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Abstract Arachidonic acid is mobilized from fetal membrane phospholipids at parturition leading to increased
production of oxytocic prostaglandins which may initiate or maintain myometrial contractions. Phospholipid mohiliza-
tion requires activation of phospholipase A, or C, both of which require calcium for activity. The annexins (lipocortins)
are a superfamily of proteins which bind to calcium and phospholipids and thereby may alter phospholipase activity
through two mechanisms: modulation of intracellular free Ca?* concentrations or regulation of the accessibility of
phospholipids to hydrolyzing enzymes. Using Western immunoblotting with monospecific polyclonal antibodies,
annexins I-VI were identified in human amnion and chorion/decidua at term in tissues obtained from patients in labor
or not in labor. Each annexin was present in two distinct pools: a pool which only associated with the membrane in the
presence of calcium (calcium-dependent pool) and a calcium-independent pool that remained membrane bound in the
presence of calcium chelators. Annexin | was present as two species, resolving at 36 kDa and 68 kDa. The total
concentration of annexin | in both amnion and chorion/decidua was significantly decreased with labor, while the total
concentration of annexin V in chorion significantly increased with labor. The size of individual pools of annexins also
changed with labor: the calcium-dependent pool of annexins | and Il in both amnion and chorion significantly
decreased; the calcium-dependent pool of annexin V increased in chorion; and calcium-independent pools of annexin 1
in amnion and annexins 1, 11, and V in chorion significantly decreased with labor. The decrease in total annexin |
concentration with labor in amnion reflects a substantial decrease (80-90%) in the pool tightly bound to the membrane
in a calcium-independent manner. This striking change distinguishes annexin | as a potential candidate inhibitor which
is specifically downregulated at parturition, potentially leading to increased access of phospholipases to substrate
phospholipids and increased prostaglandin production at labor. < 1992 Wiley-Liss, Inc.
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A superfamily of proteins, termed annexins or
lipocortins, which bind with high affinity to cal-
cium and phospholipids, have recently been
cloned and sequenced [Pepinsky et al., 1988;
Moss and Crumpton, 1990]. The annexin family
includes a diverse group of proteins which have
previously been described as anti-inflammatory
proteins [Pepinsky et al., 1988], calcium media-
tors [Moore et al., 1984; Mathew et al., 1986],
calcium and phospholipid binding proteins in-
volved in exocytosis and signal transduction
[Creutzetal.,1987], orasanticoagulants[Maurer-
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Fogy et al., 1988; Tait et al., 1988; Romisch et
al., 1990]. The annexins appear to be central to a
number of signal transduction pathways by vir-
tue of their intracellular localization, their high
affinity interaction with calcium and phospholip-
ids, and their potential involvement in phospho-
rylation cascades. The affinity of annexins for
calcium and phospholipid binding is altered by
phosphorylation by both tyrosine and serine/
threonine kinases [Glenney, 1986; Sheets et al.,
1987; Creutz et al., 1987; Varticovski et al.,
1988], suggesting that their interactions with
calcium and phospholipids are under physiologi-
cal control.

The fetal membranes are thought to be an
important target in a paracrine signaling path-
way from the fetus to the myometrium initiat-
ing a cascade of events leading to myometrial
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contractions [Challis, 1985]. The mobilization
of arachidonic acid from anionic phospholipids,
predominately phosphatidylethanolamine, ap-
pears to be a crucial step in prostaglandin produc-
tion in human fetal membranes during labor
[Okazaki et al., 1981]. The specific biochemical
mechanisms and the regulatory points in the
metabolic pathway are poorly understood. The
activity of phospholipase measured in homoge-
nates of fetal membranes, using synthetic sub-
strates in vitro, appears to be elevated during
the third trimester of pregnancy, although
arachidonic acid release and prostaglandin pro-
duction in vivo are only activated at parturition
[Okazaki et al., 1982], suggesting that an inhibi-
tory mechanism regulates the release in vivo.
The inhibitory mechanism could be acting di-
rectly on the enzyme or indirectly, e.g., through
sequestration of the substrate prior to parturi-
tion. The role of annexins in inhibition of phos-
pholipase activity in vivo is still controversial.
However, in vitro studies have shown that annex-
ins can act via the sequestration of membrane
phospholipids [Ahn et al., 1987; Machoczek et
al., 1989], a mechanism termed the substrate
depletion model [Davidson et al., 1990]. Of the
annexins, annexins I and Il show the lowest
dependence on calcium and the highest affinity
for binding to anionic phospholipids [Blackwood
and Ernst, 1990]. These two annexins are there-
fore candidates as inhibitors of phospholipase A,
[Pepinsky et al., 1988] and phospholipase C
activity [Machoczek et al., 1989] and hence inhi-
bition of arachidonic acid release in vivo.
Annexins are potent anti-inflammatory com-
pounds in in vitro model systems in which the
inflammatory response is coupled to production
of prostaglandins. Recombinant annexin I inhib-
its prostaglandin production mediated specifi-
cally by phospholipase A, in three animal mod-
els of inflammation: the perfused guinea pig
lung, the rat paw stimulated with carrageenin,
and in rat brain subjected to ischemia and reper-
fusion [Cirino et al., 1987, 1989; Relton et al.,
1991]. In all three systems, one of the prostaglan-
dins that is inhibited by recombinant lipocortin
I is prostaglandin E, (PGE,), the principal pros-
taglandin produced by amnion tissue in vivo at
labor [Challis, 1985] and in vitro in response to
agents which stimulate prostaglandin produc-
tion [Casey et al., 1988; Sander and Myatt, 1990].
These studies were undertaken to examine
changes in annexin concentrations which occur
in vivo at parturition in human fetal mem-

branes and to identify those annexins which
may be important regulators of prostaglandin
production in the fetal membranes.

