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ABSTRACT: The hallmark of the annexin super family of proteins is Ca2+-dependent binding to phospholipid
bilayers, a property that resides in the conserved core domain of these proteins. Despite the structural
similarity between the core domains, studies reported herein showed that annexins A1, A2, A5, and B12
could be divided into two groups with distinctively different Ca2+-dependent membrane-binding properties.
The division correlates with the ability of the annexins to form Ca2+-dependent membrane-bound trimers.
Site-directed spin-labeling and Fo¨rster resonance energy transfer experimental approaches confirmed the
well-known ability of annexins A5 and B12 to form trimers, but neither method detected self-association
of annexin A1 or A2 on bilayers. Studies of chimeras in which the N-terminal and core domains of
annexins A2 and A5 were swapped showed that trimer formation was mediated by the core domain. The
trimer-forming annexin A5 and B12 group had the following Ca2+-dependent membrane-binding
properties: (1) high Ca2+ stoichiometry for membrane binding (∼12 mol of Ca2+/mol of protein); (2)
binding to membranes was very exothermic (> -60 kcal/ mol of protein); and (3) binding to bilayers
that were in the liquid-crystal phase but not to bilayers in the gel phase. In contrast, the nontrimer-
forming annexin A1 and A2 group had the following Ca2+-dependent membrane-binding properties: (1)
lower Ca2+ stoichiometry for membrane binding (e4 mol of Ca2+/mol of protein); (2) binding to membranes
was relatively less exothermic (< -33 kcal/ mol of protein); and (3) binding to bilayers that were in
either the liquid-crystal phase or gel phase. The biological implications of this subdivision are discussed.

Annexins are a super family of proteins that typically bind
with high affinity to phospholipid bilayers in a reversible
Ca2+-dependent manner (1). Annexins have been implicated
in a number of intracellular membrane-related events such
as vesicular trafficking and fusion (2, 3), but their exact
biological functions have not been clearly defined. Although
annexins are primarily intracellular proteins involved in Ca2+

signaling, atypical properties have been described including
extracellular localization (3, 4) and Ca2+-independent mem-
brane association (5-8). Because annexins A1, A2, and A5

have been implicated in human diseases (9-11), a more
complete understanding of their structure and function may
have medical implications.

Annexins are not found in yeasts and prokaryotes, but
100’s of annexin genes are expressed in vertebrates (the “A”
family), invertebrates (the “B” family), plants (the “D”
family), and other eukaryotes (1). Mammals have 12 annexin
genes (annexin A1, annexin A2, etc.), and several different
annexins tend to be expressed in each cell type (1). The
functional rationale for this complex and overlapping expres-
sion pattern of these closely related proteins is an intriguing
mystery. Annexins have a structurally conserved core domain
that contains the Ca2+-binding sites and a nonconserved
N-terminal domain that often contains phosphorylation sites
(1). Speculation regarding the physiological need for such a
vast array of annexin gene products often proposes special-
ized functions for individual annexins and implicates the
unique N-terminal domain in the function. However, it is
also possible that the core domain plays a direct role in
annexin biology that extends beyond binding to cellular
membranes in response to Ca2+ signals. We now report a
study of the Ca2+-dependent membrane-binding properties
of annexins A1, A2, A5, and B12 designed to search for
similarities and differences in the highly conserved core
domains of annexins.
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The core domains of annexins consist of four structurally
conserved repeats that are∼70 amino acids long (7). High-
resolution crystal structures of the soluble forms of many
different annexins are all nearly superimposable and reveal
that each of the four repeats consists of a bundle of fourR
helices with an additional helix sitting on top (Figure 1).
Two short connecting loops on the bottom of each four-helix
bundle are involved in the formation of Ca2+-binding sites
(12, 13). Trimers have been observed in crystal structures
of annexin B12 (14) (illustrated in Figure 1) and in some of
the crystal structures of annexin A5 (15). Trimers have not
been observed in crystal structures of annexins A1 and A2.
Despite the high-resolution information on the structure of
soluble annexins, the structure of the biologically relevant
membrane-bound form has not been determined at high
resolution. Low-resolution electron microscopic images of
mammalian annexins A4 and A5 indicated that these proteins
formed trimers on monolayers and that the general shape of
the membrane-bound protein was similar to the crystal
structures of the soluble proteins (16, 17). Atomic force
microscopic studies of annexin A5 drew the same conclu-
sions (18).

We recently have used the site-directed spin-labeling
(SDSL)1 experimental approach to focus on hydra annexin
B12 as a model for the structure and function of membrane-
bound animal annexins (5, 8, 12, 19, 20). The strategy
involved site-directed mutagenesis to introduce a single-
cysteine residue that was subsequently modified with a thiol-
reactive nitroxide reagent to generate the spin-labeled side
chain designated R1 (see Figure 2). The electron paramag-
netic resonance (EPR) spectrum of R1 attached to the protein
is sensitive to the environment of the nitroxide (21, 22).

Nitroxide scans through extended regions of annexin B12
showed that it had the same general backbone fold in solution
and in the Ca2+-dependent membrane-bound state (12, 20).
We also studied the quaternary state of annexin B12 by
exploiting the fact that, when R1 side chains are in close
proximity, spin-spin interactions occur that can serve as
molecular rulers to measure distances up to∼25 Å using
continuous wave EPR (19). This phenomenon was used to
measure trimer formation by placing a single R1 side chain
at residue 132 near the 3-fold axis of the annexin B12
crystallographic trimer (Figure 1). Dramatic EPR spectral
differences were observed when the soluble monomer
assembled into a trimer on the surface of phospholipid
vesicles in the presence of Ca2+. In contrast to other methods
used to date, the SDSL approach quantitatively determines
the percent of membrane-bound annexin that forms trimers.
In this paper, we used EPR analysis to evaluate trimer
formation of annexins A1, A2, and A5 mutants that were
labeled with R1 at single-cysteine residues at positions
homologous to position 132 in annexin B12. We also labeled
the same cysteine residues in annexins A1, A2, A5, and B12
with donor and acceptor fluorescence dyes and then evaluated
self-association using Fo¨rster resonance energy transfer
(FRET) experiments, a molecular ruler capable of detecting
interactions involving distances over 2-fold longer than those
detected by continuous-wave EPR. These SDSL and FRET
experiments confirm the trimer-forming ability of human
annexin A5 and hydra B12 and directly demonstrate their
ability to form heterotrimers. Because the two proteins are
not orthologues, trimer formation must be an archetypal
function of annexins that was highly conserved in certain
annexin gene products. In contrast, no evidence of self-
association of annexins A1 and A2 was detected.

