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Tissue-nonspecific alkaline phosphatase (TNAP), present on the surface of chondrocyte- and osteoblast-derived
matrix vesicles (MVs), plays key enzymatic functions during endochondral ossification. Many studies have
shown that MVs are enriched in TNAP and also in cholesterol compared to the plasmamembrane. Here we have
studied the influence of cholesterol on the reconstitution of TNAP into dipalmitoylphosphatidylcholine (DPPC)-
liposomes, monitoring the changes in lipid critical transition temperature (Tc) and enthalpy variation (ΔH) using
differential scanning calorimetry (DSC). DPPC-liposomes revealed a Tc of 41.5 °C and ΔH of 7.63 Kcal mol−1. The
gradual increase in cholesterol concentration decrease ΔH values, reaching a ΔH of 0.87 Kcal mol−1 for DPPC:
cholesterol systemwith 36 mol% of cholesterol. An increase in Tc, up to 47 °C for the DPPC:cholesterol liposomes
(36 mol% of Chol), resulted from the increase in the area per molecule in the gel phase. TNAP (0.02 mg/mL)
reconstitution was done with protein:lipid 1:10,000 (molar ratio), resulting in 85% of the added enzyme being
incorporated. The presence of cholesterol reduced the incorporation of TNAP to 42% of the added enzymewhen a
lipid composition of 36 mol%of Cholwas used. Furthermore, the presence of TNAP inproteoliposomes resulted in
a reduction inΔH.Thegradualproportional increaseof cholesterol in liposomes results inbroadeningof thephase
transition peak and eventually eliminates the cooperative gel-to-liquid-crystalline phase transition of
phospholipids bilayers. Thus, the formation of microdomains may facilitate the clustering of enzymes and
transporters known to be functional in MVs during endochondral ossification.
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1. Introduction

Skeletal mineralization is a tightly regulated process in which
specialized tissues, cells and organelles participate in the coordination
and regulation of the metabolic events involved in the deposition of
hydroxyapatite via the production of inducers and inhibitors of
mineralization [1–3].

Chondrocytes and osteoblasts control the composition of the
extracellular matrix and also release matrix vesicles (MVs), considered
by some investigators to serve as the initial sites of hydroxyapatite (HA)
mineral formation [4–7]. MVs are small (20–200 nm) spherical bodies
observed in the pre-mineralized matrix of dentin, cartilage and bone.
They appear to beboundby a lipid bilayer andareoften foundassociated
with small crystals of calcium phosphate mineral [4–6,8].

MVs are enriched in membrane microdomains containing high levels
of cholesterol [9], glycosylphosphatidylinositol (GPI)-anchored enzymes,
e.g., tissue-nonspecific alkaline phosphatase (TNAP) [10–14], metalopro-
teinases [15], caveolin-1 [16], and contain a number of other enzymes and
ion transporters functional during mineralization, including adenosine-
5′-triphosphatase (ATPase), adenosine-5′-monophosphatase (AMPase),
inorganic pyrophosphatase (PPiase), nucleoside triphosphate pyropho-
sphohydrolase (NPP1), [17–23], Pi-transporters [9,24], and Anexins [25].
TNAP is localized on the external surface of MVs in direct contact with
extracellular cartilage fluid, where it can act on its natural substrates, ATP
andPPi, present at nanomolar/micromolar concentrations [10–12,26–28].
The GPI structure is a phosphatidylinositol-glycolipid anchor that is
covalently attached to the carboxyl terminus (C-terminus) of TNAP
through an amide linkage. This anchor structure results in lateralmobility
in the membrane and allows the release of the enzyme from the
membrane through the action of phospholipases [10–13,23,28–34].

