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Abstract Annexin A5 (AnxAS5) binds to negatively
charged phospholipid membranes in a Ca*" dependent
manner. Several studies already demonstrate that Mg>"
ions cannot induce the binding. In this paper, quartz crystal
microbalance with dissipation monitoring (QCM-D),
Brewster angle microscopy (BAM), polarization modula-
tion infrared reflection absorption spectroscopy (PMIR-
RAS) and molecular dynamics (MD) were performed to
elucidate the high specificity of Ca®' versus Mg®" on
AnxAS5 binding to membrane models. In the presence of
Caz+, AnxAS5 showed a strong interaction with lipids, the
protein is adsorbed mainly in «-helix under the DMPS
monolayer, with an orientation of the o-helices axes
slightly tilted with respect to the normal of the phospho-
lipid monolayer as revealed by PMIRRAS. The Ca®" ions
interact strongly with the phosphate group of the
phospholipid monolayer. In the presence of Mg”™, instead
of Ca”", no interaction of AnxA5 with lipids was detected.
Molecular dynamics simulations allow us to explain the
high specificity of calcium. Ca®" ions are well exposed and
surrounded by labile water molecules at the surface of the
protein, which then favour their binding to the phosphate
group of the membrane, explaining their specificity. To the
contrary, Mg®" ions are embedded in the protein structure,
with a smaller number of water molecules strongly bound.
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We conclude that the embedded Mg®" ions inside the
AnxAS structure are not able to link the protein to the
phosphate group of the phospholipids for this reason.
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Abbreviations

AnxAS Annexin A5

QCM-D Quartz crystal microbalance with dissipation
monitoring

BAM Brewster angle microscopy

PMIRRAS Polarization modulation infrared reflection
absorption spectroscopy
MD Molecular dynamics

DMPS Dimyristoylphosphatidyl-serine

Introduction

Annexins comprise a family of eukaryotic proteins that
bind to phospholipid membranes in a Ca®"-dependent
manner (Moss 1992). These proteins have been implicated
in a variety of membrane-related processes including
membrane trafficking, signal transduction, anti-inflamma-
tory activity, and blood coagulation (Gerke and Moss 2002;
Greke et al. 2005; Raynal and Pollard 1994). The calcium-
dependent membrane binding is thought to play a key role
in the cellular functions of annexins, and thus a molecular
understanding of this process is an important goal.
Annexin A5 (AnxAS), a 35 kDa hydrophilic molecule
with an isoelectric point (pI) of 4.5, is one of several
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structurally homologous proteins that bind to negatively
charged phospholipids, in particular phosphatidylserine
lipid (PS), in the presence of Ca®" ions (Meers 1996). The
annexins usually contain 4 or 8 domains with about 70
amino acid residues each. Each domain consists of five
a-helices, and the four domains are arranged in a cyclic way,
giving the molecule an overall flat, slightly curved shape
with the Ca?" binding sites located on the convex mem-
brane-binding face (Concha et al. 1993; Huber et al. 1990a,
b; Sopkova et al. 1993). The number of calcium sites vary
between three and seven, depending on the annexin source
(human or rat) and on the calcium concentration (Concha
et al. 1993; Huber et al. 1990a, b). Structurally, the Ca’*
site in AnxA5 consists of main-chain carbonyl oxygens,
carboxylate oxygens of an acidic side chain and water
molecules that may occupy the remaining coordination
positions. Calcium affinity of annexins in solution is rela-
tively low, becoming higher in the presence of phospho-
lipids (the affinity constants change from millimolar to
micromolar). In a previous study, we demonstrated that the
phosphate group is the main molecular group involved in
the binding of AnxAS5 to phospholipids via Ca®" ions, even
when some carboxylate groups are accessible (PS)
(Fezoua-Boubegtiten et al. 2010). In addition, other types
of studies have previously investigated the effect of diva-
lent cations on the AnxA5/phospholipids binding. Andree
et al. (Andree et al. 1990) demonstrated that the AnxAS5S
binding to DOPC/DOPS (20%/80%), bilayers was highly
specific for Ca*™, and was also slightly promoted by Cd*",
Zn**, Mn>", and Co”" but not by Ba>" and Mg®". Concha
et al. (Concha et al. 1992) also established that calcium was
required for the AnxAS5-vesicles binding, and magnesium
could not substitute for calcium in binding.

