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Abstract—!1. The sperm nuclei of the marine bivalve mollusc Mesodesma donacium contain four
somatic-type histones (H2A, H2B, H3 and H4), one sperm histone H1-like and a sperm-specific protein,
named by us Ml.

2. The histone Hl-like is soluble in 5% perchloric acid and rich in lysine (32.8%).

3. The sperm-specific protein (M1) presents a high content of lysine (27.9%) and a low content of
arginine (5.5%) in comparison to the related proteins of the other bivalves. It has a clear trypsin-resistant

core.

4. We compared our results with previous data on bivalve sperm protein.

INTRODUCTION

The phylum Mollusca has a great number of different
species (Storer et al., 1979) in which the protein
composition in the sperm nuclei shows a considerable
variability of the sperm-specific proteins within and
between closely related taxonomic groups (Bloch,
1969; Kasinsky, 1989). This seems to support sugges-
tions about their evolutionary relationship (Subirana
et al., 1973). Until now, the organization of the
sperm nuclei from some groups of molluscs has
remained unknown, as have the features and content
of their sperm proteins. Recently, however, several
authors have analyzed the basic nuclear proteins in
sperm of archeogastropods, patellogastropods, meso-
gastropods and species of polyplacophora (Daban
et al., 1990; Daban et al., 1991; Daban et al., 1991).
On the other hand, several studies have been carried
out on the sperm basic proteins in the class Bivalvia
(Zalensky and Zalenskaya, 1980; Olivares et al.,
1986a,b; Ausid, 1986; Ausid et al., 1987) which show
some differences in size and structure, but all of them
share an almost similar amino acid composition.
Ausi6 and Van Holde (1988a) have found, associated
with the four core histones in mature sperm of Spisula
solidissima, a spermatic histone H1 with a trypsin-
resistant core, molecular weight, solubility in 5%
perchloric acid and amino acid composition similar
to other histones of the H1 family. Similar obser-
vations have been carried out by Olivares et al.
(1986a), in the sperm protein Pt2 of Protothaca thaca
and by Giancotti et al. (1983) in the razor clam Ensis
minor. The role played by these proteins in the
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structure and function of the nucleoprotein complex
is under analysis (Ausid6 and Van Holde, 1987,
Olivares et al., 1987; Olivares and Ruiz, 1991).

With the aim of increasing knowledge of the
chromosomal protein composition, we have accom-
plished the characterization of these proteins in
Mesodesma donacium as well as the comparison
between the main sperm-specific protein studied here
with other previously analyzed species within the
class Bivalvia.

MATERIAL AND METHODS

Biological material

Specimens of M. donacium were collected off the Chilean
coast, in the VII Region and immediately processed. Mature
male gonads of M. donacium were shaken mildly in a beaker
with filtered sea water at 0-4°C and living spermatozoa
were released spontaneously.

Sperm nuclei purification and preparation of basic nuclear
proteins

All operations, except for chromatographical purification
and trypsin digestion, were performed at 4°C as described
by Olivares et al. (1986a). A sperm-containing suspension
was treated as described by Ausié and Subirana (1982) for
obtaining purified nuclei. Protein extracts were obtained as
in Olivares et al. (1986a). Phenylmethylsulfonyl fluoride
(PMSF) (0.1mM) was present as proteolytic inhibitor
throughout the procedure.

Protein purification

The basic nuclear proteins were extracted with 0.25 N
HCl as described elsewhere (Olivares et al., 1986a). Further
fractionation of the acid-soluble fraction was achieved
by partial fractionation with 5% perchloric acid and/or
chromatography. The 5% perchloric extraction was per-
formed as follows: the crude HCI extracts were suspended
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in 10 vol of 5% perchloric acid, vortexed immediately and
centrifuged at 12,000 g for 10 min at 4°C. The supernatant
was precipitated with acetone/HCl at —20°C and finally was
vacuum-dried (Ausid, 1988). Ion-exchange chromatography
was performed with CM-C25 Sephadex in 50 mM sodium
acetate buffer at pH 6.7. The histones and sperm-specific
proteins were eluted from the column in the presence of 1
and 2 M NaCl, respectively.

