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Abstract. Permeabilized adrenal chrornaffin cells se-
crete catecholamines by exocytosis in response to mi-
cromolar calcium concentrations . Recently, we have
demonstrated that chrornaffin cells permeabilized with
digitonin progressively lose their capacity to secrete
due to the release of certain cytosolic proteins essen-
tial for exocytosis (Sarafian T., D. Aunis, and M. F.
Bader. 1987. J. Biol. Chem . 34:16671-16676) . Here
we show that one of the released proteins is calpactin I,
a calcium-dependent phospholipid-binding protein
known to promote in vitro aggregation of chromaffin
granules at physiological micromolar calcium levels .
The addition of calpactin I into digitonin- or strepto-
lysin-O-permeabilized chrornaffin cells with reduced
secretory capacity as a result of the leakage of cyto-
solic proteins partially restores the calcium-dependent
secretory activity. This effect is specific of calpactin I
since other annexins (p32, p37, p67) do not stimulate

new group of calcium-binding proteins that associate
reversibly with biomembranes has recently been
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IL identified in a wide range of mammalian cell types
and tissues (for review see Geisow et al ., 1987 ; Burgoyne
and Geisow, 1989) . The common key feature of these pro-
teins, named annexins, is their ability to associate specifically
with phospholipid bilayers in a calcium-dependent manner.
Sequence data indicate that annexins are a family of struc-
turally similar proteins consisting of two regions : the tail
with the phosphorylation sites and the core containing the
binding sites for calcium, phospholipids and cytoskeletal
elements (Glenney and Tack, 1985 ; Glenney, 1986; Johnsson
et al ., 1986 ; Glenney et al ., 1987) .

Calpactin I is one of the best characterized components of
the annexin family. Calpactin I is a protein that occurs in
cells as a 36-kD monomer (the heavy chain) and as a 90-kD
complex containing two copies of the 36-kD heavy chain and
two copies of an 11-kD light chain (Erikson et al ., 1984 ;
Gerke and Weber, 1984 ; Glenney and Tack, 1985) . Calpac-
tin I is a major substrate for protein-kinase C and for the
Rous sarcoma virus enzyme pp60v-src (Gould et al ., 1986 ;
Gerke and Weber, 1984, 1985; Powell and Glenney, 1987) .
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secretion at similar or higher concentrations . Calpactin
I requires the presence of MgATP, suggesting that a
phosphorylating step may regulate the activity of cal-
pactin . Calpactin is unable to restore the secretory ac-
tivity in cells which have completely lost their cyto-
solic protein kinase C or in cells having their protein
kinase C inhibited by sphingosine or downregulated by
long-term incubation with TPA. In contrast, calpactin I
prephosphorylated in vitro by purified protein kinase C
is able to reconstitute secretion in cells depleted of
their protein kinase C activity. This stimulatory effect
is also observed with thiophosphorylated calpactin I
which is resistant to cellular phosphatases or with
phosphorylated calpactin I introduced into cells in the
presence of microcystin, a phosphatase inhibitor. These
results suggest that calpactin I is involved in the exo-
cytotic machinery by a mechanism which requires
phosphorylation by protein kinase C.

The tyrosine and serine phosphorylation sites for pp60 src
and protein kinase C have been identified in the NHz-termi-
nal region of the p36 heavy chain (Glenney and Tack, 1985 ;
Gould et al ., 1986) . This region also contains the binding
site for the pll light chain (Glenney et al ., 1986 ; Johnson
et al ., 1986) . Although no definite function has been estab-
lished for any member ofthe annexin family, the observation
that annexins interact with membranes in a calcium-depen-
dent manner suggests that they may participate in calcium-
regulated traffic such as exocytosis . Indeed, calpactin is able
to aggregate phospholipid-containing liposomes in a cal-
cium-dependent manner (Glenney, 1986a,ó ; Glenney et al.,
1986, 1987; Blackwood and Ernst, 1990) and a recent study
revealed that calpactin I complex can promote the fusion of
secretory granules at micromolar calcium concentrations, in
the presence of arachidonic acid (Durst and Creutz, 1988) .
Therefore, calpactin appears to be a possible candidate for
functioning as a docking protein between secretory vesicles
and the plasma membrane during the exocytotic process .
For several experimental reasons, chrornaffin cells from

the adrenal medulla provide an excellent system to study the
molecular mechanisms underlying exocytosis (Trifaro, 1982 ;



Livett, 1984; Aunis and Bader, 1988) . Postreceptor events
controlling exocytosis have been extensively studied in these
cells as they have proven amenable to cell permeabilization
techniques (Lee and Holz, 1986; Baker and Knight, 1981 ;
Bader et al ., 1986 ; Sontag et al ., 1988) . Permeabilized chro-
maffin cells secrete catecholamines by exocytosis in response
to micromolar calcium in the incubation medium . We have
previously shown that the ability of digitonin-permeabilized
chromaffin cells to respond to calcium in the medium de-
clines with time after permeabilization, and that this decline
in calcium responsiveness is due to the leakage of cytosolic
proteins required for exocytosis (Sarafian et al ., 1987) . Since
secretion can be fully restored in extracted permeabilized
cells by reintroducing the leaked cytosolic proteins, such
cells can be used to systematically identify the essential com-
ponents of the exocytotic machinery.
We show here that calpactin I is present among the cyto-

solic proteins released by digitonin-permeabilized cells and
that the reintroduction of calpactin into the cells partially re-
stores the calcium-dependent exocytotic response . Moreover,
our observations indicate that phosphorylation by protein ki-
nase C may be required for the involvement of calpactin I in
the secretory machinery .

Materials and Methods

Culture ofChromafn Cells
Chromaffin cells were isolated from fresh bovine adrenal glands by retro-
grade perfusion with collagenase and purified on self-generating Percoll
gradients (Bader et al ., 1986a,b) . They were suspended in Dulbecco's
modified Eagle's medium supplemented with 10% fetal calf serum and con-
taining cytosine arabinoside (10 pM), fluorodeoxyuridine (10 pM), strep-
tomycin (50 pg/ml), and penicillin (50 U/ml) . Cells were usually cultured
as monolayers on 24 multiple 16-mm well plates (Costar, Data Packaging
Corp., Cambridge, MA) at a density of 2 .5 x 10 5 cells/well and used
within 3-7 d after plating . In some experiments where proteins were isolated
from permeabilized cells, cells were plated in 50-mm diam plastic culture
dishes (Falcon Labware, Oxnard, CA) at a density of 20 x 10 6 cells/dish.

Streptolysin-O
Streptolysin-O (SLO)' (Institut Pasteur, Paris, France) was activated with
4 mM dithiothreitol, purified by precipitation with 75 % saturation ammo-
nium sulphate at 4°C and stored as a suspension in 75% saturated ammo-
nium sulphate at 4°C. Each preparation of toxin was assayed for hemolytic
activity against 2 .5 % rabbit erythrocytes in 25 mM phosphate buffer saline
(145 mM NaCl, 25 mM potassium-phosphate, pH 7.5) . The dilution of
toxin hemolyzing 50% ofred cells (EC 50) was estimated andthe reciprocal
of this value was taken as the number of hemolytic units per milliliter of
the nondiluted toxin solution . Cultured chromaffin cells (2 .5 x 105 cells)
were permeabilized for 5 min at 37°C in200 pl calcium-free permeabilizing
medium (150 mM glutamate, potassium salt, 10 mM Pipes, 5 mM NTA,
0.5 mM EGTA, 0.2% bovine serum albumin, pH 7.0 adjusted with 1 M
KOH, 5 mM Mg-ATP, and 4 .5 mM magnesium-acetate containing 18 U/nil
of SLO .

pHJNoradrenaline Releasefrom Permeabilized Cells
Catecholamine stores were labeled by incubation of intact cells with [3H]-
noradrenaline 16 Ci/mmol ; (Amersham France, Les Ulis, France) for 30
min . Cells were then washed four times with Locke's solution containing
calcium (140 mM NaCl, 4 .7 mM KCI, 2 .5 mM CaC12, 1.2 mM KH2PO4,
1 .2 mM MgSO4 , 11 mM glucose, 0.56 mM ascorbic acid, and 15 mM
Hepes, pH 7.5), and twice with calcium-free Locke's solution (containing
1 mM EGTA) ; washing times were 10 min. Cells were subsequently per-
meabilized with SLO (18 U/ml) . Secretion was induced with permeabilizing

1 . Abbreviation used in this paper: SLO, streptolysin-O .
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media containing various amounts ofCaC12 to yield the indicated free cal-
ciumconcentration. The exact free calcium concentration in permeabilizing
media was calculated as described by Flodgaard and Fleron (1974) using
the stability constants given by Sillen and Martell (1971) . Catecholamine
release was monitored by determining the radioactivity present in the incu-
bation mediaafter centrifugation at 12,000 g and in the cells after precipita-
tion with 10% TCA . Release of [ 3 H]noradrenaline is expressed as the per-
centage of total radioactivity present in the cells before calcium-induced
stimulation . The amount of [3H]noradrenaline released during permeabili-
zation remained close to 5 % of the total radioactivity present in the cells
before permeabilization .

