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A B S T R A C T

Annexins are a multigene family of proteins involved in aggregation and fusion processes of biological mem-
branes. One of its best-known members is annexin A2 (or p36), capable of binding to acidic phospholipids in a
calcium-dependent manner, as occurs with other members of the same family. In its heterotetrameric form,
especially with protein S100A10 (p11), annexin A2 has been involved as a determinant factor in innumerable
biological processes like tumor development or anticoagulation. However, the subcellular coexistence of dif-
ferent pools of the protein, in which the monomeric form of annexin A2 is growing in functional relevance, is to
date poorly described. In this work we present an exhaustive structural and functional characterization of
monomeric human annexin A2 by using different recombinant mutants. The important role of the amphipathic
N-terminal α-helix in membrane binding and aggregation has been analyzed. We have also studied the potential
implication of lateral “antiparallel” protein dimers in membrane aggregation. In contrast to what was previously
suggested, formation of these dimers negatively regulate aggregation. We have also confirmed the essential role
of three lysine residues located in the convex surface of the molecule in calcium-free and calcium-dependent
membrane binding and aggregation. Finally, we propose models for annexin A2-mediated vesicle aggregation
mechanisms.

1. Introduction

Annexins (from the Greek annex, hold together) are a multigene
superfamily of proteins whose primary biological function is cell
structure coupling. They are soluble proteins capable of reversible
binding to negatively charged membrane phospholipids in a calcium-
dependent process [1,2]. Widely described in all organisms, annexins
present a conserved C-terminal core formed by the repetition of four (or
eight) homologous domains of about 70 amino acids each, formed by
five α-helixes (named A-D), four of them forming a superhelix (A, B, D,
E). The protein core forms a compact and protease resistant structure
differentiating a slightly curved convex region, where type-II calcium
and phospholipid binding sites are located, and a concave side where a
hypervariable N-terminal domain lies [3,4]. Fig. 1a shows the three-
dimensional structure of human annexin A2 where the above-men-
tioned general structural characteristics of the annexin superfamily can
be observed. Protein modifications and their interaction with other
cytosolic proteins are mainly regulated by N-terminal dynamics and its

accessibility to the solvent [4].
Annexins are mostly related to membrane trafficking, the regulation

of membrane-cytoskeleton interactions and microdomain formation
[5]. One of the best known members that has been associated with
membrane aggregation and raft-microdomain formation in cells has
been human annexin A2 (also called p36). Unlike some members of the
annexin superfamily, annexin A2 binding to acidic phospholipid ve-
sicles seems to be accomplished not only by a Ca2+-dependent me-
chanism [6]. Annexin A2 hetero-oligomerization with proteins of S100
family (e.g. S100A10, p11) reduces Ca2+-aggregation requirements [7],
but there is also strong evidence of in vitro bridging processes involving
monomeric annexin in the absence of calcium [8]. Lipid-binding ca-
pacity of annexin A2 has been proposed to be regulated by the N-
terminal segment (residues 1–29) [9]. This region contains not only the
S100A10 dimer-binding site, but also sites susceptible of phosphoryla-
tion, acetylation and S-glutathionylation, that might regulate calcium
sensitivity and lipid binding [10–12]. Ca2+-independent binding of
monomeric annexin A2 to membranes has been observed in both model
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vesicles and chromaffin granules. This may imply a pH-dependent
process likely involving dynamic changes on N-terminal hydrophobicity
at acidic pH [13,14], although some details of the process remain
misunderstood.

Numerous studies have been focused on the subplasmalemal het-
erotetrameric complex with S100A10 dimer. However, different pools
of monomeric annexin A2 have been described in lung epithelium de-
rived-cells, existing cytosolic, nuclear and endosomal fractions, as well
as an additional pool that strongly interacts with membranes in a cal-
cium-independent manner [15]. As occurs with the heterotetramer,
monomeric annexin A2 can also induce membrane domain formation
by promoting lipid clustering of vesicles composed of phosphati-
dylserine (PS) and phosphatidylinositol-4,5-bisphosphate in the pre-
sence of cholesterol [16,17]. Annexin A2 has been also described as a
positive regulator of calcium-dependent plasma membrane resealing in
primary human vascular endothelial cells [18]. Monomeric annexin A2
has been recently reported to have immunological functions by indu-
cing murine and human dendritic cell maturation through Toll Like
Receptor 2 (TLR2) under oxygen depletion, being the N-terminal 15
amino acids of this annexin necessary and sufficient for TLR2 binding
and dendritic cell activation [19]. Moreover, the specific inhibition of
monomeric annexin A2 binding to PS -and not in its tetrameric form-
prevents from HIV-1 infection in monocyte-derived macrophages [20],
in a similar way to that described for the secretory leukocyte protease
inhibitor (SLPI) [21]. Annexin A2 is highly expressed in most cancers
where it is involved in extracellular plasmin activation, and thus acti-
vation of metalloproteinases and degradation of extracellular matrix
components essential for metastatic progression [22]. Interestingly,
treatment of human colon cancer cell lines with active matrilysin

(matrix metalloprotease-7) releases annexin A2 from the membrane by
hydrolysis of the peptide bond between Lys10 and Leu11; this release
significantly enhances binding of tissue-type plasminogen activator to
cancer cell surfaces probably via the membrane-bound hydrolyzed N-
terminal peptide [23] reinforcing the potential role of the N-terminus of
annexin A2 in its binding to membranes under specific conditions. In
addition, nuclear monomeric annexin A2 has been related with cell
proliferation and DNA synthesis regulation [24,25].

In the present work, we have deepened into the structural and
functional events involving human annexin A2 interaction with mem-
branes by using lipid model vesicles. Different Escherichia coli-expressed
mutants were designed and characterized by spectroscopical and
functional assays. Our results not only support the key role of the N-
terminal region in monomeric annexin A2-mediated aggregation, but
also demonstrate the existence of residues that are additionally con-
trolling protein homo-dimerization and the aggregation process.