Physico-chemical properties of calcium and magne-
sium ions are close: they both carry the same total
apparent charge (42) and interact with anionic phospho-
lipids such as phosphatidylserine (PS) present at the cel-
lular membrane (Casal et al. 1987, 1989; Dluhy et al.
1983). Moreover, magnesium concentration is higher in
the organism than calcium concentration in the organism.
The affinity of AnxAS5 for divalent cations seems closely
related to the size of the divalent ion. The ionic radii of
Ca®t and Mg*" are 0.99 and 0.65 A, respectively
(Pauling 1960).

In this study, we investigated the features that may
explain the high selectivity of Ca®" ion as a linker
between AnxAS and membranes. We used various
approaches to compare the effect of the two ions (Ca®"
and Mg?") on the binding of AnxA5 to a DMPS mono-
layer at the air—water interface or to supported lipid
bilayers (SLBs) (DOPC/DOPS (4:1)). Quartz crystal
microbalance with dissipation monitoring (QCM-D) was
employed to characterize the adsorption of the protein on
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SLBs. Brewster Angle Microscopy (BAM) allowed 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 were performed to evaluate
the thickness of the layers present at the air—water inter-
face. Polarization Modulation Infrared Reflection—
Absorption Spectroscopy (PMIRRAS) was carried out
to provide direct structural information on the binding
of proteins onto phospholipid monolayers. In addition,
molecular dynamics simulations were employed to
determine the effect of both ions on the dynamics of the
AnxAS structure. We demonstrated that the interaction of
AnxAS5/phospholipid via cation is strongly depending on
the accessibility of the ion on the protein surface to the
phosphate group of the lipid.

Materials and methods
Chemicals

Dimyristoylphosphatidylserine (DMPS) was purchased
from Sigma. The lipids were dissolved in chloroform/
methanol (80%/20% vol./vol.) at 0.2 mg/ml. Organic sol-
vents were purchased from Aldrich (St Quentin Fallavier,
France). Ultrapure water with a nominal resistivity of
18 mQ cm (Milli-Q, Millipore) was used for all buffers
and solutions. All other chemicals, of the highest purity
available, were purchased from Sigma—Aldrich. Recombi-
nant AnxA5 was produced according to the procedure
described by Richter et al. (2005). AnxAS5 was stored at
4°C in buffer containing 20 mM Tris/HCI (pH 8.0), 0.02%
NaN; and 200 mM NaCl.

Preparation of lipid vesicles

Small unilamellar vesicles (SUVs) used in QCM-D
experiments were prepared as previously described
(Richter et al. 2003). Briefly, a DOPC/DOPS (4:1 w/w)
solution was prepared from DOPC and DOPS solutions in
chloroform. Lipids were dried under a stream of nitrogen
for 2 h and were re-suspended in a buffer containing
150 mM NaCl, 10 mM HEPES, pH 7.4 and 2 mM NaNj;
at a final concentration of 2 mg/ml. The SUVs were
obtained by sonication with a tip sonicator (Misonix,
Farmingdale, NY) operated in a pulsed mode at 30% duty
cycle for 40 min with ice refrigeration, followed by
centrifugation in an Eppendorf centrifuge for 10 min at
16,000g to remove titanium particles. Lipid concentration
was determined by phosphorus content determination
(Rouser et al. 1975).
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Quartz crystal microbalance with dissipation
monitoring (QCM-D)

QCM-D measurements were performed with a Q-SENSE
D300 system equipped with an Axial Flow Chamber
(QAFC 301) (Q-SENSE AB, Gothenburg, Sweden) (Rodahl
et al. 1995). The variations of the resonance frequency
(AF (Hz)), which are related to the mass of the adsorbed
layer, were measured at 25 MHz. The adsorbed mass, m,
was calculated according to the Sauerbrey equation,
Am = —C. AF, with C = 17.7 ng cm > Hz "' (Sauerbrey
1959).