Because some annexins form trimers and some do not,
we asked whether there were differences in the Ca2+- and
phospholipid-binding properties that correlated with this
property. Annexins appear to bind to bilayers by a “Ca2+

bridge” mechanism in which oxygen atoms on the protein
and oxygen atoms in the headgroups of bilayer phospholipids
jointly coordinate the bridging Ca2+ (12, 13, 23). Most
models envision Ca2+-dependent membrane being mediated
primarily by a “type II” Ca2+-binding site in each 70 amino
acid repeat (2). However, reports of the number of Ca2+ sites
involved in annexin binding vary widely. Recently, we
carefully evaluated the Ca2+ stoichiometry for annexin B12
and reported∼12 mol of Ca2+/mol of protein for binding to
bilayers (24). We proposed a model in which there is
complimentarity between the spacing of the Ca2+-binding
sites and the spacing of the phospholipid headgroups in
bilayers (24). Changing the spacing of the headgroups of
bilayers by undergoing a gel-phase transition in response to
cooling prevented the binding of annexin B12. In this paper,
we further explore this model and show that the stoichiometry
of Ca2+ binding and headgroup spacing-dependent binding
of annexin A5 resembles that of annexin B12. In contrast,

1 Abbreviations: DMPS, dimyristoyl phosphatidylserine; DTPC,
ditridecanoyl phosphatidylcholine; EPR, electron paramagnetic reso-
nance; FRET, Fo¨rster resonance energy transfer, ITC, isothermal
titration calorimetry; PC, phosphatidylcholine; PS, phosphatidylserine
SDSL, site-directed spin labeling.

FIGURE 1: Crystal structure of annexin B12 trimer. Each monomer
of the annexin B12 trimer is illustrated with a different color. The
side chain of residue 132 is shown in yellow.

FIGURE 2: Structure of R1 side chain.
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the Ca2+-binding stoichiometry was much lower for annexins
A1 and A2, and they were able to bind with high affinity to
phospholipid bilayers that were in the gel phase. These
studies show that annexins A1, A2, A5, and B12 can be
grouped into two pairs with distinctively different Ca2+-
dependent phospholipid-binding properties. This may be a
first step toward defining groupings of annexins with
distinctive functional properties that reside in the conserved
core domains.

EXPERIMENTAL PROCEDURES

Materials.The Ca2+ source for stoichiometry experiments
was CaCl2 standard from Thermo Orion (Beverly, MA). The
spin-label (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) meth-
anethiosulfonate was purchased from Toronto Research
Chemicals. Alexa Fluor 532 C5 maleimide (A-10265) and
Alexa Fluor 647 C2 maleimide (A-20347) were obtained
from Molecular Probes (Eugene, OR).

Annexin Expression and Purification.Site-directed mu-
tagenesis by the Clontech method (Palo Alto, CA) was used
to replace native cysteine 316 with Ala (C316A) in the
pSE420 plasmid of humanANX5. A single cysteine was then
introduced into C316A by replacing glycine 134 with
cysteine. Site-directed mutagenesis by the Clontech method
was used to remove all cysteines (C9S, C133A, C262A, and
C335A) encoded by the humanANX2 pSE420 plasmid
(provided by V. Gerke). A single cysteine was introduced
into position 152 (K152C) of cysteine-less annexin A2 by
the Clontech method. Site-directed mutagenesis by the
Clontech method was used to remove all five native cysteines
(C263A, C270A, C314A, C324A, and C343A) encoded by
the porcineANX1pSE420 plasmid (provided by V. Gerke).
A single cysteine was then introduced at position K161 of
cysteine-lessANX1by the Stratagene method.

The cysteine-less and single-cysteine mutants of annexins
A2 and A5 were expressed in recombinant bacteria and
purified by reversible Ca2+-dependent binding to phospho-
lipid vesicles followed by column chromatography by
previously published protocols for annexin B12 (24). Cys-
teine-less and single-cysteine mutants of annexin A1 were
expressed in recombinant bacteria and purified by column
chromatography in the presence of ethylene glycol bis(2-
aminoethyl ether)-N,N,Nm′,N′-tetraacetic acid (EGTA) by a
previously described method (25). All annexin concentrations
were determined by absorbance at 280 nm with the following
extinction coefficients: annexin A1ε280, 20 010 M-1 cm-1;
annexin A2ε280, 30 250 M-1 cm-1; annexin A5ε280, 21 110
M-1 cm-1; and annexin B12ε280, 12 288 M-1 cm-1. Purified
proteins were stored in the presence of dithiothreitol (2 mM)
at -70 °C in the final buffer used in the purification, with
the exception of annexin A2, which was stored at-20 °C
in MES buffer (20 mM, pH 6.5) containing 25% glycerol
and dithiothreitol (2 mM).

Construction and Expression of Chimeras of Annexins A2
and A5. Previously described cDNA clones of chicken
annexins A2 and A5 (26) were used to construct chimeric
annexin A2/A5 molecules in which the N-terminal and core
domains were swapped. A chimera containing the N-terminal
domain of annexin A2 and the core domain of annexin A5
(called “2N-terminal:5core”) was created from the annexin
A2 fragment encoding the N-terminal domain (amino acids

2-37) and the annexin A5 fragment encoding the core region
of annexin A5 (amino acids 20-322) that were prepared by
polymerase chain reaction (PCR) using appropriate primers.
The 5′ primer for the annexin A5 fragment was extended at
the 5′ end to provide a codon (GAT), which encodes Asp
present in annexin A2 at position 38, and to provide a site
for cleavage withMspI without altering the amino acid
sequence. The annexin A2 and A5 fragments were cleaved
with MspI and then ligated to each other. The resulting
ligation product was cleaved at theBamHI sites and ligated
to BamHI-digested pGEX expression vector (Pharmacia). For
the construction of the chimeric protein called “5N-terminal:
2core” containing the N-terminal domain of annexin A5
(amino acids 2-12) and the core domain of annexin A2
(amino acids 31-340), a 5′ primer encoding the N-terminal
domain sequence of annexin A5 (amino acids 2-12) and
the N-terminal sequence of annexin A2 core domain was
constructed. The “5N-terminal:2core” chimera was prepared
by PCR using the above-mentioned 5′ primer and a 3′ primer
encoding the C-terminal annexin A2 core domain. The
resulting PCR product was cloned into pGEX vector. Both
constructs were confirmed by nucleotide sequencing.

Recombinant annexin chimeras were expressed and puri-
fied using the pGEX expression vector as described previ-
ously (27). Briefly, recombinant annexin-GST fusion protein
was expressed inEscherichia coliDH5RF′ and purified by
affinity chromatography. The fusion protein was subjected
to PreScission protease (Pharmacia) cleavage to release the
annexin molecules from the GST moiety. The reversible
Ca2+-dependent binding of annexin to phosphatidylserine
(PS)-containing liposomes was used as an affinity purifica-
tion step to remove bacterial contaminants. One preparation
of each chimera also underwent an additional final purifica-
tion step involving ion-exchange FPLC chromatography.

