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Histone H1c decreases markedly in postreplicative stages
of chicken spermatogenesis

JACINT BOIX and CRISTOBAL MEZQUITA*

Department of Physiological Sciences, Molecular Genetics Research Group, Faculty of Medicine, University of Barcelona, Spain

ABSTRACT The relative proportions offour major chicken histone H1 subtypes (referred to as H1a,
H1b, H1c and H1dJ change markedly in different chicken tissues. The relative amount of H1c is higher
in nonreplicating somatic tissues, such as liver, than in replicating immature testis. The proportion of
H1c sharply decreases as spermatogenesis proceeds, being much lower in mature than in immature
testis. It has been proposed that the relative increment of H1c correlates with low rates of cell division
in chicken tissues. It was assumed that the sharp decrease in H1c observed during maturation of
chicken testis was a consequence of the intensification of proliferative activity in spermatogonia
(Berdnikov et al., 1976). Our results, however, clearly show that the decrease of H1c during maturation
is due to the low levels of this protein in postreplicative stages of spermatogenesis, where H1c is barely
detectable. These results suggest that the presence of the arginine-rich H1c subtype would neither be
compatible with the relaxed structure of acetylated chromatin present in active replicating cells nor
with the hyperacetylated chromatin characteristic of postreplicative late spermatids undergoing the
nucleohistone nucleoprotamine transition.
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Introduction

Histones are involved in the packaging of DNA in the eukaryotic
nuclei. Whereas histones H2A, H2B, H3 and H4 playa fundamental
role in the formation of nucleosomes, histone Hi participates in all
levels of DNA packaging: 1) Sealing off the two turns ofnucleosomal
DNA, and thereby stabilizing the nucleosomal structure: 2) inducing
the salt-dependent compaction of the nucleosomal strand; 3)
folding the nucleosomal cores into a compact 30 nm fiber, and 4)
aggregating the chromatin in vitro in a way that might be similar to
the heterochromatic clumps observed in electron micrographs
(McGhee and Fe1senfeld. 1980; Losa eJ al" 1984).

In all species studied histone Hi is heterogeneous (Cole, 1987).
In the chicken, six histone Hi subtypes and their corresponding
genes have been sequenced (Coles et al., 1987; Shannon and Wells,
1987). Though little is known about the physiological role of histone
Hi subtypes, it has been suggested that chromatin might be viewed
as a mosaic of aggregation-resistant and aggregation-prone regions
which differ in Hi content both qualitatively and quantitatively (Cole,
1987).

During spermiogenesis chromatin undergoes one of the most
dramatic changes observed in eukaryotes (Mezquita, 1985). The
euchromatic and heterochromatic nuclear regions are replaced in
elongating spermatids by fibers of uniform appearance. The chro-
matin of elongated spermatids contains hyperacetylated histones
and undergoes a structural change with a marked increment in DNA

binding sites, followed by protamine deposition and the subsequent
histone removal (Mezquita and Teng, 1977a, b; Oliva and Mezquita,
1982: Oliva and Mezquita, 1986; Oliva et al., 1987).

The marked structural and functional transitions of chromatin
during spermatogenesis offer an ideal system to study the involve-
ment of histone Hi subtypes in these processes. We report here the
characterization of histone Hi complement in postreplicative stages
of spermatogenesis in comparison with the complement of replicative
immature testis enriched in spermatogonia. The complement of
chicken testis cells has also been compared with nonreplicating
somatic tissues. such as liver, or erythrocytes.

