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Annexin V forms calcium-dependent trimeric units on phospholipid
vesicles
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The quaternary structure of annexin ¥, a calcwm-dependent phospholipid binding proten, was investigated by chemical cross-linking. Caleium

was found 1o induce the formation of trimers, hexamers, and higher aggregates only when anionie phospholipids were present. Oligomerization

oceurred under the same conditions as annexin-vesicle binding. A model is proposed in which cell stiimulation leads to caleium-induced organization
of arrays of annexin Y lining the inner membrane surface, thus allering properties such as permeabulity and fluidity.
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1. INTRODUCTION

Annexins constitute a family of proteins proposed to
mediate the intracellular ealcium signal through their
common property of calcium-dependent binding to
phospholipid membranes, Specific members of the an-
nexin family have been shown to produce voltage-de-
pendent calcium channel activity (for review see [17),
alter the gating of the sarcoplasmic reticulum calcium
release channel [2], bind and bundle actin [3], inhibit
PLA, [4], inhibil protein kinase C [5] and regulate the
budding of clathrin-ceated vesicles [6].

Several previous studies have considered the mem-
brane-associative properties of annexins. From their ¢l-
lipsometric measurements, Andree and co-workers pro-
posed that calcium-specific adsorption of annexin V to
phospholipid monolayers induces polymerization of the
protein in the plane of adsorption {7]. Su¢h a coating of
the membrane by annexin molecules could exert a bio-
logical effect on either the membrane itsell’ or other
membrane-bound proteins. Electron image analysis re-
vealed that annexin V molecules crystallize as trimers in
a triskelion pattern on a lipid monolayer [8]. Through
the same technique, it was determined that annexins IV
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[9] and Y1 [10] erystallize similarly on lipid monolayers.
In solution, annexins 1V, VI, and VII were found to
self-associate when bound to membranes in a Ca**-de-
pendent manmer, although the quaternary struckture was
not identified [11].

The studies described herewn were initiated to probe
the speeific calcium-dependent oligomerization proper-
ties of annexin V molecules in the presence of phospho-
lipid vesicles under solution conditions. Chemical cross-
linking studies were performed to investigate the qua-
ternary structure of annexin ¥ when bound to phospho-
lipid vesicles. Binding studies were also performed to
evaluate whether oligomerization occurred under simi-
lar conditions as those associated with annexin-vesicle
binding. Results from these experiments are discussed
in the context of related studies and of the possible
physiological implications [or annexin function.

2. EXPERIMENTAL

2.1, Materials

Poraine lung annexin ¥ was punfied as described previousiy {12].
DMS wis Mfom Plerce. Bovine brain extract Type NI containing >80%
phosphatidylsering (PS) was obuined from Sigma Chemical Co. Bo-
vine heart curdiohpin {CL), dicicoylphosphatidylcholine (DGPC), di-
oleoylphasphatidylglycerol (DOPG), and dioleoylphosphatidic acid
(DOPA) were purchased from Avanu Polar Lipids. Highly purified
waler was provided by Hydro Services, Ine.

22, Vesicles

Large uniamellar phosphobpid vesicles (LUYs) were prepared
from either pure or mixed phosphelipids by the method of Reeves and
Dowben [13] a» medified by Mueller, Chien and R udy [L4]. Vesicles
were characlenized by irapped-volume measurements and by direct
observanon usug video lght mictowopy with DifTerenuia! Interfer-
ence Contrast. LUVs prepared in this manner appeared reasonably
homogeneous, ranging in diameter from 0.5 tc 3 microns. Vesicles
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were prepared [resh for ¢ach experiment and used withun 12-18 h of
preparation.

2.3 Calcium minigloctrodes

Caleium-sensitive minielecirodes were prepared according to Af-
lolter and Sigel [15] using the neutial carrics ETH 1001, Calcium
standard solutons used to calibiate the elestrodes were prepared ac-
cording to Tsien and Rink [16], The electrodes were prepared and used
within 24 h, Before measuring the fre¢ calcium coneentration in the
samples, the electrodes were equilibrated for 20-30 min or unul they
showed a stable response. The electrodes were selected only (I they
showed a Nernstian respense. Elecirodes used were very stable, show-
ingadnftol less than 6 mY in 12 h

24, dssavs

SDS-PAGE was perlormed aecording to Laemmli [17]. Protein con-
centration was medsured according to Lowry et al [18], as modified
by Stauffer [19], using bovine serum albumin as standurd Phospho-
lipid phosphorus was deternined following the method of° Ames and
Dubin [20] The gels were stained with Coomassie brilliant blue as
described by Weber and Osborn [21].