Preparation of Phospholipid Vesicles.The following
preparations of lipids were obtained from Avanti Polar Lipids
(Alabaster, AL) and were used to make large unilammelar
vesicles by the method of Reeves and Dowben (28):
phosphatidylserine (PS, brain, catalog number 840032) and
phosphatidylcholine (PC, egg yolk, catalog number 840051).
In certain experiments, vesicles were prepared from phos-
pholipids with saturated acyl chains: dimyristoyl phosphati-
dylserine (DMPS, 14:0, catalog number 840033) and ditride-
canoyl phosphatidylcholine (DTPC, 13:0, catalog number
850340). The Ca2+ source for stoichiometry experiments was
the CaCl2 standard from Thermo Orion (Beverly, MA).

SDSL of Single-Cysteine Annexin Mutants.Size-exclusion
chromatography with P-10 columns was used to remove
dithiothreitol from the buffer in which the isolated single-
cysteine proteins were stored. Immediately thereafter, the
cysteine-specific spin-label (1-oxyl-2,2,5,5-tetramethylpyr-
roline-3-methyl) methanethiosulfonate (3-fold molar excess)
was added and incubated in HEPES buffer (20 mM, pH 7.4)
containing 100 mM NaCl for 2 h atroom temperature. After
unreacted reagent was removed by size-exclusion chroma-
tography (P-10 columns), proteins were concentrated by use
of Amicon Microcon (Millipore, Bedford, MA). Spin-labeled
mutants of annexins are designated by giving the sequence
position of the cysteine substitution followed by the code
for the nitroxide spin label, R1.

EPR Spectroscopy.EPR experiments were performed by
adding spin-labeled annexin mutants (∼5 µg of protein) to
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buffer (20 mM HEPES and 100 mM NaCl at pH 7.4) or to
buffer containing phospholipid vesicles (lipid/protein molar
ratio of 500:1). In most experiments, the annexins were
induced to bind to the vesicles by the addition of 1 mM Ca2+.
For the determination of spin-spin interactions of annexins
in trimer complexes, labeled and unlabeled ANXs were
combined as follows: 5µg of 161R1 annexin A1 or 152R1
annexin A2 was diluted 1:1 with cysteine-less annexin,
whereas 5µg of 134R1 annexin A5 or 132R1 annexin B12
was diluted 1:5 with cysteine-less annexins. Annexins were
mixed with vesicles, and then binding was induced by adding
Ca2+ (1 mM). The lipid/protein molar ratio remained at 500:
1.

The chimeric proteins were evaluated for their ability to
form heterotrimers with annexins A5 and B12 as follows.
134R1 annexin A5 (10µg) or 132R1 annexin B12 (10µg)
was mixed with either “5N-terminal:2core” (40µg) or “2N-
terminal:5core” (40µg) and then added to phospholipid
vesicles (lipid/protein molar ratio of 600:1) in the presence
of Ca2+ (1 mM) in the buffer described above.

X-band EPR spectra were obtained using a Bruker EMX
spectrometer fitted with a ER4119 HS cavity. All spectra
were recorded at 2 mW incident microwave power using a
field modulation of 1.5 G at 100 kHz and are presented with
a spectral breadth of 100 G.

Fluorescence.Labeling of single-cysteine annexin mutants
with Alexa 532 and Alexa 647 dyes was performed using a
standard procedure for the thiol-reactive maleimide deriva-
tives (29). Typically 1 mg of maleimade derivative of the
dye was dissolved into a 0.2-0.4 mL of 50µM solution of
protein in 10 mM HEPES at pH 7.0, containing 50 mM KCl,
1 mM ethylenediaminetetraacetic acid (EDTA), and 3mM
NaN3. The reaction mixture was incubated overnight at 4
°C. The excess of dye was removed by gel-filtration
chromatography (PD-10 column) followed by a series of
centrifugations using a Microcon YM-10 concentrator.
Typically after several (5-7) runs, the solution coming
through the concentrator did not contain any dye as assayed
by absorbance spectroscopy. The concentration of labeled
annexin was estimated from peak absorbance measurements
and assuming that the extinction coefficients are the same
as for the free dyes: 75 000 M-1 cm-1 for Alexa 532 and
265 000 M-1 cm-1 for Alexa 647.

Fluorescence experiments were performed on samples that
contained 5 nM annexin labeled with the donor dye (Alexa
532), 10 nM annexin labeled with acceptor dye (Alexa 647),
and 0.1 mM phospholipid vesicles made of 2:1 (w/w) mixture
of bovine brain PS and egg yolk PC (PS/PC) in HEPES
buffer (20 mM HEPES at pH 7.4) containing 100 mM KCl
and 1 mM EDTA. Membrane binding was initiated by
addition of small aliquots of a concentrated solution of Ca2+

to the final concentration of 0.5 mM Ca2+ in excess EDTA.
Fluorescence was measured using a SLM 8100 steady-

state fluorescence spectrometer (Jobin Yvon, Edison, NJ,
formerly SLM/AMINCO, Urbana, IL) equipped with double-
grating excitation and single-grating emission monochroma-
tors. The measurements were made in 4× 10 mm cuvettes
oriented with the long axis parallel to the excitation beam.
Temperature was maintained at 25°C using a circulating
water bath. Cross orientation of polarizers was used (excita-
tion polarization set to vertical and emission polarization set
to horizontal) to minimize the scattering contribution from

vesicles and to eliminate spectral polarization effects in
monochromator transmittance (30). Fluorescence excitation
spectra of dye-labeled annexins were obtained by averaging
5-10 scans collected over a 470-660 nm range using 1 nm
steps. The emission monochromator was set at 680 nm.
Excitation slits were 8 nm, and emission slits were 16 nm.

Because of the spectral overlap of emission of Alexa 532
and absorbance of Alexa 647, these dyes could be used as a
donor-acceptor pair in FRET experiments. The Fo¨rster
distanceRo for this pair is∼60 Å (Ladokhin, A. S., and
Haigler H. T.,Biochemistry, in press). Data are normalized
at 647 nm to account for variation in the quantum yield of
the acceptor. The complete details of spectroscopic analysis
are the subject of a separate publication (Ladokhin, A. S.,
and Haigler H. T.,Biochemistry, in press).

Copelleting Assay. Unless otherwise indicated, the standard
copelleting assay contained phospholipid vesicles equilibrated
in HEPES buffer (20 mM, pH 7.4, containing 100 mM NaCl)
with the indicated concentration of CaCl2. After incubation
for 15 min with the indicated amount of annexin at 25°C,
the vesicles were centrifuged (16000g, for 5 min). Pellets
including bound protein were separated from the supernatant
containing unbound protein for further analysis.

A modification of the standard copelleting assay was used
to quantify the stoichiometry of45Ca2+ binding to membrane-
bound annexins as previously reported (24). Briefly, this
assay contained annexin (50µg) and vesicles (1:5 ratio of
protein/phospholipid by weight) in a 1 mLfinal volume with
the indicated Ca2+ concentration. The specific activity of the
45Ca2+ in each sample was 1.1-1.4 nCi/nmole. After
centrifugation, the pellets and supernatants were subjected
to liquid scintillation counting to determine the total45Ca2+

bound to the vesicles. The pellets of parallel samples were
analyzed to determine the amount of annexin in the pellet,
and the Ca2+-binding data were expressed as moles of Ca2+

per mole of annexin in the pellet. The concentration of Ca2+

used in the assay induced binding of∼95% of the added
annexin.

