First publ. in: Journal of Cell Biology 105 (1987), pp. 181-189

Exocytosis Induction in Paramecium tetraurelia Cells by Exogenous
Phosphoprotein Phosphatase In Vivo and In Vitro: Possible
Involvement of Calcineurin in Exocytotic Membrane Fusion
M a s s o u d Momayezi,* Christine J. L u m p e r t , * H e l m u t Kersken,* Ute Gras,* H e l m u t Plattner,*
M a r i e H. Krinks,~ a n d C l a u d e B. Klee~
*Faculty of Biology, University of Konstanz, D-7750Konstanz, Federal Republic of Germany; and
Laboratory of Biochemistry, National Cancer Institute, National Institutes of Health, Bethesda, Maryland 20892

p

ROtEIN phosphorylation is one mechanism thought to
be involved in the regulation of membrane fusion during exocytosis (12, 13, 45, 54, 56, 59, 63). Partial proteolysis is another one (27, 36, 44). Furthermore, some
fusion-relevant proteins may bind to secretory organelles (1,
7, 8). Yet so far no particular fusion regulation protein has
been identified in eukaryotic cells.
Most work with secretory cells shows that a variety of cellular proteins become phosphorylated in response to a trigger agent (6-8, 12, 54, 56, 63). Some of them are represented
by receptors (24) or ion channels (14) in the cell membrane,
others are located inside the cell (ribosomal [15], microtubular [58], or other cytoskeletal components [45]), and,
thus, cannot account for fusion regulation. A third group is
cytosolic and becomes attached to secretory vesicles in response to an increased intracellular free calcium concentration (7, 8).

vitro with isolated cortices. In vitro exocytosis triggered by adding Ca2÷-CaM-CaN or alkaline phosphatase is paralleled by dephosphorylation of the 65-kD
PP. Exocytosis can also be inhibited in cortices by
anti-CaM Ab or anti-CaN Ab.
In wild-type cells, compounds that inhibit phosphatase activity, but none that inhibit kinases or proteases,
are able to inhibit exocytosis. Exocytosis cannot be induced by phosphatase injection in a membrane-fusiondeficient mutant strain (nd9-28°C) characterized by a
defective organization of exocytosis sites (Beisson, J.,
M. Lefort-Tran, M. Pouphile, M. Rossignol, and B.
Satir, 1976, J. Cell Biol., 69:126-143). We conclude
that exocytotic membrane fusion requires an adequate
assembly of molecular components to allow for the
dephosphorylation of a 65-kD PP and that this step is
crucial for the induction of exocytotic membrane fusion in Paramecium cells. In vivo this probably
involves a Ca2+-CaM-stimulated CaN-like PP phosphatase.

Occasionally, the dephosphorylation of certain phosphoproteins (PP)~ has also been observed in response to exocytosis triggering (2, 10, 11, 59). This holds particularly true
for our system, the Paramecium cell, a ciliated protozoon,
in which only one 65-kD large PP is dephosphorylated in response to different secretory stimuli (18, 69). Dephosphorylation is very rapid (x<l s, i.e., within the time of actual exocytosis performance) and is rapidly (10-30 s) reversed (69).
Therefore, it is difficult to decide under conditions of nonsynchronous exocytosis (as in most other systems) whether
phosphorylation or dephosphorylation would be the primary
phenomenon. Nevertheless, the dephosphorylation of the
65-kD PP has also not yet been unequivocally proved to "ignite" exocytotic membrane fusion in Paramecium cells.
1. Abbreviations used in this paper: Ab, antibodies; AED, aminoethyldextran; CaM, calmodulin; CaN, calcineurin; CaN A and CaN B, calcineurin
subunits A and B; PP, phosphoprotein.
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Abstract. Since it had been previously shown that in
Paramecium cells exocytosis involves the dephosphorylation of a 65-kD phosphoprotein (PP), we tried to
induce exocytotic membrane fusion by exogenous
phosphatases (alkaline phosphatase or calcineurin
[CAN]). The occurrence of calmodulin (CAM) at
preformed exocytosis sites (Momayezi, M., H. Kersken, U. Gras, J. Vilmart-Seuwen, and H. Plattner,
1986, J. Histochem. Cytochem., 34:1621-1638) and the
current finding of the presence of the 65-kD PP and of
a CaN-like protein in cell surface fragments ("cortices") isolated from Paramecium cells led us to also
test the effect of antibodies (Ab) against CaM or CaN
on exocytosis performance.
Microinjected anti-CaN Ab strongly inhibit exocytosis. (Negative results with microinjected anti-CaM Ab
can easily be explained by the abundance of CAM.)
Alternatively, microinjection of a Ca2+-CaM-CaN complex triggers exocytosis. The same occurs with alkaline
phosphatase. All these effects can also be mimicked in

Table I. Effects of Different Antibodies, Phosphatase Inhibitors, and Protease Inhibitors
on Exocytosis Performance In Vivo and In Vitro*
Experiments

IDso

In vitro
Anti-CaN Ab
Anti-CaM Ab
Preimmune serum
Protease inhibitor cocktail

1:80 (dilution) = 0.10 mg/ml
1:350 (dilution) = 0.035 mg/ml
No effect
No effect

In vivo
Heparin
Poly-L-glutamate
Poly-L-aspartate
Protease inhibitor cocktail (microinjected)
AED (exogenous)

ID ~

53 ~tg/mi + 7%
15 ~tg/rnl + 4%
4 ~tg/rnl 5: 5%

160 ~tg/ml -t- 0
35 I~g/ml 5 : 0
16 Ixg/ml 5 : 0

No effect

* For in vitro tests the trigger procedure and its evaluation was as indicated in Fig. 5. In vivo tests were made with exogenous AED added (see Materials and
Methods). IDso and ID~o0values were derived from the curves obtained with graded concentrations of inhibitors or Ab.

Materials and Methods
Cell Materials
Paramecium tetraurelia cells, strains K401, 7S (wild type), and nd9-28°C,
a mutation isolated by J. Beisson (Centre National de Recherche Scientifique, Gif-sur-Yvette, France) that is unable to secrete its numerous trichocysts attached to the cell membrane (3) were cultivated as before (52).
Aminoethyldextran (AED) was prepared and used to induce massive trichocyst exocytosis as in references 50 and 52.

