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Abstract

Annexin A2 (AnxA2) is a Ca2+- and phospholipid-binding protein involved in many cellular regulatory processes. Like other annexins, it is
constituted by two domains: a conserved core, containing the Ca2+ binding sites, and a variable N-terminal segment, containing sites for interactions
with other protein partners like S100A10 (p11). A wealth of data exists on the structure and dynamics of the core, but little is known about the
N-terminal domain especially in the Ca2+-induced membrane-bridging process. To investigate this protein region in the monomeric AnxA2 and
in the heterotetramer (AnxA2-p11)2, the reactive Cys8 residue was specifically labelled with the fluorescent probe acrylodan and the interactions with
membranes were studied by steady-state and time-resolved fluorescence. In membrane junctions formed by the (AnxA2-p11)2 heterotetramer, the
flexibility of the N-terminal domain increased as compared to the protein in solution. In “homotypic” membrane junctions formed by monomeric
AnxA2, acrylodan moved to a more hydrophobic environment than in the protein in solution and the flexibility of the N-terminal domain also
increased. In these junctions, this domain is probably not in close contact with the membrane surface, as suggested by the weak quenching of
acrylodan observed with doxyl-PCs, but pairs of N-termini likely interact, as revealed by the excimer-forming probe pyrene-maleimide bound to
Cys8. We present a model of monomeric AnxA2 N-terminal domain organization in “homotypic” bridged membranes in the presence of Ca2+.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Annexins (Anx) constitute a family of Ca2+-dependent
phospholipid-binding proteins with various membrane-related
functions [1,2]. These proteins have two domains: a C-terminal
core with a conserved structure and a N-terminal domain that is
variable in sequence and length [3,4]. The core domain is
formed by four repeats (eight for AnxA6) containing Ca2+

binding sites [5]. Each repeat consists of five α-helices
connected by short loops. The four repeats are organized into
a curved oblate shape, with a convex face harbouring the Ca2+

binding sites, facilitating contact with the membrane phospho-
lipids. The N-terminal domain, located in the concave face at
the opposite of the membrane surface, regulates the membrane-
related properties of the core. Modifications of the N-terminal
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sequence results in changes in the membrane-binding, aggrega-
tion and fusion properties of several annexins [6,7]. Phosphor-
ylation of the N-terminal domain of annexin A1 and mutations
mimicking these phosphorylations also modified calcium sensi-
tivity for membrane bridging [8–10]. It has also been suggested
that the N-terminal tail of AnxA1 acts as a secondary Ca2+-
independent membrane-binding site [11,12].

AnxA2 has been involved in many different membrane pro-
cesses such as exo- and endocytosis, membrane cytoskeleton
organization and blood coagulation [1,2]. The N-terminal tail of
the protein (34 residues) is subject to several types of posttrans-
lational modifications, including serine and tyrosine phosphor-
ylation [13–15] N-terminal acetylation [16] and glutathiolation
of Cys8 [17]. Signalling role of the N-terminal tail has been
described, involving residues 3–12 for nuclear export [18] and
its phosphorylation in nuclear import [19]. The N-terminal tail
regulates the properties of the AnxA2 core by binding to
S100A10 (p11) [20–23], as for AnxA1 and AnxA11, which bind
to other members of the S100 family [24–26]. AnxA2 is required
for strong binding of S100A10 to the C-terminal domain of the
protein AHNAK [27]. These regulatory properties are illustrated
by the higher propensity of the heterotetramer (AnxA2-p11)2 to
bind to phospholipid membranes at submicromolar Ca2+

concentrations, whereas the monomeric AnxA2 requires micro-
molar Ca2+ concentrations for such binding. Moreover, the
phosphorylation of (AnxA2-p11)2 by protein kinase C decreases
the membrane bridging capacity of the protein [14]. Mutants
mimicking the phosphorylation of Ser11 and Ser25 displayed
modifications of calcium sensitivity for membrane bridging
[28,29]. Two proteolytic species of AnxA2, differing in terms of
deletions within the N-terminal tail, promote chromaffin granule
aggregation, but with different Ca2+ sensitivities [30]. Deletion
of the N-terminal domain decreases the Ca2+ sensitivity of
AnxA2 for plasma membrane binding in living cells [31] and in
model membranes in vitro [29]. Recently, we showed that
dimerization of the protein through the formation of disulfide
bridges between Cys8 residues also increased membrane bridg-
ing efficiency [32]. The N-terminus of AnxA2 is therefore
involved in the regulation of the Ca2+-sensitive membrane
bridging by an as yet uncharacterized mechanism.

The three-dimensional structure of the core domain of many
annexins has been resolved at the atomic level by X-ray dif-
fraction (see reference [1] for a review). However, little is known
about the structure of the N-terminal domains of most annexins
and their interactions with the core, with two main exceptions:
AnxA1 and AnxA3 [33,34]. The full-length AnxA2 was also
crystallized [35] and the structure was resolved except for the
first 20 residues [36]. Residues 21 to 33 of the N-terminal tail
were shown to be in contact with the concave face of the core.
This structure is consistent with the recognition, by monoclonal
antibody H28, of an epitope involving residues Arg62, Glu65
and Arg67 of the core and Lys27 of the N-terminal tail [37,38].