Purification ofAnnexins
Calpactin I monomer (p36) and tetramer (p90) were purified independently
either from pig brain or from spinal cord according to the procedure ofSha-
dle et al . (1985) and Glenney et al . (1987) with slight modifications as de-
scribed by Regnoufet al . (1991) . The two forms of calpactin I were tested
for their calcium-dependent binding to phosphatidylserine liposomes and
to F-actin and for their ability to aggregate chromaffin granules (Drust and
Creutz, 1988) .

Annexin I (calpactin II, p37) was purified from bovine adrenal medulla
as described by Regnouf et al . (1991) . Calelectrin (p67) and endonexin
(p32) were purified from bovine adrenal medulla and frompig brain respec-
tively according to the procedure of Regnouf and Pradel (1989) .

Production and Purification of
Anti-Calpactin IAntibodies
Purified brain calpactin I monomer was subjected to preparative SDS gel
electrophoresis . The band corresponding to the protein was excised, ho-
mogenized, and dialyzed against 0.15 M Na phosphate, 10 % methanol, and
0.1% Triton X-100 for 48 h, then against 0.15 M Na phosphate, 0.01%
Triton X-100, 1% methanol for 24 h, and finally against phosphate-buffered
saline . The homogenate was emulsified with an equal volume of complete
(first injection) or incomplete (second injection) Freund's adjuvant and used
directly for the following booster injections. Antibodies were raised in rab-
bits by subcutaneous injections of 65 jug antigen at 7-d intervals over a
period of 1 mo. Production of specific antibodies was detected 5 wk after
the initial immunization . Immunoblot experiments with a crude annexin
preparation or with purified proteins indicated that the antiserum does not
cross react with other members ofthe annexin family such as p37 (calpactin
II), p67, and p32 .

Preparation ofChromafn Cell Membrane
Proteins, Cytosolic Proteins, andLeaked Proteins
from Permeabilized Cells
Chromaffin cells, plated at a density of 20 x 10 6 cells in 50 mm-diam cul-
ture dishes, were permeabilized for 10 min with 4 ml of calcium-free per-
meabilizing mediumcontaining20 pM digitonin. Cells were then incubated
for 30 min in calcium-free permeabilizing medium in the absence ofbovine
serum albumin and without detergent . The extracellular fluid, containing
the released cytosolic proteins, was then collected and centrifuged for 30
min at 100,000 g to remove detached cells and cellular debris . Cells were
then scrapped in ice-cold permeabilizing medium and sonicated twice for
5 s at setting 9 on Ultrosonic Cell Disruptor. The homogenate was cen-
trifuged at 100,000 g for 30 min to separate soluble proteins (supernatant)
from membrane proteins (pellet) . Membrane, soluble, and leaked proteins
were dialyzed against water containing 0.1 mM PMSF and lyophilized .

Measurement ofProtein Kinase CActivity
Chromaffin cells in culture (2 .5 x 10 6 cells) were scrapped off and ho-
mogenized in 0.6 ml of ice-cold buffer composed of 20 mM Tris-HCI,
pH 7.5, 2 mM EDTA, 2 mM DTT, 2 mM PMSF, 20 Ag/nil leupeptin, 20
jug/ml aprotinin, and 20Ag/ml pepstatin . After sonication, the homogenate
was centrifuged at 100,000 g for 20 min. The supernatant was removed and
the pellet (membrane fraction) was r°-uspended in0.3 ml of homogenizing
solution containing 0.1% Triton X-100 detergent . A 40-p1 sample of the
supernatant (soluble protein kinase C) or of the membrane fraction (mem-
brane-bound protein kinase C) was added to the protein kinase C assay
medium containing 1 .75 mM CaC12, 16 Ag/ml phosphatidylserine, and
100 AM diacylglycerol to reduce the effect of Triton X-100 on protein kinase
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C activity (Masmoudi et al ., 1989) . Protein kinase C was assayed using the
protocol described by Castagna et al . (1982) . The activity of protein ki-
nase C was determined by measuring the enzymatic transfer of 32p from
[y-3zP]ATP to histone Hl as substrate . The protein kinase C activity was
determined in the presence ofcalcium plus phosphatidylserine . Nonspecific
enzymatic activity was measured in the absence of phosphatidylserine and
subtracted from the total activity .

Purification ofProtein Kinase CandIn Vitro
Phosphorylation ofCalpactin I (p90)
Protein kinase C was purified according to the procedure of Le Peuch et
al . (1983) with some modifications as described by Zwiller et al . (1985) .
The enzyme was stored at 4°C in 20 mM Hepes, pH 7.5, 1 mM DTT, 0.1
mM EDTA, and 50% glycerol and dialyzed against calcium-free permea-
bilizing buffer for 3 h just before use in orderto get rid of glycerol . Calpactin
I (2-8 pg) was phosphorylated in 100 Al of phosphorylating medium (20
mM Tris-HCI, pH 7.5, 1 mM EGTA, 2 mM PMSF, 5 mM Mg-acetate) con-
taining 1 .75 mM CaC12, 160 nM TPA, 1 .6 Itg phosphatidylserine, and 0.2
,ag protein kinase C. Calcium was omitted when calpactin I was phos-
phorylated for reconstitution experiments in permeabilized cells. Some ex-
periments were performed in the presence of 1 pM microcystin, a phospha-
tase inhibitor (Hopkanen et al ., 1990) .

Phosphorylation reaction was initiated by the addition of 20 AM ATP,
ATP--y-S or [-y-32 p]ATP (25 ACi/ml) and incubations were carried out at
30°C for 30min . Proteins were then either directly solubilized in SDS sam-
ple buffer for polyacrylamide gel electrophoresis or diluted twice in 300
mM glutamate, potassium salt, 20 mM Pipes, pH 7.0, 10 mM NTA, 1 mM
EGTA and 10 mM Mg-ATP and immediately reintroduced into permeabi-
lized cells . Control experiments in permeabilized cells were performed with
protein kinase C preincubated for 30 min in phosphorylating medium con-
taining the indicated substrates but in the absence of calpactin I .

Electrophoresis andImmunoblotting
Samples of proteins were solubilized in 10 mM Tris (pH 8.0), 1 mM EDTA,
3 % SDS, 10% beta-mercaptoethanol, 10% glycerol and electrophoreeed on
10% mono-dimensional polyacrylamide gels. Electrophoresis was per-
formed at 8 mA for 1 h and then at 15 mA for 12 h . Gels were stained with
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0 .05 % Coomassie brilliant blue . Electrophoretic transfer was carried out in
0.025 M Tris-HCI, 0.192 M glycine (pH 8.2), 20% methanol, at a constant
current of 500 mA for 3 h . The nitrocellulose blots were incubated 2 h with
anti-calpactin I antibodies at a final dilution of 1 :500 . After washing, the
blots were either incubated 2 h with 1251-labeled anti-rabbit immunoglobu-
lins (Amersham International, Amersham, England) at a final dilution of
1 :500 or with horseradish peroxidase-labeled anti-rabbit itnmunoglobulins
at a 1 :1,000 dilution . Immunolabeled bands were then revealed with 0.02%
chloro-2-naphtol and 0.01% H2O2 . The dried blots were exposed at -70°C
to Amersham Hyperfilm MP with an intensifying screen . Autoradiographs
were quantified by scanning densitometry with an LKB 2202 Ultroscan
(Pharmacia, Saint-Quentin-EnYuelines, France) laser scan densitometer at
633 run .

Other Assays
Proteins were measured by the method of Bradford (1976) with bovine
serum albumin as standard . Radioactivity was determined by liquid-scin-
tillation counting using BIOFLUOR (New England Nuclear, Dreieich, Ger-
many) in a Minaxi Tri-Carb 4000 counter (United Technologies Packard,
Rungis, France) .

Presentation ofData
All experiments described were carried out on at least three different cell
preparations . In the figures and tables which are representative of a typical
experiment, data are given as the mean of triplicate determinations on the
same cell preparation t SEM . Error bars smaller than the point symbols
were not drawn . Unless indicated in the legend, data are given as the net
secretory values obtained by subtracting the release obtained in the absence
of calcium during the stimulation period (7.8 t 0.5% ; n = 20) from the
release measured in the presence of calcium .