The organization of biological membranes into microdomains is
believed to play a key role in several cellular processes such as protein
targeting and signal transduction. The existence of thesemicrodomains,
is explained mainly by the lateral phase separation of membrane lipids
in a fluid liquid-crystalline phase (Lα) and a liquid ordered phase (Lo)
rich in cholesterol and sphingolipids [35,36]. When cholesterol was
mixed with lipids containing saturated acyl chains having high Tc such
as dipalmitoylphosphatidylcholine (DPPC) and sphingomyelin (SM) in
model membranes, the formation of a phase state similar to gel state,
tightly packed and ordered, was observed but the lateral motion was
almost as rapid as in the disordered liquid (Lα) state. This cholesterol-
containing state was eventually named liquid ordered (Lo) state [37].

Sterols are essential components in the membranes of eukaryotic
cells. In mammalian cell membranes, cholesterol is the main sterol. It
often constitutes around one third of the total lipidmass of the plasma
membrane [38]. Detergent-resistant plasma membranes (DRMs)
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from chondrocytes are enriched in Ganglioside I (GM1) and
cholesterol, as well as in GPI-anchored TNAP [9,14]. Furthermore,
these membrane domains are enriched in phosphatidylserine (PS),
localized to the external leaflet of the bilayer, and have significantly
higher TNAP activity than non-cholesterol enriched domains [4,8].

A number of studies have beenperformed to determine the effects of
cholesterol on the structural and dynamic properties of synthetic and
natural membranes [39–42]. These studies revealed that even small
quantities of cholesterol can affect membrane dynamics. Cholesterol,
besides being present in microdomains, acts as a modulator of the
physical properties and lateral organization of the plasma membrane
lipid bilayer [43–45]. Milhiet et al. [46], using atomic force microscopy,
studied the preferential localization of bovine intestinal alkaline
phosphatase through its GPI anchor inside lipid ordered domains
constituted by dioleoylphosphatidylcholine (DOPC) and sphingomyelin
(SM), with and without cholesterol, and found that its localization was
markedly increased in the microdomains rich in cholesterol.

Here we report the production of a cholesterol-containing proteo-
liposome harboring TNAP and the biophysical characterization of this
vesicular MV biomimetic system by differential scanning calorimetry
(DSC).

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), 2-amino-2-methyl-propan-1-ol (AMPOL),
trichloroacetic acid (TCA), adenosine 5′-triphosphate disodium salt
(ATP), sodiumdodecylsulfate (SDS), p-nitrophenyl phosphatedisodium
salt (PNPP), dexamethasone, glucose 1-phosphate, glucose 6-phos-
phate, fructose 6-phosphate, β-glycerophosphate, polyoxyethylene-9-
lauryl ether (polidocanol), α-naphthyl phosphate, Fast Blue RR were
from Sigma Chemical Co. (St Louis, MO, USA); sodium chloride and
magnesium chloride were from Merck (São Paulo, SP, Brazil). 75 cm2

plastic cultureflaskswere fromCorning (Cambridge,MA,USA).α-MEM,
fetal bovine serum, ascorbic acid, gentamicin and fungizone were from
Gibco-Life Technologies (Grand Island, NY, USA). Phosphatidylinositol-
specific phospholipase C (PIPLC) from Bacillus thuringiensis was
obtained from Oxford University (UK). Analytical grade reagents were
used without further purification.

2.2. Rat bone marrow cell isolation and culture

Cellswere prepared and cultured according to Simão et al. [11]. Bone
marrow was obtained from young adult male rats of the Wistar strain
weighing 110–120 g. The femora were excised aseptically, cleaned of
soft tissues, and washed 3 times, 15 min each in culture medium
containing 10 times the usual concentration of antibiotics (see below).
The epiphyses of femora were cut off and the marrow flushed out with
20 mL of culture medium. Bonemarrow cells released were collected in
a 75 cm2 plastic culture flask containing 10 mL of culture medium
composed by α-MEM, supplemented with 15% fetal bovine serum,
50 μg/mL gentamicin, 0.3 μg/mL fungizone, 10−7 M dexamethasone,
5 μg/mL ascorbic acid and 2.16 mg/mL β-glycerophosphate. Cells were
cultured for 14 days at 37 °C in a humidified atmosphere of 5% CO2 and
95% air, and the medium was changed every 48 h. The cultures were
observed and evaluated under an inverted phasemicroscope after 24 h,
4 days, 10 days and 14 days.