Microinjections
Cells were microinjected as in reference 29. The injection volume was estimated to be '~10% of the cell volume. Injected compounds, dissolved in
10 mM Tris-HCl buffer, pH 7.4 (29), were: alkaline phosphatasc (type
567744 with a pH optimum at 7.6; Boehringer, Mannheim, Federal Republic of Germany; cf. reference 62), CaM isolated from P. tetraurelia
(provided by Dr. J. Schultz, Tiibingen; cf. references 31 and 66), CaN from
bovine brain (30, 38), CaCl2, anti-CaM Ab produced in rabbits against
performic acid-treated CaM from P. tetraurelia (43), and anti-CaN Ab. All
Ab were affinity-purified IgG.
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The amount of microinjected proteins was generally 100 I.tg/ml (final concentration in the cell), except for CaM (80 I~g/mi). Ca 2+ was injected to
give a calculated final concentration of 10-5 M. Some injections were also
made with a cocktail of protease inhibitors added (6 ~tg/ml phenylmethylsulfonyl fluoride, freshly dissolved; 13 I.tg/ml p-tosyl-L-arginin-methyl-ester;
5 ~tg/ml leupeptin; and 0.313 mg/mi aprotinin, all from Sigma Chemical
Co., St. Louis, MO; cf. reference 21). After antibody-injection exocytosis
was triggered by adding 0.005 % wt/vol AED to the outside medium. In
microinjection experiments, all cells reacted quite uniformly; the number
of trichocysts released was counted under the microscope. The number of
injected cells was at least 10 per experiment and three sets of experiments
were made in each case. For controls we also injected injection buffer, 10-2
M Ca 2+ or CaM alone. In no case could we achieve the release of more
than 10-20 trichocysts under any of these control conditions.

Inhibitor Experiments with Cells
Cells were also exposed to inhibitors of phosphatase activity, like heparin
(porcine intestinal mucosa, 176 USP/mg; Sigma Chemical Co., see reference 17). We also tested polyglutamate (GLU~=70) and polyaspartate
(ASP,=~0), both from Sigma, and we found them to be potent inhibitors of
AED-induced exocytosis (see Table I). In addition we explored any possible
effects of the protein kinase inhibitors diazepam (13) from Serva (Heidelberg, Federal Republic of Germany) and alloxan (directed against Ca 2+CaM-dependent protein kinase [46]), as well as of the metalloprotease
inhibitor phenanthroline (44) from Janssen Pharmaceutica (Beerse, Belgium). They were applied in concentrations up to 10 times above those indicated in the literature, combined with subsequent AED triggering.

Isolation of Cell Cortex Preparations
Cortices, consisting of the cell surface membrane complex (cell membrane
with alveolar sacs) with trichocysts still attached were prepared essentially
as previously described (29, 43, 65). We could also unequivocally ascertain
by electron microscopy that the triggering of exocytosis in vitro involves
genuine membrane fusion and that membrane retrieval is not involved (65).
In the present study cortices were produced in two modifications. For testing
inhibitors of exocytosis they were preferentially kept in 0.5 mM MgCI2
(formula a), whereas for testing stimulative agents, 5 mM MgCI2 was preferentially used (formula b). Both were used in the presence of 10-5 M free
Ca 2+ (determined with a radiometer type 2112 Ca2+-selective electrode),
dissolved in 5 mM Tris-maleate buffer, pH 7.0. Formula a or b allowed for
a maximal response either under inhibitory or under stimulative conditions,
respectively, and these data were normalized as 100% reference values to
which the effect of stimulative or inhibitory agents were referred. 30 cortices were evaluated in three independent sets of experiments. Trichocysts
released were counted in a phase-contrast microscope. Some experiments
with cortices were run with exogenous CaM and/or CaN added, and occasionally with a cocktail of protease inhibitors (see above). For controls we
applied preimmune sera or unspecific IgG (against ovalbumin). Pilot experiments were also performed with various proteases, and with phospholipase
C (see Discussion).
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Our present approach seems to promise some more conclusive evidence along these lines. We have tried to induce
exocytosis by the application of exogenous phosphatases, either by microinjection or by the use of cell surface complexes ("cortices") that we had recently established as an in
vitro model system (65). Our previous demonstration of
calmodulin (CAM) binding to the preformed exocytosis sites
in Paramecium (43) has led us to use calcineurin (CAN) as
a Ca2+-CaM-dependent PP phosphatase with broad substrate specificity (30, 38, 47--49). We have also shown the
presence of a CaN-like protein in our system. Another important tool has been the application of antibodies (Ab) to intact cells (microinjection) or to cortex preparations. Since
the 65-kD PP can be shown to be dephosphorylated under
these conditions, we conclude that a Ca2+-CaM-CaN-medi ated 65-kD PP dephosphorylation step might initiate membrane fusion during exocytosis. A CaN-like protein was also
identified in the exocrine pancreas on the basis of functional
aspects, although its molecular mass is quite different from
that of CaN (9). CaN-like proteins have also recently been
detected in sea urchin eggs (26). The data presented here are
the first conclusive demonstration of the relevance of CaN
or CaN-like proteins for exocytosis regulation.

cell cortex as fine rods (e.g., at the arrow). Bars, 10 rtm.

Protein Dephosphorylation In Vitro
Cortices were prepared from 32p-prelabeled cells (69) and exposed to alkaline phosphatase (50 rtg/ml) or to a Ca2+-CaM-CaN (27 or 130 Ixg/ml,
respectively) complex to trigger exocytosis in vitro (see above). The occurrence of a dephosphorylation of the 65-kD PP yeas analyzed with methods
that have been described before (69). For controls, cortices were kept in the
isolation medium, in Ca 2+ (10-5 M), or in CaM (27 Ixg/ml) + Ca 2+.

R/A
The competitive RIA was performed according to reference 22. CaM or
CaN were bound to polystyrene tubes; increasing amounts of cell homogehates were added, followed by the respective Ab. After washing, ~25I-protein A (New England Nuclear, Braunschweig, Federal Republic of Germany) was added.

