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Annexin 5 as a potential regulator of annexin 1 phosphorylation by protein
kinase C
In vitro inhibition compared with quantitative data on annexin distribution in human endothelial cells
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In vitro phosphorylation of annexin 1 by purified rat brain
protein kinase C (PKC) has been studied in the presence of
annexin 5, which is not a substrate for PKC. Annexin 5 promoted
a dose-dependent inhibition of annexin 1 phosphorylation,
which could be overcome by increasing the concentration of
phosphatidylserine (PtdSer). In addition, a close relationship was
found between the amount of PtdSer uncovered by annexin 5
and the residual phosphorylation of annexin 1. These data fit
with the 'surface depletion model' explaining the anti-
phospholipase activity of annexins. In order to check the
possibility that the in vitro effect of annexin 5 could be of some
physiological relevance, annexins 1, 2, and 5, as well as the light
chain of calpactin 1 (p1 1), have been quantified in human
endothelial cells by measuring the radioactivity bound to the
proteins after Western blotting with specific antibodies and 125I_
labelled secondary antibody. Our data indicate that annexins 1
and 5, PKC and PtdSer are present in human endothelial cells in

INTRODUCTION

The newly defined term 'annexin' [1] designates a family
of Ca2+- and phospholipid-binding proteins first described as

'lipocortins', since they were thought to mediate the anti-
inflammatory effects of glucocorticoids [2]. These proteins, which
now include 13 identified members [3], share a similar structure,
characterized by the presence of four or eight repeats of a

conserved 70-amino-acid-residue sequence including a 17-amino-
acid residue consensus sequence and a variable N-terminal
domain [4-7]. This structural similarity might account for several
common characteristics of these proteins. A main property they
share is their ability to bind to negatively charged phospholipids
in the presence of Ca+, which is probably responsible for their
anti-phospholipase [8-11], anticoagulant [12-14] and anti-
inflammatory activities [15]. Their phosphorylation by Ca2+- and
phospholipid-dependent protein kinase (PKC) [16-18], receptor
and non-receptor protein tyrosine kinases [19,20], and their
differential expression during cell growth or following cell
differentiation [21-24] indicate a possible role in the control of
cell proliferation. Moreover, they interact Ca2+-dependently with
actin [25,26] and promote exocytosis in some models of cell
secretion [27]. Some of them display collagen-binding properties
[28,29], express or modulate Ca2+-channel activities [30,31],
hydrolyse inositol 1,2-cyclic phosphate [321 or regulate the
activity of DNA polymerase-a involved in lagging strand rep-
lication [33]. So numerous properties have obscured their possible
physiological significance and, unexpectively, a recent study even

relative amounts very similar to those used in vitro under
conditions permitting the detection of the inhibitory effect of
annexin 5. Since annexin 1 remained refractory to PKC-de-
pendent phosphorylation in intact cells, we suggest that annexin
5 might exert its inhibitory effect towards PKC in vivo, provided
that its binding to phospholipids can occur at physiological
(micromolar) concentrations of Ca2+. This was previously shown
to occur in vitro using phosphatidylethanolamine/phosphatidic
acid vesicles [Blackwood and Ernst (1990) Biochem. J. 266,
195-200]. Using identical assay conditions, which also allowed
expression of PKC activity, annexin 5 again inhibited annexin 1
phosphorylation without interfering with PKC autophosphoryl-
ation. These data suggest that annexins 1 and 5 might interact
with each other on the lipid surface, resulting in a specific
inhibition of annexin 1 phosphorylation by PKC. Whether a
similar mechanism also occurs in vivo remains to be determined.

reported their active secretion from prostatic cells, despite their
cytosolic localization and their lack of signal peptide [34].
Although in vitro phosphorylation of annexins 1 and 2 by

PKC has been well documented [16-18], a number of attempts
to promote PKC-dependent phosphorylation of these proteins
in intact cells proved negative [35-39]. For annexin 2, a simple
explanation might be that the membrane-bound form of the
protein is exclusively the heterotetrameric calpactin 1, whereas
monomeric annexin 2 (p36) displays a cytosolic localization [40].
Since association of p36 with p 11 renders annexin 2 refractory to
phosphorylation by various protein serine threonine kinases [18],
a lack of in vivo phosphorylation of annexin 2 by PKC is not
unexpected, although such phosphorylation occurs in human
fibroblasts [41].
With the exception of the covalent dimer identified in placenta

