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A transient increase in the level of free cytosolic Ca®™ is observed upon fertilization of the eggs of many species and
is thought to represent a key event in the initiation of development. To identify components in the egg which could
be involved in mediating such Ca®* signals we searched for Ca®?* -binding proteins in eggs of the fresh-water fish
Misgurnus fossilis (loach). We show that loach eggs contain two major Ca”*-binding proteins which can be purified
through their Ca®*-dependent interaction with a hydrophobic matrix. Protein sequencing revealed that the larger 18
kDa protein is calmodulin, while the smaller polypeptide of 10 kDa is a member of the S-100 protein family. This is
the first report of the presence of an S-100 protein in vertebrate eggs and shows that this protein is found in two
fold higher concentration than calmodulin. Since the 10 kDa protein shares 68% sequence identity with S-100«
from bovine brain, it can be considered as the loach homologue of mammalian S-100«. During early embryonic
development, de novo protein synthesis of calmoduiin is observed at the earliest stages analyzed (mid-blastula),
while de novo protein synthesis of the S-100a@ homologue begins with the mid-gastrula stage. Although both
proteins are likely to serve as mediators of Ca”™ signals and /or as Ca”*-buffers in the egg, the tighter regulation of
the synthesis of the S-100 protein as compared to calmodulin argues for an additional and probably more
specialized function of the S-100« homologue in later embryogenesis, which could be restricted to certain cell types.

Fertilization; Ca®*-binding protein; S-100 protein

Introduction

Fertilization of the eggs of many species is accompa-
nied by a transient increase in the level of free Ca®* in
the cytoplasm which is thought to trigger development
(for review see Jaffe, 1985). In fish eggs, a transient
rise in the concentration of free Ca?* starts at the site
of sperm entry (animal pole), transverses the egg as a
narrow band, and vanishes at the antipode (Gilkey et
al., 1978; Yoshimoto et al., 1986; Iwamatsu et al., 1988;
Hiramoto et al., 1989). The peak value of the Ca®*
transient in the cortical cytosplasm was estimated to be
as high as 30 uM (Gilkey et al., 1978). The Ca** wave
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triggers exocytosis of cortical granules (Gilkey, 1983;
Yoshimoto et al., 1986) and the assembly of the fertil-
ization envelope (Schuel, 1985) and is also considered
to be the sole cause for cell cycle resumption at fertil-
ization (for review see Whitaker and Patel, 1990).
Although the significance of Ca’* transients for the
initiation of developmental processes in the egg is well
documented, the molecular events underlying the egg’s
response to changes in the level of free Ca’>* concen-
trations are only poorly understood. While protein
kinase C seems to play an important role in triggering
development in amphibian and mammalian eggs (Be-
ment and Capco, 1989; Endo et al., 1987), additional
Ca’*-binding proteins are likely to be involved in the
stimulus-response coupling in fertilized eggs from sev-
eral other species, e.g. chordates (Ciapa et al., 1988).
Due to their Ca®*-binding properties the so-called
S-100 proteins, which so far have only been isolated
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from somatic cells or tissues, are candidates for medi-
ating Ca®>™ signals also in the egg. S-100 proteins are
members of a family of small dimeric polypeptides
which are characterized by a twofold repetition of a
helix-loop-helix structure involved in Ca®*-binding (for
review see Hilt and Kligman, 1991; Donato, 1991). This
so-called EF-hand is also found in other polypeptides
which form, together with the S-100 like-proteins, the
EF-hand superfamily of Ca®*-binding proteins. Typical
members of the EF-hand family which are built from
four consecutive EF-hands are calmodulin and tro-
ponin C (for review see Klee et al., 1980; Kretsinger,
1987; Persechini et al., 1989).