Results

Changes in the relative proportions of H1. subtypes in different
chicken tissues

We have determined the relative proportions of histone H1
subtypes in different chicken tissues: immature testis, mature
testis, liver, erythrocytes and reticulocytes. The four major histone
Hi subcomponents quantified in this paper correspond to the main
electrophoretic bands previously described in chick embryo and
chicken testis cell nuclei at different stages of spermatogenesis
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Fig. 1. Polyacrylamide gel electrophoresis of histone H1 proteins from

chicken reticulocytes la) and chicken erythrocytes (b). Histone HI
proteins were electrophoresed on an acid/urea 18% polyacrylamide gel at
150 V for 72 h. The resolved bands are labeled H1a, H1a', H1b, H1c, HIc'
and H 1d. from 'eft to right, in order of increasing mobility on the gel.
Densitometer scans were obtained with a Hoefer densitometer.

(Mezquita and Teng, 1977a). The major histone Hi subtypes
obtained from chicken tissues have been characterized by
electrophoretic mobility in acetic/urea/polyacrylamide gels. SDS-
gels, two-dimensional electrophoresis and peptide maps with the
protease VBand chymotrypsin(Baix, 1987). Usinga modificationof
the Panyim and Chalkley gel system, Shannon and Wells (1987)
have been able to resolve two additional components. The six
chicken histone Hi subtypes, labeled Hla, Hla', Hlb, Hlc, Hlc'
and Hid, in order of increasing mObilityon acid/urea polyacrylamide
gels, have been sequenced (Coles et aI., 1987) and assigned to
their corresponding genes (Shannon and Wells, 1987). The resolu-
tion obtained only permits the quantification of four major Hi
bands: Hla (Hla+Hla'), Hlb, Hlc (Hlc+Hlc'), and Hid (Fig. 1).
The relative proportions of the four major chicken histone Hi
subtypes change markedly in different chicken tissues (Fig. 2). The
relative amount of Hlc is higher in nonreplicating somatic cells,
such as liver, than in replicating immature testis (Table 1).

Changes in the relative proportions of four major chicken histone
H1.subtypes during chicken spermatogenesis

The proportion of Hlc sharply decreases from immature to
mature chicken testis (Table 1). It was proposed that the decrease
in Hlc observed during maturation of chicken testis correlated with
the intensification of proliferative activity in spermatogonia (Berdnikov
et al., 1976). To test whether or not the decrease in Hlc was due
to an increase in cell division or to structural changes of chromatin
occurring in postreplicative stages of chicken spermatogenesis we
determined the relative proportion of Hi subtypes in cells at
successive stages of spermatogenesis separated by centrifugal

elutriation (Fig. 3). Our results show that the decrease ofHic during
maturation is due to the low levels of this protein in postreplicative
stages of spermatogenesis, particularly in nonreplicating,
transcriptionally inactive late spermatids, where Hic is barely
detectable (Fig. 2). As spermatogenesis proceeds Hie decreases
and Hib, a histone Hi subtype containing less arginine residues at
the carboxyterminal domain (Fig. 4) becomes the predominant
histone Hi in the relaxed hyperacetylated chromatin characteristic
of the final stages of spermatogenesis during the nucleohistone
nucleoprotamine transition (Fig. 3).

To eliminate the possibilitythat the change inthe electrophoretic
pattern of chicken testis Hi in relation to chicken liver Hi was due
to differential degradation during sample preparation, Hi histones
were extracted from a mixture of testis and liver cells. The resulting
pattern is additive as shown in Fig. 5, indicating that differential
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Fig. 2. Comparison of histone H1 subtypes obtained from different
chicken tissues. Histone H1 proteins were electrophoresed. scanned and
labeled as indicated in the legend for Fig. 1. Chicken tissues: liver{al. m8ture
testis (bJ. elongated spermatids leI. immature testis (dl, erythrocytes leI.