MATERIALS AND METHODS
Tissue Acquisition and Processing

Human fetal membranes and placenta were
obtained under an IRB-approved protocol follow-
ing spontaneous vaginal delivery or elective ce-
sarean section at term. Patients were not sub-
jected to any procedure which would not
normally occur. Amnion and chorio/decidual
membranes were physically separated from the
placenta, transported back to the laboratory in
ice-cold phosphate buffered saline (PBS), rinsed
2-3 times in 10 volumes of ice-cold PBS (to
remove blood), and quickly frozen. Placenta was
chopped into cubes, washed in PBS, and quickly
frozen. In initial experiments, portions of the
tissues were processed immediately after deliv-
ery without freezing and compared with tissue
which had been frozen. The process of freezing
the tissue prior to homogenization did not alter
either recovery or distribution of annexins into
the calcium-dependent and calcium-indepen-
dent pools. Subsequently, all tissues were quickly
frozen and stored at —80°C until processed.

Subcellular Fractionation of Annexins

Initial fractionation procedures were worked
out using placental tissues. Frozen tissue was
weighed and then homogenized in buffer A (200
mM sucrose, 256 mM Tris-HCI, pH 7.5, 1 mM
DTT) containing protease inhibitors (2 mM
EGTA, 10 mM PMSF, 0.4 mg/]l leupeptin, 4
mg/1 pepstatin, 35 mg/1 TPCK, 35 mg/L TLCK,
and 2 mg/1 chymostatin) and phosphatase inhib-
itors (50 mM NaF, 10 mM Na,; EDTA, 5 mM
ZnCly) in a Waring miniblender for 2 x 30 s. We
have previously used this mixture of protease
inhibitors to obtain undegraded initiation fac-
tors during protein purification from liver, a
tissue with high proteolytic activity [Kimball et
al., 1987]. We also included inhibitors of protein
phosphatases [Foulkes et al., 1982] to prevent
changes in the phosphorylation state of annex-
ins since it has been reported that changes in
annexin phosphorylation alter membrane asso-
ciation or interaction [Sheets et al., 1987]. Ali-
quots of the homogenate were taken for mea-
surements of protein content for normalization
of the samples. The recovery of annexins in each
fraction during the following procedures was
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carefully monitored. Following homogenization,
cellular debris was removed by centrifugation at
1,000g for 10 min at 4°C. The supernatant was
again centrifuged at 9,000g for 20 min at 4°C to
remove mitochondria and lysosomes. In the
postlysosomal supernatant recovery was greater
than 90% and the loss of annexins corresponded
to volume loss. A membrane pellet was then
obtained in the presence of 5 mM CaCl, by
ultracentrifugation at 100,000g for 1 h. Greater
than 95% of the annexins were recovered in the
membrane pellet. The pellet was resuspended in
Vs to Yeth of the original volume in buffer A
containing 10 mM EGTA. The pellet was resus-
pended until no particulate material was visible
by light microscopy (200x) using a glass on
glass dounce homogenizer (Kontes, Vineland,
NdJ). Subsequent recentrifugation (in the pres-
ence of millimolar excess EGTA and the absence
of calcium) separated annexins into two frac-
tions, one extractable with EGTA and one which
remained associated with the membrane pellet,
the latter containing between 25 and 75% of
each individual annexin. The process of resus-
pension and recentrifugation of the pellet was
repeated for a total of four extractions. The final
pellets were resuspended in buffer A and ali-
quots of each pellet and supernatant were saved
until assayed. Volumes at each step during frac-
tionation procedures were recorded to enable
calculation of recovery and distribution of annex-
ins.

To further examine the nature of the associa-
tion of annexins with the membrane, membrane
pellets from one placenta were obtained follow-
ing centrifugation in the presence of 5 mM CaCl,,
resuspended in buffer A, and divided into five
aliquots. The first three aliquots were subjected
to four sequential suspension/centrifugation cy-
cles with buffer A containing one of the follow-
ing additions: EGTA alone (10 mM); Triton
X-100 (0.5%) and 5 mM CaCl,; or Triton X-100
(0.5%) and 10 mM EGTA. The remaining two
aliquots were carried through four sequential
extractions with buffer A containing either
EGTA alone or Triton X-100 (0.5%) and 5 mM
CaCly, followed by two additional extraction cy-
cles with buffer A containing both Triton X-100
(0.5%) and 10 mM EGTA. Aliquots from each
pellet and supernatant were saved for immuno-
blotting. At every fractionation step, volumes
were recorded so that samples could be matched
for examination of the distribution of annexins
in individual fractions.