To date 12 members of the S-100 branch of the
EF-hand superfamily have been identified. The two
principal proteins of this S-100 family are S-100« and
S-1008, which were identified in bovine brain more
than 20 years ago (Moore, 1965). S-100a and S-1008
share 57% sequence identity and form homo- as well
as heterodimers (Isobe et al., 1977). Each polypeptide
chain contains two Ca?*-binding sites. The higher
affinity site (around wM) is located in the C-terminal
half of the molecule while the lower affinity site (around
mM) involves the N-terminal half (Kretsinger, 1980;
Baudier and Gerard, 1983; Baudier and Cole, 1988;
Becker et al., 1992). While the Ca’*-binding loop of
the C-terminal EF-hand contains 12 amino acids and is
similar in sequence to the corresponding loops in
calmodulin and troponin C, the N-terminal EF-hand
loop of S-100 proteins comprises 14 instead of 12
residues. This feature is conserved in all S-100-like
proteins and is probably the basis of the low affinity of
the N-terminal Ca’*-binding site. In addition to S-100«
and S-1008, other members of the S-100 family have
been identified in recent years (for review see Hilt and
Kligman, 1991).

Although the biological role of individual S-100 pro-
teins is not known, putative cellular targets, which
could be regulated by S-100 proteins in a Ca®*-depen-
dent manner, have been described. $-100 itself binds to
cytoskeleton associated proteins, e.g. microtubule asso-
ciated proteins and caldesmon, and to the glycolytic
enzyme aldolase in the presence of Ca’* (Baudier and
Cole, 1988; Fujii et al., 1990; Zimmer and van Eldik,
1986). A Ca?*-dependent interaction with another gly-
colytic enzyme, glyceraldehyde-3-phosphate dehydro-
genase, has been described for calcyclin (Filipek et al.,
1991). Calcyclin also interacts in a Ca®*-dependent
manner with CAP-50, a newly identified member of
the annexin family of Ca?* and phospholipid binding
proteins (Tokumitsu et al., 1992). However, the unam-
biguous identification of a cellular ligand has so far
only been possible for pll, a member of the S-100
family which has suffered deletions and substitutions in
both EF-hand loops and thus has lost the ability to
bind Ca’* (Gerke and Weber, 1985a; Glenney, 1986).

Both in vivo and in vitro pll forms a tight heterote-
trameric complex with annexin II and thereby regulates
biochemical properties of this Ca®*/phospholipid-bi-
nding protein (Gerke and Weber, 1984, 1985b; Powell
and Glenney, 1987; Osborn et al., 1988; Drust and
Creutz, 1988).

In contrast to calmodulin, which seems to be pre-
sent in all eukaryotic cells, the individual S-100 pro-
teins show a much more restricted and often cell-type
specific expression pattern. However, an analysis of the
expression patterns has so far been restricted to mam-
mals, and very few data concerning the occurrence of
S-100 proteins in other organisms have been obtained.
To analyze the expression and possible function of
Ca’*-binding proteins, in particular members of the
S-100 family, in early stages of embryonic development
and to extend our knowledge on the conservation of
S-100 proteins we have analyzed Ca?*-binding proteins
present in the fresh-water fish Misgurnus fossilis (loach).
We show that loach eggs contain a highly conserved
calmodulin and considerable amounts of a Ca’*-bind-
ing protein of 10 kDa, most likely the S-100a homo-
logue. While calmodulin is expressed throughout em-
bryonic development, the de novo synthesis of loach
S-100« is not observed before the mid-gastrula stage,
indicating a more specialized role for the S-100 protein
in later stages of development.

Results

Identification and purification of Ca’*-binding proteins
from loach eggs

To identify Ca®*-binding proteins which could serve
as mediators of Ca®" signals in the egg we chose loach
eggs as a model system. These eggs provide several
advantages. First, they can be obtained in quantities
sufficient for biochemical analyses, e.g. protein frac-
tionation. Second, the eggs can be fertilized artificially
(Neyfakh, 1959) and thus provide a simple system to
study the expression of Ca’*-binding proteins during
embryonic development. Third, a characterization of
the composition of Ca?*-binding proteins in a homoge-
nous cell population (the egg) circumvents the poten-
tial complexity often observed in tissues consisting of
different cell types.

