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ABSTRACT  Detergent-extracted BSC-1 monkey cells have
been used as a model system to study the Ca®* sensitivity of in vivo
polymerized microtubules under in vitro conditions. The effects
of various experimental treatments were observed by immuno-
fluorescence microscopy. Whereas microtubules are completely
stable at Ca®* concentrations below 1 uM, Ca®* at greater than
1-4 uM induces microtubule disassembly that begins in the cell
periphery and proceeds towards the cell center. At concentrations
of up to 500 uM, both the pattern and time course of disassembly
are not markedly altered, suggesting that, within this concentra-
tion range, Ca>* effects are catalytic rather than stoichiometric.
Higher (millimolar) Ca®** concentration results in rapid destruc-
tion of microtubules. Of other divalent cations, only Sr** has a
slight depolymerizing effect, whereas millimolar Ba®*, Mg**, or
Mn®* is ineffective. Disassembly induced by micromolar Ca®* is
inhibited by pharmacological agents known to bind to calmodulin
and inhibit its function, suggesting that calmodulin mediates Ca**
effects. Both the addition of exogenous brain microtubule-asso-
ciated proteins (MAPs) after lysis and the retention of endogenous
cellular MAPs normally extracted during the lysis step stabilize
microtubules against the depolymerizing effect of micromolar
Ca®*. The results indicate that, in this mofel system, microtubules
are sensitive to physiological Ca®* concentrations and that this
sensitivity may be conferred by calmodulin associated with the
microtubules. MAPs appear to have a modulating effect on mi-
crotubular Ca®* sensitivity and thus may function as a discrimi-
nating factor in cellular functions performed by calmodulin. It is
hypothesized that Ca®*-stimulated microtubule disassembly de-
pends on the relative amount of MAPs.

Several important cellular functions depend on an ordered as-
sembly and disassembly of microtubules. The factors control-
ling these processes are, however, not fully understood. Since
the discovery of conditions for the reversible polymerization of
microtubules in vitro (1) it has been suggested that the con-
centration of Ca®* might be a regulator of the assembly/di-
sassembly process. For the most part the evidence supporting
this hypothesis is circumstantial. Kiehart and Inoue (2) microin-
jected Ca®* into dividing sea urchin eggs and observed a local
and transient reduction of spindle fiber birefringence. Like-
wise, ionophore-mediated Ca®>* entry has been shown to re-
versibly affect the cytoplasmic microtubule complex of cultured
cells (3) and microtubule-containing heliozoan axopodia (4). The
concentration of Ca®* required to inhibit microtubule assembly
in vitro apparently depends on the purification protocol used.
Assembly in crude brain extracts is inhibited by near micromo-
lar Ca%* (1, 5, 6), whereas the assembly of purified protein is
sensitive to Ca®* concentrations in the millimolar range only
(7). Interestingly, the sensitivity to micromolar Ca®* of purified
microtubule protein can be restored by a factor present in crude
brain extracts (8).
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The discovery that calmodulin, a ubiquitous Ca**-binding
protein that regulates a number of Ca**-dependent functions
(for reviews, see refs. 9 and 10), influences microtubule assem-
bly in vitro in a Ca®*-dependent manner (11) has opened the
possibility that Ca®>* effects on microtubules are mediated by
this protein. Immunofluorescence microscopy with antibodies
against calmodulin further showed an association of this protein
with certain components of the mitotic spindle (12, 13), sug-
gesting an important role in Ca®>*-dependent functions during
mitosis.

Until it becomes possible experimentally to manipulate Ca®*
concentrations inside a living cell, the hypothesis that Ca®* and
calmodulin regulate microtubule assembly can be tested only
in vitro. Here we describe the use of an in vitro system that
resembles the in vivo situation. We report on the Ca®* lability
of in vivo polymerized microtubules in detergent-extracted
cells and present evidence for the involvement of calmodulin
mediating the Ca®* effect. In addition, we show that the Ca®*
lability of these microtubules is modulated by microtubule-as-
sociated proteins (MAPs). Part of the data have been presented
at the Second International Symposium on Microtubules and
Microtubule Inhibitors, Beerse, Belgium, 1980 (14).

