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Annexin A5 (AnxA5) is a member of a family of homologous proteins sharing the ability to bind to negatively
charged phospholipid membranes in a Ca2+-dependent manner. In this paper, we used polarization-
modulated infrared reflection absorption spectroscopy (PMIRRAS), Brewster angle microscopy (BAM), and
ellipsometry to investigate changes both in the structure of AnxA5 and phospholipid head groups associated
with membrane binding. We found that the secondary structure of AnxA5 in the AnxA5/Ca2+/lipid ternary
complex is conserved, mainly in α-helices and the average orientation of the α-helices of the protein is
slightly tilted with respect to the normal to the phospholipid monolayer. Upon interaction between AnxA5
and phospholipids, a shift of the νas PO2

− band is observed by PMIRRAS. This reveals that the phosphate
group is the main group involved in the binding of AnxA5 to phospholipids via Ca2+ ions, even when some
carboxylate groups are accessible (PS). PMIRRAS spectra also indicate a change of carboxylate orientation in
the aspartate and glutamate residues implicated in the association of the AnxA5, which could be linked to the
2D crystallization of protein under the phospholipid monolayer. Finally, we demonstrated that the
interaction of AnxA5 with pure carboxylate groups of an oleic acid monolayer is possible, but the orientation
of the protein under the lipid is completely different.
angle microscopy; PMIRRAS,
spectroscopy; DMPS, dimyr-
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1. Introduction

Annexins comprise a family of eukaryotic proteins that bind to
phospholipid membrane in a Ca2+-dependent manner [1]. Several in
vitro functions including anticoagulatory and anti-inflammatory
activities, involvement in signal transduction, in membrane fusion,
endo- and exocytosis, and in channel regulation have been described
for the annexins, but little is known about their in vivo role [2–4]. In
addition to regulating the exposure of phosphatidylserine on the
outer leaflet of cell membranes, extracellular annexins have been
implicated in two basic processes, apoptosis or programmed cell
death [5] and platelet activation [6]. The calcium-dependant mem-
brane binding is thought to play a central role in the cellular functions
of annexins, and thus, a molecular understanding of this process is an
important goal.

Annexin A5 (AnxA5) is the prototype of a family of proteins that
share the property of binding to negatively charged phospholipids, in
particular phosphatidylserine lipid (PS), in a calcium-dependant
manner [7]. It is a 35-kDa soluble protein with an isoelectric point
(pI) of 4.5. The annexins usually contain 4 or 8 domains with about 70
amino acid residues each. Each domain consists of five α-helices, and
the four domains are arranged in a cyclic way, giving the molecule an
overall flat, slightly curved shape with the Ca2+ binding sites located
on the convex membrane-binding face [8–10]. As the function of
annexins involves their interactions with biological membranes, the
characterization of complexes between annexins and membranes has
been performed by many biochemical and biophysical approaches. At
the supramolecular level, electron microscopy studies have pointed
out the tendency of annexins to self-organize at the surface of
biological membranes into 2D-ordered arrays. Annexins A4, A5 [11],
and A6 [12] have been shown to spontaneously form 2D crystals on
lipid surfaces containing phosphatidylserine. AnxA5 crystallization
was performed on lipidmonolayers [11] or on supported lipid bilayers
[13] of DOPC/DOPS 75%/25% (vol./vol.) mixture. At high calcium
concentration (more than 20 mM CaCl2), AnxA5 also crystallized on
pure DOPC membranes [14]. Although the formation of AnxA5 2D
crystals on supported negatively charged membranes is well
characterized, the molecular interaction at the first step of the
binding between lipid and protein is not as well described.

The complexity of biological membrane surfaces warrants the use
of model membrane systems to investigate interactions between
peripheral membranes proteins and phospholipids. Model systems
constructed from monolayers rather than vesicles (bilayers) offer
greater control over experimental variables such as surface density,
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surface pressure, subphase composition, and molecular area. Several
techniques were performed to determine the structural and morpho-
logical properties of monolayers at the air–water interface, as
Brewster angle microscopy [15] (BAM) and infrared reflection–
absorption spectroscopy [16] (IRRAS), or polarization-modulated
infrared reflection absorption spectroscopy [17] (PMIRRAS). BAM
experiments utilize a polarized visible laser to provide optical images
of monolayers with a spatial resolution in the μm order. BAM images
allow the visualization of the morphology of protein and lipid
domains at the air–water interface, as well as changes in lipid
monolayer organization after binding of the protein. Ellipsometry
measurements allow evaluating the thickness of the layers present at
the air–water interface. IRRAS and PMIRRAS give access to the
structure of the lipids and the protein secondary structure in situ at
the air–water interface and offer substantial advantages for studying
the interactions of proteins with lipid environments [17,18]. From the
PMIRRAS spectra, the orientation of the various secondary structure
elements (α-helices or β sheets) can be determined by analyzing the
relative intensities of the amide I and amide II bands of the protein
monolayers, according to the simulated models [17–20]. Some studies
of interactions between AnxA5 and lipid monolayers, using BAM,
ellipsometry, or IRRAS spectroscopy were reported in the literature
[21–23]. Mukhopadhay and Cho [22] and Andree et al. [23]
demonstrated that annexin A5 did not insert into monolayers of
various phospholipids. An infrared reflection–absorption spectro-
scopic study has investigated, at the air–water interface, the
secondary structure of AnxA5 as a function of Ca2+ and phospholipids
in some detail at pD 5.6 [24]. Using these conditions, the stabilization
of the AnxA5 secondary structure (mainly in α-helices) by DMPA
monolayers in the presence of Ca2+ was observed. However, no
deduction was made regarding the orientation of the protein. During
protein adsorption, no change in the lipid conformation was observed
in the ternary system [24]. Then, it is now established that the AnxA5
keeps its α-helical structure in a membrane-bound state, but as far as
we know, no description of the interactions between phospholipid/
Ca2+/AnxA5 at the molecular scale was reported.

