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A B S T R A C T Skeletal and dental mineralization relies on a precisely regulated sequence of events culminating in apatite 
deposition onto collagen fibrils. Matrix vesicles (MVs), extracellular vesicles released by mineralization- 
competent cells, play a pivotal role in this process through the catalytic activity of alkaline phosphatase 
(TNAP). The lipid composition of MVs, particularly phosphatidylserine (PS)-calcium complexes, facilitates the 
nucleation of amorphous calcium phosphate and apatite formation. However, the interplay between the TNAP 
structure, the lipid membrane environment, and its enzymatic activity remains incompletely understood.

Biomimetic models of MVs, as proteoliposomes made with dipalmitoylphosphatidylcholine (DPPC) and 
various TNAP mutants, were used to investigate the TNAP’s activity and mineralization potential. Molecular 
docking and site-directed mutagenesis revealed that specific cysteine substitutions near TNAP’s catalytic and 
anchoring sites influence structural stability, enzymatic activity, and incorporation into lipid bilayers. Notably, 
TNAP mutants S221C and P307C exhibited enhanced catalytic efficiency in DPPC liposomes, while A420C 
showed reduced activity due to steric hindrance near the catalytic site. Solid-state NMR and cryo-TEM analyses 
confirmed hydroxyapatite formation, with significant contributions from lipid-anchored TNAP to the minerali
zation process.

These findings highlight the critical influence of the lipid environment on TNAP’s functional properties and 
provide insights into the mechanisms governing biomineralization and related pathologies, including hypo
phosphatasia associated with various TNAP mutations. The study underscores the importance of ATP and py
rophosphate hydrolysis by TNAP in modulating apatite formation and reveals the role of specific TNAP mutations 
in regulating enzymatic activity, stability, and mineral propagation. Understanding these interactions could lead 
to alternate therapeutic strategies in treatment and regenerative medicine.

1. Introduction
Skeletal and dental mineralization involves a precisely controlled

series of steps that lead to the organized deposition of calcium and 
phosphate ions onto collagen fibrils, forming mineral aggregates of ap
atites (Ca10-x(HPO4)v(CO3)w(PO4)6-x(OH)2-x with x = v + w, sometimes 

OH is replaced by Cl− or F− ). Although the exact mechanism by which 
the mineral formation occurs remains unknown, matrix vesicles (MVs), a 
class of matrix-bound extracellular vesicles, are released by 
mineralization-competent cells like chondrocytes and osteoblasts [1–4]. 
The MV membrane is enriched in phospholipids, sphingomyelin (SM), 
and cholesterol (Chol), which closely resemble the compositions of lipid 
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methods) for comprehensive molecular docking investigations in 
membrane models. We purposely targeted mutants containing modifi
cations near the membrane anchoring site and near the catalytic sites to 
gain insights into the mineralization mechanism of TNAP, and we used 
31P solid-state nuclear magnetic resonance (ssNMR) to characterize the 
final calcium phosphate phases resulting from the post-substrate hy
drolysis step. This study explores the connection between enzymatic 
mutations and disease, focusing on mutations near the catalytic site, 
which have been the subject of ongoing debate [33] due to their po
tential impact on enzyme kinetics. Our findings provide insights into 
mineralization mechanisms by incorporating enzymes into membrane 
vesicles that closely mimic the biological environment. This approach 
enhances the understanding of enzymatic mutations and their role in 
disease pathology.

2. Materials and methods

2.1. Materials

All aqueous solutions were prepared using Millipore DirectQ ultra- 
pure water. 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), dexa
methasone, β-glycerophosphate, polyoxyethylene-9-lauryl ether (poli
docanol), dipalmitoylphosphatidylcholine (DPPC), were obtained from
Sigma Chemical Co. (St Louis, MO, USA); sodium chloride and magne
sium chloride were obtained from Merck (São Paulo, SP, Brazil). 75 cm2 

plastic culture flasks were obtained from Corning (Cambridge, MA,
USA). α-MEM, fetal bovine serum, ascorbic acid, gentamicin, and fun
gizone were obtained from Gibco-Life Technologies (Grand Island, NY,
USA). Analytical-grade reagents were used without further purification.

2.2. Site-directed TNAP mutations

The TNAP-encoding pCMV-Script plasmid was previously reported 
by Millan et al. [16,32,34]. To study the molecular docking mechanisms 
of TNAP in membrane models [35], five distinct regions of the enzyme 
that could provide information on molecular interactions with the 
membrane were chosen based on the PLAP 3D structure (PDB: 1EW2) 
(Fig. 1). Cysteine (Cys) mutations were selected based on the unique 
ability of this residue to form disulfide bonds, enabling structural in
vestigations of the protein using techniques such as electron para
magnetic resonance and chemical accessibility assays. The choice of 
sites to be mutated was based primarily on their proximity to the 
membrane anchoring region (Pro 307 → Cys), allowing the evaluation of 
the molecular docking mechanism. In addition, two other mutations in 
regions close to the membrane but far from the GPI anchoring motif (Pro 
263 → Cys and Pro 244 → Cys) were also chosen. Finally, two other 
regions were selected: one in the intermediacy (Ser 221 → Cys) and 
another at the opposite end of the anchoring motif (Ala 420 → Cys) 
located in the crown domain. The oligonucleotides (primers) to change 
the codon sequence that encodes the target residue were designed 
following the instructions recommended in the Quikchange manual and 
with attention to the following requirements: the primers should have a 
length between 25 and 45 bases, a melting temperature equal to or 
greater than 78 ◦C, and the mutation should be in the central portion 
(Fig. 1).

