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Annexins belong to a family of Ca2+- and phospholipid-binding proteins that can me-
diate the aggregation of granules and vesicles in the presence of Ca2+. We have stud-
ied the effects of different divalent metal ions on annexin-mediated aggregation of
liposomes using annexins isolated from rabbit liver and large unilamellar vesicles pre-
pared from soybean asolectin II-S. In the course of these studies, we have found that
annexin-mediated aggregation of liposomes can be driven by various earth and transi-
tion metal ions other than Ca2+. The ability of metal ions to induce annexin-mediated
aggregation decreases in the order: Cd2+>Ba2+, Sr2+> Ca2+>>Mn2+>Ni2+>>C02+.
Annexin-mediated aggregation of vesicles is more selective to metal ions than the
binding of annexins to membranes. We speculate that not every type of divalent metal
ion can induce conformational change sufficient to promote the interaction of
annexins either with two opposing membranes or with opposing protein molecules.
Relative concentration ratios of metal ions in the intimate environment may be crucial
for the functioning of annexins within specialized tissues and after treatment with

toxic metal ions.

Annexins are a family of structurally related
proteins capable of binding to phospholipid
membranes in a Ca2+-dependent manner
[1-3]. Annexins are amphipathic proteins,
different from soluble and integral membrane
proteins. The biological roles of annexins are
presumably intimately connected with their
lipid-binding properties. Most experiments

with Ca2+-dependent binding of annexins to
membranes and aggregation of membranes
driven by annexins were performed using arti-
ficial membranes containing a high percent-
age of phosphatidylserine [4]. However, the
situation within the cell is rather different:
the lipid composition of membrane bilayers is
very complex; in addition, not a single
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annexin but several members of the annexin
family are present in nearly every plant and
animal cell. The ionic composition within the
cell and in its environment is also complex but
surprisingly there are only a few reports con-
cerning the interaction of annexins with diva-
lent metal ions other than CaZ* [6-10].

To gain further insights into the mecha-
nisms by which annexins bind to membranes
in the presence of different metal ions, we
have studied the interaction of a mixture of
annexins isolated from rabbit liver with
liposomes prepared from soybean phospho-
lipids, asolectin [11]. The binding depended
on the type of the ion (Ca2+, Ba2+, Sr2+, Mn2+,
Ni2+, COZ+) present in the assay medium. In
addition, it has been shown that the isolation
of skeletal muscle cell membranes in the pres-
ence of Ba?' leads to the formation of
tightly-bound forms of annexins V and VI
[12].

Originally, the annexin was defined as a pro-
tein that potentiates Ca2+-dependent aggrega-
tion of phospholipid vesicles [13]. Later on,
the ability of annexins to promote CaZ*de-
pendent aggregation of secretion granules
and liposomes turned out to be one of the gen-
eral features of annexins [14]. With respect to
the interaction of annexins with phospholipid
membranes in the presence of Ca2+, two
groups within the annexin family of proteins
are distinguished: (i) annexins enhancing the
aggregation of vesicles (I, II, IV, VI, VII) [14,
15], and (ii) annexins inhibiting vesicle aggre-
gation (III, V) [15].

Site-directed spin labeling demonstrated
that different annexins, such as human
annexin V and hydra annexin XII, can form
hetero-multimers [16]. Since all mammalian
cells express different annexin genes, the in-
teraction between various annexins can be
one possible regulatory elements. In this pa-
per we have tested the properties of a broad
range of divalent metal ions in substituting
Ca%" for the induction of liposome aggrega-
tion mediated by annexins prepared from rab-
bit liver.

MATERIALS AND METHODS

Isolation of annexins. Annexins were iso-
lated from rabbit liver (tissue stored at
-70°C), as described previously [17]. Briefly,
the procedure involves successive extraction
of the tissue in a buffer containing 2 mM
EDTA, precipitation of proteins in the pres-
ence of 2 mM Ca’" solubilization of the pellet
in a buffer containing 10 mM EGTA, binding
of annexins into liposomes (at lipid:protein
weight ratio of 3:1) in the presence of 2 mM
Ca2+, and final elution of the bound protein by
10 mM EGTA. The annexin preparation con-
stituted mainly of annexins VI, V, and IV;
other annexins (I-III) were found in trace
amounts [17].