MATERIALS AND METHODS

Cell Culture. African green monkey kidney cells (BSC-1)
were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum. Cells were seeded into 35-
mm plastic Petri dishes that contained four round glass cover-
slips. After 24-48 hr, coverslips were removed from the Petri
dishes and used for experiments.

Detergent Extraction. Cells were washed twice for 5 sec each
at room temperature with a buffer containing 60 mM 1,4-pi-
perazinediethanesulfonic acid (Pipes), 25 mM N-2-hydroxy-
ethylpiperazine-N ’-2-ethanesulfonic acid (Hepes), 10 mM eth-
ylene glycol bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic
acid (EGTA), and 1 mM MgCl, (extraction buffer; pH 6.9). Cells
were lysed in extraction buffer supplemented with 0.15% Triton
X-100 or Brij 58 for 30-120 sec. The supernatant was removed
and the extracted cells on the coverslip were washed with ex-
traction buffer before application of the Ca/EGTA buffer.

Preparation of Ca/EGTA Buffers. Ca/EGTA buffers with
free Ca®* in the range of 0.1-100 uM were made by using a
computer program prepared by John Gilkey that took into ac-
count the pH of the final solution, ionic strength, and Mg?*
concentration. The buffers were made up in 60 mM pipes/25
mM Hepes/1 mM MgCl,, pH 6.9.

Abbreviations: MAP, microtubule-associated protein; EGTA, ethylene

glycol bis(8-aminoethyl ether)-N,N,N’ ,N’-tetraacetic acid.

1 Present address: Dept. of Biochemistry, University of Washington,
Seattle, WA 98195.
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Antisera. The tubulin antiserum was a generous gift of Keigi
Fujiwara. It was prepared according to procedures described
elsewhere (15). The antiserum against a M, 210,000 assembly
MAP isolated from HeLa cells was prepared as described (16).
Procedures for the isolation of a monoclonal antibody against
MAP, have been outlined (17).

Preparation of MAPs. MAPs were separated from three-
times-cycled beef brain microtubules in a DEAE-Sepharose
column according to Vallee and Borisy (18). As judged by so-
dium dodecyl sulfate/polyacrylamide gel electrophoresis, the
MAP fraction contained the high molecular weight MAPs and
a number of low molecular weight proteins but very little tubu-
lin (<10%).

Immunofluorescence Microscopy. Cells were fixed for im-
munofluorescence microscopy with 0.3% glutaraldehyde for 10
min in the buffer used in the step immediately preceding fix-
ation. Coverslips were washed with phosphate-buffered saline
and treated with NaBH, (1 mg/ml) for 6-8 min (19). After two
additional washes with phosphate-buffered saline, cells were
incubated at 37°C for 45 min with the respective antisera,
washed thoroughly, and allowed to react for 30—45 min with
fluorescein-conjugated goat immunoglobulins specific for rab-
bit immunoglobulin. Coverslips were mounted on slides and
viewed in a Leitz Orthoplan light microscope equipped with
epifluorescence illumination.

Reagents. Trifluoperazine was obtained from Smith, Kline
& French. Pimozide was a gift of McNeil Laboratories, Fort
Washington, PA. The synthetic drug R24571 was a generous
gift of Marc de Brabander, Janssens Pharmaceutica. All other
reagents were obtained from Sigma.

RESULTS

Extraction of BSC-1 cells with Triton leaves a residue consisting
mainly of actin filaments, intermediate filaments, and micro-
tubules in a three-dimensional arrangement very similar to that
of intact cells. Extracted cells can be kept in extraction buffer
for at least 45 min without major effects on the integrity and
stability of microtubules, as judged by immunofluorescence
microscopy. Only during the lysis step are high (10 mM) con-
centrations of EGTA necessary; once extraction is completed,
cells can be transferred to a low-EGTA medium without af-
fecting microtubule stability. Stabilizing agents such as poly-
ethylene glycol or Me,SO,, proteolysis inhibitors, or nucleoside
triphosphates (ATP, GTP) are not essential.