Results

Effect of Calpactin I on the Secretor Activity
ofSLOpermeabilized Chromafn Cells
We have observed that in chromaffin cells permeabilized
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Figure 1. Immunodetection of
calpactin I among the cytosolic
proteins released from digitonin-
permeabilized cells . Chromaffin
cells (20 x 106/dish) were per-
meabilized for 10 min with 20 pM
digitonin and then incubated for
30 min in calcium-free permea-
bilizing medium . The extracellu-
lar fluid containing the released
cytosolic proteins was collected,
cells were scraped in permeabil-
izing medium, and the soluble
and membrane-bound proteins
were separated as described in
Materials and Methods . Released
cytosolic proteins (A), soluble
proteins (B), and membrane-
bound proteins (C) were sepa-
rated on monodimensional (10
acrylamide) gel electrophoresis
(200 Ftg protein in each lane) .
Proteins were transferred to ni-
trocellulose sheets and the blots
were subsequently incubated with
anti-p36 antiserum at a 1 :500 di-
lution . Calpactin I (arrow) was
detected in the soluble and mem-
brane-bound fractions and among
the cytosolic proteins released
from permeabilized cells.
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Figure 2. Reconstitution ofsecretion by calpactin I in SLO-permea-
bilized chromaffin cells . (A) Chromaffin cells (2 .5 x 105/well)
were permeabilized for 5 min with 2001A1 of calcium-free permea-
bilizing medium containing 18 U/ml SLO and then incubated for
the indicated times in 200 A1 calcium-free permeabilizing medium .
Cells were subsequently stimulated for 15 min in the presence
(solid squares) or absence (open squares) of 20 jzM free calcium.
[3H]Noradrenaline release is expressed as the percentage of the
total radioactivity present in the cells before stimulation . 30 min
of incubation between permeabilization and calcium-induced stim-
ulation produced a 74% inhibition of the secretory response from
SLO-treated cells . (B) Chromaffin cells permeabilized with SLO
were incubated for 30 min in calcium-free permeabilizing medium
containing the indicated concentrations of purified calpactin I
(p90). Cells were subsequently stimulated for 15 min in the pres-
ence (solid squares) or absence (open squares) of 20 ',M free cal-
cium . The addition ofcalpactin I promoted a dose-dependent resto-
ration of the calcium-dependent secretory activity.

with either digitonin (Sarafian et al ., 1987) or SLO (Sara-
fian, T., J. M. Sontag, D. Aunis, and M.-F. Bader, unpub-
lished observation) secretory responsiveness runs down
after permeabilization as the cells leak several soluble pro-
teins essential for calcium-evoked exocytosis . Secretion can
be fully restored by reintroducing the leaked cytosolic pro-
teins into permeabilized cells (Sarafian et al ., 1987). Fig. 1
shows the electrophoretic profile of cytosolic proteins, mem-
braneproteins, and proteins leaked fromdigitonin-permeabi-
lized chrornaffin cells within 30 min. Calpactin I was identi-
fied on nitrocellulose sheets by cross reaction with a specific
anti-calpactin heavy chain (p36) antibody. Calpactin I was
detected in the cytosolic and membrane fractions and also
among the proteins leaked from permeabilized chromaffiin
cells, suggesting that calpactin I may be one of the essential
proteins for exocytosis responsible for the loss of secretory
activity in permeabilized cells .

We examined the effect of the reintroduction of purified
calpactin I on the capacity of permeabilized cells to release
catecholamines . Chromaffin cells were permeabilized with
SLO, incubated with various concentrations of calpactin I
(p90) for 30 min and then stimulated with 20 p,M free cal-
cium . As illustrated Fig. 2 A, increasing the incubation time
between permeabilization and the calcium-induced stimula-
tion resulted in a marked progressive inhibition of the secre-
tory activity. A 30-min period in calcium-free medium be-
fore stimulation decreased secretion to 26% of that obtained
from cells stimulated immediately after permeabilization .
However the addition of calpactin I during this intermediate
incubation period reduced in a dose-dependent manner this
secretory run down observed in SLO-permeabilized cells
(Fig . 2 B) . Secretion after 30-min incubation with the con-
centration of calpactin I producing the maximal effect (8 jig/
well) remained close to 75% of that obtained in cells im-
mediately stimulated . Thebasal release estimated in the ab-
sence of calcium was not modified, at any of the calpactin
concentrations tested .

In contrast to the stimulation of secretion by calpactin I
(p90), endonexin (p32), calpactin II (p37), or calelectrin
(p67) had no effect on the secretory activity in SLO-perme-
abilized cells even at high concentration (20 jig/well), indi-
cating that the stimulating effect of calpactin I is specific to
calpactin I and cannot be elicited by other annexins (Fig. 3) .

Figure 3. Comparison ofthe effect on secretion of calpactin I (p90)
with that of other proteins from the annexin family. Chromaffin
cells were permeabilized with SLOand then incubated for 30 min
in calcium-free permeabilizing medium (Control) or in calcium-
free permeabilizing medium containing 8 pg/well of either calpac-
tin I (p90), calpactin II (p37), endonexin I (p32), or calelectrin
(p67). Cells were then stimulated for 15 min with 20 l.M free cal-
cium . [3H]Noradrenaline release during the stimulation period
was calculated as the percentage of the total radioactivity present
in the cells before stimulation . Results are expressed relative to the
response obtained in control cells (13.5 t 0.3 % of [3H]noradrena-
line cell content) . The basal calcium-independent release (7.6 t
0.4%) was not significantly modified by the different protein tested
and was substracted . Calpactin I is the sole annexin able to stimu-
late calcium-evoked secretion in SLO-permeabilized chromaffin
cells.
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Figure 4. Effect of calpactin I on the capacity of chromaffin cells
to release catecholamines after various incubation periods between
permeabilization and calcium-induced stimulation . Chromaffin
cells were permeabilized for 5 min with 18 U/nil SLO and then in-
cubated for the indicated times in 200 pl calcium-free permeabiliz-
ing medium in the presence (+calpactinp90) or absence (control)
of 8 ug/well calpactin I . Cells were subsequently stimulated for 15
min with permeabilizing medium containing 20 p,M free calcium .
['H]Noradrenaline release is expressed as the percentage of the
total radioactivity present in the cells before stimulation . Basal re-
lease, determined by incubating cells for 15 min in calcium-free
permeabilizing medium, was not significantly modified by the pres-
ence ofcalpactin I over the range ofintermediate incubation periods
tested .

Next we examined the ability of calpactin I to restore
secretion in SLO-treated cells at various times after permea-
bilization . Fig. 4 shows an experiment in which cells were
permeabilized with SLO for 5 min, incubated for various
times in the presence or absence of 8 pg per well of calpactin
I (p90), and then stimulated with calcium . Calpactin I en-
hanced catecholamine release during the first 40 min ofincu-
bation but was ineffective when an incubation period >60
min was introduced between permeabilization and stimula-
tion . In addition, it can be seen that calpactin was unable to
restore secretion to the level obtained in control cells stimu-
lated immediately after permeabilization when the delay be-
fore stimulation exceeded 10 min. These results suggest that
calpactin I is probably not the sole protein responsible for
the loss of secretory capacity after prolonged permeabili-
zation .
Calpactin I may be found as a monomer (p36) and also as

a tetramer (p90) consisting of two heavy chains of relative
molecular mass 36K (p36) and two light chains of 11K (pl l)
(Gerke and Weber, 1984; Glenney et al ., 1986) . We com-
pared the effect of the various molecular forms of calpactin
on secretion from permeabilized cells . Since p90 was four
times more effective than p36 (Table I), the calpactin tetra-
mer (p90) is probably necessary to maintain the secretory
responsiveness in SLO-permeabilized chromaffin cells. In
control experiments, neither boiled p36 nor boiled p90 pro-
teins had any effects on catecholamine release .
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Calcium Regulation
The presence of calcium in the incubation medium may per-
mit a translocation of several cytosolic proteins from a solu-
ble to a membrane-bound compartment, including calpactin
which is a calcium-dependent phospholipid-binding protein
(Gerke and Weber, 1985 ; Glenney, 1986) . Thus, calcium
could reduce the leakage of these proteins from permeabi-
lized cells . Fig . 5 shows that the presence of20 uM free cal-
cium during the incubation period betweenpermeabilization
and stimulation significantly reduced the loss of secretory
activity, indicating that some proteins involved in the exo-
cytotic machinery may be retained within the cells in the
presence of calcium . To test whether calpactin is one ofthese
proteins, we examined the effect of reintroducing purified
calpactin (p90) into SLO-permeabilized cells when calcium
was present during the intermediate incubation period . We
observed that calcium decreased the stimulatory effect ofcal-
pactin I on secretion by 73 t 9% (t SEM; n = 6), a result
which suggests that calcium may be able to reduce the leak-
age of endogenous calpactin (data not shown) .

Effect ofMgATP on the StimulatoryActivity
ofCalpactin I
As secretion in chromaffin cells is triggered by both calcium
and Mg-ATP (Bader et al ., 1986b), we examined the effect
of Mg-ATP on the calpactin-dependent reconstitution of
secretion in permeabilized chromaffin cells. Cells were per-
meabilized with either digitonin or SLO, then incubated with
calpactin I (p90) in the presence or absence of Mg-ATP and
subsequently stimulated . Table 11 shows that calpactin I was
unable to maintain the secretory activity after permeabiliza-
tion in the absence of MgATP In other words, exogenous
calpactin I requires the presence ofMg-ATP to restore secre-
tion, an observation that suggests that a phosphorylating step
may regulate the activity of this protein .