Gel electrophoresis

Proteins were analyzed by acetic acid—urea 15% poly-
acrylamide (Panyim and Chalkely, 1969) and SDS-18%
polyacrylamide gel electrophoresis in first and second
dimension as described Thomas and Kornberg (1978). The
gels were stained with 0.1% Amido Black 10B in 7% acetic
acid.

Amino acid analysis

The amino acid analyses were carried out by previously
described methods.

Trypsin digestion

Trypsin digestion of the sperm-specific protein (M1) was
carried out as described by Olivares er al. (1986a).

RESULTS

Figure 1A shows an acetic acid—urea 15% poly-
acrylamide gel of total basic proteins from
Mesodesma donacium sperm compared to Protothaca
thaca sperm proteins. From this figure it is evident
that there is coexistence between histones and one
major fraction of low electrophoretic mobility. We
have shown that the four histones H2A, H2B, H3 and
H4 are present in the mature sperm of the surf clam
P. thaca together with an additional band which, in
the system, runs very close to H3 histone and which
is extractable in 5% perchloric acid (Olivares et al.,
1986a). Besides, a sperm-specific protein, named by
us M1 (lane 1) is found. In the case of M. donacium
sperm, the situation is very similar to P. thaca.
However, the major fraction (M1) runs faster than
protein (Pt 1) and the first histone fraction migrates
slightly above the histone H! of P. thaca (lane 2).

When we study these proteins in SDS-18% polyacryl-
amide gel (Fig. 1B) we become aware of the total
histones from P. thaca sperm as indicated above
(lane 1). These proteins are compared with those
proceeding from sperm of M. donacium (lane 2). The
electrophoretic migration is totally similar. With the
aim of obtaining a purified fraction H1 from sperm
of M. donacium, we extracted the total proteins with
5% perchloric acid as described in Materials and
Methods. The result can be observed in lane 3.

The bidimensional electrophoretic analysis (Fig. 2)
corroborates the fact that protein M1 is completely
absent from SDS gel, as a consequence of low
solubility in this detergent (Olivares et al., 1986a;
Ausié, 1986). The other proteins are very well
resolved. Thus, the main spot (in amount) runs in the
region of H! standard (not shown) and the other
four spots apparently migrate to the core region such
as in the first dimension. These results are in agree-
ment with the assumption that these proteins really
correspond to histone proteins.

In order to purify the fraction MI, we have
performed chromatography on carboxymethyl-C25
Sephadex as shown in Fig. 3. Protein M1 was
obtained in a pure form (peak 2) whereas the histone
proteins co-cluted together in peak 1. Probably, the
duplicity of peak 2 is due to the presence of two
oligomeric forms of the protein.

Amino acid composition of the sperm-specific pro-
tein isolated as described above is shown in Tables 1
and 2. As can be observed in Table 1, the protein M1
exhibits some common compositional features of the
sperm-specific components, such as 20-30% lysine,
20-25% serine and 10% alanine. However, protein
M1 has a low content of arginine (5.5%) in compari-
son to the related proteins; Ptl of P. thaca (Olivares
et al., 1986a), EM6 of E. minor (Giancotti ef al., 1983)
and PLI of M. nasuta (Ausio, 1988b). Therefore, we
think that this protein might not be assigned as a
protamine-like component because of its low content
of arginine. High amounts of this residue are charac-
teristic of the species with protamines interacting with

A B

Fig. 1. Electrophoretic mobility of basic nuclear proteins from sperm of Mesodesma donacium in
polyacrylamide gel containing acetic acid—urea (A) and (B) SDS. Lane 1, Protothaca thaca, lane 2,
Mesodesma donacium and lane 3, histone Hl-like from Mesodesma donacium. Origin is at top of gel.
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Fig. 2. Electrophoresis of basic nuclear proteins from sperm

of Mesodesma donacium. First dimension is 15% acryl-

amide—acetic acid-urea and second dimension is 18% acryl-
amide-0.1% SDS.

