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a b s t r a c t

We describe the production of stable DPPC and DPPC:DPPS-proteoliposomes harboring annexin V
(AnxA5) and tissue-nonspecific alkaline phosphatase (TNAP) and their use to investigate whether the
presence of AnxA5 impacts the kinetic parameters for hydrolysis of TNAP substrates at physiological pH.
The best catalytic efficiency was achieved in DPPS 10%-proteoliposomes (molar ratio), conditions that
also increased the specificity of TNAP hydrolysis of PPi. Melting behavior of liposomes and proteolipo-
somes was analyzed via differential scanning calorimetry. The presence of 10% DPPS in DPPC-liposomes
causes a broadening of the transition peaks, with AnxA5 and TNAP promoting a decrease in DH values.
AnxA5 was able to mediate Ca2þ-influx into the DPPC and DPPC:DPPS 10%-vesicles at physiological Ca2þ

concentrations (~2 mM). This process was not affected by the presence of TNAP in the proteoliposomes.
However, AnxA5 significantly affects the hydrolysis of TNAP substrates. Studies with GUVs confirmed the
functional reconstitution of AnxA5 in the mimetic systems.

These proteoliposomes are useful as mimetics of mineralizing cell-derived matrix vesicles, known to
be responsible for the initiation of endochondral ossification, as they successfully transport Ca2þ and
possess the ability to hydrolyze phosphosubstrates in the lipidewater interface.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Endochondral calcification is mediated by chondroblast- and
osteoblast-derived matrix vesicles (MVs). Chondrocytes and oste-
oblasts control the composition of the extracellular matrix and also
release MVs (structures ranging from 100 to 300 nm in diameter),
considered by some to serve as the initial sites of hydroxyapatite
(HA)mineral formation [1e7] where the deposition of seedmineral
(nucleation) takes place [8e10]. Ion channels and transporters
present in MVmembranes are responsible for the uptake of diverse
ions into these organelles [8] and promote intraluminal crystal
growth [11].

Two protein families present in MVs merit special attention:
annexins and phosphatases. The annexins constitute a large family
SP, Av. Bandeirantes, 3900,
3753; fax: þ55 1633154838.
i).
of acidic phospholipid-dependent Ca2þ-binding proteins that play a
major role in the initiation of mineralization byMVs [11,12]. Twelve
different annexins have been isolated from a large variety of cell
types and proteomic assays showing that annexins are the most
abundant proteins detected in MVs [9]. Human Annexin V (AnxA5),
a protein of ~33 kDa, was the first to be characterized by crystal-
lography [13,14], revealing a slightly curvedmolecule inwhich each
of the four repeats fold into a compact domain consisting of five a-
helices [14]. These domains are arranged to define a hydrophilic
pore through the center of the protein. Such a pore presents Ca2þ-
channel activity in the MV membrane [9,11,15]. AnxA5 is also
responsible for other physiological events, such as phospholipid-
dependent inhibition of blood coagulation [16,17], modulation of
protein kinase C [18], inhibition of phospholipase A2 activity [19]
and cellular disorganization resulting in apoptosis process [9,15].
The expression of annexins is up-regulated in mineralization-
competent tissue, and these annexins are relocated to the plasma
membrane followed by the release of annexin-containing MV.
Recent studies have implicated at least three phosphatases in the
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initiation of skeletal mineralization, Tissue non-specific alkaline
phosphatase (TNAP), PHOSPHO1 and ENPP1 [20,21]. TNAP is a
glycosylphosphatidylinositol (GPI)-anchored membrane ectoen-
zyme [22e24] in contact with extracellular cartilage fluid, where
natural substrates (adenosine 50-triphosphate (ATP), adenosine 50-
diphosphate (ADP), inorganic pyrophosphate (PPi)) are present at
nanomolar or micromolar concentrations [25]. The GPI anchor
structure results in mobility of the enzyme on biological mem-
branes [25e27].

We have previously demonstrated that the presence of charged
lipids [25] and cholesterol [7] in the mimetic systems, or proteoli-
posomes with more complex lipid composition [28] can affect the
catalytic properties of the anchored TNAP. In particular, TNAP is
well incorporated in 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC)-liposomes at 25 �C. Interestingly, TNAP-containing proteo-
liposomes constituted by DPPC, which is in a gel phase at this
temperature, are more stable over time than others composed by
unsaturated lipids, which are in a fluid phase at the same tem-
perature [7,26,28].

Noteworthy, it is known that GPI-anchored proteins like TNAP
are preferentially located in the ordered lipid phase region of the
cell plasmamembrane [29]. In fact, previous reports evidenced that
GPI-anchored intestinal alkaline phosphatase is spontaneously
inserted in DPPC-enriched gel phase [29]. The primary function of
TNAP is related to degradation of extracellular PPi (ePPi), a miner-
alization inhibitor produced by nucleotide pyrophosphatase/
phosphodiesterase-1 (ENPP1), thus controlling ePPi concentra-
tions to maintain a Pi/PPi ratio permissive for normal bone miner-
alization [7,25e30].

In addition, several studies have demonstrated that TNAP hy-
drolyzes ATP, releasing Pi. The enzyme is regulated by the ATP
concentration [31] and inhibited by the product of the reaction (Pi)
[32], suggesting that the relative levels of PPi and Pi present in the
extracellular matrix play a role in the regulation of the minerali-
zation process. It has been demonstrated that TNAP generates PPi
through its phosphodiesterase activity, hydrolyzing ATP [33],
although one of its primary functions is to remove PPi from the
mineralization microenvironment through its phosphomonohy-
drolase activity [8,10,34e36].

Acid phospholipids, especially phosphatidylserine, which have
great affinity for calcium, are usually found in the membrane of
MVs [37], being able to promote hydroxyapatite formation in vitro,
even in the absence of TNAP [38]. These studies suggest a possible
association of phospholipids with the mineralization process.

Some authors suggest that lipids are involved in bone formation.
For example, phospholipids can facilitate cartilage mineralization
in the growth plate [6,9]. DPPC and 1,2-dipalmitoyl-sn-glycero-3-
phospho-L-serine (DPPS) are two of the main lipids found in MV
membranes [4e6,9], and many studies have revealed that they play
a crucial role in the biomineralization process, regulating both the
calcium entry into the MVs and the formation of hydroxyapatite
crystals [9,15,39e41]. The MVs membrane containing
phosphatidylserine-rich domains may offer an ideal environment
for optimal proteineprotein and protein-lipid interactions and
optimal function of AnxA5 in Ca2þ influx and cartilage matrix
mineralization [15].