Preparation of metal ion stock solutions.
Stock solutions containing different concen-
trations of metal ions were prepared in buffer
A (50 mM Hepes, 100 mM KCI, 1 mM EGTA,
pH 7.0), as in [15], with precautions described
in [18]. The buffer concentration was chosen
to avoid changes in pH after dilution; indeed,
the pH of metal ion stock solutions after 1:4
(v/v) dilution with buffer A changed by less
than 0.03 pH unit throughout the range of
metal ion concentrations used in the experi-
ments.

Preparation of liposomes. Liposomes
were prepared by hydrating 250 mg of
asolectin II-S (from Sigma, previously dried
from chloroform/methanol mixture, 2:1 v/v,
under nitrogen) with 25 ml of buffer A con-
taining 240 mM sucrose [11]. Following ultra-
sonic treatment for 30 min at 22 kHz, the
liposome suspension was diluted 3-fold with
buffer A and centrifuged at 20000 X g for 20
min in a Beckman JA-20 rotor. The pellet was
washed twice by resuspending the liposomes
in buffer A and centrifugation under the same
conditions. The final pellet was suspended in
10 ml of buffer A.

Aggregation of liposomes. The annexin-
mediated aggregation of liposomes in the
presence of metal ions was determined as fol-
lows. Before assay, the mixture of rabbit liver
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annexins was dialyzed against buffer A. On
the day of the determination, liposome prepa-
ration was diluted by buffer A to reach an
absorbance value at 540 nm of 0.8 and then
mixed with buffer A containing the appropri-
ate cations (0.5 ml of liposome suspension
and 1.5 ml of buffer A in the presence or ab-
sence of various cations). After equilibration
for 1 min in 1-cm plastic cuvettes, the reaction
was started by the addition of 100 ul of
annexin preparation (from 1 mg/ml stock so-
lution). Absorbance was measured in a
Hitachi 200-20 spectrophotometer equipped
with a Cell Programmer unit that allowed si-
multaneous (time of cell repositioning was
3 s) registration of absorbance at 540 nm in
four cells within programmed time intervals.

Miscellaneous. The ionized metal concen-
trations were assayed either directly with an
electrode (Orion Research, U.S.A.) selective
to the divalent metal ions, or were calculated
using a self-written program. The program
served to compute the concentrations of free
ions and ligands in mixtures prepared from
stock solutions with known concentrations of
metal ion and buffer ligand. The rationale of
the program was the same, as described by the
algorithm of Fabiato & Fabiato [19]. The pro-
gram used a modified Newton method [20] for
calculations. Protein concentrations were de-
termined by the Bradford method [21] using
bovine serum albumin as a standard.

RESULTS

It is well established [15, 22] that the binding
efficacy of annexins correlates with the rela-
tive content of the anionic phospholipids in
the membrane. When we have studied the ef-
fect of various divalent metal ions on the com-
petition of annexins for binding sites on
phospholipid vesicles, we have used liposomes
prepared from soybean asolectin containing
23.5% of phosphatidylcholine, 20% of phos-
phatidylethanolamine, 14% of inositol phos-
phatides, 39.5% of other phospholipids, lipids,

and carbohydrates, 2% of neutral lipids (tri-
glycerides, tocopherols, sterols), and 0.3% of
hexane insolubles. The approximate fatty acid
composition was the following: 20% of
palmitic, 4% of stearic, 10% of oleic, 59% of
linoleic and 7% of linolenic; the polyunsatu-
rated/saturated fatty acids ratio amounted to
2.8 (Dr. Rainer Dittrich, Sigma-Aldrich
Chemie GmbH, personal communication).
Under the conditions described in [11] we
have found that the number of binding sites
accessible for annexins on liposome mem-
branes is limited and is sufficient only for the
binding of no more than 45% of the protein
present in the incubation medium. Therefore,
we determined the aggregation of liposomes
by annexins as a function of protein concen-
tration. In the presence of 1.09 mM Ca2+, the
rate and extent of liposome aggregation is
augmented with increasing amounts of pro-
tein in the assay medium (Fig. 1). The concen-
tration of annexins required for maximal

0.3
3025
3 ;
Loz
50
[0]
g 0.15 160
3
37.5
S 0.1
o
4
2 0
< 0.05
0 20

0 1 2 3 4 5 6 7 8 9 10
Time (min)

Figure 1. Effects of protein concentration on
annexin-driven aggregation of asolectin lipo-
somes.