Cryo-electron microscopy showed that the respective junc-
tions formed betweenmembranes and heterotetrameric (AnxA2-
p11)2 or monomeric AnxA2, displayed structural differences
[39]. Direct interactions between two monomeric AnxA2 mole-
cules via their N-termini-bearing concave faces were in parti-
cular proposed to occur in the so-called “homotypic” junctions.
In this study, we aimed to investigate these interactions in more
detail by steady-state and time-resolved fluorescence spectro-
scopy, particularly concerning the conformational dynamics of
the N-terminal domain of monomeric AnxA2 and heterotetra-
meric (AnxA2-p11)2 in their soluble forms and in Ca2+-induced
membrane bridging. For this purpose, we specifically labelled
the N-terminal segment of AnxA2 by acrylodan, a polarity-
sensitive probe, on the only reactive cysteine residue Cys8
[40,41]. This specific labelling has been previously used to study
the change in environment of the N-terminal segment during the
formation of the (AnxA2-p11)2 heterotetramer [16,21]. The
conformational dynamics of the N-terminal segment, in solution
or in the Ca2+-induced membrane-bridging state, was however
not investigated in this previous study, either in the AnxA2
monomer or in the (AnxA2-p11)2 heterotetramer. Moreover, we
also used the thiol-reactive probe pyrene-maleimide, which can
form excimers when two aromatic rings come into sufficiently
close contact (b10 Å [42]), to label the same reactive Cys8,
which enables to investigate the possible existence of N-terminal
interactions between AnxA2 monomers on the membrane sur-
face in the “homotypic” membrane junctions. We propose a
model of Ca2+-induced membrane bridging by the monomeric
protein in which the N-terminal domains of two adjacent AnxA2
molecules can interact with each other to stabilize the membrane
junction.

2. Materials and methods

2.1. Chemicals

Acrylodan and N-(1-pyrene) maleimide were purchased from Molecular
Probes (Invitrogen, France). Type III-B egg L-α-phosphatidylcholine (PC), brain
L-α-phosphatidyl-L-serine (PS), egg L-α-phosphatidyl-L-ethanolamine (PE) and
cholesterol were obtained from Sigma-Aldrich, France. Dr. Claude Wolf (CHU
Saint-Antoine, Paris) kindly provided distearoyl PC labelled with a doxyl group
at positions n=5, 7 and 12 of the sn2 chain.

2.2. Protein preparation and labelling with acrylodan and pyrene
maleimide

AnxA2 produced in S. cerevisiae and p11 produced in E. coli were purified
as previously described [28]. Protein purity was estimated as N95% as judged by
gel electrophoresis. (AnxA2-p11)2 was obtained by mixing equimolar quantities
of AnxA2 and p11. The only reactive cysteine of AnxA2, Cys8, was labelledwith
acrylodan, as described by Johnsson et al. [21]. Briefly, 1.8 mg of DTT-free
purified AnxA2 was incubated with acrylodan at an acrylodan/AnxA2 molar
ratio of 2. After 1 h of incubation on ice, the reaction was stopped by adding
dithiothreitol (DTT) to a final concentration of 2 mM. The unbound acrylodan
was washed out by gel filtration on an Econo-pac 10DG column (Biorad). The
protein was concentrated by centrifugation through a Centricon 10 (Whatman),
to obtain a 1.6 mg/ml solution of labelled protein. The efficiency of acrylodan
labelling was 50%, as estimated usingmolar extinction coefficients for acrylodan
of 16,400 and 6200 M−1 cm−1 at 385 and 290 nm, respectively [41]. DTT-free
AnxA2 was labelled with pyrene-maleimide on its Cys8 residue by incubating
300 μg of purified AnxA2 in 800 μl of PBS (∼10 μM protein) with 100 μl of
1.6 mM N-(1-pyrene) maleimide in dimethylformamide (final pyrene-maleimide
concentration of about 150 µM). After 3 h of incubation in the dark at room
temperature, the reaction was stopped by adding DTT to a final concentration of
2 mM. The unbound pyrene-maleimide was washed out by gel filtration on an
Econo-pac 10DG column. The protein was concentrated with a Centricon 10, to
obtain a 0.4 mg/ml solution of labelled protein. The efficiency of pyrene-



Fig. 1. Fluorescence emission spectrum of AnxA2acryl. AnxA2acryl (solid line);
AnxA2acryl at pCa3 (dashed line); AnxA2acryl at pCa3, with LUV (PC/PS 75/25)
(L/P=100) (dotted line). Total protein concentration: 0.5 μM in a 120 μL
microcuvette. Excitation wavelength 390 nm (slit width 10 nm), emission slit
width: 5 nm.
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maleimide labelling was 83%, as shown using a molar extinction coefficient at
340 nm of 40,000 M−1 cm−1 [43]. Labelled proteins were sampled and stored at
−20 °C. No alteration of membrane aggregative properties of the labelled protein
were observed compared to the unlabelled protein.

2.3. LUV preparation and aggregation

Large unilamellar vesicles (LUVs) with different lipidic compositions, in-
cluding some mimicking that of the inner leaflet of the plasma membrane, were
prepared by extrusion. The lipid mixtures were: PC/PS (75/25 weight ratio);
PC/PS/Chl (50/25/25); PC/PS/PE (25/15/60); PC/PS/PE/Chl (20/20/35/25) and
PC/PS/PE/Chl (17/12/52/19), this last one being similar to that of natural plasma
membrane inner leaflet. Lipids were mixed together in chloroform. The solvent
was removed from the mixture under a stream of nitrogen and residual solvent
was eliminated under vacuum for 1 h. Lipids were then resuspended to a
concentration of 1 mgml−1, by vortexing vigorously in buffer (40 mMHepes pH
7, 30 mM KCl, 1 mM EGTA). The multilamellar liposomes were then extruded
by passing the suspension 21 times through a polycarbonate membrane with
0.1 μm pores (Avestin, Canada). Free calcium concentration, expressed as pCa
(− log [Ca2+]), was controlled by EGTA buffering and vesicle aggregation was
monitored by turbidimetry at 340 nm, as previously described [44].

2.4. Steady-state fluorescence measurements

Fluorescence emission spectra were recorded with a Cary Eclipse spectro-
fluorimeter with slit width of 10 nm and 5 nm for excitation and emission,
respectively. Samples were contained in microcuvettes (120 μl).