2.3. Preparation of membrane-bound alkaline phosphatase

Membrane-bound alkaline phosphatase, an osteoblast-specific
marker, was prepared from cell culture as described by Simão et al.
[11,12]. The cells were washed with 50 mM Tris–HCl buffer, pH 7.5,
containing 2 mM MgCl2, removed with a spatula and resuspended in
50 mM Tris–HCl buffer, pH 7.5, containing 10 mM MgSO4 and 0.8 M
NaCl (osmotic buffer).

The cell suspension was homogenized using a “potter system” for
gentle cell disruption, at 4 °C for 15min, centrifuged at 1000×g for 3 min
and finally the supernatant was centrifuged at 100,000×g for 1 h at 4 °C.
The pellet corresponding tomembrane-bound alkaline phosphatase, was
resuspended in 50 mM Tris–HCl buffer, pH 7.5, containing 2 mM MgCl2,
frozen in liquid nitrogen and stored at−20 °C.

2.4. Estimation of protein

Protein concentrations were estimated according to Hartree [47]
in the presence of 2% (w/v) SDS. Bovine serum albumin was used as
standard.

2.5. Enzymatic activity measurements

p-Nitrophenylphosphatase (p-NPPase) activity was assayed
discontinuously at 37 °C in a Spectronic (Genesys 2) spectrophotom-
eter by following the liberation of p-nitrophenolate ion (1 M, pH 13=
17,600 M−1 cm−1), at 410 nm. Standard conditions were 50 mmol/L
AMPOL buffer, pH 10.0, containing 2 mmol/L MgCl2 and 1 mmol/L
p-NPP in a final volume of 1.0 mL, as previously described [11,12].

All determinations were carried out in duplicate and the initial
velocitieswere 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 allow for the non-enzymatic hydrolysis
of substrate. One enzyme unit (1 U) is defined as the amount of enzyme
hydrolyzing 1.0 nmol of substrate per min at 37 °C per mL or mg of
protein.

2.6. Solubilization of alkaline phosphatase with polyoxyethylene 9-lauryl
ether

Membrane-bound alkaline phosphatase (0.02 mg/mL of total protein)
was solubilized with 1% polidocanol (w/v) (final concentration) for 1 h
with constant stirring at 25 °C.After centrifugation at 100,000×g for 1 hat
4 °C, the solubilized enzymewas concentrated as described byCiancaglini
et al. [13]. To remove excess detergent, 1 mL of polidocanol-solubilized
enzyme (~0.05 mg protein/mL) was added to 200 mg of Calbiosorb resin
as described by Camolezi et al. [48] and Simão et al. [23] and the
suspension was mixed for 2 h at 4 °C. The supernatant is the source of
detergent-free, solubilized enzyme.

2.7. Liposome preparation

Dipalmitoylphosphatidylcholine (DPPC) and cholesterol were dis-
solved in chloroform and dried under nitrogen flow. The resulting lipid
film was kept under vacuum overnight and resuspended in 50 mmol/L
Tris–HCl buffer, pH 7.5, containing 2 mmol/L MgCl2. The mixture was
incubated for 1 h at 60 °C, above the critical phase transition
temperature of the lipid, and vortexed for each 10 min. Large
unilamellar vesicles (LUVs) were prepared by submitting the suspen-
sion to extrusion (eleven times) through two 100 nm polycarbonate
membranes in a LiposoFast extrusion system (Liposofast, Sigma-
Aldrich). Alternatively, when necessary, LUVs were prepared with
different diameters using 200 or 400 nm polycarbonate membranes.
LUVs constituted by DPPC:cholesterol in a 10 to 36 mol% of cholesterol
were prepared and used in the same day.