[42,43], annexin 1 is normally only present in a monomeric form,
at least part of which has been found associated with the plasma
membrane [44]. Thus a natural inhibitor could be responsible for
the lack ofannexin 1 phosphorylation by PKC. When considering
available literature data it is clear that annexin 1 is co-expressed
with annexin 5 in numerous cells [5], including endothelial cells
[45]. Since annexin 5 lacks phosphorylation sites in its N-terminal
end, it could be predicted that this protein is a potential inhibitor
of PKC under conditions where anionic phospholipids required
to activate PKC are present in suboptimal amounts. This point
has been checked in the present study, which also showed that
the respective amounts of annexins 1 and 5 present in human
endothelial cells are actually consistent with a possible inhibitory

Abbreviations used: MEM, (Eagle's) minimal essential medium; PKC, protein kinase C; PMA, phorbol 12-myristate 13-acetate; PMSF,
phenylmethanesulphonyl fluoride; PtdSer, phosphatidylserine; PtdEtn, phosphatidylethanolamine; PtdOH, phosphatidic acid.
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effect of annexin 5 towards annexin 1 phosphorylation by PKC.
During the preparation of this manuscript one study described
an inhibition ofPKC by annexin 5, but apparently by a different
mechanism [46].

MATERIALS AND METHODS

Materials
[32P]Orthophosphoric acid, [y-32P]ATP, and 125I-labelled anti-
bodies directed against mouse or rabbit immunoglobulins were

from the Radiochemical Centre (Amersham, Bucks., U.K.).
Most reagents were from Sigma (St. Louis, MO, U.S.A.), except
phenylmethanesulphonyl fluoride (PMSF), dithiothreitol and p-

nitrophenyl phosphate (Aldrich; EGA-Chimie, Strasbourg,
France). Cell-culture media and antibiotics were from Seromed
(Munich, Germany), Protein A-Sepharose from Pharmacia
(Uppsala, Sweden), phosphate-free minimal essential medium
(MEM) from Flow Laboratories (Les Ulis, France) and okadaic
acid from Diagnostic Chemicals (Oxford, CT, U.S.A.).
Polyclonal antibodies raised against porcine annexin 1 and
bovine annexin 5 were prepared as described previously [45]. As
shown by Western blotting, anti-(annexin 5) antiserum
recognized annexin 5 from various species, including man,
whereas anti-(annexin 1) antiserum displayed a cross-reaction of
only 5 % against annexin 2. Monoclonal antibodies specific for
annexins 1 and 2, and for p1 1, were obtained from Zymed (San
Francisco, CA, U.S.A.). Anti-(annexin 1) monoclonal antibody
was monospecific, whereas anti-(annexin 2) monoclonal antibody
displayed less than 5% cross-reactivity with annexin 1.

In vitro phosphorylation with purffied rat brain PKC
PKC was purified from rat brain in a three-step procedure as

described by Wooten et al. [47]. One unit of PKC activity was

defined as the amount of enzyme catalysing the incorporation of
1 pmol of phosphate from ATP into histones/min at 30 °C under
assay conditions. Phosphorylation assays were performed in a

40,1 incubation volume containing 10 mM Tris/HCl, pH 7.4,
10 mM-MgCl2, 10 1tM ATP, 1 ,uCi of [y-32P]ATP, phospha-
tidylserine (PtdSer) and dioleoylglycerol at concentrations ind-
icated in the Figure legends, various amounts of annexins and,
alternatively, 0.6 mM EGTA or 1.5 mM CaCl2. The reaction was
started by the addition of 10 ,1 of purified PKC; incubation was
allowed to proceed for 30 min at 30 °C and was stopped by the
addition of 7 ,u ofa 6-fold-concentrated Laemmli's sample buffer
[49]. Then samples were boiled and subjected to SDS/PAGE. To
determine the rate ofprotein phosphorylation, bands were excised
from the dried gel and radioactivity was measured on a Packard
Tricarb 4530 spectrometer using the Cerenkov effect.
The same procedure was used for determining annexin 1