2.5. Time-resolved fluorescence measurements

Fluorescence intensity and anisotropy decays were calculated from the po-
larized Ivv(t) and Ivh(t) components measured by the time-correlated single-
photon counting technique. A diode laser (LDH 405 from Picoquant, Berlin-
Adlershof, Germany; maximal emission at 392 nm) operating at 10 MHz was
used as an excitation source. A Hamamatsu fast photomultiplier (model R3235-
01) was used for detection. Emission wavelength was selected with a Jobin–Yvon
H10 monochromator (band width 16 nm) and a Schott KV418 cut-off filter. Each
experimental decay Ivv(t) and Ivh(t) was stored on a 2 K plug-in multichannel
analyzer card (Ortec Trump-PCI 2k, Ametek France), usingMaestro-32 software.
Automatic data sampling was controlled by the microcomputer. The instrumental
response function (FWHM ∼600 ps) was automatically collected by measuring
the light scattering of a glycogen solution during 30 s at the excitation wavelength,
in alternation with the parallel and perpendicular components of polarized fluo-
rescence decay, each over a total of 90 s. Sampleswere contained inmicrocuvettes
(120 μl).

Fluorescence intensity decay analyses were performed with MEM, using a
multiexponential model:

P
i ai exp �t=sið Þ, as previously described [45,46]. A

classical anisotrophy model:
P

i bi exp(� t=hiÞ, in which any rotational cor-
relation time (θ) is coupled with each lifetime (τ), was used to resolve
polarized fluorescence decays [47]. Calculations were carried out with a set of
150 or 100 independent variables (equally spaced on a logarithmic scale) for
intensity and anisotropy, respectively. The programs, including the MEMSYS
5 subroutines (MEDC Ltd, Cambridge, UK), were written in double-precision
FORTRAN 77.

2.6. Fluorescence quenching by iodide and doxyl-PCs

Fluorescence was quenched with iodide, using a solution of 5 M KI in water
supplemented with 0.1 mM Na2S2O3 to prevent oxidation. Quenching was
analyzed using the Stern–Volmer equation: F0/F=1+KSV[Q] where F0 and F
are the fluorescence intensities in the absence and presence of quencher at
concentration [Q], respectively; KSV is the Stern–Volmer quenching constant.
KSV is related to the bimolecular quenching constant kq as follows: KSV=kqτ,
where τ is the lifetime in the absence of quencher.

Quenching by doxyl-PCs (labelled at C5, C7 and C12 on the sn2 acyl chain)
was carried out with LUV prepared with 10, 20 or 30% molar fractions of
labelled PC, 25% PS and supplemented with unlabelled PC.
3. Results

3.1. Conformational dynamics of the AnxA2 N-terminal segment
in solution

The steady-state fluorescence emission spectrumofAnxA2acryl

peaked at 515–520 nm (Fig. 1) in agreement with the previously
reported values [21], confirming that the environment of acry-
lodan bound to Cys8 in the N-terminal segment is highly polar
even in the presence of mM Ca2+ concentration (Fig. 1). The
high quenching efficiency of iodide, shown by the previously
published value of the iodide Stern–Volmer constant (KSV=
2.95 M−1) [21], was confirmed by our measurements (KSV=
2.73 M−1) (Fig. 2 and Table 1). In presence of 2 mM Ca2+, this
value was only slightly modified (KSV=2.98M

−1) (Table 1). It is
to be remarked, however, that the use of these KSV values for the
estimation of the accessibility to the solvent is valid only if the
excited state lifetime values τ are measured. The lifetime values
measured in the present work (1.88 ns with and without Ca2+,
Table 1) allow calculation of the bimolecular quenching constant
kq values (kq=KSV /bτN, where bτN is the amplitude-average
lifetime). They are of the order of magnitude of diffusional
processes both in the presence or absence of Ca2+, demonstrat-
ing the large accessibility of acrylodan to the solvent in both
cases (Table 1).

In line with the absence of effect of Ca2+ on the acrylodan
fluorescence emission spectrum and iodide quenching, the fluo-
rescence intensity decays of AnxA2acryl, which is a sensitive
tool for local conformational changes, could not be distin-
guished in the presence and absence of Ca2+ (Fig. 3 curves 2
and 3). Both decays were not monoexponential. MEM analysis
of the data showed the presence of three lifetime populations
(Fig. 4A), probably attributable to the existence of three local
conformers since no signature of excited-state reaction could be
detected, such as fluorescence build-up at long emission wave-
length (data not shown). The center value and amplitude of
each lifetime peak (Table 2) were similar in the presence and
absence of Ca2+.



Fig. 3. Time-resolved fluorescence intensity decay ofAnxA2acryl and (AnxA2acryl-
p11)2. Instrumental response function (curve 1); experimental decays of: AnxA2acryl

(curve 2); AnxA2acryl pCa 2.7 (curve 3); AnxA2acryl bound to LUV (PC/PS 75/25)
L/P=100 at pCa 2.7 (curve 4); (AnxA2acryl-p11)2 (curve 5). Excitation wavelength:
392 nm, emission wavelength: 505 nm for curves 2, 3 and 480 nm for curves 4, 5.
Experimental conditions are shown in the legend to Table 2.