Several Ca?*-binding proteins including those of the
S-100 family share as a common biochemical property
the Ca?*-dependent binding to hydrophobic matrices.
We exploited this property to enrich for potential
S-100 proteins present in the cytoplasm of loach eggs
by Ca’*-dependent chromatography on phenyl-Sep-
harose. This approach led to the enrichment of two
proteins with apparent molecular masses of 10 kDa
and 18 kDa respectively, which bind to the phenyl-Sep-
harose in the presence of Ca®' and are specifically
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Fig. 1. Purification of calmodulin and an §-100a homologue from
loach eggs. The cytoplasm from unfertilized loach eggs (lane 1) was
homogenized in the presence of Ca®>* and subjected to high speed
centrifugation. The supernatant (lane 2) was applied to a phenyl-
Sepharose column in the presence of Ca®*. The material specifically
eluted by the addition of EGTA was adjusted to 10 mM CaCl, and
passed over a second phenyl-Sepharose column. The EGTA eluate
from this second column (lane 3) was fractionated on DEAE-Sep-
harose, leading to the purification of a 10 kDa (S-100; lane 4) and an
18 kDa protein (CaM; lane 5). Molecular weight markers separated
in this tricine-SDS-16% polyacrylamide gel (Schégger and von Jagow,
1987) are depicted in lane S.

eluted upon Ca®*-chelation by EGTA (Fig. 1). Both
proteins can be subsequently separated by ion ex-
change chromatography on DEAE Sepharose. This
protocol yields approximately 1.5 mg of pure 10 kDa
and approximately 0.8 mg of pure 18 kDa protein from
40 ml of egg cytoplasm.
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The 10 kDa and 18 kDa proteins were further
characterized by partial protein sequence analysis.
Fragments obtained by CNBr cleavage were analyzed
by automated gas phase sequencing. This approach
yielded two sequences for the 18 kDa protein (CNBr 1:
TNLGEXLTDEEVDE; CNBr 2: IREA-
DIDGDGQVNYEEF). They are identical with
residues 110 to 123 and residues 125 to 141 of human
calmodulin (Fischer et al., 1988). The residue given as
X in CNBr 1 corresponds to the trimethyl-lysine estab-
lished for several calmodulins at position 115. Thus the
18 kDa protein is unambiguously identified as loach
calmodulin. Three CNBr-fragments covering together a
total of 87 amino acid residues were obtained from the
10 kDa protein. Their sequences showed a very strong
homology to Ca®*-binding proteins of the S-100 family,
in particular to bovine S-100« (Figs. 2 and 3).

Complete amino acid sequence of the S-100 protein from
loach eggs

To establish the relationship of the fish 10 kDa
protein to the different mammalian S-100 proteins, we
determined the entire amino acid sequence. Direct
N-terminal sequencing after SDS-PAGE and blotting
onto a polyvinyldifluoride membrane provided the N-
terminal 50 residues and connected CNBr fragments 1
and 2 (Fig. 2). Additional sequence information was
obtained by in situ digestion of the 10 kDa protein
present on a membrane. Peptides released from the
blot by endoproteinase Asp-N were separated by HPLC
and fully sequenced. Peptides Asp 1-4 confirmed the
N-terminal 49 residues. Peptide 5 extended the se-
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Fig. 2. Amino acid sequence of the 10 kDa protein from loach eggs. Direct sequencing provided the N-terminal 50 residues. The three CNBr

fragments (CNBr 1-3) obtained by HPLC were completely sequenced. Peptides Asp 1-6 were obtained after digestion of the protein with

endoproteinase Asp-N followed by HPLC (see Experimental Procedure). They were completely sequenced. Although the overlap between

peptide Asp 5 and CNBr fragment 3 involves only serine 59, the high degree of sequence conservation and the lack of any length variability in

this region of S-100 proteins (Fig. 3) allowed for the sequence proposed. The bars above the sequence indicate the positions of the predicted
Ca?*-binding loops of the N- and C-terminal EF-hand.
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quence of CNBr fragment 2 by seven residues and
provided a small overlap into CNBr fragment 3. Pep-
tide Asp 6 starts within CNBr fragment 3 and extends
the sequence to the C-terminal end of the 10 kDa
protein. Asp-protease peptides from the region be-
tween residues 60 and 86 were not obtained, most
likely because they are either very small or too hy-
drophobic to be released from the polyvinyldifluoride
membrane. Although the overlap between peptide Asp
5 and CNBr fragment 3 involves only serine 59 and the
prediction of a methionine at position 58 for the origin
of CNBr-3, we have not tried to obtain an independent
overlap. The high degree of sequence conservation and
the lack of length variability for S-100 proteins in this
region (Fig. 3) clearly allows for the sequence pro-
posed. The sequence of the loach 10 kDa protein
shows two typical helix-loop-helix motifs likely to medi-
ate the Ca’*-binding (Figs. 2, 3). The two EF-hands
locate to the N- and the C-terminal half of the
molecule. As in mammalian S-100 proteins the N-
terminal EF-hand shows a longer loop (14 amino acids,
residues 19-32) which is thought to reflect the corre-
sponding low affinity Ca’* site. The high affinity site in
the C-terminal EF-hand is well conserved in all S-100
proteins including the loach protein (for review see
Hilt and Kligman, 1991).