The amplification was performed by polymerase chain reaction 
(PCR) using a high-fidelity polymerase KAPA HiFi (KapaBiosystems, 
Boston, USA). The reaction was prepared using 5 μL of KAPA buffer (5×
concentrated), 0.75 μL of dNTP (10 mM stock solution), 1.25 μL of 
forward primer (100 ng.μL− 1 stock solution), 1.25 μL of reverse primer 
(100 ng.μL− 1 stock solution), 1 μL of template DNA (1–100 ng of DNA), 
0.5 μL of KAPA DNA polymerase (1 U/μL), resulting in a final reaction 
volume of 15.25 μL. At the end of the PCR, 0.5 μL of Dpn I enzyme (10 U/ 

rafts found in parent cell plasma membranes [5,6]. Specifically, the MV 
membrane contains about 36 % phosphatidylethanolamine (PE), 26.5 % 
phosphatidylcholine (PC), 3.5 % phosphatidic acid (PA), 7 % phospha-
tidylinositol (PI), and 16.5 % phosphatidylserine (PS) [7]. The proteome 
of MVs reveals enrichment in phosphatases and phosphodiesterases like 
tissue non-specific alkaline phosphatase (TNAP) and ectonucleotide 
pyrophosphatase/phosphodiesterase (ENPP1), which supports the role 
of these vesicles in regulating the phosphate (Pi) to pyrophosphate (PPi) 
molar ratio during mineralization [8].

One of the critical characteristics of MVs is the presence of a nucle-
ation core in their lumen [8]. The nucleation core consists of a complex 
formed between amorphous calcium phosphate (ACP) and phosphati-
dylserine (PS), yielding PS-Ca2+ complexes. Amorphous calcium phos-
phate and lipid-calcium-phosphate complexes (PS-CPLX) containing Pi 
can generate minerals after incubation with synthetic cartilage lymph 
(SCL) [8,9]. Although PS-CPLXs containing Pi can induce apatite for-
mation in vivo, many factors seem to regulate its production [10]. PS- 
CPLXs are present at the early stages in calcifying tissues, including 
cartilage [11], bone [12], and MVs [13–15].

Mammalian alkaline phosphatases are ectoenzymes anchored to the 
plasma membrane by a glycosylphosphatidylinositol (GPI) anchor [16]. 
This GPI motif results from a post-translational modification involving 
an amino transfer reaction where 29 hydrophobic amino acid residues 
from the C-terminal are removed, and the GPI anchor is transferred to 
the Asp484 residue of the new C-terminus of the alkaline phosphatase 
molecule [17]. There is still a lack of information about the influence of 
the lipid composition of the membranes on the behavior and activity of 
GPI-anchored proteins. In 1980, Brasitus and Schanchter found that the 
biophysical properties of the membrane directly affected the activity of 
the enzyme 5′- nucleotidase [18]. Subsequent experiments using dif-
ferential scanning calorimetry (DSC) and polarized fluorescence showed 
a considerable difference in the structural organization of liposomes in 
the presence of the enzyme [19] and that its catalytic activity was clearly 
affected by the physical state of the membrane.

It is well-known that the function of a protein/enzyme depends on its 
conformation, which in turn is impacted by its direct surroundings (i.e., 
in solution versus entrapped or under confinement) [20,21]. The cata-
lytic properties of TNAP are indeed dependent on the immediate 
microenvironment (while on the lipidic membrane or in a soluble form) 
[22]. Different states of the enzyme (membrane-bound, solubilized with 
detergent, or solubilized using phospholipase) show specificities for 
various substrates, suggesting that the kinetic properties of the enzyme 
are significantly affected by the presence of the GPI anchor and/or other 
membrane components [23,24]. Garcia et al. [25] reported that GPI- 
anchored TNAP can give rise to long-reaching modifications that 
could influence membrane processes halfway through the lipid bilayer. 
It was concluded that TNAP was probably close to the membrane surface 
and that this proximity may be related to the modulation of catalytic 
activity by lipid composition, as previously reported [23,26]. Several 
strategies have been described to produce MV-mimicking proteolipo-
somes [23,25,27–31]. We previously reported on the use of TNAP- 
containing proteoliposomes made of either pure dipalmitoylphosphati-
dylcholine (DPPC) or DPPC mixed with cholesterol (Chol), sphingo-
myelin (SM) or both, as MV biomimetic systems to evaluate how the 
lipid composition and related membrane’s physical properties, modu-
late TNAP incorporation and its catalytic activity. [23,31] Furthermore, 
incorporating an osteoblast-specific expression model for human TNAP 
has provided new insights into the enzyme’s glycosylation patterns. 
Glycomic and glycoproteomic analyses revealed that the five N-glycan 
sites (N140, N230, N271, N303, and N430) are fully occupied by 
complex-type N-glycans, with core fucosylation predominantly present 
at all sites except N271. This detailed characterization enriches our 
understanding of TNAP’s structural-functional relationship and its role 
in bone health. [32]

The current study identified five distinct TNAP regions based on the 
available placental alkaline phosphatase 3D structure (see materials and 
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μL) and 4 μL of Dpn I buffer (5 x concentrated) were added to the re
action. The solution was incubated for 1 h at 37 ◦C. After digestion of the 
parental DNA, cells from the XL10-Gold E. coli strain (Stratagene, La 
Jolla, USA) made super-competent by calcium chloride were prepared 
for transformation by heat shock. To increase the transformation effi
ciency, 1 μL of β-mercaptoethanol was added to 25 μL of competent cells. 
This mixture was incubated on ice for 10 min, followed by adding 2 μL of 
Dpn I-treated mutated DNA. The heat shock transformation protocol was 
performed as described in the Quikchange manufacturer’s manual. The 
bacteria were plated on LB-agar medium in the presence of kanamycin 
and incubated for 16 h at 37 ◦C.

Five transforming colonies of each mutant were inoculated into LB 
medium and incubated for 16 h at 37 ◦C. Then, the DNAs were extracted 
and purified using the EndoFree Plasmid Maxi kit from Qiagen (Ger
mantown, USA), and the fidelity of the mutants was validated by 
sequencing. The sequencing analysis showed that all the chosen trans
forming colonies were positive, meaning that all site-directed mutations 
were successful. Once the sequence integrity of the TNAP mutants was 
confirmed, the CHO-K1 cells were cultured and subsequently transfected 
with the plasmids.