Fig. 2. Stern–Volmer plots of quenching of acrylodan by iodide. A, AnxA2acryl:
AnxA2acryl in buffer (●): AnxA2acryl at pCa3 (○); AnxA2acryl LUV L/P=100 at
pCa3 (■). B, (AnxA2acryl-p11)2: (AnxA2

acryl-p11)2 in buffer (●): (AnxA2acryl-
p11)2 at pCa3 (○);(AnxA2acryl-p11)2 LUV L/P=100 at pCa3 (■).
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The N-terminal segment displayed rapid dynamics, as mo-
nitored by fluorescence anisotropy decay. The experimental
anisotropy decay curve decreased rapidly at first, and then more
slowly (Fig. 5A). Two time constants were computed: a sub-
nanosecond component and a much longer component with
amplitude about twice that of the subnanosecond component
(Table 3). The short decay time probably reflects local motion of
the acrylodan around its linker. Shorter decay times of small
amplitudes, too fast to be measured by the instrumentation, may
also have occurred because the anisotropy value at time zero did
Table 1
AnxA2acryl and (AnxA2acryl-p11)2 fluorescence quenching by iodide in solution
and bound to membrane vesicles (LUV PC/PS 75/25)

Sample bτN (ns)⁎ KSV (M−1) kq (nM
−1)⁎

AnxA2acryl 1.88 2.73 1.45±0.15
AnxA2acryl pCa3 1.88 2.98 1.59±0.16
AnxA2acryl LUV pCa3 2.15 1.22 0.56±0.06
(AnxA2acryl-p11)2 3.62 1.29 0.36±0.04
(AnxA2acryl-p11)2 pCa3 3.62 1.68 0.46±0.04
(AnxA2acryl-p11)2 LUV pCa3 3.26 1.89 0.58±0.06

Excitation wavelength: 392 nm, emission wavelength: 505 nm for AnxA2acryl,
480 nm for AnxA2acryl-LUV and (AnxA2acryl-p11)2. Protein concentration:
1 μM; L/P=100. Estimated error of±10%.
⁎The amplitude average lifetime bτN was calculated as bτN=Σαiτi. and the
bimolecular quenching constant as kq=KSV/bτN.
not reach 0.37, the fundamental anisotropy value measured for
completely immobilized acrylodan [48]. These subnanosecond
motions were restricted. The semi-angle value of the wobbling-
in-cone rotation ωmax [49] was large and insensitive to Ca2+.
The longest rotational correlation time was consistent with the
Brownian rotational motion of a hydrated protein of the size of
AnxA2 (Table 3). Its value was similar to that measured from
Trp212 fluorescence anisotropy decays [50]. Ca2+ had no effect
on this parameter.
Fig. 4. MEM reconstructed excited state lifetime distribution of AnxA2acryl and
(AnxA2acryl-p11)2. A, Solid line: AnxA2

acryl; dotted line: (AnxA2acryl-p11)2. B,
Solid line: AnxA2acryl; dotted line: AnxA2acryl LUV (PC/PS 75/25) L/P=100 at
pCa 2.7. Numerical values are shown in Table 2.



Table 2
MEM recovered excited state lifetime distribution of AnxA2acryl and (AnxA2acryl-p11)2 in buffer and bound to phospholipid vesicles (LUV PC/PS 75/25)

Sample τ1 (ns) τ2 (ns) τ3 (ns) α1 α2 α3 bτN (ns)

AnxA2acryl no calcium 0.60±0.22 1.56±0.43 3.35±0.39 0.27±0.05 0.43±0.03 0.30±0.06 1.84±0.05
AnxA2acryl pCa 2.7 0.54±0.08 1.40±0.06 3.25±0.07 0.21±0.01 0.43±0.02 0.36± 0.02 1.89±0.02
AnxA2acryl LUV pCa4⁎ 0.49±0.11 1.18±0.10 3.31±0.20 0.18±0.03 0.32±0.07 0.50±0.06 2.12±0.15
AnxA2acryl LUV pCa3⁎⁎ 0.48±0.11 1.40±0.07 3.52±0.04 0.23±0.02 0.34±0.01 0.43±0.02 2.10±0.10
(AnxA2acryl-p11)2 0.34±0.12 1.79±0.41 4.51±0.20 0.07±0.03 0.22±0.03 0.71±0.12 3.62±0.16
(AnxA2acryl-p11)2 pCa5 0.26±0.05 1.86±0.02 4.66±0.01 0.09±0.04 0.30±0.01 0.61±0.02 3.42±0.13
(AnxA2acryl-p11)2 pCa3 0.29±0.05 1.78±0.04 4.62±0.01 0.04±0.02 0.34±0.02 0.62±0.01 3.42±0.13
(AnxA2acryl-p11)2 LUV pCa4⁎ 0.80±0.07 2.29±0.28 4.27±0.07 0.14±0.01 0.27±0.01 0.59±0.01 3.26±0.11

Excitation wavelength: 392 nm, emission wavelength: 505 nm for AnxA2acryl, 480 nm for AnxA2acryl-LUV and (AnxA2acryl-p11)2. ⁎L/P=100, ⁎⁎L/P=50; protein
concentration: 0.5 μM. The standard deviation values were calculated from 2 to 5 measurements.
Amplitude average lifetime bτN is defined as in Table 1.
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3.2. Conformational dynamics of the AnxA2 N-terminal segment
in the heterotetramer (AnxA2-p11)2 in solution

As observed by Johnsson et al. [21], binding of the p11 dimer
to AnxA2 shifted the fluorescence emission spectrum of
AnxA2acryl to the blue by about 35 nm (not shown). This
confirmed that the fluorophore environment was less polar in
(AnxA2acryl-p11)2 than in AnxA2acryl. Consistent with this
observation, the quenching efficiency of iodide was lower for
the heterotetramer than for AnxA2 alone, as shown by the KSV

value (Table 1). The bimolecular quenching constant kq value,
which is the relevant parameter for comparison of solvent
accessibilities, calculated from the present lifetime measure-
ments, showed that the accessibility of the fluorophore to the
solvent is 3 times lower for the heterotetramer (AnxA2acryl-
p11)2 than for the monomer AnxA2acryl (Table 1).
Fig. 5. Experimental fluorescence anisotropy decay of AnxA2acryl and (AnxA2acryl-
pCa=2.7); C, (AnxA2acryl-p11)2; D, (AnxA2

acryl-p11)2 bound to LUV (PC/PS 75/2
Conformation change of the N-terminal segment is also
revealed by the fluorescence intensity decay of the hetero-
tetramer (AnxA2acryl-p11)2 which differed significantly from
that of the monomer AnxA2acryl (Fig. 3, curve 5). Overall,
acrylodan decay was more homogeneous in the heterotetramer
than in the monomer: the lifetime distribution was dominated by
a long lifetime of ∼5 ns (Fig. 4A and Table 2).