2. Materials and methods

2.1. Construction of wild-type and mutant human annexin A2 expression
vectors

The construct expressing recombinant human annexin A2 was
generated by cloning its cDNA between BamHI and XhoI restriction sites
of the pBH4 vector (kindly provided by Wendell Lim, UCSF) to generate
an N-terminal 6xHis-tagged, TEV-cleavable protein. The deletion mu-
tant without residues 1–14 at the N-terminus of annexin A2 (Δ14-hA2
protein) was generated by PCR using the QuickChange method with
pBH4.WT-hA2 as template to obtain construct pBH4.Δ14-hA2. Point

Fig. 1. Three-dimensional structure of full-length an-
nexin A2.
(a) Three-dimensional structure of full-length annexin
A2 based on the crystallographic data from PDB ID:
1XJL [31] using MOLMOL [53]. The four domains in
the protein core are represented in different colors: I,
blue; II, cyan; III, orange; and IV, red. The letters as-
signed to the α-helices are shown only in Domain III.
Calcium ions at the canonical type-II binding sites (or
“AB" sites) are represented by yellow spheres; addi-
tional calcium ions bound to the so-called “DE” or “B"
sites [3] are shown as orange spheres. The side-chains
of the three mutated lysine residues located in the AB-
loops of domains I, III, and IV, and the leucine residue
in domain II are also indicated. (b) Surface re-
presentation showing positively charged (blue), ne-
gatively charged (red) and uncharged regions (white).
Empty arrows indicate the uncharged regions in the
concave surface that may be involved in dimerization.
(c) Detail of the dimer interface between two annexin
A2 molecules through residues located in domain III of
each molecule according to the structure by Ro-
sengarth and Luecke [31]. Mutated residues in TM-
hA2 are indicated with a red arrow. (d) Helical wheel
representation of residues 2 to 14 corresponding to the
N-terminal extension of annexin A2.
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mutations were also carried out by the QuickChange method by se-
quential mutation of single residues to obtain constructs pBH4.TM-hA2
(mutations E189A, R196A & E219A; TM-hA2 protein) and pBH4.TK-
hA2 (mutations K49A, K206A & K281A; TK-hA2 protein). Primers used
for QuickChange site-directed mutagenesis are shown in Supplementary
Fig. 1. These primers also introduced new restriction sites for screening.
In addition, all constructs were sequenced in both directions to verify
the correct insertion of the point mutations without any additional
modifications.

2.2. Protein expression and purification

Recombinant variants of annexin A2 were produced in BL21(DE3)
E. coli strain and purified by Ni-NTA-agarose chromatography after
solubilization in the absence of calcium. All these procedures, as well as
the removal of the His-tag, were carried out as previously described by
our group [26–29] and is presented in detail under Supplementary ma-
terial (Supplementary Fig. 2).

2.3. Circular dichroism measurements

The far-UV CD spectra were monitored between 200 and 260 nm at
20 °C in a Jasco J-715 spectropolarimeter equipped with a Neslab RTE-
111 thermostat using 0.05 or 0.01 cm pathlength thermostatized cuv-
ettes. Near-UV CD spectra were monitored between 250 and 320 nm at
20 °C using 0.5 cm pathlength thermostatized cuvettes. All spectra were
averaged at least over six scans and were corrected by subtracting
buffer contribution from parallel spectra in the absence of protein; units
are expressed as mean residue weighed molar ellipticities ([θ]MRW) in
the far-UV, and as molar ellipticities in the near-UV. Melting curves
were determined by monitoring ellipticity changes at 208 nm between
20 and 80 °C and increasing temperature at 60 °C/h due to the irre-
versibility of the denaturation process; melting temperatures (Tm) were
determined from the maximum of the first derivative of the smoothened
melting curves, as previously described [26–28]. The effect calcium
binding on the far-UV CD spectra and melting temperatures was ana-
lyzed employing protein samples with increasing CaCl2 concentrations.
Control samples contained 1mM EGTA or equivalent ionic strength
with MgCl2. Secondary structure prediction from the far-UV CD spectra
was performed using the convex constraint algorithm (CCA) as de-
scribed [30].

2.4. Fluorescence emission spectroscopy

Fluorescence emission spectra (300–400 nm) were recorded in an
SLM Aminco 8000C spectrofluorimeter at 20 °C. Trp213 emission was
measured using an excitation wavelength of 295 nm in a 0.4 cm ex-
citation pathlength and 1.0 cm emission pathlength cuvette. Rayleigh
scattering at 90° was obtained from the maximum at 295 nm of spectra
recorded at this excitation wavelength. Spectra were recorded either in
the absence of calcium (1mM EGTA) or after the addition of increasing
volumes of a concentrated buffered CaCl2 solution up to 75mM (con-
trols in the presence of MgCl2 were also studied). Acrylamide
quenching of Trp213 fluorescence was analyzed by recording emission
spectra (295 nm excitation wavelength) at increasing acrylamide con-
centration, and taking into account the effect of dilution as previously
described [26–28]. Care was taken to avoid the inner filter effect and
that solutions presented always UV absorption below 0.04 at 295 nm.
The quenching constants (KSV) were calculated from the Stern-Volmer
plots of F0/F at the emission maximum against acrylamide concentra-
tion, according to the equation F0/F= 1+KSV·[Q], where F0 is the
fluorescence intensity at zero quencher concentration and F the in-
tensity at a given quencher concentration ([Q]).

2.5. Binding to phospholipids and vesicle aggregation assays

Large unilamellar vesicles (LUVs) of phosphatidylserine (PS)
(Avanti Polar Lipids, Alabaster, AL, U.S.A.) or phosphatidylcholine (PC)
were obtained by film hydration in 10mM Hepes, pH 7.8, containing
0.1 M NaCl, followed by extrusion through polycarbonate filters of
400 nm pore diameter (Lipex Biomembranes, Vancouver, Canada).
100 nm pore LUVs were prepared from previously obtained 400 nm
fresh vesicles by further extrusion through filters of the corresponding
pore diameter.