2.8. Incorporation of alkaline phosphatase into liposomes

Equal volumes of liposomes (10 mg/mL) and TNAP (0.02 mg/mL)
resulting in a 1:10,000 protein:lipid ratio, in 50 mmol/L Tris–HCl buffer,
pH 7.5, containing 2 mmol/L MgCl2, were mixed and incubated at 25 °C



Fig. 1. DSC thermograms of liposomes 10 mg/mL. Differential scanning calorimetry
thermograms were registered using a Nano-DSC II calorimeter, and processed in Excess
heat capacity, Cp (kcal/K mol) as function of temperature (°C) of liposomes constituted
by DPPC and cholesterol in different mol% proportion. The exothermic flow values are
normalized and are multiplied by a factor of 1.7 (*), 3 (**) or 4 (***) where indicated, in
order for small exothermic peaks to be visible. Inset: phase diagram representing the
initial (Ti) and final (Tf) temperature of phase transition. With increasing cholesterol
concentration there is a greater range where both phases coexist: gel phase (Lβ′) and
liquid-crystalline phase (Lα).
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during 1 h and the sample was centrifuged at 150,000×g for 20 min.
The pellet was resuspended in 50 mmol/L Tris–HCl buffer, pH 7.5,
containing 2 mmol/L MgCl2, to the original volume. Alkaline phospha-
tase activity of the supernatant and the resuspended pellet was assayed
and used to calculate the percent of protein incorporation [23].

2.9. Dynamic light scattering measurements

The determination of liposomes size distribution was performed
by dynamic light scattering, using a N5 Submicron Particle Size
Analyser (Beckman Coulter, Inc., Fullerton, CA, USA). Average value
(n=5) of the liposomes diameters was obtained at 25 °C by unimodal
distribution, previously filtered (0.8 μm).

2.10. Differential scanning calorimetry

Transition phase temperatures (Tc) of the LUVs membranes
prepared with different lipid compositions were studied by differen-
tial scanning calorimetry (DSC). All LUVs suspensions and reference
buffer employed in the experiment were previously degasified under
vacuum (140 mbar) during 15 min.

The samples were scanned from 10 °C to 90 °C at an average
heating rate of 0.5 °C/min and the recorded thermograms were
analyzed using a Nano-DSC II— Calorimetry Sciences Corporation, CSC
(Lindon, Utah, USA). A minimum of at least three heating and cooling
scans were performed for each analysis and all thermograms were
reproducible. In order to ensure homogeneity in the analysis of the
effect of the insertion of the enzyme and presence of cholesterol on
the lipid phase transitions, we have chosen the simplest baseline
correction to introduce the least amount of variability when
comparing thermograms from different sets of experiments.

2.11. Enzymatic release of alkaline phosphatase

Proteoliposomes harboring TNAP were incubated in 50 mmol/L
Tris–HCl buffer, pH7.5with specificphosphatidylinositol phospholipase
C (0.1 U of PIPLC from B. thuringiensis) for 1 h under constant rotary
shaking, at 37 °C. The incubationmixturewas centrifuged at 100,000×g
for 1 h, at 4 °C. The supernatantwas the sourceof enzymatically released
TNAP that was concentrated as previously described [13].

3. Results and discussion

3.1. Effect of cholesterol concentration in the thermotropic behavior of
DPPC-liposomes

Liposomes constituted by DPPC alone or by DPPC:cholesterol
mixtures, with increasing proportions of cholesterol (mol%), were
prepared by the extrusion method using a polycarbonate membrane of
100 nm. For the preparation of the liposomes, proportions of cholesterol
ranging from10 to36 mol%were used,with a tendency for separation of
cholesterol monohydrate microcrystals at higher cholesterol concen-
trations. A study showed that the maximum solubility of cholesterol in
bilayers of various saturated and monounsaturated phosphatidylcho-
lines was 67 mol%, as compared to only 51 mol% in phosphatidyleth-
anolamine bilayers [49]. Furthermore, microdomains with cholesterol
concentrations higher than 50% (molar ratio) are not detectable by
DSC [39].