In the present study, we standardized the preparation of pro-
teoliposomes composed of DPPC and DPPC:DPPS (at differentmolar
ratios), which harbor TNAP and AnxA5 concomitantly, with the aim
of mimicking MVs. We characterized the thermal behavior of these
proteoliposomes by means of differential scanning calorimetry
(DSC) as well as their stability by dye-leakage assays and dynamic
light scattering measurements (DLS). Enzymatic activity, calcium
uptake measurements and phase contrast microscopy of giant
proteoliposomes demonstrated the functional incorporation of
both proteins. This is an intermediate system with two main pro-
teins that will give support to the design and construction of more
complex MVs mimetic systems.

2. Materials and methods

2.1. Materials

All aqueous solutions were made using Millipore DirectQ ultra
pure apyrogenic water. Bovine serum albumin (BSA), tris
hydroxymethyl-amino-methane (Tris), ATP, ADP, PPi, sodium
dodecylsulfate (SDS), dexamethasone, glucose 1-phosphate,
glucose 6-phosphate, fructose 6-phosphate, b-glycerophosphate,
polyoxyethylene-9-lauryl ether (polidocanol), a-naphthyl phos-
phate, Fast Blue RR, 20,70bis(carboxymethyl)-amino-
methylfluorescein (CF), sucrose, glucose, HCl, MgCl2, NaOH, NaCl,
CaCl2, KCl, NaHCO3, KH2PO4, ethylene glycol-bis(2-
aminoethylether)-N,N,N0,N0-tetraacetic acid (EGTA), were from
Sigma Chemical Co. (St Louis, MO, USA), Calbiosorb resin (Merck
Chemicals), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine (DPPS) and 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) were from Avanti
Polar Lipids, Inc., 45CaCl2 (PerkinElmer, Inc.), Amicon Ultra 30 K
device (30,000 NMWL), 75 cm2 plastic culture flasks were from
Corning (Cambridge, MA, USA). a-MEM, fetal bovine serum,
ascorbic acid, gentamicin and fungizone were from Gibco-Life
Technologies (Grand Island, NY, USA). Analytical grade reagents
were used without further purification.

2.2. Expression of AnxA5

The plasmid for AnxA5 (pProEx.Htb.annexin V) was kindly
provided by Prof. Seamus J. Martin from Dublin (Ireland). Human
AnxA5 cDNA (accession no. NM_001154) was amplified from a
Jurkat cDNA library through PCR and cloned into the bacterial
expression vector pProEx.Htb using the restriction sites BamHI and
EcoRI. The pProEx.Htb vector contains an ampicillin resistance
cassette and encodes an N-terminal poly-histidine tag to facilitate
purification of proteins expressed with this epitope tag. The
ampicillin resistance gene enables selection and growth of colonies
expressing the pProEx.Htb.annexin V plasmid. The Trc promoter
within the pProEx.Htb.annexin V plasmid is under the control of
the lacI repressor and can be activated by the addition of isopropyl-
b-Dthiogalactopyranoside (IPTG) (a lactose analog) to the bacterial
growth medium, thereby inducing expression of recombinant
AnxA5 protein with an N-terminal poly-histidine tag. Polyhistidine
e tagged proteins bind with high affinity to nickel or cobalt ions.
Nienitrilotriacetic acid (NTA) agarose can then be used to capture
and purify the recombinant AnxA5 from bacterial lysates [42].

2.3. Rat bone marrow cell isolation, culture and preparation of
membrane-bound alkaline phosphatase

Cells were prepared and cultured according to Sim~ao et al. [43].
Membrane-bound alkaline phosphatase, an osteoblast-specific
marker, was prepared from cell culture as described by Sim~ao
et al. [24,43]. Protein concentrations were estimated according to
Hartree [44] in the presence of 2% (w/v) SDS. BSA was used as
standard.

2.4. Enzymatic activity measurements

p-Nitrophenylphosphatase (p-NPPase) activity was assayed
discontinuously at 37 �C as previously described [24,43]. The re-
action was initiated by the addition of the enzyme and stopped
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with 0.5 mL of 1 mol/L NaOH at appropriate time intervals [26]. For
ATP, ADP and PPi hydrolysis, the phosphomonohydrolase activities
were assayed discontinuously by measuring the amount of inor-
ganic phosphate liberated as before [23], adjusting the assay me-
dium to a final volume of 0.5 mL. All determinations were carried
out in duplicate and initial velocities were constant for at least
90 min, provided that less than 5% of substrate was hydrolyzed.
Controls without added enzyme were included in each experiment
to correct for non-enzymatic hydrolysis of substrate. One enzyme
unit (1 Unit) was defined as the amount of enzyme hydrolyzing
1.0 nmol of substrate per min at 37 �C per mg of protein. Maximum
velocity (VM), apparent dissociation constant (K0.5), and Hill coef-
ficient (n) obtained from substrate hydrolysis were calculated as
described [45]. Data were reported as the mean ± S.D. of triplicate
measurements of 3 different enzyme preparations. Statistical
comparisons were accomplished by two-way ANOVA followed by
Bonferroni's test all data sets. P values �0.05 are considered
significant.

2.5. Solubilization of TNAP with polidocanol

Membrane-bound TNAP (0.02 mg/mL of total protein) was sol-
ubilized with 1% polidocanol (w/v) (final concentration) as
described by Ciancaglini et al. [46]. Detergent removal was per-
formed as described by Camolezi et al. [26] and Sim~ao et al. [47].

2.6. Liposome preparation

The lipids DPPC and DPPS were used in the preparation of the
DPPC liposomes and DPPC:DPPS liposomes with 5, 10 and 15% of
DPPS (molar ratio). Lipids were dissolved in chloroform and dried
under nitrogen flow. The resulting lipid film was kept under vac-
uum overnight and suspended in 50 mmol/L TriseHCl buffer, pH
7.5, containing 2 mmol/L MgCl2 and 200 mM EGTA, obtaining a final
solution of 1.5 mg/mL (DPPC:DPPS). The mixture was then incu-
bated for 1 h at 70 �C, above the critical phase transition temper-
ature of the lipid, and vortexed at 10 min intervals. Large
unilamellar vesicles (LUVs) were prepared by submitting the sus-
pension to extrusion through 100 nm polycarbonate membranes in
a LiposoFast extrusion system (Liposofast, SigmaeAldrich). LUVs
were prepared and used in the same day as described by Bolean
et al. [7,28].