The heterologous expression of TNAP and its mutants was performed 
transiently immediately after cell transfection in a culture medium with 
10 % fetal bovine serum in a 144 cm2 Petri dish. After 24 h of cultured 
transfected cells in a CO2 incubator with a saturated atmosphere of 5 % 
at 37 ◦C, the culture medium was changed to Opti-MEM, and the 
expression of the proteins of interest occurred over 30 days of 
cultivation.

2.3. TNAP expression

CHO-K1 (Chinese hamster ovary, ATCC number CCL-61) cells were 
trypsinized, and 1.0 × 107 cells were suspended in 800 μL of HEPES- 
buffered saline containing 10 μg of plasmid of each human TNAP WT 
or mutant cDNA inserted in the pCMV-Script vector. The cell suspension 
was placed in an electroporation cuvette (4-mm distance) and electro
porated at 400 mV, 250 μF using Gene Pulser (Bio-Rad). After incubation 
in ice for 20 min, the electroporated cell suspension was diluted ~250 
times with growth medium (10 % fetal calf serum, Dulbecco’s modified 
Eagle’s medium) and seeded onto 15-cm dishes. Twenty-four hours 
later, the medium was replaced by the selection medium containing 800 
μg/mL G418, and the selection medium was renewed every third day. 
G418-resistant cells were harvested two weeks later to prepare mem
brane samples for TNAP [36].

2.4. Solubilization of wild-type human alkaline phosphatase and its 
mutants

Membrane-bound TNAP was prepared from cultured cells as 
described previously [37]. Briefly, CHO-K1 cells (ATCC CCL-61) were 
cultured in α-MEM with 10 % fetal bovine serum until confluence. After 
trypsinization, 1.0 × 107 cells were electroporated with 10 μg of human 
TNAP cDNA in the pCMV-Script vector using a Gene Pulser (Bio-Rad). 
Following incubation on ice and recovery in α-MEM, cells were selected 
with 0.8 mg/mL G418 for two weeks. G418-resistant cells were har
vested for TNAP membrane preparation, following established protocols 
[23,31]. The enzyme was solubilized with 1 % (v:v) polidocanol, 
centrifuged at 100,000 ×g, and concentrated using an Amicon system. 

Fig. 1. Model of the three-dimensional structure of the TNAP monomer constructed based on the crystallographic structure of PLAP (PDB: 1EW2). The regions 
chosen for site-directed mutations are colored to highlight the changes, indicating the position and residue selected for replacement by cysteine. The crown domain, 
an important TNAP region, is also indicated in the figure. The name of the mutants is related to the position of the mutation.
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preparations.

2.8. Biomineralization assays

The mineralization assay was performed as described by Genge et al. 
[9] and adapted by Simão et al. [26]. Briefly, the phosphatidylserine 
(PS) liposomes were prepared by drying 1.25 mg of the lipids in chlo-
roform under an N2 atmosphere to form a film at the bottom of a test 
tube. The film was dissolved in 2 mL of intracellular phosphate buffer 
(ICP) composed of 106.7 mM K +, 45.1 mM Na+, 1.5 mM Mg2+, 115.7 
mM Cl−  , 23.0 mM Pi, HCO−

3 10 mM, SO4
2−  1.5 mM and 3.1 mM N−

3 , pH 
7.2, and sonicated for 2 min at 25 ◦C to form small unilamellar liposomes 
(Concentration of phosphate was relatively high) Propagation of min-
eral formation was evaluated in the presence of a synthetic nucleation 
complex made of amorphous calcium phosphate (ACP) combined with 
PS (PS-CPLX). It was achieved by mixing 1 mL of the PS emulsion pre-
viously prepared with 17.5 μL of 100 mM CaCl2 and 1.6 mL of ICP buffer 
(final calcium concentration was 1,09 mM). This solution was homog-
enized and centrifuged for 5 min at 15000 ×g. The pellet was resus-
pended in 1 mL of 16.5 mM Tris-HCl buffer, pH 8, and sonicated for 30 s 
to form an emulsion. At the same time, the synthetic cartilage lymph 
buffer (SCL) was prepared containing: 2 mM Ca2+ and 1 mM ATP as a 
source of substrate, 104.5 mM Na+, Cl−  133.5 mM, sucrose 63.5 mM, 
16.5 mM Tris, 12.7 mM K+, 5.55 mM glucose, 1.83 mM HCO−

3 and 0.57 
mM Mg2+. Finally, the mineralization assays were performed in a final 
volume of 280 μL (in 96 well microplate) where the different liposomes/
proteoliposomes (14 μL) were incubated with 140 μL SCL buffer, 21 μL 
of PS-CPLX suspension, and 14 μL of 16.5 mM Tris-HCl buffer, pH 8 and 
homogenized for 10 s. The propagation of the mineral was measured by 
turbidity (absorbance at 340 nm) after 48 h of incubation at 37 ◦C using 
a Molecular Devices Microplate Reader M3 [23].

2.9. Cryogenic transmission electron microscopy (Cryo-TEM)

Images were captured using a LaB6 JEOL JEM 2100 cryo-microscope 
manufactured by JEOL in Japan, operating at 200 kV. The imaging was 
facilitated by an Ultrascan 1000 CCD camera, a 2 k × 2 k model man-
ufactured by Gatan in the USA. A JEOL low dose system, specifically the 
Minimum Dose System (MDS), was utilized to minimize irradiation both 
before imaging to protect the thin ice film and during image capture. 
The images were recorded at a temperature of 93 K [42].

