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S-100a, protein stimulates Ca?*-induced Ca2?™ release from isolated
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$-100a, protein, the aa-isoform of the S-100 family, stimulates Ca?*-induced Ca?* release from terminal cisternae isola-

ted from rat skeletal muscle cells. The stimulatory effect of S-100a, is maximal at ~5 uM S-100a, and half maximal

at ~0.1 uM S-100a,, at 1.8 uM free Ca?* in the presence of 5 mM Mg** plus 0.1 M KCl. The effect of the protein
on Ca?*.induced Ca?* release is completely inhibted by the calcium release blocker, ruthenium red.

Protein S-100a,; Ca** release; Regulation; (Muscle cell)

1. INTRODUCTION

Ca?*-induced Ca®* release has been hypothesiz-
ed to be one possible mechanism by which small in-
creases in the concentration of sarcoplasmic Ca%*
in the proximity of the sarcoplasmic reticulum
(SR) in muscle cells will trigger the release from SR
of the additional Ca®* required for muscle contrac-
tion [1-6]. The terminal cisternae of SR represent
the subcellular compartment involved in
Ca?*-induced Ca?* release [4,7,8]. This activity is
brought about by a distinct molecular entity, the
Ca?* release channel protein, which has been
purified to homogeneity [9]. Ca®*-induced Ca®*
release is stimulated by adenine nucleotides [10]
and inhibited by Mg®*, ruthenium red, and the
ubiquitous intracellular Ca®* receptor, calmodulin
[11-13].

S-100a, protein is the aa-isoform of S-100 pro-
teins, a group of 3 closely related Ca®*-binding
proteins of the EF-hand type [14,15]. High levels
of the S-100«, but not the S-1008, subunit are ex-
pressed in striated muscle cells [16—18]. Im-
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munocytochemical and immunochemical analyses
revealed that S-100ao protein is found associated
with the sarcolemma and with SR membranes, and
in the sarcoplasm facing these membranes [18,19],
suggesting the possibility that this protein might be
involved in the regulation of one or more mem-
brane activities. We report here that S-100a, pro-
tein stimulates Ca®*-induced Ca®* release from SR
in the presence of Mg?*.

2. MATERIALS AND METHODS

S-100a, protein was purified from porcine heart [18].

Terminal cisternae (R4) were obtained as in [20]) from rat
hindlimb muscles and washed twice with 0.2 mM EGTA. R4
was shown to be highly enriched in terminal cisternae by a
number of criteria [20-23]. R4 vesicles (0.25 mg of protein/ml)
were actively loaded with CaCl, in 20 mM imidazole, 0.2 mM
EGTA, 20 mM potassium oxalate, 5 mM ATP, 5 mM MgCl,,
0.18 mM CaCl,, 0.1 M KCl, pH 7.4, in the presence of 5 uM
43CaCl, (specific activity 1 mCi/nmol) at 25°C. Ca®*-induced
Ca®* release was studied by Millipore filtration technique.
After the plateau of Ca®* uptake had been attained (6 min), the
medium was replaced with the release solution. This consisted
of the above medium minus ATP, containing 1.8 xM free Ca**
unless stated otherwise plus or minus other additions as in-
dicated. The released Ca®* was calculated on filtered solutions
by taking the differences between the value measured at the end
of Ca?* uptake and those recorded at the time points indicated
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after the addition of the release solution. Protein was measured
as in {24] against a standard solution of bovine serum albumin.

3. RESULTS AND DISCUSSION

In the presence of 1.8 xuM free Ca’* and 5 mM
MgCl,, S-100a, protein produced a time- and dose-
dependent stimulation of Ca?* release from R4
vesicles, with half-maximal effect around 0.1 xM
S-100a, (figs 1 and 2). The extent of Ca* release
was ~70% stimulated by 1 uM S-100ao, whereas
the initial rate of Ca®* release was ~65%
stimulated, under the above conditions. In the
presence of 180 xM free Ca* (table 1), the percent
Ca®*-induced Ca?* release in the absence of
S-100ao protein was ~70% smaller than at 1.8 xM
free Ca*, as expected [10]. Under the same condi-
tions, in the presence of 1 xM S-100a, protein a
strong stimulation of Ca®* release was observed at
all time points considered (table 1).

