the mouse genome
indicated that five closely related putative protein isotypes
[mBbd.1–5 (Figure 1A)] are encoded by four different
genes, all of which are located on the X-chromosome.
Isotypes mH2A.Bbd.1 and mH2A.Bbd.2 are encoded by
a single gene referred to here as gene 1-2 (see below). This
mouse pattern of gene organization contrasts with that of
humans where only two protein isotypes, hH2A.Bbd.1
and hH2A.Bbd.2, are present and are encoded by three
different genes also located on the X-chromosome. The
rapid mode of evolution of these proteins in mouse and
human is apparent when analyzing the nucleotide changes
from their reconstructed ancestral sequences using
methods of maximum likelihood. This reveals that the
non-synonymous changes are consistently more frequent
than the synonymous changes in all instances (Figure 1B).
The non-synonymous variation represents 60–65% of the
overall nucleotide variation. This is an intrinsic character-
istic of the sexually driven positive Darwinian selection of
many genes involved in male reproduction including
primate protamines (30). When these results are translated
into evolutionary rates (Figure 1C), it appears that
H2A.Bbd has a rate of evolution that exceeds that of
any other histone including histone H1. Furthermore,
the rate of H2A.Bbd evolution is even faster than that
of human versus mouse P1 protamines (31). It is note-
worthy that the H2A.Bbd gene is encoded on the
X-chromosome (Figure 2A), since it has been shown
that X-linked sperm proteins evolve at faster rates than
their autosomal counterparts (32).

Three of the four histone H2A.Bbd genes in mice are
differentially expressed in testes

Previous reports had noted enhanced levels of H2A.Bbd
mRNA expression in human and mouse testes (1,21).
In order to examine this observation, especially consider-
ing the evolutionary data described above, we prepared
several primers designed to amplify distinct regions
within the coding segments of each of the four mouse
genes identified in silico as shown in Figure 2A. Each set
of primers was able to generate the expected gene
fragments using mouse genomic DNA as a template
(Figure 2B). However, only the cDNAs corresponding
to genes 1-2 and 3 could be amplified from a mouse
testis cDNA library, suggesting that only genes 1-2 and
3 are transcribed in mouse testes. Given the intrinsic
similarity between the nucleotide sequences of the
cDNAs of the different H2A.Bbd isotypes, it was neces-
sary to expand the analysis in order to corroborate this
finding. The fragments amplified with the primers for
H2A.Bbd-3, H2A.Bbd-4 and H2A.Bbd-1-2 from testes
cDNA template were predicted to have 3, 2 and 1 HpaII
restriction sites, respectively, and therefore digestion of the
PCR products shown in Figure 2B with this enzyme
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(Figure 2C, left panel) determined that these bands repre-
sented a mixed population of PCR amplicons. These
amplicons were then cloned and the DNA from the
many different colonies obtained was sequenced and
digested again with HpaII (Figure 2C, right panel). The
amplified fragments from the cDNA library (i.e. p3c*)
were able to produce only fragments corresponding to
mH2A.Bbd-1-2 and mH2A.Bbd-3, a result that was con-
firmed by the sequencing analysis. Out of 70 positive
colonies obtained from genomic amplification, 43% cor-
responded to H2A.Bbd-4, 30% to H2A.Bbd-1-2 and 27%
to H2A.Bbd-3, and from 30 positive colonies obtained
from the testes cDNA library, 80% belonged to
H2A.Bbd-3 and 20% to H2A.Bbd-1-2. This indicates
that the primers are approximately equally efficient and
that H2A.Bbd-3 is expressed at much greater levels than
H2A.Bbd-1-2 in testes. The lack of genomic amplification
of gene 5 is not surprising as the coding region of this gene
is distributed through 3 exons encompassing 20, 100 and
16 amino acids in the N- to C-terminal direction of the
protein, with a 5.2 kb intron 2.

Histone H2A.Bbd is present in cells at advanced stage of
spermiogenesis and in human sperm

Since it was clear that mH2A.Bbd isotypes 1-2 and 3 were
expressed at the transcriptional level in testes, we decided
to look for the protein in testis tissue. Similar protein
amounts of HCl nuclear extracts from transfected HeLa
cells over-expressing an ectopic version of mH2A.Bbd-3,
mouse liver and testes were analyzed by RP-HPLC
(Figure 3A and B). The entire volume of each of the
HPLC fractions was vacuum-dried and subjected to
SDS–PAGE and western blot analysis with a mH2A.
Bbd antibody (Figure 3B). As shown in Figure 3B,
mH2A.Bbd could only be detected in HeLa cells
ectopically expressing the protein and in mouse testes.
Furthermore, in the almost identical histone elution
profiles (Figure 3A and results not shown), mH2A.Bbd
eluted after histone H3. Two bands can be visualized at
this position (see arrows in Figure 3B) in mouse testes:
an intense one with identical electrophoretic mobility
to mH2A.Bbd-3 and one displaying a lower mobility

Figure 2. Transcriptional expression of mouse H2A.Bbd. (A) Schematic representation of the H2A.Bbd genes in the mouse X-chromosome (grey
box) and their organization (arrows depict 50–30 transcription) and structure (exons, thick line; introns, thin line). (B) PAGE of PCR products from
mouse genomic DNA and testis cDNA. The primer set number is indicated on top. (C) The PCR products of the genomic (p3g, p4g) and cDNA
(p3c, p4c) amplification were digested with HpaII restriction enzyme (left panel). Alternatively, the PCR products were cloned and the DNA
extracted from genomic (3g*) and cDNA (3c*) colonies was digested with HpaII (right panel). The numbers underneath the gel indicate the
genes shown in (A). M is a 100 bp DNA ladder and C is a CfoI digest of pBR322 used as markers; u, uncut; c, cut DNA.