The different liposomes preparationswere analyzed byDSC. As shown
on the thermograms of Fig. 1, there is a progressive broadening of the
transition peaks due to the cholesterol concentration increase in the
vesicular systems. These broadening occur due to a decrease of the phase
transition cooperativity caused by the presence of high concentrations of
this sterol. This behavior was also observed by Halling and Slotte [50]
when using cholesterol concentrations up to 25% (molar ratio).
Furthermore, at the concentration of 18 mol% of cholesterol, one can
observe a phase lateral segregation evidenced by a large shoulder to the
right of the main transition peak, which suggests the formation of
cholesterol-rich microdomains.

One of the major effects of cholesterol incorporation into phospho-
lipid monolayer and bilayer model membranes is a broadening and
eventual elimination of the cooperative gel-to-liquid-crystalline phase
transition and its replacementbyaphasewith an intermediate degree of
organization. Thus, in the liquid-crystalline phase, which would exist at
physiological temperatures in the absence of sterols in biological
membranes, the presence of cholesterol significantly increases the
orientational order of the phospholipid hydrocarbon chains and
decreases the cross-sectional area occupied by the phospholipid
molecules. In addition, the presence of cholesterol increases both the
thickness and the mechanical strength while decreasing the perme-
ability of the phospholipid bilayer in the physiologically relevant liquid-
crystalline phase [51].

The effects of increasing cholesterol concentrations on the thermo-
dynamic parameters of the liposomes are shown in Fig. 2,where one can
observe an increase in the average diameter of the liposomes
constitutedbyDPPC:cholesterol (Fig. 2A),whencompared toDPPC-only
vesicles. It is important to note that lowpolydispersion index (PI) values
were obtained for all liposome preparation indicating that the samples
were homogeneous. An increase in the transition temperature of the
liposomes with increasing cholesterol concentrations is observed in
Fig. 2B. Addition of cholesterol causes an increase in the area occupied
per molecule in monolayers in gel phase, thus increasing lipid/lipid
interactions, which results in the increase of the transition temperature
of the binary system. Furthermore, DPPC has a cylindrical geometry and,
due to its curvature radius, DPPC-liposomes present a spherical
vesicular shape. This shape is appropriate for cholesterol insertion in
the spaces between DPPC molecules, since cholesterol has a conical
geometry. We observed a decrease of the enthalpy values with
increasing cholesterol concentrations in the liposomes (Fig. 2C),
suggesting that cholesterol makes the lipid systems more fluid [50].

Other effects of cholesterol are: increase of the area occupied per
molecule in monolayers in gel phase and the inverse effect for the fluid
phase; decrease of the orientational order of the phospholipid
hydrocarbon chains in gel phase (increase in the number of gauche
conformations) and the inverse effect for the fluid phase; increase of the



Fig. 2. Effect of cholesterol (Chol) concentration in the thermodynamic parameters of
DPPC-liposome: (A) vesicle diameters; (B) transition temperature (Tc); (C) enthalpy
variation (ΔH) and (D) cooperativity (Δt1/2).
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passivepermeability of the phospholipid bilayer in thegel phase and the
inverse effect for the fluid phase. It is clear that these effects are
correlated with the thermotropic changes described above [52].