The aim of this work was to determine which molecular group of
the lipid head group represents the driving force for the interaction
with AnxA5 via Ca2+. Although the binding of AnxA5 is stimulated by
the presence of PS head group, the protein binding is not specific for
this phospholipid [23]. Then, first we managed to study the influence
of the electrical charge of the head group of the phospholipids, using
the pure zwitterionic DMPC, mixed anionic membrane DMPC/DOPS
(80%/20%), and the negatively charged DMPG, comparing with the
behavior of AnxA5 under DMPS monolayer. Secondly, we chose to
study the interaction of the AnxA5 with the oleic acid monolayer in
the presence of Ca2+ at pH 7.4 to examine the capacity of binding of
AnxA5 to one fatty acid salt monolayer. The current study reports a
combined BAM/ellipsometry/PMIRRAS investigation of AnxA5/lipid
monolayer/Ca2+ interactions. The results clearly demonstrate that
the phosphate group is the main group involved in the binding of
AnxA5 to phospholipids via Ca2+ ions, even when some carboxylate
groups are accessible (e.g., PS).

2. Materials and methods

2.1. Chemicals

Dimyristoylphosphatidylserine (DMPS) and dimyristoylphospha-
tidylcholine (DMPC) were purchased from Avanti Polar Lipids Inc.,
and dioleoylphosphatidylserine (DOPS), dimyristoyl-phosphatidyl-
glycerol (DMPG), and oleic acid were from Sigma. These lipids were
dissolved in a chloroform/methanol mixture (80%/20% vol./vol.) at
0.2 mg/ml. Organic solvents of HPLC grade were purchased from
Aldrich (France). Ultrapure water with a nominal resistivity of 18 mΩ
∙cm (Milli-Q, Millipore) was used for all buffers and solutions. All
other chemicals of the highest purity available were purchased from
Sigma-Aldrich.

Recombinant AnxA5 was produced according to procedure
described by Richter et al. [14] AnxA5 was stored at 4 °C in buffer
containing 20 mM Tris–HCl (pH 8), 0.02% NaN3, and 200 mM NaCl.

2.2. Monolayer formation and surface pressure measurements

Monolayer experiments were performed on a circular Teflon
trough (42 cm2). The surface pressure (π) was measured with a plate
ofWhatman filter paper held by a NimaWilhelmy balance. The trough
was filled with 8 ml of aqueous buffer containing 10 mM HEPES,
150 mM NaCl, with or without 2 mM CaCl2 (pH 7.4). The temperature
was maintained at 26±2 °C for AnxA5 under the lipid monolayers.
The interaction of AnxA5 with lipid films was performed in two steps.
In the first step, the lipids were spread at the air-water interface from
chloroform/methanol (80%/20% vol./vol.) solutions using a Hamilton
microsyringe until the surface pressure of 30 mN/m was reached. In
the second step, multiple injections of few microliters of the AnxA5
stock solution were performed into the subphase, and the surface
pressure was recorded for each protein concentration (29 nM to
200 nM).