The aggregation of liposomes as a function of annexin
concentration was determined by measuring the
change in turbidity (absorbance at 540 nm) induced in a
suspension of liposomes in a buffer (50 mM Hepes, 100
mM KCI, 1 mM EGTA, pH 7.0) containing 1.09 mM
Ca2+ by the addition of annexins (100 u1). Numbers at
the end of experimental curves denote the concentra-
tion of annexins in #g/ml. Each point on the experimen-
tal curves represents a mean value obtained from at
least four separate determinations for each protein con-
centration; values varied by 2-6%. Error bars are omit-
ted for clarity.
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change in the absorbance of liposome suspen-
sion at 540 nm amounted to 50 ug/ml. Fur-
ther increases in the annexin concentration
resulted in a decrease, rather than in an in-
crease, of the extent of liposome aggregation.
This may arise from the depletion of the num-
ber of available binding sites at the membrane
and/or by membrane distortion by the anne-
xins already bound [23].

According to the results of our previous ex-
periments [11], the free concentration of
Ca®', Ba?', Sr**, Mn?', Co®" and Ni* for
maximal binding of annexins to liposomes,
were 480.8, 1623, 1622, 125, 130, and 6.5 X
1076 M, respectively. The concentration of
Cd%" for maximal binding amounted to 4.3 X
1079 M (unpublished data). Therefore, in the
experiments presented in this report we have
used the following range of ion concentra-
tions: 2 X 107%-1.5 X 1073 M for Ca2+, 4 X
107422 x 1073 M for Ba", Sr®" and Mg*", 3
X 107°-2 X 10™* M for Mn®" and Coz+, 1.8 X
1076-1.5 X 107 M for Ni?*, and 107-107®
M for Cd?".

Annexin-mediated liposome aggregation in-
cludes at least three primary interactions be-
tween three constituents of ternary complex,
namely: (i) interaction of liposome with metal
ion; (ii) interaction of liposome with protein,
and (iii) interaction of protein with metal ion.
Therefore, in every experiment we evaluated
the role of such interactions and made respec-
tive controls. A typical result of one of such ex-
periment is shown in Fig. 2. Without annexins
and metal ions, no aggregation of liposome oc-
curs (curve 5). Curve 3 reflects only the slight
sedimentation of liposomes with time, in the
absence of both metal ions and annexins. The
self-association of annexins in the presence of
a metal ion (in the absence of liposomes) is
rather small (curve 5). A related phenomenon
has been observed for annexins in solution,
using light scattering and fluorescence mea-
surements [24] and during the preparation of
annexin crystals [25]. The addition of anne-
xins to liposomes suspended in metal-free me-
dium (curve 4) always induces a slight in-

crease of liposome sedimentation rather than
their aggregation. The same conclusion is true
for the interaction of liposomes with metal
ions in the absence of annexins (curve 2). The
latter observation indicates that the ion con-
centrations used by us are lower than thresh-
old concentrations of divalent metal ions nec-
essary to induce the aggregation of large and
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Figure 2. Time-dependent effect of 1.09 mM ca*
on annexin-mediated liposome aggregation.

In all experiments with liposomes, the initial value of
absorbance at 540 nm was 0.2; the concentration of pro-
tein was 50 ug/ml. Absorbance was measured at 540
nm and data collected every 1.5 min. The curves from a
single representative experiment demonstrate: 1, ag-
gregation of liposomes in a complete system consisting
of liposomes, metal ions, and annexins; 2, interaction
of liposomes with metal ions in an annexin-free me-
dium; 3, sedimentation of vesicles with time in a metal-
and annexin-free medium; 4, interaction of liposomes
metal-free medium; 5,
self-association of annexins in the presence of metal

with annexins in a

ions in liposome-free medium.