2.7. Incorporation of TNAP into liposomes

Proteoliposome was prepared by direct insertion method using
equal volumes of liposomes (1.5 mg/mL) and TNAP (0.02 mg/mL)
resulting in a 1:15,000 protein:lipid ratio, as previously described
by Bolean et al. [7,28] and Sim~ao et al. [47]. TNAP activity of the
supernatant and the resuspended pellet was assayed and used to
calculate the percent of protein incorporation [47].

2.8. Incorporation of TNAP and AnxA5 into liposomes

TNAP (0.02 mg/mL) and AnxA5 (0.2 mg/mL) were incorporated
into DPPC and DPPC:DPPS liposomes (5e15% DPPS molar ratio) by
direct insertion in 50 mM TriseHCl buffer, pH 7.5, containing
2 mM MgCl2 and 200 mM EGTA, resulting in a 1:15,000 and 1:100
(protein:lipid ratio) respectively. The mixture was incubated over-
night at 25 �C to avoid possible thermal inactivation. Then, the
mixturewas ultracentrifuged at 100,000� g during 1 h, at 4 �C. The
pellet containing proteoliposomes was resuspended in the initial
volume of the same buffer. The p-NPPase activity present in both
pellet and supernatant was used to determine the percentage of
incorporation into the liposome [47]. All proteoliposomes were
prepared and used immediately or stored at 4 �C for a maximum of
two days.

To quantify the amount of each of the proteins in the proteoli-
posomes, we chose toworkwith DPPC and DPPC:DPPS 10%-vesicles
(molar ratio) and treated them with phosphatidylinositol-specific
phospholipase C (PIPLC), as described by Pizauro et al. [23]. After
ultracentrifugation, both proteins concentrations were analyzed in
the supernatant (TNAP) and pellet (AnxA5).

Controls to study membrane-damaging activity were evaluated,
at 37 �C, by the release of a self-quenched fluorescent dye
(25 mM CF) entrapped in the aqueous pool of either liposome or
proteoliposome. Changes of membrane permeability due to lipid
bilayer disruption, membrane defects or pores formation leads to a
dilution of CF to the external membrane solution resulting in an
increase of the fluorescence signal [48,49].

2.9. Dynamic light scattering measurements (DLS)

The determination of liposomes and proteoliposomes size dis-
tribution was performed by dynamic light scattering, using a N5
Submicron Particle Size Analyzer (Beckman Coulter, Inc., Fullerton,
CA, USA). Average value (n ¼ 5) of the liposomes diameters was
obtained at 25 �C by unimodal distribution, previously filtered
(0.8 mm) [7,28].

DLS measurements for liposomes and proteoliposomes were
performed throughout the period of use of the samples (7 days) and
both diameter and intensity varied less than 5%, when stored at
4 �C.

2.10. Differential scanning calorimetry (DSC)

Transition phase temperatures (Tm) of the LUVs membranes
prepared with different lipid compositions were studied by DSC. All
LUVs suspensions and reference buffer employed in the experiment
were previously degasified under vacuum (140 mbar) for 30 min.

The samples and reference (buffer) were scanned from 10 �C to
90 �C at an average heating rate of 0.5 �C/min, under pressure of
3 atm and the recorded thermograms were analyzed using a Nano-
DSC IIe Calorimetry Sciences Corporation, CSC (Lindon, Utah, USA).
The baseline was determined by filling the sample and the refer-
ence cells with buffer solution. Data was analyzed with the fitting
program CpCalc provided by CSC. The thermograms shown in the
figures correspond to the first scan, but at least three heating and
cooling scans were performed for each analysis [7,28].

2.11. Calcium uptake by liposomes and proteoliposomes systems

The calcium uptake was assessed using an adaptation of a pro-
tocol reported by Hsu and Camacho [50]. Briefly, aliquots of pro-
teoliposomes harboring AnxA5 or TNAP þ AnxA5, with different
compositions (DPPC or DPPC:DPPS 10%), and protein-free lipo-
someswere incubated at 37 �C in a reactionmedia (1:1 v/v) for 19 h.
The reaction media consisted of 50 mM Tris, pH 7.65, 85 mM NaCl,
15 mM KCl, 1 mM MgCl2, 30 mM NaHCO3 and 2.3 mM KH2PO4;
45Ca2þ (5.5 mCi/mL) was used as a tracer. Curves of the calcium cold
concentration were done from 0.5 to 5 mM CaCl2. Samples were
filtered through Amicon Ultra 30 K device (30,000 NMWL) and
after washing the radioactivity associated to inner compartment of
the proteoliposomes was determined by scintillation counting. The
background 45Ca2þ uptake was defined as the radioactivity bound
to the filters under identical conditions in the presence of vesicles
without proteins (liposomes) with the same lipid compositions
employed for the proteoliposomes (DPPC-liposomes or DPPC:DPPS
10%-liposomes).



Fig. 1. Effect of increasing DPPS concentration into DPPC-liposomes on TNAP activity
incorporation.

Table 1
Percentage of phosphomonohydrolase activity by TNAP reconstituted in liposomes
of different lipid compositions, in the absence and presence of AnxA5. TNAP activity
was determined as described in Material and Methods using pNPP as substrate.