phosphorylation by rat brain PKC at,M Ca2+ concentrations
with the following modifications: purified PKC was from
Calbiochem (San Diego, CA, U.S.A.); lipid dispersions contained
a mixture of phosphatidylethanolamine (PtdEtn) (22.5 ,ug/ml),
phosphatidic acid (PtdOH) (22.5 ,ug/ml) and dioleoylglycerol
(5 ,ug/ml); free Ca2+ concentration was adjusted using 1 mM
Ca/EGTA buffer and taking 6.898 x 106 as the apparent stability
constant of EGTA [50].

[32P]Orthophosphoric acid labelling and stimulation of endothellal
cells

Confluent cells were incubated for 4 h with 3 ml of phosphate-
free MEM containing 0.4% (w/v) human serum albumin and

50-700 ,Ci of [32P]orthophosphoric acid/ml. In some experi-
ments where 32p labelling was performed overnight, 20% (v/v)
dialysed foetal-calf serum was included in the medium instead of
albumin. After labelling, PMA (80-160 nM), calcium ionophore
A23187 (1-5 #M) or okadaic acid (0.2-1.0 1uM) were added, in 6
,u1 of dimethyl sulphoxide as a vehicle, for 2-60 min. Cells were
then washed and scraped into 1 ml homogenization buffer
containing phosphatase inhibitors (5 mM p-nitrophenyl phos-
phate, 2 mM-NaF and 100 1tM-Na3VO4). Cells were disrupted,
and 40 ,ul of homogenate was immediately boiled with Laemmli's
buffer [49]. From the remaining homogenate, annexins were
prepared either by EGTA extraction or by immunoprecipitation
of annexin 1 as described below.

Purffication of annexins from endothelial cells
Annexins were isolated by precipitation of membranes in the
presence of 6 mM Ca2 , followed by specific extraction with
4 mM EGTA as previously described [45]. In some experiments,
pooled EGTA -extracts were desalted against buffer A [20 mM
Hepes (pH 7.0)/0.5 mM dithiothreitol/0.25 mM PMSF] using a
PD-10 column (Pharmacia) and loaded on to an h.p.l.c. anion-
exchange chromatography column (Mono-Q, Pharmacia)
equilibrated with buffer A. After flow-through collecting and
further washing, a linear gradient from 0 to 0.5 M NaCl in buffer
A was applied. Fractions were collected and analysed by
SDS/PAGE and Western blotting.

Immunoprecipitatlon of annexin 1
Cells were homogenized as described elsewhere [45] in a buffer
containing 4 mM EGTA. Aliquots of homogenate were diluted
by addition of an equal volume of a twice-concentrated
immunoprecipitation buffer referred to as 'RIPA buffer' [21]:
20 mM Tris/HCl (pH 7.5)/154mM NaCl/2mM EDTA/1%
(v/v) Triton X- 100/0.5 % (w/v) sodium deoxycholate/ 0 mM-
NaF/5 mM p-nitrophenyl phosphate/100 #M Na3VO4. Samples
were precleared with 25 ,ul of a 10 % (v/v) suspension of Protein
A-Sepharose. Supernatants were then incubated overnight at
4 °C with 5,l of polyclonal anti-(annexin 1) antiserum.
Immunocomplexes were precipitated by addition of 25 ztl of the
10% suspension of Protein A-Sepharose after 1 h incubation at
4 'C. Samples were then washed twice in RIPA buffer and once
in detergent-free RIPA buffer. Pellets were resuspended in
Laemmli's buffer [49], boiled and subjected to SDS/PAGE.

Preparation of partially purffled PKC from endothelial cells
A cytosolic extract was prepared and fractionated on a DEAE-
cellulose column (DE52, Whatman) as described elsewhere [47],
retained proteins being eluted with a linear gradient from 0 to
0.3 M NaCl. Assays were performed as described with purified
rat brain PKC.