When the cholesterol concentration was restricted to 10 mol%, we
observed a slight increase in the cooperativity of the phase transition,
shown as a decrease in Δt1/2 values, from 1.81 °C to 1.48 °C (Fig. 2D),
suggesting that, in low concentrations, cholesterol is able to stabilize the
vesicles due to its conical geometry that is appropriate for its interaction
with lipid bilayers. For concentrations above 10 mol%, Δt1/2 values
Fig. 3. DSC thermograms of proteoliposomes 10 mg/mL. Differential scanning calorimetry
thermograms were registered using a Nano-DSC II calorimeter, and processed in Excess
heat capacity, Cp (kcal/K mol) as function of temperature (°C) of liposomes constituted by
DPPC and cholesterol in different mol% proportion. The exothermic flow values are
normalized and are multiplied by a factor of 5 (*) where indicated, in order for small
exothermic peaks to be visible. Inset: phase diagram representing the initial (Ti) and final
(Tf) temperature of phase transition. With increasing cholesterol concentration and the
presence of the enzyme there is a greater rangewhere both phases coexist: gel phase (Lβ′)
and liquid-crystalline phase (Lα).
increased significantly, pointing to a decrease in the cooperativity of the
phase transition with the increase of the sterol concentration in the
vesicular systems.

The gradual proportional increase of cholesterol in liposomes
results in broadening of the phase transition peak and the formation
of microdomains [39].

3.2. Effect of cholesterol concentration in the thermotropic behavior of
DPPC-proteoliposomes

The thermotropic behavior of TNAP proteoliposomes systems (Fig. 3)
is similar to that of liposomesalone (Fig. 1), showing similar broadeningof
phase transitions with the increase in the cholesterol concentration.
However, the presence of the enzyme in the vesicular system causes
significant changes in the thermodynamic behavior of the systems. We
also studied the influence of cholesterol on the incorporation of TNAP into
the liposomes, as shown in Fig. 4. In the absence of cholesterol, we
observed an incorporation of 85% of enzyme activity for DPPC-liposomes.
With the increaseoncholesterol concentration in thevesicles (Fig. 4A),we
observed a negative effect on the incorporation of the enzyme activity;
incorporation reached only 42% of the added enzyme when a lipid
composition of 36 mol% of Chol was used.

Furthermore, we observed an increase in the average of the diameter
(Fig. 4B), an increase in TC (Fig. 4C) similar to that found for the liposomes
system, a strong decrease inΔHvalues (Fig. 4D) and a significant increase
in Δt1/2 values (Fig. 4E) with increasing cholesterol concentrations
(Fig. 4A).
Fig. 4. Effect of the TNAP incorporation in the thermodynamic parameters of DPPC-
proteoliposomes in: (A) concentration cholesterol (mol%); (B) diameter (nm); (C) transition
temperature (Tc); (D) enthalpy variation (ΔH) and (E) cooperativity (Δt1/2). 0% cholesterol
corresponds toDPPC-proteoliposomesprepared in theabsenceof cholesterol. For this system,
an enzyme incorporationof 85%wasobserved. The amount of TNAPcorresponding to 100% is
0.02 mg/mL.



Fig. 5. Effect of DPPC-proteoliposome diameter in the thermodynamic parameters:
(A) transition temperature (Tc); (B) enthalpy variation (ΔH); (C) cooperativity (Δt1/2)
and (D) percentage of alkaline phosphatase incorporation.

Table 1
Thermodynamic parameters of DPPC (10 mg/mL) liposomes and proteoliposomes
containing TNAP after PIPLC treatment.

Vesicles PIPLC treatment ΔH (Kcal mol−1) Tc (°C) Δt1/2 (°C)

Liposome – 7.63±0.4 41.5±1.5 1.81±0.1
Proteoliposome No 2.42±0.1 41.3±1.0 2.21±0.1

Yes 1.88±0.2 41.3±0.9 1.88±0.2
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It is important to note that the presence of TNAP causes extensive
changes in the absolute values of the thermodynamic parameters of the
proteoliposomes compared to the respective liposomes. Comparison of
the values obtained in Figs. 2 and 4 for the DPPC-only vesicular systems
(liposome and proteoliposome, respectively) indicates a considerable
reduction in ΔH values (from 7.63 to 2.05 kcal mol−1) and an increase in
Δt1/2 values (from 1.81 to 2.00 °C). These data show that the presence of
the enzyme makes the phase transitions of the vesicular systems less
cooperative. A decrease inΔH values and an increase inΔt1/2 values were
seen upon increasing the cholesterol concentrations, and these effects
were even more pronounced in the presence of TNAP. Thus, enzyme
incorporation influences cooperativity and induces further changes in Tc
and calorimetric enthalpy by affecting lipid–lipid interactions.