Chicken tissues H1a H1b H1c H1d
or cells {era} ('Yo) (%) (%)

Liver 18:t3 25t3 4Bt5 10:t3
Immature testis 19t3 34:t3 29:t4 18B
Mature testis 24::t2 43:t4 13t5 19t5
Erythrocye 33t2 20t1 26:tl 20t1
Reticulocyte 32t2 l8:t1 20:t1 26,,2
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TABLE1

CHANGES IN THE RELATIVE PROPORTIONS OF H1 PROTEINS IN
DIFFERENT CHICKEN TISSUES

H1 proteins were extracted from each tissue and electrophoresed in acetic
acid/urea polyacrylamide gels. Hl proteins were quantified from the gel
scans or by dye elution from the excised bands, as described in the
Materials and Methods section. The resolution obtained permits the
Quantification offourmajorHl bands: H1a (Hla+Hla'), H1b, Hl c(Hlc+Hlc'}
and H1 d. Reticulocytosis was induced by injection of phenylhydrazine
(Rapoport. 1986).

proteolysis in both samples is not the cause of the observed
patterns.

Postranslational modifications of histone Hi subtypes, such as
phosphorylation or poly ADP-ribosylation, can also be responsible
for the observed differences in the electrophoretic patterns. To
eliminate this possibility Hi histones were digested with alkaline
phosphatase and phosphodiesterase as described in the Materials
and Methods section. Neither qualitative nor quantitative differ-
ences were observed in the electrophoretic patterns after digestions
(results not shown).

Chicken histone H5, but not histone H1c, reacts with an antibody
against rat H1°

In mammals the Hi subtype Hi 0 accumulates in nondividing
cells and in terminally differentiated cells (Lennox and Cohen,
1983; Pina et al., 1987). The similarity between the regulation of

Hic synthesis during chicken myogenesis and Hi 0 synthesis in

mammals, led to the proposal that these proteins may be function-
ally homologous. We have tested a possible cross-reactivity be-
tween rat Hl° and Hic to rat Hl° antibody. The antibody cross-
reacted with chicken erythrocyte histone H5 but not with Hlc or any
other perchloric acid soluble protein extracted from chicken cells
(Fig. 6).

Discussion

We have determined the relative proportions of histone Hi
subtypes in different chicken tissues: testis, liver and erythrocytes.
The four major histone Hi subcomponents quantified in this paper
correspond to the main electrophoretic bands previously described
in chicken testis cell nuclei at successive stages of spermatogenesis
(Mezquita and Teng. 1977a) and in different chicken tissues
(Berdnikov et al., 1976; Winter et al., 1985a,b).

The major changes in the proportions of histone Hi subtypes
observed mainly concern the Hlc (Hlc+Hic') subtype. This protein
is abundant in nonreplicating tissues, such as liver, and markedly
decreases in immature chicken testis enriched in actively repli-
cating spermatogonia. This observation is consistent with the
correlation previously reported between Hic levels and low rates of
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cell division in different chicken tissues (Berdnikov et al., 1976; Winter
et al., 1985a,b).

During chicken myogenesis the Hic subtype presents unique
properties: i) The level of Hlc mRNA is completely uncoupled to
DNA replication in contrast to the level of the other mRNA's
encoding Hla, Hlb and Hid that are more tightly coupled. 2)
Histone Hic is the most stable subtype, the other subtypes showed
shorter half-lives. 3) Both facts, the selective synthesis of Hic after
DNA replication and its higher stability, determine the accumulation
ofHlc in nondividing muscle cells (Winteretal., 1985a,b). The relative
amount of Hic also increases in culture chick embryo fibroblasts as
cell division decreases following density-dependent inhibition of
growth (Smith et al., 1981). Hic is the major component in nondividing
chick embryonic lens fibers (Teng et al., 1974).

During maturation of chicken testis a sharp decrease in the
relative amount of Hlc was observed (Berdnikov et al., 1976). In
line with other observations that indicate a negative correlation
between Hlc levels and replicating activity, the decrease in Hic
during chicken testis maturation was interpreted as a consequence
of the intensification of proliferation of spermatogonia. Our results
show however that as spermatogenesis proceeds the transition
from replicating spermatogonia to nonreplicating spermatids is
accompanied by a drastic decrease in Hic instead of the expected
increase characteristic of other nondividing cells.