A second modification of the copelleting assay involved
vesicles containing saturated phospholipids instead of phos-
pholipids from a biological source, as described previously
(24). Vesicle composed of equal amounts DTPC and DMPS
(see above) were incubated with 10µg of annexin A1, A2,
or A5. All samples are at a 1:400 protein/lipid molar ratio
and were incubated and centrifuged at the indicated tem-
perature, with saturating Ca2+ for each (100µM for annexin
A1, 50 µM for annexin A2, and 150µM for annexin A5),
according to the standard copelleting assay described above.
Duplicate samples were analyzed, and the percentage of
added annexin that was associated with the pellet is shown
along with the standard deviation. The phospholipid-phase
transition temperature range was determined experimentally
by differential-scanning calorimetry in the same buffer.

Isothermal Titration Calorimetry (ITC).ITC experiments
were performed on an ultrasensitive Microcal MCS-ITC
(Microcal, Inc., Northampton, MA) as previously described
(24). Briefly, all components in the system were exchanged
into thoroughly degassed HEPES buffer (100 mM, pH 7.5).
The 1.37 mL sample cell, equilibrated to 25°C, contained
25 µM annexin and phospholipid vesicles (2:1 PS/PC, 10
mg). A motorized titration syringe was used to add 5µL
aliquots of CaCl2 (5 mM) to the sample cell. A total of 32
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injections were made at 400 s intervals while stirring at 400
rpm. The rate of heat released after each injection of Ca2+

into the sample was measured and subsequently analyzed
on Origin 5.0 software. Control experiments were performed
to quantify the enthalpy of the interaction of Ca2+ with
vesicles; i.e., Ca2+ was titrated into a sample cell containing
buffer and vesicles in the absence of protein. This small value
was subtracted from the values obtained in the presence of
annexins.

RESULTS

Determination of Trimer Formation by SDSL.Previous
studies with the 132R1 mutant of annexin B12 showed that
spin-spin coupling between nitroxide side chains located
near the 3-fold axis of the annexin B12 trimer was an
effective approach to monitor Ca2+-dependent trimer forma-
tion on membranes (19). Experiments described below have
extended this experimental approach to annexins A1, A2,
and A5 to evaluate their ability to self-associate on mem-
branes. The native cysteine residues from each of these
proteins were mutated to either alanine or serine, and single-
cysteine residues then were introduced (see the Experimental
Procedures) into the loop between the C and D helices, a
site near the 3-fold axis in crystallographic trimers of
annexins A5 and B12. The “Cys-less” annexins and single-
cysteine mutants (161Cys annexin A1, 152Cys annexin A2,
and 134Cys annexin A5) were expressed in recombinant
bacteria and isolated as described in the Experimental
Procedures. In copelleting assays these recombinant Cys-
less and single-Cys annexins bound to phospholipid vesicles
in a similar Ca2+-dependent manner as their respective wild-
type counterparts (data not shown).

The EPR spectra for 161R1 annexin A1, 152R1 annexin
A2, and 134R1 annexin A5 are shown in Figure 3 in solution
and following Ca2+-dependent binding to vesicles composed
of PS and PC (PS/PC, 2:1 molar ratio). For comparison,
spectra for 132R1 annexin B12 also are shown. As seen in
the first row of Figure 3, all four spin-labeled annexins have
very similar EPR spectra in solution. In solution, all of the
proteins had line shapes with sharp central resonance lines,
as would be expected for a mobile nitroxide side chain on a
loop exposed to the aqueous solution. The second row in
Figure 3 shows the EPR line shapes for the spin-labeled
annexins after binding to phospholipid vesicles in the
presence of Ca2+. The spectra for membrane-bound 161R1
annexin A1 and 152R1 annexin A2 (second row of Figure
3) were similar to those in solution except for a slight
broadening of the spectral line width in the membrane-bound
state, which would be expected to occur when protein
tumbling was reduced upon membrane binding. The spectral
line width also could be broadened in the membrane-bound
state because of a subtle ordering of structure caused by the
backbone fold becoming more rigid. Although subtle changes
were observed upon membrane binding, there clearly was
no evidence for spin-spin coupling in either the annexin
A1 or A2 spectra. Relative to their spectra in solution, the
spectra for membrane-bound 134R1 annexin A5 and 132R1
annexin B12 had spectral broadening and dramatic decreases
in the spectral amplitude. These data indicate strong spin-
spin coupling between nitroxides that are in close proximity
in a trimer. Furthermore, the lack of a sharp signal in the
center line of the EPR spectra of 134R1 annexin A5 and

132R1 annexin B12 indicate that trimer formation was nearly
quantitative. On the basis of a detailed analysis of 132R1
annexin B12, we estimated that over 97% of the membrane-
bound protein was in the trimeric state (19). Because the
EPR spectrum of 134R1 annexin A5 is very similar to that
of 132R1 annexin B12, we conclude that a similar percent
of membrane-bound annexin A5 forms a trimer. A trimer of
annexin A5 previously had been detected by electron
microscopy (17) and atomic force microscopy (18), but
neither of those methods addressed the question of the
percent of membrane-bound protein that was in the trimeric
state.

No spectral changes were noted for 134R1 annexin A5
and 132R1 annexin B12 when Ca2+ was added to solutions
in the absence of vesicles (data not shown), thereby indicating
that trimer formation was dependent on membranes.

As a further test of the assumption that the dramatic
spectral changes observed for 132R1 annexin B12 and 134R1
annexin A5 were the results of multimer formation, unlabeled
annexins were mixed with spin-labeled annexins prior to the
addition of Ca2+ and vesicles. Assuming random assembly
of labeled and unlabeled protein, spin-spin coupling within
oligomers would be reduced because most oligomers would
not contain two or more spin-labeled proteins. For example,
when an excess of unlabeled annexin B12 was added to
132R1 annexin B12 (first panel in the third row of Figure
3), the EPR spectra were consistent with the R1 side chain
located on a loop facing a central cavity in the trimer
structure with little or no spin-spin interactions. Interest-
ingly, unlabeled annexin B12 also had the same effect on
134R1 annexin A5 (second panel in the third row of Figure
3), thereby suggesting that annexins B12 and A5 form
heterotrimers as previously noted (19). The addition of
unlabeled annexin A5 to either 134R1 annexin A5 (second

FIGURE 3: Evaluation of trimer formation by SDSL. Annexins A1,
A2, A5, and B12 were labeled with R1 at the indicated positions.
EPR spectra of these spin-labeled proteins were recorded in solution
(top row) or following binding to PS/PC vesicles in the presence
of Ca2+ (second row) as described in the Experimental Procedures.
To evaluate the contribution of spin-spin coupling to the EPR
spectra, spin-labeled annexins and unlabeled annexins were incu-
bated with vesicles and Ca2+. The bottom four rows present the
entire matrix of mixing of labeled and unlabeled annexins (see the
Experimental Procedures for details). The amplitudes of the spectra
of proteins recorded in solution are reduced by half for ease of
presentation. The spectral width is 100 G.
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panel in the fourth row of Figure 3) or 132R1 annexin B12
(first panel in the fourth row of Figure 3) had the same effect
as unlabeled annexin B12. Neither unlabeled annexin A5 nor
B12 induced any observable change when added to either
152R1 annexin A2 or 161R1 annexin A1 (last two panels in
the third and fourth rows of Figure 3). No observable changes
were noted when either unlabeled annexin A2 or A1 were
added to any of the four spin-labeled annexins. This
observation supports the conclusion that neither annexin A2
nor A1 forms trimers and further indicates that these two
annexins do not interfere with trimer formation by either
annexin B12 or A5.