Before each experiment, the QCM-D sensor crystals
were cleaned in 2% sodium dodecyl sulfate for 10 min,
rinsed extensively in ultrapure water, dried under a stream
of nitrogen and then treated by UV/ozone for 10 min in a
home-made UV/ozone chamber (Richter et al. 2003).

Monolayer formation and surface pressure
measurements

Monolayer experiments were performed on a circular
Teflon trough (42 cm?). The surface pressure (m) was
measured with a plate of Whatman filter paper held by a
Nima Wilhelmy balance. The trough was filled with 8 ml
of aqueous buffer containing 10 mM HEPES, 150 mM
NaCl, (pH 7.4). An appropriate 2 mM Mg*t or Ca®"
solution was added in the buffer solution. The experiments
of AnxAS5 under the lipid monolayers were carried out at
26 + 2°C. The interaction of AnxAS5 with DMPS 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 microsy-
ringe to reach a surface pressure of 30 mN/m. In the second
step, multiple injections of few microliters of the AnxAS
stock solution were performed into the subphase and the
surface pressure was recorded for each protein concentra-
tion (from 29 to 200 nM).

PMIRRAS spectroscopy

PMIRRAS spectra were recorded on a Nicolet (Madison,
WI) Nexus 870 spectrometer equipped with a liquid-
nitrogen-cooled mercury cadmium telluride (MCT) detec-
tor (SAT, Poitiers) at 77 K with a resolution of 8 cm !, Six
hundred scans representing an accumulation time of
10 min were collected for each spectrum of the AnxAS5/
DMPS 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 ori-
ented 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 (Blaudez et al. 1996). For the AnxAS5/
DMPS monolayer experiments, the PMIRRAS spectra of
the AnxAS5 shown were normalized by the lipid spectrum.
These spectra allowed us 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 AnxAS5 to the lipid monolayers.

Brewster angle microscopy (BAM) and ellipsometry
measurements

BAM images were recorded using a NFT Ielli 2000
Brewster angle microscope (Gottingen, Germany) equip-
ped with a doubled frequency Nd-Yag laser (532 nm, 50
mW), a polarizer, an analyzer and a CCD camera. The
lateral resolution of the BAM images (570 x 450 pum)
with the x 10 magnification lens was about 2 pm, and the
BAM images were coded in gray level. From the reflec-
tance 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 (De Mul and Mann 1998). For ellipsometric
measurements, one compensated plate was added to the
same setup of BAM microscopy. Most of the ellipsometric
measurements were done with an incidence angle close to
the Brewster angle (52°). The imaging ellipsometer oper-
ates on the principle of classical null ellipsometry (Azzam
and Bashara 1977). The polarizer, compensator, and ana-
lyzer angles which give the null condition for one sample
allow the (A, W) ellipsometric angles related to the optical
properties of this sample to be calculated. For ultrathin
film, the variation of A angle (JA) is proportional to the
film thickness. We used a refractive index of 1.45 to
determine the thickness value of the phospholipid and the
complex AnxAS5/phospholipid, as justified in our previous
paper (Fezoua-Boubegtiten et al. 2010).

Molecular dynamics (MD)

We carried out several molecular dynamics simulations
using NAMD (Phillips et al. 2005) software v2.6 and
CHARMM 27 force-field. All simulations were performed
on a 32 processor IBM PC-cluster using 8 to 16 proces-
sors. The simulation boxes were built using VMD v1.8.6
facilities. All images were captured from VMD (Hum-
phrey et al. 1996) using Tachyon internal ray-tracing
software. In all cases, molecular dynamics runs were
performed with periodic boundary conditions at constant
pressure (1 bar) using the modified Nosé-Hoover Lange-
vin method implemented in NAMD: the target pressure
was 1 bar, the oscillation period of the Langevin piston
was 200 fs and the Langevin piston damping time scale
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Fig. 1 QCM-D response
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was 100 fs. We used throughout a multiple time step
integration with 1 fs for bonded forces and 4 fs for long
range electrostatic forces. Electrostatic interactions were
treated using Particle Mesh Ewald (PME) with a cubic
grid of 96 points on each dimension. The Van der Waals
(VDW) cut-off was set at 1 nm with 20 time steps for each
reassignment cycle. SHAKE protocol was on but only on
water hydrogens.