2.10. Solid-state nuclear magnetic resonance

31P solid-state experiments were conducted on an Avance 300 Bruker 
spectrometer operating at ν(1H) = 300.13 MHz and ν(31P) = 121.5 MHz 
[43]. The samples were packed in 4 mm zirconia rotors and spun at 5 
kHz. 31P direct acquisition spectra were used for reference samples (pure 
ATP, pure DPPC, and pure hydroxyapatite) with a recycle delay (RD) of 
60 s and a 30◦ pulse. The number of scans (NS) was set to 80. The 1H → 
31P CP MAS NMR experiments were used for the other samples with RD 

= 2 s, a contact time (tCP) set at 1 ms, and NS = 2000–8000 scans, 
depending on the sample. The 2D 1H-31P HetCor spectra were recorded 
using the following parameters RD = 2 s; contact time tCP = 1 ms, NS =
32–80 for each 40–120 t1 increments depending on the sample. The 
chemical shifts were referenced to H3PO4 85 % wt for 31P (0 ppm). [44]

2.11. Transmission electron microscopy (TEM)

For TEM analysis, the samples (~1 mg) were dispersed in ethanol, 
and some drops were deposited on a lacey carbon film on a copper grid. 
We used a Philips CM200 FEG transmission electron microscopy, oper
ating at 200 kV, equipped with a field emission gun. Measurements were 
performed using AnalySIS software (Olympus Soft Imaging Solutions 
GmbH, Munster, Germany). Measurements of Wber size are reported as 
the average of direct measurements on each micrograph, and the error is 

Protein concentration was determined with SDS [38] and bovine serum 
albumin as a standard.

Circular dichroism (CD) was used to confirm the secondary structure 
content of all TNAP expression using a Jasco model J-815 CD Spec-
trometer (Tokyo, Japan) as previously described in [39].

2.5. Enzymatic activity measurements

p-Nitrophenylphosphate (p-NPP)ase activity was assayed discontin-
uously at 37 ◦C by following the liberation of p-nitrophenolate ion 
(pNP−  ) (ε1M, pH13 = 17,600 M−  1 cm−  1) 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 adding 
the enzyme and stopped with 0.5 mL of 1 M NaOH at appropriate time 
intervals [40]. Another quantification used was ATPase, and PPiase 
activities were assayed discontinuously by measuring the amount of Pi 
liberated according to a procedure described previously [41], adjusting 
the assay medium to a final volume of 0.5 mL. Standard assay conditions 
were 50 mM Tris buffer, pH 7.4, containing 2 mM MgCl2 and substrate. 
The reaction was initiated by adding the enzyme, and at appropriate 
intervals, it was halted by introducing 0.25 mL of cold 30 % trichloro-
acetic acid (TCA) [41]. All three independent determinations were 
carried out, and the initial velocities were constant, provided that less 
than 5 % of the substrate was hydrolyzed. Controls without added 
enzyme were included in each experiment to allow for the nonenzymatic 
hydrolysis of 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, as specified in the text. Maximum 
velocity (Vm), apparent dissociation constant (K0.5), and Hill coefficient 
(n) obtained from substrate hydrolysis were calculated as described 
previously [26]. Data were reported as the mean of three independent 
measurements of three different enzyme preparations.

2.6. Liposome and proteoliposome preparation

The lipid DPPC at the appropriate molar ratios (described below) was 
dissolved in chloroform and dried under 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 temper-
ature of the lipid, and vortexed for 10 min. Large unilamellar liposomes 
(LUVs) were prepared by submitting the suspension to extrusion 
(twenty-one times) through 100 nm polycarbonate membranes in a 
LiposoFast extrusion system (Liposofast, Sigma-Aldrich). LUVs were 
prepared and used on the same day. [24]

Membrane-bound TNAP (0.02 mg/mL of total protein) was solubi-
lized with 1 % polidocanol (wt%) (final concentration) for 1 h with 
constant stirring at 25 ◦C. 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 [24,36] and the suspension was 
mixed for 2 h at 4 ◦C. The supernatant is the source of detergent-free, 
solubilized enzyme. After detergent removal, this supernatant was 
used immediately to incorporate TNAP into liposomes to avoid protein 
aggregation. The protein concentrations present in the liposome were 
estimated as previously described [36].

2.7. Dynamic light scattering measurements

The determination of liposome and proteoliposome size distribution 
was performed by dynamic light scattering (DLS) as described elsewhere 
[23]. The hydrodynamic diameter of the vesicles dispersed in water was 
obtained at 25 ◦C by unimodal distribution. The samples were previ-
ously filtered (0.8 μm) before measurements. DLS measurements were 
performed throughout the use of the samples (7 days), and both diam-
eter and intensity varied less than 5 % when stored at 4 ◦C. Data were 
reported as the mean of five measurements from three different vesicle 
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The substitution of an amino acid to cysteine (S221C, P244C, P263C, 

P307C, A420C) maintained TNAP enzymatic activity, but significant 
differences were observed (Table 3). No signs of inactivation or aggre
gation in the presence of detergents or liposomes were observed, indi
cating its structural stability and compatibility with various 
environments. This highlights the suitability of these variants for 
membrane-mimetic systems and potential biotechnological applica
tions, where protein stability in amphipathic environments is critical.

3.2. Incorporation of TNAP into membrane models

WT TNAP and TNAP mutants were reconstituted in lipid bilayers to 
investigate their biochemical properties in a more physiological micro
environment. Phosphatidylcholine is commonly used to reconstitute 
alkaline phosphatases in liposomes [23]. Moreover, phosphatidylcho
line is often selected to investigate the properties of biomembrane 
models due to their ease of preparation and vesicular stability [49]. 
Incorporating the protein in liposomes composed by DPPC was carried 
out using protein-to-lipid molar ratios already standardized in the 
literature [23]. The formation of the proteoliposomes was followed by 
DLS (Table 2). As previously shown, no significant changes in the mean 
hydrodynamic diameter are observed after incorporating WT TNAP or 
mutants into the bilayers [23]. The values are consistent with previously 
reported data in the literature for proteoliposomes prepared using WT 
TNAP, which generally present diameters from 138 to 164 nm. Poly
dispersion values lower than <0.2 stand for narrow size distributions. 
The Proteoliposomes with the mutants exhibit higher negative zeta 
potential values than the native enzyme. The fact that the values are 
similar to those found for the enzymes in solution (Table 1) supports the 
presence of the enzyme at the outer layers of the liposomes inserted by 
the GPI anchor [47,50]. This finding supports proper orientation and 
anchoring of the protein on the liposomal surface, which is essential for 
functional accessibility of the catalytic site in membrane environments.