1784 Nucleic Acids Research, 2010, Vol. 38, No. 6



which presumably corresponds to the less expressed
H2A.Bbd-1–2.

A western blot analysis of mouse testes cells at different
stages of spermatogenesis is shown in Figure 3C. The cells
were separated by centrifugal elutriation and three frac-
tions, 2, 4 and 6 enriched in elongating spermatids, round
spermatids and pachytene spermatocytes, respectively,
were collected. The analysis shows that mH2A.Bbd is
present in the elongating spermatid fraction (Figure 3C)
at a time when histone H4 is maximally acetylated and
when histones are being replaced by protamines (14,15).
A titration western blot using different amounts of H4 and
mH2A.Bbd and their corresponding antibodies (see
‘Materials and Methods’ section) indicates that there are
�485mg (3.4/0.007) of histone H4 for every microgram of
mH2A.Bbd in this mouse spermatogenic fraction. Upon
correction for the difference in molecular mass of these
two histones, this corresponds to one molecule of
mH2A.Bbd present for every 540 molecules of histone
H4 (270 nucleosomes) (Figure 3D). Moreover, when

human sperm was digested with micrococcal nuclease
under strong reducing conditions (to break the
inter-protamine disulfide bridges), H2A.Bbd was found
to be present in the histone variant-enriched (33,34),
nucleosomally organized (28) complement that coexists
with protamines in this sperm (Figure 4A–C). This
rather unique nucleosome fraction has been described to
be associated with telomeres (35). It has been found to be
enriched in gene regulatory regions and CTCF binding
sequences (36), and to include genes that are important
for embryo development (37).

Histone H2A.Bbd is found associated with a chromatin
insoluble fraction in cells ectopically expressing the native
form of the protein and in mouse (20T1/2) cell line,
H2A.Bbd is enriched at the periphery of chromocenters

Micrococcal nuclease digestion analysis of chromatin
from mouse testes under non-reducing conditions
(Figure 5A, B, D and E) and from HeLa cells ectopically
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Figure 3. Identification of native H2A.Bbd in mouse testis. (A) Reversed-phase HPLC of a mouse testes HCl extract. (B) H2A.Bbd, western blot
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over-expressing mH2A.Bbd (Figure 5C) showed that
mH2A.Bbd is preferentially present in the insoluble
fractions regardless of the extent of digestion (Figure 5D
and E). In mouse testes, this is the fraction that is enriched
in protamines (Figure 5B). However, in this latter
instance, this does not preclude the association of this
variant with potential nucleosome structures (see DNA
patterns in Figure 5A and E) which most likely are
trapped in the insoluble protamine mesh resulting from
the protamine P1/P2 (Figure 5B) inter-molecular disulfide
bridges (15).
In order to try to ascertain the potential nature of the

genomic regions associated with the micrococcal nuclease
insoluble fraction, immunofluorescence studies using
mouse and human cell lines transfected with Mm-H2A.
Bbd-3-GFP were carried out (Figure 6). These experi-
ments when carried in combination with FRAP (results
not shown) indicated, that like in the case of the human
counterpart (3) this histone exhibits an unusually high rate
of exchange when compared to any other histone. Human
(not shown) and mouse cell lines showed similar distribu-
tions. The results with mouse are shown because of the
prominent chromocenters that facilitate the assessment of
distribution. Two distributions were observed. A minority
of the cells showed the distribution shown in Figure 6A,
where there was an unusual enrichment at the periphery
of the chromocenters (e.g. arrows in Figure 6A). This
unusual organization has been previously reported for
topoisomerase IIa during early G2 (38). The majority
of cells showed a more broadly distributed pattern
(Figure 6B). In both cases, the Mm-H2A.Bbd was
largely excluded from heterochromatin. This is an
unusual distribution for a histone. It is possible to specu-
late that the presence of the native form in the elongating
spermatids of fraction 2 of mouse testis (Figure 3C) has

a similar distribution. Interestingly, a murine homologue
of HP1 (M31) localizes to the centromeric chromocenter
of mice round spermatids. Like with H2A.Bbd, the
protein is also present in mature sperm. It was proposed
to be involved in higher order organization of sperm
chromatin (39).

During mammalian spermiogenesis, histones at the
onset of the differentiation process are gradually
replaced by transition proteins and protamines (14,22)
and although the replacement is almost complete in
most species, in humans �15% of the mature sperm
chromatin remains associated with histone variants (33).
In vitro studies of H2A.Bbd have shown that it partici-
pates in chromatin destabilization and unfolding (2,3,21).
Therefore, it is possible to envisage how this variant may
play a critical role in assisting the displacement of histones
by protamines and in facilitating the transition from a
nucleohistone to a nucleoprotamine chromatin organiza-
tion during the late stages of mammalian spermiogenesis.
The presence of H2A.Bbd within the histone complement
that remains bound to DNA in mature human sperm
is very intriguing (40). The role of these remaining
histones is currently the focus of intense investigation.
Evidence exists for both structural (41) and functional
(37) involvement and a recent study indicates that
these histones could have potential implications for
fertility (27).
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