I

Comparison of the loach 10 kDa protein sequence
with the sequences of the different mammalian S-100
proteins reveals a very close relationship (Fig. 3). Se-
quence identities range from 68% between the fish 10
kDa protein and bovine S-100a to 34% between the
fish 10 kDa protein and human MRPS8. These se-
quence homologies are most pronounced in the region
of the two EF-hand loops, indicating that these loops
also function as Ca®*-binding sites in the loach protein.
Due to the high degree of sequence similarity between
the 10 kDa protein from fish eggs and bovine S-100«,
the 10 kDa protein can be considered to be the loach
homologue of mammalian S-100a. Therefore we refer
to this protein as loach S-100« throughout the rest of
this text.

Expression of §-100« and calmodulin during early em-
bryonic development of the loach

Embryonic development of the loach Misgurnus fos-
silis can be studied following artificial fertilization of
mature eggs (Neyfakh, 1959). Upon cultivation, em-
bryos reach mid-blastula stage 7 h and mid-gastrula
stage 14 h after fertilization. Hatching of loach larvae
is observed approximately 50 h after fertilization. To
analyze the expression of the two Ca’*-binding pro-
teins during the different stages of development, we
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Mf 10kDa VSQLESAMESLIKVFHTYSSKEGDKYKLSKAELKSLLQGELNDFLSASKDPM-
ho S-100a GSELETAMETLINVFHAHSGKEGDKYKLSKKELKELLQTELSGFLDAQKDAD -
ho S-100p SELEKAVVALIDVFHQYSGREGDKHKLKKSELKELINNELSHFLEEIKEQE -
mu 18A2 ARPLEEALDVIVSTFHKYSGKEGDKFKLNKTELKELLTRELPSFLFKRTDEA -
bo S-100L SSPLEQALAVMVATFHKYSGQEGDKFKLSKGEMKELLHKELPSFVGEKVDEE -
hu S-100P MTELETAMGMIIDVFSRYSGSEGSTQTLTKGELKVLMEKELPGFLQSGKDKD -
popll PSQMEHAMETMMFTFHKFA---GDKGYLTKECLRVLMEKEFPGFLENQKDPL -