Identification and Quantitation of Annexins by
Western Immunoblotting

Prior to electrophoresis, sample volumes were
adjusted to account for volume changes at each
step of the fractionation procedure, and matched
to the protein content of the original homoge-
nate, so that 10 ul of sample represented mate-
rial in the fraction corresponding to the equiva-
lent of 50 pg of original homogenate protein.
Therefore, samples are directly comparable
across the fractionation procedure and between
individual tissues. Samples were diluted by addi-
tion of an equal volume of 2x gel sample buffer
(2% SDS, 40 mM Tris/Cl, pH 6.8, 10% 2-mercap-
toethanol, 20% glycerol, and 0.02% bromophe-
nol blue), boiled for 5 min, and centrifuged in a
microfuge at 10,000g for 2 min. Samples (10 pl)
were loaded in individual lanes above a stacking
gel (6% acrylamide in stacking gel buffer, 25 mM
Tris-HCl, pH 6.8) overlayed on 8-~ 23% acryl-
amide gradient gels in Tris-HCI, pH 8.8, and
separated by electrophoresis at 100-300 V for
~1 h in a Daiichi minigel apparatus according
to the method of Laemmli [1970]. Following
separation, samples were transferred to a mem-
brane (Nitroplus 2000, Magnagraph, Inc., West-
boro, MA) by electroblotting in a semidry appa-
ratus at approximately 1 mA/cm? for 2 h.
Prestained standards (high and low molecular
weight, Biorad, Richmond, CA) were included in
separate lanes in each gel to monitor transfer
efficiency, which was greater than 90% in all
experiments. Following transfer, the membranes
were blocked and incubated with specific antibod-
ies as follows: Tris-buffered saline (TBS: 50 mM
Tris-HCl, pH 7.5, 500 mM NaCl) containing 5%
nonfat dry milk, 1 h; TBS, 2 changes, 5 min
each; rabbit anti-human annexin I, II, IV, or V
(provided by R.B. Pepinsky, Biogen Corp., Cam-
bridge, MA) diluted 1:2,000 in TBS or purified
rabbit IgG against anti-human annexin VI (p68,
provided by S. Moss, ICRF, London) diluted
1:1,000 or monoclonal anti-bovine annexins I,
IT, IV, or VI (Zymed Laboratories, San Fran-
cisco, CA) diluted 1:2,000 in TBS, 12-18 h; TBS
or TTBS (TBS containing 0.5% Tween-20), 3
changes, 20 min each; goat anti-rabbit IgG con-
jugated to alkaline phosphatase (Promega, Mad-
ison, WI) diluted 1:10,000 in TBS, 2 h; TBS or
TTBS, 3 changes, 20 min each. Immunoreactive
bands were visualized by addition of substrate
(nitroblue tetrazolium, 100 pg/ml, 5-bromo,4-
chloro,3-indoyl phosphate, 50 wg/ml) in develop-
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ing buffer (50 mM Tris-HCI, pH 10.4, 100 mM
NaCl, 3 mM MgCl,). Quantitation was carried
out with a Hoeffer densitometer connected to an
IBM-PC computer.

The procedure for Western immunoblotting
was carefully developed to ensure that the con-
centration and distribution of an individual an-
nexin could be compared in one set of gels. For
each antibody, titer sensitivity and linearity of
densitometry were determined with serial dilu-
tions of partially purified annexins from placen-
tal tissue. The log of the sample concentration
was plotted against the integrated optical den-
sity and conditions were selected which led to
linear changes in density over the range of an-
nexin concentrations in the fetal membrane sam-
ples. A 20% decrease in the integrated optical
density corresponded to approximately a 40-
60% decrease in sample concentration in the
range of dilutions represented in the figures.
Western immunoblotting is subject to variabil-
ity, particularly in the steps involving antibody
binding and visualization with substrates. When
determining changes in the distribution of an-
nexins in different physiologic states, all sam-
ples (up to 120) were loaded, electrophoresed,
transferred, and processed within a single batch
of minigels. Distribution in calcium-dependent
vs. calcium-independent pools was determined
by separation into EGTA-resistant membrane
and EGTA-extractable supernatant fractions.
Total annexin concentrations were determined
by measurements of annexins in the first
100,000g pellet obtained in the presence of buffer
A containing 5 mM CaCl,. For each experimen-
tal run, preliminary blots were performed to
determine the dilutions of samples which were
necessary to give densitometric readings in the
linear range determined for each antibody.

For annexins IV and VI, the concentrations in
some samples were below the limit of detection
of the scanner, therefore we only quantitated
annexins I, II, and V. For each annexin, the
mean integrated optical density of the immuno-
reactive band(s) in total, calcium-dependent, or
calcium-independent membrane-binding pools
both in labor and nonlabor conditions was inde-
pendently quantitated. Means and standard er-
rors were calculated. Significance of differences
between labor and nonlabor samples was deter-
mined by Student’s t-test. For graphical repre-
sentation, the integrated optical density values
for each condition (calcium-dependent or -inde-
pendent pool, labor or nonlabor tissue) were

expressed as a percentage of the mean value for
annexin I, II, or V in the nonlabor, calcium-
dependent pool. For annexin I, since there were
two forms, the monomeric form was chosen for
normalization.