small unilamellar vesicles [26]. The aggrega-
tion of liposomes is observed only after the ad-
dition of annexins to a binary system consist-
ing of liposomes and metal ions (Fig. 2, curve
1). The formation of liposome aggregates was
also examined by electron microscopy in nega-
tively stained specimens (not shown). The pat-
tern of aggregated vesicles is very similar to
that observed by other investigators [27].
Annexin-driven aggregation of liposomes in
the presence of metal ions was assessed by
subtracting respective control values from the
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values of absorbance at 540 nm obtained in ex-
periments where all interacting constituents
of the ternary complex, i.e. annexin-lipid-ion,
were present. As an example, data illustrating
the effect of Ba2" concentration on liposome
aggregation by annexins is shown in Fig. 3. As
indicated by the absorbance change at 540
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Figure 3. Effect of various concentrations of
Ba2+on annexin-driven liposome aggregation.

Aggregation of liposomes was determined as described
under Material and Methods. The curves reflecting
annexin-driven aggregation of asolectin liposomes in
the presence of Ba”" at concentrations indicated in the
abscissa were obtained by subtracting, from determina-
tions made in the presence of annexins, control values
of absorbance obtained withouth the protein. Numbers
at the end of experimental curves denote concentra-
tions of Ba2+. Mean values of four experiments are
shown; values varied by 2-6%. Error bars are omitted
for clarity.

nm, annexin-mediated aggregation of phos-
pholipid vesicles reached a steady state within
30 min. Therefore, the absorbance change
(AAj4() after 30 min of incubation was taken
as a measure (index) of aggregation in the
presence of other cations. Final values are de-
picted in Fig. 4, showing the effects of various
cation concentrations on the aggregation of
asolectin liposomes driven by annexins. The
extent of liposome aggregation is dramati-
cally affected by the metal ions investigated.
Maximum aggregation is observed at 6.9 X
109 M Cd?* and at millimolar concentrations
of Ba2+, Sr2+, and Ca2*. Other divalent ions,
Mn2+, Ni2+, and to a lesser extent 002+, except

2+ . .
Mg“ ', also support annexin- driven aggrega-
tion of liposomes but with an apparently lower
efficacy.

DISCUSSION

The results described in this study show that
annexin-mediated aggregation of liposomes
can be driven by ions of various earth and
transition metals other than CaZ". The ability
to mediate annexin-driven aggregation of
liposomes decreases in the order Cd2+>Ba2+,
Sr2">Ca?">>Mn2">Ni2">>Co?". Observations
made by other investigators, concerning the
interactions of annexins with divalent ions
other than CaZ" can be divided into two cate-
gories.

The first set of data describes the ability of
various ions to mediate annexin binding to
phospholipid membranes. Among the diva-
lent cations studied, Zn®" increased the bind-
ing of annexin V to phospholipid bilayers [8].
At free-ion concentrations below 10~° M, ZnZ*
was as effective as Ca>" in promoting the bind-
ing of annexins to phosphatidylserine lipo-
somes [7]. The capacity of Me?* to stimulate
the binding depends on the ionic radius in the
folowing order: CaZ>Zn?"> Mn2"™> Co?™>
B312+>Mg2+ [8]. Some transition metals, such
as Cd2+, Cu®" and Ni2" were also capable of
forming ternary complexes with liposomes
and annexins [7]. Annexin V seems to have
the same ability to bind phospholipid vesicles
in the presence of 10 uM of La3+, Ce3+, Th3*
and Gd3+, as it does in the presence of 1 mM
CaZ" [28]. With the limited number of accessi-
ble binding sites, when no more than 45% of
annexins present in the incubation medium
could bind to liposomes, the binding was stim-
ulated in the presence of Ni2+, Mn2+, C02+,
BaZ', Sr**, and Co?" [11].

The second set of data on interactions be-
tween annexins and lipid membranes medi-
ated by cations concerns the ion channel prop-
erties of annexins. Ion-replacement studies
showed that the ion channel formed by
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annexin VII molecules exhibits higher speci-
ficity to Ca?" than to Ba?" and Mg2+ [5]. The
voltage-gated channels formed by annexin V
molecules were selective for divalent cations
in the folowing order of preference: CaZ*
>Ba2+>Sr2+>>Mg2+. The annexin V channels
also transported Li*, Cs*, Na* and to a lesser