Effect ofProtein Kinase C Modulators on
the Stimulatory Activity ofCalpactin I
Since calpactin I is known to be a substrate for protein kinase
C (Gould et al ., 1986) and tyrosine kinase (Glenney et al .,

Table L Effect ofCalpactin I Heavy Chain (p36)
vs. Calpactin I Tetramer (p90) on the Secretory Activity
ofSLOpermeabilized Chroma�fn Cells
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Chromaffin cells were first permeabilized with SLO in calcium-free permea-
bilizing medium . Cells were then either incubated for 30 min in 200 Al of
calcium-free permeabilizing medium, or in calcium-free permeabilizing medi-
unt supplemented with 8 Ng/well of the calpactin heavy chain p36 or with
8 pg/well of the calpactin tetramer p90 and then stimulated for 15 min with
20 WM free calcium . For control, cells were incubated for 30 min with 20 pg/
well of calpactin heterotetramer p90 which was previously boiled for 10 min.
* Expressed relative to the control response obtained in cells incubated for 30
min in permeabilizing medium in the absence of calpactin.

Addition Net [3Hlnoradrenaline release Relative release*

None 15 .3 t 1 .1 100
+ p36 18 .1 t 1 .0 118
+ p90 6.7 t 0.4 174
+ boiled p90 14 .3 t 0.1 93
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Figure 5. Effect ofcalcium onthe loss of secretory activity observed
in SLO-permeabilized cells . SLO-permeabilized chromaffln cells
were incubated for the indicated times in permeabilizing medium
depleted in Mg-ATP in the presence (solid squares) or absence
(open squares) of 20 /AM free calcium . Cells were subsequently
stimulated for 15 min with permeabilizing medium containing
5 mM Mg-ATP and 20 /M free calcium . The presence of calcium
reduced the loss of secretory activity observed when there is adelay
between permeabilization and stimulation .

1986), we addressed the question ofwhether protein kinase
C was involved in the calpactin capacity to restore secretion .
As described in Fig. 4, calpactin enhanced the secretory

response in permeabilized cells when the incubation period
introduced between permeabilization and stimulation did not
exceed 40 min . The maximal effect of calpactin, calculated
as the percentage ofsecretion obtained in cells incubated for
the indicated period in the presence of calpactin relative to
the response obtained in the absence of calpactin, was ob-
served after a 40-min incubation period between permeabili-
zation and stimulation (Fig . 6, open squares) . The lower
effect of exogenous calpactin at the beginning of the time
course may be attributed to endogenous calpactin still pres-
ent in the cells . The lack of effect of calpactin after 60 min-
incubation may be explained by the leakage of either another
protein essential for the exocytotic mechanism or a protein
required for the activity of calpactin I itself.

Table II. Effect ofMg-ATP on the Calpactin I-dependent Reestablishment ofSecretion in Digitonin- and
SLOpermeabilized Chromafn Cells

-Calpactin
Permeabilization Control

	

+Mg-ATP

Digitonin

	

12 .8 t 1 .0

	

6.5 t 0.5
SLO

	

37.7 t 0.7

	

14.8 f 1 .1
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Terbush and Holz (1986) have reported that permeabiliza-
tion of chromaffin cells with digitonin causes the leakage of
protein kinase C . Accordingly, the protein kinase C activator
TPA was unable to potentiate the calcium-evoked secretion
when the incubation period before stimulation exceeded 40
min (Fig . 6, open triangles) . As shown in Table III, permea-
bilization produced a progressive leakage of soluble protein
kinase C activity as soon as the plasma membrane became
permeable ; in contrast membrane-bound protein kinase C
was more resistant, being retained in the cells during the first
40 min . Preincubation of the cells with TPA before permea-
bilization decreased the rate of release ofcellular protein ki-
nase C by inducing a shift of the enzyme from a soluble to
a membrane-bound form (Table III) . The remaining soluble
form was still rapidly released, but the membrane-bound
protein kinase C was retained ; by 80 min the amount ofpar-
ticulate enzyme was still 75 % of the initial membrane-bound
activity (Table III) . Under these conditions, the addition of
TPA during the stimulation period potentiated the secretory
response irrespective ofthe incubation period introduced be-
tween permeabilization and stimulation (Fig. 6, solid trian-
gles), an observation that is consistent with the retention of
membrane-bound protein kinase C . Interestingly, the ability
of calpactin I to restore secretion was also prolonged (>60
min) when the cells were preincubated with TPA before per-
meabilization (Fig . 6, solid squares), suggesting that the
retention ofprotein kinase C was linked with the effect ofcal-
pactin I on the secretory process .

To strengthen the hypothesis that stimulation of secretion
by calpactin I may implicate protein kinase C, we examined
the effect of calpactin on SLO-permeabilized chromaffln
cells preincubated with sphingosine in order to blockprotein
kinase C activity (Hannun et al ., 1987; Merrill et al ., 1986 ;
Wilson et al ., 1986) . As illustrated in Fig . 7 A, treatment of
permeabilized cells for 10 min with 100 p.M sphingosine
completely inhibited the reconstitution of secretion induced
by calpactin . In many cell types including chromaffin cells,
chronic exposure to active phorbol esters results in down-
regulation of protein kinase C with a concomitant loss ofen-
zymatic activity (Hii et al ., 1987; Hepler et al ., 1988 ; Bader
et al ., 1989 ; Simon et al ., 1989) . We also examined the effect
of calpactin I (p90) on calcium-evoked secretion from chro-
maffln cells treated for 24 h with 1 uM TPA before perme-
abilization . The presence of TPA and/or calpactin during the

Net ['Hlnoradrenaline release

Incubation condition between permeabilization and stimulation

-Calpactin

	

+Calpactin

	

+Calpactin
-Mg-ATP -Mg-ATP +Mg-ATP

7 .1 t 0.2

	

7.0 t 0 .2

	

11.8 t 0.6
15 .6 t 0.4

	

16.0

	

0.8

	

26.0

	

0.4

Chromaffin cells were permeabilized with20 WM digitonin for 10 min or 18 U/ml SLO for 5 min in calcium-free permeabilizing medium in the presence or absence
of5 mM Mg-ATP. Permeabilized cells were then either immediately stimulated with 5 mM Mg-ATP and20 pM free calcium (Control) or incubated for 15 (Digito-
nin) or 30 min (SLO) in calcium-free permeabilizing medium in the presence or absence ofMg-ATP and/or calpactin I (p90) . Cells were subsequently stimulated
for 10 min with permeabilizing medium containing 5 mM Mg-ATP and 20 pM free calcium . Calpactin I requires the presence of Mg-ATP to reconstitute the
calcium-dependent secretory process .
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30-min incubation period between permeabilization and
stimulation increased the amount of secretion in control cells
but neither TPA nor calpactin was able to restore the secre-
tory response of cells preincubated for 24 h with TPA (Fig .
7 B) . In other words, calpactin I has no effect on secretion
when protein kinase C is inhibited by sphingosine or down-

Table III. Effect ofTPA on the Release ofProtein
Kinase Cfrom SLOpermeabilized Chromaftn Cells

Chromaffin cells were preincubated for 10 min in calcium-free Locke's solution
in the presence or absence of200 nM TPA, permeabilized with SLO for 5 min
and incubated for the indicated times in calcium-free permeabilizing medium .
Cells were then immediately scrapped in ice-cold homogenizing buffer (see
Materials and Methods), and the suspension was sonicated and centrifuged to
separate membranes from soluble fractions . The results are from one typical
experiment with three wells per group . Similar results were obtained on three
different cell preparations .

Saratian et al . Role ofCalpactin I in Exocytosis

Intermediate period (min)

regulated by long-term incubation with TPA, suggesting that
calpactin I may restore the secretory activity in permeabi-
lized cells by a mechanism involving protein kinase C .