RESULTS

We have identified annexins I-VI in amnion
and chorio/decidual membranes by Western im-
munoblotting (Fig. 1). We have confirmed the
specificity of annexin I, I, IV, and VI polyclonal
antibodies by comparison with monoclonal anti-
annexin antibodies against annexin 1 (Zymed
Laboratories and Dr. Pepinsky, Biogen Corp.)
and annexins II, IV, and VI antibodies (Zymed
Laboratories) which are known to be monospe-
cific, and by examination of chromatographic
fractions and other tissues and cells (results not
shown). Annexin I was identified at approxi-
mately 35 kDA. Anti-annexin I antibody also
identified annexin I1I, which resolved at approx-
imately 32 kDa, and a protein of approximately
68 kDa, which probably corresponds to the
dimeric form of annexin I in placenta which
is covalently crosslinked by transglutaminase
[Pepinsky et al., 1989]. Annexin II resolved
slightly above annexin I at approximately 36
kDa. Annexins IV and V resolved at the same
apparent molecular weight as annexin III, ap-
proximately 32 kDa. Some faint bands were also
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Fig. 1. Western immunoblotting of annexins -Vl in placental
tissue. Membrane pellets from placenta were analyzed by West-
ern immunoblotting as described in Materials and Methods.
Individual gels were run for each annexin. All antibodies were
monospecific, with the exception of annexin I, which also
recognized annexin Ill. The approximate molecular weights of
the prestained standards are shown on the right. Blots were
aligned by the 33 kDa standard.
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apparent with polyclonal anti-annexin IV anti-
body, although the principal band, at 32 kDa,
was the only band detected with the monoclonal
anti-annexin IV antibody. Annexin VI resolved
as a doublet at approximately 65 kDa. Since the
electrophoretic mobility of some of the annexins
is very close or identical on one-dimensional
sodium dodecy! sulfate-polyacrylamide gel elec-
trophoresis (1-D SDS-PAGE), we examined the
cross-reactivity of the antibodies we used for
immunoblotting to ensure that we were detect-
ing only a single annexin under the conditions
employed. We observed no cross-reactivity ex-
cept with the polyclonal antibody for annexin I,
which cross-reacts with annexin III, as previ-
ously reported [Pepinsky et al., 1988]. The an-
nexin IIT band was not detected with the mono-
clonal anti-annexin I antibody (results not
shown). Although we could readily separate an-
nexins I and IIT on SDS-PAGE, the width of the
light beam in the densitometer did not allow
resolution of the individual integrated optical
densities of the two bands, so the value pre-
sented as annexin I represents the sum of both
bands. We estimate that annexin III constitutes
less than 25% of the total immunoreactive sig-
nal in the summed integrated optical density.
To evaluate the potential involvement of an-
nexins in regulation of phospholipase A, activ-
ity, we measured the content of annexins in
amnion and chorio/decidual membranes ob-
tained from patients before the onset of labor
compared to the content in tissues obtained
from patients in labor. We initially utilized the
property of calcium-dependent, reversible bind-
ing of annexins to membrane phospholipids
[Creutz et al., 1987; Geisow, 1986] to optimize
isolation and quantitation procedures (Fig. 2).
EGTA extraction led to recovery of annexins in
the postmicrosomal supernatant (Fig. 2, lane
D), however, a significant proportion of each of
the annexins remained membrane-associated
(lane H). This fraction could not be removed by
sequential extractions of the membrane pellet
with 50 volumes of buffer containing 10 mM
EGTA (Fig. 2, lanes D-G). The annexin which
remained associated with the particulate frac-
tion partially partitioned into organic solvents
(results not shown) indicating a high affinity
association with the membrane lipids. Further
extraction procedures were then employed based
on methods which lead to isolation of cytoskele-
tal-associated proteins [e.g., Glenney et al., 1987].
A portion of the annexins was extracted with the
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Fig. 2. Extraction of annexins from placenta with EGTA and
nonionic detergents. Placenta was homogenized, fractionated
by centrifugation in the presence or absence of calcium, EGTA,
and Triton X-100, and immunoblotted with (A) anti-annexin I,
(B) anti-annexin V, or (C) anti-annexin VI as described in
Materials and Methods. Lanes B,O: Prestained molecular weight
standards; approximate molecular weights are shown on the
right. Lanes A,C: Post 100,000g supernatant (A} and pellet (C)
in the presence of 5 mM CaCl,. Lanes D-G: Four sequential
extractions of the pellet from C with buffer A containing 10 mM
EGTA. Lane H: Remaining annexins in the pellet after extrac-
tions with EGTA in D-G. Lanes 1,): Two sequential extractions
of the pellet from C with buffer A containing 5 mM CaCl, and
0.5% Triton X-100. Lane K: The pellet after four extractions with
buffer A containing 5 mM CaCl, and 0.5% Triton X-100. Lanes
L,M: Supernatant fractions after extraction of pellet in C with
buffer A containing 10 mM EGTA and 0.5% Triton X-100. Lane
N: The residual annexins in the pellet after extractions with
EGTA and Triton X-100 (in L and M).

membrane lipids in the presence of calcium (Fig.
2, supernatant in lanes I and J), with a portion
remaining associated in a calcium-dependent
manner with the detergent-extracted cytoskele-
ton (lane K). Extraction with both EGTA and
Triton X-100, either sequentially (lanes L and
M) or together (results not shown), did not lead
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to complete extraction of all annexins from the
residual pellet (lane N). Since we were primarily
interested in examining changes in the two pools
of annexins which exhibited different affinity
interactions with the membrane, we isolated
and separated annexins into these two pools to
determine whether there were specific changes
which oceurred with labor.