The flexibility of the N-terminal segment, as assessed by
fluorescence anisotropy decays, was moreover much lower in
(AnxA2acryl-p11)2 than in AnxA2acryl. The experimental fluo-
rescence anisotropy decay curve of (AnxA2acryl-p11)2 included a
fast initial component of low amplitude (Fig. 5C) but was do-
minated by a slow component. The analysis of the data showed 3
time constants: i) one subnanosecond time constant of low amp-
litude, describing the local rotational motion of the probe around
its linker; ii) a nanosecond time constant, probably revealing a
p11)2. A, AnxA2
acryl; B, AnxA2acryl bound to LUV (PC/PS 75/25) (L/P=100,

5) (L/P=100, pCa=2.7). Experimental conditions as in Table 2.



Table 3
MEM recovered rotational correlation time distribution AnxA2acryl and (AnxA2acryl-p11)2 in buffer and bound to phospholipid vesicles (LUV PC/PS 75/25)

Sample β1 β2 β3 θ1 (ns) θ2 (ns) θ3 (ns) At=0 ωmax(°)

AnxA2acryl 0.095±0.007 – 0.227±0.005 0.33±0.02 – 26±1 0.322±0.010 32±1
AnxA2acryl pCa 2.7 0.122±0.015 – 0.232±0.003 0.27±0.02 – 25±1 0.354±0.015 31±1
AnxA2acryl LUV pCa4 0.059±0.046 0.118±0.029 0.132±0.035 0.37±0.25 12±5 ∞ 0 .290±0.031 28±3
AnxA2acryl LUV pCa3 0.097±0.011 0.117±0.014 0.148±0.039 0.18±0.06 10±1 ∞ 0 .360±0.035 27±4
(AnxA2acryl-p11)2 0.034±0.019 0.025±0.011 0.336±0.007 0.21±0.04 4.1±0.1 45±3 0.395±0.018 7±5
(AnxA2acryl-p11)2 pCa5 0.007±0.007 0.018±0.006 0.348±0.006 0.13±0.05 2.7±0.1 42±2 0.365±0.020 5±2
(AnxA2acryl-p11)2 pCa3 0.057±0.001 0.080±0.025 0.278±0.029 0.16±0.02 11±3 65±9 0.415±0.015 9±2
(AnxA2acryl-p11)2 LUV pCa4 0.024±0.004 0.083±0.016 0.237±0.019 0.44±0.08 14±3 ∞ 0.344±0.013 18±5

Experimental conditions as in Table 2.
The θi and βi coefficients are respectively the values of the center and partial anisotropy of each rotational correlation time peak. The semi-angle ωmax of the wobbling-
in-cone subnanosecond motion was calculated from (β2+β3) /A0=[1/2cosω max (1+cosω max)]

2, with ωmax=Arccos1/2[(1+8(Σβ(ns)i/A0)
1/2)1/2−1], [49] with the

intrinsic anisotropy A0=0.370 measured in vitrified medium [48].

Fig. 6. Correlation between membrane aggregation and fluorescence maxima.
Maximum of the fluorescence emission spectrum of AnxA2acryl (●) and tur-
bidity (○) as a function of calcium concentration.
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local nanosecond flexibility of the N-terminal segment in the
heterotetramer, not present in the monomeric AnxA2 and iii) a
long rotational correlation time of high amplitude, corresponding
to the Brownian rotational motion of the complex (Table 3), with
the same value as that measured from the Trp212 fluorescence
anisotropy decay [50]. The semi-angle ωmax of the wobbling-in-
cone rotation was strongly restricted compared to that in the
monomeric AnxA2 (Table 3).

Ca2+ in the micromolar concentration range (pCa5) had
no major effect on any of the fluorescence characteristics of
(AnxA2acryl-p11)2 (Tables 2 and 3). At higher concentra-
tions (pCa3), however, the fluorescence anisotropy decay of
(AnxA2acryl-p11)2 showed a significantly higher contribution
of nanosecond flexibility (Table 3). The accessibility to the
solvent is increased by 20% (Table 1).

3.3. Effect of the interaction of AnxA2 with LUV on the
conformational dynamics of the N-terminal segment

One major purpose in this study was to delineate the possible
changes of the N-terminal dynamics of the monomeric AnxA2
evoked upon Ca2+-mediated interaction with negatively charged
phospholipid membranes. The fluorescence emission parameters
of AnxA2acryl were sensitive to these interactions, indicating
significant change in theN-terminus conformation and dynamics.
These changes were observed whatever the lipidic composition
of the membranes (seeMaterials andmethods) and therefore only
data obtainedwith the basicmixture (PC/PS 75/25) are presented.

A large change in the polarity of the fluorophore environ-
ment was observed, as inferred from the blue-shift by about
30 nm of its fluorescence emission spectrum induced by mem-
branes in the presence of Ca2+, with respect to the spectrum
obtained for AnxA2acryl in solution (Fig. 1). This blue-shift
started at pCa∼6 and ended at pCa∼5 (Fig. 6). It was cor-
related with the calcium-induced membrane aggregation pro-
cess, as estimated from turbidity measurements (Fig. 6).

The fluorescence intensity decay of AnxA2acryl bound to
LUV was moreover significantly different from that in buffer
(Fig. 3, curve 4). A redistribution of the lifetime populations
was observed (Fig. 4B): the amplitude of the longest lifetime
increased by ∼40%, mostly at the expense of the shortest
lifetime, resulting in a small increase (∼10%) in amplitude-
average lifetime (Table 2). This effect probably indicates a
change in the relative proportion of acrylodan conformers and
therefore a local conformational change of the N-terminal seg-
ment. No significant differences were observed between mea-
surements at pCa4 and pCa3 concentrations (Table 2).