Microtubules of Triton-extracted BSC-1 cells are Ca®* labile;
upon the addition of Ca/EGTA buffers with free Ca®* at greater
than 1-4 uM, microtubules depolymerize. This process is time
dependent and vectorial—i.e., it starts in the cell periphery and
proceeds towards the cell center (Fig. 1 a and b). It appears as
if the microtubule complex gradually “melts” towards the cell
center. By 5 min, only short microtubule segments are found
near the nucleus, often associated in a radial fashion with a
brightly fluorescent dot, probably the centrosome (Fig. 1b).
However, microtubules do not depolymerize strictly from their
distal ends, as is indicated by the presence of frequent breaks
and microtubule fragments in the cell periphery, although frag-
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Table 1. Concentrations of calmodulin inhibitors required to attain
virtually complete inhibition of microtubule depolymerization
induced by 100 uM Ca?* in lysed tissue culture cells

Inhibitor Conc., uM
R24571 5
Pimozide 20
Trifluoperazine 50
Chlorpromazine 200

ments do disappear first before more central portions of a mi-
crotubule are affected.

Within the range of 5-500 uM Ca®*, the pattern and time
course of microtubule disassembly appears to be independent
of the Ca?* concentration, suggesting that within this concen-
tration range Ca®* effects are catalytic rather than stoichio-
metric. Only at 1 mM Ca®* or above is microtubule breakdown
accelerated and more irregular; after 1 min, only a few short
fragments without any apparent connection to the centrosome
are present (Fig. 1c). Microtubules are essentially stable at Ca®*
concentrations below 1 uM (Fig. 1d).

The depolymerizing effect is highly specific for Ca®>*. Of
other divalent cations tested, only Sr®* at 0.5 mM induces mi-
crotubule disassembly; Mg®* at 10 mM or Ba®** and Mn?* at
1 mM are ineffective. The inclusion of a near-physiological con-
centration of KCI (100 mM) in the lysis medium and the Ca/
EGTA buffer does not alter microtubule stability or Ca?*
sensitivity.

The pattern of microtubule breakdown induced by other
agents such as cold or Colcemid treatment (10 uM) differs mark-
edly from that induced by Ca?*. As already noted by others (20),
microtubule depolymerization does not occur with the degree
of synchrony observed with the use of Ca®*. Rather, relatively
long microtubules are observed throughout the cytoplasm,
some of which may still reach the cell periphery (Fig. le).

Calmodulin Inhibitors. To test whether a calmodulin-like
molecule confers Ca®* sensitivity to microtubules in lysed cells,
four different pharmacological agents known to interfere with
calmodulin-mediated processes were tested for their effect on
Ca®*-induced disassembly. All agents used inhibited disassem-
bly, although the concentration required to attain virtually com-
plete inhibition varied (Table 1). The order of potency of the
drugs in inhibiting microtubule depolymerization conforms
with their relative effectiveness in other assay systems (21). All
agents block microtubule disassembly induced by Ca®* con-
centrations between 5 and 100 uM but show little or no effect
at Ca®* concentrations equal to or greater than 1 mM.

Effect of MAPs. As a possible factor involved in the control
of Ca®* sensitivity of microtubules, the role of MAPs has been
investigated. By using an antibody directed against a M,
210,000 assembly MAP isolated from HeLa cells that is specific
for primate cells (22), it has been shown that cell lysis induced
by Triton largely removes this high molecular weight MAP from
microtubules (see also ref. 23). It is possible, therefore, that
microtubules in lysed BSC-1 cells have little high molecular
weight MAPs associated with them. MAP influence on Ca2*