Protein electrophoresis, Western blotting and autoradlography
SDS/PAGE was performed as described by Laemmli [49] using
12% (w/v) polyacrylamide gels. Proteins were stained with
AgNO3 or Coomassie Blue or transferred to nitrocellulose
membranes for immunodetection with a 1:1000 dilution of
various rabbit polyclonal anti-annexin antibodies or a 1:4000
dilution of monoclonal anti-annexin antibodies as described
previously [45]. 32P-labelled proteins were detected by auto-
radiography using Hyperfilm-MP (Amersham International).
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Quantitative determination of annexins 1, 2 and 5 in endothelial
cells

This was achieved directly on cell homogenates after Western
blotting according to Schlaepfer and Haigler [23], using anti-
(annexin 1), anti-(annexin 2) or anti-pI 1 monoclonal antibodies
and anti-(annexin 5) polyclonal antibody. Corresponding 125I_
labelled secondary antibodies were directed against mouse or

rabbit IgGs respectively, and purified human placental annexins
were used as calibration standards in the 0.1-2 jug range. Stan-
dard curves displayed a linear relationship over the range tested.

Other procedures
Endothelial cells were cultured from human umbilical-cord vein
as previously described [51]. All experiments were performed
with subcultured cells at passages 2-3, where they displayed
typical endothelial-cell characteristics: cobblestone pattern, con-

tact inhibition and staining with anti-(von Willebrand factor)
first antibody/fluorescein isothiocyanate-labelled second anti-
body. Annexins 1, 2, 5 and 6 were purified in large amounts
from bovine lung or from human placenta as previously described
[14,26,52,53]. Polyclonal anti-annexin antibodies were raised in
rabbits immunized with pure proteins [45,53]. Protein was

determined as described by Bradford [54], using BSA as a

standard. Endothelial-cell phospholipids were extracted by the
method of Bligh and Dyer [55] and assayed as previously
described [51].

RESULTS
In vitro Inhibition by annexin 5 of annexin 1 phosphorylation by
PKC
Figure 1 shows that annexin 5 dramatically reduced annexin 1

phosphorylation by PKC. Apparently inhibition was partly
overcome by raising the PtdSer concentration. Quantitative data
on the effect of annexin 5 at three different PtdSer concentrations
are given in Figure 2, which shows a close relationship between
the inhibitory concentrations ofannexin 5 and the concentrations
of PtdSer present in the assay mixture. For instance, half-
maximal inhibition of annexin 1 phosphorylation was obtained
at annexin 5/annexin 1 molar ratios of 0.4, 1.3 and 2.3, using
PtdSer concentrations of 20, 30 and 50 ,ug/ml respectively.

In order to elucidate further the mechanism of this inhibition,
PKC activity towards annexin 1 was represented as a function of
the amounts of PtdSer readily available to PKC. As shown by
Andree et al. [56] and by Mosser et al. [57], each molecule of
annexin 5 is able to coat a surface of 25 nm2 of phospholipid
interface, corresponding to approx. 38 molecules of PtdSer.
Taking into account that 50% of PtdSer molecules remain
available to external proteins in single walled vesicles, and
assuming that all the added annexin 5 was adsorbed on to
phospholipids, we calculated the amounts of PtdSer uncovered
by annexin S at different concentrations of the latter. As shown
in Figure 3, annexin 1 phosphorylation was not possible when
annexin 5 occupied all the external surface of the vesicles. But
while decreasing the annexin 5 concentration, phosphorylation
of annexin 1 occurred as soon as some picomolar amounts of
PtdSer became available, the intensity of phosphorylation being
proportionally related to the amount of PtdSer uncovered by
annexin 5 (r = 0.991).

Quantitative determination of annexins 1, 2 and 5 in human
endothelial cells

Previous studies revealed the presence, in human endothelial

cells, of annexins 1, 2, 5 and 6 [13,45,58-60], the 34/35 kDa
proteins being the most abundant. As shown in Table 1,
endothelial cells were found to contain equal amounts ofannexins
1 and 2, whereas the concentration of annexin 5 exceeded by
28 % that of annexin 1 plus annexin 2. In addition, p11 was
found in molar excess compared with annexin 2. Thus human
endothelial cells appeared to be a good model to check for a
possible inhibition by annexin 5 of PKC-dependent annexin 1

phosphorylation.