2.3. Brewster angle microscopy (BAM) and ellipsometry

BAM images with dimensions 600×450 μmwere recorded using a
NFT BAM2plus Brewster angle microscope (Göttingen, Germany)
equipped with a doubled frequency Nd-Yag laser (532 nm, 50 mW), a
polarizer, an analyzer, and a CCD camera. The exposure time (ET),
depending on the image luminosity, was adjusted to avoid saturation
of the camera. The lateral resolution of the BAM pictures with the ×10
magnification lens was about 2 μm, and the BAM images were coded
in gray level. To determine the thickness of the layer at the surface, we
used the calibration procedure of the BAM software that determines
the linear function between the reflectance and the gray level. From
the reflectance value, the BAM thickness model allows evaluation of
the thickness of the layer at the surface with the knowledge of the
experimental Brewster angle and the optical index of the film [25]. For
ellipsometric measurements, the same setup as for BAM microscopy
was used as an imaging ellipsometer at an incidence angle closed to
the Brewster angle (52°). It operates on the principle of classical null
ellipsometry [26]. From the angles of the polarizer, compensator, and
analyzer, which give the null condition, we can deduce theΔ,Ψ angles
that are related to the optical properties of the sample. In ultrathin
film conditions, the variation of Δ angle (δΔ) is proportional to the
film thickness. The comparison of the measured data with comput-
erized optical modeling included in the BAM software leads to a
deduction of film thicknesswhen estimation of refractive index can be
obtained.

2.4. PMIRRAS spectroscopy

PMIRRAS spectra were recorded on a Nicolet (Madison, WI) Nexus
870 spectrometer equipped with a liquid-nitrogen-cooled mercury
cadmium telluride (MCT) detector (SAT, Poitiers) at 77 K with a
resolution of 8 cm−1. Six hundred scans representing an accumulation
time of 10 min were collected for each spectrum of lipid or AnxA5/
lipid monolayers. The optimal value of the angle of incidence for the
detection was 75° relative to the optical axis normal to the interface.
At this angle of incidence, a negative band indicated a transition
dipole moment oriented preferentially perpendicular to the surface,
whereas a positive reflection adsorption band was related to a
transition dipole moment oriented preferentially in the plane of the
surface [17].

We present two types of PMIRRAS spectra depending on the
spectrum used for the normalization. PMIRRAS spectra of the sample



Fig. 1. Variation of lateral surface pressure (π) of a DMPS monolayer (30 mN/m) in
function of time at different AnxA5 concentrations. BAM pictures (600×450 μm) of a
DMPS monolayer with 2 mM CaCl2: (a) without AnxA5 (t=5 min, π=30.6 mN/m,
R=2.0×10−6), (b) with 59 nM AnxA5 (t=1 h, π=28.2 mN/m, R=2.44×10−6), (c)
with 148 nM AnxA5 (t=2 h, π=27.8 mN/m, R=9.89×10−6).
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normalized by the subphase spectrum or by lipid spectrum are called
NS-PMIRRAS or NL-PMIRRAS spectra, respectively. NL-PMIRRAS
spectra allow to extract the characteristic contributions of the protein
and to detect only the changes in the lipid head groups and acyl chains
vibrations induced by the binding of AnxA5 to the lipid monolayers.
On such spectra, the nonperturbation of the lipid by the adsorbed
protein gives the disappearance of the lipid vibrations. We reported in
the Supplementary material the NS-PMIRRAS spectra of the DMPS in
presence of AnxA5 normalized by the subphase spectrum, as usually
presented (see Supplementary material Fig. S1 and S2). Thus, the
adsorptions of the protein (amide I and amide II bands) superimposed
with that of the lipids (carbonyl, CH2 and the phosphate bands)
appear in these spectra.
Table 1
Reflectance and (Δ,Ψ) angles values of layers obtained by BAM and Ellipsometry respecti
interface. The thickness of the film is calculated with a refractive index of 1.45.

Film composition BAM reflectance (×10−6)a Thickness (Å)

AnxA5/Ca2+/DMPS 9.89 52

AnxA5/Ca2+/DMPG 9.83 52

AnxA5/Ca2+/DMPC-DOPS 11 55

AnxA5/Ca2+/Oleic acid 9.61 51

AnxA5/Ca2+/DMPCb ND ND

ND: not determined.
a Error estimation: 5%.
b For the AnxA5/Ca2+/DMPC (Δ,Ψ) ellipsometric angles were determined at an incidenc
3. Results

3.1. Interaction of AnxA5 with a DMPS monolayer

A homogeneous condensed film of DMPS monolayer is observed
by BAM in the presence or absence of Ca2+ (result not shown in
absence of Ca2+). A high surface pressure (30 mN/m) reached for the
phospholipid monolayers, indicates a high phospholipid packing
density. Ellipsometric measurement on the same monolayers gives a
variation of theΔ ellipsometric angle (δΔ) of 6° revealing the presence
of the lipid monolayer at the interface. Injection of AnxA5 into the
subphase, under the DMPS monolayer, in absence of calcium ions did
not induce a significant variation of the surface pressure (result not
shown). In addition, the small increase of the AnxA5/DMPS film
thickness compared to the case of DMPS alone, correlatedwith a small
reflectivity obtained by BAM reveals no binding of the AnxA5 to a
DMPS monolayer in the absence of Ca2+ (data not shown). This result
is rather expected because of the calcium-dependent annexin binding
to the membrane.