DNA in their sperms. On the other hand, the high
content of lysine, as well as the relative percentage of
the other amino acids, represents features to bring
this protein close in composition to that of the
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Table 1. Amino acid composition (mol%) of the sperm-specific
protein M1 of Mesodesma donacium in comparison to the
protamine-like and other histones of the H1 family

Pt1 PL-SP EM6 PLI Hi(ct) H5 M1
K 327 248 249 218 26.8 23.6 279
H 1.0 4.0 23 1.9  trace
R 279 231 217 269 1.8 12.4 5.5
D 0.7 0.6 24 0.8 2.5 1.7 34
T 1.2 4.3 2.0 4.0 5.6 32 4.0
S 221 217 189 202 5.6 11.9 214
E 0.5 0.6 18 0.8 37 43 5.3
P 1.7 24 trace 18 9.2 4.7 2.7
G 32 3.0 2.6 22 72 5.3 8.8
A 53 142 127 113 243 163 134
C nd 0.7
v 1.2 23 23 24 5.4 4.2 23
M 01 0.4 0.9 0.2 0.4
1 0.7 0.5 1.2 1.4 1.5 32 1.7
L 1.0 1.7 29 2.1 4.5 4.7 36
Y 03 03 0.6 0.5 09 1.2
F 0.3 0.3 1.0 0.7 0.9 0.6
w 03
Ptl, protamine-like protein from P. thaca sperm (Olivares et al.,

1986a).

PL-SP, protamine-like protein from S. sofidissima sperm (Ausié
and Subirana, 1982).

EMS6, protamine-like protein from E. minor Sperm (Giancotti
et al., 1983).

PLI, histone-like protein from M. nasuta sperm (Ausio, 1988).

H1-CT, histone H1 from calf thymus (Mayes and Jhons, 1982).

HS, histone H5 from chicken erythrocyte (Mayes and Jhons,
1982).

histone H1 family. However, this protein M1 lacks
aromatic residues in comparison to calf thymus
histone H1 and chicken erythrocyte histone HS5
(Table 1). In all cases, the Pt2 protein from P. thaca,
a sperm-specific histone H1, also is lacking aromatic
residues (Table 2). Table 2 shows the amino acid
analysis composition of this protein in comparison to
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Fig. 3. Ion-exchange chromatography on CM-C25-Sephadex of nuclear proteins extracted from
Mesodesma donacium sperm. Peak 1, histone proteins; peak 2, protein M1. (~--) Discontinue gradient
saline. The inset shows the purity of the M1 fraction, which is achieved with this technique.



950 MARIO GALINDO et al.

Table 2. Amino acid composition (mol%) of the sperm histone H1
variants (Hla and H1b) of Mesodesma donacium in comparison to
other representative members of the histone H1 family

Mi*
Pt2 HI-SSP HI-PSP HI-CT HS-CE HI-CE (Hla-Hlb)

K 363 303 29.5 26.8 23.6 30.0 32.8
H 07 0.5 1.0 1.9 24
R 6.1 1.7 11.0 1.8 124 2.4 23
T 50 5.8 1.9 5.6 3.2 3.7 5.8
s 71 5.0 6.0 5.6 11.9 6.3 6.5
E 21 2.8 23 3.7 4.3 5.0 34
P 176 9.2 7.3 9.2 4.7 9.5 6.3
G 48 4.8 4.2 7.2 5.3 5.8 5.2
A 225 255 249 243 16.3 25.7 24.0
C 1.1-1.2

vV 1.0 3.7 3.7 54 4.2 4.1 2.7
M 0.5 1.8 0.4

I 1.4 22 1.0 1.5 32 0.6 2.5
L 23 3.0 2.2 4.5 4.7 38 29
Y 1.2 0.9 0.9 1.2 0.3

F 0.6 0.4 0.9 0.6 0.3 0.8

Pt2, histone HI from P. thaca sperm (Olivares et al., 1986a).