Lack of PKC-dependent phosphorylation of annexin 1 in human
endothelial cells
32P-labelled cultured endothelial cells were stimulated with either
PMA, A23187 or PMA plus A23187. As shown in Figure 4(a),
this resulted in the activation of PKC, as indicated by the
significant phosphorylation of a 27 kDa protein previously
recognized as an endogenous PKC substrate in the same cells

Annexin 5 - -

LPS] Wg/ml) ... 20 25
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Figure 1 Effect of annexin 5 on in vitro phosphorylatlon of annexin 1 by
PKC

Purified bovine annexin 1 (500 ng) was incubated as described in the Materials and methods

section with rat brain PKC (1.5 units) in the absence (-) or in the presence (+) of 500 ng

annexin 5. Various PtdSer (PS) concentrations (20-35 atg/mI) are indicated on the Figure; the

dioleoylglycerol concentration being 10 ,ug/ml. The Figure shows the autoradiogram obtained

after SDS/PAGE.
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Figure 2 Inhibiton by annexin 5 of in vitro phosphorylation of annexin 1
by PKC at different PtdSer (PS) concentrations
Purified bovine annexin 1 (500 ng) was incubated as described in the Materials and methods
section with rat brain PKC (1.5 units) and increasing amounts of purified bovine annexin 5 at
three different PtdSer concentrations: 20 ,ug/ml (-); 30 #g/ml (O); 50 #sg/ml (A). After
30 min at 30 0C, SDS/PAGE was performed; gels were stained, dried, and the radioactivity of
each band was determined after excision by Cerenkov counting. Data are means+ S.E.M. (three
determinations) at 20 ,ug of PtdSer/ml, or means of two determinations at the other PtdSer
concentrations.
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Figure 3 Relationship between in vitro phosphorylatlon of annexin 1 by
PKC and the amount of PtdSer (PS) uncoated by annexin 5

The amounts of PtdSer not covered by annexin 5 in phosphorylation assays of annexin 1 were
calculated by considering that each molecule of annexin 5 covers a surface of 25 nm2 of PtdSer,
corresponding to 38 molecules of phospholipid, as shown by Andree et al. [56] and Mosser
et al. [57], and taking 800 Da as an average molecular mass of PtdSer. PtdSer concentrations
were divided by 2 in order to consider only those molecules present in the outer leaflet of
monolamellar vesicles. For further details and discussion, see the text. Data are taken from
Figure 2 (incubations were performed at 20 ug of PtdSer/ml).

[61,62]. However, phosphorylation of annexins could not be
detected by autoradiography of homogenates or of EGTA
extracts (Figure 4a). Negative results were also obtained with
cells labelled ovemight with higher concentrations of [32p]_

Table 1 Quantitative determination of annexins 1, 2, 5 and of pl1 in human
endothelial cells

Whole homogenates from human endothelial cells were submitted to SDS/PAGE, followed by
electrotransfer and immunodetection using appropriate antibodies as described in the Materials
and methods section. Data (means+S.E.M., n being the number of determinations) are
expressed as ug or pmol of each protein per 100 ug of total cell protein, taking 38.6, 38.5,
35.8 and 11 kDa as molecular masses of annexins 1, 2 and 5 and of pl1 respectively.

Concentration in endothelial cells

Protein (gh/ 00 ug) (pmol/1 00 ug) n

Annexin 1
Annexin 2
Annexin 5
pl1

0.57 + 0.15
0.54 + 0.12
1.43 + 0.09
0.25+ 0.09

14.8 + 3.9
14.0 + 3.1
39.9 + 2.5
22.7 + 8.2

4
4

16
3

orthophosphoric acid (7000Ci/ml) and using several agonist
concentrations during 2-60 min stimulation (results not shown).
In addition, thrombin (1-2 units/ml) and okadaic acid (0.2-1
#M) were unable to promote phosphorylation of annexin 1,
while phosphorylation of the 27 kDa protein was enhanced
(results not shown). Furthermore, to avoid possible artefacts of
the calcium/EGTA extraction procedure, annexin 1 was also
isolated by immunoprecipitation with the polyclonal antibody
described above. Here again there was no evidence for 32P
labelling of the 35 kDa polypeptide band following PMA stimu-
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Figure 4 Lack of PKC-dependent phosphorylation of annexin 1 In Intact human endothelial cells