Fig. 1 shows the temporal variation of lateral surface pressure (π)
of DMPS with injection of AnxA5 under the DMPS monolayer in
presence of 2 mM Ca2+. No significant variation of surface pressure
was observed during time after the different injections of AnxA5.
Thus, we conclude that there is no insertion of the protein in the
monolayer of DMPS. BAM pictures are also presented in Fig. 1 for
different injections of AnxA5 under DMPS monolayer. The AnxA5/
Ca2+/DMPS layer remains homogeneous. No domain appears (at the
spatial resolution of the Brewster angle microscope), and no
segregated domain was formed during the time course of the
experiment (2 h) (see Figs. 1b and c). The average reflectance level
progressively increased from R=2.44×10−6 to R=9.89×10−6 with
addition of AnxA5 from 59 nM to 148 nM, revealing an increase of the
layer thickness. Similarly, the variation of the ellipsometric angle
(δΔ=23.7°) indicates an increase of the layer thickness, comparing
with DMPS monolayer alone. The thickness of the film present at the
air–water interface can be estimated using the ellipsometric angle or
the reflectance value obtained by BAM (see Table 1), for a refractive
index value of 1.45. The choice of this refractive index value is
explained in the discussion part. The AnxA5/Ca2+/DMPS condensed
film thickness was estimated at 55±2 Å and 52±2 Å by ellipsometry
and BAM, respectively.

Fig. 2 shows the NL-PMIRRAS spectra of AnxA5 in interaction with
DMPS monolayer at different protein concentrations after stabiliza-
tion of the phospholipid monolayer, at an initial surface pressure of
30 mN/m, and in presence of 2 mM Ca2+. The amide I band adopts a
dispersive like shape with a positive band at around 1653 cm−1

indicating that AnxA5 maintains its α-helix structure and an intense
positive amide II band was also observed. The dispersive-like shape of
vely. δΔ, the difference of the angle with (Δ) and without layer (Δ°) at the air–water

Ellipsometric angle (Δ,Ψ) |δΔ|=|Δ−Δ°| Thickness (Å)

200.90±0.5°
1.79±0.05°

23.70° 55

198.90±0.5°
2.05±0.05°

21.70° 50

200.50±0.5°
1.90±0.05°

23.30° 55

200.47±0.5°
1.82±0.05°

23.27° 54

348.70±0.5°
2.27±0.05°

13.60° 44

e angle of 54.5°. For the other systems, an incidence angle of 52° was used.



Fig. 2. NL-PMIRRAS spectra of AnxA5 in interaction with a DMPS monolayer at
π=30 mN/m in the presence of 2 mM Ca2+: (a) 59 nM AnxA5 (π=27.4 mN/m),
(b) 89 nM AnxA5 (π=27.1 mN/m), (c) 148 nM AnxA5 (π=27.0 mN/m). The dashed
perpendicular lines showed the bands assigned to the carboxylate antisymmetric
vibrations of the aspartate and glutamate residues of the protein. A cutoff of about
2×10−3 is made from one spectrum to another.