Identification of CaN-like Protein(s)
Paramecium, whole cells, or isolated cortices were suspended in 50 mM
Tris-HCl buffer, pH 8, containing 6 M urea, 0.5 M dithiothreitol, and 1%
SDS, to a final concentration of 1.6 mg protein/ml. The suspension was
boiled for 3 min and aliquots of solubilized proteins subjected to SDS-PAGE
in 5-10% gradients of acrylamide. Polypeptides were then transferred to
0.1-~tm nitrocellulose filters. CaN-like protein(s) was identified by three
different methods. (a) Western blots were performed according to the
method of Towbin et al. (64) using rabbit anti-(bovine brain) CaN IgG or
control rabbit lgG (20 I~g/ml) and ~25I-proteinA as a detector for the immune complexes. (b) 12~I-CaM binding to CaN subunit A (CaN A) was
measured by the overlay method (30) adapted to proteins transferred to
nitrocellulose filters (Hubbard, M., and C. B. Klee, manuscript submitted
for publication). After transfer, the filters were quenched with 1% wt/vol
13-1actoglobulin in buffer C for 30 rain at 40°C, incubated for 4 h at room
temperature with 100 nM J2Sl-CaM in the presence of 0.1% 13-1actoglobu-
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lin, washed four times for 2.5 win with buffer C and autoradiographed.
(c) For 45Ca binding to CaN subunit B (CaN B) after transfer to the same
nitrocellulose filters the method of Maruyama et al. (39) was used with the
following modifications. The proteins were transferred at 200 mA for 18 h
and the nitrocellulose filters were washed four times, for 15 rain each, with
the wash buffer described in reference 39. After exposure to 4~Ca the filters
were rinsed twice for 2 min in 100 ml 50% vol/vol ethanol water instead
of once with water and once with 50% ethanol.
For these tests bovine testis CaM was iodinated to a specific activity of
70 ~tCi/nmol (1.8 mol iodine/tool) as described by Klee et ai. (30). 45Ca
(specific activity, 21.9 mCi/mg) was obtained from New England Nuclear.
Polyclonal antibodies against the two subunits of CaN were raised in New
Zealand rabbits using 0,3 nag bovine brain CaN mixed with an equal volume
of complete Freund's adjuvant. The rabbits were boosted 30 d later with the
same amount of protein with incomplete adjuvant and blood was collected
a week later. The IgG fraction was prepared by three successive ammonium
sulfate precipitations (0-40% saturation at 0°C) of the antisera. The antiCaN IgG (20 gg protein/ml) did not recognize proteins other than the two
subunits of CaN in Western blots of crude brain extracts to which Z5 I~g
protein were applied. Under the same conditions the lower limit of detection
was 5 ng CaN (M. H. Krinks, A. S. Manalan, and C. B. Klee, manuscript
in preparation).

Results
Trigger Experiments In Vivo by Microinjections
As Fig. 1 shows, microinjected alkaline phosphatase (0.1
mg/ml) produces massive release of trichocysts (about twothirds of the number present). (All concentrations indicated
are estimated final concentrations in the cell.) This starts after only ~ 3 0 s (probably the time required for the enzyme
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Figure 1. Wild-type cell after injection of alkaline phosphatase (0.1 mg/ml). Exocytosis (with expelled trichocysts visible as ,~15-~tm-long
rods outside the cell) starts ~30 s after injection and ends '~2 min after injection, when this micrograph was taken. (Inset) Exocytosisdeficient nd9-28°C cell 5 min after microinjection of alkaline phosphatase. No exocytosis occurs; trichocysts remain visible within the

Figure 4. Wild-type (7S) cell microinjected with anti-CaN Ab (0.1
Figure 2. Wild-type (7S) cell 2 rain after injection of 10-3 M Ca2+
in injection buffer. Arrows point to trichocysts still abundantly present in the cell cortex. Only a few trichocysts had been released (arrowheads). Bar, 10 ~tm.

respectively) into wild-type cells do not produce the release
of any substantial number of trichocysts. (Since these controis were so monotonously negative, we present only a
micrograph for Ca 2÷ in Fig. 2.) This is particularly surprising for Ca 2÷, since it is well established that trichocyst release is triggered by a Ca2÷-influx (40, 52). Our consistently
negative results might have been caused by rapid Ca 2+ sequestration. Only when we injected a complex of all three

Figure 3. Wild-type (7S) cell 2 rain after simultaneous injection of CaN (100 ~tg/ml final concentration), CaM (80 Ixg/ml), and CaCl2 (10 -5
M) and a cocktail of protease inhibitors. It was shown in parallel that either component injected alone, even Ca2+, did not induce exocytosis of trichocysts, whereas this experiment revealed massive exocytosis. Bar, 10 ~tm.
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to get access to the fusion sites) and is terminated after
- , 2 min. Apparently wild-type cells release most of the
trichocysts they have docked on the cell membrane. In contrast, strain nd9-28°C (nonpermissive) does not release any
trichocysts when alkaline phosphatase is injected (Fig. 1,
inset).
Microinjections of either.injection buffer, CaM, CaN, or
Ca 2+ alone (in concentrations of 80 or 100 lxg/ml or 10-5 M,

mg/ml final concentration) and exposed to the exocytosis trigger
agent AED added to the outside medium (0.005 % wt/vol). Exocytosis is totally blocked, as can be seen from the presence of trichocysts
(5-ltm-long rodlike structures) all over the cell cortex. CI, cilia,
Bar, 10 I~m.

lO0-q

Figure 5. Isolated cortex fragments prepared from wild-type ceils
(7S) by gentle homogenization in a medium consisting of 5 mM

components, Ca2+-CaM-CaN, could we induce massive
exocytosis of trichocysts (again about two-thirds of the number present). Again this response started '~30 s after injection and was terminated after ,o2 min (Fig. 3). The same result was achieved when a protease inhibitor cocktail was
coinjected, as in Fig. 3. Again, injection of Ca~+-CaM-CaN
into nd9-28°C cells remained without any effect. (Cells were
observed for up to 18 h, since repair experiments with ciliary
mutations required many hours [20].)
In alternative experiments we injected Ab to CaM or to
CaN. As shown in the next paragraph the amount of Ab (0.1
mg/ml) that can be injected did not suffice to bind a substantial amount of CaM. The opposite holds true for anti-CaN
Ab, which in wild-type ceils fully inhibited exocytosis in response to AED (Fig. 4), a potent trigger agent for trichocyst
release (50, 52).
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Figure 7. With isolated cortex preparations (see Fig. 5) exoeytosis
can be inhibited by anti-CaN Ab. 10-2 x dilution = 0.08 mg/ml.
Bars, standard error determined for all cortices analyzed. This
effect can be reversed by an excess of CaN (0.1 mg/ml), particularly
when CaM (0.08 mg/ml) is also added.

Other Experiments with Whole Cells
We tested the effect of heparin, an acidic compound known
to inhibit PP phosphatase activity (17), on AED-triggered
exocytosis. For the same reason we also tested polyglutamate
and polyaspartate. We found all these compounds to block
AED-mediated exocytosis (Table I) when added to the outside medium. Values of inhibitory concentrations (IC~o and
ICi00) are even lower for GLU, and particularly for ASP,,
when compared with heparin. This aspect is also supported
by the failure of protein kinase inhibitors, like diazepam (13)
or alloxan (46), to inhibit AED-mediated exocytosis (data not
shown).