Cultured endothelial cells were labelled with 50 #Ci of [32P]orthophosphoric acid/ml during 4 h. (a) Cells were incubated for 20 min at 37 °C with the following additions: 3 ul of dimethyl sulphoxide
(control); 0.16 #M PMA; 5 uM A23187; 0.16 aM PMA plus 5 #M A23187. In the 'Homogenates' panel, 40 ul aliquots of cell homogenate from control or agonist-treated cells were subjected to
SDS/PAGE, stained with Coomassie Blue (left lane, 'CB'; representative of the various samples) and autoradiographied overnight (other lanes). In the 'EGTA extracts' panel, the EGTA extracts
from control or treated cells were subjected to SDS/PAGE, stained ('CB'; representative of other EGTA extracts) and autoradiographied for 3 days. (b) Cells were stimulated with 0.16 aM PMA
for various times and annexin 1 was immunoprecipitated with polyclonal anti-(annexin 1) antibody. Immunoprecipitates were analysed by SDS/PAGE: lane a, Coomassie Blue staining of control
cells, representative of other immunoprecipitation patterns; lane b-e, autoradiograms (48 h) from control (b) or PMA-treated cells (c, 5 min; d, 15 min; e, 30 min). (c) Bovine annexin 1 (1 ug)
was phosphorylated in vitro with rat brain PKC as described in the legend to Figure 5, then added to an endothelial-cell homogenate, which was submitted to the EGTA extraction procedure. Lane
a, Coomassie Blue staining of the EGTA extract; lane b, overnight autoradiography. Values on the left refer to molecular masses (M) in kDa.
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Figure 5 In vitro phosphorylatlon of endothelial-cell annexins with purified 20
rat brain PKC

EGTA extract and fractions collected from the anion-exchange Mono-Q column (EGTA extract, flow-
through, i.e. annexin 1 plus annexin 2, fractions eluted at 0.23 and 0.27 M NaCI, i.e. annexins
5 and 6 respectively; 0.5 ,ug of each) were desalted and incubated with purified rat brain PKC
(1.5 units) and [y-32P]ATP in the presence of EGTA (lanes -) or Ca2+ and 150 ,ug of PtdSer
(PS)/ml plus 10 ,ug of dioleoylglycerol/ml (lanes +). 32P-labelled proteins were then separated
by SDS/PAGE and analysed by overnight autoradiography. Abbreviation: M, molecular mass.
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Figure 7 Effects of annexin 5 (AxV) on PKC-dependent annexin 1 (AxI)
phosphorylation (a) and on PKC autophosphorylatlon (b) at micromolar Ca2+

Figure 6 In vitro phosphorylatlon of histones and annexin 1 by PKC concentratons
partially puritled from human endothellal cells

PKC was isolated from cultured human endothelial cells and incubations were performed as
described in the Materials and methods section in the presence of 0.5 unit of PKC, 2 ug of
histones or 0.5 jug of purified bovine lung annexin 1 or 0.5 ug of an EGTA extract from human
endothelial cells. Assays were performed in the presence of 0.6 mM EGTA (-) or upon
addition of 1.5 mM CaCI2 plus 150 sg of PtdSer(PS)/ml plus 10 Atg of dioleoylglycerol/ml
(+). Phosphorylated proteins were analysed by SDS/PAGE and overnight autoradiography.

lation of endothelial cells (Figure 4b). Finally, the possibility that
annexin 1 was dephosphorylated by endogenous phosphatases or

N-terminally cleaved by proteinases, despite the presence of
specific enzyme inhibitors throughout the calcium/EGTA ex-

traction procedure, was definitely ruled out. As shown in Figure
4(c), when annexin 1 was previously phosphorylated in vitro by
PKC and added to homogenates from non-labelled endothelial
cells, it was isolated in the EGTA extract without any loss of
radioactivity.