A representative separation of annexins I and
I in amnion and chorion is shown in Figure 3.
In all fractionation experiments, the pellets were
processed through four sequential EGTA extrac-
tion steps, and the supernatants containing
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Fig. 3. Identification of annexins | and 1l in calcium-dependent
and calcium-independent membrane-bound pools from am-
nion (A and B) and chorion/decidua (C and D) by Western
immunoblotting. A, C: Polyclonal anti-annexin | antibody. B, D:
Polyclonal anti-annexin Il antibody. Lane 1: Total annexins in
the membrane pellet in buffer A containing 5 mM CaCl,. Lanes
2, 3: EGTA-extractable annexins (representing the calcium-
dependent pool) in two sequential supernatants after centrifuga-
tion in buffer A containing 10 mM EGTA. Lane 4: Membrane-
associated annexins (representing the calcium-independent
pool) after EGTA extraction.

EGTA-extractable annexins were pooled prior
to quantitative immunoblotting. Greater than
95% of the EGTA-extractable annexins were
extracted in a single step in some experiments
(e.g., Fig. 2, cf. lanes E-H), while a second
extraction was required to remove 95% of the
extractable annexin in other experiments (e.g.,
Fig. 3, cf., lanes 2 and 3). Using the annexin I
antibody, a 68 kDa immunoreactive protein was
detected in both amnion and chorion/decidual
membranes, representing up to 50% of the total
annexin I in amnion (prior to labor). The electro-
phoretic mobility on both 1-D and 2-D gels of
this form of annexin I was identical in amnion,
chorion, and placenta (results not shown), sug-
gesting that this form corresponds to the
crosslinked dimer previously identified in placen-
tal tissue [Pepinsky et al., 1989].

Changes in total content of annexins with
labor are shown in Figure 4. The mean inte-
grated optical density of annexin I signifi-
cantly decreased by 51% with labor in amnion
(P < 0.05) and by 45% in chorion/decidua
(P < 0.01), while the integrated optical density
of annexin II remained unchanged in both am-
nion and chorion/decidua. The integrated opti-
cal density of annexin V remained unchanged in
amnion but increased significantly by 45% with
labor in the chorion/decidua (P < 0.05). Al-
though we could detect annexins IV and VI in
amnion and chorion/decidua, we were unable to
quantitate the immunoreactive bands.

The changes occurring in the distribution of
the calcium-dependent and calcium-indepen-
dent membrane-associated pools of annexins I,
II, and V in amnion with labor are shown in
Figure 5. The calcium-dependent pools de-
creased for both annexin I monomer (21%,
P < 0.025) and annexin 11 (33%, P < 0.05) while
the calcium-independent pools decreased signif-
icantly and markedly for annexin I, for both the
monomeric (73%, P < 0.025) and the dimeric
forms (91%, P < 0.025). Both pools of annexin
V and the calcium-independent pool of annexin
II were unchanged with labor.

The changes occurring with labor in the distri-
bution of the calcium-dependent and calcium-
independent pools of annexins in chorion/decid-
ua are shown in Figure 6. The mean integrated
optical density of the calcium-dependent pools
of annexin I monomer decreased 76% (P <
0.025) as did annexin I dimer (60%, P < 0.005),
while the calcium-dependent pool of annexin V
markedly increased (200%, P < 0.025). De-
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Fig. 4. Changes in total annexin concentrations in amnion and chorion/decidua with labor. Total annexins were
isolated and immunoblotted with specific antibodies for annexins 1, Il, and V. Values are expressed as percent of the
mean value of the integrated optical density of the annexin in the nonlabor, calcium-dependent pool. Significant
changes were determined from integrated optical densities in samples from labor and nonlabor: *P < 0.05; ***P <

0.01 (Student’s t-test).

creases in the calcium-independent pools of an-
nexin I monomer (26%, P < 0.05), annexin II
(30%, P < 0.25), and annexin V (33%,
P < 0.025) occurred with labor. The calcium-
dependent pool of annexin II and the calcium-
independent pool of annexin I dimer were un-
changed with labor.