In addition, we observe that, regardless of the position of the 
substituted cysteine, the amounts of protein incorporated into the 
liposome are similar; the values of protein concentration are around 
0.138–0.153 μg/mL, corresponding to the incorporation of about 
78.2–86.8 of the total protein in solution. Similar values were also 
noticed for the incorporation of WT TNAP [23,27]. These consistent 
incorporation levels suggest that the introduced mutations do not impair 
membrane association or insertion via the GPI anchor, reaffirming their 
structural compatibility with lipid bilayers.

Table 1 
Amount of protein expressed and zeta potential of the protein solutions (pH: 
7.5).

Enzyme name Protein (mg/mL) Zeta potential (mV) Vmax (U/mg)

TNAP S221C 0.189 ± 0.007 − 12.5 ± 1.9 480.2 ± 13.2
TNAP P244C 0.198 ± 0.006 − 9.6 ± 1.6 429.6 ± 11.6
TNAP P263C 0.179 ± 0.009 − 11.2 ± 1.9 389.7 ± 18.3
TNAP P307C 0.196 ± 0.008 − 18.7 ± 1.2 281.8 ± 14.6
TNAP A420C 0.189 ± 0.009 − 18.6 ± 1.4 486.5 ± 19.6
TNAP wild-type 0.196 ± 0.009 − 3.1 ± 1.1 316.7 ± 15.1

Table 2 
TNAP and its mutants’ incorporation and average diameter of proteoliposomes. 
Polydispersity values below 0.2 were achieved for both liposomes and proteo
liposomes. The data presents the average diameter ± nm derived from triplicates 
of five distinct preparations. Additionally, it includes the zeta potential of Pro
teoliposomes at pH 7.4, the quantity of protein integrated into the Proteolipo
somes, and the percentage of incorporation relative to the protein amount added 
to the precursor solution.

Proteoliposome Diameter 
(nm)

Zeta 
potential 
(mV)

Protein (μg/ 
mL)

Incorporation 
(%)

DPPC:TNAP 
wild typea

164 ± 10 − 8.1 ± 1.9 0.149 ± 0.001 84.8

DPPC:TNAP 
S221C

157 ± 17 − 14.5 ± 2.8 0.139 ± 0.005 78.7

DPPC:TNAP 
P244C

148 ± 14 − 16.6 ± 3.6 0.144 ± 0.006 81.6

DPPC:TNAP 
P263C

150 ± 16 − 14.2 ± 2.6 0.153 ± 0.002 86.7

DPPC:TNAP 
P307C

138 ± 13 − 17.7 ± 2.7 0.148 ± 0.003 83.8

DPPC:TNAP 
A420C

150 ± 17 − 16.6 ± 2.4 0.138 ± 0.004 78.2

a Data from reference [23].

given as the standard deviation. For measurements of Wber cross- 
sections that were slightly spherical, the shorter diameter was taken to 
minimize errors introduced by Wbers that were not directly perpen-
dicular to the section. For measurements of average inter-Wber spacing, 
Fast Fourier Transforms of square portions of micrographs with rela-
tively uniformly oriented parallel Wbers were calculated in AnalySIS. 
The intensity proWles were exported and plotted in Microsoft Origin, 
where the distance between the two peaks corresponding to the spots on 
the FFT was used to calculate the real space average center-to-center 
distance between Wbers. Peak positions were hand-picked due to the 
noisiness of the plots [42,45].

3. Results and discussion

3.1. Heterologous TNAP expression and activity assays

The Far-UV CD spectra indicate that both the WT and mutant TNAPs 
maintain a similar α-helix-rich secondary structure [46], aligning with 
the structural profiles typically observed in the majority of alkaline 
phosphatases documented in the Protein Data Bank [25,46]. This pres-
ervation of secondary structure suggests that the cysteine substitutions 
introduced in the mutants do not disrupt global protein folding or sta-
bility, an essential requirement for maintaining enzymatic functionality 
(Fig. S1).

The activity assay results show a variation in the protein concen-
tration range between 0.179 and 0.196 mg/mL. The specific phospho-
monohydrolase activity obtained for WT TNAP was around 600 U.mg−  1 

for the membrane fraction (Table 1). These values are within the ex-
pected range, considering both the supernatant and the membrane 
fraction obtained after ultracentrifugation at 100,000 g [23].

The membrane fractions corresponding to the recombinant cells 
exhibit specific activities in the range of 200 to 500 U.mg−  1. The highest 
values for specific phosphomonoesterase activity are observed for TNAP 
A420C (486.477 U.mg−  1) and TNAP S221C (480.18 U.mg−  1). It is worth 
noting that all the mutant enzymes were solubilized in polidocanol. 
According to Simao et al. [36], solubilized human WT TNAP has an 
enzymatic activity of approximately ~700 U.mg−  1. The comparable 
activity observed in the cysteine-substituted mutants indicates that their 
catalytic cores remain functional and structurally intact, even following 
detergent-mediated solubilization, underscoring their robustness for 
downstream structural or functional analyses (Fig. S1).