Additional controls were performed in order to verify that
endothelial cells contained annexins whose phosphorylation
could be achieved under appropriate in vitro conditions. This is
illustrated in Figure 5, which shows that a polypeptide band
from EGTA extracts running at 35-36 kDa upon SDS/PAGE
was phosphorylated by PKC. The same protein(s), probably
annexin 1 plus annexin 2, was (were) recovered in the flow-
through fractions obtained after Mono-Q chromatography,
whereas annexins 5 and 6, which were eluted at 0.23 and 0.27 M
NaCl respectively, proved to be very poor substrates for PKC.

Finally, it was verified that PKC partially purified from human
endothelial cells was also able to phosphorylate annexin 1 in

Purified human annexin 1 (Axl) (500 ng) was incubated as described in the Materials and
methods section with rat brain PKC (1.5 units) and increasing amounts of purified human
annexin 5 (Ax5). Lipid dispersions contained 22.5 ug of PtdEtn/ml, 22.5 ,ug of PtdOH/ml and
5 jug of dioleoylglycerol/ml. The free Ca2+ concentration was adjusted to 1 ,uM (0) or
10 ,#M (0). After autoradiography, the 35 kDa (annexin 1) and 80 kDa (PKC) radioactive bands
were determined for radioactivity as described in the Materials and methods section. Data are
means+S.E.M. for three or four different experiments (1 ,uM Ca2+) or from a typical
experiment (10 ,tM Ca2+).

vitro. For this purpose, a cytosolic extract from endothelial cells
was fractionated on a DEAE-cellulose column as described in the
Materials and methods section. Fractions displaying the highest
Ca2+- and phospholipid-dependent kinase activities were eluted
at about 0.05-0.1 M NaCl (results not shown) the total yield
being more than 90 %. This indicated the absence of endogenous
inhibitors of PKC in the cytosolic extract, using the standard
assay with histones as a substrate, and allowed us to estimate
the specific activity of PKC in whole endothelial cells as
37.7+2.3 units/mg (mean+S.E.M., four determinations). The
purified PKC preparation was able to phosphorylate histones,
purified bovine annexin 1, as well as annexin 1 present in EGTA
extract from endothelial cells (Figure 6) to high levels. Thus
endothelial cells contain PKC isoforms able to phosphorylate
annexin 1 in vitro but not in vivo.

Comparison of the relative amounts of annexins, PKC and
phosphollpids present in intact cells and in vitro assays
Quantitative determination of PKC (37.7 + 2.3 units/mg of total
cell protein; mean+ S.E.M.; four determinations) allowed us to

PS/Ca'+... + +
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calculate that 676 pmol of PtdSer, 3.9 pmol of annexin 1 and
10.6 pmol of annexin 5 were present in intact endothelial cells per
unit ofPKC activity. For comparison, the relative proportions of
PtdSer used during in vitro experiments described in Figure 2
were 333, 500 and 833 pmol per unit of PKC activity. Total
inhibition of the phosphorylation of 8.6 pmol of annexin 1 by
1 unit PKC activity was obtained in the presence of 9.3, 14.9
and 29.8 pmol of annexin 5 respectively, depending on the
PtdSer concentration. It is thus noteworthy that the relative
proportions of annexins, PtdSer and PKC used in our in vitro
assays were in the same range of magnitude as those present in
intact endothelial cells.

In vitro Inhibition by annexin 5 of annexin 1 phosphorylatlon by
PKC at micromolar Ca2+ concentrations
The previous data on PKC inhibition by annexin 5 were obtained
under standard in vitro conditions, i.e. at millimolar Ca2+
concentrations. Further attempts to demonstrate that same effect
in the presence of 1-10 ,uM Ca2+ were unsuccessful (results not
shown), probably owing to the failure of annexin 5 to interact
with PtdSer at such low Ca2+ concentrations [63]. However,
further experiments were performed by replacing PtdSer with a
mixture ofPtdEtn/PtdOH, which were previously shown to bind
annexin 5 with a half-maximal effect of Ca2+ occurring at 1.2 ,uM
[63]. In addition PtdOH was also shown to activate PKC under
similar conditions [64,65]. As shown in Figure 7(a), annexin 5
promoted a dose-dependent inhibition of annexin 1
phosphorylation by PKC at 1 or 10 gM Ca2+. However, since the
ratio of PKC autophosphorylation/annexin-l phosphorylation
was higher under those particular conditions, it was also possible
to determine the phosphorylation of the 80 kDa polypeptide
band corresponding to PKC. This revealed that annexin 5 was
without effect on PKC autophosphorylation.