FIG. 1 (on preceding page). Monolayer cultures of BSC-1 cells stained for immunofluorescence microscopy with antibodies against tubulin (a—e,
g-i) or MAP, (/). (x530.) Cells in a—g were extracted with Triton X-100. (a) Treatment with 10 uM Ca®* for 1 min. Microtubule depolymerization
starts in the cell periphery. (b) Treatment with 10 uM CaZ* for 5 min. (c) Cell treated with 5 mM Ca>* for 5 min. (d) Microtubules are unaffected
by treatment with 0.5 uM Ca2* for 10 min. (e) Cell kept at 0°C for 30 min. (f) Cell treated with a MAP fraction isolated from beef brain microtubules
by DEAE-Sepharose chromatography, final concentration 0.2 mg/ml. Inmunofluorescence microscopy with a monoclonal antibody against MAP,
demonstrates association of this MAP with cellular microtubules. (g) Cell treated with MAPs at 0.2 mg/ml and then exposed to 100 uM Ca®* for
5 min. Microtubules are unaffected. (k) Cell extracted with 0.15% Brij 58 for 2 min and then treated with 100 uM CaZ* for 5 min. Microtubules are
unaffected. (i) Cell extracted with 0.15% Brij 58 for 2 min, followed by extraction with 0.15% Triton X-100 for 1 min and treatment with 100 uM

Ca?* for 5 min. Microtubules depolymerize.
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sensitivity of microtubules has been tested in two different
ways: (i) readdition of exogenous MAPs to microtubules of lysed
cells, and (ii) retention of preexisting endogenous MAPs during
the lysis process.

In the first approach, MAPs isolated from brain microtubules
were added to the cytoskeletons at final concentrations of
0.1-0.2 mg/ml after Triton extraction. By using a monoclonal
antibody directed against MAP,, it was shown that at least MAP,
did associate with BSC-1 cell microtubules (Fig. 1f). Free Ca®*
at a concentration of up to 500 uM had little or no effect on the
integrity of these microtubules (Fig. 1g). Only Ca®* at greater
than 1 mM was capable of inducing depolymerization of MAP-
decorated microtubules.

In the second approach, two conditions were discovered that
help to retain preexisting cellular MAPs on microtubules of
lysed cells. One is provided by the use of 4% (wt/vol) polyeth-
ylene glycol (M, 20,000) in the lysis medium and the Ca/EGTA
buffer. Microtubules of cells treated in this way will stain with
antibodies against the M, 210,000 HeLa MAP, and depolymer-
ization induced by 10 or 100 uM Ca®* is substantially slowed
down or completely prevented. That in fact the retention of
MAPs and not an unspecific protein stabilizing effect is the
mechanism of polyethylene glycol action is suggested by ex-
periments in which polyethylene glycol has been added to cy-
toskeletons after lysis and, hence, after removal of preexisting
cellular MAPs. In that case, uM Ca2* will induce microtubule
disassembly. The second condition involves the use of Brij 58
instead of Triton X-100 as detergent without any change in the
composition of the lysis buffer or the extraction protocol. Like
Triton, this detergent removes the plasmalemma, but the or-
ganization of the cytoplasm remains largely unchanged when
compared to whole intact cells (24). Also under these conditions
the M, 210,000 MAP is retained, and microtubules are stable
in the presence of up to 100 uM Ca®* (Fig. 1h). In cells first
extracted with Brij 58 and subsequently treated with Triton X-
100, micromolar Ca®* will induce microtubule depolymeriza-
tion (Fig. 1i), indicating that the treatment with Brij 58 did not
remove or inactivate the Ca>*-sensitizing factor.