DISCUSSION

Although annexins have been universally char-
acterized as calcium-dependent proteins, the na-
ture of their interaction with cellular compo-
nents has not been thoroughly characterized.
Annexins were initially identified by several lab-
oratories on the basis of the calcium dependency
(EGTA extractability) of their interaction with

the membrane. However, annexins exhibit pro-
miscuous calcium-dependent interactions with
a wide range of macromolecules, ranging from
fatty acids and phospholipids to individual cy-
toskeletal proteins [Moore et al., 1984; Creutz et
al., 1987; Pepinsky et al., 1988]. There have
been a number of distinct methods used to iso-
late annexins, based on the particular function
of annexins which was under investigation. Two
of the most widely used methods have isolated
annexins based on calcium-dependent interac-
tions with membrane phospholipids (in the ab-
sence of detergents) or cytoskeletal elements (in
the presence of detergents), employing centrifu-
gation to isolate annexins from the bulk of other
proteins. We utilized EGTA extractions of mem-
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Fig. 5. Changes in the distribution of annexins in amnion with
labor. Annexins were separated into calcium-dependent and
calcium-independent membrane-bound pools as described in
Materials and Methods. Values are expressed as the percent of
the mean integrated optical density of the annexin in the
nonlabor, calcium-dependent pool. Significant differences were
determined from the integrated optical densities of samples
from labor and nonlabor: *P < 0.05; **P < 0.025 (Student’s
t-test).

brane preparations in the absence of detergents
to separate annexins based on the calcium depen-
dence of their association with membranes which
contain phospholipids, since our interest was in
determining whether there was a change in the
sequestration of phospholipids by annexins. Ex-
perimental protocols developed to investigate
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Fig. 6. Changes in the distribution of annexins in chorion/
decidua with labor. Annexins were separated into calcium-
dependent and calcium-independent membrane-bound pools
as described in Figure 5. Significant differences between labor
and nonlabor: *P < 0.05; **P < 0.025; ***P < 0.01 (Student’s
t-test).

the calcium-dependent interaction of annexins
with the cytoskeleton have used nonionic deter-
gents to remove lipids which would be unsuit-
able for our studies, since a large fraction of the
annexins would be discarded in the initial deter-
gent extract. Two of the fractions isolated dur-
ing these procedures have not been previously
described or characterized. The first is the frac-
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tion which is extractable with detergents in the
presence of calcium, presumably representing
annexins which have high affinity interactions
with membrane lipids, and the second is the
fraction which remains associated with the cy-
toskeleton following sequential or combined ex-
tractions with detergent and EGTA. The frac-
tion exhibiting high affinity interaction, which
may be the most important pool with respect to
phospholipase inhibition, has only rarely been
examined or described [Sheets et al., 1987; Varti-
covski et al., 1988]. Consequently, much of the
literature must be critically reevaluated in light
of these findings.

In these studies, we have shown that annex-
ins I-VI can be separated into a number of
discrete intracellular pools based on their ex-
tractability with combinations of EGTA and non-
ionic detergents. Since hydrolysis of arachidonic
acid by phospholipases is a function specifically
dependent on membrane phospholipids, we de-
veloped a method to examine the interaction of
annexins with the membrane, to determine
whether there were changes in annexin associa-
tions with the membrane at labor, when phos-
pholipase hydrolysis of phospholipids is specifi-
cally increased. We have confirmed and extended
previous reports which identified calcium-inde-
pendent forms of annexin I in placenta [Sheets
et al., 1987]. However, in both amnion and cho-
rion the ecalcium-independent fraction of each
annexin constitutes a significant fraction (Figs.
2, 5, and 6), representing between 25 and 75% of
the total cellular content. This calcium-indepen-
dent form may represent a novel form of annex-
ins with distinct properties or functions in the
cell. This form which remains in tight associa-
tion with the membrane is likely to represent an
important form of annexin with respect to the
substrate depletion model of phospholipase inhi-
bition.

The decreases in concentrations of specific
forms and pools of annexin which occur with
labor identify annexin I as a potential candidate
for regulation of prostaglandin production in
human fetal membranes at parturition. In a
typical fibroblast cell, Schlaepfer and Haigler
[1987] calculated that annexin I is sufficiently
abundant to coat the entire inner surface of the
phospholipid bilayer. Recently the high resolu-
tion crystal structure of annexin V has been
identified and compared to structures obtained
at lower resolution of annexins IT and VI which
appear to share similar gross characteristics [Hu-

ber et al., 1990]. The rough dimensions of the
molecule (approximately 40 x 40 A) would al-
low a single annexin molecule to interact with or
sterically block approximately 40 phospholipids
(assuming a unit area/phospholipid molecule of
~40 A2). Therefore, the marked decreases in
the calcium-independent, tightly associated form
of annexin [ in the amnion may have a major
impact on the access of phospholipases to sub-
strates at parturition. Annexin I binds with
highest affinity to phosphatidyl inositol (PI) and
phosphatidyl ethanolamine (PE) [Blackwood and
Ernst, 1990]. In human amnion, PI and PE
were the only phospholipids to show significant
decreases in arachidonic acid content with labor
[Okita et al., 1982], suggesting that there is
preferential utilization of these phospholipid sub-
strates for hydrolysis and release of arachidonic
acid. The decrease observed in annexin I at labor
is consistent with the binding characteristics of
annexin I for these two phospholipids, and with
a potential specific role in substrate sequestra-
tion and inhibition of prostaglandin production
in amnion prior to labor.