The binding of the purified recombinant proteins to 400 nm vesicles
was carried out at a constant lipid:protein molar ratio (800:1) with
variable calcium and NaCl concentrations in 10mM Hepes, pH 7.8, for
15min at room temperature. The final volume (100 μl) was ultra-
centrifuged at 150,000 g at 4 °C for 1 h (Optima Max-XP ultracentrifuge
with TLA 120.1 rotor; Beckman-Coulter, Brea, CA). After the separation
of supernatant and pellet, equivalent volumes were analyzed by SDS-
PAGE under reducing conditions and Coomassie blue staining or
Western blot. Vesicle-free controls showed very little or null sedi-
mentation of protein under these experimental conditions. Gels were
analyzed in a Gel Doc XR system from Bio-Rad (Alcobendas, Spain) and
a densitometric analysis was performed by using the QuantityOne
v4.6.9 software. The percentage of bound protein was determined from
at least three independent experiments in which all conditions were
analyzed in the same gel.

Aggregation assays were carried out by recording absorption at
320 nm immediately after the addition of the lipids to a solution con-
taining different concentrations of protein, NaCl (0.1, 0.3 or 0.5M) and
in the absence (5mM EGTA) or presence of 100 μM CaCl2. Absorption
was registered in a thermostatically controlled cuvette for at least
10min at 25 °C. No variation in the absorbance at 320 nm was observed
in PS vesicles (with or without 100 μM CaCl2) in the absence of protein.
These absorbance baseline values were subtracted from the corre-
sponding aggregation curves. Apparent initial aggregation velocity (V0

app.) was determined from the non-linear regression to a hyperbola of
the aggregation curve up to only 1min.

2.6. Protein crosslinking in the presence of PS-vesicles

Protein crosslinking in the absence or presence of 400 nm PS-ve-
sicles (1000:1 lipid:protein molar ratios; 2 μM protein) was carried out
after 15min of interaction in the absence (5mM EGTA) or presence of
100 μM CaCl2. Additionally, different concentrations of NaCl (0.1, 0.3
and 0.5M) were tested. Whole volume was further incubated with BS3

cross-linker (1 mM final concentration; Pierce, Rockford, IL, U.S.A.) for
30min at room temperature. This reaction was stopped by addition of
Tris, pH 7.4 (100mM final concentration) for 15min at room tem-
perature. Samples without vesicles were directly prepared for SDS-
PAGE; samples with PS-vesicles were ultracentrifuged at 150,000 g at
4 °C for 1 h and pellets were resuspended into the same volume as those
without vesicles directly in loading buffer. All samples were analyzed
by Western blot using a monoclonal antibody directed against human
annexin A2 (BD Biosciences).

2.7. Statistical analysis

The normal distribution of data was determined by the Shapiro-Wilk
test and the homogeneity of variance by the Brown-Forsythe test. Two-
way ANOVA analyses and Student's t-tests (two-tailed) were carried out
using SigmaPlot v13 (Systat Software, Erkrath, Germany) and p < 0.05
was taken as the minimal level of statistical significance.
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3. Results and discussion

3.1. Cloning, expression and purification of recombinant annexin A2 and
mutants

In 2004, Rosengarth and Luecke published the three-dimensional
structure of full-length annexin A2 in the presence of calcium (PDB ID:
1XJL; Figs. 1a & 1b) and a N-terminally truncated structure in the ab-
sence of calcium (PDB ID: 1W7B) [31]. Both structures were essentially
similar but, interestingly, in the presence of calcium the protein formed
what they called an “upside-down” (or “antiparallel”) dimer. In this
crystal, one monomer has the convex surface on the same side as the
concave surface of the other one. This arrangement resulted in a dimer
with calcium binding sites on both sides (Fig. 1c). The interaction be-
tween monomers took place side by side through the establishment of
four salt bridges between residues located in domain III of both pro-
teins: Arg A196-Asp B209, Lys A206-Glu B189, Glu A219-Arg B178 and
Lys A212-Glu B219. In view of this arrangement the authors proposed
that, theoretically, this dimer could bind two membranes at the same
time inducing aggregation in a similar way as reported for bovine an-
nexin A6, whose two lobes (4 domains each) were reported to interact
in an “antiparallel” arrangement with phosphatidylserine monolayers
[32]. In any case, the mechanism by which annexin A2 induces mem-
brane aggregation is not clear yet. For this reason, we decided to check
whether this hypothesis was accurate by inducing point mutations af-
fecting residues involved in the establishment of the reported salt-
bridges (Fig. 1c); Glu189, Arg196 and Glu219 were replaced by alanine
residues blocking in this way the formation of the four bridges (Triple
Mutant; TM-hA2).

It is also worth mentioning that several studies point out the im-
portant role that the first 14 residues of the N-terminal segment of
annexin A2 may have in binding and aggregation of biological mem-
branes. We have run prediction algorithms, as “Helixator” (TCDB;
http://www.tcdb.org) or “Heliquest” [33], and both predict the po-
tential arrangement into an amphipathic α-helix (Fig. 1d), as detected
in water/TFE mixtures [34] and when complexed with S100A10 or
S100A4 protein dimers [35,36]. Thus, in the set of mutations directed
to dissect the mechanism by which annexin A2 induces membrane
aggregation, we have obtained a deletion mutant lacking the first 14
amino acids (Δ14-hA2).

Finally, the convex face of annexin A2 molecule is mainly negatively
charged (Fig. 1b) but exhibits some protruding positively charged re-
sidues such as Lys49, Lys206 and Lys281, which are located in the loops
between helices A and B of domains I, III and IV, respectively. These
residues may be involved in establishing electrostatic bridges with ne-
gatively charged phospholipids. Considering this, we have also ob-
tained an annexin A2 mutant lacking these three protruding lysine re-
sidues (replaced by alanines; TK-hA2; see Figs. 1a & 1b).

Site directed mutagenesis and deletion mutants were obtained by
the QuickChange protocol, as described in Supplementary material. All
constructs were cloned into the expression vector pBH4 and were
transformed into BL21(DE3) E. coli strain. Production, purification and
His-tag removal of the recombinant proteins is described in detail in
Supplementary material (Supplementary Fig. 2).