Another important aspect to be considered when working with a 
protein in solution is its stability and aggregation. The zeta potential of 
proteins helps predict aggregation. Zeta potentials higher than ±30 mV 
stand for stable colloidal dispersions [47,48]. Table 1 shows the zeta 
potential of WT TNAP and the mutants in Tris-HCl buffer (50 mM, pH 
7.5) containing MgCl2 (2 mM). All the samples present a negative zeta 
potential, while larger negative values in the zeta potential modulus for 
TNAP mutants are observed compared to the wild-type enzyme. This 
increase in negative surface charge may reflect enhanced electrostatic 
repulsion among particles, which can mitigate aggregation and 
contribute to colloidal stability in solution. Additionally, there are no 
changes in zeta potential for each mutant and wild type in the presence 
of the lipids (Table 2) or in their absence (Table 1).

5 



3.3. Kinetic characterizations of TNAP mutants

The importance of pyrophosphate and ATP hydrolysis by TNAP in 
cartilage mineralization and bone formation has been reported [51,52]. 
The PPiase and ATPase activities of TNAP decrease the pyrophosphate 
mineralization inhibitor while a continuous supply of 1–2 mM phos
phate from extracellular medium supports mineral nucleation and 
propagation, thus maintaining a Pi/PPi ratio which is of importance for 
regulating the mineralization process [36,53,54]. The kinetic curves 
obtained from the hydrolysis of ATP by TNAP mutants in solution are 
depicted in Fig. 2A. Data for WT TNAP in DPPC Proteoliposomes (Vm =
910 U/mg, K₀.₅ = 3.2 mM, n = 3.4, kcat/K₀.₅ = 5.7 × 102 M− 1 s− 1) was 
published by Favarin [55]. The K0.5 values for TNAP mutants are be
tween 0.48 and 0.63 mM, with no significant changes among them. 
TNAP S221C shows positive cooperativity with an n value of 1.5. The 
highest Vmax values are found for TNAP A420C and TNAP S221C with 
486.5 U/mg and 480.18 U/mg, respectively, compared to TNAP P244C, 
TNAP P263C, and TNAP P307C, which have Vmax values of 429.59, 
389.71, and 281.78 U/mg respectively (Table 3). These kinetic differ
ences imply that although global structure is conserved, localized effects 
from cysteine substitution can influence catalytic turnover potentially 
via changes in active-site geometry or local flexibility.

The influence of reconstitution into DPPC bilayers on the enzymatic 
properties of TNAP mutants was evaluated using ATP as a substrate 
under saturating conditions (Fig. 2B). All variants retained Michae
lis–Menten-like kinetics, suggesting proper folding and functional 
incorporation into the lipid environment. Compared to WT TNAP in 
DPPC proteoliposomes (K₀.₅ = 1.34 mM), the S221C and P307C mutants 
exhibited slightly lower K₀.₅ values (0.73 and 0.85 mM, respectively), 
indicative of increased substrate affinity in the membrane context. Hill 
coefficients (n) ranged between 0.98 and 1.22 across all variants, 
pointing to negligible changes in cooperative behavior (Table 3).

Regarding catalytic output, Vₘₐₓ values increased slightly upon 
reconstitution for all constructs. The catalytic efficiency (kₐₜ/Kₘ) of WT 
TNAP decreased modestly from 1020 to 910 M− 1⋅s− 1 in DPPC, while 
P307C exhibited a ~ 2-fold increase in efficiency (from 1200 to 2300 
M− 1⋅s− 1) [23], suggesting that this mutation may enhance performance 
specifically in the membrane environment. Interestingly, although the 
absolute efficiency of the A420C mutant remained lower than other 
variants (1000 M− 1⋅s− 1), it surpassed WT TNAP in the DPPC context, 
contrary to what was observed in solution.

Taken together, these data suggest that reconstitution into DPPC 
proteoliposomes does not compromise catalytic function and that spe
cific cysteine substitutions may subtly modulate enzyme–substrate in
teractions or conformational dynamics within the bilayer. The 
membrane environment appears to differentially affect each variant, 
underscoring the relevance of lipid–protein interactions in determining 
TNAP functionality.

3.4. Propagation of biomineralization

The ability of Proteoliposomes containing WT TNAP or mutants to 
propagate mineralization was investigated either in the presence of 

amorphous phosphate (ACP) or phosphatidylserine-based calcium 
phosphate complex (PS-CPLX) as nucleators. This protocol differs from 
others described in the literature [57] as inorganic phosphate (Pi) is not 
externally supplied; instead, the Pi required for mineral formation is 
released from ATP hydrolysis catalyzed by TNAP embedded in the 
membrane [27,50]. This experimental design provides a more bio
mimetic and controlled environment for evaluating TNAP-mediated 
mineralization, enabling a direct comparison of how specific structural 
mutations influence both enzymatic activity and the subsequent nucle
ation and propagation of hydroxyapatite-like minerals. The ATP con
centration used in these assays was optimized based on the kinetic 
parameters presented in Fig. 2, ensuring substrate saturation. This type 
of methodological approach has been previously described in the liter
ature for studying enzyme-mediated mineralization under near- 
physiological conditions. The mineral formation was first investigated 
for 48 h following the increase in turbidity of free TNAP solutions (i.e., 
without lipids) containing ATP at 37 ◦C (Fig. 3). TNAP P244C mutant 
shows a higher absorbance, which reflected increasing turbidity due to 
mineral aggregate formation. For S221C, P307C, and A420C mutants, 
we observe maximum absorbance values of 1.82, 1.19, and 1.03, 
respectively, while the P263C mutant showed the lowest value (0.43), 
indicating reduced mineral propagation. The lowest absorbance value is 
observed for TNAP P263C (0.43). For DPPC proteoliposomes, the lowest 
absorbance is found for the TNAP P307C mutant. The maximum 
turbidity values are similar for the other mutants (S221C, P263C, and 
A420C), i.e., 0.89, 0.94, and 1.09, respectively. The highest mineral 
propagation is found for the TNAP P244C mutant, which is similar to the 
data obtained in the solution, followed by the TNAP A420C.