rb Calgizzarin

WSRPTETERCIESLIAVFQKYAGKDGHSYVTLSKTEFLSFMNTELAAFTKNQKDPG -

hu 2A9 ACPLDQAIGLLVAIFHKYSCREGDKHTLSKKELKELIQKEL-TIGSKLQD-A-

hu MRP 14 TCKMSQLERNIETIINTFHQYSVKLGHPDTLNQGEFKELVRKDLOQNFLKKENKNEK

po S-100C MAKRPTETERCIESLIAIFQKHAGRDGNNTKISKTEFLIFMNTELAAFTONQKDPG-

hu MRP 8 LTELEKALNSIIDVYHKYSLIKGNFHAVYRDDLKKLLETECPQYIR-KK-~-~-~-
53 95

Mf 10kDa VVEKIMSDLDENQDGEVDFQEFVVLVAALTVACNEFFIESM-KN

ho S-100a AVDKVMKELDEDGDGEVDFQEYVVLVAALTVACNNFFWENS

ho S-100p VVDKVMETLDSDGDGECDFQEFMAFVAMITTACHEFFEHRE

mu 18A2 AFQKVMSNLDSNRDNEVDFQEYCVFLSCIAMMCNEFFEGCPDKEPRKK

bo S-100L GLKKLMGDLDENSDQQVDFQEYAVFLALITIMCNDFFQGSPARS

hu S-100P AVDKLLKDLDANGDAQVDFSEFIVFVAAITSACHKYFEKAGLK

popll AVDKIMKDLDQCRDGKVGFQSFFSLIAGLTIACNDYFVVHM-KQKGKK

rb Calgizzarin VLDRMMKKLDLNSDGQLDFQEFLNLIGGLAVACHESFVKAAPPQKRF

hu 2A9 EIARLMEDLDRNKDQEVNFQEYVTFLGALALIYNEALKG

hu MRP 14 VIEHIMEDLDTNADKQLSFEEFIMLMARLTWASHEKMHEGDEGPGHHHKPGLGEGTP

po §5-100C VLDRMMKKLDLDSDGQLDFQEFLNLIGGLATACHDSFIKSTOQK

hu MRP 8 GADVWFKELDINTDGAVNFQEFLILVIKMGVAAHKKSHEEESHKE

Fig. 3. Sequence comparison of fish S-100« with other proteins of the S-100 family. The amino acid sequence of the S-100a homologue from the

loach (Mf 10 kDa) is compared to the sequences of bovine S-100a (Isobe and Okuyama, 1981), bovine S-1008 (Isobe and Okuyama, 1978),

murine 18A2 (Jackson-Grusby et al., 1987), bovine S-100L (Glenney et al., 1989), human S-100P (Becker et al., 1992), porcine p11 (Gerke and

Weber, 1985a), rabbit calgizzarin (Watanabe et al., 1991), human 2A9 (Calabretta et al., 1986), human MRP 14 and MRP 8 (Odink et al., 1987),

and porcine S-100C (Ohta et al., 1991). Amino acids identical to the equivalent position in Mf S-100a are given in bold letters. Predicted
Ca’*-binding loops of the N- and C-terminal EF-hand are marked by horizontal lines.
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Fig. 4. Expression of the S-100« homologue and calmodulin during early embryonic development of the loach. Loach embryos were labelled with
[*SImethionine 6.5, 7.5, 9, 10, 12, 14 or 86 h after fertilization (for labelling times see Experimental Procedures). Subsequently, the S-100«
homologue and cailmodulin were purified by phenyl-Sepharose chromatography and analyzed in tricine-SDS-16% polyacrylamide gels. The gels
were stained with Coomassie blue and then processed for fluorography to visualize *3S-labelled polypeptides (**S). Results of two different
experiments are shown. One experiment (left side) covers the times from 7.5 h to 12 h. The other experiment (right side) spans the times from 6.5
h to 86 h. Although both proteins are present as maternal pool in the eggs, they differ in the timing of new biosynthesis. Note that calmodulin is
already newly synthesized (see S label) at mid-blastula stage (6.5 h after fertilization) while new synthesis of the S-100a homologue is not
observed before mid-gastrula stage (14 h after fertilization).

performed a series of isotopic labeling experiments.
The differently staged embryos were separated from
the yolk and incubated in [*S}methionine-containing
medium for 75 min. Extracts were subjected to the
purification of calmodulin and S-100a by phenyl-Sep-
harose chromatography (described above). Ca®*-bind-
ing proteins purified from the embryos at different
stages of development were analyzed by SDS-PAGE,
stained with Coomassie blue and analyzed by fluorog-
raphy to visualize 33S-labelled polypeptides (Fig. 4).
This allowed us to distinguish between total Ca?*-bind-
ing proteins present (Coomassie stain) and Ca®*-bind-
ing proteins newly synthesized at a certain develop-
mental stage (fluorography).

Loach S-100« and calmodulin are present in unfer-
tilized eggs (Fig. 1 and above) as well as in all embry-
onic stages analyzed (Fig. 4). The two Ca?*-binding
proteins differ however during embryogenesis in the
timing of new synthesis as measured by incorporation
of [*Slmethionine into the purified products. While
calmodulin synthesis is already observed at mid-blastula
stage, with no earlier time point analyzed, synthesis of
the S-100a@ homologue becomes apparent only at mid-
gastrula (Fig. 4). Thus the S-100a of early embryos
reflects the maternal pool already documented in the
unfertilized egg (Fig. 1). Although calmodulin is al-
ready synthesized at the earliest embryonic stages ana-
lyzed (Fig. 4), a substantial fraction of the total embry-
onic calmodulin still reflects the calmodulin store of
the unfertilized egg. This is evident from a comparison
of the amounts of S-100a¢ and calmodulin purified

from unfertilized eggs and early, e.g. mid-blastula, em-
bryos, respectively.