Effect ofPhosphorlated Calpactin I on Secretion
Since calpactin I was unable to exert its restoration effect on
secretion in chromaffin cells having their protein kinase C
inhibited (Fig. 7), we examined whether prephosphorylation
with protein kinase C could restore the effectiveness of exog-
enous calpactin . Therefore, calpactin 1 (p90) was prephos-
phorylated by incubation for 30 min with purified protein ki-
nase C in the presence or absence of phosphatidylserine,
TPA and calcium, and then analyzed by gel electrophoresis
and autoradiography (Fig . 8) . As shown, incorporation ofPi
into the 36-kD subunit of calpactin I was totally dependent
on the presence of protein kinase C, being maximal when
calcium, TPA and phosphatidylserine were present but cal-
cium was not absolutely required (Fig . 8) . The effect of pro-
tein kinase C-dependent phosphorylation on the ability of
calpactin I tomaintain the secretory activity ofpermeabilized
chromaffin cells is illustrated in Fig. 9. In control cells, the
stimulatory effect of phosphorylated calpactin on calcium-
evoked exocytosis was not significantly different from that
observed with the nonphosphorylated protein . In agreement
with the preceding experiment, calpactin I was unable to en-
hance the secretory activity in cells having their protein ki-
nase C downregulated by 24-h incubation with TPA. How-
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Figure 6. Effect of TPA on the calpactin 1-de-
pendent reconstitution of secretion in SLO-
permeabilized chromaffin cells . Chromaßïn cells
were preincubated for 15 min in the presence
(solid symbols) or absence (open symbols) of
200 nM TPA . Cells were subsequently permeabi-
lized with SLO and then either incubated for the
indicated times in the presence of 20 /g/well cal-
pactin I (p90) and stimulated with 20 AM free cal-
cium (squares) or incubated in calcium-free me-
dium and stimulated with 20 /AM free calcium and
200 nM TPA (triangles) . Control cells (circles)
were permeabilized with SLO, incubated for the
indicated times in calcium-free medium, and then
stimulated with 20 pM free calcium . For each in-
cubation period, results are expressed relative to
the response obtained from control cells . Preincu-
bation of the cells with TPA before permeabiliza-
tion maintains the stimulating effect of TPA and
calpactin I on the calcium-evoked catecholamine
release .

Preincubation
I I

Penneabilization Intermediate
I

stimulation
1

N 03

D_-fl Calpactin Cd

Ca + TPA
TPA _ CalpactinH
TPA _ - Ca +TPA

Incubation period

min

-TPA

Protein kinase

Soluble

+TPA

pmollminlmg

C activity

Membrane

-TPA

protein

bound

+TPA

0 280.2 114 .6 194 .7 779 .1
30 85.9 51 .6 169.3 894.2
40 72.9 16 .3 200.2 837.7
80 36.8 8 .1 46.4 594.1



Figure 7. Effects of sphingosine and long-term treatment with TPA on the calpactin I-dependent restoration of secretion in SLO-
permeabilized chromaffin cells . (A) Chromaffincells were permeabilized for 5 minwith SLO. Cells were then either immediately stimulated
for 15 min with 20 AM free calcium (Control), or incubated for 10 min with permeabilizing medium in the presence (+Sphingosine)
or absence (30 min period) of 100 PM sphingosine and for a further 20 min with permeabilizing medium, or incubated for 10 min with
permeabilizing medium in the presence (+p90 + Sphing .) or absence (+p90) or sphingosine and then for 20 min with 20 Ag/well calpac-
tin I . Cells were subsequently stimulated for 15 min with permeabilizing medium containing 20 AM free calcium . (B) Cultured chromaffin
cells labeled with [3 H]noradrenaline were maintained for 24 h in the presence (24h TPA) or absence (-) of 1 AM TPA. Cells were then
permeabilized with SLO, immediately stimulated with 20 AM free calcium (Control) or first incubated for 30 min in calcium-free permea-
bilizing medium (30 min period) or in calcium-free medium containing 20 ug/well calpactin I (+p90) or 200 nM TPA (+TPA) or 20
Ag/well calpactin I and 200nM TPA (+TPA +p90) . Cells were subsequently stimulated with permeabilizing medium containing 20 AM
free calcium . Sphingosine, a potent inhibitor of` protein kinase C, and a long-term incubation with TPA, a treatment known to cause a
progressive decline of protein kinase C activity, reverse the stimulating effect that TPA and calpactin I are able to exert on the calcium-
dependent secretory response .

ever secretion in these cells could be restored with identical
efficiency by the introduction of calpactin I pre-phosphor-
ylated by protein kinase C (Fig . 9) . These results strongly
suggest that the action of calpactin I on exocytosis requires
the participation ofprotein kinase C . Interestingly, the intro-
duction of phosphorylated calpactin I in the presence of a
phosphatase inhibitor (microcystin) or the use of calpac-
tin phosphorylated with a non-hydrolyzable ATP analogue
(ATPti-S), significantly enhanced the effectiveness of phos-
phorylated calpactin (Table N), indicating that a dephos-
phorylation step is probably not involved in the mechanism
by which calpactin I stimulates the exocytosic process .

Effect ofTPA on the Intracellular Distribution
of CalpactinI
Although the major serine phosphorylation site for protein
kinase C has been identified (Gould et al ., 1986), the effect
of this phosphorylation on the function of calpactin is as
yet undetermined . To determine the possible relationship be-
tween calpactin and protein kinase C, we have examined the
effect of TPA on the intracellular distribution of calpactin .
Cells were pretreated with TPA and then permeabilized for
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30 min with digitonin . The presence of calpactin among the
membrane and cytosolic proteins, and among the soluble
proteins diffusing from the cells, was analyzed and quantified
by immunochemical detection on nitrocellulose blots, using
a specific anti-p36 antiserum . As illustrated in Fig. 10, pre-
treatment of the cells with TPA reduced the leakage of cyto-
solic calpactin provokedby thepermeabilization ofthe plasma
membrane with digitonin by 52% . Moreover, this TPAin-
duced retention of calpactin was almost entirely due to an in-
crease (62%) in membrane-bound calpactin that became as-
sociated with the cells . The amount of soluble calpactin
remaining in the cells after a 30-min digitonin treatment was
the same for cells maintained in the presence or absence of
TPA . Thus, it is possible that the activation ofprotein kinase
C withTPAresults in the phosphorylation ofcalpactin, there-
by promoting the binding of calpactin to intracellular mem-
branes .

Discussion
In this report, we have shown that calpactin I partially
reestablishes secretion in digitonin- or SLO-permeabilized
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Figure 9. Effect of calpactin I prephosphorylated by protein kinase
C on secretion in chromaffin cells having their protein kinase C
downregulated by 24-h incubation with TPA . Cultured chromaffin
cells labeled with ['H]noradrenaline were maintained for 24 h in
the presence (TPA 24 h) or absence (Control) or 1 ',M TPA . Cells
were subsequently permeabilized with SLO and incubated for 30
min incalcium-free permeabilizing medium (30min) or incalcium-
free permeabilizing medium containing 200 nM TPA (30 min +
TPA) or 8 Ag/well calpactin I (30min + p90) or 8 Ag/well calpactin
I prephosphorylated with protein kinase C (30min + p90-P) . Cells
were subsequently stimulated with 20 AM free calcium . Protein ki-
nase C downregulation abolished the stimulatory effect of TPA and
calpactin I on exocytosis but did not affect the reconstitution of se-
cretion obtained by reintroducing prephosphorylated calpactin I .

Sarafian et al . Role of Calpactin I in Exocyrosis

Figure 8. Autoradiograph of
the one-dimensional SDS-
polyacrylamide gel of calpac-
tin I after in vitro phosphory-
lation by protein kinase C .
Calpactin I (2 hg) was in-
cubated for 30 min with puri-
fied protein kinase C (0.2 kg)
in phosphorylating medium
containing [y-'zP]ATP and
as indicated 1 .75 mM CaCl2,
16 Ag/ml phosphatidylserine
(PS) and 160 nM TPA . Con-
trol experiments were per-
formed with calpactin I alone
(C and D) or protein kinase C
alone (A and B) . The reaction
was terminated by solubiliz-
ing proteins in electrophoretic
sample buffer. The numbers
indicate the mobilities of mo-
lecularmass standards inkilo-
daltons (kD) . PKC, protein
kinaseC;p36, phosphorylated
36-kD subunit of calpactin I .
Thephosphorylation of calpac-
tin I was totally dependent on
the presence of phosphatidyl-
serine and TPA but calcium
was not absolutely required .

chromafiïn cells that have a reduced secretory response as
a result of leakage of cytoplasmic proteins . In our hands,
digitonin-treated cells release 15% oftheir cytosolic compo-
nents within 30 min . Previous work from our laboratory has
demonstrated that secretion can be fully restored by rein-
troducing the leaked proteins at a concentration estimated to
be close to that in intact cells, i .e., 500 Pg proteins per 2.5
x 105 cells (Sarafian et al ., 1987) . Calpactin I represented
2 % of the cytosolic proteins released by permeabilized cells,
as estimated by determining the surface area ofthe calpactin
(p36) peak in a densitometric scan . Based on this calcula-
tion, the introduction of 10 lAg calpactin per 2.5 x 105 cells
should have been sufficient to completely reconstitute secre-
tion if calpactin is the sole essential protein responsible for
the loss of secretory activity by permeabilized cells. How-
ever, we show here that calpactin even at maximal concentra-
tion restores only partially the calcium-evoked catechol-
amine release. Moreover, calpactin does not reconstitute the
secretory activity after prolonged run down, indicating that
permeabilized chromaffin cells probably release other cellu-
lar proteins that are crucial to the exocytotic mechanism . In
contrast, Ali et al . (1989), hollowing our initial experimental
procedure (Sarafian et al ., 1987), have recently reported that
calpactin I is sufficient to completely reconstitute exocytosis
in digitonin-permeabilized cells . They indicate also that the
association of p36 with pl. I is not required for the stimula-
tory activity of calpactin (Ali and Burgoyne, 1990) . Our
results differ in that we show here that the dissociation of cal-
pactin I (p90) into its subunits (p36) clearly reduced the ef-
fectiveness of exogenous calpactin on calcium-dependent
exocytosis in SLO-permeabilized cells . Calpactin I is a cal-
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Table IV. Effect ofPhosphorylated Calpactin I
on Secretion in SLOpermeabilized Chromafn Cells
Pretreatedfor 24 h with TPA