Two nonreplicating terminally differentiated chicken cells -late
spermatids and lens fibers - possess a very different chromatin
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Fig. 3. Changes in the relative proportions of H1 proteins obtained
from chicken testis cells at successive stages of spermatogenesis.
Chicken testis cells were separated by cenrrifugal elutriation and H 1
proteins were extracted from each fraction and electrophoresed in acetic

acid/urea polyacrylamide gels. H1 proteins were quantified from gel scans
or by dye elution from the excised bands, as described in the Materials and
Methods section. The resolution obtained permits the quanrification of
four major bands: H1a (H1a+H1a') (::J), H1b1,O), H1c (H1c+H1c') (8J, and
Hldl_l.
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structure,highlyrelaxed in spermatids (Mezquita and Teng, 1977a,
b) and highly condensed in lens fibers (Sanwal et al., 1986). In
spermatids, Hlc is barely detectable, whereas in lens fibers Hlc is
the major H1 subtype. We propose that the presence of histone Hlc
might not be compatible with the relaxed structure of the
hyperacetylated chromatin of chicken spermatids. In a similar way
the presence of Hlc might interfere with the acetylated and relaxed
chromatin structure of replicating cells. Hlc (Hlc+Hlc') possesses
a higher content of arginine residues than the other Hi subtypes at
the C-terminal end of the molecule required for chromatin folding
(Shannon and Wells, 1987). This fact is consistent with the
proposed role of Hlc in heterochromatinization.

The enrichmentofHlc in nonreplicatingtissues and its decrease
during spermiogenesis agree with the presence of abundant stable
polyadenylated Hlc transcripts in quiescent and differentiated
tissues and the absence of polyadenylated transcripts in chicken
spermatids (Kirsh et al., 1989).

Two families of lysine-rich histones, H5 and Hl°, are present in
terminally differentiated cells, and may be responsible for the
structure of chromatin regions that are compacted more tightly than
active chromatin. Although the role played by chicken Hlc in
chromatin condensation might be similar, we have shown that this
Hi protein does not cross-react with an antibody to rat Hi ° that
recognizes chicken H5. Differences in the sequence of these
proteins, particularly in the number of arginine residues present in
the carboxyl-terminal domain, may confer specific properties to the
condensed chromatin in different cells.

In mammalian spermatogenesis it also has been postulated that
specific patterns of Hi subtypes may be responsible forthe marked
changes in chromatin structure observed in premeiotic, meiotic and
postmeiotic cells (Seyedin and Kisler, 1980; Lennox and Cohen,
1984; Meistrich et al., 1985).

Materials and Methods

Animals
Sexually immature (6-weeks-old) and sexually mature (25-50 weeks-old)

Hubbard White Mountain chickens were used in the experiments.

Separation of chicken testis cells by centrifugal elutriatlon
Chickentestis cells were preparedand separated bycentrifugal elutriation

essentially as described in Roca and Mezquita (1989). Mature testes were

Fig. 4. Carboxy-terminal sequences of

chicken histone H1 derived from the genes.
The sequence data are from the references
(Coleset al.. 1987; Shannon and Welfs, 1987).
Identical sequences are depicted by asterisks
(.). Gaps (-) are introduced into sequences for
maximum alignment. Regions where lysine
residues have been replaced by arginines are
indicated by boxes

decapsulated and minced finely with scissors. The minced tissue was gently
suspended in 10vol. of minimum essential medium (Eagle) containingO.1%
(w/v) trypsin and 2J..lgof DNase 11m!.The suspension was incubated at 31 °C
for 30 min with gentle stirring in a water bath. After incubation, the cell
suspension was filtered through four layers of surgical gauze and cen-
trifuged for 20 min at 1500g in a JE-7.5 Beckman rotor. The sample was
resuspended in 50 ml of Ca++ IMg++.free phosphate buffered saline con-
taining 0.02% (w/v) soybean trypsin inhibitor. 0.1% bovine serum albumin,