Discussion

By using Ca’*-dependent affinity chromatography
on phenyl-Sepharose we have purified two Ca?*-bind-
ing proteins from cytoplasmic extracts of unfertilized
loach eggs, which are candidates for mediators of Ca?*
signals occurring upon fertilization. Sequence analysis
established that both proteins belong to the EF-hand
family of Ca?*-modulated proteins. Calmodulin, a
ubiquitous Ca®*-binding protein with a fourfold repeti-
tion of the EF-hand structure, is highly conserved
among species (Marshak et al., 1984; Babu et al., 1985;
Davis et al., 1986). This is also illustrated by the fact
that peptides obtained from the loach calmodulin are
identical in sequence (31 out of 31 residues) to the
corresponding region in human calmodulin. The other
Ca’*-binding protein in loach eggs has a molecular
mass of 10 kDa and contains two EF-hands. The se-
quence of the 10 kDa protein clearly demonstrates that
it belongs to the S-100 branch of the EF-hand super-
family. This finding is the first report of the presence
of an S-100 protein in vertebrate eggs. Loach 10 kDa
shares the highest degree of sequence identity with
S-100«, a protein originally isolated from bovine brain
(Moore, 1965). S-100 proteins purified from bovine
brain usually contain the a- and B-subunits in both
homo- and heterodimeric forms (Isobe et al., 1977).
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Within the mammalian S-100 family (Fig. 3) S-100«
and S-1008 show the highest sequence homology with
57% identically placed amino acid residues. Since the
primary structures of bovine S-100«a and the loach 10
kDa protein are even more related (68% sequence
identity) it seems that the 10 kDa protein is the fish
homologue of mammalian S-100«@. However, with the
information currently available we cannot rule out the
possibility that the S-100 protein identified in loach
eggs is a new member of the S100 family particularly
closely related to S-100«.

Our fractionation scheme selectively enriches for
S-100 proteins, which interact in a Ca®*-dependent
manner with hydrophobic matrices. Since the peptide
analysis of the 10 kDa band eluted from the phenyl-
Sepharose column yielded a unique sequence, it seems
very likely that the unfertilized loach eggs contain only
one S-100-like protein, the S-100e homologue. Inter-
estingly, this unique S-100 protein is present in consid-
erable amounts in the unfertilized eggs. Forty ml of egg
cytoplasm contain at least 1.5 mg S-100a, approxi-
mately twice as much as calmodulin. The presence of
high levels of maternally derived S-100« in the unfer-
tilized egg argues against a distinct enzymatic function
of the protein, which would only require minute
amounts. More likely, the protein could function as a
Ca’*-buffer or could be involved in mediating Ca**-
signals (e.g. upon fertilization) by binding to other
proteins in a Ca?*-dependent manner. Since the affin-
ity of the C-terminal Ca?*-binding site in S-100« is in
the micromolar range it seems likely that this site
becomes occupied during the transient increase of cy-
tosolic Ca?* levels occurring upon fertilization. Simi-
larly, calmodulin, the other protein of the EF-band
superfamily present in loach eggs, will respond to the
Ca?* waves which are thought to trigger cortical gran-
ule exocytosis and cell cycle resumption at fertilization.
While calmodulin is known to act as a Ca®*-dependent
regulator of several enzymes which might be involved
in the signal transduction cascade (for review see Klee
and Vanaman, 1982) cellular targets for the loach
S-100a have not been identified so far. Protein-protein
interactions that are thought to be of functional impor-
tance have however been described for other S-100
proteins, e.g. the Ca®*-dependent binding of S-100 to
cytoskeleton associated proteins and the glycolytic en-
zyme aldolase or the interactions of calcyclin with
glyceraldehyde-3-phosphate dehydrogenase and the
Ca®" /phospholipid-binding protein CAP-50 which oc-
cur in the presence of Ca’* (see Introduction for
references). In the case of pll, which has lost the
ability to bind Ca?* and interacts in a Ca’*-indepen-
dent manner with annexin II, the site of protein—pro-
tein interaction has been mapped to a hydrophobic
region in the C-terminal extension following the sec-
ond EF-hand (Johnsson and Weber, 1990; Kube et al.,