As for AnxA2acryl in solution, acrylodan displayed sub-
nanosecond mobility when AnxA2acryl is bound to LUV at
aggregative concentrations of Ca2+ (Fig. 5B and Table 3). Faster
motions probably also occurred, as the initial anisotropy value,
At= 0, was again lower than that measured in media of high
viscosity [48]. The semi-angle ωmax of the wobbling-in-cone
motion was similar to that of the free protein (Table 3). An
infinite time constant was observed, due to the extremely slow
rotation of the vesicles on which the protein was bound. Fur-
thermore, a nanosecond rotational correlation time of large
amplitude was detected, with values of ∼10 ns. This additional
flexibility was not observed in the absence of membranes
(Table 3). No significant differences were observed between
measurements at pCa4 and pCa3 (Table 3).

Consistent with the blue-shift of the fluorescence emission
spectrum, indicating a lower polarity of the acrylodan environ-
ment in the membrane-bound form of AnxA2 than in the free
protein in buffer, iodide quenching was less efficient for the



Fig. 7. Fluorescence emission spectrum of AnxA2pyr. A: monomeric AnxA2pyr;
B) heterotetramer (AnxA2pyr-p11)2. (◊): 0.55 μMprotein in buffer at 20 °C; (♦):
0.55 μM protein bound to LUV (PC/PS 75/25) L/P=100 pCa3 at 20 °C; (●):
0.55 μM protein bound to LUV (PC/PS 75/25) L/P=100 pCa3 at 2 °C.
Excitation wavelength: 350 nm. Spectra normalized at 378 nm emission.
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bound form than for the free form as shown by the lower KSV

value (Fig. 2 and Table 1). The accessibility of acrylodan to the
solvent, as reflected by the kq value, was lower than for AnxA2
in buffer by a factor of three (Table 1).

3.4. Effect of the interaction of heterotetramer (AnxA2-p11)2
with LUV on the conformational dynamics of the AnxA2
N-terminal segment

The fluorescence emission spectrum of the acrylodan in
(AnxA2acryl-p11)2 bound to LUV (PC/PS 75/25) was not sig-
nificantly affected compared to the heterotetramer in solution
(not shown). Iodide quenching efficiency was increased in LUV
compared to the heterotetramer in solution in the presence of
Ca2+ and the accessibility to the solvent, reflected by the bi-
molecular quenching constant kq, increased by∼20% compared
to the protein in the presence of Ca2+ at pCa3 (Table 1). It did not
differ significantly from that in membrane-bound AnxA2mono-
mer (Table 1).

The excited state lifetime distribution of (AnxA2acryl-p11)2
bound to LUV differed from that in buffer: the amplitude of the
longest lifetime decreased by∼20%, whereas that of the shortest
lifetime doubled, leading to a 10% decrease in amplitude-
average lifetime (Table 2). These findings are consistent with a
slightly higher level of structural heterogeneity or flexibility of
the N-terminus in the heterotetramer bound to the membranes.

In agreement with this latter observation, the fluorescence
anisotropy decay of (AnxA2acryl-p11)2 bound to LUV showed an
initial fast decay of larger amplitude than in solution (Fig. 5D),
corresponding to an increased value of the amplitude of the
wobbling-in-cone subnanosecond motion by a factor of two to
three (Table 3). The longest rotational correlation time value θ3
became infinite with respect to the excited state lifetime. Its
amplitude was significantly lower than that of the Brownian
rotational correlation time for the (AnxA2acryl-p11)2 in solution
(Table 3).

3.5. Location and interactions of the AnxA2 N-terminal segment
in Ca2+-bridged membranes

The results presented above show that when monomeric
AnxA2acryl binds to LUV, in calcium conditions favouring mem-
brane aggregation, the fluorophoremoved to amore hydrophobic
environment, more protected from the aqueous solvent than that
of the protein in solution.

We may be able to account for these observations by consid-
ering direct interactions of the N-terminus with the membrane,
as proposed for AnxA1 [4]. To determine the extent of inter-
action of AnxA2acryl with the membranes, experiments were
carried out with LUV (PC/PS 75/25) containing n-doxyl PC
(distearoyl phosphatidylcholine substituted by a doxyl group
bound on the sn2 acyl chain at 5-, 7- and 12- positions), using
the high efficiency of the doxyl group to quench various fluo-
rescence probes at short distances (b10 Å) [51,52]. Whatever
the doxyl PC derivative, only weak quenching (15±4%) was
observed at a molar fraction of 30% in the LUV, corresponding
theoretically to optimal conditions for quenching [53].
Alternatively, protein–protein interactions via the N-termini
may occur for the monomeric AnxA2, as recently suggested
[32]. For their detection, we performed experiments with AnxA2
molecules with pyrene–maleimide-labelled N-terminal domain,
making use of the ability of this probe to form excimers when an
excited pyrene moiety diffuses towards a non-excited pyrene
moiety during its lifetime [54]. No signature of excimer emission
was observed for AnxA2pyr neither in buffer with or without
calcium nor in the presence of membranes without calcium (not
shown). In contrast, in Ca2+-bridged membranes, in addition to
the well resolved vibrational spectrum of the pyrene monomer,
we observed a broad-band spectrum characteristic of excimer
emission (Fig. 7A), demonstrating interaction between two
AnxA2pyr N-terminal segments. The excimer emission spectrum
was similar to that observed in similar experiments involving
protein–protein interactions [55,56], but was blue-shifted
(∼460 nm) with respect to the classical spectrum (∼480 nm)
[57]. This type of spectrum probably results from the formation
of “ground-state” excimers [42] when two pyrene rings are
separated by short distances (b10 Å), as in an aggregate or a
complex. One can also observe that the excimer emission was
more intense at 2 °C than at 20 °C (Fig. 7A). In contrary to the
monomeric protein, no evidence of excimer formation could be
observed for the heterotetramer (Fig. 7B).