Results with Isolated Cell Cortices
Cortex preparations have been characterized before (29, 43,
65). Fig. 5 documents that they contain trichocysts still attached to the cell surface and that they are exocytosed when
Mg z+ is reduced relative to Ca2+; it also shows that this
effect is inhibited by anti-CaM Ab. This can be quantified as
in Fig. 6.
Preimmune sera were not inhibitory (Fig. 6) and practically the same negative results were obtained in another set
of controls using nonspecific IgG (anti-ovalbumin, <1 mg/
ml; data not shown). The inhibitory effect of anti-CaN Ab
is documented in Fig. 7; it could be counterbalanced by an
excess of CaN, particularly when combined with CaM.
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Figure 8. Stimulation of exo-
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Figure 6. Inuhibition of exocytosis in vitro (cortex preparations as

10

in Fig. 5) in response to anti-CaM Ab or to preimmune serum (pis).
10-2 x dilution = 0.10 mg/ml. Vertical bars, standard error determined for all cortices analyzed.
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Tris-maleate buffer, pH 7.0, with 10 mM MgCI2 and 0.01 mM free
CaCI2 present. Exocytosis was triggered in vitro. This causes
membrane fusion and elongation (decondensation) of trichocyst
contents. The amount of these partly released trichocysts can easily
be counted when samples are analyzed in different focal planes. (a)
Triggered state (in vitro exocytosis); (b) same preparation but in
the presence of anti-CaM Ab which inhibits membrane fusion.
Bar, 10 I.tm.
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Figure 10. Identification of CaN in Paramecium. Paramecium cells
(lanes 2, 5, and 8) or isolated cortices (lanes 3, 6, and 9) were solubilized in SDS and aliquots of the protein solutions were subjected
to SDS-PAGE. Lanes 2 and 3 contained 20 Ilg protein and were analyzed by Western blots; lanes 8 and 9 contained 60 Ixg protein and
were analyzed for calcium binding; lanes 5 and 6 (120 Ixg protein/lane) were tested for CaM binding. Lanes I, 4, and 7 contained
10, 0.5, and 1,000 ng CaN, respectively.
tex preparations during exocytosis in vitro (which is completed
within '~2 min), triggered by adding alkaline phosphatase (dashed
line) or a complex of Ca2+-CaM-CaN (solid line); see Materials
and Methods. (Abscissa) Time during which cortex preparations
were exposed to the enzymes or to buffer (dotted line); 10-5 M
Ca2+ (diamonds); or 10-5 M Ca2+ + CaM, 27 lag/ml (triangles),
respectively, in control experiments. (Ordinate) Percent of 65-kD
PP dephosphorylation in relation to control values at time 0. Numbers (n) indicate double determinations, bars indicate standard
deviations.
Table I summarizes our results obtained with exocytosis
inhibition in vitro. As in vivo, protease inhibitors did not interfere with exocytosis in vitro. Alternatively, Fig. 8 documents the stimulation of exocytosis in vitro by CaN, notably
when combined with CaM, in the presence of 10-5 M Ca 2÷.
Again, protease inhibitors remained without any effect on
exocytosis performance.
Cortex preparations were the only way to selectively monitor the occurrence of a significant dephosphorylation of the
65-kD PP (according to data obtained from 32p-prelabeled
cells) in response to alkaline phosphatase or Ca2+-CaM CaN (Fig. 9). These experiments also imply the first demonstration of the association of the 65-kD PP with the cell surface complex.

Endogenous C a M and C a N
CaM had been identified before in paramecia according to
molecular (53), biochemical (66), and immunological (37,
43, 55) criteria. RIA tests revealed that CaM accounts for
1.5 % of cellular protein. In contrast, the occurrence of CaN
in these cells has not yet been established in the literature.
We found with RIA tests that 0.15 % of cellular protein bound
anti-CaN Ab, though this might not directly indicate the true
CaN concentration in paramecia. (For the reactivity of anti[bovine brain]CaN Ab with Paramecium CaN, however, see
below.) From the intracellular concentrations determined for
CaM or CaN binding sites, respectively, one could easily
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calculate that the amount of Ab (the maximum one can
reasonably inject) can bind only little of the CaM present in
a cell (see above).
As shown in Fig. 10, Paramecium, whole cells, or isolated
cortices contain a 15-kD polypeptide which is recognized by
anti-CaN IgG. No cross-reacting polypeptides were detected
when the gels were treated with control IgG (data not
shown). Like CaN B the 15-kD peptide bound calcium after
transfer to nitrocellulose filters (Fig. 10, lanes 8 and 9).
Thus, on the basis of immunoreactivity, migration in SDS
gels, and ability to bind calcium, a CaN B-like protein has
been detected in Paramecium cells or in isolated cortices.
Western blots (Fig. 10, lanes 1-3) revealed only little CaN
A-like protein in cortices (lane 3) and none in Paramecium
cell homogenates. Furthermore, we failed to find a CaN
A-like protein by CaM binding assays (Fig. 10, lanes 5 and
6). Failure to detect CaN A by this method might have been
due to the existence of tissue- and species-specific isozymes
of the catalytic unit of CaN. For instance, the Ab to the bovine brain protein used in these studies failed to recognize
several CaN A-like proteins in rabbit or rat tissue extracts
other than brain or skeletal muscle (33). The lack of CaM
binding may also reflect species specificity, since mammalian instead of Paramecium CaM was used for this assay.
CaN A is extremely susceptible to proteolysis. Therefore,
the failure to detect it in the cell extracts may have been due
to its degradation by endogenous proteases. Since in brain
extract CaN B is always found associated with CaN A
(M. H. Krinks, A. S. Manalan, and C. B. Klee, manuscript
in preparation), it is reasonable to assume that a homologue
of CaN A is present in Paramecium cells. This might be represented by the faint 60-kD band present in Western blots
from cortices (Fig. 10, lane 3).
Results obtained with cortex preparations (Fig. 10, lanes
3 and 9) imply, therefore, the occurrence of a CaN-like protein in the cortex of these cells. This holds also for CaM (43)
and for the 65-kD PP (Fig. 9).
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Figure 9. Percentage of dephosphorylation of the 65-kD PP in cor-
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Figure 11. Possible mode of exocytosis induction with the involvement of the 65-kD PP, of CaM and of CaN, as derived from the
data presented here. Open arrow indicates inhibition.