Net f3 H]noradrenaline release

Chromaffin cells were pretreated for 24 hwith 1 pM TPA, permeabilized with
SLO for 5 min, and then incubated for 30 min with calcium-free permeabiliz-
ing medium (KG medium) in the presence or absence of 8 &g/well of non-
phosphorylated or prephosphorylated calpactin I (p90). Calpactin I was
prephosphorylated as described in Materials and Methods by preincubation
with protein kinase C(PKC) in phosphorylating media containing either ATP,
or ATP-1-S, or ATP and the phosphatase inhibitor microcystin (I ;&M) . For
control, phosphorylating media were introduced 30 min into cells in the ab-
sence of calpactin. Cells were subsequently stimulated with 20 AM free cal-
cium in permeabilizing buffer. Calpactin I requires a prephosphorylation step
with protein kinase C to enchance the calcium-evoked secretion in chrornaffin
cells with reduced proteinkinase C activity . The presence ofa phosphatase in-
hibitor ortheuse ofthiophosphorylated calpactin I which is resistant to cellular
phosphatases significantly enhanced the effect of phosphorylated calpactin .
Data are given as means (t SEM) ofnine determinations onthreedifferent cell
preparations .
* Expressed relative to the response obtained in cells incubated in phos-
phorylating medium in the absence of calpactin.

cium-dependent phospholipid-binding protein that promotes
in vitro aggregation and fusion ofchromaffin granules (Drust
and Creutz, 1988 ; Nakata et al ., 1990) . Interestingly, Drust
and Creutz (1988) reported also that subunit association is
critical since pll or p36 subunits were ineffective in promot-
ing chrornaffin granule aggregation where,#s the calpactin
tetramer (p90) aggregated granules at micromolar calcium
levels . These observations may be related to the regulatory
properties of the light-chain known to enhance the binding
of calpactin I to phospholipids (Powell and Glenney, 1987) .

Calpactin I belongs to a family of calcium-binding pro-
teins, the annexins (Geisow et al ., 1987) . A comparison of
the amino acid sequences now known for several of these
proteins (Funakoshi et al., 1987; Sudhof et al ., 1988) reveals
that annexins are similar in their structure in that they pos-
sess a conserved core region consisting of four or eight
repeats of a 70-amino acid segment sharing 40-60% homol-
ogy between family members . It has been proposed that
the 70-amino acid segment represents the putative cal-
cium/phospholipid binding domain in each protein underly-
ing the ability of these proteins to aggregate phospholipid
vesicles and secretory granule membranes (Geisow et al .,
1987) . This ledus to examine whether other members ofthe
annexin family may reconstitute secretion in permeabilized
chromaffin cells . We found that the stimulatory effect on
calcium-dependent exocytosis was specific to the calpactin
I tetramer (p90) and cannot be elicited by the p36 subunit
alone or by otherannexins such as endonexin I (p32), calpac-
tin II (p37) or calelectrin (p67) . One explanation for this lack
of effect may be that structurally the p36 heavy chain of cal-
pactin I, although similar to other annexins in its conserved
core, differs because it possesses a unique NH2-terminal
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tail which contains the binding site for the plI light chain .
The calpactin I tetramer (p90) is also the only member of
the annexin family that can aggregate chrornaffin granules at
physiologically relevant calcium concentrations (Drust and
Creutz, 1988) . Taken together these results suggest that the
association of pll to the NH2-terminal tail of p36 plays a
critical role in the modulation of the calcium sensitivity of
the lipid-binding sites contained in the core of p36 and also
in the ability of calpactin I to restore the exocytotic process .

In a recent study, Drust and Creutz (1991) have reported
the presence of five members of the annexin family in the
adrenal medulla . They determined their subcellular localiza-
tion by analyzing fractions from sucrose gradients and found
that calpactin I was predominantly associated with plasma
membrane- and chrornaffin granule-containing fractions .
Synexin fractionated into bothcytoplasmic and plasmamem-
brane fractions, calpactin II and endonexin I were almost en-
tirely cytosolic, and calelectrin (p67) was present exclusively
in the plasma membrane. These differences in subcellular
distribution suggest that annexins may play distinct cellular
functions. The finding that calpactin I is the sole annexin as-
sociated with both chromaffin granules and theplasmamem-
brane provides further support for its role in the exocytotic
process .
Recent studies using quick-freeze deep-etch electron mi-

croscopy revealed the presence of fine strands cross-linking
opposing membranes when liposomes or chrornaffin vesi-
cles were mixed with calpactin in the presence of calcium
(Nakata et al ., 1990) . Similar cross-linking strands were ob-
served between chrornaffin granules and the plasma mem-
brane after stimulation of chrornaffin cells with acetylcho-
line. Moreover immunocytochernistry showed that calpactin
I is located between the plasma membrane and the facing
surface of the chromaffln granule in stimulated chromalfin
cells (Nakata et al ., 1990) . Thus, calpactin I may be involved
in the fusion process between secretory vesicles and the
plasma membrane during exocytosis.

Calpactin I has been shown to be a substrate for the Rous
sarcoma virus enzyme pp60v-src (Gerke and Weber, 1984 ;
Glenney and lack, 1985) and for protein kinase C (Khanna
et al ., 1986 : Gould et al . 1986) both in vitro and in vivo . The
tyrosine and serine phosphorylation sites are both found
within the 25 NH2-terminal amino acids of the calpactin
heavy-chain (p36) . This NH2-terminal tail region of calpac-
tin I also contains the binding site for the calpactin I light
chain (Glenney etal ., 1986 ; Johnsson et al . 1986) but neither
protein kinase C nor pp60v-src modify the light-chain bind-
ing to the tail (Powell and Glenney, 1987) . Thus, the func-
tional significance of the phosphorylation ofcalpactin I still
awaits elucidation . Here, we show that the stimulatory effect
ofcalpactin I on secretion is ATP dependent . Moreover, cal-
pactin I is unable to restore the secretory activity in cells that
have completely released their cytosolic protein kinase C
during a 60-min permeabilization period or in cells having
theirprotein kinase C inhibited by sphingosine or downregu-
lated by long-term incubations with TPA . These observa-
tions suggest that phosphorylation of calpactinby protein ki-
nase C may be required for the activity of calpactin in the
exocytotic machinery. Additional support for this idea comes
from the observation that in contrast to nonphosphorylated
calpactin, calpactin prephosphorylated in vitro by purified
protein kinase C was able to reconstitute secretion in cells
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Phosphorylating
medium -calpactin p90 (A) +calpactin p90 (B)

Relative release*
(B/A) x 100

KG medium 14.4 t 0.6 14 .0 t 0 .5 97

+PKC 17 .5 t 0.6 23.0 t 0.7 132
+ATP

+PKC 14 .5 t 0.9 21 .1 t 0.1 146
+ATP-y-S

+PKC 15.2 t 0.9 25.7 t 1 .0 169
+microcystin



Figure 10. Effect of TPA on the intracellular distribution of calpactin I. Chromaffin cells (20 x 106/dish) were preincubated for 15 min
in the presence (+) or absence (-) of 200 nM TPA, permeabilized for 10 min with 20 1,M digitonin, and incubated for 30 min in calcium-
free permeabilizing medium in the presence or absence of 200 nM TPA. The extracellular fluids containing the released cytosolic proteins
were collected, cells were scraped in permeabilizing medium, and soluble and membrane-bound proteins were separated as described in
Materials and Methods. Released cytosolic proteins (A), soluble proteins (B), and membrane-bound proteins (C) were subjected to one-
dimensional gel electrophoresis (200 lAg protein in each lane), and the presence of calpactin I was revealed on immunoblots with anti-p36
antibodies and 1251-anti-rabbit immunoglobulins, and subsequent autoradiography. The amount of calpactin I associated with each frac-
tion was quantified by scanning densitometry of the autoradiograph (below). TPA reduced the leakage of calpactin from permeabilized
cells by enhancing its binding to intracellular membranes.
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having their protein kinase C downregulated by phorbol es-
ters. Interestingly, the presence of microcystin, a phospha-
tase inhibitor, or the use of ATP-y-S to thiophosphorylate
the protein potentiate the reconstituting ability of exogenous
calpactin . Thiophosphorylated proteins are known to be rel-
atively resistant to cellular phosphatases (Eckstein, 1985) .
Our interpretation of these results is that the involvement of
calpactin in the exocytotic machinery requires phosphoryla-
tion by protein kinase C.
Calpactin I was previously identified by Creutz et al .