Fig. 3. NS-PMIRRAS spectra of a DMPS monolayer (π=30 mN/m): (a) in absence of
calcium, (b) with 2 mM CaCl2, (c) NL-PMIRRAS spectrum of AnxA5 (148 nM) in
interaction with a DMPS monolayer (π=27 mN/m) in the presence of 2 mM Ca2+.
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the amide I band is due to the LO–TO splitting of the amide I mode
when the α-helices are out of the plane of the interface. Then, the
projection of the α-helices amide I mode along the normal direction
gives the LO component of the α-helices at higher wavenumber, and
its projection in the plane gives a TO component at lower
wavenumber, as described in previous papers [27–30]. We have
already observed such spectral shape in the amide I and amide II
ranges of AnxA6 [31] studied as function of compression of lipid
monolayer. The normalized PMIRRAS spectra of AnxA6 showed a LO–
TO splitting of the amide I band and a strong amide II band at higher
surface pressure of lipid (27 mN/m), associated with changes in
orientation of protein α-helices. Increasing the concentration of
AnxA5 leads to higher quantities of protein interacting with the
DMPS monolayer via Ca2+ ions, as revealed by the increase of the
intensity of the PMIRRAS bands. At high protein concentration and
at the equilibrium state of the AnxA5 adsorption under DMPS
monolayer (Fig. 2c), additional positives absorptions appear at 1555
and 1585 cm−1. Those bands are rather assigned to the carboxylate
antisymmetric vibrations of glutamate and aspartate residues of the
protein than to the antisymmetric carboxylate band of the head group
of DMPS which is situated near 1600 cm−1 and is very broad (see
Fig. S2b). Moreover, at the end of the AnxA5 adsorption process, the
antisymmetric vibrations of the carboxylates residues are correlated
with the presence of one band at around 1410 cm−1 of low intensity
assigned to the carboxylate symmetric vibrations (observable also in
the 1450–950 cm−1 range; Fig. 3c). Using the previously calculated
normalized PMIRRAS spectra [17–20] in the amide I and amide II
regions for pure α-helices, we have plotted the variation of the amide
I/amide II ratio (AI/AII) as function of the tilt angle, θ, between the
helices axis and the normal to the interface (curve ra), as usually
presented (see Supplementary material Fig. S3). The AI/AII ratio
was calculated using the intensities at the maxima of the positive
components of amide I and amide II bands. The AI/AII ratio was used
to estimate the relative orientation changes of protein molecules. The
average orientation of theα-helices axis of AnxA5molecules adsorbed
under the DMPSwas evaluated assuming thatmost of amide groups in
the monolayer have a helical secondary structure. From the curve ra
(Fig. S3), the AI/AII ratio of 0.7 measured for the AnxA5 under DMPS
and the formation of a negative band at 1670 cm−1 (Fig. 2c) indicate
an average orientation of 30° of the α-helices axis with respect to the
normal to the interface (60° with respect to the interface plane). This
result is in agreement with the orientation obtained for a bacter-
iorhodopsin monolayer [32] with a similar shape of PMIRRAS
spectrum. The bacteriorhodopsin monolayer spread at the air-water
interface possesses α-helices with an average tilt angle of 26° with
respect to the normal to the interface (64°with respect to the interface
plane) [32]. To better confirm the helix orientation, we have tried to
reproduce the experimental spectrum of AnxA5 interacting with
DMPS monolayer by adjusting our optical anisotropic indices of α-
helices reported previously [20,33]. Then, various simulations were
performed assuming that the crystalline structure of AnxA5 presents
essentially two populations of helices, perpendicular and parallel to
the average plane of the protein. The theoretical spectrum, which
best fits the experimental amide I band profile of AnxA5 under DMPS
(Fig. S4), corresponds to a specific orientation of protein α-helices
under lipid monolayer with 70% of the α-helices oriented perpendic-
ularly to the interface and 30% oriented in the plane of the
phospholipid monolayer. This structural distribution is in good
agreement with the orientation of the alpha helices in the crystalline
structure of AnxA5. Finally, we report (Fig. 3) the NS and NL-PMIRRAS
spectra in the range 1450–950 cm−1 where the symmetric and
antisymmetric PO2

− vibrations of the lipid are observed. The hydrated
antisymmetric PO2

− vibrations of the DMPS monolayer (Fig. 3a)
without calciumgives an intense bandobservedat 1219 cm−1. Addition
of 2 mM Ca2+ induces a small shift of this band to 1225 cm−1 (Fig. 3b).
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The changes in the lipid head groups induced by the binding of
AnxA5 to the lipid monolayers are revealed on NL-PMIRRAS (Fig. 3c).
The weak band observed at 1250 cm−1 reveals the perturbation of
PO2

− groups due to the binding of AnxA5. Even if it is difficult to
understand all the modifications in the spectral range of the PO2

−

symmetric stretching, the large band observed at around 1040 cm−1

indicates also a modification of the orientation of the POC ester
group during AnxA5 adsorption. Moreover, the binding of AnxA5 to
the DMPS/Ca2+ complex gives rise to the appearance of one band at
1121 cm−1, which is probably due to a change of the vibrational
couplings between POP, POC, and CC stretching bonds during the
conformational modification of the ester phosphate head group [34].

3.2. Interaction of AnxA5 with monolayers of different phospholipids

Monolayers of various charged head group phospholipids (DMPC,
DMPG, DMPC/DOPS mixture) have been investigated to compare
with the specificity of the DMPS to the AnxA5 binding. All the figures
(BAM images and PMIRRAS spectra) of this part are shown in the
Supplementary material. At first, without Ca2+, no adsorption of
AnxA5 was observed whatever the lipid monolayer used (data not
shown). Secondly, AnxA5 does not bind to DMPCmonolayerwith only
2 mM Ca2+, as already observed [14,35,36]. Calcium concentration
was then increased to about 100 mM with DMPC monolayer [36].
Then, for each system in the presence of Ca2+, a homogeneous
condensed film was observed by BAM at the air–water interface
(Fig. S5). The film thicknesses (lipid/Ca2+/AnxA5) were calculated
(see Table 1). Similar values (50 Å or 55 Å) are obtained except for the
DMPC/Ca2+/AnxA5 layer (44 Å). Thus, a lower binding of AnxA5 on
pure PC lipid can be suggested, in agreement with the smaller amide
bands intensities obtained on PMIRRAS spectra (see below). The
injections of AnxA5 under DMPC/DOPS (80%/20%) or DMPC mono-
layers induce no variation of lateral surface pressure (π) (result not
shown), as in the case of DMPS. With DMPG monolayer, an increase
of surface pressure from 30 to 38 mN/m is observed after binding
of AnxA5.