To directly determine whether annexins B12 and A5 form
heterotrimers, equal amounts of 132R1 annexin B12 and
134R1 annexin A5 were mixed and allowed to bind to
vesicles in the presence of Ca2+. The EPR spectrum for this
mixture (Figure 4) showed the same strong spin-spin
coupling observed for the Ca2+-dependent membrane-bound
homotrimers of either annexin. After the addition of EGTA
to the membrane-bound mixture of 132R1 annexin B12 and
134R1 annexin A5, the line shape of the EPR spectrum was

consistent with monomers of these annexins in solution
(Figure 4).

FRET Eperiments. As an independent measure of self-
association of membrane-bound annexins, the same single-
cysteine mutants used in the SDSL studies were labeled with
Alexa 532 dye (fluorescence donor) and Alexa 647 dye
(fluorescence acceptor) and used in FRET experiments (see
the Experimental Procedures). In the experiments described
herein, a qualitative assay was used that was based on the
measurements of the excitation spectra in a mixture of donor-
and acceptor-labeled annexins. FRET is considered to occur
when excitation of the acceptor is observed near the
absorption maxima of the donor dye (approximately 530 nm).
When FRET was observed, one can conclude that the donor
and acceptor probes were separated by a distance ap-
proximately equal to or less than the Fo¨rster distance for
this pair, which is approximately 60 Å. If no FRET was
observed, the separation between the dye pairs was signifi-
cantly greater than this distance. Assuming that the minimal
FRET efficiency that can be detected is 5%, the separating
distance has to be more than 100 Å for FRET not to be
observed in our experiments assuming that a single popula-
tion exists.

Fluorescence excitation spectra for mixtures of donor- and
acceptor-labeled annexins in the presence of PS/PC vesicles
are shown in Figure 5. In the absence of Ca2+ to promote
the association of the annexins with vesicles, all spectra
(heavy trace in Figure 5) had spectral distributions that
coincide with that of the pure acceptor dye (not shown). This
means that there was no FRET under these conditions,
consistent with a monomeric state of all four annexins in
solution. Strong FRET-related signals were observed with a
peak near 532 nm upon addition of Ca2+ to solutions

FIGURE 4: EPR analysis of annexins A5 and B12 heterotrimers.
Equal amounts of 134R1 annexin A5 and 132R1 annexin B12 were
bound to PS/PC vesicles in the presence of Ca2+, and then the EPR
spectra was recorded (left panel at 1× amplitude and center panel
at 15× amplitude). EGTA was added to the same sample to chelate
the Ca2+, and the spectrum was again recorded (right panel at 1×
amplitude). The spectral width is 100 G.

FIGURE 5: Fluorescence excitation spectra of donor- and acceptor-labeled annexin mutants. Single-Cys mutants of annexins A1, A2, A5,
and B12 were labeled with either donor or acceptor dyes and then mixed in 1:2 molar ratios in a solution containing phospholipid vesicles
in the absence (heavy trace) or presence (thin trace) of Ca2+ as described in the Experimental Procedures. The addition of Ca2+ triggers
membrane association of all four annexins but results in the appearance of a FRET-related signal (donor peak at 530 nm) in the case of
annexins A5 and B12 but not annexin A1 or A2. The Ca2+-dependent FRET signal observed for annexins A5 and B12 was fully reversed
by the addition of EGTA (data not shown).
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containing vesicles and fluorescently labeled pairs of either
annexin B12 or A5 (light trace in parts C and D of Figure
5). These FRET-related changes in the annexins B12 and
A5 spectra were completely reversed by addition of EGTA
(data not shown). In contrast, there was no significant FRET-
related signal in the spectra of either labeled annexin A1 or
A2 when membrane binding was induced by the addition of
Ca2+ (light trace in parts A and B of Figure 5). A very slight
change in the annexin 2 spectra in the 530 nm region was
sometimes observed upon membrane binding (Figure 5B)
perhaps by chance colocalization of donor- and acceptor-
labeled annexin 2 in proximity with each other on the same
vesicle. Fluorescence lifetime experiments are planned to
quantitatively analyze the association of all four annexins;
however, the results of these sensitive qualitative experiments
presented in Figure 5 clearly indicate a high propensity for
self-association of annexins A5 and B12 but not annexins
A1 and A2.

EValuation of Chimeras of Annexins A2 and A5.The core
domains of all annexins have essentially the same backbone
fold, and previous studies of a number of different annexins
showed that it is possible to create stable and functional
chimeras that have the N-terminal domain of one annexin
and the core domain of a different annexin (31, 32). As a
first step toward determining whether the ability to form
trimers resides in the variable N-terminal domain or the
conserved core domain of annexins, we evaluated trimer
formation of chimeras of annexins A2 and A5 in which their
core and N-terminal domains were switched (see the
Experimental Procedures). The chimeras that we created are
called “2N-terminal:5core” and “5N-terminal:2core”. Both
chimeric proteins underwent reversible Ca2+-dependent bind-
ing to phospholipid vesicles (data not shown).

The ability of these chimeric proteins to form trimers was
analyzed indirectly using the SDSL strategy described in
Figure 3. Unlabeled chimeric proteins were mixed with either
132R1 annexin B12 or 134R1 annexin A5, and then the
mixture was added to vesicles in the presence of Ca2+. If
the unlabeled chimeric protein formed heterotrimers with the
R1-labeled annexins, spin-spin coupling of the spin-labeled
proteins would be disrupted and a distinctive EPR line shape
would be produced. Figure 6 shows that the “2N-terminal:
5core” chimera was as effective as either native annexin A5
or B12 in disrupting the spin-spin coupling observed with
either 132R1 annexin B12 or 134R1 annexin A5. In contrast,
the EPR spectra of both 132R1 annexin B12 and 134R1
annexin A5 were essentially the same in the presence or
absence of the “5N-terminal:2core” chimera (Figure 6),
thereby indicating that this chimera cannot form heterotrimers
with either R1-labeled annexin. In summary, a comparison
of native annexins A2 and A5 and the chimeric proteins
indicated that the core domain mediated trimer formation.
These experiments found no evidence that trimer formation
was influenced to a detectable extent by the N-terminal
domains.