3.2. Spectroscopical characterization of recombinant proteins

Far-UV circular dichroism reveals a proper folding of all proteins
(Fig. 2a). According to CCA algorithm [30], all of them present a high
α-helical content ranging from 61.7% in WT-hA2 to around 74% in the
mutant with the deletion of the 14 first residues (Δ14-hA2). These re-
sults are in quite good agreement with the reported three-dimensional
structure of annexin A2, showing the crystal a secondary structure al-
most identical to that predicted for WT-hA2 in solution. The removal of
the amphipathic N-terminal α-helix increases α-helical content instead
of decreasing it. Thus, it is possible that in the absence of membranes or

S100A10 protein, this helix is not formed. In any case, we have pre-
viously reported that long N-terminal extensions normally induce a
reduction in the α-helical content of the protein core, as occurs with
annexin A11 [27] or with the long and short isoforms of annexin A13
[26,28].

Thermal stability was analyzed by recording the molar ellipticity at
208 nm as a function of temperature, as the main structural component
of annexin A2 is α-helix. All melting curves show a highly cooperative
transition disregarding the calcium concentration used. Unfolding is
always irreversible, as cooling of the denatured preparations does not
recover the molar ellipticity values (not shown). Thermal stability in
the absence of calcium is slightly higher for the truncated form
(56.7 ± 0.4 °C) compared to WT-A2 (55.1 ± 0.3 °C) (Fig. 2b & c) in a
similar pattern to what occurs with truncated annexin A13b or when
the stability of its short isoform (A13a) is compared with the long one
(A13b) [26,28]. Whereas the replacement of protuberant lysine re-
sidues for alanines does not modify the thermal stability of the protein
(TK-hA2 protein; 55.6 ± 0.4 °C), the disappearance of the salt bridges
between domains III of annexin A2 molecules induces a significant re-
duction in the melting temperature (TM-hA2; 50.6 ± 0.6 °C), 4.5 °C
lower than wild-type annexin A2. According to all the other mutants,
the formation of the lateral dimers could be taking place without cal-
cium, thus stabilizing annexin A2 soluble structures.

We wanted to analyze the effect of calcium binding on the structure
and stability of annexin A2 as binding of annexins to membranes is
normally calcium-dependent and involves small structural rearrange-
ments that can affect both the protein core and the N-terminal exten-
sion. The analysis of the effect of calcium binding in the absence of
membranes requires the use of millimolar concentrations of CaCl2, as it
is well known that the affinity of annexins for this cation is around three
orders of magnitude lower under these conditions [29,37]. For this
reason, we used a calcium concentration far away from physiological
levels (1.5 mM extracellular; around 100 nM intracellular but with
transient spikes up to 1–10 μM; 100–400 μM Golgi and endoplasmatic
reticulum) [26,38–40] but necessary to reproduce calcium saturation in
the absence of membranes. Far-UV CD spectra does not change sig-
nificatively upon calcium saturation (up to 95mM CaCl2; data not
shown) but all the recombinant proteins show higher thermal stability
with an increase of 12–13 °C in their melting temperatures, calcium
specific and non-reproducible with MgCl2 (Fig. 2b & c). Half-maximal
effect is achieved at 8.4 mM CaCl2 in WT-hA2 but it is lower for the
mutated forms, ranging from 2.5 mM for TM-hA2 to around 5mM for
Δ14-hA2.

In order to analyze whether the tertiary structure surrounding the
only Trp residue in annexin A2 (and mutated variants) is modified by
calcium binding, we first registered fluorescence emission spectra with
an excitation wavelength of 295 nm (Fig. 3a) in the presence of dif-
ferent calcium concentrations, as the position of the emission maximum
gives information regarding the exposition degree of the Trp213 residue.
In the absence of calcium, WT-hA2 shows a maximum at 329 nm and a
slight blue shift towards 324 nm with a decrease in the quantum yield
(Fig. 3b) that presents a mid-point at 250 μM CaCl2. Saturation of the
effect of calcium binding in the environment of Trp213 is achieved at a
calcium concentration much lower than that required for changes in
thermal stability. Taking into account that this residue is located in
helix IIIB, one could speculate that Trp environment is only changed
when calcium is bound to the high affinity sites (type II calcium binding
sites in the loops between helices A and B in each domain). On the other
hand, structural stability is further strengthened by calcium binding to
additional sites, as those at the DE loops or at helix B, as reported in the
calcium-bound crystal structures of annexin A2 and in other annexins
[3,31,41].

No significant differences were detected in the fluorescence emis-
sion spectra of annexin A2 variants compared to WT-hA2 as well as in
the behavior upon calcium binding (data not shown). In all cases, the
position of the maximum suggests that Trp213 may be somewhat buried,
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being even more protected with calcium. This is confirmed by dynamic
fluorescence emission quenching experiments using acrylamide, which
presents low accessibility to buried residues. Stern-Volmer plots (F0/F)
in Fig. 3c correspond to fluorescence emission data of WT-hA2 in the
absence of calcium (1mM EGTA; 329 nm) and after saturation with
calcium (75mM CaCl2; 324 nm); quenching constants (KSV) under both
experimental conditions are quite low, and correspond to a buried Trp
residue (1.89M−1 and 0.84M−1 in the absence or presence of calcium,
whereas an exposed Trp residues yields values around 12–15M−1)
[42]. Quenching constants for the different annexin A2 mutants
(Fig. 3c) are quite similar to those observed for the wild-type, which
supports the correct folding of these annexin A2 variants. The decrease
in fluorescence emission upon calcium saturation, that is observed on
all the analyzed recombinant proteins, could be explained if Trp213

establishes hydrogen bonds between the nitrogen atom of the indole
ring and the carbonyl oxygen of Leu198 which lies nearby in helix IIIA
according to the crystal structure of calcium-bound annexin A2 [31].

Near-UV circular dichroism confirms that Trp213 lies within the
hydrophobic protein core with low conformational freedom as a clear
ellipticity minimum appears in all recombinant proteins at 280 nm
(Fig. 3d). Moreover, the minimum reaches higher negative values in the
truncated form of annexin A2. This can indicate that a more compact
structure is present after shortening of the N-terminal region in agree-
ment with the increase in structural stability detected in the analysis of
the melting curves.

In summary, the spectroscopical characterization of recombinant
wild-type annexin A2 and the different mutants confirm the correct
folding of all the protein analyzed, which is essential for the correct
analysis and comparison of their behavior regarding binding to mem-
branes and ability to induce vesicle aggregation.