(1987) among the chromobindins, a group of soluble pro-
teins ofthe adrenal medulla that bind to the chromaffin gran-
ule membrane in a calcium-dependent way (Creutz et al .,
1983) . Calpactin was found to undergo phosphorylation
predominantly on serine residues during stimulation of
chromaffin cells with nicotine (Creutz et al ., 1987) . Since
protein kinase C is activated during nicotinic stimulation
(Terbush and Holz, 1986), it becomes a good candidate for
mediating the phosphorylation of calpactin during exocyto-
sis . In addition Creutz et al . (1987) observed in several ex-
periments traces of alkali-resistant phosphorylation of cal-
pactin after nicotinic stimulation, suggesting that some
phosphorylation on tyrosine residues may also occur. Indeed
the presence of a tyrosine-specific protein kinase has been
described on both secretory granule membrane and plasma
membrane fractions ofchrornaffin cells (Parsons and Creutz,
1986 ; Grandori and Hanafusa, 1988) and recent studies
support the relevance of tyrosine phosphorylation to sec-
retagogue-induced exocytosis in chromaffin cells (Ely et al .,
1990) .
Thus calpactin is phosphorylated when chromaffin cells

are stimulated and our present report indicates that phos-
phorylation by protein kinase C is required to permit exoge-
nous calpactin to reestablish secretion in permeabilized
cells . We also found that stimulation ofprotein kinase C with
phorbol esters modifies the properties of cellular calpactin .
TPA reduced the leakage of calpactin from permeabilized
cells by enhancing its association with intracellular mem-
branes . In other words, phosphorylation of calpactin may
have a stimulatory effect on the binding to phospholipids or
to an unknown target site present in membranes . It should
also be noted that TPA-induced phosphorylation of tyrosine
residues has been described (Gilmore and Martin, 1983) .
Whether the binding ofcalpactin to membranes may be cata-
lyzed by phosphorylation of serine or tyrosine residues re-
mains therefore unclear although in vitro experiments have
demonstrated that phosphorylation ofcalpactin by pp60v-src
has an inhibitory rather than a stimulatory effect on phos-
pholipid binding (Powell and Glenney, 1987) . Nevertheless,
clarification of this point requires detailed phosphopeptide
and phosphoamino acid analyses of calpactin in TPA-treated
chromaffin cells. An attractive speculation is that protein ki-
nase C and tyrosine-specific kinase(s) may modulate the
exocytotic events in chromaffin cells by exerting opposite
regulatory effects on the binding of calpactin to membranes .

We thank Dr. Jean Zwiller for providing purified protein kinase C used in
this study . We express our sincere gratitude to Dr . Nancy Grant for useful
comments and revising the manuscript . We thank Jean-Marie Sontag for
help in preliminary experiments and Danièle Thiersd for technical assistance
and culturing chromaffin cells .

This work was financially supported by the French Direction ties Re-
cherches, Etudes etTechniques (grant 90-189), by the Association de Lutte

The Journal of Cell Biology, Volume 114, 1991

contre la Mucoviscidose and by the Association pour la Recherche sur le
Cancer (grant 69-68 to J . P . Henry) . T. Sarafian was recipient ofa fellow-
ship from the Ministère de la Recherche et de la Technologie.

Received for publication 18 April 1991 and in revised form 8 May 1991 .

References

Ali, S . M ., M . J . Geisow, and R . D . Burgoyne . 1989 . A role for calpactin in
calcium-dependent exocytosis in adrenal chrornaffin cells. Nature (Land.) .
340:313-315 .

Ali, S . M ., and R . D . Burgoyne . 1990 . The stimulatory effect of calpactin (an-
nexin II) on calcium-dependent exocytosis in chrornaffin cells : requirement
for both the N-terminal and core domains ofp36 and ATP . Cell. Signal . 2 :
265-276 .

Aunis, D ., and M . F . Bader . 1988 . The cytoskeleton as a barrier to exocytosis
in secretary cells . J. Exp . Biol. 139 :253-266.

Bader, M . F ., J . M . Trifaro, O. K . Langley, D . Thiersd, andD. Aunis . 1986a .
Secretory cell actin-binding proteins: identification of a gelsolin-like protein
in chrornaffin cells . J. Cell Biol. 102 :636-646.

Bader, M . F., D . Thiersé, D. Aunis, G. Ahnert-Hilger, and M . Gratzl . 198ób.
Characterization ofhormone and protein release from a-toxin-permeabilized
chromafftn cells in primary culture . J. Biol. Chem. 261 :5777-5783 .

Bader, M . F ., J . M . Sontag, D. Thiersd, and D. Aunis . 1989. A reassessment
of guanine nucleotide effects on catecholamine secretion from permeabilized
adrenal chrornaffin cells . J. Biol. Chem . 264:16426-16434.

Baker, P. F ., and D. E. Knight. 1981 . Calciumcontrol of exocytosis and endo-
cytosis in bovine adrenal medullary cells . Phil. Trans . R. Soc. Zond. B Biol.
296 :83-103 .

Blackwood, R . A ., and J . D . Ernst . 1990. Characterizatio n of calcium-depen-
dent phospholipid binding, vesicle aggregation and membrane fusion by an-
nexins. Biochem. J. 266 :195-200 .

Bradford, M . M . 1976 . A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 72:248-254 .

Burgoyne, R . D ., andM . J . Geisow . 1989 . Th e annexin family of calcium-bind-
ing proteins . Cell Calcium. 10 :1-10 .

Castagna, M ., Y . Takai, K . Kaibuchi, K. Sano, Y . Kikkawa, and Y . Nishizuka .
1982 . Direct activation of calcium-activated, phospholipid-dependent pro-
tein kinase by tumor-promoting phorbol esters . J. Biol . Chem . 257 :7847-
7851 .

Creutz, C . E ., L . G. Dowling, J . J . Sando, C . Villar-Palasi, J . H . Whipple,
and W . J . Zaks . 1983 . Characterizatio n of the chromobindins . Soluble pro-
teins that bind to the chrornaffin granule membrane in the presence of cal-
cium . J. Biol. Chem . 258:14664-14674 .

Creutz, C . E ., W . J . Zaks, H . C . Hamman, S . Crane, W . H . Martin, K. L .
Gould, K. M . Oddie, and S . J . Parsons . 1987 . Identification of chrontaffin
granule-binding proteins . Relationship of the chromobindins to calelectrin,
synhibin and the tyrosine kinase substrates p35 and p36 . J. Biol . Chem. 262 :
1860-1868 .

Drust, D . S ., and C . E . Creutz . 1988 . Aggregation of chrornaffin granules by
calpactin at micromolar levels of calcium . Nature (Zond.) . 331 :88-91 .

Drust, D . S ., and C . E . Creutz . 1991 . Differential subcellular distribution of
p36 (the heavy chain of calpactin 1) and other annexins in the adrenal medul-
la . J. Neurochem. 56:469-478 .

Eckstein, F . 1985 . Nucleotide phosphorothioates . Annu. Rev. Biochem. 54 :
367-402 .

Ely, C . M ., K . M . Oddie, J . S . Litz, A . J . Rossomando, S . B . Kanner, T . W .
Sturgill, and S . J . Parsons . 1990 . A 42-kD tyrosine kinase substrate linked
to chrornaffin cell secretion exhibits an associated MAP kinase activity and
is highly related to a42-kD mitogen-stimulated protein in fibroblasts . J. Cell
Biol. 110 :731-742 .

Erikson, E ., H . G . Tomasiewicz, and R . L . Erikson . 1984 . Biochemica l charac-
terization of a 34-kilodalton normal cellular substrate for pp60°R and an as-
sociated 6-kilodalton protein . Mol. Cell Biol. 4 :77-85 .

Flodgaard, H ., and P . Fleron . 1974 . Thermodynamic parameter for the hydrol-
ysis of inorganic pyrophosphate at pH 7.4 as a function of [Mg2*], [K']
and ionic strength determined from equilibrium studies of the reaction . J.
Biol. Chem. 249 :3465-3474 .

Funakoshi, T., L. E. Hendrickson, B . A . McMullen, and K . Fujikawa. 1987 .
Primary structure of human placental anticoagulant protein. Biochemistry.
26:8087-8092 .

Geisow, M . J ., J . H . Walker, C . Boustead, and W . Taylor. 1987 . Annexins :
new family of calcium-regulated phospholipid binding protein . Biosci . Rep.
7 :289-298 .

Gerke, V ., and K . Weber . 1984. Identity ofp36K phosphorylated upon Rous
sarcoma virus transformation with a protein purified from brushborders : cal-
cium-dependent binding to non-erythroid spectrin and F-actin . EMBO (Eur .
Mol. Biol . Organ.) J. 3 :227-233 .