The NL-PMIRRAS spectra of AnxA5 in interaction with DMPC or
DMPC/DOPS monolayers (Figs. S6a and b) in the presence of calcium
show a similar shape of the amide I and amide II bands as with DMPS.
The amide I peak is centered at 1651 cm−1 which is characteristic of
the α-helix structure of AnxA5, and the amide I/amide II ratio is
Fig. 4. BAM pictures of an oleic acid monolayer at the air–water interface in the presence of
55 nM AnxA5 (t=44 min, π=19 mN/m, R=3.48×10−6), (c) with 110 nM AnxA5 (t=2 h
rather low (0.5 at 0.7) close to the value obtained in the case of AnxA5
under DMPS (0.7). The NL-PMIRRAS spectrum of AnxA5 under a
DMPG monolayer (Fig. S6c) shows a broad negative component
around 1630 cm−1 in addition to the amide I and amide II bands. This
spectral deformation reveals, presumably, the perturbation of water
molecular layer between the DMPG and the protein. However, the
ratio of the amide I/amide II bands is still low. As with DMPS, some
modifications are observed in the NL-PMIRRAS spectra of AnxA5
under DMPC, DMPG or DMPC/DOPS monolayers in the spectral range
of the phosphate vibrations (see Fig. S7). Indeed, the binding of AnxA5
to DMPC or DMPG monolayers induces a larger shift of 10 cm−1 to
higher wavenumbers of the antisymmetric PO2

− stretching mode,
compared with its binding to DMPS. Slight differences can be
observed for DMPG, which presents only one negative charge. A
reorientation of the phosphate group in the plane of the interface is
observed on PMIRRAS spectra. In addition, an important increase of
the intensity of the symmetric PO2

− stretching (1085 cm−1) and POC
stretching (1045 cm−1) modes are observed. The change of the
phosphate orientation probably results from a favored access of Ca2+

to the phosphate group in the phosphatidylglycerol head group of
DMPG compared with serine head group of DMPS. The increase of
lateral surface pressure (Δπ=8mN/m) of the DMPG monolayer may
be related to a reorientation of the lipid phosphate group in the plane
of the interface due to its binding with AnxA5. The NL-PMIRRAS
spectrum of the AnxA5 interacting with a mixed DMPC/DOPS (80%/
20%) lipid (Fig. S7b) shows a weak absorption in the phosphate
frequencies domain probably due to the low proportion (20%) of PS
phospholipid, which can interact with the protein at this calcium
concentration (2 mM Ca2+).

3.3. Interaction of AnxA5 with monolayer of oleic acid

We chose to study the interaction of the AnxA5 with the oleic acid
salt monolayer in the presence of Ca2+ to examine the binding
capacity of AnxA5 to carboxylate group, which is the only negatively
charged binding site in this case. Fig. 4 shows BAM pictures of an oleic
acid monolayer at the air–water interface (Fig. 4a) and after injection
of AnxA5 (Figs. 4b and c). Different domains are formed in presence of
a low concentration of AnxA5 (Fig. 4b). At a higher concentration
of AnxA5 (110 nM), the film at the interface is more condensed
and seems more homogeneous (Fig. 4c). The reflectivity increases
2 mM CaCl2: (a) without AnxA5 (t=6 min, π=19.3 mN/m, R=1,14×10−6), (b) with
13 min, π=19 mN/m, R=9.61×10−6).



Fig. 5. NL-PMIRRAS spectra of AnxA5 in interaction with an oleic acid monolayer
(π=30 mN/m) recorded in the presence of 2 mM CaCl2: (a) t=1 h, π=30 mN/m,
(b) t=2 h, π=30 mN/m.
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and reaches a value of 9.61×10−6. The thickness of the film was
estimated at 54±2 Å by ellipsometry, which is comparable to the
BAM estimation (51 Å; see Table 1).

To go further in the organization of AnxA5 under the oleic acid
monolayer, NL-PMIRRAS spectra of AnxA5 adsorbed under the oleic
acid film in presence of 2 mM Ca2+ were collected at different
concentrations of AnxA5 (Fig. 5). The sharp amide I band at 1650 cm−1

indicates the conservation of the α-helices structures of the AnxA5
under the oleic acidmonolayer but the shapes of the amide I and amide
II bands are different compared to the amide profiles, described above
for AnxA5 under phospholipidmonolayers. Positive amide I and amide
II bands are observedwith a ratio AI/AII equal to 3,which is completely
different of the 0.7 value observed in presence of phospholipids. From
the curve ra (Fig. S3), we can deduce that the α-helices axis of the
AnxA5 is mainly tiltedwith an average angle of 60° with respect to the
normal to the interface (30° with respect to the interface plane). This
result should be regarded as indicative, given the assumption
mentioned above concerning the helical secondary structure. On
another hand, in spite of the same thickness evaluated under DMPS
monolayer, the orientation of AnxA5 under the oleic acidmonolayer is
completely different.