3.3. Phospholipid binding

The interaction of annexin A2 with phospholipid vesicles was

studied by ultracentrifugation after incubation of the wild-type protein
or the different mutants with an excess of large unilamellar vesicles
(LUVs 400 nm in diameter) in the absence (1mM EGTA) or presence of
CaCl2. Different NaCl concentrations were also used to increase ionic
strength to debilitate potential salt bridges or increase non-electrostatic
interactions (Fig. 4). Sedimented material and supernatants were fur-
ther analyzed by SDS-PAGE followed by Coomasie blue staining or
Western blot and densitometric analysis. As observed in Fig. 4a, protein
sedimentation is minimal in the absence of phospholipid vesicles (w/o
PS lanes) and no significant variations were observed in the presence or
absence of calcium or at increasing NaCl concentrations (data not
shown). In any case, these control values were always subtracted from
the corresponding densitometric analysis of sedimented proteins in the
presence of LUVs.

We first analyzed binding of WT-hA2 to phosphatidylcholine (PC)
and phosphatidylserine (PS) LUVs at different calcium concentrations
and 0.1M NaCl (Table 1). No significant binding to PC LUVs was ob-
served whereas binding to PS was close to 50% in the absence of cal-
cium (Table 1; Fig. 4b; 1mM EGTA) and significantly higher with
calcium reaching 100% at 100 μM. Unlike most annexins, annexin A2 is
able to bind to vesicles in the absence of calcium; thus, the molecule
must present unique regions or residues that allow this calcium-in-
dependent binding. In order to analyze this possibility, we have studied
the binding of the different mutant variants of annexin A2 to LUVs as
model system.

Removal of the N-terminal first 14 residues (Δ14-hA2) brought si-
milar results to those observed in WT-hA2: almost no binding to PC
LUVs, 27% binding to PS in the absence of calcium, and very similar
binding percentages to PS in the presence of calcium. The decrease in
calcium-independent binding to PS (around 23%) strongly suggests that
annexin A2 can bind to membranes not only through the canonical type
II calcium-binding sites, but also through the amphipathic N-terminal
extension, as was also previously suggested by Tsunezumi et al. [23] in
human colon cancer cells. However, there must be an additional

Fig. 2. Far-UV circular dichroism spectra of an-
nexin A2 and mutants.
(a) Far-UV CD spectra of wild-type annexin A2
and the different mutants used in the study were
registered in 10mM Hepes, pH 7.8, 0.1 M NaCl at
20 °C. Each spectrum is the average of six scans;
smoothened spectra are also shown. The inset
indicates the percentage of α-helix of each pro-
tein according to CCA algorithm. (b) Influence of
calcium binding on the thermal stability of WT-
hA2. The figure shows only representative
melting curves of in the absence (1mM EGTA)
and in the presence of 95mM CaCl2 in 10mM
Hepes, pH 7.8, and 0.1M NaCl. The inset shows
the melting temperatures (Tm) at increasing
calcium concentrations; they were determined
from the inflexion point of the smoothened
melting curves (position of the maximum of the
first derivative) using the Standard Analysis
software from Jasco, and data represent mean
values of at least two independent determina-
tions at each CaCl2 concentration. Blue symbols
show the effect of 95mM MgCl2. (c) Dependence
of the Tm with calcium (black) and magnesium
concentration (blue) for the mutant variants of
annexin A2.
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calcium-independent binding mechanism, as there is still close to 30%
binding of Δ14-hA2 under these conditions.

To gain further information on the different mechanisms by which
annexin A2 can bind to membranes, we studied the interaction of ad-
ditional mutant variants to PS LUVs in the absence or presence of
100 μM CaCl2, and at different NaCl concentrations (Fig. 4).

In the absence of calcium, an increase in the ionic strength induces
an almost complete blockage of WT-hA2 binding to PS, which puts
forward the relevance of ionic interactions between annexin A2 and
negatively charged phospholipids. Mutation of residues involved in the
“antiparallel” lateral dimerization of annexin A2 (TM-hA2) does not

induce a significant variation in binding, but its interaction with PS is
less sensitive to the increase in NaCl concentration. On the contrary,
mutation of the protruding Lys residues on the convex side of annexin
A2 (TK-hA2) reduces binding to only 12.5% and disappears at in-
creasing ionic strength. These results demonstrate experimentally for
the first time the involvement of these residues in annexin A2 binding
to membranes, as was hypothesized previously by Zibouche et al. [14].
Moreover, a recent publication by Hakobyan et al. [43] carrying out
molecular dynamics simulations of the interaction of human annexin
A2 with negatively charged membranes has identified in silico several
Lys residues that may be essential for the calcium-independent binding

Fig. 3. Characterization of the unique tryptophan
residue of annexin A2 by fluorescence spectro-
scopy and near-UV circular dichroism.
(a) Emission spectra at 295 nm excitation wave-
length in the absence of calcium (1mM EGTA) or
at increasing CaCl2 (red) or MgCl2 (blue) con-
centration were registered at 20 °C using a pro-
tein concentration of 5 μM. Only spectra of WT-
hA2 at representative calcium or magnesium
concentrations are shown. Fluorescence is ex-
pressed in arbitrary units (a.u.). (b) Variation in
the fluorescence intensity of Trp213 in WT-hA2 at
the position of the emission maximum (inset)
with calcium concentration (open circle, MgCl2
instead of CaCl2). (c) Fluorescence emission
(λex= 295 nm) at 20 °C of Trp213 in wild-type
and mutant annexin A2 variants (0.2mg/ml) was
quenched by sequential addition of a con-
centrated acrylamide stock solution up to
360mM both in the absence of calcium (1mM
EGTA) and in the presence of 75mM CaCl2.
Fluorescence intensity at 329 nm (absence of
calcium; filled circles) or at 324 nm (75mM
CaCl2; open circles) was determined and the data
were plotted against acrylamide concentration
according to the Stern-Volmer equation (plot
shows results for WT-hA2). Stern-Volmer con-
stants (KSV) for all the annexin A2 variants are
shown. (d) Near-UV CD spectra of WT-hA2 and
the different mutants were registered in 10mM
Hepes, pH 7.8, 0.1 M NaCl at 20 °C using a 0.5 cm
pathlength cuvette an a protein concentration
around 25 μM. Each spectrum is the average of
six scans; smoothened spectra are shown.