Discussion

Evaluation of the Methodical Approach
Could all the trigger effects achieved in vivo and in vitro with
exogenous phosphatases possibly be due to contaminants?
(See introduction for possible fusogenic mechanisms discussed in the literature.) We exclude this for the following
reasons. (a) Only highly purified preparations were used. (b)
Microinjection of either injection buffer, Ca 2+, or CaM
alone had no effect (Fig. 2). (c) Experiments involving
microinjections or exocytosis in vitro were occasionally performed with protease inhibitors added (Fig. 3, Table I), but
results were not affected. (d) Microinjected protease inhibitors also had no effect on AED-triggered exocytosis. (e) In
pilot experiments microinjected proteases did not trigger
exocytosis; the only effect was that some (or phospholipase
C), in concentrations exceeding the possible level of contaminants, impaired the cells that caused the release of some
trichocysts due to visible cell damage. ( f ) AED-induced
synchronous exocytosis had been shown to cause no change
of protein patterns, at least in one-dimensional electropherograms (69). (g) Finally, the inhibitory effect of Ab to CaM
or CaN most strongly argues against unspecific effects.
Microinjections as used here have proved very useful before, as when Lefort et al. (34) could repair the nd9-28°C
mutation by a transfer of wild-type cytoplasm. Since we were
not able to repair nd9-28°C cells by Ca2+-CaM-CaN injections, the repair mechanism, and, hence, the mechanism of
membrane fusion, must be more complex, e.g., involving
still other components unknown to us so far; this complexity
might include certain binding proteins, e.g., for CaM, etc.
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Conclusiveness of the Results Obtained
We managed to trigger exocytosis by injecting two widely
different phosphatases (Figs. 1 and 3). Unspecific reactions
due to cell damage can be excluded on the basis of results
obtained in control experiments (buffer, Ca 2÷, and CaM injection, Fig. 2; nd9-28°C ceils, Fig. 1, inset) and because of
the inhibitory effect of anti-CaN Ab on exocytosis in wildtype cells, in which, alternatively, CaN combined with CaM
and Ca 2÷ did trigger exocytosis (Fig. 3).
Though CaM is known to occur in Paramecium (37, 43, 53,
55, 66), there have been no data available on the occurrence
of CaN-like protein(s) except for some hints from immunohistochemical work (32). We have now filled this gap (Fig.
10), though for an unequivocal demonstration of the CaN A
subunit more work would be required. Also we still do not
know precisely the Ab-binding capacity of the Paramecium
antigen(s).
CaM was found in concentrations of 1.5 %; this amounted
to only slightly more than reported by Satir et al. (55) and
may well account for the high recovery (1% of cell protein)
obtained by Rauh and Nelson (53). This also explains our
failure to inhibit AED-triggered exocytosis in vivo by injection of anti-CaM Ab in the usual final concentration of 0.1
mg/ml.
The probable involvement of a Ca2+-CaM-CaN complex
in exocytosis induction via dephosphorylation of the 65-kD
PP can also be inferred from experiments with isolated cortices (Figs. 5-9). For these preparations Vilmart-Seuwen et
al. (65) have documented that the membranes of trichocysts
attached to such cortices fuse perfectly with the cell membrane and that trichocyst ghosts do not reseal. Inhibition by
anti-CaM Ab was expected, because we had already demonstrated the presence of CaM at preformed exocytosis sites
(43). (Similarly, anti-CaM Ab inhibited exocytosis in chromaffin cells [28] and sea urchin eggs [60].) The effect of antiCaN Ab in vitro (Fig. 7) paralleled its effect in vivo. It was
important to show that the 65-kD PP was efficiently dephosphorylated by any of the phosphatases applied to cortex
preparations (Fig. 9).
As stated above, cortices release trichocysts when Mg 2÷ is
reduced relative to Ca 2÷ and they react much more efficiently when protein leakage is minimized or when CaM and/or
CaN are added in excess (Fig. 8). Leakage or degradation
with time might also explain the observed reduction of the
exocytotic response of egg cell cortex preparations (61). The
ionic conditions we chose for our in vitro system appear
feasible, since CaN has optimal activity with 10-6 M Ca 2÷
with little interference of millimolar Mg 2÷ (68).
In the scheme of Fig. 11 we, therefore, assume the occur-
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The goal of this study was to find out whether a PP phosphatase could ignite exocytotic membrane fusion in Paramecium
cells. This had been expected because of the occurrence of
rapid dephosphorylation ofa 65-kD PP in response to widely
different trigger agents (18, 69). Our own study (69) had
shown a strict dependence of the percentage of 65-kD PP
dephosphorylation on the concentration of trigger (AED) or
inhibitor (neomycin) agents used or on the amount of trichocysts actually released from different mutations or from phenocopies thereof. Yet, theoretically, the dephosphorylation
of the 65-kD PP could also have represented an epiphenomenon superimposed on exocytosis induction. We can now derive from our current experiments that PP dephosphorylation via Ca2+-CaM-CaN is in fact directly involved in the
induction of exocytotic membrane fusion (Fig. 11).

Such a defect would then entail a defective assembly of structural components at preformed exocytosis sites. Concomitant
ultrastructural defects have indeed been observed when nd
mutations were analyzed with the electron microscope (51).
Isolated cortex preparations also proved appropriate for
testing different requirements for exocytosis. We used them
only for a limited time period so that leakage of exocytosisrelevant proteins was minimized. Also, by adding CaM
and/or CAN we could considerably increase the exocytosis
rate in our experiments. Problems arising from the limited
amount of injectable protein, e.g., anti-CaM Ab, could easily be overcome by using these isolated cortex fragments.

rence of a Ca 2+- and calmodulin-stimulated PP phosphatase
which would resemble or be identical to CaN (30, 38). In the
course of exocytosis triggering the phosphatase would be activated as soon as intracellular free Ca 2÷ concentration increases (52). As to the kinase which should be postulated
(see Fig. 11) we have no information so far on its molecular
identity. Yet the failure of protein kinase inhibitors diazepam
(13) or alloxan (46) to inhibit exocytosis (data not shown) indicates that the kinase is not responsible for initiating membrane fusion. Since proteolytic cleavage (27, 36, 44) as well
as phospholipase activity (42) had also been discussed as a
possible fusogenic mechanism, we excluded this aspect in
adequate controls (see Results). Applying metalloendoprotease inhibitors to chromaffin cells, Harris et al. (23) also recently obtained negative results.

