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Abstract

Bone biomineralization is mediated by a special class of extracellular vesicles, named matrix 

vesicles (MVs), released by osteogenic cells. The MV membrane is enriched in sphingomyelin 

(SM), cholesterol (Chol) and tissue non-specific alkaline phosphatase (TNAP) compared with 

the parent cells’ plasma membrane. TNAP is an ATP phosphohydrolase bound to cell and 

MV membranes via a glycosylphosphatidylinositol (GPI) anchor. Previous studies have shown 

that the lipid microenvironment influences the catalytic activity of enzymes incorporated into 

lipid bilayers. However, there is a lack of information about how the lipid microenvironment 

controls the ability of MV membrane-bound enzymes to induce mineral precipitation. Herein, 

we used TNAP-harboring proteoliposomes made of either pure dimyristoylphosphatidylcholine 

(DMPC) or DMPC mixed with either Chol, SM or both of them as MV biomimetic systems 

to evaluate how the composition modulates the lipid microenvironment and, in turn, TNAP 

incorporation into the lipid bilayer by means of calorimetry. These results were correlated 

with the proteoliposomeś catalytic activity and ability to induce the precipitation of amorphous 

calcium phosphate (ACP) in vitro. DMPC:SM proteoliposomes displayed the highest efficiency 

of mineral propagation, apparent affinity for ATP and substrate hydrolysis efficiency, which 

correlated with their highest degree of membrane organization (highest ΔH), among the tested 

proteoliposomes. Results obtained from turbidimetry and Fourier transformed infrared (FTIR) 

spectroscopy showed that the tested proteoliposomes induced ACP precipitation with the order 

DMPC:SM>DMPC:Chol:SM≈DMPC:Chol>DMPC which correlated with the lipid organization 

and the presence of SM in the proteoliposome membrane. Our study arises important insights 

regarding the physical properties and role of lipid organization in MV-mediated mineralization.
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1. Introduction

In vertebrates, bone biomineralization occurs through a highly regulated sequence of events 

leading to the ordered deposition of phosphate and calcium ions onto collagen fibers 

and the formation of calcium/phosphate mineral aggregates resembling the structure of 

hydroxyapatite (HA) (Ca10(PO4)6(OH)2). Osteoblasts are responsible for initiating this 

process through the release of a special class of extracellular vesicles, named matrix vesicles 

(MVs) [1–4]. The MV membrane is enriched in phospholipids, sphingomyelin (SM) and 

cholesterol (Chol) resembling the composition of lipid rafts found in the plasma membrane 

of parent cells [5, 6]. More specifically, the MV membrane consists of approximately 36% 

phosphatidylethanolamine (PE), 26.5% phosphatidylcholine (PC), 3.5% phosphatidic acid 

(PA), 7% phosphatidylinositol (PI) and 16.5% phosphatidylserine (PS) [7]. SM and Chol can 

compose up to 11% and 31.7%, respectively, of the total lipid mass of the MV membrane 

[8].

Lipid composition affects the organization of lipid bilayers. By comparing 

dimyristoylphosphatidylcholine (DMPC) and dipalmitoylphosphatidylcholine (DPPC) phase 

diagrams, Vist and Davis observed an increase in the ability to form thicker lipid bilayers 

with the length of the acyl chain [9, 10]. In terms of the effects of Chol on lipid bilayers, 

one of the main roles of Chol is to modulate the physical properties and lateral organization 

of lipid bilayers as well as the formation of lipid microdomains [11, 12]. For example, it 

has been shown that an increase in Chol concentration leads to a significant increase in the 

diffusion rate in DPPC:Chol mixtures [13]. Other studies have shown that adding Chol to 

DPPC liposomes decreases the phase transition enthalpy (ΔH) while increasing the vesicles’ 

mean diameter [14–16]. 2H NMR and calorimetric data have shown a suppression of the 

pre-transition in DPPC:Chol mixtures at Chol concentrations higher than approximately 6 

mol% [9], and X-ray diffraction experiments have shown an increase in the repeat spacing 

of lipid bilayers made of DPPC and Chol as Chol concentration increases from 0 to 5% 

mol at temperatures in the gel phase region of the mixture [13, 17]. The presence of Chol 

also enables the formation of ordered lipid microdomains, named “lipid rafts”, in biologic 

membranes [11]. The existence of heterogeneous microdomains in biologic membranes 

has been explained by the partition of lipid membranes in gel, liquid-disordered (Ld) and 

liquid-ordered (Lo) phases. Lipid rafts are microdomains in Lo phase enriched in Chol, SM, 

and uncharged glycolipids. They are characterized by distinct intermolecular interactions, 

including van der Waals interactions among the long and almost fully saturated chains of 

SM and glycosphingolipids, and hydrogen bonds between adjacent glycosyl portions of 

glycosphingolipids [6]. Furthermore, the long saturated acyl groups of sphingolipids can 

form more stable and compact associations with the planar and relatively rigid nucleus of 

Chol than with the shorter and generally unsaturated chains of phospholipids, which favors 

the formation of lipid rafts [18].
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Lipid composition also affects the incorporation of proteins into lipid bilayers [16, 19]. 