Proteoliposome composition TNAP activity
incorporated (%)

Relative
improvement (fold)

Lipid (molar ratio) TNAP AnxA5

DPPC 100% þ � 40.9 ± 2.8
þ þ 63.7 ± 4.5 1.6

DPPC:DPPS 5% þ � 10.2 ± 2.3
þ þ 65.1 ± 3.2 6.4

DPPC:DPPS 10% þ � 19.3 ± 1.5
þ þ 41.2 ± 3.6 2.1

DPPC:DPPS 15% þ � 31.7 ± 2.9
þ þ 48.9 ± 4.7 1.5
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2.12. Incorporation of AnxA5 into giant unilamellar vesicles (GUVs)

2.12.1. GUVs preparation
GUVs were prepared by the electroformation procedure [51]

and were composed of pure DOPC and DOPC:DPPS 10% (molar ra-
tio): 20 ml of 2 mg/ml lipid chloroform solution of desired compo-
sition was spread on the surfaces of two conductive glass slides
coated with indium tin oxide. The glass slides were placed with
their conductive sides facing each other and separated by a 2 mm
thick Teflon® frame. The chamber was filled with 0.2 M sucrose
solution containing 0.5 mM CaCl2 (see below) and placed inside an
oven at ~55 �C. The glass plates were connected to a function
generator and an alternating electric field of 2 V with a 10 Hz fre-
quency was applied for 2 h. The vesicle solution was removed from
the chamber and diluted ~10 times into a 0.2 M glucose solution.
The osmolarities of the sucrose and glucose solutions were
measured with a cryoscopic osmometer Osmomat 030 (Gonotec,
Germany). Vesicles dispersed in glucose solution containing AnxA5
(8.22 mM) were immediately observed under the optical micro-
scopy (see below). All measurements were done at room temper-
ature (22e25 �C).

2.12.2. Optical microscopy observation and electro deformation
procedure

Vesicles were observed in the phase contrast mode by means of
an inverted microscope Axiovert 200 (Carl Zeiss; Jena, Germany)
equipped with a Plan Neo-Fluar 63 � Ph2 objective (NA 0.75).
Images were recorded with an AxioCam HSm digital camera (Carl
Zeiss).

Electro deformation experiments were performed by submit-
ting the samples to an alternating electric field (AC) of 10 V in-
tensity and 1 MHz frequency [52e54]. Vesicles grown in the
sucrose solution containing a small amount of salt (0.5 mM CaCl2)
ensure a higher conductivity in the inner compartment of the
vesicle in respect to the outer solution that contains AnxA5
dispersed in glucose solution. The GUVs were then placed into a
special chamber purchased from Eppendorf (Hamburg, Germany),
which consists of 8 mm thick Teflon frame confined between two
glass plates through which observation was possible. A pair of
parallel platinum electrode wires with 90 mm in radius was fixed to
the lower glass. The gap distance between the two wires was
0.5 mm. The chamber was branched to a function generator and the
vesicles lying between the two parallel wires were observed.

3. Results and discussion

3.1. Proteoliposomes harboring TNAP and/or AnxA5

Previous studies by our group [7,26,28,47] reported a significant
amount of TNAP activity incorporation into DPPC-liposomes (~95%)
at 25 �C. At this temperature DPPC is in the gel phase (Tm¼ 41.5 �C),
facilitating a good yield of enzyme insertion into the lipid systems
[7,26,28]. As reported, the lipid microenvironment affects the
insertion and activity of the enzyme [7,28,47].

Kirsch et al. [15] demonstrated the importance of DPPS for the
efficient reconstitution of AnxA5 into vesicular systems. They re-
ported that AnxA5 inserted spontaneously into liposomes con-
taining different phosphatidylserine (PS) concentrations but not in
liposomes constituted of phosphocholine (PC) or phosphatidyl-
ethanolamine (PE) only, probably due to the specific conditions
applied (200 nM AnxA5 incubated with liposomes during 1 h at
room temperature), which differ from our conditions (6 mM AnxA5
incubated with liposomes during 24 h at room temperature).

In order to obtain proteoliposomes harboring both proteins,
DPPC:DPPS-containing lipid bilayers were initially tested for TNAP
incorporation, at different molar ratios, starting with low DPPS
concentrations (5e30% of DPPS in DPPC-liposomes) up to
DPPC:DPPS 1:1 (molar ratio). As shown in Fig. 1, liposomes con-
taining 5e15% of DPPS do not favor TNAP incorporation. On the
other hand, DPPC:DPPS lipid bilayers composed of 20e30% of DPPS
favor TNAP insertion, presenting similar incorporation percentages
as that determined for pure DPPC of circa 40%. Remarkably, TNAP
does not incorporate into DPPC:DPPS 1:1 (molar ratio) liposomes
(<5%).

We thus focused on the standardization and characterization of
proteoliposomes containing both proteins. Since in MVs, PS can
represent of 9.3% [9] to 16.3% [4] of the total lipid composition we
chose a maximum of 15% DPPS for liposome preparation.

As shown in Table 1, the presence of AnxA5 favors the incor-
poration of TNAP activity in DPPC liposomes. Similar behavior was
observed when DPPS was present in the proteoliposome compo-
sition in the concentration range of 5e15%. This effect was more
pronounced for proteoliposomes constituted of DPPC:DPPS 5%
(molar ratio), where the presence of AnxA5 increased 6.4 fold the
incorporation of TNAP activity, decreasing gradually for increasing
concentrations of DPPS.

To quantify the amount of each protein incorporated into the
proteoliposomes, we thus chose to construct DPPC and DPPC:DPPS
10%-vesicles (molar ratio) and then treated themwith PIPLC [23] to
recover after ultracentrifugation, TNAP in the supernatant and
AnxA5 in the pellet. The protein quantifications revealed that TNAP
and Anx5 represented 25% and 75%, respectively, of the total



Fig. 2. Effect of increasing concentrations of (C) ATP, (-) ADP and (:) PPi substrates
on the Pi-generating activity of DPPC-proteoliposomes harboring TNAP. Assays were
done at 37 �C, buffered with 50 mM TriseHCl, pH 7.4, containing 2 mM MgCl2, and the
Pi released was measured. Inset: Hill coefficient (n).
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protein incorporated into the proteoliposomes, regardless DPPS
presence.

Therefore, one can observe that AnxA5 affects the amount and
the activity behavior of TNAP (Table 1). This effect will be better
explored later on in the text.

Studies related to only AnxA5 incorporation show that this
protein was able to incorporate into DPPC-proteoliposomes
(11.6 ± 1.5 mg/mL), but the presence of DPPS increased signifi-
cantly (>twice) the AnxA5 incorporation (25.8 ± 4.4 mg/mL).
Therefore, although significant binding of AnxA5 into PC-based li-
posomes has previously not been reported [11,15], we could achieve
AnxA5 incorporation into DPPC-liposomes, probably because our
methodology employed a large amount of AnxA5 in solution, thus
enabling its insertion into the DPPC lipid bilayer.