Stoichiometry Measurements with45Ca2+ Copelleting
Assay. Previous studies from a number of laboratories
produced widely varying reports of Ca2+ stoichiometry of
membrane-bound annexins (33-36). Many of the earlier
studies of annexin Ca2+ stoichiometry employed equilibrium
dialysis using45Ca2+, a method that presents problems for
analyzing annexin Ca2+ binding. The main cause of the

problems is high levels of background radioactivity in the
experiments because the amount of45Ca2+ required to
saturate annexin binding is high (g10-5 M) relative to the
concentration of annexin that can be used and because
negatively charged phospholipid bilayers have significant
affinity for Ca2+. To overcome these and other technical
problems, we recently developed45Ca2+ copelleting and ITC
methods and used them to study annexin B12. We now have
used these methods to investigate the Ca2+-binding stoichi-
ometry of annexins A1, A2, and A5 to PS/PC phospholipid
vesicles.

In the45Ca2+ copelleting assay, annexins and vesicles were
incubated in the presence of45Ca2+ at a concentration that
was approximately 5-fold higher than the concentration of
Ca2+ required for half-maximal binding for each annexin
under these conditions. Stoichiometries of 4.5( 0.5 mol of
Ca2+/mol of annexin A1, 1.6( 0.3 mol of Ca2+/mol of
annexin A2, and 9.0( 1.1 mol of Ca2+/mol of annexin A5
were determined (Table 1). For comparison, the stoichiom-
etry for annexin B12 in parallel assays was 9.2( 0.4, a value
similar to that previously published (24).

ITC. The interaction of annexins A1, A2, and A5 with
Ca2+ and PS/PC vesicles was studied by ITC at 25°C.

FIGURE 6: EPR analysis of annexin chimeras. The top row shows
the EPR spectra of 132R1 annexin B12 and 134R1 annexin A5
while bound to PS/PC vesicles in the presence of Ca2+ as described
in the Experimental Procedures. The other four rows show the entire
matrix of mixing of 132R1 annexin B12 and 134R1 annexin A5
with either Cys-less annexin B12, Cys-less annexin A5, “2N-
terminal:5core”, or “5N-terminal:2core” as described in the Ex-
perimental Procedures. All unlabeled proteins except the “5N-
terminal:2core” chimera disrupted spin-spin coupling of the
nitroxide-labeled annexins as evidenced by the presence of the sharp
central resonance line. This indicates that the “2N-terminal:5core”
chimera but not the “5N-terminal:2core” chimera formed hetero-
trimers with the nitroxide-labeled annexins.

Table 1: Ca2+-Dependent Binding of Annexins to Phospholipid
Vesiclesa

ANX Ca2+ (µM) stoichiometry standard deviation (n)

A1 50 4.5 0.5 (4)
A2 25 1.6 0.3 (4)
A5 150 9.0 1.1 (6)
B12 150 11 0.4 (8)
a Each annexin (50µg) was incubated with the indicated concentra-

tion of 45Ca2+ and PS/PC phospholipid vesicles (1:5 ratio of protein/
phospholipid by weight) as described in the Experimental Procedures.
Ca2+-binding stoichiometry (moles of Ca2+ per mole of annexin
monomer) was determined in the copelleting assay described in the
Experimental Procedures.
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Control experiments in which Ca2+ was titrated into a sample
cell containing annexin and buffer did not detect any heat
released (not shown). These results were expected because
it is well-known that annexins have low affinity for Ca2+ in
the absence of bilayers. When PS/PC vesicles were titrated
with Ca2+ in the absence of annexins, relatively small upward
spikes indicated a low amount of heat released over time
after each titration event (upper traces of Figure 7A). When
PS/PC vesicles were titrated with Ca2+ in the presence of
either of the three annexins, larger downward spikes indicated
a high amount of heat released (lower traces of Figure 7A).
Figure 7B shows cumulative annexin-specific heat released
as a function of Ca2+ added and was obtained by subtracting
the control from the experimental data shown in Figure 7A.
Analysis of the data in Figure 7B for annexin A5 was
performed as previously described for annexin B12 (24).
Briefly, the titration curve for annexin A5 describes a reaction
that has three stages. The first stage included the initial two
injections, which are reflective of partial binding of annexin
A5 to the vesicles, while the Ca2+ concentration remained
below that required for complete binding. Subsequently, a
second stage of highly exothermic binding events of similar
magnitude occurred, which was consistent with most of the
added Ca2+ being sequestered by the binding of annexin A5
to the vesicles. In the third stage, each additional titration
event resulted in a progressively reduced heat response as
the Ca2+ sites reached saturation. Analysis of the annexin
A5 titration curve indicated a stoichiometry of 12.0( 0.5
mol of Ca2+ bound/mol of annexin A5 monomer, with the

entire binding process being complete after the addition of
∼400 nmol of Ca2+. This interpretation of the annexin A5
ITC data was consistent with parallel copelleting experiments
that evaluated the annexin A5 vesicle association as a
function of Ca2+ added (data not shown). The cumulative
heat released for the formation of the ternary complex
(annexin A5-Ca2+-lipid) was -64.3 ( 0.4 kcal/mol an-
nexin A5 (Figure 7B). A comparison of this study of annexin
A5 with a previous study of annexin B12 (24) showed that
both proteins had similar Ca2+-binding stoichiometry and a
similar highly exothermic nature.

In contrast to the ITC data for annexin A5 (Figure 7A)
and annexin B12 (24), experiments with either annexin A1
or A2 showed that the first few additions of Ca2+ elicited
the highest heat released (Figure 7A). It is reasonable to have
the highest heat response within the first additions of Ca2+

for annexins A1 and A2 because they have higher affinity
for Ca2+ than annexin A5 (33-35). Figure 7B shows
cumulative annexin-specific heat released as a function of
Ca2+ added after subtracting a minor linear component from
the curve (see the caption of Figure 7). The nature of the
linear component is not known, but it clearly did not saturate
at Ca2+ concentrations that were much higher than those
required to promote the proteins to bind to membranes. After
the minor linear component was subtracted from the titration
curves of annexins A1 and A2, the Ca2+-binding stoichi-
ometry was determined to be 4.1( 0.2 and 2.0( 0.1 mol
of Ca2+/mol of protein for annexins A1 and A2, respectively,
and the cumulative heat released for the formation of the