The MV membrane contains a variety of hydrolytic enzymes, including tissue non-specific 

alkaline phosphatase (TNAP), a phosphomonohydrolase producing inorganic phosphate (Pi) 

from both pyrophosphate (PPi) and adenosine-5-triphosphate (ATP). TNAP is incorporated 

into the outer leaflet of cell and MV membranes via a glycosylphosphatidylinositol (GPI) 

anchor, which promotes the lateral diffusion of the enzyme within the outer leaflet and 

accumulation in lipid microenvironments enriched in sphingolipids, glycosphingolipids 

and Chol [16, 17, 20, 21]. Previously, we have shown that the catalytic activity of 

TNAP is tailored by the local microenvironment [22, 23]. Different forms of TNAP 

(membrane associated, solubilized with detergent or treated with phosphatidylinositol

specific phospholipase C) showed different specificities for biologic substrates, indicating 

that the catalytic activity of the enzyme is greatly affected by both the presence of the GPI

anchor and the composition of the lipid membrane into which is inserted [15, 20]. Therefore, 

the effect of saturated and unsaturated lipids as well as of Chol on the MV-mediated 

biomineralization deserves special attention.

Recently, our group has developed proteoliposomes harboring TNAP made of a mixtures of 

DPPC, Chol and SM in different ratios as MV biomimetic systems to assess how the lipid 

composition affects the physical properties of the lipid membrane and TNAP incorporation 

and catalytic activity [16, 17, 24]. The use of liposomes with different lipid compositions 

can also help to assess how the lipid microenvironment affects the ability of enzymes 

incorporated into the MV membrane to induce mineral precipitation. Herein, we describe 

the fabrication of proteoliposomes with membranes in Ld phase composed by combinations 

of DMPC, Chol and SM [25–28] to understand how the lipid microenvironment modulates 

TNAP incorporation into the membrane and catalytic activity, and how these parameters 

correlate with the ability to promote the formation of amorphous calcium phosphate (ACP) 

in vitro in presence of a nucleator. This study sheds the light on the role of lipid composition 

in MV-mediated biomineralization.

2. Materials and Methods

2.1 Materials

All aqueous solutions were prepared using ultrapure apyrogenic water from a Millipore 

DirectQ system. Bovine serum albumin (BSA), trichloroacetic acid (TCA), tris 

hydroxymethyl-amino-methane (Tris), 2-amino-2-methyl-propan-1-ol (AMPOL), sodium 

dodecylsulfate (SDS), p-nitrophenyl phosphate disodium salt (pNPP), sodium adenosine-5

triphosphate (ATP), sodium dodecylsulphate (SDS), dexamethasone, β-glycerophosphate, 

polyoxyethylene-9-lauryl ether (polidocanol), dimysteroilphosphatidilcholine [DMPC, 

molecular weight (MW)=677.93 g.mol−1], cholesterol (Chol, MW=386.65 g.mol−1), 

sphyngomielin from bovine brain (SM, MW=731.09 g.mol−1, ≥ 97.0% pure), were 

purchased from Sigma Chemical Inc. (St Louis, MO). Sodium and magnesium chlorides 

were obtained from Merck KGaA (Darmstadt, Germany). Plastic culture flasks (75 cm2) 

were obtained from Corning Inc. (Corning, NY). α-MEM, fetal bovine serum, ascorbic 

acid, gentamicin and fungizone were purchased from Gibco (Thermo Fisher Scientific Inc., 
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Waltham, MA). All reagents were of analytical grade and used as received without further 

purification.

2.2. Preparation of alkaline phosphatase

Membrane-bound TNAP was extracted from rat bone marrow cells as described elsewhere 

[29]. TNAP (0.2 mg.mL−1) was solubilized using 1 wt% polidocanol for 1 h under constant 

stirring, at 25°C. To remove the excess of detergent, 1 mL of polidocanol-solubilized 

enzyme was added to 200 mg of Calbiosorb resin as previously described [30] and the 

suspension was mixed for 2 h at 4°C. The detergent-free solubilized enzyme present in 

the supernatant was immediately used for incorporation into liposomes to avoid protein 

aggregation. The concentration of protein was estimated in the presence of 2 wt% SDS [31]. 

BSA was used as standard.

2.3. Measurements of TNAP enzymatic activity

p-Nitrophenylphosphatase (p-NPPase) activity was assayed discontinuously at 37°C by 

following the production of the yellowish product p-nitrophenolate ion (pNP−) (ε=17,600 

M−1.cm−1 at 1 M and pH 13) at 410 nm. Standard conditions were 50 mM Tris buffer, 

pH 7.4, containing 2 mM MgCl2 and 10 mM pNPP in a final volume of 0.5 mL. The 

reaction was initiated by the addition of the enzyme and stopped with 0.5 mL of 1 M 

NaOH at appropriate time intervals [17]. ATPase activities were assayed discontinuously by 

measuring the amount of Pi produced in a final volume 0.5 mL according to a previously 

described procedure [32]. Standard assay conditions were 50 mM Tris buffer, pH 7.4, 

containing 2 mM MgCl2 and substrate. The reaction was initiated by the addition of the 

enzyme and stopped with 0.25 mL of cold 30% trichloracetic acid at appropriate time 

intervals. All experiments were carried out in triplicate and the initial velocities were 

constant, provided that less than 5% of substrate was hydrolyzed. Controls in the absence 

of enzyme were included in each experiment to allow the nonenzymatic hydrolysis of the 

substrate. One enzyme unit (1 U) is defined as the amount of enzyme hydrolyzing 1.0 

nmol of substrate per minute at 37 °C per milliliter or milligram of protein. Maximum 

velocity (Vmax), apparent dissociation constant (K0.5), and Hill coefficient (nH) obtained 

from substrate hydrolysis were calculated as previously described [33]. Data were reported 

as the mean of triplicate measurements.

