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S-100 protein inhibits the assembly of brain microtubule proteins in vitro in the presence of 10 xM free

Ca®*. The S-100 effect is generaily greater on the rate than on the extent of assembly, and even greater

as the microtubule protein concentration decreases and the time of preincubation between S-100 and

microtubule proteins before GTP addition increases, at a given S-100/tubulin dimer molar ratio. The 5-100

effect is greatly enhanced in the presence of physiological concentrations of K* and is completely reversed
by EGTA.

S-100 protein Microtubule protein

1. INTRODUCTION

S-100 [1] is an acidic Ca®*-binding protein [2,3],
present in large amounts in the nervous tissue and
detectable in significant amounts in well-defined
cell types of non-nervous organs [4—9]. S-100 has
also been found to be associated with axonemes of
the cilia of ependymal cells in the mammalian
brain [10], of the epidermal cells of a planarian
[11] and of the marine protozoan Euplotes crassus
(D. Cocchia, S. Ruffioni, F. Michetti and R.D., in
preparation), but is absent from the tracheal cilia
[11} in accordance with its non-ubiquitous
distribution. These observations, together with the
finding that S-100 has a high sequence homology
with calmodulin and other Ca**-binding proteins
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[12,13], prompted a study of the in vitro effects of
S-100 on assembly and disassembly of brain
microtubule (MT) proteins. The results indicate
that S-100 inhibits the assembly of MT proteins in
a dose-dependent way in the presence of 10 xM
free Ca®*, the effect being greatly enhanced in the
presence of 0.12 M K™, and greatly potentiates the
disassembling effect of 0.1-1 mM Ca®*. All the
S-100 effects are completely reversed by EGTA.

2. MATERIALS AND METHODS

2.1, Purification of S-100 protein

S-100 was purified from ox brain as in [1] with
the modifications in [14]. It was ~100% pure by
SDS—-PAGE and densitometric scanning of the
relative gel (not shown). The M, of S-100 was
assumed to be 21000 [15].

2.2. Purification of MT proteins and assay of MT
protein assembly

MT proteins were obtained from adult Wistar

rat brains by 3 cycles of polymerization—depoly-

merization [16]. SDS—PAGE of the MT protein

preparation showed that tubulin was 80—85% pure,

as judged by densitometric scanning of the relative
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gel (not shown). Twice-cycled MT proteins were
stored at —80°C in 0.1 M MES (Fluka, Buchs)
(pH 6.7), 1 mM EGTA, 1 mM MgCl;, 1 mM GTP
(Boehringer, Mannheim) and 4 M glycerol. On the
day of experiments, the solution was subjected to
the third cycle of polymerization—depolymeriz-
ation. The M, of the tubulin dimer was assumed to
be 110000. Assembly of MT proteins was initiated
by adding GTP to a final concentration of 1 mM
at 37°C. Assembly was continuously monitored
spectrophotometrically with a Beckman 35 spec-
trophotometer at 37°C as the increase in Ajso.
Details of experiments are given in the figure
legends.

2.3. Other procedures

The free Ca** concentration in the presence of
EGTA was calculated on the basis of a binding
constant of 4.7 x 10° M~! [17). No attempt was
made to measure the free Ca?* concentration in the
presence of S-100 and/or GTP. Protein was
measured as in [18].

3. RESULTS AND DISCUSSION

In the presence of 10 M free Ca%* and absence
of K*, preincubation of 10 xM S-100 with 10.6 4M
tubulin dimer for S min at 37°C before GTP addi-
tion results in a significant inhibition of the subse-
quent assembly of MT proteins as compared to the
control situation (fig.1A). Decreasing the tubulin
dimer concentration to 5.3 xM results in an
enhanced inhibitory effect of S-100, consisting in a
significant increase in the lag time between the ad-
dition of GTP and the onset of the turbidity in-
crease, and in a decrease in the rate and the extent
of assembly (fig.1B).