Gerke, V ., and K . Weber . 1985 . Calcium-dependent conformational changes
in the 36-kDa subunit of intestinal protein I related to the cellular 36-kDa
target of Rous sarcoma virus tyrosine kinase. J. Biol. Chem . 260 :1688-
1695 .

Gilmore, T ., and G . S . Martin . 1983 . Phorbol ester and diacylglycerol induce

1146



protein phosphorylation at tyrosine . Nature (Zond.) . 306 :487-490.
Glenney, J . R ., Jr. 19ß6a . Two related but distinct forms of the 36,000 Mr tyro-

sine kinase substrate (calpactin) which interact with phospholipid and actin
in a calcium-dependent manner . Proc. Natl. Acad. Sci. USA . 83 :4258-4262 .

Glenney, J . R ., Jr. 19ß6b . Phospholipid dependent calcium binding by the 36Kd
tyrosine kinase substrate (calpactin) and its 33Kd core . J. Biol. Chem. 261 :
7247-7252 .

Glenney, J . R ., Jr . and B . F . Tack . 1985 . Amino-terminal sequence ofp36 and
associated p 10 : identification of the site of tyrosine phosphorylation and ho-
mology with S-100. Proc. Natl. Acad. Sci. USA . 82 :7884-7888 .

Glenney, J . R ., Jr ., M . Boudreau, R . Galyean, T . Hunter, and B . Tack. 1986 .
Association of the S-100-related calpactin I light chain with the aminoter-
minal tail of the 36kDa heavy chain . J. Biol. Chem. 261 :10485-10488 .

Glenney, J . R ., Jr ., B . Tack, and M . A . Powell . 1987. Calpactins: two distinct
calcium-regulated phospholipid- and actin-binding proteins isolated from
lung and placenta . J. Cell Biol . 104:503-511 .

Gould, K . L., J . R. Woodgett, C . M . Isack, and T . Hunter . 1986 . The protein-
tyrosine kinase substrate (p36) is a substrate for protein kinase C in vitro and
in vivo . Mol. Cell Biol. 6 :2738-2744 .

Grandori, C ., and H . Hanafusa . 1988 . p60`-" is complexed with a cellular
protein in subcellular components involved in exocytosis . J. Cell Biol. 107 :
2125-2135 .

Hannun, Y . A ., C . S . Greenberg, andR . M . Bell . 1987 . Sphingosin e inhibition
of agonist-dependent secretion and activation of humanplatelets implies that
protein kinase C is a necessary and common event of the signal transduction
pathways . J. Biol. Chem . 262 :13620-13626 .

Hepler J . R ., H . S . Earp, and T . K . Harden . 1988 . Long-term phorbol ester
treatment down-regulates protein kinase C and sensitizes the phosphoinosi-
tide signaling pathway to hormone and growth factor stimulation . J. Biol .
Chem. 263 :7610-7619 .

Hii, C. S . T ., P . M . Jones, S . J . Persaud, and S . L . Howell . 1987 . A re-assess-
ment of the role of protein kinase C in glucose-stimulated insulin secretion .
Biochem . J. 246 :489-493 .

Honkanen, R . E ., J . Zwiller, R . E . Moore, S . L . Daily, B . S. Khatra, M . Duke-
low, and A . L . Boynton . 1990. Characterizatio n ofmicrocystin-LR, a potent
inhibitor of type 1 and type 2A protein phosphatases . J. Biol. Chem . 265 :
19401-19404 .

Johnsson, N ., J . Vanderkerckhove, J . VanDamme, and K . Weber. 1986 . Bind-
ing sites for calcium, lipid and pl l onp36, the substrate of retroviral tyrosine-
specific protein kinases . FEBS (Fed. Eur. Biochem. Soc.) Zett. 198 :361-364 .

Khanna, N. C ., M . Tokuda, and D . M . Waisman . 1986 . Phosphorylatio n of
lipocortins in vitro by protein kinase C . Biochem. Biophys. Res. Commun .
141 :547-554 .

Lee, S . A., and R. W. Holz . 1986. Protein phosphorylation and secretion in
digitonin-permeabilized adrenal chromaffin cells . Effects of micromolar cal-
cium, phorbol esters and diacylglycerol . J. Biol. Chem. 261 :17089-17098 .

LePeuch, C ., J . Ballester, and O . M . Rosen. 1983 . Purified rat brain calcium-
and phospholipid-dependent protein kinase phosphylates ribosomal protein
S6 . Proc. Natl. Acad. Sci. USA. 80 :6858-6862 .

Liven, B . G . 1984 . The secretory process in adrenal medullary cells . In Cell
Biology ofthe Secretory Process . M . Cantin, editor . Karger, Basel. 310-358 .

Sarafian et al. Role of Calpactin I in Exocytosis

Masmoudi, A.,G . Labourdette, M . Mersel, F . L. Huang, K . P . Huang, G . Vin-
cendon, and A . N . Malviya . 1989 . Protein kinase C located in rat liver nuclei .
J. Biol. Chem . 264 :1172-1179 .

Merill, A . H ., A . M . Sereni, V . L . Stevens . Y. A . Hannun, R . M . Bell, and
J . M . Kinkade . 1986. Inhibition of phorbol ester-dependent differentiation
of human promyelocytic leukemic (HL-60) cells by sphinganine and other
long-chain bases . J. Biol. Chem . 261 :12610-12615 .

Nakata, T ., K . Sobue, and N . Hirokawa . 1990. Conformational change and lo-
calization of calpactin I complex involved in exocytotis as revealed by quick-
freeze, deep-etch electron microscopy and immunocytochemistry . J. Cell
Biol. 110 :13-25 .

Parsons, S . J ., and C . E . Creutz . 1986 . p6 0° -'rc activity detected in the chro-
maffin granule membrane . Biochem . Biophys . Res . Commun. 134 :736-742 .

Powell, M . A ., and J . R . Glenney . 1987 . Regulatio n of calpactin I phospholipid
binding by calpactin I light-chain binding and phosphorylation by pó0"- °" .
Biochem. J. 247 :321-328 .

Regnouf, F ., and L. A . Pradel . 1989 . Isolement des protéines sensibles au cal-
cium associées à la fraction membranaire du cortex cérébral et de la moëlle
épinière de porc . C. R. Soc. Biol. (Paris) . 183 :48-59 .

Regnouf, F ., L . A . Pradel, A . Rendon, and G . Barbin. 1991 . Biochemical char-
acterization of annexins I and II isolated from pig nervous tissue . J. Neu-
rochem . 56 :1985-1996 .

Sarafian, T ., D . Aunis, andM . F . Bader . 1987 . Los s of proteins from digitonin-
permeabilized adrenal chromaffin cells essential for exocytosis . J. Biol.
Chem . 262 :16671-16676 .

Shadle, P . J ., V . Gerke, and K . Weber . 1985 . Three calcium-binding proteins
from porcine liver and intestine differ immunologically and physiologically
and are distinct in calcium affinities . J. Biol. Chem . 260 :16354-16360.

Sillen, L . G ., and A . E . Martell . 1971 . Stability constants of metal ion com-
plexes . Suppl . 1 . The Chemical Society, London .

Simon, J . P ., M . F . Bader, and D . Aunis . 1989 . Effect of secretagogues on
chromagraninA synthesis in bovine cultured chromaffin cells : possible regu-
lation by protein kinase C . Biochem . J. 260 :915-922 .

Sontag, J . M ., D . Aunis, and M . F . Bader . 1988 . Peripheral actin filaments
control calcium-mediated catecholarnine release from streptolysin-O-perme-
abilized chromaffin cells . Eur. J. Cell Biol. 46 :316-326 .

Siidhof, T . C ., C . A . Slaughter, I . Leznicki, P . Barfon, and G. A . Reynolds .
1988 . Human 67 kDa calelectrin contains a duplication of four repeats found
in 35 kDa lipocortins . Proc. Natl. Acad. Sci. USA . 85 :664-668 .

Terbush, D . R ., and R . W . Holz . 1986 . Effects of phorbol esters, diacylglycerol
and cholinergic agonists on the subcellular distribution of protein kinase C
in intact or digitonin-permeabilized adrenal chromaffin cells . J. Biol. Chem.
261 :17099-17106 .

Trifaro, J . M . 1982 . The cultured chromaffin cell : a model for the study of biol-
ogy and pharmacology of paraneurones. Trends Pharmacol . Sci. 3 :389-392 .

Wilson, E ., W . G . Rice, J . M . Kinkade, A . H . Merrill, R . R . Arnold, and J . D .
Lambeth . Protein kinase C inhibition by sphingoid long-chain bases : effects
on secretion in human neutrophils . Arch . Biochem . Biophys. 259 :204-214 .

Zwiller, J ., M . O . Revel, and A . N . Malviya. 1985 . Protei n kinase C catalyzes
phosphorylation of guanylate cyclase in vitro . J . Biol. Chem. 260 :1350-
1353 .

1147