H1-SSP, histone-like protein from S. solidissima sperm (Ausio,
1986).

HI1-PSP, histone H1 from P. angulosus (Strickland et ai., 1976).

H1-CT, histone HI from calf thymus (Mayes and Jhons, 1982).

H1-CE, histone HS from chicken erythrocyte (Mayes and Jhons,
1982).

H1-CE, histone from chicken erythrocyte (Tsai and Hnilica, 1975).

other proteins of the histone HI family. Thus, we
appreciate that the protein H1 from M. donacium has
a high content of lysine (32.8%) and alanine (24%)
which is characteristic of the histone H1 from somatic
or sperm sources. On the other hand, this protein is
extractable in 5% perchloric acid and it runs very
close to histone H3 in acetic acid—urea gels (Fig. 1,
lane 2).

A feature of histones is that they possess a folded
trypsin-resistant domain. Protein M1 was digested
with trypsin as outlined in Materials and Methods.
Figure 4 shows the time course of digestion as
visualized on acetic acid—urea gels. Protein M1 gives
a limit product fragment as is typically found in all
the members of the H1 family. It is important to note

+ i -

T 2 .

here the special behavior that protein M1 presents. In
fact, this protein clearly presents an aggregate at the
top of the gel, at 0 min.

This situation has been also observed in the whole
sperm protein of this species (Fig. 1, lane 2). When
digestion is in progress this aggregate disappears and
a trypsin-resistant core appears. However, we have
observed the presence of a band that appears at
90 min of digestion running above the limit product
fragment. The intensity of this band increases to
reach its maximum at 2 hr of digestion. We think that
this band might correspond to a dimer of the trypsin-
resistant core of protein M1. In fact, this protein has
a strong tendency to polymerize in the absence of
reductor reagent. As a similar situation has been
observed by other authors in related proteins
(Barbero et al., 1980; Ausié and Van Holde, 1988;
Ausid, 1988) this result is probably in relation to the
existence of one or two cysteine residues in the core
fragment which were not reduced in the presence of
B-mercaptoethanol. The latter result has been de-
scribed by Ausié and Van Holde (1988) and Ausio
(1988). It is also important to note that the samples
were treated under denturing conditions (the core
protein is unfolded) and the oxidation of the protein
is highly enhanced.

In all cases, the cysteine residue was not detected
in our analysis (Table 1) but it is known to be easily
destroyed during the acid hydrolysis conditions
employed in the amino acid analysis.

DISCUSSION

The analyses of the basic nuclear proteins associ-
ated with DNA in sperms of the bivalve molluscs
have shown the coexistence of a complete set
of histones of the somatic type, together with
histone and protamine variants (Subirana et al., 1973;
Zalensky and Zalenskaya, 1980; Uschewa et al.,
1985; Ausid, 1986; Olivares et al., 1986a,b; Subirana
and Colom, 1987). In the species analyzed here
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Fig. 4. Time course of digestion of protein M1 by trypsin. The arrow indicates the limit-produc.t fragment;
() points out the possible dimer generated in absence of ﬂ-mercaptoethaqo} by the trypsin-resistant
core; (<) shows the fraction of whole protein M1 undigested yet. Origin is at top of gel.
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(Mesodesma donacium), we have observed a complete
set of histones. Thus, the core histones present a very
similar relative electrophoretic mobility to those pro-
ceeding from sperm of Protothaca thaca, both in
urea—acetic acid gel (Fig. 1A), but completely similar
in SDS gel (Fig. 1B). The two-dimensional gel
electrophoresis of ripe sperm is clearly indicative of
the presence of all histones H2A, H2B, H3, H4 and
a sperm-specific histone HI which is seen as two
electrophoretic spots. These spots correspond to two
sperm histone variants (Hla and H1b) (Fig. 2). It
is important to note that the relative mobility of
sperm-specific histone H1 and (Hla and H1b) of
M. donacium bears a strong resemblance to the
histone H5 from chicken erythrocytes when they are
run together in acetic acid—urea gel (not shown). The
comparison has validity because histone HS is a final
differentiation-specific variant from red blood cells
in several higher taxonomic groups. However, the
amino acid composition of sperm-specific histone H1
(Hla and H1b) is more similar to typical somatic
histone H1 than H5 (Table 2). Therefore, the higher
mobility shown by histone H1 (Hla and H1b) of
M. donacium can be originated by a smaller
molecular weight than its counterpart H1.