Since the SR vesicles used in these experiments
were actively loaded with Ca®* in the presence of
ATP, experiments were conducted to examine the
possibility that the S-100a, effect described above
were due to an effect of the protein on the
Ca®*-ATPase activity associated with R4. In the
presence of 1.8 xM free Ca®*, the specific activity
of the enzyme measured in the absence of S-100a,
protein was 0.94 xmol Pi/min/mg of protein, and
that of the enzyme measured in the presence of
1 #M S-100a, protein was 0.91 gmol P;/min/mg of
protein. Thus S-100a, protein did not affect the
ATPase activity in R4 vesicles.

The stimulatory effect of S-100ap protein on
Ca®*-induced Ca?* release was prevented by the
Ca?* release channel blocker, ruthenium red (table
2). Also, ruthenium red, when added to R4 vesicles
induced to release Ca* in the presence of 1.8 xuM
free Ca2* plus 1 #M S-100a, protein, blocked fur-
ther S-100ao-dependent Ca*-induced Ca** release
(fig.3). The reverse experiment was also performed
in which S-100a, protein was added to R4 vesicles
actively loaded with Ca®>* and then induced to
release Ca®* in the presence of ruthenium red. No
significant effect of S-100ao protein was registered
under these conditions (fig.3).

S-100 proteins (S-100a, S-100a, and S-100b) are
Ca®*-binding proteins of the EF-hand type, and
are aa, af3, and 46 in subunit composition, respec-
tively [14,15]. S-100 proteins are widely, but dif-
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Fig.1. Time course of Ca**-induced Ca’* release from R,
vesicles in the absence of additions (A) and in the presence of
either 1 4M S-100a, protein (0) or 60 xM ruthenium red (0).
Results are expressed as the percent Ca®* release vs time. At the
end of Ca’" uptake, vesicles contained 49 = 6 nmol
Ca’*/0.1 mg protein. Maximal SD was + 5% (n = 3).

ferently distributed in animal cells. They have been
shown to regulate a number of activities, including
the assembly—disassembly of microtubules, several
kinase and phosphoprotein phosphatase activities,
the phosphorylation of a number of proteins by in-
teracting with the substrates rather than with the
kinases, a brain aldolase activity, and the
adenylate cyclase activity (reviewed in [14,15]).

®
(=)
T

\
l

»

n
(o)
T

% Stimulation of Ca2*release
3
T

L{l 1 1
=

01 10
S-100ag . UM

Fig.2. Effect of increasing concentrations of S-100a, protein on
Ca’*-induced Ca?* release from R, vesicles. The release
solution contained increasing concentrations of S-100ao
protein. Results are expressed as the percent stimulation of
Ca?* release 2 min (A) and 4 min (m) after the starting of Ca?*
release. At the end of Ca2* uptake, R4 vesicles contained 45 +
5 nmol Ca®*/0.1 mg protein. Maximal SD was * 6% (n = 3).



Volume 255, number 2 .

Table 1

Ca**-induced Ca®* release from Ry vesicles in the presence of
180 xM free C2* with or without $-100a, protein

Additions Time (min)

0.5 2 4
None 0.7 £ 0.2 2.9 + 0.3 50+ 04
S-100a4 (1 xM) 1.7+ 0.5 6.2 = 0.6 10.6 + 1.2

Conditions were as described in the legend to fig.1, except that
the free Ca®* concentration in the release medium was 180 4M.
Figures represent the percent Ca®* release at the time points
indicated (n = 3 + SD). At the end of Ca** uptake (6 min) R4
vesicles contained 62 + 4 nmol Ca®* 0.1 mg™" protein