The whole complex was immersed in a box of water,
fully ionized with all protein charges neutralized by
counter ions. Two models were built: without added salts
and with 4 metal atoms (calcium or magnesium) located
according to the PDB structure code 1ANX (resolution 2
1&) of the human Annexin V (Huber et al. 1990a). Two
other models identical to the preceding ones were built
with added salts corresponding to a final 150 mM NaCl
concentration (physiological concentration). Model 1 was
built with 4 calcium, without added salts, and totaled
54.741 atoms with 16.577 water molecules (TIP3P). Model
2 used 4 magnesium, without added salts, and totaled
54.741 atoms with 16.577 water molecules (TIP3P). Model
3 used 4 calcium and added salts, and totaled 54.555 atoms
with 16.484 water molecules (TIP3P). Model 4 used 4
magnesium and added salts, and totaled 54.555 atoms with
16.484 water molecules (TIP3P). These systems were
constructed in a box of 106.40 x 71.26 x 76.72 A%, at
T = 300 K and P = 1 bar. In each case the examined time
simulation was 10 ns. Finally, Model 5 was built including
Annexin A5 alone, without any added salts or calcium and
magnesium ions, except 11 sodium ions to fully neutralize
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the system (the model includes 19,781 water molecules).
This Model was run for 20 ns.

Results and discussion

Adsorption of annexin A5 on SLBs in the presence
of Ca®" or Mg*" ions

Figure 1 shows QCM-D response of adsorption of AnxAS
to a DOPC/DOPS (4:1) supported lipid bilayers in the
presence of 2 mM CaCl, or MgCl,. We confirmed existing
knowledge that Mg®* does not promote AnxA5 binding
(Richter et al. 2005). We also demonstrated that addition of
Ca*" in buffer containing Mg?" restores the AnxA5
binding (Fig 1. Arrow 4). Thus, Mg”>" neither induces nor
prevents AnxAS binding to membrane containing PS.

Structure and orientation of AnxAS interacting
with a DMPS monolayer in the presence of Ca**
or Mg*" ions

BAM images presented in Fig. 2 show that only in the
presence of Ca’" an increase of the average reflectance
level up t0 9.89 x 10~ is observed, compared with DMPS
monolayer alone (R = 2.38 X 10_6), as expected. No
domain appears at the spatial resolution of the Brewster
angle microscope. The thickness of the AnxAS5/Ca’"/
DMPS film at 27 mN/m was estimated from BAM and
ellipsometry (JA = 23.7°) measurements at 52 + 2 and
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Fig. 2 BAM images

(570 x 450) pm of a DMPS
monolayer with 2 mM CaCl,:
a without AnxAS (t = 33 min,
7 = 30.6 mN/m,

R = 2.38 x 107%); b with 148
nM AnxAS5 (t = 2 h 47 min,
7 = 27.8 mN/m,

R =9.89 x 107%. BAM
images of a DMPS monolayer
with 2 mM MgCl,: ¢ with 160
nM AnxAS5 (t = 3 h 53 min,
n = 27.3 mN/m,

R = 2.76 x 107%); and d with
2 mM CaCl, added to the
subphase of AnxA5/Mg”" layer
(r = 23 mN/m,

R =098 x 107

55+ 2 A, respectively, using a refractive index of 1.45.
The thickness of the DMPS monolayer was calculated at 20
A, and then the thickness of the AnxAS5 layer under the
DMPS monolayer was estimated at 35 A.In the presence of
Mg*", the BAM image recorded after injection of AnxA5
under DMPS monolayer (Fig. 2¢) is similar to the BAM
image of the DMPS alone (Fig. 2a). Thus, no effective
binding of the AnxAS5 to DMPS monolayer takes place in
the presence of Mg”", as expected. In order to investigate
the calcium specificity of AnxAS binding to DMPS, we
injected 2 mM CaCl, solution beneath the AnxA5/Mg>t/
DMPS mixture. The BAM image registered at the final
state of AnxAS adsorption displays a condensed homoge-
neous film (Fig. 2d). The film thickness obtained from
experimental ellipsometric signal (0A = 22.3°) is 52 (£2)
1&, which is similar to the BAM estimation 51 (42) A,
which is close to the thickness of AnxA5/Ca®>"/DMPS film

(55 A). It is noteworthy that the binding of AnxAS5 to the
phospholipid monolayer is restored with addition of cal-
cium. This observation further stresses that the cation

requirement for Anx5 binding to phospholipid is highly
specific for Ca?* as already observed by Andree et al.
(Andree et al. 1990).