No release of fluorescent dye CF encapsulated in the proteoli-
posomes constituted by different lipid mixtures was observed
during at least 2 days, at 37 �C. The release of dye is instantaneous
following the addition of detergent. This strongly suggests the
presence of unilamellar systems, which immediately disrupt after
addition of the solubilizing agent (results not shown). It is also
important to note that we have previously studied the reconstitu-
tion of TNAP [7,25e28] in liposomes with different defined lipid
compositions. As observed from the results, the percentage of ac-
tivity recovery of the phosphomonohydrolase activity recon-
stituted in PC-based liposomes increases with the increase of fatty
acyl chain length, achieving maximum values of reconstitution
with 16-carbon-long PC, probably due to the length of the GPI
anchor [26].

Under our experimental conditions, DPPC and DPPC:DPPS pro-
teoliposomes harboring TNAP and AnxA5 are not spontaneously
leaky.
3.2. Kinetic studies

In order to investigate the effect of the liposome composition on
the activity of the reconstituted TNAP, and especially to assess how
the presence of AnxA5 and of negative charges from DPPS in-
fluences the enzyme activity, the kinetic parameters from the hy-
drolysis of known major TNAP substrates (ATP, ADP and PPi) were
determined (Table 2).

For DPPC-liposomes harboring TNAP alone, higher Vmax values
were observed for ATP and PPi hydrolysis (Fig. 2). Higher and
lower catalytic affinities (K0.5) were observed for PPi and ADP,
respectively, when compared to ATP. Cooperative effects (n) were
not observed for ATP hydrolysis, while positive and negative
cooperativity was found for ADP and PPi hydrolysis, respectively
(Table 2).
Table 2
Kinetic parameters for the substrates hydrolysis (pH 7.4) by proteoliposomes with diffe
DPPC:DPPS are expressed in molar ratio.

Substrates Kinetic parameters Proteoliposomes TNAP Proteo

DPPC DPPC

ATP Vm (U/mg) 13.59 ± 0.67 29.85
K0.5 (mM) 0.068 ± 0.005 0.184
n 1.01 ± 0.05 0.72
kcat/K0.5 (M�1 s�1) 399.71 ± 19.98 324.46

ADP Vm (U/mg) 5.90 ± 0.35 8.87
K0.5 (mM) 1.7 � 10�5 ± 0.2 � 10�5 60.08
n 1.22 ± 0.05 0.71
kcat/K0.5 (M�1 s�1) 694.12 ± 41.65 295.27

PPi Vm (U/mg) 17.77 ± 0.71 46.16
K0.5 (mM) 0.164 ± 0.007 0.131
n 0.79 ± 0.05 0.80
kcat/K0.5 (M�1 s�1) 216.71 ± 8.67 704.73
Both the modulation of the enzyme activity and insertion into
the lipid microenvironment seem to be common between enzymes
that have a GPI anchor [7,28,47,55]. The presence of positive
charges (dioctadecyldimethylammonium bromide, DODAB), nega-
tive charges (DPPS) [47] and cholesterol-enriched ordered micro-
environments [55] play a crucial role in the interaction between
proteins and lipids [56e58] and, consequently, with biological
membranes. Alkaline phosphatase from bovine intestine interacts
in different ways with monolayers constituted by DPPC or DPPS,
when inserted into the lipid film, with different effects on the or-
ganization of these microenvironments, as a function of the lipid
composition, inducing a strong disorder of the hydrophobic chains
in the DPPS monolayer in contrast to the DPPC monolayer, where
only the polar ester group was disturbed at lower surface pressure
[58]. Furthermore, it has been shown that the activity and insertion
of alkaline phosphatase is sensitive to the lateral packing and
physical state of the lipid [7,28] and on defined clustering of the
enzyme at the interface [59].

When comparing the kinetic parameters obtained for TNAP
reconstituted into liposomes of different lipid compositions in the
presence of AnxA5 for the hydrolysis of ATP (Table 2 and Fig. 3A),
negative cooperativity for proteoliposomes composed only by
DPPC (0.72) is observed, with a small decrease in the cooperativity
values as DPPS concentration increases in the lipid bilayers
(Table 2). Higher K0.5 values were also found in the presence of
rent lipid compositions carrying TNAP alone or TNAP þ AnxA5. The percentages of

liposomes TNAP þ AnxA5

DPPC:DPPS 5% DPPC:DPPS 10% DPPC:DPPS 15%

± 1.49 14.02 ± 0.70 15.74 ± 0.79 13.86 ± 0.69
± 0.009 0.197 ± 0.008 0.172 ± 0.009 0.279 ± 0.014
± 0.03 0.63 ± 0.03 0.71 ± 0.05 0.69 ± 0.04
± 16.22 142.34 ± 7.12 183.02 ± 9.15 99.35 ± 4.97
± 0.53 11.56 ± 0.69 5.77 ± 0.35 4.70 ± 0.28
± 3.60 32.31 ± 1.94 14.87 ± 0.89 30.83 ± 1.85
± 0.02 1.33 ± 0.04 1.49 ± 0.05 1.53 ± 0.05
± 17.72 715.57 ± 42.93 776.06 ± 46.56 304.90 ± 18.29
± 1.85 38.13 ± 1.53 30.39 ± 1.21 24.84 ± 0.99
± 0.005 0.233 ± 0.008 0.093 ± 0.003 0.095 ± 0.005
± 0.03 0.72 ± 0.03 0.85 ± 0.05 0.82 ± 0.02
± 28.19 327.30 ± 13.09 657.08 ± 26.28 524.05 ± 20.96



Fig. 3. Effect of the liposome composition ((-) DPPC 100%; (C) DPPC:DPPS 5%; (:)
DPPC:DPPS 10% and (A) DPPC:DPPS 15%, molar ratio) on the kinetic parameters for
substrates hydrolysis by TNAP reconstituted in proteoliposomes carrying AnxA5: (A)
ATPase activity; (B) ADPase activity and (C) PPiase activity (U/mg). Inset: Hill coefficient (n).
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DPPS and AnxA5, when compared with the value obtained for
DPPC-only proteoliposomes containing TNAP alone (0.068 mM)
(Table 2). Vmax values for ATP hydrolysis by TNAP decreased
significantly with the presence of DPPS in the proteoliposomes
(Fig. 3A) and, in the presence of AnxA5, a considerable increase in
Vmax was observed for neat DPPC-proteoliposomes (Table 2).