The nature of the interaction of the calcium-
independent form with the particulate fraction
remains to be determined. One possibility is
that a large proportion of the annexins remains
associated with the particulate fraction due to
their interaction with cytoskeletal proteins such
as actin [Glenney, 1986], spectrin, or other pro-
teins in the membrane or cytoskeleton [Cheney
and Willard, 1989]. Alternatively, covalent mod-
ifications may occur which alter the binding
characteristics of annexins to the membrane. A
number of agents which trigger prostaglandin
production in amnion activate signaling path-
ways which alter annexin binding to phospho-
lipids [e.g., EGF: Sheets et al., 1987; phorbol
esters: Creutz et al., 1987]. A number of post-
translational modifications of annexins have
been shown to alter their affinity for phospholip-
ids. Phosphorylation of annexin I was suggested
to be responsible for a change in the calcium
dependence of the membrane interaction in pla-
cental tissue [Sheets et al., 1987]. Acylation of
proteins is another modification which can alter
membrane interactions, and annexin II has been
reported to be covalently modified by myristate
or a metabolite of myristate [Soric and Gordon,
1985]. Crosslinked annexin I exhibits much
higher affinity binding to membrane lipids [Pep-
insky et al., 1989]. Indeed, the majority of dimer-
ized annexin I in amnion is present in the tightly



372 Myatt et al.

associated pool. The abundance of the dimeric
form and its specific loss at parturition in am-
nion emphasize the potential importance of the
high affinity binding forms of annexin I in am-
nion to phospholipase inhibition.

We have separated the annexins into two pools
based on the calcium dependency of the interac-
tion with the microsomal fraction, and have
shown changes in the concentration of several of
these pools in amnion and chorio/decidua at
parturition. The abundance of annexins, the
presence of multiple annexins in individual cells
and tissues, and the complex nature of changes
which occur with labor suggest that these pro-
teins may be part of a multicomponent trans-
duction system which regulates the coordinated
response of a cell or tissue to a changing environ-
ment. A full understanding of the role of annex-
ins in fetal membranes will require evaluation of
their individual roles as well as potential overlap-
ping interactions with cellular components.

ACKNOWLEDGMENTS

We thank our colleagues in the Department of
Obstetrics and Gynecology for assistance in pro-
curement of tissues and Joelene Dixon for assis-
tance in the preparation of the manuscript. Part
of this work was presented in preliminary form
at the 37th Annual Meeting of the Society for
Gynecological Investigation, St. Louis, MO, in
March 1990. This work was supported in part by
grants NIH HD 26167 (I.M.) and NIH HD
27603 (W.V.E.).

REFERENCES

Ahn NG, Teller DC, Bienkowski MdJ, McMullen BA, Lipkin
EW, deHaén C (1987): Sedimentation equilibrium analy-
sis of five lipocortin-related phospholipase A inhibitors
from human placenta. Evidence against a mechanistically
relevant association between enzyme and inhibitor. J Biol
Chem 263:18657-18663.

Blackwood RA, Ernst JD (1990): Characterization of Ca2*-
dependent phospholipid binding, vesicle aggregation and
membrane fusion in annexins. Biochem J 266:195-200.

Casey ML, Korte K, MacDonald PC (1988): Epidermal
growth factor stimulation of prostaglandin E; biosynthe-
sis in amnion cells. J Biol Chem 263:7846-7854.

Challis JRG (1985): Causes of parturition. R Soc Med Serv
Ltd Int Cong Symp Ser No 92:5-14.

Cheney RE, Willard MB (1989): Characterization of the
interaction between calpactin I and fodrin (non-erythroid
spectrin). J Biol Chem 264:18068—-18075.

Cirino G, Flower RJ, Browning JL, Sinclair LK, Pepinsky
RB (1987): Recombinant human lipocortin I inhibits
thromboxane release from guinea-pig isolated perfused
lung. Nature 328:270-272.

Cirino G, Peers SH, Flower RJ, Browning JL, Pepinsky RB
(1989): Human recombinant lipocortin I has acute local
anti-inflammatory properties in the rat paw edema test.
Proc Natl Acad Sci USA 86:3428-3432.

Creutz CE, Zaks WJ, Hamman HC, Crane S, Martin WH,
Gould KL, Oddie KM, Parsons SJ (1987): Identification of
chromaffin granule-binding proteins. Relationship of chro-
mobindins to calelectrin, synhibin, and the tyrosine ki-
nase substrates p35 and p36. J Biol Chem 262:1860-1868.

Davidson FF, Lister MD, Dennis EA (1990): Binding and
inhibition studies on lipocortins using phosphatidylcho-
line vesicles and phospholipase A; from snake venom,
pancreas, and a macrophage-like cell line. J Biol Chem
265:5602-5609.

Foulkes JG, Cohen P, Strada SJ, Everson WV, Jefferson LS
(1982): Antagonistic effects of insulin and B-adrenergic
agonists on the activity of protein phosphatase inhibitor-1
in skeletal muscle of the perfused rat hemicorpus. J Biol
Chem 257:12493-12496.

Geisow MJ (1986): Common domain structure of Ca** and
lipid-binding proteins. FEBS Lett 203:99-103.

Glenney J (1986): Two related but distinct forms of the Mr
36,000 tyrosine kinase substrate (calpactin) that interact
with phospholipid and actin in a Ca?*-dependent manner.
Proc Natl Acad Sci USA 83:4258-4262.