Fig. 8. Schematic topological model for AnxA2 organization in membrane
bridges. In solution, the heterotetramer is stabilized by the interaction of
S100A10 (in yellow) with the α-helix of the AnxA2 N-terminus (A). In mem-
brane bridges the complex undergoes a subtle conformational change (B) which
results in the increase of the AnxA2/p11interface dynamics. The data obtained
with fluorescent probes on the Cys8 of the N-terminal tail (red beacon) revealed
that the N-terminal domain in an “unfolded” state (C) change to a new confor-
mational state when the protein bridges membranes. D and E show the single
protein layer hypothesis and the two layer hypothesis respectively, in which the
N-terminal domain lies very close to or in contact with the membrane. Our data
disagree with these hypotheses (D) and (E), and support the model (F) in which
the protein binds to the membrane via its convex face and protein contacts
between the layers are formed at the concave face, allowing N-terminal tail
interaction. The two N-terminal domains interact in membrane bridges, and are
not in direct contact with the membrane.
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4. Discussion

In this study, we investigated the microenvironment and
dynamics of the N-terminal segment of AnxA2 in various
experimental conditions, especially during Ca2+-induced mem-
brane-bridging, by steady-state and time-resolved fluorescence
spectroscopy. For this purpose, we labelled the only reactive
Cys8 residue in the protein with thiol-reactive fluorescent
markers: the polarity-sensitive acrylodan [21] and the excimer-
forming probe pyrene–maleimide.

For AnxA2acryl in buffer: i) acrylodan was exposed to a polar
environment and therefore highly accessible to the solvent in
agreement with Johnsson et al. [21], as shown by its fluore-
scence emission spectrum and by its quenching by iodide; ii) it
was highly mobile in the subnanosecond time range but it did
not evidence any nanosecond flexibility of the N-terminus, as
shown by fluorescence anisotropy decay and iii) it revealed the
existence of conformational heterogeneity, as shown by the
heterogeneity of the fluorescence intensity decay. These fea-
tures were unaffected by the addition of millimolar concentra-
tions of Ca2+ which indicates that, in contrast with AnxA1 [58],
no Ca2+-induced conformational change occurred for AnxA2
N-terminus.

The absence of nanosecond flexibility in themonomer AnxA2
is of particular importance since nanosecond time constants are
signatures of concerted motions of small structured domains or
of loops [59,60]. This observation therefore confirms that this
sequence is not structured in the full protein in solution, as it
has been observed for the isolated N-terminal peptide [21,61].
It remains unstructured in the presence of millimolar con-
centrations of Ca2+. The absence of an ordered structure for the
N-terminal sequence of AnxA2 has also been inferred from the
crystal structure of the full-length protein in which the first 20
amino acids were not detected, despite demonstration of the
integrity of the protein [36]. Other observations have however
indicated that the (1–20) N-terminal segment of AnxA2 dis-
played the potency to be structured: the sequence encompass-
ing the first 14 amino acids of the N-terminal sequence folded
as an amphipathic α-helix, as reported for the 1–28 peptide in a
TFE/water mixture [61] and in the complex with p11 [22].
Moreover, a second α-helix encompassing residues P20–A28
was also found in TFE. In AnxA2 in solution, the (1–14) α-helix
may account for only a minor fraction of the conformation
landscape of the N-terminus and may coexist with dominant less
ordered structures exhibiting large flexibility.

In the heterotetramer (AnxA2acryl-p11)2, the fluorophore was
more shielded from the solvent than in AnxA2acryl, as shown by
the large blue-shift of the fluorescence emission spectrum in
agreement with Johnsson et al. [21] and the lower iodide bi-
molecular quenching constant than that of the AnxA2acryl

monomer. The higher homogeneity of the excited-state lifetime
distribution and the strong hindrance of the subnanosecond
rotational motion of the probe is likely related to the formation
of the AnxA2 N-terminal amphipathic α-helix in the hetero-
tetramer, as observed in the crystal structure of the AnxA2
N-terminal (1–14) peptide complexed with the p11 dimer [22].
Acrylodan bound to Cys8 residue being located on the hydro-
philic face of the helix, these changes in polarity of its envi-
ronment and conformation, indicate that this hydrophilic face of
the helix participates to the contact surface between the AnxA2
and p11 proteins in the heterotetramer (Fig. 8A). These contact
surfaces are flexible in the nanosecond time scale as shown by
nanosecond motions observed in the heterotetramer. Micro-
molar concentrations of Ca2+ had no effect on these features. At
higher concentrations, Ca2+ increased the nanosecond flex-
ibility of these contact surfaces. This last feature was also
observed upon interaction of the heterotetramer with the mem-
branes, suggesting that the flexibility of the interface is impor-
tant to adapt the protein to two fluctuating membrane surfaces
(Fig. 8B).