For ADP hydrolysis by TNAP a gradual increase in the coopera-
tivity values was observed with the increase in the DPPS concen-
tration in the vesicles, varying from 0.71 for DPPC-proteoliposome
up to 1.53 for DPPC:DPPS 15%-proteoliposome composition
(Table 2). A significant reduction in K0.5 values was observed in the
presence of DPPS when compared with DPPC proteoliposomes
(Table 2). The higher Vmax was found for the DPPC-proteoliposome
containing DPPS 5% (Fig. 3B).

The presence of AnxA5 and different concentrations of DPPS in
the proteoliposomes had no effect in the cooperativity values for
PPi hydrolysis by TNAP (Table 2). Higher K0.5 value was found for
the system containing DPPS 5% (Table 2) and a decrease in Vmax was
observed with increasing DPPS concentrations in the proteolipo-
somes (Fig. 3C). In the presence of AnxA5, a significant increase in
Vmax (more than 2-fold) was observed for DPPC proteoliposomes
(Table 2).

The comparison between the catalytic efficiencies calculated for
the proteoliposomes containing different DPPS concentrations
(Table 2) allowed us to evaluate which DPPC:DPPS ratio was the
best to reconstitute TNAP and AnxA5 concomitantly, based on the
kinetic parameters obtained for the different substrates studied. For
the hydrolysis of all substrates by TNAP, the best catalytic efficiency
was found for DPPC:DPPS proteoliposomes containing 10% of DPPS
(Table 2).

When we compared neat DPPC proteoliposomes with those
containing both lipids, the best catalytic efficiency was found for
proteoliposomes composed just by DPPC for the hydrolysis of PPi by
TNAP (kcat/K0.5 ¼ 704.73 M�1 s�1).

These data thus suggest that the presence of DPPS might be
influencing TNAP specificity during hydrolysis of the different
substrates, with a higher specificity of the enzyme for PPi when
compared with ATP and ADP, in the conditions used in this study
[25,47]. As reported on previous studies, the lipid charge plays a
crucial role in the interaction of proteins with lipids and can affect
enzymatic activity in different ways, depending on the substrate
used [47]. Moreover, the pH of the reactionmedium is an important
factor to be considered, once it affects significantly the hydrolysis of
different substrates by TNAP [60].

3.3. Thermotropic behavior

The different liposomes and proteoliposomes samples were
analyzed by DSC and the thermograms are shown in Fig. 4. The
unilamellar liposomes composed of DPPC only (Fig. 4A-a) are
characterized by a main phase transition temperature of 40.8 �C.
Data for the main phase transition temperature (Tm), transition
enthalpy (DH) and cooperativity of the phase transition (Dt1/2) are
summarized in Table 3. Similar data was obtained in previous
studies [7,28,61]. The Dt1/2 can be determined directly from the DSC
curve since it is related to the sharpness of the transition peak,
which is given by the temperature width at half-height of the DSC
trace [62]. With 10% of DPPS in the DPPC membrane, there is a
broadening of the transition peaks due to a decrease of the phase
transition cooperativity and DH values (Table 3 and Fig. 4A-b).
Therefore, the gelefluid transition process is less cooperative when
the DPPS is present in themembrane. Is known that the presence of
impurities or others compounds within the bilayers broadens the
transition peak. Thus, for complex lipid mixtures DT1/2 reaches
values of 10e15 �C [63e65].



Fig. 4. DSC thermograms of liposomes and proteoliposomes. (A) DSC thermograms were registered using a Nano-DSC II calorimeter and processed in Excess heat capacity, Cp (kcal/
K mol), as a function of temperature (�C) for vesicles constituted by DPPC and DPPC:DPPS 10% (molar ratio) containing TNAP and AnxA5: [a] DPPC-liposomes; [b] DPPC:DPPS 10%-
liposomes; [c] DPPC:DPPS 10%-proteoliposomes containing TNAP þ AnxA5 and [d] DPPC:DPPS 10%-proteoliposomes containing TNAP. (B): [a] DPPC-liposomes; [b] DPPC:DPPS 10%-
liposomes and [c] DPPC:DPPS 10%-proteoliposomes containing AnxA5.
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The average diameters of the DPPC:DPPS liposomes did not vary
significantly when compared with the diameter obtained for DPPC-
vesicles and low polydispersity index (PI) values were obtained for
the different liposomes, indicating that the samples were nearly
monodisperse in size (Table 3). The stability of the different vesic-
ular systems (liposomes and proteoliposomes) was also evaluated
by DLS by monitoring both the diameter and intensity throughout
the period of use of the samples. The sizes of the vesicles were
uniform for ~7 days and varied less than 5% (data not shown).

The thermotropic behavior of TNAP-proteoliposomes and
AnxA5-proteolipomes are also shown in Fig. 4 where one can
observe that the presence of AnxA5 causes a decrease in DH values
as compared with the respective liposomes systems (Table 3 and
Fig. 4B). When TNAP is present on the proteoliposomes, these ef-
fects are even greater besides a broadening of the transition peaks
(Table 3 and Fig. 4A). Similar data were reported before by our
research group [7,28], so we conclude that the strong decrease
observed for DH value of TNAP-proteoliposomeswhen compared to
liposomes was related mainly to the GPI anchor insertion. Ac-
cording to Papahadjopoulos [66], the binding way of the lip-
ideprotein interaction can be determined from the effect of the
protein on the gel-to-liquid crystalline lipid phase transition. In
fact, the binding of a peripheral membrane protein to the bilayer
surface is followed by the partial insertion of the protein into the
bilayer, where it interacts with the lipid hydrocarbon chains, a
decrease in Tm and/orDH is observed, whichmight be explained by
a decrease of van der Waals interactions between lipid acyl chains
after protein insertion [62]. In the case of TNAP, the insertion of the
Table 3
Biophysical and biochemical characterization of liposomes and proteoliposomes cons
TNAP þ AnxA5. DSC thermodynamic parameters and DLS values.