H1c

a

b

c

Fig. 5. Comparison of the electrophoretic pattern of histone H1
proteins obtained from chicken liver (aJ. chicken testis Ic) and a
mixture of both tissues (bJ. Similar amounts of liver and mature testis or
a mixture of both tissues were used to isolate HI proteins. Electrophoresis
was performed in acetic acidlurea polyacrylamide gels and the H 1subtypes
were labeled as H 1 a-d from left to right, in order of increasing mobilities.
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Fig. 6. Reaction of 5% perchloric acid soluble proteins, obtained from rat and chicken tissues, with antiserum to rat H1°. Histone H1 proteins

and other 5 % perch/oTic acid soluble proteins obtained from rat and chicken tissues were electrophoresed in 15% acetic acid/urea polyacrylamide gels,
transferred to nitrocellulose paper and reacted with rat H1° antiserum. Bound antibodies were detected with peroxidase-conjugated anti-rabbit IgG, using

4-chloronafthof and H202 to visualize the complex. (Lanes a-d), Coomassie Brilliant Blue stained gels. (Lanes e.h), proteins transferred to nitrocellulose
paper. (Lanes i-I), proteins transferred to nitrocellulose paper and reacted with anti-ratH1°. Tissues: rat liverla, e. ii, chicken liverlb, f, ii, chicken testis
Ie, g. kl, chicken erythrocyte (d, h, II.

and 0.1% glucose. The cell suspension was diluted in Ca++ /Mg++-free
phosphate buffered saline to a final concentration of 25-30xl06 ml. A cell
suspension of 20 ml was loaded into a JE-6 Beckman elutriator rotor and
separations were performed with speeds of 3000 rpm and flow rates of 3-
100 ml/min. Fractions of 125 ml were collected. The following cell types
were obtained: testicular spermatozoa and residual bodies (3 ml/min flow
rate); elongated spermatids (11 ml/min flow rate); round spermatids (20
ml/min flow rate); meiotic and pre meiotic cells and multinucleate cells (37
ml/min flow rate).

Isolation and analysis of histone H1
Histone Hl was extracted from chicken cells with 0.74 N HCI04 (Johns,

1977). Electrophoreses were performed in acetic acid/ urea/polyacrylamide
gels (Panyim and Chalkley. 1969; Shannon and Wells, 1987). Band
intensities were quantified by gel scanning with a Hoefer densitometer and
by dye elution from the excised bands (Tal et al., 1985).

Alkallne phosphatase and Phosphodiesterase digestion of H.1
Perchloric acid extracts from chicken testis cells were digested either

with alkaline phosphatase (Sigma) essentially as described by Lennox
et al. (1982), or with snake venom phosphodiesterase from Crotalus
durissus (Boehringer). Aliquots containing 30-60 ~ of protein were digested

with 2-15 ~ of alkaline phosphatase or 0.025-0.050 units of snake venom
phosphodiesterase, for 1 h at 3rC in 50 mM Tris/HCI, 2 mM B-mer-
captoethanol, 100 mM Na2S04and 10mM MgCI2. pH 7.5, containingTrasylol
(100 units/ml) to inhibit proteolytic activity.

Electrophoretic transfer from polyacrylamide gels to nitrocellulose sheets

and Immunological detection of proteins
Histone Hl subtypes were separated on SDS gels or in acetic aCid/urea

gels and electrophoretically transferred to nitrocellulose paper (Towbin et
al., 1979). Rabbit anti-rat histone Hl° serum was kindly provided by Dr. P.
Suau and Dr. P. Martinez (Autonomous University of Barcelona). The
antibody binding was detected by a peroxidase conjugated anti rabbit IgG,
using 4-chloro-1-naphthol as colorimetric substrate of the peroxidase
reaction.
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