2.4. Preparation of liposomes and proteoliposomes

DMPC, Chol and SM were dissolved in chloroform in appropriate molar ratios and dried 

under a nitrogen flow. The resulting lipid film was kept under vacuum overnight and 

resuspended in 50 mM Tris-HCl buffer, pH 7.5, containing 2 mM MgCl2. The mixture was 

incubated for 1 h at 60°C, above the critical phase transition temperature of the lipids, 

and vortexed at 10 min intervals. Large unilamellar liposomes (LUVs) were prepared 

by submitting the suspension to extrusion (eleven times) through 100 nm polycarbonate 

membranes in a LiposoFast extrusion system (Sigma-Aldrich). LUVs were prepared and 

used in the same day.

For proteoliposome preparation, equal volumes of liposomes (10 mg.mL−1) and TNAP (0.02 

mg.mL−1) resulting in a 1:10,000 protein:lipid ratio in 50 mM Tris-HCl buffer, pH 7.5, 
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containing 2 mM MgCl2, were mixed and incubated at 25°C for 1 h and ultracentrifuged 

at 100,000×g for 1 h. The pellet was resuspended in 50 mM Tris-HCl buffer, pH 7.5, 

containing 2 mM MgCl2, to the original volume, obtaining proteoliposomes in a final lipid 

concentration of 10 mg.mL−1. The activity of TNAP was measured in the supernatant 

and in the resuspended pellet (containing the proteoliposomes) in order to calculate the 

amount of protein incorporated into the proteoliposomes [31]. The size of liposomes and 

proteoliposomes were determined by dynamic light scattering (DLS) as described elsewhere 

[14] using a N5 Submicron Particle Size Analyser (Beckman Coulter Inc., Fullerton, CA). 

The value of the mean diameter was determined as the center of the size distribution 

peak. Average value (n=5) of the liposomes’ diameter was obtained at 25 °C by unimodal 

distribution. The samples were filtered (0.8 μm) before the analysis.

2.5. Differential scanning calorimetry (DSC)

Phase transition temperature (Tc), enthalpy (ΔH) and cooperativity of phase transition (Δt1/2) 

of the LUVs prepared with different lipid compositions were obtained by DSC. All LUV 

suspensions and reference buffers employed in the experiment were previously degasified 

under vacuum (140 mbar) for 15 min. The samples were scanned from 10 to 90 °C at an 

average heating rate of 0.5 °C.min−1 and the recorded thermograms were analyzed by using 

a Nano-DSC II - CSC (Waters, Milford, MA). A minimum of three heating and cooling 

scans were performed for each analysis and all thermograms were reproducible. In order to 

ensure the reproducibility of the results of the analysis of the effects of TNAP insertion and 

of the presence of microdomains on lipid phase transitions, we chose the simplest baseline 

correction to introduce the least amount of variability when comparing thermograms from 

different sets of experiments [14].

2.6. Mineralization assays with proteoliposomes and characterization by FTIR- 
spectroscopy

TNAP-containing proteoliposomes were incubated in SCL buffer in the presence of calcium 

phosphate-lipid complexes (PS-CPLX) at pH 7.5. SCL contained 2 mM Ca2+, 104.5 mM 

Na+, 133.5 mM Cl−, 63.5 mM sucrose, 16.5 mM Tris, 12.7 mM K+, 5.55 mM glucose, 

1.83 mM HCO3-, and 0.57 mM MgSO4 [16, 17]. The assay was performed at saturating 

ATP concentrations (as source of Pi) for the measurement of the TNAP activity in each 

proteoliposome. Thus, ATP concentrations ranging from 10−6 to 10−2 M were used for 

the proteoliposomes composed of DMPC, DMPC:Chol, DMPC:SM and DMPC:Chol:SM, 

respectively. Enzyme-free liposomes were used as control. Mineral precipitation/propagation 

was measured by turbidity at 340 nm using a multi-well microplate assay as previously 

described [16]. Triplicate samples (280 μL) were poured into the wells of a 96-well 

microplate. Turbidity measurements were made after 10 s of agitation followed by 48 h 

of incubation at 37°C, by using a microplate reader (model SpectraMax® M3, Molecular 

Devices LLC, San Jose, CA). The results were normalized according to the protein 

concentration of each proteoliposome, since different amount of TNAP was incorporated 

depending on the lipid composition of the proteoliposome. The mineral samples were 

placed on the germanium crystal (4,000–600 cm−1) of an attenuated total reflectance 

(ATR) accessory to assess the chemical groups by means of FTIR spectroscopy (model 

IRPrestige-21, Shimadzu Co., Tokyo, Japan). The efficacy of mineralization was assessed 
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by calculating the ratio between the areas of the band corresponding to the asymmetrical 

stretching of the PO4
3- group at 1,032 cm−1 and the band of the carbonyl (C=O) group of the 

phospholipid at 1,680 cm−1, used as internal reference [16, 17].