47-49). We tried to obtain specific effects by applying
specific antigens (CAM, CaN) or specific antibodies directed
against them. The complementary effects achieved with them
in vivo as well as in vitro strongly argue for a physiological
role of CaM and CaN in our system. (For exocytosis inhibition by anti-CaM Ab in other systems, see references 28 and
60.) The fact that CaN also splits p-nitrophenyl phosphate
(47-49) is interesting with regard to our previous cytochemical finding of a p-nitrophenylphosphatase at the preformed
exocytosis sites of Paramecium cells; moreover, this reaction
was found only in strains capable of exocytotic membrane fusion (51). All these data now appear fully compatible with
each other. Membrane fusion might be induced by hydrophobic perturbation of lipid layers by the 65-kD PP in its dephosphorylated form.

Comparison with Other Systems

We are grateful to Dr. J. Schultz (University of Tiibingen, Tiibingen, Federal
Republic of Germany) for a generous girl of Paramecium calmodulin as well
as to Dr. J. Beisson (Centre National de Recherche Scientifique, Gif-surYvette, France) for providing us with strain ndg. We also thank Ms. E. Rehn
for secretarial help.
Supported by SFB (Sonderforschungsbereich) 156-B4.

The Journal of Cell Biology, Volume 105, 1987

Received for publication 13 December 1986, and in revised form 6 March
1987.

References

1. Bader, M. F., T. Hikita, and J. M. Trifart. 1985. Calcium-dependent
calmodulin binding to chromattin granule membranes: presence of a 65kilodalton calmodulin-binding protein. J. Neurochem. 44:526-539.
2. Baum, B. L, J. M. Freibcrg, H. Ito, G. S. Ruth, and C. R. Filburn. 1981.
[~-adrenergic regulation of protein phosphorylation and its relationship to
exocrine secretion in dispersed rat parotid gland acinar cells. J. Biol.
Chem. 256:9731-9736.
3. Beisson, J., M. Lefort-Tran, M. Pouphile, M. Rossignol, and B. Satir.
1976. Genetic analysis of membrane differentiation in Paramecium.
Freeze-fracture study of the trichocyst cycle in wild-type and mutant
strains. J. Cell Biol. 69:126-143.
4. Brooks, J. C., and M. Brooks. 1985. Protein thiophosphorylation associated with secretory inhibition in permeabilized chromaffin cells. Life
Sci. 37:1869-1875.
5. Brooks, J. C., S. Tremi, and M. Brooks. 1984. Thiophosphorylation prevents catecholamine secretion by chemically skinned chromaffin cells.
Life Sci. 35:569-574.
6. Browning, M. D., R. Huganir, and P. Gr~ngard. i985. Protein phosphorylation and neuronal function. J. Neurochem. 45:11-23.
7. Burgoyne, R. D. 1984. Mechanisms of secretion from adrenal chromaffin
cells. Biochim. Biophys. Acta. 779:201-216.
8. Burgoyne, R. D., and M. J. Geisow, 1982. Phosphoproteins of the adrenal
chromaffin granule membrane. J. Neurochem. 39:1387-1396.
9. Burnham, D. B. 1985. Characterization of Ca2+-activated protein phosphatase activity in exocrine pancreas. Biochem. J. 231:335-341.
10. Burnham, D. B., and J. A. Williams. 1982. Effects of carbachol,
cholecystokinin, and insulin on protein phosphorylation in isolated pancreatic acini. J. Biol. Chem. 257:10523-10528.
11. C6t~, A., J.-P. Doucet, and J.-M. Trifar6. 1986. Phosphorylation and dephosphorylation of chromaffin cell proteins in response to stimulation.
Neuroscience. 19:629-645.
12. DeLorenzo, R. J. 1981. The calmodulin hypothesis of neurotransmissiun.
Cell Calcium. 2:365-385.
13. DeLorenzo, R. J., S. Burdette, and J. Holderness. 1981. Benzodiazepine
inhibition of the calcium-calmodulin protein kinase system in brain membrane. Science (Wash. DC). 213:546-549.
14. Ewaid, D. A., A. Williams, and I. B. Levitan. 1985. Modulation of single
Ca2+-dependent K+-channel activity by protein phosphorylation. Nature
(Load.). 315:503-506.
15. Freedman, S. D., and J. D. Jamieson. 1982. Hormone-induced protein
phosphorylation. II. Localization to the ribosomal fraction from rat exocrine pancreas and parotid of a 29,000-dalton protein phosphorylated in
situ in response to secretagogues. J. Cell Biol. 95:909-917.
16. Gad, A. E., B. L. Silver, and G. D. Eytan. 1982. Polycation-induced fusion
of negatively-charged vesicles. Biochim. Biophys. Acta. 690:124-132.
17. Gergely, P., F. Erd&li, and G. Bot. 1984. Heparin inhibits the activity of
protein phosphatase-l. FEBS (Fed. Eur. Biochem. Soc.) Lett. 169:4548.
18. Gilligan, D. M., and B. H. Satir. 1982. Protein phosphorylation/dephos-

188

Downloaded from www.jcb.org on December 3, 2007

When protein phosphorylation had been analyzed during
stimulated secretion in other systems, results were mostly the
opposite, i.e., several protein bands were phosphorylated on
autoradiograms (2, 6-9, 12, 13, 15, 45, 54, 56, 59, 63). Only
occasionally was one or the other band found to be dephosphorylated (2, 10, 11, 59). However, in Paramecium the
selective dephosphorylation is well established (18, 69).
In principle this discrepancy could have different reasons.
(a) Dephosphorylation can entail selective phosphorylation
on autoradiograms when rephosphorylation takes place in
the presence of 32p. (b) Phosphorylation might precede actual membrane fusion when ion channels or receptors for
secretagogues are involved (14, 24, 45). No such channels
or receptors are known for polyamines, like AED, as secretagogues, which are assumed to increase Ca2+-conductivity of
membrane lipids (16, 52). (c) Phosphorylation might occur
only after membrane fusion, i.e., as a secondary phenomenon. (d) Finally, one could question whether the mechanisms of fusion are the same in different exocytosis systems.
As to these different aspects it is difficult to find out from
the published data whether overlapping de- and rephosphorylation could sometimes account for the discrepancies between different systems. It has been claimed that in mast cells
a phosphorylation step might terminate, rather than induce,
exocytosis (67). It has been found more conclusively that
in chromaffin cells irreversible protein phosphorylation by
T-thio-ATP (19) totally blocks exocytosis (4, 5). The phosphorylation of receptors and ion channels has been shown to
be crucial for exocytosis in some cells (14, 24, 45), yet this
does not appear to be directly relevant to the membrane fusion step.
Though microinjected protein kinase was found to increase neurotransmitter release (35, 45), it has been localized immunocytochemically on synaptic vesicle membranes,
i.e., remote from the cell membrane (41). Thus, it could account for effects other than membrane fusion. (Undoubtedly,
the occurrence of several dozens of PP in neurons [45] also
makes it even more difficult to pinpoint their respective functions.) In contrast, trichocysts of Paramecium are closely attached to the cell membrane and the only step to be induced
is membrane fusion (46).
Other difficulties are the existence of a number of protein
phosphatases, even in one and the same cell type (25, 57),
the absence of specific inhibitor drugs, and the broad substrate specificity, e.g., of CaN-type phosphatases (30, 38,