Including 0.12 M K* in the buffer medium con-
taining 10 M free Ca®* results in a greater in-
hibitory effect of S-100 on MT protein assembly,
at a given S-100/tubulin dimer molar ratio, as
compared to tests conducted in the absence of K*
(fig.2). With 0 min preincubation between S-100
and MT proteins, at a molar ratio of 0.19, S-100
inhibits the assembly by 25 and 13.5%, 2.5 and
10 min after the starting of the reaction, respec-
tively, these values raising to 65 and 48% at a
molar ratio of 0.76, and to 90 and 75% at a molar
ratio of 2.28 (fig.2A). The effect is greater on the
rate than on the extent of assembly. Adding EGTA
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Fig.1. Effect of S-100 on assembly of MT proteins in the
absence of K*: (A) MT proteins corresponding to
10.6 #M tubulin dimer were incubated at 37°C in 0.1 M
MES (pH 6.7), | mM EGTA, 1 mM Mg>*, 10 xM free
Ca?* for 5 min in the absence and in the presence of
S-100. At zero time GTP was added; (B) The test was
repeated using 5.3 xM tubulin dimer. Figures refer to the
S-100/tubulin dimer molar ratio in single tests.

at the turbidity plateau results in the complete
reversal of the S-100 effect (fig.2A), indicating that
the protein exerts its effect by potentiating Ca®*.
Increasing the time of preincubation of MT pro-
teins at 37°C from 0—5 min before GTP addition
results in a slight decrease in both the rate and the
extent of assembly (fig.2B) as in [19]. However, in-
cluding S-100 in the incubation mixture results in
a further decrease in both the rate and the extent
of assembly, which is proportional to the S-100
concentration and greater than that registered with
O min of preincubation (fig.2B). Thus, at a
S-100/tubulin dimer molar ratio of 0.19, the
assembly is 49.5 and 24.5% reduced 2.5 and
10 min after GTP addition, respectively, these
values increasing to 100 and 69% at a molar ratio
of 0.76. Again, the addition of EGTA at the tur-
bidity plateau completely reverses the S-100 effect
(not shown). The addition of Ca’* + S-100 at the
turbidity plateau results in a decrease in Asso,
which is even greater as the concentration of S-100
in the mixture increases (fig.2B). On the contrary,
adding S-100 to MT proteins assembled in the
presence of 10 4M free Ca®* produces only a
slight, if any, decrease in A3s¢ (not shown).
Under any of the above conditions, bovine
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Fig.2. Effect of S-100 on assembly and disassembly of
MT proteins in the presence of K*. (A) MT proteins
corresponding to 18 M tubulin dimer were assembled at
37°C in 20 mM MES (pH 6.7), 1 mM EGTA, 1 mM
Mg>*, 0.12 M K*, 10 M free Ca2*, 1 mM GTP in the
absence and in the presence of increasing S-100
concentrations (no previous preincubation between MT
proteins and S-100). After 10 min of reaction EGTA
(4 mM final concentration, arrow) was added. Figures
refer to the S-100/tubulin dimer molar ratio in single
tests. (B) MT proteins corresponding to 18 #M tubulin
dimer were preincubated at 37°C in the above buffer
without GTP for 5 min in the absence and in the
presence of S-100. At zero time GTP was added, and the
reaction followed for 15 min at 37°C. Figures refer to
the S-100/tubulin dimer molar ratio in single tests.
Then, Ca?* (0.1 mM final concentration, arrow 1),
S-100 (6 «M final concentration, arrow 2) and Ca®*
(1 mM final concentration, arrow 3) were added in this
order. MT proteins assembled in the presence of the
lowest S-100 concentration tested received 3 xM S-100
after 0.1 mM Ca®*, and MT proteins assembled in the
presence of the highest S-100 concentration tested
received no further S-100 after 0.1 mM Ca®*.

serum albumin and ovalbumin were without effect
on both the assembly and disassembly of MT pro-
teins (not shown).

Calmodulin was the first acidic Ca®*-binding
protein shown to affect MT protein assembly in
vitro [20,21]. The S-100 effect seems to be com-
parable to that of calmodulin. In the presence of
10 M free Ca®* and 0.12 M K* (which is the salt
normally bathing both S-100 and MT proteins),
after 10 min reaction S-100 inhibits the MT protein
assembly by 33% at a S-100/tubulin dimer molar
ratio of 0.38, by 48% at a molar ratio of 0.76, and
by 75% at a molar ratio of 2.28 (fig.2A), while
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calmodulin inhibits it by 20% at a molar ratio of
0.37, by 35% at a molar ratio of 1.13, and by 75%
at a molar ratio of 2.25 [22]. The inhibitory effect
of S-100 is even greater as the MT protein concen-
tration decreases at a fixed preincubation time and
the time of preincubation before GTP addition in-
creases. This suggests that S-100 interacts in a
time-dependent way with one MT protein thereby
reducing the ability of tubulin to assemble into
supramolecular structures. SDS—PAGE of both
the pellet and the supernatant obtained by cen-
trifugation of MT proteins assembled in the
absence and in the presence of various S-100 con-
centrations after 5—15 min preincubation reveals
that the MT protein pattern is qualitatively un-
changed under any of the above conditions and
identical to that obtained with freshly prepared
MT proteins, differences concerning exclusively
the amount of pelleted material (not shown). This
indicates that the increased S-100 effect after
preincubation of S-100 with MT proteins in the
absence of GTP is not due to changes in the com-
position of MT proteins because of the preincuba-
tion, and is unrelated to the cause(s) responsible
for the decrease in the rate and extent of MT pro-
tein assembly due to preincubation before GTP ad-
dition [19].