Table 2

Ca**-induced Ca®* release from Ry vesicles in the presence of
various combinations of $-100ay protein and ruthenium red

Substances Percent Ca**
release in 4 min
None 30.7 £ 2.3
S-100a0 (1 M) 589 £ 3.5
Ruthenium red (60 M) 203+ 1.6
Ruthenium red (60 M) + S-100ay (1 M) 19.8 + 1.8

Conditions were as described in the legend to fig.1. Substances
were added to the release solution to the final concentrations
indicated. At the end of Ca?* uptake (6 min) R4 vesicles
contained 47 + 6 nmol Ca®* 0.1 mg™! protein (n = 3 + SD)

Thus S-100 proteins are candidate to constitute a
multifunctional protein fraction. As anticipated,
striated muscle cells express almost exclusively the
aer-isoform (8-100ap). In these cells, the S-100a,
concentration is estimated to be 1-2 M [18], but
it is expected to be considerably higher in the prox-
imity of muscle membranes, since no S-100a, pro-
tein is found associated with the contractile
elements [18]. S-100a, protein has been recently
reported to stimulate the basal (Mg?*-activated)
adenylate cyclase activity in muscle membranes
[23]. The data presented in this report suggest that
this protein might also play a role in the regulation
of Ca?*-induced Ca?* release from SR. S-100ao
protein stimulates Ca®*-induced Ca®* release from
R4 vesicles in the presence of 1.8 uM free Ca**
plus 0.1 M KCl, i.e. under conditions where this
protein in solution would not bind Ca®* [14,15].
Thus our findings suggest that, if S-100ao protein
exerts its effects on this system because of its
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Fig.3. Effects of additions of ruthenium red or S-100a, protein
on Ca**-induced Ca®" release from Ry vesicles in the presence
of S-100ao protein or ruthenium red, respectively. (0) 1.5 min
after starting Ca’* release in the presence of 1 M S-100a,
protein (arrow 1}, ruthenium red was added to 60 4M (m). (D)
1.5 min after starting Ca®* release in the presence of 60 xM
ruthenium red (arrow 2), S-100a, protein was added to 1 zM
(e). Ruthenium red blocked the stimulatory effect of S-100a,
protein on Ca®*-induced Ca®* release, whereas S-100a, protein
did not significantly change the inhibitory effect of ruthenium
red on Ca®*-induced Ca®* release. Results are expressed as the
percent Ca®* release vs time, At the end of Ca®* uptake, R4
vesicles contained 42 + 6 nmol Ca®*/0.1 mg protein. Maximal
SD was + 7% (n = 3).

Ca**-binding properties, as is reasonable to
assume, then the conclusion can be drawn that the
Ca?*-binding affinity of S-100ae protein increases
by several orders of magnitude once it has come in-
to contact with its targets. This suggestion is sup-
ported by recent observations on interactions
between S-100 proteins and tubulin  [25],
microtubule-associated 7proteins and mellitin
[26], artificial membranes [27], and hydrophobic
matrices [18], all of which strongly indicate that
the Ca®*-binding affinities of individual S-100
isoforms depend on their conformation and in-
crease upon their binding to targets. At relatively
high free Ca®* concentrations, Ca>* release from
SR occurs at a reduced rate and to a much smaller
extent than at low free Ca’** concentrations [10].
The observation that S-100a¢ protein stimulates
Ca®*-induced Ca?" release by 100% at 180 xM free
Ca®* clearly indicates that the protein does not act
on this system by chelating free Ca®*.
Interestingly, S-100a, protein and calmodulin
appear to exert opposite effects on Ca?*-induced
Ca?* release, in spite of their belonging to the same
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superfamily of Ca®*-binding proteins of the EF-
hand type. There is evidence that calmodulin binds
to the Ca®* release channel protein [12,21,28]. We
are working at identifying the molecular target(s)
of S-100ap protein in terminal cisternae.

Acknowledgements: This work was supported by MPI funds to
G.F. and R.D., and by CNR funds to R.D.