DISCUSSION

The results demonstrate that microtubules of extracted tissue
culture cells are depolymerized by uM Ca®*. The value of this
model system resides in its close resemblance to the situation
in vivo while allowing controlled experimentation in vitro. Lysis
procedures have been chosen that allow stabilization of cyto-
plasmic microtubules during cell lysis and yet maintain Ca®*
lability. Ca/EGTA buffers were used to test for the Ca®* lability
of microtubules in this model sytem. Microtubules are com-
pletely stable at concentrations of free Ca®* below 1 uM and
are depolymerized at Ca®* concentrations in the micromolar
range. These values are in good agreement with a possible reg-
ulatory role of this ion in microtubule assembly. Cells normally
maintain free Ca®* in the cytoplasm at a level below 1 uM (25).
The increase of Ca®* to 1-10 uM by local and transient release
from intracellular stores is believed to be the mechanism that
activates many Ca2*-dependent functions in a variety of cells
(26, 27). With respect to microtubule regulation, fluctuations
in cytoplasmic Ca®" in the physiological range could either pre-
vent or allow for microtubule assembly, thus regulating the state
of the microtubule system in the cell.

Many Ca®*-dependent processes require the presence of a
Ca?*-sensitizing factor such as calmodulin (9, 10). The involve-
ment of calmodulin in conferring Ca®* sensitivity in the uM
range to microtubules in our model system is suggested by the
action of pharmacological agents known to bind to calmodulin
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and inhibit its function. Possibly, calmodulin is associated with
microtubules tightly enough to survive the lysis procedure
used. Without this factor, millimolar Ca2* is required to de-
polymerize microtubules. It is conceivable that the mechanism
of depolymerization induced by millimolar Ca®* is different
from that mediated by calmodulin, because microtubules sta-
bilized against micromolar Ca®* by a calmodulin inhibitor are
depolymerized by millimolar Ca®*. In the latter case, Ca®* may
directly interact with the tubulin molecule at its Ca®*-binding
sites (28).

The mechanism of Ca®*-induced calmodulin-mediated mi-
crotubule disassembly is not understood. In vitro, millimolar
Ca?* induces disassembly of microtubules from both ends (29).
The more or less orderly centripetal disassembly of microtu-
bules in extracted cells as described here is consistent with a
process that occurs preferentially at the distal end. In the initial
stages of Ca®*-induced depolymerization, more proximal por-
tions of the microtubules are apparently unavailable. There are
major differences between the pattern and time course of mi-
crotubule depolymerization induced by Ca®* or cold treatment,
suggesting fundamental differences in the mechanisms involved.

The current data further provide evidence for a modulating
effect of MAPs on the Ca®* sensitivity of microtubules. This
role can probably be ascribed to the high molecular weight
MAPs and not the 7 proteins, because microtubules of Triton-
extracted cells are largely free of the former but may still contain
the latter (23, 30). Both the addition of exogenous MAPs and
the retention of endogenous MAPs render microtubules stable
against the depolymerizing influence of up to 100 uM Ca®*.
This effect does not seem to involve unspecific stabilization of
microtubules or removal of Ca®*-sensitizing factors inadvert-
ently caused by the procedures employed in these experiments.

Although Ca?* sensitivity of microtubules in the micromolar
range has been demonstrated, this sensitivity seems to be ex-
pressed only in the absence of specific MAPs; in the presence
of a normal complement of endogenous cellular MAPs or ex-
ogenous brain MAPs, sensitivity to micromolar Ca®* is de-
creased. If calmodulin confers Ca®>* sensitivity on microtu-
bules, and the evidence presented here and in studies in vitro
(11) supports this hypothesis, then the amount of MAPs asso-
ciated with the microtubules may be a modulating factor in this
regulatory scheme. Calmodulin is known to regulate a wide
variety of Ca®*-dependent processes, posing the question of
how discrimination in space and time is achieved. With respect
to the regulation of microtubule assembly, MAPs could be a
“discriminating factor.” In other words, whether a given state
of calmodulin activation will result in microtubule disassembly
is dependent on the presence or absence of MAPs. This concept
is supported by the observation that Ca®*-induced depolymer-
ization of microtubules in heliozoan axopodia is preceded by
the removal of intermicrotubule links, which probably are a
special class of MAPs (31). However, this hypothesis will remain
speculative until more is known about the regulation of MAP
binding and function.
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