Baudier et al. have reported that S-100 poten-
tiates the disassembling effect of mM amounts of
Ca?* [23]. Our data show that under physiologic
ionic conditions (fig.2) S-100 may have a role in
the control of assembly rather than disassembly of
MT proteins. The finding that the S-100 effect is
enhanced in the presence of K* is of interest, as the
affinity of S-100 for Ca?* decreases in the presence
of 0.1 M K* [3]. As also calmodulin is more active
on MT protein assembly in the presence than in the
absence of K* [21], a possible explanation for that
finding may be that K* renders MT proteins more
sensitive to acidic Ca®*-binding proteins.

It remains to be elucidated whether the a or the
b isomer of S-100 [15], or both, is (are) involved in
the effect on MT protein assembly, and whether
S-100 is also effective in vivo, particularly in cells
containing both S-100 and calmodulin. Current
data indicate that S-100:

(1) Affects nucleation to a greater extent than
elongation of microtubules in vitro;

(2) Inhibits the assembly of phosphocellulose
(PC)-purified tubulin; and
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(3) Interacts in vitro with PC-tubulin rather than
with microtubule-associated proteins (in
preparation).

ACKNOWLEDGEMENTS

The author wishes to thank Professor N. Miani
(Dept. Anatomy, Universita Cattolica, Rome) for
reading the manuscript, and Mr B. Prestagiovanni
for electrophoretic analyses.

REFERENCES

[1] Moore, B.W. (1965) Biochem. Biophys. Res. Com-
mun. 19, 739-744.

[2) Calissano, P., Moore, B.W. and Friesen, A. (1969)
Biochemistry 8, 4318—4326.

[3] Calissano, P., Alema, S. and Fasella, P. (1974)
Biochemistry 13, 4553-4560.

[4] Meller, M., Ingild, A. and Bock, E. (1978) Brain
Res. 140, 1-13.

[5] Cocchia, D. and Miani, N. (1980) J. Neurocytol. 9,
771-782.

[6] Nakajima, T., Yamaguchi, H. and Takahashi, K.
(1980) Brain Res. 191, 523-531.

[7] Cocchia, D. and Michetti, F. (1981) Cell Tissue
Res. 215, 103-112.

FEBS LETTERS

October 1983

(8] Cocchia, D., Michetti, F. and Donato, R. (1981)
Nature 294, 85-87.

[9] Stefansson, K., Wollmann, R.L., Moore, B.W.
and Arnason, B.G.W. (1982) Nature 295, 63—64.

[10] Cocchia, D. (1981) Cell Tissue Res. 214, 439—447,

[11] Michetti, F. and Cocchia, D. (1982) Cell Tissue
Res. 223, 575-582.

[12] Isobe, T. and Okuyama, T. (1978) Eur. J. Bio-
chem. 89, 379-388.

[13] Isobe, T. and Okuyama, T. (1981) Eur. J. Bio-
chem. 116, 79—-86.

[14] Donato, R. (1978) J. Neurochem. 30, 1105-1111.

[15] Isobe, T., Nakajima, T. and Okuyama, T. (1977)
Biochim. Biophys. Acta 494, 222-232,

[16] Shelanski, M.L., Gaskin, F. and Cantor, C.R.
(1973) Proc. Natl. Acad. Sci. USA 70, 765-768.

[17] Ogawa, Y. (1968) J. Biochem. 64, 255-257.

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

[19] Dhalla, S.S., Sharma, R.K. and Wang, J.H. (1981)
FEBS Lett. 134, 257—-260.

[20] Marcum, J.M., Dedman, J.R., Brinkley, B.R. and
Means, A.R. (1979) Proc. Natl. Acad. Sci. USA 75,
3771-3775.

[21] Nishida, E., Kumagai, H., Ohtsuki, I. and Sakai,
H. (1979) J. Biochem. 85, 1257—1266.

[22] Kakiuchi, S. and Sobue, K. (1981) FEBS Lett. 132,
141-143.

[23] Baudier, J., Briving, C., Deinum, J., Haglid, K.,
Sorskog, L. and Wallin, M. (1982) FEBS Lett. 147,
165—-167.

313