tively [30]. It appears, therefore, that the ef-
fectiveness of divalent cations is closely re-
lated to the ionic radius and one can expect
that the most potent mediators of annexin-
driven liposome aggregation must be divalent
cations of an ionic radius similar to that of
CaZ". Indeed, our results show that cd?*
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Figure 4. Effects of various di-
Ba2* valent cations on annexin-
driven liposome aggregation.
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extent K" while La®" blocked these channels
[9]. In addition, 7n2" and Cd2+, upon binding
to annexin, inhibited the calcium channel ac-
tivity of annexin V reconstituted into
phosphatidylserine membranes [6, 9, 29],
while Mn?" or Mg?" had no effect [29]. Cd%*, a
potent blocker of other voltage-gated Ca%*
channels at 100 uM, blocked the annexin VII
channels only at very high concentrations
(=10 mM) [5]. Unfortunately, all of the data
cited above were obtained with patch-clamp
systems using very high concentration gradi-
ents of a metal ion (50 mM:1 mM) and a dif-
ference of pH (6.5 versus 7.4) between the
chamber and the pipette, raising the question
of the significance of these results at the level
of biological membranes.

It is known that the effective ionic radius of
Ca?" varies with its coordination numbers,
namely from 0.1 to 0.107 and to 0.112 nm, for
six, seven and eight-fold coordination, respec-

T T ITrrm
100 1000

values varied by 2-6%. Error
bars are omitted for clarity.

(ionic radius of 0.097 nm) is the most potent
ion that promotes annexin-driven aggregation
of liposomes at extremely low concentrations
(6.9 X 1077 M). This observation is in a good
agreement with data on ion specificity of the
fusion of mixed lipid vesicles [31] and cat-
ion-induced aggregation of membrane vesi-
cles isolated from vascular smooth muscles
[32]. In both cases, Cd?* exhibited the same or
more pronounced effects than Ca2+, while
other ions showed lower efficiencies.

The maximum aggregation of liposomes
driven by annexins is also observed in the
presence of Ba2* (ionic radius of 0.135 nm),
Sr2t (ionic radius of 0.113 nm) and Ca®" (ionic
radius of 0.099 nm) but at millimolar concen-
trations of these ions. Other divalent ions
such as MnZ" (ionic radius of 0.081 nm), NiZ*
(ionic radius of 0.069-0.072 nm) and Co%*
(ionic radius of 0.070 nm) are less efficient.
Mg2+ neither promotes the binding of anne-
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xins to liposomes nor annexin-driven aggrega-
tion at all. This finding corroborates well with
the lack of annexin-membrane binding in the
presence of MgZJr [33] and inability of MgZJr to
be transported by the channels formed by
annexin V [9]. No activity of Mngr in support-
ing annexin-membrane interactions can be re-
lated to the properties of magnesium ions
such as high charge density, propensity for
solvatation and the formation of “covalent®
bonds with ligands, constant coordination
number equal to 6, and strict geometry of in-
ternal sphere.

Summarizing, the data presented in this
work and by other investigators indicate that
annexins interact with membranes in the
presence of various divalent and trivalent
metal ions. Crystallographic analyses of
annexins in complex with cations revealed
that molecules of all annexins have an overall
flat, slightly curved shape, with a convex sur-
face containing exposed conserved acidic resi-
dues that bind CaZ" and a concave surface
where the variable N-terminus is localized
[34]. All calcium sites found so far in annexins
are located on the convex surface and this sur-
face plays a role in binding of annexins to
membranes [35]. However, the dynamic na-
ture of the bilayer constitutes a serious prob-
lem for detailed structural analysis [36].

The capacity of various metal ions to stimu-
late the binding of annexins to membranes
seems to be of particular importance for the
functioning of annexins within specialized tis-
sues, and/or due to the pollution of the envi-
ronment with toxic metal ions. On the other
hand, the annexin-mediated aggregation of
vesicles is more selective to a metal ion. Two
topological models have been proposed to ac-
count for vesicle aggregation by annexins.
The first model is that a single annexin mole-
cule with two-phospholipid-binding sites can
contact two membranes simultaneously [37,
38]. The second mechanism requires the
self-association of membrane-bound annexin
to form a protein-protein bridge [24, 39]. One
can assume that not every divalent metal ion

can induce conformational change within
annexin molecule sufficient to promote
lipid-protein or protein-protein interactions.
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