When the same mutants were incorporated into DPPC proteolipo
somes and incubated with ATP, the trend in turbidity generally paral
leled the data obtained in solution. The P244C mutant again showed the 
highest turbidity, followed by A420C, S221C, and P263C, with absor
bance values of 1.09, 0.89, and 0.94, respectively. The P307C mutant 
exhibited the lowest turbidity among the liposomal samples. These re
sults indicate that both membrane anchoring and protein conformation 
modulated by the lipid environment may influence the biomineraliza
tion process.

Interestingly, while some mutants (e.g., A420C and P263C) display 
moderate turbidity in liposomes despite lower turbidity in solution, this 
suggests that the lipid matrix may partially compensate for the struc
tural effects of certain mutations, highlighting the cooperative role be
tween enzyme structure and membrane context. Furthermore, the 
agreement between the turbidity data for P244C in both systems re
inforces the observation that this mutant is highly effective at promoting 
mineralization, potentially due to enhanced ATP hydrolysis and efficient 
nucleation, as supported by the solid-state NMR data described in Sec
tion 3.5.

The differences observed in the mineralization efficiency of various 
mutants in the presence of different phospholipids emphasize the sig
nificance of the membrane environment in modulating biomineraliza
tion processes. Together with the NMR results, these findings suggest 
that mutations such as P244C not only preserve the ability to hydrolyze 
ATP but also enhance the mineral nucleation process, while others, 

Enzyme/proteoliposome Kinetic parameters Wild-typea S221C P244C P263C P307C A420C

TNAP solubilized Vmax (U/mg) 316.7 ± 15.2a 480.2 ± 13.2 429.6 ± 11.6 389.7 ± 18.3 281.8 ± 14.6 486.5 ± 19.6
k0.5 (mM) 0.69 ± 0.01a 0.48 ± 0.05 0.63 ± 0.07 0.49 ± 0.09 0.53 ± 0.03 0.56 ± 0.07
n 1.4 ± 0.2a 1.5 ± 0.1 0.9 ± 0.2 1.0 ± 0.2 1.1 ± 0.1 0.8 ± 0.2
kcat/K0.5 (M− 1⋅s− 1) 9.2 × 102a 2.00 × 103 1.40 × 103 1.55 × 103 1.10 × 103 1.02 × 103

DPPC-TNAP Vmax (U/mg) 910.0 ± 10.6a 1020.9 ± 13.5 914.1 ± 15.2 839.2 ± 13.6 839.3 ± 17.4 614.4 ± 16.6
k0.5 (mM) 3.18 ± 0.02a 0.84 ± 0.06 1.08 ± 0.08 1.07 ± 0.07 0.73 ± 0.03 1.34 ± 0.05
n 3.42 ± 0.1a 1.1 ± 0.2 1.1 ± 0.8 1.2 ± 0.6 1.0 ± 0.4 0.9 ± 0.5
kcat/K0.5 (M− 1⋅s− 1) 5.7 × 102a 2.4 × 103 1.7 × 103 1.6 × 103 2.3 × 103 9.1 × 102

a Data from reference [27].

Table 3 
Kinetic parameters obtained for ATP hydrolysis by TNAP mutants solubilized or in Proteoliposomes constituted by DPPC.
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Fig. 2. Effect of ATP concentration on the enzymatic activity of TNAP mutants: (A) solubilized in solution and (B) reconstituted into DPPC liposomes. Enzymatic 
activity was measured across a range of ATP concentrations. The symbols represent the following TNAP variants: (■) S221C, (●) P244C, (▴) P263C, (▾) P307C, and 
(◄) A420C. Insets show the corresponding Hill plots illustrating the cooperative binding of ATP for each mutant.
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particularly P263C, may impair one or both steps, depending on their 
structural impact on the enzyme and its interaction with the lipid 
membrane.

3.5. Analysis of the mineral by solid-state NMR–31P CPMAS spectroscopy

To go deeper into the characterization of our samples, we performed 
31P solid-state NMR experiments (Figs. 4 and S2) were performed to 
probe the nature of precipitated phosphates phases for (i) the complete 
MVs biomimetic model (i.e., DPPC Proteoliposomes harboring TNAP 
wild-type using the PS-CPLX nucleator complex after 48 h of incubation 
in presence of ATP as source of Pi) as well as (ii) to understand the in
fluence of each related constituents on the mineralization process. The 
31P solid-state NMR spectra of reference compounds, including ATP 
(Fig. 4A), DPPC (Fig. 4B), and hydroxyapatite (HAP) (Fig. 4C), were 
used to define the characteristic spectral regions of each component, 
highlighted in red for HAP and blue for ATP, thus enabling us to monitor 
the formation and maturation of mineral phases driven by TNAP ac
tivity. 31P solid-state NMR spectra of ATP (Fig. 4A), DPPC (Fig. 4B), and 
hydroxyapatite (HAP) (Fig. 4C) allow us to define spectral region 
characteristics of each component (red for HAP, blue for ATP) in order to 
follow the progress of the HAP mineralization induced by TNP activity. 
The 31P solid-state NMR spectrum of the PS-CPLX nucleator with ATP 
indicated broad unresolved bands dominated by ATP (Fig. 4D).

As a result, the 31P solid-state NMR spectrum of HAP is characterized 
by a single very sharp resonance at 3 ppm (Fig. 4A) as previously re
ported [58,59]. When all the components are combined to form the 
complete biomimetic MVs model, the 31P NMR spectrum after 48 h of 
incubation in the presence of ATP shows a broad resonance centered at 
~3 ppm (Fig. 4G), consistent with the formation of crystalline apatite. 
Notably, the absence of ATP-related signals in this condition indicates 
complete hydrolysis of ATP by TNAP, confirming enzymatic consump
tion of the phosphate source to drive mineral formation.