3. Results and discussion

3.1 Biophysical characterization of liposomes and proteoliposomes harboring TNAP.

We fabricated 4 different types of liposomes made of pure DMPC or mixed with 10% SM 

and/or 10% Chol (mol%). The diameter of the liposomes was evaluated by DLS. All the 

vesicles had an average diameter between 130 and 170 nm with a polydispersion index 

smaller than 0.2, suggesting the formation of monodisperse particles (Table 1) [15]. The 

diameter of DMPC liposomes was similar to that we have previously reported for DPPC 

liposomes [14]. The yield of TNAP incorporation into the membrane of DMPC liposomes 

through a GPI anchor was close to 65%, which was equivalent to 0.114 μg.mL−1 of protein 

content. It is worth noting that this value is lower than the yield of TNAP incorporation into 

DPPC liposomes (~ 85%) [15, 17].

Although DMPC and DMPC:Chol liposomes had similar diameters, the yield of TNAP 

incorporation increased to almost 90% (0.156 μg.mL−1 of protein) in the presence of Chol 

(Table 1). Interestingly, the yield of TNAP incorporation into DMPC:SM liposomes was 

close to 98%, whereas the yield of TNAP incorporation into DMPC:Chol:SM liposomes 

was approximately 77%. We posited that the incorporation of TNAP was favored by the 

lower fluidity and higher degree of organization of DMPC membranes in the presence 

of SM, Chol or both of them. Needham et al. and Snyder et al. studied the condensing 

effect of Chol in lipid membranes with several compositions [34, 35]. They showed that 

Chol is the single most influential factor in increasing bilayer cohesion. Moreover, Chol 

mixes more ideally in SM than in phosphatidylcholines of equal chain length [35]. The 

effect of Chol on the TNAP incorporation into DPPC monolayers was investigated by 

using Langmuir monolayers as membrane biomimetic systems [23]. Fluorescence and 

Brewster-angle micrographs revealed that the composition and Chol concentration in the 

monolayers influenced the formation and the dimension of TNAP-rich domains: higher 

Chol concentrations led to larger domains, indicating the preferential incorporation of the 

enzyme. According to Morandat (2002) [36], the insertion of TNAP into membranes is 

increased with addition of Chol in phosphatidylcholine liposomes. However, adding SM 

to DPPC-proteoliposomes caused a decrease in TNAP incorporation [37]. Hence, our data 

suggest that more compact lipid membranes are preferred for TNAP incorporation.

The DSC data revealed the presence of a single sharp peak centered at 23.8 °C and a 

ΔH=5.48 kcal.mol−1 for DMPC liposomes, in agreement with the literature (Figure 1A and 

Table 2) [38]. We have previously found a ΔH=7.63 kcal.mol−1 for DPPC liposomes. The 

difference in ΔH is due to the difference in the length of the carbonyl chains. The longer 

carbonyl chains of DPPC increased the van der Waals interactions within the lipid bilayer, 

which translated into a better lateral packing and a higher ΔH compared with DMPC [13]. 

The thermogram for DMPC:Chol liposomes (Figure 1B) displayed a main transition at 

23.3 °C assigned to domains enriched in DMPC with ΔH=0.84 kcal.mol−1, approximately 

6 times lower than that for pure DMPC (5.48 kcal.mol−1) (Table 2). The thermogram 
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for DMPC:Chol liposomes also displayed a transition at 25.3 °C related to lateral phase 

segregation and assigned to Chol-rich domains [39]. A similar curve profile assigned to 

lateral phase segregation was previously described for DPPC vesicles [14]. The thermogram 

for DMPC:SM liposomes displayed one peak at 24.6 °C (Figure 1C). Even though they had 

a slightly smaller ΔH, DMPC:SM liposomes displayed a cooperativity (expressed by the 

inverse of the full width at the half-maximum) Δt1/2=2.03 °C, approximately double that 

of DMPC liposomes (Δt1/2=0.98 °C) (Figure 1C and Table 2). This effect can be explained 

by the geometry of the SM molecule, which was not able to stabilize the lipid bilayer 

through hydrogen bonds and interactions between the hydrocarbon chains, leading to a less 

concerted transition (lower cooperativity) at higher temperatures [33, 34]. The thermogram 

obtained for DMPC:Chol:SM liposomes exhibited two peaks (Figure 1D) resembling the 

one obtained for DMPC:Chol liposomes (Figure 1B), suggesting that the amount of added 

SM (10 mol%) did not significantly affect the thermodynamic properties of DMPC:Chol 

liposomes. DMPC:Chol:SM liposomes displayed a main transition ΔH=1.11 kcal.mol−1, 

which was approximately 5 times lower than that for liposomes made of pure DMPC (Table 

2). Overall, the Tc of the main transition peak was not significantly different among the 

tested liposomes, however we found differences in ΔH values, which can be correlated with 

changes in the lipid organization due to the presence of Chol and/or SM within the DMPC 

bilayer.