Liposome/proteoliposome composition Diameter (nm)

Lipid (molar ratio) TNAP AnxA5

*DPPC 100% e e 143.2 ± 3.03
*DPPC:DPPS 10% e e 131.8 ± 0.47
**DPPC 100% þ � 226.5 ± 4.36
**DPPC 100% � þ 271.8 ± 9.87
**DPPC 100% þ þ 270.0 ± 8.01
**DPPC:DPPS 10% þ � 206.5 ± 8.91
**DPPC:DPPS 10% � þ 221.5 ± 8.30
**DPPC:DPPS 10% þ þ 248.1 ± 8.98

*Liposomes.
**Proteoliposomes.
anchor into membrane surface leads to a decrease in Tm and/or DH,
which might be explained by a decrease of van der Waals in-
teractions between lipid acyl chains after GPI anchor insertion [7].
These proteins are believed to interact with phospholipid bilayers
driven by a combination of electrostatic and hydrophobic forces
[62]. Generally, peripheral proteins initially adsorb to the charged
polar head groups of the phospholipids and subsequently partially
penetrate the hydrophilicehydrophobic interface of the bilayer to
interact with a portion of the lipid hydrocarbon chains. These
proteins normally raise phospholipid monolayers and alter the
permeability of phospholipid vesicles into which they are incor-
porated [62].

On the other hand, amphitropic proteins, such as the Annexins
[67e69], can deeply penetrate into the hydrophobic core of the
lipid bilayers and prevent some lipid molecules from participating
in the melting transition. As a consequence, these proteins have
little effect on Tm promoting a linear decrease of DH, with
increasing protein concentration [62]. The interaction of AnxA5
with the DPPC and DPPC:DPPS 10% liposomes also is manifested
through a decrease of the Dt1/2 values. Furthermore, when TNAP
interacts with these liposomes there is an increase of the Dt1/2
values.

An interesting effect is observed when AnxA5 is present in the
TNAP-proteoliposomes constituted of DPPC and DPPC:DPPS 10%
(molar ratio). When only TNAP is reconstituted in DPPC-liposomes,
we obtain around 41% of the reconstituted activity (Table 1) and
observe an intense decrease in the transition phase enthalpy
(3.58 kcal mol�1) as compared to the respective liposome
tituted by DPPC and DPPC:DPPS 10% (molar ratio) harboring TNAP, AnxA5 and

PI DHtotal (Kcal mol�1) Tm (�C) Dt1/2

0.102 ± 0.04 8.73 ± 0.05 40.8 ± 0.01 1.29 ± 0.01
0.057 ± 0.02 8.43 ± 0.07 41.9 ± 0.02 1.96 ± 0.02
0.426 ± 0.05 3.58 ± 0.02 40.9 ± 0.01 1.32 ± 0.01
0.385 ± 0.18 5.68 ± 0.05 41.0 ± 0.01 0.96 ± 0.01
0.465 ± 0.03 6.38 ± 0.05 41.4 ± 0.01 1.16 ± 0.01
0.372 ± 0.25 4.34 ± 0.02 42.2 ± 0.02 2.19 ± 0.01
0.360 ± 0.02 5.37 ± 0.02 42.0 ± 0.01 1.50 ± 0.01
0.476 ± 0.08 5.56 ± 0.04 42.4 ± 0.02 1.76 ± 0.01



Fig. 5. Ca2þ influx into the proteoliposomes of different lipid compositions (B) DPPC-
proteoliposomes and (C) DPPC:DPPS 10%-proteoliposomes: (A) Proteoliposomes car-
rying AnxA5 and (B) Proteoliposomes carrying AnxA5 and TNAP. The background
values of liposomes were discounted from the values obtained for the respective
proteoliposomes.
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(8.73 kcal mol�1) (Table 3). However, when AnxA5 is introduced in
that lipid system, it promotes an increase in the reconstituted TNAP
activity (64%, Table 1) and also a significant increase in the enthalpy
of the system (6.38 kcal mol�1). Similar behavior can be observed
for DPPC:DPPS 10%-proteoliposomes (Tables 1 and 3).

Low values of TNAP's activity incorporated into DPPC-liposomes
were obtained when compared with our previous data [7,26,28],
probably due to presence of EGTA in the reaction medium, which is
necessary for the calcium uptake by AnxA5. Besides Ca2þ ions, EGTA
may be chelating Mg2þ ions also, which are essential for TNAP's
activity, thus decreasing the reconstituted enzyme's activity.

The presence of both proteins, together or separately, does not
affect significantly the Tm, when compared with the respective
liposome composition (Table 3).

The presence of transmembrane protein (AnxA5) significantly
changes the thermodynamic parameters of the lipid membranes
(Table 3) resulting in the different lipid packing around anchored
protein (TNAP). This event probably causes the changes in kinetic
behavior (Table 2) of TNAP, as observed in the 3.2 item. Such an
effect was observed previously using in situ p-polarized light
Fourier transform-infrared reflectioneabsorption spectroscopic
(FT-IRRAS) measurements [70]. The authors showed the formation
of monolayers interacting with TNAPwithout appreciable loss of its
conformation/orientation at the airewater interface even at high
surface pressures. This effect can be attributed to the presence of
hydrophobic anchor that drives the enzyme stability at the aire-
water interface conferring a minimum adsorption free energy with
no need for internal hydrophobic group exposure. The presence of a
model lipid at the interface regulates the arrangement of the
enzyme at the monolayer, orienting the a-helix main axis in a
suitable position. Furthermore, the positioning of the GPI anchor
and lipid hydrophobic chains can be varied with increasing surface
pressures [70]. Thus, the presence of different lipids and its bio-
physical properties are key factors that can control the orientation
of the enzyme when incorporating in model membranes as well as
they canmodulate the kinetic behavior. In terms of MVs, our results
point to the special interplay between lipid composition and the
function of the proteins (AnxA5 and TNAP) responsible for the
biological process of biomineralization.

3.4. Ca2þ influx into the proteoliposomes

In order to evaluate whether AnxA5 is functional upon incor-
poration into the proteoliposomes, Ca2þ influx into the proteoli-
posomes containing DPPC and DPPC:DPPS 10% (molar ratio) was
measured. The proteoliposomes were incubated with a fixed con-
centration of 45Ca2þ (5.5 mCi mL�1) and increasing concentrations
of cold Ca2þ (from 0.5 to 5 mM), resulting in a linear increased
uptake, reaching a maximum value with 2 mM Ca2þ in the DPPC
system, and 2.5 mM in the DPPC:DPPS system (Fig. 5A). Thus,
around 600 nmol Ca2þ/mg of total lipid were incorporated into the
vesicles (Fig. 5). Liposomes constituted by DPPC and DPPC:DPPS
10% were used as controls of vesicles without proteins (back-
ground). The values of unspecific interaction between 45Ca2þ and
the membrane of liposomes were discounted from the values ob-
tained for the respective proteoliposomes.