2.5, Binding assuys

Binding of annexm ¥V to phospholipid vesicles was determuined by
a method based on that described by Boustead et al. [22], Phospholipid
vesicle preparations coutalning 0 1 umeol of phospholipids were mixed
wilh 10 ug of protein m 25 mM HEPPS, pid 8.0, 100 mM KCI and
the indicated calcium concentration in a final velume of 500 il. The
muxture was ingubdated for 15 min al room temperalure, After the
ineubation pericd, the tubes were centrifuged at 12,000 % g for 10 min.
The pellets were washed onee or twice by resuspending them with 450
K1 of buffer and centrifuging each time. 30 &1 samples of the iesuss
pended pellets and the supernatants were analyzed by SDS-PAGE.

X5, Cheancal cioss-linking

Cross-linking of annexin V in the absence of phospholipids was
performed in 25 mM HEPPS, pH 8.0, containing final concenirations
ol 100 mM KCl, 0.05 mM EGTA, the indicated conceniration of
CaCl,, 5% (w/v) 2-mercaplocthanol, and 1 mg/ml protin in 4 final
volume of 50 ul, unless otherwise staled A 50 mM DMS stock solu-
tion was freshly prepared in 25 mM HEPPS buller, pH 8.0 containing
100 mM KCl and added 1o the protein solution to give the stated
desired final concentration [23,24}, The cross-linking reaction pro-
ceeded o1 3 h al room temperalure and the products were analyzed
by SDS-PAGE

For the cross-linking experunents the protew was incubated with
the phospholipid vesicles, as described above lo1 the binding studies,
and then ceninfuged, 10 4l of 23 mM HEPPS, pH 8.0, 100 mM KO
buffer and 5 ul of 200 mM DMS were added to 1he pellet containing
the vesicle-bound protein to give a final volume of approximately 30
@l The suspension was mixed, incubated for 3 h at room temperature
and the reuction products analyzed by SDS-PAGE, For esperiments
performed using vesicles prepared solely from PC, the prolocol was
changed to rellect the fact that annexin V does not bind 10 PC For
these samples, the vesicles were first pelleted without proten, then
mixed with protemn, calcium, and DMS and used without further
pelleting.

3. RESULTS AND DISCUSSION

Annexin V is a single 35 kDa polypeptide chain. To
investigate whether oligomeric states exist, either free in
solution or in association with membranes, chemical
cross-linking studies using the bifunctional reagent, di-
methylsuberimidate, were performed under various
conditions, Two key observations were made in these
experimenis (see Fig. 1). First, annexin V¥ forms cross-
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Fig. 1. Molecular weight measurements of annexn V monomer,

trimer, and higher apgrepates using SDS gel standards feff Mne:

molgcular weight standards, .'05, 116, 97.4, 66, 45, 31, 21.5 kDa.

Middle laite: annexin V erosy-linked by DMS in presence of 0.1 mM

CaCl, and DOPC:DOPG vesicles. Right lane: samples ol the left and
middle lanes combined.

linked trimers, hexamers, and higher aggregates in the
presence of vesicles but not in their absence. Vesicles
containing DOPG, DOPA, or cardiolipin promoted this
cross-linking, while DOPC did not. Annexin V, like
other annexins, does not bind to PC, although it will
kind to PG, PA, cardiolipin. Second, calcium was re-
quired in all cases for cross-linking; magnesium could
not substitute for calcium, It is apparent from these
results that anncxin binding to the vesicles was a requi-
site for trimer/hexamer formation, since even high levels
of calcium could not induce annexin oligomerization
when pure (1009%) PC vesicles were used.

To aseertain whether annexin V oligomerization cor-
relates with binding to membranes, free caleium meas-
urements were determined in parallel for both binding
and cross-linking experiments. Free calcium measure-
ments were made using a calcium-sensitive minielec-
trode. Annexin-vesicle binding was determined by a
centrifugation-separation assay in which the mixture
was ¢entrifuged, and the supernatant and pellet ana-
lyzed by SDS-PAGE. Bound protein remained with ves-
icles in the pellel. The free calcium concentration for
half-maximal binding occurred within a range of 13-16
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#M for DOPG/DOPC vesicles, 5.5-6.9 uM for DOPA/
DOPC and CL/DOPC vesicles, and 2447 4M for brain
PS vesicles. These levels are reached during the course
of calcium transients within the cell [25]. Oligomeriza-
tion appeared at similar free calcium concentrations as
the respective binding assays (Fig. 2). The cross-linking
pattern was consistent with all the anionic phospholip-
ids tested.