FIGURE 7: Isothermal calorimetric titration of annexins with Ca2+. (A) PS/PC vesicles were titrated with CaCl2 in the presence (lower
trace) or absence (upper trace, offset) of annexin as described in the Experimental Procedures. Each titration event resulted in a downward
(or upward) spike indicating the release (or absorption) of heat. The data in A are typical of two experiments, while data in B reflect an
average of two experiments, with the error bars representing the standard deviation between the two experimental data sets. The raw data
in A was integrated, and the heat change in the absence of annexin was subtracted from the heat change in the presence of the protein. (B)
Cumulative annexin-specific heat release as a function of Ca2+ added. The curves for cumulative annexin-specific heat release for annexins
A1 and A2 contained exponential and linear components, and the curves were fit using the equation:y ) A1(1 - exp(-x/x1)) + mx, where
A1 is the maximum heat released,x1 is the nmoles of Ca2+ added, andm is the slope of the linear component. TheR2 values for these fits
were 0.998 for annexin A1 and 0.996 for annexin A2. The linear component corresponded to 12 and 21% of the heat released at the high
Ca2+ concentration for annexins A1 and A2, respectively. This linear component was subtracted from the curves of annexins A1 and A2
in B and used to calculate the Ca2+-binding stoichiometry. The Ca2+-binding stoichiometry for annexin A5 was calculated as previously
described for annexin B12 (24).
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ternary complex was-33.4( 0.5 kcal/mol for annexin A1
and -22.3 ( 1.2 kcal/mol for annexin A2. Clearly, the
stoichiometry and enthalpy of Ca2+ binding are significantly
different for annexins A1 and A2 compared to annexins A5
and B12. Similar results also were obtained when the
experiments were performed in TRIS buffer.

We obtained Ca2+ stoichiometry values of∼4 and∼2 for
annexins A1 and A2, respectively (Figure 7 and Table 1).
Because experimental signals were lower with annexins A1
and A2, we think the estimates of their stoichiometry values
are less accurate that those for annexins A5 and B12.
Therefore, we do not attach much significance to the
differences between the stoichiometry values obtained for
annexins A1 and A2. Both of our values are in the same
general range as most previous studies of these proteins (34,
37). The important point that we want to stress is that there
is a striking difference between the Ca2+ stoichiometry values
determined for annexins A1 and A2 verses annexins A5 and
B12.

Effects of Phospholipid-Bilayer Fluidity on Annexin Bind-
ing. Previous studies showed that the physical state of
bilayers had a profound effect on the Ca2+-dependent binding
of annexin B12 (24). To extend these studies to annexins
A1, A2, and A5, we prepared vesicles from phospholipids
containing saturated acyl chains; therefore, the fluidity of
the bilayer could be modulated by temperature in the
physiological range. Vesicles composed of equal parts DMPS
(14:0) and DTPC (13:0) underwent a phase transition from
the liquid-crystal (fluid) to the gel phase in the 24-33 °C
temperature range (gray box of Figure 8). Preliminary
experiments showed that at 37°C the Ca2+-binding curves
for annexins A1, A2, and A5 binding to these vesicles (data

not shown) were indistinguishable from binding to vesicles
composed of PS/PC from biological sources that have been
used in our previous studies (19). In the presence of
saturating Ca2+, annexins A1, A2, and A5 bound nearly
quantitatively to DMPS/DTPC vesicles at 37°C (Figure 8).
The temperature-dependent binding curve (Figure 8) shows
that at all temperatures measured, annexins A1 and A2
maintained quantitative binding. In contrast, less than 10%
of the added annexin A5 bound to vesicles when the
temperature was below 20°C. Even high concentrations of
Ca2+ (500µM) did not significantly increase the binding of
annexin A5 to DMPS/DTPC vesicles at 4°C (data not
shown). Additionally, control experiments carried out under
the same conditions at 4°C show near quantitative binding
of annexin A5 to vesicles composed of equal parts egg PC
and brain PS, which contain unsaturated acyl chains and
remain in the liquid-crystal phase at 4°C (data not shown).

DISCUSSION

Although all of the biological functions of annexins have
not been clearly defined, it is widely assumed that each of
the many annexin gene products have different functional
properties. These functional differences are often attributed
to the structurally unrelated N-terminal domains, and there
is compelling evidence that this is true for certain annexin
functions. However, our current study adds support to the
idea that important functional differences can also reside in
the conserved core domain of this super family. We present
evidence that there are at least two different groups of
annexins that share distinctive common properties within
each group. The defining characteristic of the two groups is
whether the annexins could form trimers when they bound
to bilayers in the presence of Ca2+.

SDSL and FRET studies both detected self-association of
membrane-bound annexins A5 and B12 (Figures 3 and 5).
The strong interactions between the spin labels in the SDSL
study indicated that the R1 side chains were in close
proximity and provided compelling evidence that these
proteins formed trimers on the bilayer that closely resembled
the trimers observed in crystal structures of the soluble forms
of these proteins (14, 15). Over 97% of the membrane-bound
annexins A5 and B12 formed trimers. Even though human
annexin A5 and hydra annexin B12 are not orthologues, the
two proteins readily combined to form heterotrimersin Vitro
(Figures 3 and 5). Considering the huge evolutionary distance
between humans and hydra, it appears that the ability to form
Ca2+-dependent trimers was acquired early in annexin
evolution.

In contrast to annexins A5 and B12, neither SDSL nor
FRET studies of annexins A1 and A2 produced evidence
for trimer formation (Figures 3 and 5). Because the maximum
distance across the annexin monomer is shorter than the
length of the FRET “molecular ruler” provided by our donor/
acceptor dye pair, it is unlikely that any type of significant
self-association of either annexin A1 or A2 occurred under
the conditions of our experiments in which the annexins
occupied approximately 1% of the surface of the vesicles
(Figure 5). Of course, one would expect that densely packed
areas of annexins A1 and A2 could occur if membranes were
incubated with high concentrations of these proteins and, in
fact, evidence of self-association of annexins A1 and A2 has

FIGURE 8: Annexin binding to lipids at the phase transition
temperature. Phospholipid vesicles composed of PC and PS
containing saturated acyl chains (DTPC and DMPS) were incubated
with annexin A1, A2, or A5 at the indicated temperature (see the
Experimental Procedures). Duplicate samples were analyzed to
determine whether the annexins would copellet with the vesicles
during centrifugation. The percentage of added annexin that
associated with the pellet is shown along with the standard deviation
of triplicate samples. The gray box indicates the phospholipid phase
transition temperature range as determined experimentally by
differential-scanning calorimetry in 100 mM HEPES buffer at pH
7.4. Control experiments carried out under the same conditions at
4 °C showed that annexins A1, A2, and A5 bound nearly
quantitatively to vesicles composed of PS/PC that contained
unsaturated acyl chains and remain in the liquid-crystal state at 4
°C.
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been presented (38-40). Evidence that annexins A1 and A2
are densely packed at membrane junctions following annexin-
induced vesicle aggregation (38) is of particular interest and
potential biological relevance. However, the structural mech-
anism by which annexins induce aggregation is not known.
Significant data support the idea that the amino terminal
domains of annexins A1 and A2 are involved in vesicle
aggregation and suggest that structural components respon-
sible for membrane binding may be different from those
responsible for aggregation (32, 41-44). In our current study,
experimental conditions were optimal for low-density mem-
brane binding but supported only minimal vesicle aggrega-
tion. Under the conditions of our experiments, it is clear that
lateral self-association of annexins A1 and A2 did not occur
to any significant extent. These results clearly show that
oligomerization of membrane-bound annexins A1 and A2
is not a high-affinity event and is not important for inducing
vesicle aggregation.