Although the levels of Ca2þ vary from cell to cell, generally it is
accepted that Ca2þ concentrations in extracellular physiologic
fluids are around 2 mM and there is a significant difference when
compared to the intracellular concentrations (around 10 mM) [71].
Mean values of cytosolic Ca2þ in cells from the various zones of the
growth plate are quite similar, but levels in individual cells and
subcellular compartments vary significantly [72].

DPPS lipid has a negative charge and attracts by electrostatic
affinity the Ca2þ ions in the external surface of the vesicles,
probably resulting in a smaller number of ions available in solution
to be transported to inside the proteoliposomes. Thus, a large Ca2þ

concentration is needed in the reaction medium (2.5 mM) in order
to obtain a similar uptakewhen compared with proteoliposomes in
the DPPS absence (2mM). In addition, EGTAwas used to control the
calcium concentration in the buffer. For this reason, EGTA can
chelate calcium, decreasing its free concentration in the solution
and thus providing less free ions to be transported into the
proteoliposomes.

When interpreting the values of the scintillation counting ob-
tained for the liposomes samples used as controls for the respective
proteoliposomes, we observed that in the DPPS presence the
baseline values were always greater, reinforcing the hypothesis of
the surface interaction between Ca2þ and DPPS [1,9,12].

However, the behavior of both proteoliposomes is very similar
and after saturation a decrease of the Ca-uptake was observed. The
presence of TNAP in the proteoliposomes (Fig. 5B) did not affect
significantly AnxA5-mediated Caþ2 transports. On the other hand,
the presence of AnxA5 affected significantly the hydrolysis of PPi,
ATP and ADP by TNAP, as seen in the previous section.

3.5. Effect of AnxA5 presence on giant lipid vesicles behavior

In order to investigate whether the insertion of AnxA5 into
proteoliposomes affects themembrane permeability to ions such as



Fig. 6. Morphological changes of GUVs exposed to an electric field (10 V, 1 MHz) in the presence or absence of the AnxA5. Images obtained in phase contrast, objective 60x and scale
bar corresponds to 20 mm. (A) GUVs constituted by DOPC with 0.5 mM CaCl2 in the inner compartment exhibit spherical shape; (B) Under the electric field the GUVs assume prolate
shapes; (C) GUVs incubated with AnxA5 (8.22 mM) and subjected to the electrical field display oblate shapes; (D) GUVs recovered its initial spherical shape with time (~20 min) after
the outer and inner solution conductivities are equilibrated.

Fig. 7. Morphological changes of GUVs exposed to an electric field (10 V, 1 MHz) in the presence or absence of the AnxA5. Images obtained in phase contrast, objective 60x and scale
bar corresponds to 20 mm. (A) GUVs constituted by DOPC:DPPS 10% (molar ratio) with 0.5 mM CaCl2 in the inner compartment exhibit spherical shape; (B) Under the electric field
the GUVs assume prolate shapes; (C) GUVs incubated with AnxA5 (8.22 mM) and subjected to the electrical field display oblate shapes; (D) GUVs recovered its initial spherical shape
with time (~20 min) after the outer and inner solution conductivities are equilibrated.
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Ca2þ-transport, model membranes represented by giant uni-
lamellar vesicles, GUVs, were thereby considered. GUVs constituted
by DOPC and DOPC:DPPS 10% (molar ratio) were grown containing
0.5 mM CaCl2 in the inner compartment and dispersed in the salt-
free outer solution. In this way, the conductivity of the inner so-
lution was initially higher in respect to the outer solution.

AnxA5-free unilamellar vesicles initially spherical (Fig. 6A)
present a morphological transition to a prolate-like shape (Fig. 6B)
under an electric field, thus exposing the hidden surface area due to
thermal fluctuations [52]. On the other hand, vesicles dispersed in
AnxA5-containing glucose solution under the AC electric field
exhibited initially oblate shape (Fig. 6C), without loss of vesicle
optical contrast that would characterize pores opening [52]. Such
an observation demonstrates that the protein-membrane interac-
tion impacts on the GUVs morphology. In the time sequence, the
GUV spherical shape is thus recovered (Fig. 6D). This finding must
be due to the salt release from the inner to the outer GUV solution,
thus equilibrating the internal and external conductivities [54]. The
same behavior is observed in vesicles constituted by DOPC:DPPS
10% (molar ratio) (Fig. 7). These results confirm the functional
AnxA5 insertion into the different membrane mimetic systems
studied, showing its Ca2þ-transport role in both systems consti-
tuted by DOPC and DOPC:DPPS 10%. Future experiments will
address how AnxA5 forms the channel and how calcium ions are
transported [9].

4. Conclusions

A fundamental understanding of the interplay between lipid
compositions and membranes behavior is crucial for the validation
of these systems as mimetic of the process of biomineralization.
MVs comprise complex systems with various ionic channels and
transporters, containing a group of enzymes responsible for con-
trolling the Pi/PPi ratio in the extracellular medium. Therefore, it is
very important to employ proteoliposomes as membrane mimetic
systems in order to understand how the presence of different
combined proteins affects their functions in the membrane. Here
we report stable systems of proteoliposomes harboring TNAP and
AnxA5, followed by their characterization. These promising
mimetic systems successfully transport Ca2þ into the vesicles and
possess an enzyme able to hydrolyze phosphosubstrates in the
lipidewater interface. The presence of TNAP in the proteolipo-
somes did not significantly affect AnxA5-mediated Caþ2 transports.
On the other hand, one can observe that the presence of AnxA5
affects significantly the hydrolysis of substrates by TNAP.

Admittedly, this proteoliposome system is still incomplete since
other proteins are necessary to adequately mimic the MVs in the
biomineralization process, such as the protein Pit-1 for example,
which may be responsible for the Pi influx into the vesicles. How-
ever, in order to obtain proteoliposomes containing three proteins
simultaneously (e.g. TNAP, AnxA5 and Pit-1), a systematic study
regarding the functional incorporation of each protein in succes-
sion is necessary in addition to a determination of the appropriate
lipid composition, thus gradually increasing the complexity of the
biomimetic system. Certainly, the presence of one protein may
cause significant changes in the behavior of the other incorporated
proteins as we show here for AnxA5 and TNAP. Taken together,
these results will be of great help to better understand the complex
mechanisms involved in the interaction of a specific protein with
the lipid bilayer components enrolled in the biomineralization
process.
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