DISCUSSION
A main finding of the present study was the observation that
annexin 5 exerts an antagonistic effect against PKC-dependent
phosphorylation of annexin 1. From our present data the effect
of annexin 5 is strictly dependent on the amount of available
PtdSer and can be overcome by raising PtdSer concentration. A
very recent study of Schlaepfer et al. [46] reported a similar
observation, but for unknown reasons inhibition of PKC by
identical concentrations of annexin 5 (of the order of 1 ,uM) still
occurred at much higher PtdSer concentrations (up to 800 ,ug/
ml), suggesting, in this case, a direct inhibition of PKC by
annexin 5. The main difference between the two assays is that
PKC activity was not entirely dependent on the presence of
phospholipids in the latter study. In contrast, our data could be
easily explained by the 'surface depletion model' proposed by
Davidson et al. [8] in the case of the anti-(phospholipase A2)
activity of annexins in general. Such a model permits an
understanding of various inhibitory actions of annexins towards
phospholipases with different specificities [9-11] or towards the
phospholipid-dependent enzyme complexes of plasma coagu-
lation [12-14]. In the case of PKC, the inhibitory effect
of annexin 5 would be enabled by the lack of potential
phosphorylation sites in the short N-terminal end of the protein,
in contrast with annexin 1. A competition for a limited amount
of PtdSer between annexin 5 on the one hand, and PKC and
annexin 1 on the other hand, is particularly well indicated by
data of Figure 3.
However, it cannot be concluded from the experiments

depicted in Figures 1-3 whether the critical event resulting in the

loss of annexin 1 phosphorylation by PKC involves a competition
between annexin 5 and PKC, annexin 5 and annexin 1, or both.
But in those experiments performed at micromolar Ca2l
concentrations using PtdEtn/PtdOH/diacylglycerol as a lipid
dispersion, there appeared a strong dissociation between annexin
1 phosphorylation and PKC autophosphorylation, suggesting
that the main effect of annexin 5 is probably to impair the
association of the substrate annexin 1 with the membrane lipids.
An identical conclusion was recently reached by Edashige et al.
[66,67] using the PKC inhibitor cepharantine. As an alternative
explanation, the two annexins could interact with each other on
the lipid surface, as recently shown for annexins 4, 6 and 7 [68].
Such an interaction might impair accessibility ofPKC to annexin
1 without interfering with PKC autophosphorylation. In those
experiments performed with PtdEtn/PtdOH/dioleoylglycerol
vesicles, annexin concentrations were also in the same range as
those of Ca2+, that is, micromolar. However, an inhibitory effect
of annexin 5 due to Ca2+ sequestration can be excluded, since
incubations were performed in the presence of 1 mM Ca/EGTA
buffer, which should have kept the free Ca2+ concentration
almost constant.
A difficult question raised by these in vitro studies concerns the

physiological relevance of our present investigations. Although
the relative proportions of PtdSer, PKC and annexins present in
the in vitro assays were of the same order of magnitude as in
intact endothelial cells, and despite the fact that in vitro inhibition
of annexin 1 phosphorylation was detected at physiological
(micromolar) concentrations of Ca2 , one cannot exclude other
mechanisms to explain the lack of PKC-dependent
phosphorylation of annexin 1 in intact endothelial cells. For
instance, annexin 1 was recently shown to display a partial
nuclear localization which differs from the cytoskeletal dis-
tribution of annexin 5 [44]. Similar differences in the subcellular
localization of PKC and its substrate annexin 1 might also
contribute to the lack of annexin 1 phosphorylation.

In conclusion, our data demonstrate that annexin 5 could act
as an inhibitor of PKC by competing for phospholipid binding.
Definite evidence that this effect is physiologically relevant still
awaits further study, although it occurs in vitro at physiological
(micromolar range) Ca2+ concentrations. Finally, during the
preparation of this manuscript, another study reported similar
in vitro effects of annexin 5 on PKC activity using histone III-S
as substrate [69].
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