Momayezi et al. Phosphatase Involvement in Exocytosis

vivo to ultrastructuml level. J. Histochem. Cytochem. 34:1621-1638.
44. Mundy, D. I., and W. J. Strittmatter. 1985. Requirement for metalloendoprotease in exocytosis: evidence in mast cells and adrenal chromafiin
cells. Cell. 40:645-656.
45. Nestler, E. J., S. I. Walaas, and P. Greegard. 1984. Neuronal phosphoproteins: physiological and clinical implications. Science (Wash.
DC). 225:1357-1364.
46. Norling, L. L., J. R. Colca, C. L. Brooks, R. F. Kloepper, M. L.
McDaniel, and M. Landt. 1984. Specificity of inhibition of calcium- and
calmodulin-dependent protein kinase by alloxan. Biochim. Biophys.
Acta. 801 : 197-205.
47. Pallen, C. J., M. L. Brown, H. Matsui, K. J. Mitchell, and J. H. Wang.
1985. Survey of calcineurin activity towards non-protein compounds and
identification of phosphoenol pyruvate as a substrate. Biochem. Biophys.
Res. Commun. 131:1256-1261.
48. Pallen, C. J., and J. H. Wang. 1983. Calmodulin-stimulated dephosphorylation of p-nitrophenyl phosphate and free phosphotyrosine by calcineurin. J. Biol. Chem. 258:8550-8553.
49. Pallen, C. J., and J. H. Wang. 1985. A multifunctional calmodulinstimulated phosphatase. Arch. Biochem. Biophys. 237:281-291.
50. Pape, R., and H. Plattner. 1985. Synchronous exocytosis in Paramecium
cells. V. Ultrastructural adaptation phenomena during re-insertion of
secretory organelles. Eur. J. Cell Biol. 36:38-47.
51. Plattner, H., K. Reichel, H. Matt, J. Beisson, M. Lefort-Tran, and M.
Pouphile. 1980. Genetic dissection of the final exocytosis steps in Paramecium tetraurelia cells: cytochemical determination of Ca2+-ATPase
activity over preformed exocytosis sites. J. Cell Sci. 46:17-40.
52. Plattner, H., R. Stiirzl, and H. Matt. 1985. Synchronous exocytosis in Paramecium cells. IV. Polyamino compounds as potent trigger agents for
repeatable trigger-redocking cycles. Eur. J. Cell Biol. 36:32-37.
53. Rauh, J. J., and D. L. Nelson. 1981. Calmodulin is a major component of
extruded trichocysts from Paramecium tetraurelia. J. Cell Biol. 91:860865.
54. Roberts, M. L., and F. R. Butcher. 1983. The involvement of protein phosphorylation in stimulus-secretion coupling in the mouse exocrine pancreas. Biochem. J. 210:353-359.
55. Satir, B. H., R. S. Garofalo, D. M. Gilligan, andN. J. Maihle. 1980. Possible functions of calmodulin in protozoa. Ann. NYAcad. Sci. 356:83-91.
56. Schubart, U. K., N. Fleischer, and J. Erlichman. 1980. Ca2+-dependent
protein phosphorylation and insulin release in intact hamster insulinoma
cells. Inhibition by trifiuoperazine. J. Biol. Chem. 255:11063-11066.
57. Schulman, H. 1984. Calcium-dependent protein kinases and neuronal function. Trends. Biochem. Sci. 5:188-192.
58. Selden, S. C., and T. D. Pollard. 1983. Phosphorylation of microtubuleassociated proteins regulates their interaction with actin filaments. J.
Biol. Chem. 258:7064-7071.
59. Spearman, T. N., K. P. Hurley, R. Olivas, R. G. Ulrich, and F. R. Butcher.
1984. Subcellular location of stimulus-affected endogenous phosphoproteins in the rat parotid gland. J. Cell Biol. 99:1354-1363.
60. Steinhardt, R. A., and J. M. Alderton. 1981. Calmodulin antibody inhibits
cortical granule exocytosis in sea urchin eggs. J. Cell Biol. 91:180a
(Abstr.)
61. Steinhardt, R. A., and J. M. Alderton. 1982. Calmodulin confers calcium
sensitivity on secretory exocytosis. Nature (Lond.). 295:154-155.
62. Stinson, R. A., and L. E. Seargeant. 1981. Comparative studies of pure
alkaline pbosphatases from five human tissues. Clin. Chim. Acta. 110:
261-272.
63. Theoharides, T. C., W. Sieghart, P. Greengard, and W. W. Douglas. 1980.
Antiallergic drug cromolyn may inhibit histamine secretion by regulating
phosphorylation of a mast cell protein. Science (Wash. DC). 207:80-82.
64. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfer
of proteins from polyacrylamide gels to nitrocellulose sheets: procedures
and some applications. Proc. Natl. Acad. Sci. USA. 76:4350--4354.
65. Vilmart-Seuwen, J., H. Kersken, R. Stiirzl, and H. Plattner. 1986. ATP
keeps exocytosis sites in a primed state but is not required for membrane
fusion: an analysis with Paramecium cells in vivo and in vitro. J. Cell
Biol. 103:1279-1288.
66. Walter, M. F., and J. E. Schultz. 1981. Calcium receptor protein calmodulin isolated from cilia and cells of Paramecium tetraurelia. Eur. J. Cell
Biol. 24:97-100.
67. Wells, E., and J. Mann. 1983. Phospborylation of a mast cell protein in
response to treatment with anti-allergic compounds. Implications for the
mode of action of sodium chromoglycate. Biochem. Pharmacol. 32:837842.
68. Wolff, D. J., and D. W. Sved. 1985. The divalent cation dependence of
bovine brain calmodulin-dependent phosphatase. J. Biol. Chem. 260:
4195-4202.
69. Zieseniss, E., and H. Plattner. 1985. Synchronous exocytosis in Paramecium cells involves very rapid (~ 1 s), reversible dephosphorylation of a
65 kD phosphoprotein in exocytosis-competent strains. J. Cell BioL 101 :
2028-2035.