First, we evaluated the effect of Ca*™ or Mg®" ion on
DMPS monolayer, by PMIRRAS (see Supplementary
material Fig. S1). The hydrated antisymmetric PO,~
vibration of the DMPS monolayer without ion gives an
intense band observed at 1219 cm™'. Addition of 2 mM
Ca*" or Mg*" induces a shift of this band to 1225 and
1222 cm™ !, respectively. Thus, the phosphate group of the
DMPS interacting with Ca*™ or Mg?" is less hydrated in
the presence of both ions. Figure 3 shows the normalized
PMIRRAS spectra of AnxAS5 under DMPS monolayer in
the presence of Ca*" (Fig. 3a), Mg®" (Fig. 3b) and Mg*"
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Fig. 3 PMIRRAS spectra of AnxAS in interaction with a DMPS
monolayer (7 = 30 mN/m): a in the presence of 2 mM CaCl, (120
nM AnxAS, © = 26.8 mN/m); b in the presence of 2 mM MgCl, (160
nM AnxAS5, = = 27.1 mN/m); and ¢ after injection of 2 mM CaCl, to
the subphase under AnxAS/Mg“/DMPS mixture. Subphase: HEPES
buffer 10 mM, 150 mM NaCl, pH 7.4—T = 26°C

with addition of Ca*" (Fig. 3c). Binding of AnxAS to a
DMPS monolayer in the presence of Ca** is proven by the
presence and high intensity of the amide I and amide II
bands (Fig. 3a). This binding induces no perturbation of the
ester group of the lipid, as revealed by the disappearance of
this lipid vibration on the AnxAS5 spectra normalized by the
DMPS spectrum (see “Material and methods”). The dis-
persive-like shape of amide I band with a positive band
centered at 1653 cm™ "' and an intense amide II band reveal
that AnxA5 maintains its a-helix structure. According to
the previous simulation of the normalized PMIRRAS
spectra of pure o-helices (Blaudez et al. 1996; Buffeteau
et al. 1999; Cornut et al. 1996; Lavoie et al. 1999), the
amide I/amide II ratio (AI/AII) was used to estimate the
relative orientation of the o-helices. Thus, the AI/AII ratio
of 0.7 obtained for the AnxA5 under DMPS indicate an
average orientation of 30° of the o-helices axes with
respect to the normal to the interface. In the presence of
Mg?" instead of Ca®", there is no evidence of binding of
the protein to the DMPS, as already demonstrated by el-
lipsometry and QCM-D experiments. A large band in the
1500—1700 cm ™' range was observed (Fig. 3b) and pointed
out a perturbation of both the carboxylate antisymmetric
vibrations v,s(COO™) of the serine head group of DMPS,
and the water molecular layer under DMPS monolayer.
Thus, no organization of AnxAS5 under the DMPS mono-
layer can occur in the presence of Mg*". Finally, addition
of 2 mM Ca®" beneath the AnxA5/Mg?*/DMPS mixture
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(Fig. 3c). Thus, the profiles of the amide I and amide II
bands are similar to the PMIRRAS spectrum of AnxAS in
AnxA5/Ca**/DMPS complex (Fig. 3c). Consequently, the
same orientation of a-helices (slightly tilted with respect to
the normal to the phospholipid monolayer) is assumed for
AnxAS5 in a lipid environment after injection of Ca**. Our
results clearly demonstrate that only Ca®" ions are able to
promote the binding of AnxAS5 to the phospholipid
monolayer. In a previous paper, we demonstrated that Ca®"
ions linked the phosphate group of the lipid to the AnxAS5
protein (Fezoua-Boubegtiten et al. 2010). Herein, we
established that the binding of ion (Ca’" or Mg®") to
DMPS is similar, but the protein-lipid binding occurs only
in the presence of Ca’", leading to the specific effect of
Ca®" on the AnxA5 organization.