Qur results indicate that annexin ¥V in solution self-
associates into trimers and higher aggregates when
bound to vesicles. Thus annexin ¥V monomers in the
presence of phospholipid vesicles may exhibit organiza-
tional behavior in selution similar to that observed in
the 2D crystalline state [8]. Multimer formation depends
upon formation of the annexin-Ca® -phospholipid
membrane ternary complex. The system requires that
when the free calcium level is appropriately elevated and
a compatible phospholipid surface is present, multimers
can ferm. Binding to the membrane may orient annexin
monomers in order to facilitate polymerization.

We propose the following mode! for the molecular
mechanism of annexin V action. In the resting cell,
when free calcium concentrations are below 107" M,
annexin V exists primarily as a monomer. During cell
stimulation, free caleium concentrations subadjacent to
the cell membrane rise to micromolar leveis [25]. Cal-
cium promotes the binding of the protein to anionic
phospholipid surfaces, where it further organizes into
trimers, hexamers and higher aggregates to form an
extended hexagonal array. This submembranous net-
work would have a more profound influence on mem-
brane properties than would individually bound an-
nexin molecules. The apparent affinity of annaxin V for
different membranes at a given free calcium concentra-
tion depends on the phospholipid composition of the
membrane. This may result in the targeting of annexin
¥V to specific membrane sites during transient rises in
intracellular free calcium levels following stimulation.
Thus, calcium-dependent formation of such an annexin
network would give rise to locally altered membrane
properties.

Membrane surface curvature appears to influence the
formation of twe-dimensional arrays of annexin mole-
cules. In a recent study using eryoeleciron microscopy
[26], annexin V binding Lo large vesicles was observed
to promote the formation of planar facets on the vesi-
cles, where the surface is flatiened by large clusters of
annexin V molecules. High surface curvature was found
to hinder formation of the two-d:mensional protein ar-
rays. Studies using low-angle neutron scattering of an-
nexin V¥ bound to small unilamellar vesicles [27] there-
fore may not be observing the aggregated state but
rather extensive binding of monomeric annexin V. In
contrast, our study and the electron microscopy studies
have used cither lipid monolayers or large vesicles, and
these have detected significant organization of annexin
Y inio trimeric unit aggregates. Our cross-linking re-
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sults are in agreement with the neutron scattering stud-
ies [27] in that annexin ¥ is monodisperse in the absence
of vesicles.

Calcium-dependent membrane binding associated
with multimer forrmation may be common te many an-
nexins. The immunofluorescent localization patterns
and high tissue concentrations of the annexins [28] sup-
port this possibility. Complex multimer sheets lining the
phosphelipid inner membrane leatlet would alter prop-
erties such as fluidity and sequestration of specific
phospholipids, which, in turn, have been shown to alter
membrane protein function [26,29]. Such a submembra-
nous scaffolding maintains and stabilizes the membrane
[30,31). For example, dystrophin is localized to the inner
surface of the sarcolemma in normal skeletal muscle.

1 2 3 4 5 6 7 8

Fig. 2. Effects of caleium, magnesivin, phosphelipids on annexin V

cross-linking. Lanes 1-7 are all in the presence of DOPC:DGPG

LUVs. (1) 0.1 mM EGTA, (2) 0.05 mM CaCl,, (3) (.10 mM CaCl,,

{4) G.20 maM Call,, {55 6.50 mM Cucly, (83 L0 mM G201, (T3 0.1 mM

EGTA, 2 mM MgCl., (8 1.0 mM CaCl,, but withoul phosphelipid.

Calcium but not magnesium causes mulumer formation. Cross linking
does not oceur in the absence of phospholipids.
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When absent, as in Duchenne muscular dystrophy, the
plasma membrane is unstable and the fibers rapidiy
turn over [32]. In addition, the Ca**-dependent lining of
the membrane would sterically block the translocation
of phospholipid binding proteins such as protein kinase
C and cellular phospholipases. The calcium-dependent
self-association on membrane surfaces therefore may
represent a nnvel mechanism of second messenger-cou-
pled cell regulation.
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