A similar protein (Pt2) has been described in the
surf clam Protothaca thaca (Olivares et al., 1986a)
and in the razor clam Ensis minor (Giancotti et al.,
1983).

Besides the histone complement, the sperm of
M. donacium contains one sperm-specific protein
(M1). This protein has particular features such as (1)
its amino acid composition is reminiscent of the
components of family H1 (rich in lysine residues) and
(2) it contains a trypsin-resistant core. The presence
of proteins with special characteristics associated
with DNA in the sperm of bivalves seems to be a
common occurrence within the taxonomic group. A
peculiarity of this protein is its capacity to aggregate
easily as whole protein, as well as when it is in the
form of a trypsin-resistant core (Fig. 4). Probably,
this is in direct relation to the presence of cysteine
residues in this region. This situation has been ob-
served in related proteins from this taxonomic group
(Ausid, 1988; Ausié and Van Holde, 1988b).

In summary, we think that the protein M1 might
be assigned within the category of histone H1-like. In
all cases, this protein is unusual, because all the sperm
proteins described in other bivalves have a high level
of lysine and also arginine.

However, the composition of protein M1 might be
related to the histone HS (Table 2) which is induced
in the H1 family.

The coexistence between unusual histone variants
with somatic types of histones in the genetic material
prompts several questions: How does the interaction
between both types of proteins and with DNA take
place? Which is the chromatin structure in these
sperm nuclei? What is the role, if any, played by this
protein in the early stage of development following
fertilization? The answers to these Qquestions are
beginning to be found.

Acknowledgements—We wish to thank Dr E. Bustos-
Obregon for the facilities for preparing this manuscript at
the Unidad Biologia de la Reproduccién, Facultad de

Medicina, Universidad de Chile. We are also grateful to
Dr L. Burzio, Instituto de Bioquimica, Universidad Austral
de Chile, for performing the amino acid analysis.

REFERENCES

Ausi6 J. and Subirana J. A. (1982) A high molecular weight
nuclear basic protein from the bivalve mollusc Spisula
solidissima. J. biol. Chem. 257, 2802-2805.

Ausio J. (1986) Structural variability and compositional
homology of the protamine-like components of the sperm
from the bivalve molluscs. Comp. Biochem. Physiol. 85B,
429449,

Ausio J., Toumadje A., McParland R., Becker R., Johnson
W. and Van Holde K. E. (1987) Structural characteriz-
ation of the trypsin-resistant core in the nuclear sperm-
specific protein from Spisula solidissima. Biochemistry 26,
975-982.

Ausié J. and Van Holde K. E. (1987) A dual chromatin
organization in the sperm of the bivalve mollusc Spisula
solidissima. Eur. J. Biochem. 165, 363-371.

Ausi6 J. and Van Holde K. E. (1988) The histones of the
sperm of Spisula solidissima include a novel cyteine-
containing H1 histone. Cel/ Diff. 23, 175-190.

Ausio J. (1988) An unusual cysteine-containing histone
H1-like protein and two protamine-like proteins are the
major nuclear proteins of the sperm of the bivalve mollusc
Macoma nasuta. J. biol. Chem. 236, 10,141-10,150.

Barbero J. L., Franco L., Montero F. and Moran F. (1980)
Structural studies on histones H1. Circular dichroism and
difference spectroscopy of the histone Hl and their
trypsin-resistant core from calf thymus and from the fruit
fly Ceratitis capitata. Biochemistry 19, 4080—4087.

Bloch D. P. (1969) A catalog of sperm basic proteins.
Genetics 61, (Suppl.) 93-111.