The incorporation of TNAP into the liposomes caused an increase in
the average diameter of the vesicles (Fig. 4B). To verify if this change in
the average diameters of the vesicles might influence the incorporation
of GPI-anchored TNAP into the liposomes, we carried out experiments
where the diameter of DPPC-only vesicles was varied. The different
sized proteoliposomes were analyzed by DSC and, as shown in Fig. 5,
present the same thermodynamic profile when compared to the
liposomes. We observed a small decrease (about 15%) in the
incorporation of the enzyme activity with the increase of the diameter
of the vesicles formed (Fig. 5D), probably related to the increase in the
packing of the system, resulting in the increase of ΔH (reduction of the
area occupied by each lipid), suggested by a more cooperative phase
transition (reduction in Δt1/2, see Fig. 5C). Thus, it is evident that the
increase of vesicles size, caused by the gradual increase in the
cholesterol concentration in the liposome systems, results in a slight
effect in the incorporation of the enzyme, only partly explaining the
reduction in TNAP incorporation. This reduction is attributed mainly to
the presence of cholesterol in the DPPC vesicles, which results in a
reduction in ΔH values and broadening of the phase transition peak,
although with higher steric hindrance and mechanic strength for GPI
insertion, resulting in the reduction of enzyme incorporation (Fig. 4).

Furthermore, membrane features, such as curvature and lipid
composition, can affect enzymatic activity in different ways, depending
on the substrate used [48,53]. Sesana et al. [53], using cosolubilization
method in the formation of proteoliposomes harboring human placental
alkaline phosphatase, demonstrated a strong inverse correlation between
activity and palmitoyloleoylphosphatidylcholine (POPC)-liposome diam-
eter. The activity-membrane curvature relationship was further
confirmed by comparing the activity of proteoliposomes having different
sizes but identical lipid compositions [53].
3.3. Thermotropic behavior of DPPC-proteoliposomes after treatment
with PIPLC

So far we have shown that the insertion of the enzyme in the
liposome increases its fluidity, however it is not clear what provokes
this sharp decrease in ΔH's values and increase in ΔT1/2 values; if it is
the presence of the enzyme or simply the insertion of its anchor into
the vesicular system. Basically, the GPI anchor is covalently bonded to
the C-terminal portion of the protein and consists of a glycan chain
linked to a phosphatidylinositol with two acyl chains anchored into
the bilayer [28,30,32,54].

In order to examine this issue, the DPPC constituted proteoliposomes
were incubatedwith PIPLC fromB. thuringiensis,which cleaves specifically
GPI anchors, allowing a selective release of the TNAP protein chain to the
solution [13,23]. This treatment results in vesicular systemswhere theGPI
anchor remains inserted. The three distinct DPPC constituted systems
(liposome, proteoliposome and vesicles containing the inserted GPI
anchor) were analyzed by DSC. Table 1 shows a pronounced decrease in
ΔH value when liposomes systems (7.63 Kcal mol−1) are compared with
the proteoliposomes (2.42 Kcal mol−1). However, the ΔH value was not
significantly changed after treatment of the proteoliposomes with PIPLC
(1.88 Kcal mol−1).

Hence we conclude that the intense decrease observed for ΔH value
of proteoliposomes when compared to liposomes is related mainly to
the GPI anchor insertion. The presence of the TNAP polypeptide chain
does not have a significant effect on the ΔH. The formation of
microdomainsmay facilitate the clustering of enzymes and transporters
known to be functional in MVs during endochondral ossification.
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