Glenney JR, Tack B, Powell MA (1987): Calpactins: Two
distinct Ca**-regulated phospholipid- and actin-binding
proteins isolated from lung and placenta. J Cell Biol
104:503-511.

Huber R, Rémisch J, Paques E-P (1990): The crystal and
molecular structure of human annexin V, an anticoagu-
lant protein that binds to calcium and membranes. EMBO
J 9(12):3867-3874.

Kimball SR, Everson WV, Myers LM, Jefferson LS (1987):
Purification and characterization of eukaryotic initiation
factor 2 and a guanine nucleotide exchange factor from rat
liver. J Biol Chem 262:2220-2227.

Laemmli U (1970): Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature
227.680-685.

Machoczek L, Fischer M, Séling HD (1989): Lipocortin I and
lipocortin II inhibit phosphoinositide and polyphospho-
inositide-specific phospholipase C. The effect results from
interaction with the substrate. FEBS Lett 251:207-212.

Mathew JK, Krolak JM, Dedman JR (1986): Calcimedins:
Purification and characterization from chicken gizzard
and rat and bovine livers. J Cell Biochem 32:223-234.

Maurer-Fogy I, Reutelingsperger CPM, Pieters J, Bodo G,
Stratowa C, Hauptmann R (1988): Cloning and expres-
sion of ¢cDNA for human vascular anticoagulant, Ca2+*-
dependent phospholipid-binding protein. Eur J Biochem
174:585-592.

Moore PB, Kraus-Friedmann N, Dedman JR (1984): Unique
calcium-dependent hydrophobic binding proteins: Possi-
ble independent mediators of intracellular calcium dis-
tinct from calmodulin. J Cell Sci 72:121-133.

Moss SE, Crumpton MJ (1990): Alternative splicing gives
rise to two forms of the p68 Ca?*-binding protein. FEBS
Lett 261:299-302.

Okazaki T, Sagawa N, Okita JR, Bleasdale JE, MacDonald
PC, Johnston JM (1981): Diacylglycerol metabolism and
arachidonic acid release in human fetal membranes and
decidua vera. J Biol Chem 256:7316-7321.

Okazaki T, Sagawa N, Bleasdale JE, Okita J, MacDonald
PC, Johnston JM (1982): Initiation of human parturition.



Annexins in Fetal Membranes 373

XIII. Phospholipase C, phospholipase Ay, and diacylglyc-
erol lipase activities in fetal membranes and decidua vera
tissues from early and late gestation. Biol Reprod 25:103—
109.

Okita JR, MacDonald PC, Johnston JM (1982): Mobilization
of arachidonic acid from specific glycerophospholipids of
human fetal membranes during early labor. J Biol Chem
257:10429-10434.

Pepinsky RB, Tizard R, Mattaliano RJ, Sinclair LK, Miller
GT, Browning JL, Chow EP, Burne C, Huang K-S, Pratt
D, Wachter L, Hession C, Frey AZ, Wallner BP (1988):
Five distinct calcium and phospholipid binding proteins
share homology with lipocortin I. J Biol Chem 263:10799-
10811.

Pepinsky RB, Sinclair LK, Chow EP, O’Brien-Greco B (1989):
A dimeric form of lipocortin-1 in human placenta. Bio-
chem J 263:97-103.

Relton JK, Strijbos PJL, O’Shaughnessy TO, Carey F, Forder
RA, Tilder FJH, Rothwell NJ (1991): Lipocortin-1 is an
endogenous inhibitor of ischemic damage in the rat brain.
J Exp Med 174:305-310.

Rémisch, Schorlemmer U, Fickenscher K, Paques E-P, Heim-
burger N (1990): Anticoagulant properties of placenta
protein 4 (annexin V). Thromb Res 60:355-366.

Sander J, Myatt L (1990): Regulation of prostaglandin E,
synthesis in human amnion by protein kinase C. Prosta-
glandins 39:355-363.

Schlaepfer DD, Haigler HT (1987): Characterization of the
Ca?*-dependent phospholipid binding and phosphoryla-
tion of lipocortin I. J Biol Chem 262:6931-6937.

Sheets EE, Giugni TD, Coates GG, Schlaepfer DD, Haigler
HT (1987): Epidermal growth factor dependent phospho-
rylation of a 35-kilodalton protein in placental mem-
branes. Biochemistry 26:1164-1172.

Soric J, Gordon JA (1985): The 36-kilodalton substrate of
pp60v-s is myristylated in a transformation-sensitive man-
ner. Science 230:563-566.

Tait JF, Sakata M, McMullen BA, Miao CH, Funakoshi T,
Hendrickson LE, Fujikawa J (1988): Placental anticoagu-
lant proteins: Isolation and comparative characterization
of four members of the lipocortin family. Biochemistry
27:6268-6276.

Varticovski L, Chahwala SB, Whitman M, Cantley L, Schind-
ler D, Pingchang Chow E, Sinclair LK, Pepinsky RB
(1988): Location of sites in human lipocortin I that are
phosphorylated by protein tyrosine kinases and protein
kinases A and C. Biochemistry 27:3682-3690.