Fig. 4. Binding of annexin A2 variants to phosphati-
dylserine vesicles.
(a) The binding of recombinant annexin A2 variants to
400 nm PS unilamellar liposomes was performed by ultra-
centrifugation in the absence of calcium (1mM EGTA) or in
the presence of 100 μM CaCl2 with a lipid/protein molar
ratio of 800/1 and at three different NaCl concentrations.
Protein in the supernatants (S) and in the pellets (P) was
analyzed by SDS-PAGE followed by Coomassie blue
staining; representative gels are given. (b) Densitometric
analysis corresponding to the binding assays. Data re-
present mean values± SD of at least four independent ex-
periments with two different preparations of each protein
(asterisks indicate the statistical significance for the com-
parisons between binding data at increasing NaCl con-

centrations with 0.1 M NaCl within each recombinant protein: *, p < 0.05; **, p < 0.01; hashes correspond to comparisons between binding data of the different mutants with WT-hA2
at 0.1 M NaCl: ##, p < 0.01)

J.C. López-Rodríguez et al. BBA - Molecular Cell Research 1865 (2018) 863–873

868



of this annexin to 1-palmitoyl-2-oleyl-sn-glycero-3-phospho-L-serine
(POPS) lipids. Among them, they describe that Lys49/81/88 and Lys281

are in full contact with model POPS lipids (and Lys279 and Lys286 also
when phosphatidylinositol-(4,5)-bisphosphate is considered). Interest-
ingly, we have shown that mutation of Lys49 and Lys281 to alanine re-
sidues (in addition to Lys206) induces a highly significant reduction in
calcium-independent binding to natural PS vesicles, in good accordance
with the theoretical model proposed in silico [43].

As mentioned above, the calcium-independent binding to PS ve-
sicles of Δ14-hA2 is also reduced compared to WT-hA2, but this de-
crease is not as large as that observed with TK-hA2, as the truncated
protein can still establish electrostatic bridges with the negatively
charged PS headgroups. In any case, these bridges are broken when
NaCl concentration is increased, confirming the relevance of these Lys
residues in the interaction.

When PS binding is studied with 100 μM CaCl2, all recombinant
proteins showed almost complete interaction, surely involving the ca-
nonical type II calcium and membrane binding sites. The calcium de-
pendent interaction of WT-hA2 is quite insensitive to an increase in
NaCl concentration, as occurs with the mutant forms at least up to
0.3 M NaCl.

3.4. Induction of vesicle aggregation

One of the main functions of annexin A2 is its involvement in in-
tracellular vesicle trafficking and interaction of vesicles with mem-
branes, as well as plasma membrane repair. Annexin A2 acts as a bridge
between membranes as occurs with other annexins under specific
conditions. It has been reported that annexin A2 may induce this pro-
cess both in a calcium-dependent and independent manner, although
the latter have been mainly reported at acidic pH values, as also de-
scribed for annexin A5 and B12, and can involve both monomeric and
heterotetrameric annexin A2 [8,13,14,44–46]. Several studies have
been directed towards the elucidation of the mechanism by which
monomeric annexin A2 induces membrane bridging under physiolo-
gical conditions, as in membrane exocytosis [47] or endosomal trans-
port [48], but still much is unclear. We have analyzed the induction of
aggregation by monomeric annexin A2 in a model system consisting of
PS LUVs to gain further information on the mechanisms by which this
process may take place in vivo.

Wild-type annexin A2 induces PS vesicle aggregation in the pre-
sence of 100 μM calcium and 0.1M NaCl even at low protein con-
centration (Fig. 5, black circles). Both apparent initial velocity (v0 app.)
and final ΔA320 show a sigmoidal pattern with protein concentration
that could correspond to the induction of this process through different
mechanisms at high or low protein concentration. No decrease in ap-
parent v0 is detected at high protein concentrations, strongly suggesting
that, at least under these conditions, vesicle aggregation involves pro-
tein dimer formation. TM-hA2-induced vesicle aggregation (Fig. 5,
empty squares) presents higher apparent v0 and final ΔA320 values than
WT-hA2, mainly at low protein concentration (p-values < 0.01). En-
hanced aggregation (apparent v0 and ΔA320) is also achieved when the

amphipathic α-helix is deleted (Δ14-hA2; Fig. 5, black triangles; p-va-
lues < 0.01). On the contrary, replacement of the three protruding Lys
residues by Ala (TK-hA2; Fig. 5, empty diamonds) induces a strong
decrease in the kinetics of aggregation (p < 0.01), although not in the
final ΔA320 values, that are quite similar to those obtained with WT-
hA2. This indicates that these Lys residues accelerate binding of an-
nexin A2 to vesicles in the presence of calcium, but are not essential for
calcium-dependent aggregation.

A moderate increase in ionic strength (0.3M NaCl) induces only a
slight increase in the aggregation kinetics but a highly significant in-
crease in the final absorption values (p < 0.01). The increased ag-
gregation ability at higher NaCl concentration suggests that non-elec-
trostatic attraction forces are involved, probably through the formation
of protein dimers (in accordance with data from kinetics at high protein
concentration). But these dimers must be different from the “anti-
parallel” lateral ones described by Rosengarth and Luecke [31] as the
mutant in which these salt bridges are blocked is the one with stronger
aggregation ability. Moreover, the increase in NaCl concentration may
disrupt the reported lateral salt bridges, favoring the formation of more
aggregation-prone dimers as also suggested by Ecsédi et al. [35]. The
removal of the N-terminal α-helix also enhances aggregation; in this
case, one could speculate that this removal may facilitate the estab-
lishment of dimers through the concave regions of opposing annexin
molecules on different vesicles. This result is in apparent contradiction
with Zibouche et al. [14], which reported that annexin A2 lacking the
N-terminal domain maintained the aggregation ability but far worse
than wild-type. However, one has to take into account that they used a
truncated annexin without the first 30 residues, not only the amphi-
pathic N-terminal α-helix (first 14 residues).