Daban M., Chiva M., Rosemberg E., Kasinsky H. E. and
Subirana J. A. (1991a) Protamines in Prosobranchian
gastropods (Mollusca) vary with different modes of repro-
duction. J. exp. Zool. 256, 265-283.

Daban M., Kasinsky H. E., Lafargue F. and Chiva M.
(1991b) Nuclear sperm basic proteins (protamines) in
chitons (Polyplacophora). Compositional and structural
analogies with protamines of other molluscs. Comp.
Biochem. Physiol. 98B, 437-443.

Daban M., Morriconi E., Kasinsky H. E. and Chiva M.
(1990) Characterization of the nuclear sperm basic pro-
teins in one archeogastropod: comparison of protamines
between species. Comp. Biochem. Physiol. 96B, 123-127.

Giancotti V., Russo E., Gasparini M., Serrano M., Del
Piero D., Thorne A. W., Cary P. D. and Crane-Robinson
C. (1983) Proteins from the sperm of the bivalve molluscs
Ensis minor. Eur. J. Biochem. 136, 509-516.

Kasinsky H. E. (1989) Specificity and distribution of sperm
basic proteins. In Histones and Other Basic Proteins
(Edited by Hnilica L. and Stein G.), pp. 73~163. CRC
Press, Boca Raton, FL.

Mayes E. L. V. and Jhons E. W. (1982) Accumulated data.
In The HMG Chromosomal Proteins (Edited by Jhons
E. W), pp. 223-247. Academic Press, New York.

Olivares C., Ganz H. and Inostroza D. (1986a) A compara-
tive study of the basic nuclear proteins from sperm of
bivalve molluscs. Comp. Biochem. Physiol. 83B, 185-189.

Olivares C., Ruiz S. and Cornudella L. (1986b) Character-
ization of histone and protamine variants in sperm of
the bivalve mollusc Aulacomya ater. FEBS Lett. 205,
195-199.

Olivares C., Azorin F., Subirana J. A. and Cornudella L.
(1987) The interaction of the histone Hl-related protein
¢o with chromatin. Biophys. Chem. 28, 51-57.

Olivares C. and Ruiz S. (1991) Nucleosomal organization
of chromatin in sperm nuclei of the bivalve mollusc
Aulacomya ater. Molec. Cell Biochem. 28, 51-57.



952 MARIO GALINDO et al.

Panyim S. and Chalkley R. (1969) High resolution acryl-
amide gel electrophoresis in histones. Archs Biochem.
Biophys. 130, 337-346.

Storer T. 1., Stebbin R. C., Usinger R. L. and Nybakkon
J. M. (1979) General Zoology, 6th edn, p. 308. McGraw—
Hill, New York.

Strickland W. N, Schaller M., Strickland M. and Von Holt
C. (1976) Partial amino acid sequence of histone H1 from
sperm of the sea urchin. Parechinus angulosus. FEBS Let!.
66, 322-327.

Subirana J. A., Cozcolluela C., Palau J. and Unzeta M.
(1973) Protamines and other basic proteins from sperma-
tozoa of mollusc. Biochim. biophys. Acta 317, 364-379.

Subirana J. A. and Colom J. (1987) Comparison of
protamines from freshwater and marine bivalve mol-

luscs. Evolutionary implications. FEBS Lett. 220,
193-196.

Thomas J. O. and Kornberg R. D. (1978) The study of
histone-histone association by chemical cross-linking.
Meth. Cell Biol. 18, 429-440.

Tsai Y. H. and Hnilica L. S. (1975) Tissue-specific histones
in the erythrocytes of chicken and turtle. Exp/ Cell Res.
91, 107-112.

Uschewa A., Patriotis C. and Avramova Z. (1985) An
Hl-like protein from the sperm chromatin of Mytilus
galloprovincialis. Cell Biol. Int. Rep. 9, 253-263.

Zalensky A. O. and Zalenskaya 1. A. (1980) Basic chromo-
somal proteins in marine invertebrate. II—The proteins
from sperm of bivalve molluscs. Comp. Biochem. Physiol.

66B, 415-419.