Molecular dynamics of AnxA5: effect of Ca®"
or Mg*" ions

Molecular Dynamics (MD) simulations of crystallized
AnxAS5 with calcium and magnesium ions (Ca®" or Mg*™)
in an aqueous medium were performed to carry out the
effect of each ion on the stability of AnxAS5. The main
difference between Ca®" and Mg®" is the smaller ionic
radius of the magnesium. The charge density of both ions is
1.55 e /A3 for Ca®" and 5.22 ¢ /A® for Mg?* respectively,
which is significantly different.

MD simulations of AnxA5 with divalent cations in the
different models (see Materials and Methods part) exhibit, on
the whole, a very high stability within the examined time
frame (see Fig. 4). The maximum value of RMSD (root
mean square deviation), reached during the four molecular
dynamics runs with divalentions, is 2.3 A for AnxAS5 without
divalent ions, with an average around 1.7-1.8 A during the
last 5 ns. These results show that AnxA5 undergoes no
modification in structure when replacing calcium by



Eur Biophys J (2011) 40:641-649

647

magnesium. The presence of divalent cations seems to be
largely favorable to the stability of secondary structures. In
the presence either of Ca** or Mg>", a careful survey of
the secondary structure versus time (Fig. 5a, b) leads to the
conclusion that the secondary structure (and mainly the
length of the a-helices) is extremely stable: no fluctuation
can be observed during the entire simulation run. On the
contrary, when divalent cations are absent (Model 5) and
even if the global RMSD is not very high (2.3 + 0.4 A during
the last 10 ns, Fig. 4) the plot of secondary structure versus
time (Fig. 5c) shows large fluctuations. Then, structures of
a-helices display a large number of short interruptions
compared to the divalent cations plots (Fig. 5a, b). It is clear
that in the absence of these divalent cations the whole struc-
ture of Annexin A5 experiences large fluctuations. Results
obtained for AnxAS in solution without and with divalentions
probed by ATR-FTIR spectroscopy are in agreement with the
MD simulations. These results are detailed in Supplementary
material (see results, Fig. S2 and Table S1). The structure of
AnxA5 in solution exhibits more flexibility in the absence of
ion than in the crystal form. Indeed, the percentage of amide I
group corresponding to a-helice structures (71%) is lower
than in the crystallized form (80%). Only addition of Ca*"
promotes a high organization of AnxAS5 in solution with a
high percentage of a-helice structures.

To perform MD simulation with Mg2+ ion, well located
Ca”* were replaced by Mg”" ions without other modifica-
tions. When looking at the hydration sphere around each of
the four conserved metal positions, the result is completely
different from calcium to magnesium on the AnxAS5 (Fig. 6),
the average distance between adjacent metal ions being
respectively 9—-12 Aand 11-14 A. The consequence is that
one water molecule cannot belong to more than one first
hydration sphere (radius less than 4 A). In these conditions,
the total number of bound water molecules is around 14 with
calcium (with and without added salts, Fig. 6a, b) and only
7.0 with magnesium (Fig. 6¢, d). As a consequence, the
magnesium atoms are dramatically less accessible to water,
and half of them are completely embedded within the protein
structure, having almost no contact with the exterior envi-
ronment (Fig. 7). The four Ca*" ions are located just outside
the protein surface being fully accessible to water (Fig. 7a,
b). In the case of Mg2+ ions, the two more external ions are
not visible when the protein surface is drawn and the
remaining two ions are less solvated compared to the cal-
cium models (Fig. 7c, d). This is very obvious when com-
paring the calcium model with the high magnesium content
(Fig.S3 in Supplementary material). Thus, the poor binding
of AnxAS to membrane in the presence of high concentration
of Mg?" can be explained by the lack of accessibility of the
embedded ion to the phosphate group of the lipid. Moreover,
the phosphate groups of the lipids, which are stronger neg-
ative groups than carboxylate groups, also strongly bind to