The DSC thermograms obtained for the proteoliposomes harboring TNAP are shown in 

Figure 2, and the relative thermodynamic parameters are summarized in Table 2. The 

insertion of TNAP into DMPC liposomes through the GPI anchor resulted in the appearance 

of a second transition in the thermogram and an approximately 10-fold decrease in the 

ΔH value (from 5.48 to 0.65 kcal.mol−1; Figure 2A and Table 2). In contrast, the insertion 

of TNAP into DMPC:Chol liposomes did not significatively change the value of phase 

transition ΔH, however a decrease of approximately 29% in the main transition cooperativity 

was observed (Δt1/2 value from 1.58 to 1.12 °C; Table 2). Moreover, the peak assigned 

to Chol-rich domains (Tc = 25.3 °C) display a 3.4-fold decrease in the phase transition 

cooperativity (Δt1/2 value from 0.49 to 1.67 °C; Table 2) in the presence of TNAP, showing 

an increase in the lateral phase segregation of Chol enriched domains. The peak associated 

to the phase transition observed for DMPC:SM proteoliposomes was broader compared with 

the corresponding liposomes (Figures 1C and 2C). Also, ΔH decreased of approximately 

72% (from 5.07 to 1.40 kcal.mol−1; Table 2). The thermograms for DMPC:Chol (Figure 2B) 

and DMPC:Chol:SM (Figure 2D) proteoliposomes were similar. Significant changes in the 

thermodynamic properties in the presence of TNAP were found for the ternary system with a 

decrease of 69% in the main phase transition ΔH (from 1.11 to 0.34 kcal.mol−1; Table 2) and 

a decrease of 25% in the main transition Δt1/2 (from 1.23 to 0.92 °C; Table 2). An increase 

in the lateral phase segregation of Chol-enriched domains in the ternary system (Tc = 25.1 

°C, Figure 1D) due to the presence of TNAP (Tc = 25.4 °C, Figure 2D) was suggested 

by the 2.9-fold decrease in the phase transition cooperativity (Δt1/2 value from 0.65 to 

1.89 °C; Table 2). This phase segregation is even more pronounced in the presence of the 

enzyme, since the second peak became more resolved. A similar phenomenon was observed 

for proteoliposomes composed by DPPC:Chol:SM 80:10:10 (mol%) [3,15]. These results 

evidence the importance of both the organization and the composition of microdomains 
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in lipid bilayers during the reconstitution of TNAP. An overall decrease in the value of 

phase transition ΔH can be observed when comparing the thermodynamic parameters of the 

liposomes and proteoliposomes (Table 2). This result confirms that TNAP fluidized the lipid 

microenvironment, reducing the lipid-lipid interactions by inserting the GPI anchor [16].

3.2 Kinetic study of ATP hydrolysis by TNAP-proteoliposomes.

MVs bud from regions of the plasma membrane of osteogenic cells enriched in lipid rafts 

[3]. Since the MV membrane has a higher concentration of Chol, SM and longer chain fatty 

acids compared with the plasma membrane of parent cells [40–43], next we investigated 

the role of DMPC, Chol, and SM on the kinetic properties of TNAP incorporated into the 

membrane of MV-mimicking proteoliposomes.

ATP hydrolysis by TNAP-harboring proteoliposomes resulted in a sigmoidal saturation 

curve regardless of the lipid composition (Figure 3). The kinetic parameters were obtained 

by least-squares fitting of experimental data with Hill equation (Table 3). Addition of SM 

or a mixture of SM and Chol to DMPC proteoliposomes led to an approximately 9-fold 

increase in the apparent affinity for ATP, as suggested by a K0.5 for ATP of 0.29±0.07 

mM, 0.33±0.07 mM and 2.70±0.02 mM for DMPC:SM, DMPC:Chol:SM and DMPC, 

respectively, proteoliposomes (Table 3). Additionally, DMPC:SM and DMPC:Chol:SM 

proteoliposomes displayed a specificity constant (kcat/K0.5) of ATP hydrolysis one order of 

magnitude greater than that of DMPC and DMPC:Chol proteoliposomes. The positive effect 

of SM and Chol on the catalytic efficiency of ATP hydrolysis has been also described for 

TNAP-harboring DPPC proteoliposomes [16, 17]. However, the Hill coefficient nH, which 

is a measure of the cooperativity between enzyme subunits, exhibited only slight differences 

among DMPC (nH=1.3), DMPC:Chol (nH=1.1) and DMPC:SM (nH=1.4) proteoliposomes, 

but it was two-folds smaller for DMPC:Chol:SM proteoliposomes (nH=0.6). These results 

suggest that, while the presence of SM in DMPC bilayers positively interfered with the 

orientation/positioning of the catalytic sites of TNAP as shown by the higher kcat/K0.5 value 

for DMPC:SM proteoliposomes compared with DMPC:proteoliposomes, the presence of 

Chol in DMPC bilayers had only a slight effect on the kinetic behavior of TNAP. However, 

when the sterol was added to DMPC:SM bilayers, it reduced by half the value of nH, which 

translated into a less efficient mineral propagation of the ternary proteoliposomes compared 

with those made of DMPC:SM (see next section).