4. Discussion

In this current study, the pictures provided by BAM supplemented
with the molecular structural data provided by surface pressure and
PMIRRAS measurements offer a unique set of tools for monitoring the
spatial and temporal organization of both the proteins and lipids in
monolayer film at the air–water interface. Ca2+ at 2 mM promotes
AnxA5 binding to phospholipid monolayers except for pure PC
monolayers, as already reported by other authors [14,23]. The high
reflectivity obtained and the increase of the film thickness reveals the
formation of a layer of AnxA5 under the used phospholipids. The
calcium-dependent interaction of AnxA5withmembrane bilayers and
monolayers is widely considered to be peripheral [37]. In support of
this peripheral mechanism, our spectroscopic measurements, includ-
ing surface pressure and ellipsometry, rule out significant insertion of
the AnxA5 into the lipid monolayer. Our results are consistent with
the idea that binding of AnxA5 to phospholipid monolayers mediated
by Ca2+ is largely driven by specific interactions without substantial
membrane penetration, as suggested by other authors [22,38].
However, Wu et al. [21] observed a dynamic change of DMPA lipid
films due to the AnxA5 binding. The differences could be explained by
the nature of anionic phospholipids and also by the difference of the
physical state of the phospholipid films. Phospholipids were in the
LE/LC phase transition region in the Wu et al. [21] study, whereas the
phospholipid films employed in our study were in liquid condensed
phase. With the observed reflectance and ellipsometric measure-
ments, we estimated the thickness of the film formed at the interface.
The determination of the film thickness mainly depends on the
refractive index used [39]. Since it is difficult to determine an accurate
experimental refractive index value, we therefore decided to use the
same average value of the refractive index for both lipid layers and
AnxA5 to reduce the number of parameters introduced in our model.
The lacunal structure of the two-dimensional crystals of annexin A5
formed on phospholipid bilayers and monolayers including a large
aqueous space [38,40–43] leads us to choose a low refractive index of
1.45 to take into account the large presence of water. Then, we
estimated the thickness of all the lipidmonolayers used in this work at
20 Å. The same thickness, around 55 Å, was obtained for films of
AnxA5/Ca2+/DMPS, AnxA5/Ca2+/DMPC–DOPS, or AnxA5/Ca2+/
DMPG. Then, the thickness of the AnxA5 under these monolayers
was calculated at 35 Å. According to the crystalline AnxA5 structure in
the presence of Ca2+ [9,10], this thickness corresponds to the height
of AnxA5.

PMIRRAS was useful to determine the structure and the orienta-
tion of the AnxA5 under these different lipid monolayers. Ca2+ favors
strongly the auto-organization of the protein and stabilizes its highly
α-helical structure (sharp amide-I band, centered at 1651 cm−1). The
AnxA5 adopts a specific orientation under lipid monolayers, with
some 70% of α-helices oriented perpendicularly to the interface and
30% in the plane of the phospholipid monolayer, for each studied
monolayer. This structural distribution is in good agreement with the
projection of the α-helices of crystallized AnxA5 in presence of Ca2+

[9,10] on the principal axes of the protein. Fig. 6 presents a scheme of
the orientation of AnxA5 under the phospholipid monolayer via Ca2+

in the (z,y) plane (scheme a), in the (x,y) plane (scheme b). Thus, the
estimated thickness value of AnxA5 (35 Å) in the ternary system is
also in agreement with this orientation of the AnxA5 under
phospholipid monolayer in the (z,y) or (x,y) plane. High-resolution
images from cryoelectron microscopy already showed that the overall
structure of AnxA5 remains similar to the X-ray crystal structure upon
binding to themembrane [38,40]. Circular dichroism spectra of AnxA5
in the presence or absence of phospholipid vesicles containing
mixture of phosphatidic acid (PA) and phosphatidylcholine (PC)
and in the presence of calcium have shown no significant conforma-
tional change of AnxA5 upon its binding to the vesicles [44]. The
authors also revealed that the protein induced a change in the vesicle
morphology that corresponds to reduced membrane curvature [44].
The present study shows no change in the order of the lipid acyl
chains in the ternary complex probably due to the initial rigid
structure of DMPS monolayer at high surface pressure, in its LC phase
(see results and Fig. S1 in the Supplementary material). Likewise, no
protein effect on the lipid carbonyl groups was observed during the
adsorption of AnxA5 to DMPS-Ca2+ monolayers (see results and
Fig. S2 in the Supplementary material).