REFERENCES

[1] Endo, M., Tanaka, M. and Ogawa, Y. (1970) Nature 228,
34-36.
[2] Ford, L.E. and Podolsky, R.J. (1970) Science 167, 58—59.
[3] Fabiato, A. and Fabiato, F. (1975) J. Physiol. 249,
469—495.
[4] Kirino, Y. and Schimizu, H. (1982) J. Biochem. 92,
1287-1296.
[5] Morii, H. and Tonomura, Y. (1983) J. Biochem. 93,
1271-1285. i
[6] Kim, D.H., Onishi, S.T. and Ikemoto, N. (1983) J. Biol.
Chem. 258, 9662-9668.
[7] Fleischer, S., Ogunbunmi, E.M., Dixon, M.C. and Fleer,
A .M. (1985) Proc. Natl. Acad. Sci. USA 82, 7256--7259.
[8] Sumbilla, C. and Inesi, G. (1987) FEBS Lett. 210, 31-36.
[9] Inui, M., Saito, A. and Fleischer, S. (1987) J. Biol. Chem.
262, 1740-1747.
[10] Meissner, G. (1984) J. Biol. Chem. 259, 23652374,
[11] Meissner, G., Darling, E. and Eveleth, J. (1986)
Biochemistry 25, 236—244.
[12] Meissner, G. (1986) Biochemistry 25, 244—-251.
[13] Plank, B., Wyskovsky, W., Hohenegger, M., Hellmann,
G. and Suko, J. (1988) Biochim. Biophys. Acta 938,
79-88.

384

FEBS LETTERS

September 1989

{14] Donato, R. (1986) Cell Calcium 7, 123-146.

{15] Van Eldik, L.J. and Zimmer, D.B. (1988) in: Calcium and
Calcium Binding Proteins (Gerday, C., Gilles, R. and
Bolis, L. eds) pp.114—127, Springer, Berlin.

[16] Kato, K. and Kimura, S. (1985) Biochim. Biophys. Acta
842, 146-150.

{171 Zimmer, D.B. and Van Eldik, L.J. (1987) Am. J. Physiol.
252, C285-C289.

{18] Donato, R., Giambanco, 1., Aisa, M.C., Di Geronimo,
G., Ceccarelli, P., Rambotti, M.G. and Spreca, A, (1989)
Cell Calcium 10, 81-92.

[19] Haimoto, H. and Kato, K. (1987) J. Neurochem. 48,
917-923.

[20] Saito, A., Seiler, S., Chu, A. and Fleischer, S. (1984) J.
Cell Biol. 99, 875-885.

[21] Seiler, 8., Weneger, A.D., Whang, D.D., Hathaway,
D.R. and Jomes, L.R. (1984) J. Biol. Chem. 259,
8550—8557.

[22] Fand, G., Belia, S, Fulle, S., Angelella, P., Panara, F.,
Marsili, V. and Pascolini, R. (1989) J. Muscle Res. Cell
Mot., in press.

[23) Fano, G., Angelella, P., Mariggid, D., Aisa, M.C.,
Giambanco, 1. and Donato, R. (1989) FEBS Lett. 248,
9-~12.

[24] Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall,
R.J. (1951) J. Biol. Chem. 193, 265-275.

{251 Donato, R. (1987) Cell Calcium 8, 283-297.

[26] Baudier, J., Mochly-Rosen, D., Newton, A., Lee, S.-H.,
Koshland, D.E., jr and Cole, R.D. (1987) Biochemistry
26, 2886—2893.

[27] Zolese, G., Tangorra, A., Curatola, G., Giambanco, I.
and Donato, R. (1988) Cell Calcium 9, 149-157.

[28] Gilchrist, J.S.C., Wang, K.K.W., Katz, S. and Belcastro,
A.N. (1989) 1st Eur. Symp. on Calcium Binding Proteins
in Normal and Transformed Cells, H6, Bruxelles
{Belgium).