3.3 Propagation of biomineralization

After the release from osteogenic cells, MVs can initiate mineral precipitation by exploiting 

an intra-luminal nucleation core (NC) made of PS complexed to ACP and proteins (mostly 

Annexin A5) (PS complexes or PS-CPLXs) [44–46]. ACP is a kinetically unstable mineral 

formed when both Ca2+ and Pi are present in high concentrations (mM) [47–49]. PS-CPLXs 

are present at the early stages of development of almost all calcified tissues, including 

cartilage [50] and bone [45]. Although PS-CPLXs can induce the formation of HA in vitro, 

many factors have been posited to regulate their function in vivo, including pH, Ca2+/Pi 

molar ratio and local lipid and protein microenvironments [8]. However, the precise role of 

such factors has not been thoroughly assessed as of yet.
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In the last decade, several strategies to produce MV-mimicking proteoliposomes have 

been described [3, 15–17, 20, 24, 29, 51–56]. These proteoliposomes were made of 

DPPC, DOPC, SM, Chol, as well as lipids with different charges and loaded with 

proteins responsible for bone calcification [3, 15–17, 20, 24, 29, 51–56]. Nevertheless, 

these biomimetic models have been poorly exploited to evaluate specific aspects of MV

mediated biomineralization. Herein, we developed a biomineralization assay based on 

TNAP-harboring proteoliposomes as MV-mimicking systems to evaluate the maturation 

of PS-CPLXs in vitro by ATP hydrolysis in the presence of a nucleator. This approach 

differs from those described in the literature [46, 57] since the supersaturation condition 

of Ca2+ and Pi ions to initiate precipitation was not fulfilled. Instead, TNAP inserted 

in the proteoliposome membrane hydrolyzed the substrate (ATP) and produced Pi in the 

concentration required to mineralize, which very well mimics the sequence of events 

mediated by MVs during bone mineralization. As in previous studies [16, 17], the tests 

were carried out using the same amount of proteoliposomes harboring TNAP and at the 

Vmax of ATP hydrolysis (substrate saturating condition) for each lipid composition of 

proteoliposomes.

Addition of Chol, SM or both of them to DMPC proteoliposomes promoted a 1.5, 2.6 

and 1.5-fold increase, respectively, in the mineral propagation compared with pure DMPC 

(Figure 4). Interestingly DMPC:Chol and DMPC:Chol:SM proteoliposomes had similar 

efficiencies of mineral propagation, which correlated with the similarity of the lipid 

packing in the bilayers observed by means of DSC (Figures 2B and 2D). DMPC:SM 

proteoliposomes displayed the highest efficiency of mineral propagation, apparent affinity 

for ATP and substrate hydrolysis efficiency, which correlated with their highest degree of 

membrane organization (highest ΔH), among the tested proteoliposomes. Taken together, 

these results highlight the crucial role of the presence of Chol and SM, as well as of the lipid 

organization on the ability of mineral propagation by TNAP incorporated into a lipid bilayer 

(Table 3).

DMPC:Chol proteoliposomes exhibited an efficiency of mineral propagation approximately 

65% higher than that of vesicles made of pure DMPC. A similar behavior was found for 

DPPC and DPPC:Chol proteoliposomes [16]. We posited that the presence of Chol increased 

the mechanical resistance and phase segregation of lipid bilayers [34], which, in turn, 

decreased the permeability of bilayers in Ld phase and led to a higher degree of disorder and 

a less lipid packing as suggested by the decrease in ΔH and cooperativity of phase transition 

(Table 2). Sabatini et al. described that the stability of lipid monolayers increases in the 

presence of Chol irrespective of the host matrix (either DMPC or DPPC) as indicated by the 

values of excess free energy of mixing calculated at values of surface pressure close to those 

found in natural membranes (30–35 mN.m−1) [58]. Chol has several biological functions, 

among them the modulation of the physical properties and lateral organization of the plasma 

membrane lipid bilayer and, in turn, the activity of membrane proteins. Increased activity of 

TNAP upon insertion in biomimetic membranes containing Chol has been reported [16, 17, 

20, 24, 56, 59–62]. A previous study has shown that the lipid microenvironment surrounding 

TNAP incorporated into bilayers is crucial for its catalytic activity [33]. Chol exerts both 

ordering and condensing effects on SM bilayers, due to the numerous H-bonds between 

Chol hydroxyl groups and SM polar groups [63]. Moreover, the phase segregation of Lo 
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(raft like) SM/Chol enriched domains in mixtures of low-melting temperature phospholipids 

[64] and the adsorption of TNAP in these domains may be responsible for the improved 

kinetics and mineralization properties of DMPC:SM:Chol proteoliposomes. Taken together, 

these results further validate that the catalytic sites of the GPI-anchored TNAP adopt 

different orientations depending on the composition and phase state of lipid membrane. 

Thus, the presence of Chol and/or SM, can interfere with the positioning of the catalytic 

sites of TNAP and, in turn, affects its kinetic behavior and efficiency to drive mineralization.

3.4 ATR-FTIR Spectroscopy

The differences in the efficiency of mineralization among the different types of 

proteoliposomes were further evaluated by means of ATR-FTIR spectroscopy (Figure 5). 

All ATR-FTIR spectra showed a broad band ranging from 3470 to 3410 cm−1 assigned 

to O-H stretching (not shown) [65]. Moreover, ATR-FTIR spectra for all proteoliposomes 

showed a band centered at approximately 1070 cm−1, which is characteristic of apatite and 

related to the asymmetric stretching of the PO4
−3 group [16, 17, 66]. However, it was not 

possible to distinguish the phosphate signal arising from the mineral within the vesicles 

from that arising from the membrane. Thus, we calculated the changes in the ratio between 

the area under the curve (AUC) of the peaks assigned to PO4
3- and C=O (~1730 cm−1) 

before and after mineralization (Table 4). An increase in PO4
3-/C=O ratio indicated the 

maturation of the nucleator in the presence of ATP, validating the hypothesis that the tested 

proteoliposomes were able to propagate mineralization.