Aggregation can also take place in the absence of calcium, but it is
only detected for WT-hA2 and TM-hA2 proteins (Fig. 5a, right panels).
However, both proteins present lower apparent v0 and ΔA320 values
compared to calcium-dependent aggregation (p-values < 0.01). Under
these conditions, binding to PS vesicles was below 50%, which could
justify the impaired aggregation. Interestingly, TM-hA2 shows much
higher apparent v0 values than WT-hA2 (p < 0.01) whereas differences
where not so large considering final ΔA320 (p < 0.05). In the absence
of calcium, binding to PS vesicles mainly depends on the positively
charged residues in the convex side of the annexin molecule and, to a
lesser extent, on potential interactions through the N-terminal α-helix.
In fact, when NaCl concentration is increased, aggregation is strongly
impaired (Fig. 5b) due to the weakening of the electrostatic annexin-PS
interactions and consequent decrease in binding (Fig. 4).

3.5. Annexin A2 crosslinking in the absence and presence of PS LUVs

In order to check whether dimers were formed upon annexin-in-
duced vesicle aggregation, we carried out crosslinking experiments
using BS3 (bis[sulfosuccinimidyl]suberate) in the absence of PS vesicles
as well as with PS-bound annexin (Fig. 6). Crosslinking of annexin A2
variants in the absence of vesicles (Fig. 6; “No PS” lanes) and in the
presence or absence of calcium allows the detection of protein dimers in
all cases with the exception of the annexin mutant lacking the N-
terminal α-helix (Δ14-hA2). An increase in ionic strength does not
significantly alter dimer formation, but this dimerization is more evi-
dent in TM-hA2 in which the lateral “antiparallel” dimers reported by
Rosengarth and Luecke [31] are not possible. As removal of the N-
terminal α-helix completely disrupts dimer crosslinking, the detected
dimers are probably dependent upon interactions of this helix with its
counterpart in other annexin monomer or with a different region of the
opposing molecule. Moreover, “upside-down” lateral dimers are not
detected under these experimental conditions, as they are not present in
crosslinking experiments in Δ14-hA2 in which these lateral interactions
are theoretically possible.

High molecular weight aggregates are observed in the absence of
PS, mainly in the TM-hA2 mutant. These aggregates do not correspond

Table 1
Binding of WT-hA2 and Δ14-hA2 to phosphatidylcholine (PC) and phosphatidylserine
(PS) large unilamellar vesicles (LUVs).

LUVs
composition

[Ca2+]
(μM)

Bound WT-hA2 (%) Bound Δ14-hA2 (%)

PC 0 (1mM EGTA) 7 ± 3 Not detected
100 5 ± 4 2 ± 1

PS 0 (1mM EGTA) 47 ± 4 27 ± 2
0.5 79 ± 9 68 ± 3
30 91 ± 3 90 ± 3
100 100 96 ± 4

Data represent mean values ± SD corresponding to 3–4 independent experiments.
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to poorly folded protein as all experiments were carried out with freshly
prepared protein batches whose correct folding was checked by spec-
troscopical methods. These larger aggregates do not contribute to ve-
sicle aggregation, as they are not present when crosslinking is carried
out after the interaction with PS vesicles at physiological ionic strength
(0.1 M NaCl), even in the TM-hA2 mutant, although they are again
detected at higher NaCl concentration (Fig. 6).

Crosslinking experiments in the presence of PS-vesicles were carried
out at a high PS to protein molar ratio to avoid potential dimerization
between annexin molecules on the same vesicle. Only PS-bound an-
nexin was analyzed after sedimentation of the different preparations. Of
course, when binding was almost null (i.e. in the absence of calcium in
TK-hA2) not even the monomers could be observed.

Crosslinking in the presence of PS-vesicles and 100 μM Ca2+ reveals
the presence of dimers in all the constructs analyzed, including Δ14-
hA2. Interestingly, TM-hA2 shows the highest dimerization degree
confirming that the dimers responsible for the calcium-induced PS ve-
sicle aggregation are not those arising from the “antiparallel” lateral
interactions but rather different ones formed by non-ionic interactions
between the convex surfaces of annexin molecules. Dimers are also
observed in the N-terminal truncated mutant that, in addition, induces
aggregation under physiological conditions even better than wild-type
annexin A2. Thus, the amphipathic α-helix seems not to be involved in
the formation of dimers that promote membrane aggregation.
Increasing ionic strength up to 0.3 M NaCl induces a slight increase in
dimer detection except in TK-hA2 (in which binding also decreases),
decreasing at 0.5M NaCl in parallel with the reduced binding.

In the absence of calcium, binding of annexin A2 variants to PS
vesicles is strongly impaired (around 50% bound protein for WT-hA2
and TM-hA2, 27% for Δ14-hA2, and 12.5% for TK-A2h), but WT-hA2
and TM-hA2 are still able to induce vesicle aggregation (no aggregation
is observed for Δ14-hA2 and TK-hA2). Crosslinking reveals no dimers in
WT-hA2, but they are still detectable in TM-hA2. Thus, it is highly
probable that annexin A2 aggregation in the absence of calcium is in-
duced by a single molecule interacting with one vesicle through the
protruding lysine residues and with the other via the N-terminal am-
phipathic α-helix. A similar mechanism has been proposed for annexin
A1 [49–51]. This would be in agreement with cryo-electron microscopy
studies that observed membrane junctions induced by monomeric an-
nexin A2 [13]. These studies were carried out in the absence of calcium
but these junctions were induced at non-physiological acidic pH values
around 4, whereas we have been able to observe this monomeric ag-
gregation process at neutral pH.

Finally, our results point out that the described lateral “antiparallel”
dimerization described for WT-hA2 (and potentially present in Δ14-hA2
and TK-hA2) does not facilitate membrane aggregation. On the con-
trary, it seems to act as a regulatory mechanism that dampens this
process as the TM-mutant (that lacks these interactions) has a greater
ability to form dimers and aggregate vesicles (Figs. 5 & 6). In any case,
this lateral dimerization may have a different role in inducing multi-
meric states involved in the complex functions of annexin A2.