Fig. 5 Timeline plots of secondary structure (Y axis) versus simu-
lation time (X axis) of Anx AS. a-helices are depicted in grey, turns in
black and random structures in white. Top for Model 1 (four Ca®>" and
no added salts), middle for Model 2 (four Mg2+ and no added salts)
and bottom Model 5 (no added salts and only Na® ions for
neutralization purpose). In the upper plots the grey bars representing
the alpha-helices are extremely stable during simulation times. Note
in the bottom plot the presence of numerous white lines within the
grey bars, which are absent in the two upper plots and indicating short
interruptions of the o-helix structures. Note also the more obvious
presence of black dots in the bottom plot as a consequence of more
turns within the whole structure

the magnesium ions of the solution creating a fixed positive
charged layer under the negative charged lipids repulsive
against the Annexin-Mg complex.
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Conclusion

Our findings emphasize that in the absence of Ca®", and
also in the presence of Mg, no binding of AnxA5 to
membrane models was detected. In the presence of Ca2+,
PMIRRAS experiments showed that AnxAS5 is adsorbed
mainly in «-helix structures under the DMPS monolayer.
The o-helices axes are oriented rather perpendicular with
respect to the normal to the interface. After addition of
Ca®" to the AnxA5/Mg>*/DMPS mixture the AnxAS5
regains its preferential conformation (o-helix structures)
and orientation under the DMPS monolayer. This speci-
ficity for Ca*™ to mediate annexin binding to membranes
may be of the biological relevance, particularly for the
cellular functions of annexins. MD simulations of AnxAS5
structure with calcium and magnesium ions pointed out
that the calcium ions are fully accessible to water on the
AnxAS5 surface, whereas half of the magnesium ions are
totally embedded inside the protein structure. This supports
the strong membrane-binding specificity of AnxAS5 for
calcium that links the protein to the phosphate group of
lipid, and further stress that the protein does not bind to the
membrane, in the presence of magnesium. The embedded
positions of Mg>* prevent binding to the membrane.

Acknowledgments
Ministry of research.

Z. F-B received a fellowship from the French

References

Andree HAM, Reutelingsperger CPM, Hauptman R, Hemker HC,
Hermens WT, Willems GM (1990) Binding of vascular antico-
agulant alpha (VAC alpha) to planar phospholipid bilayer. J Biol
Chem 265:4923-4928

Azzam RMA, Bashara NM (1977) Ellipsometry and polarized light.
Physics publishing New York, North Holland

Blaudez D, Turlet JM, Dufourcq J, Bard D, Buffeteau T, Desbat B
(1996) Investigation at air-water interface using polarization
modulation IR spectroscopy. J.Chem Soc Faraday Trans
92:525-530

Buffeteau T, Blaudez D, Péré E, Desbat B (1999) Optical constant
determination in the infrared on uniaxially oriented monolayers
from transmittance and reflectance measurements. J Phys Chem
B 103:5020-5027

Casal HL, Mantsch HH, Hauser H (1987) Infrared studies of fully
hydrated saturated phosphatidylserine bilayers: effect of Li* and
Ca”*. Biochemistry 26:4408-4416

Casal HL, Mantsch HH, Hauser H (1989) Infrared and >'P-NMR
studies of interaction of Mg®" with phosphatidylserines : effect
of hydrocarbon chain unsaturation. Biochim. Biophys. Acta
Biomembranes 982:228-236

Concha NO, Head JF, Kaetzel MA, Dedman JR, Seaton BA (1992)
Annexin V forms calcium-dependent trimeric units on phospho-
lipid vesicles. FEBS Lett. 314:159-162

Concha NO, Head JF, Kaetzel MA, Dedman JR, Seaton BA (1993)
Rat annexin V crystal structure: Ca>"—induced conformational
changes. Science 261:1321-1324

Cornut I, Desbat B, Turlet JM, Dufourcq J (1996) In situ study by
polarization modulated Fourier transform infrared spectroscopy
of the structure and orientation of lipids and amphipatic peptides
at air-water interface. Biophys J 70:305-312

De Mul MNG, Mann JA (1998) Determination of the thickness and
optical properties film from the domain morphology by Brewster
angle microscopy. Langmuir 14:2455-2466

Dluhy RA, Cameron DG, Mantsch HH, Mendelsohn R (1983) Fourier
transform infrared spectroscopic studies of the effect of calcium
ions on phosphatidylserine. Biochemistry 22:6318-6325