Upon binding of monomeric AnxA2acryl to the negatively
charged LUV in the presence of calcium in the submillimolar to
millimolar concentration range, where it forms the so-called
“homotypic” junctions [39], the microenvironment of the
fluorophore became more hydrophobic, as shown by the blue-
shift of its steady-state fluorescence emission spectrum. How-
ever, this blue-shift was not as large as that expected for an
acrylodan-labelled protein deeply embedded in the membrane
bilayer [62] or within the hydrophobic core of the protein,
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where the maximum emission wavelength could be as low as
450 nm [48]. The following fluorescence emissionmaxima were
obtained in pure solvents: 525 nm in water, 460 nm in DMF and
435 nm in dioxane [41]. The fluorescence maximum of
∼490 nm obtained for membrane-bound AnxA2acryl in “homo-
typic” junctions, suggests that acrylodan is located in an envi-
ronment of intermediate polarity and not deeply embedded in the
membrane, whatever the LUV lipid composition. This assumed
location is in agreement with the relatively low quenching
efficiency of the n-doxyl PCs (15% on average for all doxyl
positions), even at a high doxyl-PC/lipid molar ratio (30%).
Indeed, for proteins or protein domains strongly interacting with
membranes, quenching values up to 80% are often observed at
this quencher/lipid ratio [63–65]. This low quenching level is
likely not due to membrane phase separation of the PC-doxyl
quencher for several reasons. First, substitution by a doxyl
moiety on a saturated acyl chain confers an unsaturated character
to the molecule [66,67]; prone to mix with other unsaturated
acyl-chain-bearing phospholipids such as the natural ones we
used which contained mixed saturated and polyunsaturated fatty
acid chains with low probability of phase separation at the
experimental temperature (20 °C). Second, although C5 and C7
derivatives could nevertheless be found in separated gel phases,
the C12 derivative was always found in, and even favoured, the
liquid disordered phase of phospholipid membranes [66,68].
Third and most important, in these quenching experiments, we
used LUV of simple PC/PS composition without cholesterol
(absence of liquid ordered phases). We could argue that Ca2+-
induced PC/PS phase separation could occur but this has been
observed at divalent ion concentrations higher than 1 mM
[69,70]. At last, Ca2+-mediated AnxA5 binding to PC/PS mem-
branes occurred without any phase separation between PS and
PC in liposome systems at Ca2+ concentrations ranging from 0.1
to 1 mM [71,72]. We therefore suggest that the observed weak
doxyl-induced quenching of AnxA2acryl in “homotypic” junc-
tions is not due to phase partitioning of the spin-labelled lipid but
indicates likely that the AnxA2 N-terminal segment is not in
close contact with the membrane/water interface in these mem-
brane models, in agreement with the observation that acrylodan
fluorescence emission remains insensitive to the LUV phospho-
lipid composition.

The occurrence of pyrene excimers in AnxA2pyr in “homo-
typic” junctions clearly demonstrates that N-terminal segment
interactions between two AnxA2 molecules can participate to
the membrane aggregation process. This interaction is not likely
limited by protein diffusion on the membrane surface since
lowering the temperature increased the excimer signal. This
observed N-terminal contact may account for the disulfide bond-
mediated homodimerization involving Cys8 observed after
membrane aggregation [32]. The nanosecond motions, revealed
by fluorescence anisotropy decays, depict likely the concerted
motions of this small structured domain, constituted by two
N-terminal segments in interaction. The contact surfaces be-
tween the N-termini, which likely stabilize the “homotypic”
membrane junctions formed by two AnxA2 monomers, are
more flexible than that formed between the AnxA2 N-terminus
and p11 in those formed by the heterotetramer. This could in
turn explain the relative difficulty to observe these junctions by
cryo-electron microscopy, compared to the latter [39]. As it
could be reasonably expected from the strong affinity of AnxA2
for the p11 dimer and from the crystal structure of the AnxA2
N-terminal segment with the p11 dimer [22], in which the Cys8
(Ser8) residues are positioned at long distance (∼38 angströms),
no signature of pyrene excimer formation was detected for the
(AnxA2pyr-p11)2 heterotetramer bound to the membrane.

These N-terminal domain interactions in AnxA2 monomer
are nevertheless not strictly necessary for Ca2+-induced mem-
brane bridging as the N-terminal deleted protein is able to
bridge membranes [28,29]. However, this N-terminal truncated
protein needs millimolar calcium concentrations for efficient
bridging compared to micromolar calcium concentrations for
the complete protein. The N-terminal domains play therefore a
crucial role for membrane bridging by AnxA2 monomer, being
likely involved in protein–protein interactions at the membrane
surface, thereby reducing the required calcium concentration for
this process.

In conclusion, these studies show that the formation of
“homotypic junctions” [39] by AnxA2 in membrane bridges, in
the presence of calcium at neutral pH, involves likely specific
interactions between the N-termini of two AnxA2 molecules.
Previous reports have suggested that the N-terminus may in-
teract with the membrane bilayer [36], but this assumption was
not yet supported by experimental evidences. The present
results argue against this possibility (Fig. 8D, E). In contrast, a
model can be proposed in which the membrane bridging unit
would be constituted by two AnxA2 molecules sandwiched
between two membranes, interacting on one side with the
membrane surfaces by their convex faces, as it has been pre-
viously proposed by Lambert et al. [39] and, on the other side,
by their N-termini to stabilize the junction (Fig. 8F). It remains
unclear whether the two interacting N-termini remain sand-
wiched between the concave faces or move to a more lateral
position. Lateral interactions between the cores, perhaps of the
type described in the crystal structure of Ca2+-bound AnxA2
[36], are nevertheless likely required to account for the con-
tinuity of the electron-dense stripes observed on cryo-electron
microscopy [39]. Since the N-terminus does not likely interact
with phospholipid membranes, the changes in local conforma-
tion and dynamics of this domain of the molecule might result
from the core domain affecting the N-terminus. Domain III
conformation and dynamics in particular is strongly affected by
Ca2+ and membrane binding [50]. In the cases of AnxA1 and
AnxA3 such a relationship has been emphasized [33,34], but it
is less clear in the case of AnxA2.

The role of the N-terminal tail dimerization of AnxA2 in the
absence of p11 could be of physiological importance depend-
ing on the cell type. In cell types in which p11 is expressed
at the same (or higher) level than AnxA2, p11 associates with
the N-terminal domain of AnxA2 to form the heterotetramer
(AnxA2-p11)2. It is tempting to speculate that in cell types such
as adrenergic chromaffin cells in which AnxA2 is expressed in
higher quantities than p11 or in cells such as noradrenergic
chromaffin cells in which p11 is not expressed, the N-terminal
mediated regulation of AnxA2 could increase the efficiency of
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Ca2+-induced membrane aggregation and stabilization of mem-
brane bridges.
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