All the phospholipids used have a phosphate group in common.
PMIRRAS spectra reveal that both Ca2+ and AnxA5 mainly affect this
phosphate group. Casal et al. [45] established a correlation between
the state of hydration of the phosphate group and its mobility in



Fig. 6. Schemes of orientation of AnxA5 in the presence of Ca2+: (a) under phospholipid, projection in the (z,y) plane; (b) under phospholipid, projection in the (x,y) plane; (c) under
oleic acid, projection in the (x,y) plane.
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presence of Ca2+, by infrared and 31P NMR. Ca2+ binds to the
phosphate group, replacing the water of hydration of the phosphate
group and leading to its immobilization [45,46]. We demonstrate here
that binding of AnxA5 to lipid via Ca2+ increases the phenomenon of
dehydration of the phosphate group, as revealed by the shift of the
bands from 1225 cm−1 to 1250 cm−1 for DMPS and to 1260 cm−1 for
DMPC, DMPG, respectively.

The observation of the negative charged aspartate and glutamate
residues of the AnxA5 interacting with DMPS points out the specific
organization of the protein. Most of the time, the corresponding
vibrations were not observed in the PMIRRAS spectra of proteins but
two parameters may favor their observation. First, AnxA5 contains a
large proportion of aspartates (27 of 319 residues in protein) and
glutamates (28 of 319 residues in protein) residues. Secondly, the self-
assembled AnxA5 under DMPS monolayer, forming a condensed film,
should organize and orient the carboxylate groups of these amino
acids residues. PMIRRAS is sensitive to the orientation of transition
dipole moments and favors the observation of vibrations, which have
their transition dipole moments in the plane of the interface [17]. In
consequence, the observation of both νasCOO− (between 1555 and
1585 cm−1) and νsCOO− (around 1410 cm−1) suggests that the
carboxylate transition dipole moments are mainly oriented in the
plane of the interface at the final step of AnxA5 adsorption.

All the results presented in this paper allow us to conclude that
AnxA5 interacts predominantly with the phosphate group of the lipid
rather than with the other negative groups such as the carboxylate of
the serine polar head group. Swairjo and Seaton [47] demonstrated
that the distance between phosphate and Ca2+ is smaller than
between COO− and Ca2+ in the crystal complex of AnxA5/Ca2+/GPS
or GPE (glycerophosphatidylserine or glycerophosphoethanolamine).
The results obtained for the binding of AnxA5 to an oleic acid
monolayer emphasize this conclusion. On a negative group such as
carboxylate, AnxA5 is able to form a monolayer of proteins with
similar thickness (34 Å) compared under phospholipids. However, we
demonstrate by PMIRRAS that the orientation of the AnxA5 is
completely different. The α-helices are maintained, but they are
oriented mainly tilted with an angle of 60° with respect to the normal
to the interface, which also differs from the orientation of crystallized
AnxA5 on membranes. These results suggest a rotation of the AnxA5
along its long-axis z. Indeed, the shape of the AnxA5 is almost
cylindrical. So, the change from its organization under phospholipids
(α-helices mainly vertical; Fig. 6b) to its structure under oleic acid
(α-helices mainly at 30° of the interface plane; Fig. 6c) can simply be
done by a reorientation along the z direction. With this organization,
the protein keeps almost the same thickness (34 Å), in agreement
with the ellipsometric data, and the α-helices are mainly in the
interface plane, in agreement with the PMIRRAS spectra. This
orientation is different from the well-known crystalline structure of
the protein under phospholipids.

In summary, the results of this study clearly establish that themain
driving force for the AnxA5 interaction with lipid is the fixation of
Ca2+ on the phosphate group of the phospholipid as DMPS, DMPC, or
DMPG. Even if we demonstrated the possibility of interaction between
carboxylate and AnxA5, the carboxylate group of the phospholipids
polar heads (DMPS, DOPS) plays a minimal role in the interaction of
the protein with these phospholipids via calcium ions, in spite of its
closer proximity with the solvent. We propose the following
molecular model of a Ca2+-dependent association of AnxA5 with
membranes. In the first step, Ca2+ induces removal of the hydration
water of the phospholipid phosphate groups leading to the immobi-
lization of the phosphate groups. We demonstrate that there is no
insertion of the AnxA5 in the lipidmonolayer and that theα-helices of
the AnxA5 are uniformly oriented under the phospholipid monolayer,
as 70% and 30% oriented perpendicular and parallel to the monolayer,
respectively (see Fig. 6a). Secondly, the carboxylate groups of the
aspartate and glutamate residues of the protein are involved in the
final self-association of the AnxA5 under the lipid monolayer, as
experimentally revealed by PMIRRAS. Presently, we cannot establish
if the self-association of AnxA5 is due only to the interaction between
carboxylate of glutamate or aspartate via bridging of Ca2+ or if the
carboxylate of the amino acids interact with other amino acids
charged positively as lysine or arginine. Finally, our data obtained
with the oleic acid monolayer show the possibility to stabilize the
AnxA5 at the air–water interface in a new orientation.
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