1992). The corresponding region in S-100« (residues
88-90) also contains a stretch of hydrophobic residues
which are conserved between the mammalian and the
fish proteins (see Fig. 3). Since this region in S-100
molecules becomes more accessible to the solvent in
the presence of Ca** (Mani and Kay, 1983; Baudier
and Gerard, 1983; Becker et al., 1992) it could serve as
the binding site for a yet to be identified protein ligand
of S-100a.

The unfertilized loach eggs represent a homogenous
cell population. In contrast to many tissues which often
express a whole set of different S-100 proteins, the
eggs seem to contain only a single member of this
protein family, S-100«. Since the purification protocol
employed to isolate loach S-100a follows protocols
developed for the enrichment of mammalian S-100
proteins, it seems unlikely that a second type of S-100
protein is present in higher amounts in loach eggs but
has escaped our attention. Thus S-100« is probably the
only member of the family which is required during
early embryonic development.

Although the maternally derived S-100« is an abun-
dant component in the unfertilized egg and in early
embryos, de novo synthesis of this protein is not ob-
served before mid-gastrula stage. The de novo protein
synthesis of S-100a could create regional or cell-type
specific differences in the S-100a concentration. Inter-
estingly, no other S-100 protein is synthesized during
early embryonic development. In embryos prior to gas-
trulation, the Ca®*-dependent affinity chromatography,
a method usually employed to enrich for S-100-like
proteins, does not lead to the isolation of any *S-
labelled band with an apparent molecular mass typical
of S-100 protein, i.e. 10 kDa. This finding also supports
the view that S-100a but no other member of this
protein family is involved in processes of early embry-
onic development and early cellular differentiation. In
contrast to S-100«, calmodulin is newly synthesized in
each developmental stage analyzed. Thus, differences
in the local calmodulin concentration can already be
expected in very early embryos. This finding is in line
with the role of calmodulin as a multifunctional regula-
tor involved in a variety of cellular processes which can
occur at a different rate or to a different extent in the
cells of the early embryo.

Experimental Procedures

Fish, eggs and embryos

The loach (Misgurnus fossilis L.) were caught in
natural ponds in Russia and kept at 4°C for several
months without feeding. Loach eggs were obtained and
artificially fertilized as described (Neyfakh, 1959).
Briefly, maturation of eggs was stimulated by injecting
the females with chorionic gonadotropic hormone. Eggs
were fertilized by adding a suspension of testis, and



cultivated in dechlorinated tap water at 21°C. The
embryos reached mid-blastula stage 6.5 h and mid-
gastrula 14 h after fertilization. Hatching of the larvae
occurred after 50 h.

To remove the fertilization membrane at stages pre-
ceding hatching, the embryos were processed through a
special pipette equipped with a razor blade knife as
described (Lutsik et al., 1983). Subsequently the em-
bryos were separated from the yolk. This procedure is
important because (1) the separated embryos are able
to absorb amino acids from the medium through the
surface which faced the yolk in intact embryos, and (2)
yolk proteins account for about 90% of the total egg
protein. Thus the removal of the yolk leads to a signifi-
cant enrichment of cytoplasmic proteins in the speci-
men. At blastula and gastrula stages, yolk was removed
by placing the embryos in buffer A (5 mM Tris-HCI,
pH 7.5, 120 mM NaCl, 1 mM KCl, 1 mM CacCl,) and
passing them through a gauze sieve (0.5 mm cell).
Mid-blastula (6.5 h after fertilization) was the earliest
stage when it was possible to separate embryos from
the yolk without destroying them. At the stages after
gastrulation, yolk was removed by centrifugation of the
embryos in a sucrose gradient (Kostomarova and Ney-
fakh, 1964).

The cytoplasm from unfertilized eggs was obtained
by centrifugation of eggs at 5000 X g for 30 min. Under
these conditions the eggs are ruptured and the cyto-
plasm was separated from yolk granules as a deep-
brown layer. Roughly 1 ml of cytoplasm was obtained
from 10 ml of eggs.