Are dimers in the absence of phospholipid membranes identical to
those detected after the interaction with membranes? Our results sug-
gest that they are different, as the removal of the amphipathic α-helix in

Fig. 5. Annexin-induced PS vesicle aggregation.
(a) Aggregation of 100 nm unilamellar PS vesicles was
studied as a function of protein concentration in the ab-
sence (5mM EGTA) or presence of 100 μM CaCl2.
Aggregation was initiated by addition of PS vesicles to the
different protein solutions at the indicated concentration in
10mM Hepes, pH 7.8, and different NaCl concentrations.
Aggregation was followed by continuously monitoring ab-
sorbance at 320 nm in a thermostatized cuvette at 25 °C.
Aggregation experiments were carried out with 2 different
preparations of each recombinant protein and were re-
peated at least twice. Data represent mean values; SD was
always around or below 10% (not shown). (b) Aggregation
curves induced by 8 μM WT-hA2 and TM-hA2 in the pre-
sence of EGTA and three different NaCl concentrations
(representative curves are shown).
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the absence of vesicles entails the disappearance of crosslinked dimers.
On the other hand, dimers are again observed in Δ14-hA2 in the pre-
sence of vesicles and calcium, conditions that induce vesicle aggrega-
tion. Several authors have proposed that annexin A2 adopts different
conformations in solution (closed conformation) and after binding to
membranes (open conformation), in contrast to annexin A1, where
calcium binding is sufficient to induce the open conformation [35,52].
Thus, dimers formed in the absence of membranes require an intact N-
terminus in the closed conformation, where this region interacts with
the concave surface of the protein core (Fig. 7a). Dimerization under
these conditions probably requires the interaction between the N-
terminal amphipathic α-helices from opposing annexin molecules. In
addition, lateral “antiparallel” interactions may take place (although
we have not been able to observe them after BS3 crosslinking) as well as
larger aggregates (Fig. 7a). When annexin A2 interacts with mem-
branes, a conformational change towards an “open” conformation takes
place. As suggested by Ecsédi et al. [35], the N-terminal domain under
this conformation has a greater mobility and would allow the interac-
tion between the concave surfaces of two annexin molecules in a similar
pattern as occurs after phosphorylation of serine residue 26 (Fig. 7b).
The existence of lateral dimers probably delays or impairs this con-
formational change, as vesicle aggregation triggered by the mutant
lacking the lateral interactions shows a higher apparent initial velocity
than wild-type annexin A2. In addition, the removal of the first 14 re-
sidues probably facilitates the acquisition of the open conformation
taking into account that the Δ14-hA2 mutant induces vesicle aggrega-
tion at protein concentrations much lower than WT-hA2 and with
higher apparent v0 values.

4. Conclusions

Although many studies are centered on the physiological and pa-
thological role of annexin A2 heterotetramer with S100A10 (p11),
monomeric annexin A2 plays also important roles within different types
of cells, being mainly involved in intracellular vesicle traffic such as

Fig. 6. Cross-linking of annexin A2 variants
bound to PS unilamellar vesicles.
Crosslinking of recombinant proteins was carried
out at 1000/1 phospholipid to protein molar
ratio in the absence (5mM EGTA) or presence of
100 μM Ca2+ and at three different NaCl con-
centrations (0.1, 0.3 and 0.5M) using BS3; after
stopping the crosslinking reaction, samples were
centrifuged and the vesicle-bound proteins were
analyzed by Western blot (PS lanes). Controls in
the absence of PS vesicles were also crosslinked
(“No PS” lanes); in these cases, crosslinking was
evaluated directly in aliquots without cen-
trifugation. Cross-linking experiments were car-
ried out at least twice with 2 different prepara-
tions of recombinant proteins; gels correspond to
representative experiments.

Fig. 7. Proposed models for annexin A2-induced vesicle aggregation.
(a) Possible protein oligomerization states of the closed conformation of annexin A2 in
solution in the absence of membranes. (b) Scheme for the different possible mechanisms
of vesicle aggregation induced by the open conformation of annexin A2 in the absence of
calcium (EGTA) and in the presence of intracellular or extracellular calcium concentra-
tions.
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exocytosis [47] or in endosomal transport, aggregation and fusion [48].
Here we have designed mutant variants of human annexin A2 to in-
crease the knowledge on the molecular mechanisms involved in an-
nexin A2-mediated vesicle aggregation under experimental conditions
resembling different cellular microenvironments.

Annexin A2 in the absence of PS vesicles adopts a close conforma-
tion where the N-terminus strongly interacts with the concave surface
of the molecule [35,52]. Under these conditions, annexin A2 must
present an equilibrium between monomers and dimers (formed by the
interaction between N-terminal α-helices or through the formation of
the so-called “antiparallel” dimers), probably together with higher
molecular aggregates (Fig. 7a). Upon calcium-dependent membrane
binding, a conformational change takes place towards an open con-
formation where the N-terminus presents higher mobility and may
allow the interaction between the concave surfaces of two annexin A2
molecules leading to vesicle aggregation (Fig. 7b, right). We propose
that the existence of “antiparallel” dimers could act as a regulatory
mechanism to attenuate annexin A2-mediated membrane aggregation.
In any case, monomeric aggregation cannot be completely discarded,
mainly at low protein concentration.

In the absence of calcium, aggregation of acidic vesicles seems to
depend on annexin A2 monomers acting as a bridge between two op-
posing membranes instead of dimers. The convex surface interacts with
one of the negatively charged membranes through protruding Lys re-
sidues, and the N-terminal amphipathic α-helix with the other (Fig. 7b,
left). On the other hand, calcium-dependent aggregation probably in-
volves the formation of annexin A2 dimers through their concave un-
charged surfaces without apparent significant involvement of the N-
terminal α-helix (Fig. 7b, right), although it cannot be discarded that
aggregation may be also triggered by annexin monomers (Fig. 7b,
middle).These results would be in agreement with cryo-electron mi-
croscopy experiments carried out by Lambert et al. [13] at neutral pH in
the presence of calcium using chromaffin granules as well as artificial
liposomes, where they detected annexin A2 between two membranes
mainly in a double protein layer and less frequently as a single one.
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