In a previous study, Simão et al. described that the ratio between the relative intensities of 

the absorption bands assigned to the PO4
−3 and C=O groups was higher for TNAP-harboring 

DPPC proteoliposomes compared with DPPC proteoliposomes containing Chol and/or SM 

when the mineral precipitation was induced in absence of a nucleator [17]. This result 

showed that the addition of Chol and SM to proteoliposomes made of DPPC (in the 

gel phase at physiological temperatures) decreased the vesicle ability to form minerals. 

Conversely, herein we found that the addition of Chol and SM to proteoliposomes made 

of DMPC, which is in the Ld phase at physiological temperatures, led to an increase in 

the vesicle ability to propagate mineralization in the presence of a nucleator (Table 4). It 

is worth noting that the addition of SM led the a greater efficiency of mineral propagation 

compared with Chol for both DPPC [17] and DMPC proteoliposomes (Figure 4).

Although the two studies describe the ability of proteoliposomes harboring TNAP to induce 

(previous study by Simão et al. [17]) and propagate (current study) mineralization in the 

absence and in the presence, respectively, of a nucleator, they led to the main conclusion 

that TNAP-harboring bilayers made of phospholipids with lower transition temperatures 

have a higher biomineralization efficiency than bilayers made of phospholipids with higher 

transition temperatures.

4. Conclusions

Herein, we described how the presence of Chol and/or SM in the membrane of DMPC 

proteoliposomes harboring TNAP affects the enzyme incorporation and kinetic behavior, 

ATP hydrolysis and mineral propagation. The crucial role of the membrane organization 
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in the function of proteoliposomes could be highlighted by comparing the results obtained 

in this study for proteoliposomes made of DMPC (Tc = 23.8 °C) (Table 2) with those we 

have previously obtained for proteoliposomes made of DPPC (Tc = 41.5 °C) [14]. As the 

mineral propagation was carried out at 37 °C for both the systems, two scenarios were 

studied: mineralization by lipid membranes in the liquid phase (above the Tc for DMPC) and 

mineralization by lipid membranes in the gel phase (below the Tc for DPPC) [16]. These 

studies showed that DMPC proteoliposomes (in fluid phase) led to approximately 3-folds 

higher values of mineral propagation than DPPC proteoliposomes (in gel phase) [16].

We have previously found that an increase in the lipid complexity of the proteoliposome 

membrane led to a decrease in the activity of TNAP incorporated into DPPC-membranes 

through a GPI anchor [15]. In the present study, the yield of TNAP incorporation was 

higher for DMPC:SM liposomes than for neat DMPC, DMPC:Chol and DMPC:Chol:SM 

ones. DMPC:SM vesicles did not exhibit lateral phase segregation when compared 

with neat DMPC liposomes, suggesting that membranes containing SM formed distinct 

types of clusters than membranes containing Chol. The insertion of SM in the DMPC 

proteoliposomes stabilizes the membrane through hydrogen bonds between the hydrocarbon 

chains, which may explain the increase in the levels of mineral formation observed in 

DMPC:SM proteoliposomes compared with DMPC:Chol proteoliposomes.

The bilayers’ lipid microenvironment also affects the kinetic behavior of the 

enzyme. We showed that DPMC-proteoliposomes containing Chol and SM 

were more efficient in inducing mineral propagation in vitro (with the order 

DMPC:SM>DMPC:Chol:SM~DMPC:Chol>DMPC).

In conclusion, we found that all tested proteoliposomes harboring TNAP propagate 

mineralization after 48 h of incubation in presence of ATP at saturating concentrations as a 

source of Pi and in presence of a nucleator. We also found that DMPC:SM proteoliposomes 

displayed the highest efficiency of mineral propagation, apparent affinity for ATP and 

substrate hydrolysis efficiency, which correlated with their highest degree of membrane 

organization (highest ΔH), among the tested proteoliposomesThis hypothesis will be also 

validated in our next investigations by using microscopic and spectroscopic approaches. 

Taken together, our results indicated that, in addition to the essential components required 

for mineralization, such as enzymes, substrates, ions and lipid bilayers, the degree of 

packing of lipid bilayers and the presence of sterol can affect both TNAP catalytic efficiency 

and the supersaturation conditions required to precipitate apatite crystals. Therefore, our 

study sheds the light on the crucial role of the lipid composition and, in turn, the physical 

properties and lipid organization of the bilayer on the apatite propagation driven by TNAP 

during MV-mediated mineralization.
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Figure 1: 
DSC thermograms presented in excess heat capacity Cp (kcal.K−1.mol−1) as function of 

the Temperature (°C) for liposomes (10 mg/mL) composed of: (A) pure DMPC, (B) 
DMPC:Chol 90:10, (C) DMPC:SM 90:10 and (D) DMPC:Chol:SM 80:10:10, mol%. 

Dashed lines represent the best peak deconvolution.
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Figure 2: 
DSC thermograms presented in excess heat capacity, Cp (kcal.K−1.mol−1) as function of 

the Temperature (°C) for proteoliposomes (10 mg/mL) composed of: (A) pure DMPC, 

(B) DMPC:Chol 90:10, (C) DMPC:SM 90:10 and (D) DMPC:Chol:SM 80:10:10, mol%. 