Purification of the 10 kDa protein and calmodulin from
loach eggs

Forty ml of egg cytoplasm were homogenized by
hand in 360 ml of buffer B (25 mM Tris-HCI, pH 7.5,
150 mM NaCl, 1 mM DTT, 0.25 mM PMSF) using a
glass/ Teflon homogenizer. CaCl, was added to 10
mM and the mixture was kept on ice for 30 min. After
centrifugation at 100,000 X g for 45 min the super-
natant was applied to a phenyl-Sepharose (Pharmacia)
column (40 ml) equilibrated in buffer B containing 10
mM CaCl,. Subsequently the column was washed with
4 1 of buffer B containing 0.1 mM CaCl, and then
eluted with 120 ml of buffer B containing 1 mM
EGTA. The eluate was adjusted to a final concentra-
tion of 10 mM CaCl, and applied to a second phenyl-
Sepharose column (2 mi) equilibrated in buffer B con-
taining 10 mM CaCl,. The column was washed with 10
ml of buffer B containing 0.1 mM CaCl, and eluted
with 6 ml of buffer B containing 1 mM EGTA.
Phenyl-Sepharose chromatography was performed at
room temperature. The final eluate was diluted 3-fold
with distilled water and applied to a DEAE-Sepharose
(Pharmacia) column (0.4 X 8 cm) equilibrated in buffer
C (10 mM Tris-HCl, pH 7.5, 1 mM DTT, 1 mM
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EGTA) containing 50 mM NaCl. The column was
washed with 5 ml of buffer C containing 50 mM NaCl
and eluted with a linear salt gradient (20 ml; 0.1-0.4 M
Na(l in buffer C). The fractions were analyzed in SDS
16% polyacrylamide gels using the tricine buffer system
(Schagger and von Jagow, 1987). The 10 kDa Ca?®*-bi-
nding protein eluted at 0.2-0.25 M NaCl and calmod-
ulin eluted at 0.3-0.35 M NaCl. Peak fractions contain-
ing the pure proteins were dialyzed against 0.1 M
NH,HCO,; using benzoylated dialysis tubing (Sigma)
with reduced pore size and lyophilized. Protein con-
centrations were determined by the method of Brad-
ford (1976) using BSA as a standard. About 1.5 mg of
10 kDa and 0.8 mg of calmodulin were obtained from
40 ml of egg cytoplasm.

Protein-chemical procedures

After CNBr treatment of the purified proteins by
standard procedures, separation of fragments was by
HPLC. Automated gas phase sequencing used either
an Applied Biosystems Sequenator (model 470A) or a
Knauer sequenator (model 810). Both instruments were
equipped with an online phenylthiohydantoin-amino
acid analyzer. The 10 kDa protein was also blotted
from SDS polyacrylamide gels on a polyvinyldifluoride
membrane (Bauw et al., 1989) and either directly se-
quenced or treated in situ with endoproteinase Asp-N
(Boehringer-Mannheim, Germany) for 4 hours at 37°C.
Peptides released from the blot were subjected to
HPLC and sequenced.

Isotopic labelling of loach embryos and fluorographic
analysis of the 10 kDa and calmodulin expression

Embryos were separated from the yolk and then
allowed to settle. About 1 ml of settled embryos were
washed with buffer A adjusted to 0.1 M Tris-HCl, pH
7.5 and incubated in a minimal volume of the medium
containing 0.25 mCi [**S]methionine (Radiopreparat,
USSR) for 75 min at 21°C. The swimming larvae de-
prived of residual yolk were labelled for 3 h because of
weak absorption of [*Slmethionine from the medium.
Labelling was stopped by freezing of embryos or larvae
at —70°C. The 10 kDa protein and calmodulin were
purified from the labelled embryos by phenyl-Sep-
harose chromatography as described above and ana-
lyzed in tricine-SDS-16% polyacrylamide gels. The gels
were stained with Coomassie blue, photographed and
then processed for fluorography (Bonner and Laskey,
1974) and exposed to X-ray film RM-1 (Tasma, USSR)
at —70°C.
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