As a first step toward determining the structural mecha-
nism of trimer formation, we constructed chimeras in which
the N-terminal and core domains were swapped between
annexin A5, which forms trimers, and annexin A2, which
does not form trimers. The chimera with the annexin A5
core domain formed heterotrimers with R1-labeled annexins
A5 and B12, but the chimera with the annexin A2 core
domain could not form heterotrimers (Figure 6). Thus, the
ability to form trimers resides in the core domain even though
the core domains of annexins A1, A2, A5, and B12 all share
∼50% amino acid identity and have essentially identical
backbone folds. In an attempt to recognize structural elements
at the interface between protein monomers that would
stabilize the trimer, we scanned the structures of the
crystallographic trimers of annexins A5 and B12. The most
obvious candidates were three salt bridges between the lateral
edges of adjacent annexin B12 monomers (14). Annexin A5
trimers had two salt bridges at locations homologous to those
in annexin B12 (15). In contrast, with only a single exception,
the amino acids at homologous locations in annexins A1 and
A2 were not suitable for salt-bridge formation. Although
these salt bridges appear to be good candidates for protein/
protein interactions that stabilize membrane-bound trimers,
we found that mutation of all three of these sites in annexin
B12 did not disrupt Ca2+-dependent trimer formation on
membranes (our unpublished results). Thus, the role, if any,
played by these salt bridges must be minor. Because there
are no other obvious candidates for significant protein/protein
contact sites that stabilize the trimer, it appears that the
interaction with phospholipid plays the major role in inducing
trimer formation.

The two annexins that formed trimers in our study had
Ca2+-dependent membrane-binding properties that were
distinctly different from the two annexins that did not form
trimers. Trimer-forming annexins A5 and B12 had a much
higher Ca2+ stoichiometry for membrane binding (∼12 mol
of Ca2+/mol of protein monomer) than annexins A1 and A2
(e4 mol of Ca2+/mol of protein). Several of the amino acids
involved in formation of Ca2+-binding sites in annexins A5
and B12 are missing in annexins A1 and A2, thereby
providing at least a partial structural explanation for the
differences in Ca2+ stoichiometry. The clear differences in
Ca2+ stoichiometry values may be responsible for previously
reported Ca2+-dependent membrane-binding properties of

these annexins. Annexins A5 and B12 have remarkably
cooperative curves for membrane binding as a function of
the Ca2+ concentration with Hill constants of up to∼7 (24,
45). In contrast, Ca2+-dependent membrane binding of
annexins A1 and A2 is not cooperative (34, 37). Thus,
annexins A5 and B12 appear better suited for an all-or-none
type of response to rising cellular Ca2+ concentrations.

As previously reported for annexin B12 (24), Ca2+-
dependent membrane binding of annexin A5 is very exo-
thermic (∆H ) -64 kcal/mol protein). In contrast, binding
of annexins A1 and A2 was relatively less exothermic (∆H
< -33 kcal/mol protein). These data do not imply that the
∆G values for the two pairs of proteins are strikingly different
because one would expect the entropic contribution to be
much higher for the trimer-forming annexins. In addition to
the entropic contributions from trimer assembly and high
Ca2+ binding, these proteins also appear to immobilize the
phospholipid headgroups with which they interact (12, 46).

We previously showed that annexin B12 lost the ability
to bind to vesicles when the bilayers underwent a phase
transition from the liquid-crystal to the gel phase (24). We
speculated that there is a complimentarity between the
spacing of the Ca2+-binding sites on annexin B12 and the
spacing of the headgroups of phospholipids in liquid-crystal
bilayers and that this complimentarity is lost when the density
of the bilayer increases as it transitions from the liquid-crystal
phase to the gel phase. Studies reported herein showed that
annexin A5 behaved like annexin B12 and did not bind to
bilayers that were in the gel phase (Figure 8). In contrast,
annexins A1 and A2 bind with high affinity to bilayers in
either physical state (Figure 8). Thisin Vitro data implies
that in biological settings annexins A5 and B12 interact
extensively with membranes and immobilize the phospho-
lipid headgroups, while annexins A1 and A2 have more
limited interactions and do not immobilize the lipid. In
support of this speculation, recent electrophysiological studies
showed that annexins A5 and B12 prevent “flip-flop” of
bilayer phospholipids but annexins A1 and A2 have minimal
effect on flip-flop (Sokolov, Y., Hall, J., Haigler, H. T., Isas,
J. M., and Langen, R., unpublished results).

One theme that emerges from this and other studies of
annexins is the structural and functional importance of the
interaction between the protein and phospholipid bilayer. In
general, a variety of different proteins oligomerize following
association with membranes, and it often is assumed that
the increased concentration of protein in the plane of the
bilayer drives the protein/protein association. However, the
current study showed that specific interactions between
bilayers and annexins A5 and B12 were involved in inducing
trimer formation. Trimer formation was not observed in
solution even at very high protein and Ca2+ concentrations.
Furthermore, a particular physical state of the bilayer was
required for annexins A5 and B12 trimer formation. This
study raises the possibility that quaternary changes in other
proteins could be induced by specific interactions with
phospholipid bilayers.

Previous studies showed that annexins A5 and B12
immobilize the headgroups of phospholipids with which they
interact (24, 46). Both proteins form extended 2D crystals
of trimers (17, 18, and our unpublished results) and thus have
the potential to act as molecular fences that restrict the
diffusion of other membrane proteins. Because previous
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studies showed that annexin A4 also forms Ca2+-dependent
membrane-bound trimers (16) and immobilizes membrane
lipids (47), it will be particularly interesting to determine
whether it shares other properties with annexins A5 and B12.
Furthermore, because annexins A4 and A5 are coexpressed
in many mammalian cells, it is possible that they form
heterotrimers, which would introduce another type of Ca2+-
dependent regulation by annexins. If annexin trimers im-
mobilize the fluidity of cellular membranes, Ca2+-dependent
trimer formation could participate in creating or maintaining
the nonrandom distribution of membrane proteins. The
possibility that this is a physiological function of trimer-
forming annexins is supported by a recentin Vitro study
showing that annexin B12 dramatically reduced the lateral
diffusion coefficient of the ryanodine receptor in bilayers
without altering its conductance properties (48). In contrast
to annexins A5 and B12, annexins A1 and A2 do not form
trimers, have significantly fewer Ca2+-binding sites, and have
not been reported to immobilize phospholipid headgroups.
Thus, annexins A1 and A2 do not appear to be well-suited
to alter the bilayer structure as a biological function. We
speculate that their Ca2+-dependent membrane-binding activ-
ity may be a zip code that directs them to sites of action
such as near vesicle fusion sites. Additional experiments are
needed to determine whether the trimer-based grouping will
apply to other annexin gene products and whether this
approach will help to explain the mechanism by which
different annexin gene products are targeted to different
subcellular locations.
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