Fezoua-Boubegtiten Z, Desbat B, Brisson A, Lecomte S (2010)
Determination of molecular groups involved in the interaction of
Annexin A5 with lipid membrane models at the air-water
interface. Biochim Biophys Acta Biomembranes 1798:1204—
1211

Gerke V, Moss SE (2002) Annexins :
Physiol Rev 82:331-371

Greke V, Creutz CE, Moss SE (2005) Annexins: linking ca2 + sig-
nalling to membrane dynamics. Nat Rev Mol Cell Biol
6:449-461

Huber R, Rémisch J, Paques EP (1990a) The crystal and molecular
structure of human annexin V, an anticoagulant protein that
binds to calcium and membranes. EMBO J 9:3867-3874

Huber R, Schneider M, Mayr I, Romisch JM, Paques EP (1990b) The
calcium binding sites in human annexin V by crystal structure
analysis at 2.0 A resolution. Implications for membrane binding
and calcium channel activity. FEBS Lett 275:15-21

Humphrey W, Dalke A, Schulten K (1996) VMD-Visual molecular
dynamics. J Mol Graph 14:33-38

Lavoie H, Gallant J, Grandbois M, Blaudez D, Desbat B, Boucher F,
Salesse C (1999) The behaviour of membrane proteins in
proteins in monolayers at the gas-water interface: Comparison
between photosystem II, rhodopsin and bacteriorhodopsin. Mat
Sci Eng C-Bio S 10:147-154

Meers P (1996) Annexin binding to lipid assemblies In: Seaton BA
(ed) Annexins: molecular structure to cellular function. R. G.
Landes Company, Austin, pp 97-119

Moss E (1992) The annexins. Portland Press, London

Pauling L (1960) The nature of the chemical bond. Cornell university
press, Ithaca

Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E,
Chipot C, Skeel RD, Kale L, Schulten K (2005) Scalable molecular
dynamics with NAMD. J Comput Chem 26:1781-1802

Raynal P, Pollard HB (1994) Annexins: the problem of assessing the
biological role for a gene family of multifunctional calcium-and
phospholipid-binding proteins. Biochim Biophys Acta 1197:
63-93

Richter RP, Mukhopadhyay A, Brisson A (2003) Pathways of lipid
vesicle deposition on solid surfaces: a combined QCM-D and
AFM study. Biophys J 85:3035-3047

Richter RP, Lai Kee Him J, Tessier B, Tessier C, Brisson AR (2005) On
the kinetics of adsorption and two-dimensional self-assembly of
annexin A5 on supported lipid bilayers. Biophys J 89:3372-3385

Rodahl M, H66k F, Krozer A, Brzezinski P, Kasemo B (1995) Quartz
crystal microbalance setup for frequency and Q-factor measure-
ments in gaseous and liquid environments. Rev Sci Instrum
66:3924-3930

Rouser G, Fleisher S, Yamamoto A (1975) Two dimensional thin
layer chromatographic separation of polar lipids and determina-
tion of phospholipids by phosphorus analysis of spots. Lipids
5:494-496

Sauerbrey G (1959) Verwendung von Scwingquartzen zur Wagung
dunner Schinchten und zur Mikrowagung. Z Phys 155:206-222

Sopkova J, Renouard M, Lewit-Bently A (1993) The crystal structure
of a new high-calcium form of annexin V. J Mol Biol
234:816-825

from structure to function.

@ Springer



	Effect of Mg2+ versus Ca2+ on the behavior of Annexin A5 in a membrane-bound state
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Preparation of lipid vesicles
	Quartz crystal microbalance with dissipation monitoring (QCM-D)
	Monolayer formation and surface pressure measurements
	PMIRRAS spectroscopy
	Brewster angle microscopy (BAM) and ellipsometry measurements
	Molecular dynamics (MD)

	Results and discussion
	Adsorption of annexin A5 on SLBs in the presence of Ca2+ or Mg2+ ions
	Structure and orientation of AnxA5 interacting with a DMPS monolayer in the presence of Ca2+ or Mg2+ ions
	Molecular dynamics of AnxA5: effect of Ca2+ or Mg2+ ions

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