Dashed lines represent the best peak deconvolution.
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Figure 3: 
Effect of ATP concentration on the enzymatic activity of reconstituted TNAP in liposomes 

composed of: (■) pure DMPC, (●) DMPC:Chol 90:10, (▲) DMPC:SM 90:10 and (▼) 

DMPC:Chol:SM 80:10:10, mol %. Inset: Hill coefficient (nH).
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Figure 4: 
Effect of lipid composition of TNAP-proteoliposomes (DMPC, DMPC:Chol 90:10, 

DMPC:SM 90:10 and DMPC:Chol:SM 80:10:10, mol %) on mineral propagation in the 

presence of a PS-CPLX nucleator at pH 7.5. The assay was accomplished using a saturating 

ATP concentration for each lipid composition as determined in the Figure 3 ranging 

from 10−6 to 10−2 M were used for proteoliposomes composed of DMPC, DMPC:Chol, 

DMPC:SM and DMPC:Chol:SM, respectively. Enzyme-devoid liposomes were used as 

control and bars show the increment in the absorbence after 48 h of incubation at 37 °C. All 

results are expressed as mean± SEM. P<0.05.
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Figure 5: 
FTIR spectra of the minerals obtained from the mineralization assays under incubation of 

TNAP-proteoliposomes composed of pure DMPC, DMPC:Chol 90:10, DMPC:SM 90:10 

and DMPC:Chol:SM 80:10:10, mol %, in SCL buffer pH 7.5, at 37 °C, in the presence of a 

PS-CPLX nucleator. Mineralization was followed by the differences in the ratio between the 

areas of the internal reference band of the phospholipid (C=O) at 1730 cm−1 and the band 

corresponding to the asymmetrical stretching of the PO4
3- group at 1070 cm−1.
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Table 1:

Effect of the lipid composition and the presence of protein on the average diameter of liposomes and 

proteoliposomes. Polydispersion values lower <0.2 for liposomes and proteoliposomes were obtained. Data 

are reported as the mean diameter ± S.D. of triplicate measurements of five different preparations.

Liposome Proteoliposome

Lipid Composition (mol%) Diameter (nm) Diameter (nm) Protein content (µg/mL) Incorporation yield (%)

DMPC 100 135.8±0.2 145.3±0.2 0.114±0.001 65.3

DMPC:Chol 90:10 139.5±0.3 167.5±0.3 0.156±0.003 89.5

DMPC:SM 90:10 134.2±0.4 138.6±0.1 0.172±0.002 98.6

DMPC:Chol:SM 80:10:10 145.2±0.5 150.6±0.7 0.134±0.004 76.8
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Table 2:

Thermodynamic parameters of liposomes and proteoliposomes constituted by different lipids molar 

proportions.

Vesicles (mol%)
Thermodynamic parameters

TNAP ΔH (Kcal.mol−1) TC (°C) Δt1/2 (°C)

DMPC 100
− 5.48±0.31 23.8±0.2 0.98±0.12

+ 0.65±0.10* 24.6±0.1 1.42±0.43

DMPC:Chol 90:10

−
0.84±0.12* 23.3±0.3* 1.58±0.23*

1.73±0.43 25.3±0.6 0.49±0.23

+
0.86±0.10* 23.3±0.4* 1.12±0.61*

1.73±0.61 25.4±0.3 1.67±0.82

DMPC:SM 90:10
− 5.07±0.10 24.6±0.1 2.03±0.33

+ 1.40±0.11 24.4±0.2 1.82±0.41

DMPC:Chol:SM 80:10:10

−
1.11±0.23* 22.9±0.4* 1.23±0.22*

1.83±0.21 25.1±0.6 0.65±0.43

+
0.34±0.10* 2.9±0.1* 0.92±0.42*

0.86±0.63 25.4 ±0.6 1.89±0.11

*
Main transition
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Table 3:

Kinetic parameters for ATP hydrolysis by TNAP reconstituted into DMPC-liposomes in different lipid 

compositions (mol%).

Proteoliposomes (mol%)

Kinect parameter DMPC DMPC:Chol (90:10) DMPC:SM (90:10) DMPC:Chol:SM (80:10:10)

Vmax (U/mg) 833.2±13.4 652.3±11.2 701.3±13.2 993.8±12.5

K0.5 (mM) 2.70±0.02 3.79±0.03 0.29±0.07 0.33±0.08

nH 1.3±0.1 1.1±0.1 1.4±0.1 0.6±0.1

kcat/K0.5 (M−1.s−1) 6.2 ×102 3.4 ×102 4.7 ×103 6.0 ×103
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Table 4:

Ratio between the relative intensities of the absorption bands in the infrared referring to the group. PO4
−3 

(1070 cm−1) and C=O (1730 cm−1).

Proteolipossome (mol%) C=O (~1730 cm−1) PO4
−3 (~1070 cm−1) Ratio PO4

−3 / C=O

DMPC 100 684.72 1390.16 2.03 ± 0.12

DMPC:Chol 90:10 697.89 1461.28 2.09 ± 0.31

DMPC:SM 90:10 677.22 1491.88 2.20 ± 0.20

DMPC:Chol:SM 80:10:10 664.74 1507.32 2.27 ± 0.10
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