189

Downloaded from www.jcb.org on December 3, 2007

phorylation and stimulus-secretion coupling in wild type and mutant Paramecium. J. Biol. Chem. 257:13903-13906.
19. Gratecos, D., and E. H. Fischer. 1974. Adenosine 5'-O(3-thiophosphate)
in the control of phosphorylase activity. Biochem. Biophys. Res. Commun. 58:960-967.
20. Haga, N., M. Forte, R. Ramanathan, Y. Saimi, M. Takahashi, and C.
Kung. 1984. Purification of a soluble protein controlling Ca ++ channel
activity in Paramecium. Biophys. J. 45:130-132.
21. Haga, N., M. Forte, Y. Saimi, and C. Kung. 1982. Microinjection of
cytoplasm as a test of complementation in Paramecium. J. Cell Biol. 92:
559-564.
22. Hansburg, D., D. E. Briles, and J. M. Davie. 1976. Analysis of the diversity of murine antibodies to dextran B1355. J. Immunol. 117:569-575.
23. Harris, B., T. R. Cheek, and R. D. Burgoyne. 1986. Effects of metalloendoproteinase inhibitors on secretion and intracellular free calcium in bovine adrenal chromaffin cells. Biochim. Biophys. Acta. 889:1-5.
24. Hempstead, B. L., C. W. Parker, and A. Kulczycki. 1983. Selective phosphorylation of the IgE receptor in antigen-stimulated rat mast cells. Proc.
Natl. Acad. Sci. USA. 80:3050-3053.
25. Ingebritsen, T. S., and P. Cohen. 1983. The protein phosphatases involved
in cellular regulation. 1. Classification and substrate specificities. Eur. J.
Biochem. 132:255-261.
26. Iwasa, F., and K. Ishiguro. 1986. Calmodulin-binding protein (55K+ 17K)
of sea urchin eggs has a Ca2+- and calmodulin-dependent phosphoprotein phosphatase activity. J. Biochem. 99:1353-1358.
27. Jackson, R. C., K. K. Ward, and J. G. Haggerty. 1985. Mild proteolytic
digestion restores exocytotic activity to N-ethylmaleimide-inactivated
cell surface complex from sea urchin eggs. J. Cell Biol. 101:6-11.
28. Kenigsberg, R. L., J. M. Trifar6. 1985. Microinjection of calmodulin antibodies into cultured chromaflin cells blocks catecholamine release in response to stimulation. Neuroscience. 14:335-347.
29. Kersken, H., J. Vilmart-Seuwen, M. Momayezi, and H. Plat-ner. 1985.
Filamentous actin in Paramecium cells: mapping by phalloidin affinity
labeling in vivo and in vitro. J. Histochem. Cytochem. 34:443-454.
30. Klee, C. B., M~ H. Krinks, A. S. Manalan, P. Cohen, and A. A. Stewart.
1983. Isolation and characterization of bovine brain calcineurin: a calmodulin-stimulated protein phosphatase. Methods Enzymol. 102:227244.
31. Klumpp, S., D. Gierlich, and J. E. Schultz. 1984. Adenylate cyclase and
guanylate cyclase in the excitable ciliary membrane from Paramecium:
separation and regulation. FEBS (Fed. Fur. Biochem. Soc. ) Lett. 171:9599.
32. Klumpp, S., A. L. Steiner, and J. E. Schultz. 1983. Immunocytochemical
localization of cyclic GMP, cGMP-dependent protein kinase, calmodulin
and calcineurin in Paramecium tetraurelia. Eur. J. Cell Biol. 32:1 64-170.
33. Krinks, M. H., A. S. Manalan, and C. B. Klee. 1985. Calcineurin: a brain
specific isozyme of protein phosphatase-2B. Fed. Proc. 44:707 (Abstr.)
34. Lefort-Tran, M., K. Aufderheide, M. Pouphile, M. Rossignol, and J. Beisson. 1981. Control of exocytotic processes: cytological and physiological
studies oftrichocyst mutants in Paramecium tetraurelia. J. Cell Biol. 88:
301-311.
35. Llin~is, R., T. L. McGuinness, C. S. Leonard, M. Sugimori, and P. Greengard. 1985. Intraterminal injection of synapsin I or calcium/calmodulindependent protein kinase II alters neurotransmitter release at the squid
giant synapse. Proc. Natl. Acad. Sci. USA. 82:3035-3039.
36. Lucy, J. A. 1985. Calcium ions, enzymes, and cell fusion. In The Enzymes
of Biological Membranes. Vol. 1. Membrane Structure and Dynamics.
N. Martonosi, editor. Plenum Publishing Corp., New York. 371-391.
37. Maihle, N. J., J. R. Dedman, A. R. Means, J. G. Chafouleas, and B. H.
Satir. 1981. Presence and indirect immunofluorescent localization of
calmodulin in Paramecium tetraurelia. J. Cell Biol. 89:695-699.
38. Manalan, A. S., and C. B. Klee. 1985. Calcineurin, a calmodulinstimulated protein phosphatase. In Calcium in Biological Systems. R. P.
Rubin, G. B. Weiss, and J. W. Putuey, editors. Plenum Publishing
Corp., New York. 307-315.
39. Maruyama, K., T. Mikawa, and S. Ebashi. 1984. Detection of calciumbinding proteins by 4~Ca antoradiography on nitrocellulose membranes
after sodium dodecyl sulfate gel electrophoresis. J. Biochem. 96:511519.
40. Matt, H., M. Bilinski, and H. Plattner. 1978. Adenosine-triphosphate, calcium and temperature requirements for the final steps of exocytosis in
Paramecium cells. J. Cell Sci. 32:67-86.
41. McGuinness, T. L., Y. Lai, C. C. Ouimet, and P. Greengard. 1985. Calcium/calmodulin-dependent protein phosphorylation in the nervous system. In Calcium in Biological Systems. R. P. Rubin, G. B. Weiss, and
J. W. Putney, editors. Plenum Publishing Corp., New York. 291-305.
42. Michell, R. H., and C. J. Kirk. 1981. Why is phosphatidylinositol degraded
in response to stimulation of certain receptors? Trends Pharmacol. Sci.
2: 86-89.
43. Momayezi, M., H. Kersken, U. Gras, J. Vilmart-Seuwen, and H. Plattner.
1986. Calmodulin in Paramecium tetraurelia: localization from the in