In contrast, when any of the essential components (DPPC, TNAP, or 
PS-CPLX) is omitted, the formation of crystalline HAP is not observed, 
and residual ATP signals remain prominent (Fig. 4D–F). This confirms 
that ATP hydrolysis is a limiting step for mineral propagation and that 
all components must be present to initiate effective biomineralization. 

Hence, the rate and extent of ATP hydrolysis by membrane-bound TNAP 
emerge as critical parameters controlling the onset and progression of 
HAP formation in our model.

The ability of the DPPC proteoliposomes harboring the TNAP mu
tants to induce mineral propagation was also evaluated by 31P solid-state 
MAS NMR (Fig. 5). Among the mutant models, the DPPC-TNAP(A420C) 
mutant was the only one that failed to produce crystalline apatite after 
incubation with ATP for 48 h, as evidenced by the absence of a peak 
around 3 ppm (Fig. 5). In contrast, the other mutants exhibit the for
mation of crystalline apatite (Fig. 5B–E). However, the 31P signals at 3 
ppm differ from the WT sample by exhibiting a broader line width. This 
broadening of the peak is probably related to the presence of apatite 
and/or other types of minerals, depending on the ATP hydrolysis rate, 
which influences the type of mineral formed [23,28,31,60].

Indeed, residual ATP (blue zone in Fig. 5) were particularly seen for 
the mutants A420C and S221C that lacked apatite bands (Fig. 5A) or 
smaller apatite bands (Fig. 5E) or eventually. These findings reinforce 

Fig. 3. Effect of TNAP mutants (S221C, P244C, P263C, P307C, and A420C), in 
both solubilized form and reconstituted into DPPC proteoliposomes, on mineral 
propagation induced by PS-CPLX–nucleated synthetic cartilage lymph (SCL) at 
pH 7.5. The assay was performed with a saturating concentration of ATP and 
incubated for 48 h at 37 ◦C. Liposomes without enzyme were used as controls. 
Enzymatic activity is represented as absorbance at 340 nm per μg of TNAP. Data 
are presented as mean ± SEM from five independent experiments. Statistical 
significance was assessed using one-way ANOVA; asterisks indicate significant 
differences compared to wild-type TNAP (*p < 0.05, **p < 0.01, ***p < 0.001).

Fig. 4. Solid-state 31P NMR spectra of: A) pure ATP; B) pure DPPC; C) hy
droxyapatite reference standard; D) PS-CPLX nucleator incubated with ATP; E) 
DPPC liposomes containing PS-CPLX nucleator; F) DPPC-proteoliposomes 
incorporating wild-type TNAP (without PS-CPLX); and G) DPPC- 
proteoliposomes incorporating wild-type TNAP in the presence of PS-CPLX 
nucleator (representing the complete biomimetic matrix vesicle model). Sam
ples D–G were incubated with ATP for 48 h to allow sufficient time for mineral 
propagation and phase transition, mimicking the physiological timeframe of 
matrix vesicle-mediated biomineralization. Resonance regions corresponding to 
ATP and hydroxyapatite are highlighted in blue and red, respectively. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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the idea that incomplete ATP hydrolysis correlates with impaired 
mineralization capacity. In contrast, in the P244C mutant, ATP appears 
to be almost entirely consumed, and the NMR spectrum is dominated by 
the sharp resonance at 3 ppm, indicating the formation of well- 
crystallized apatite. When ATP is almost fully hydrolyzed, as in the 
case of P244C, crystalline apatite is the main phase formed, as seen in 
the 2D 1H➔31P HetCor NMR spectrum where other mineral complexes 
are hardly discernable (Fig. S3).

3.6. Cryogenic-transmission electron microscopy (cryo-TEM) of DPPC 
liposomes containing wild-type TNAP or its mutants

Fig. 6A–B shows a cryo-TEM image of a 10 mg/mL DPPC dispersion 
without TNAP. DPPC liposomes passed through the 100 nm poly
carbonate filter, and the subsequent incorporation of TNAP resulted 
diverse population of vesicle types, i.e., large and small multivesicular 
vesicles, oligolamellar vesicles, large and small unilamellar vesicles 
(Fig. 6A and B). After 24 h of incubation with ATP, the number of li
posomes decreases, and electro-dense particles (black dots) mainly 

located on the membrane are observed. The particles are also observed 
far from the surface of the liposomes, which indicates that at the time of 
the study, some membranes are possibly already disrupted, and propa
gation of mineralization started (Fig. 6C and D). After 48 h of incubation 
with ATP, it was not possible to identify any structure related to the 
proteoliposomes. However, particles resembling the granules 
morphology of hydroxyapatite crystals were observed (Fig. 6E, F, G, H) 
[61]. These observations are consistent with previous studies showing 
that lipid membranes can serve as scaffolds or nucleation platforms for 
the organized formation of calcium phosphate crystals [12,27,62]. In 
particular, the interaction between phosphatidylserine and calcium ions 
promotes the formation of mineral precursors, which later develop into 
crystalline apatite under enzymatically driven conditions.

As a negative control, DPPC liposomes lacking TNAP were also 
incubated with ATP under identical conditions. As shown in Supple
mentary Fig. S4, these liposomes did not exhibit any detectable crystal 
formation, confirming that TNAP is essential for initiating hydroxyap
atite nucleation in this biomimetic model. Additional Cryo-TEM ana
lyses were performed for proteoliposomes reconstituted with various 
TNAP mutants; however, no hydroxyapatite-like crystals were observed 
under the tested conditions. These findings suggest that crystal forma
tion occurs only under optimal kinetic conditions, achieved with the 
wild-type TNAP, highlighting that the presence of the enzyme alone is 
not sufficient. Regardless of variations in kinetic parameters such as 
Vmax or K0.5, only in the specific enzymatic and membrane context 
provided by WT TNAP is the nucleation and growth of hydroxyapatite 
effectively triggered.

3.7. TEM characterization

The morphology of the mineral particles formed after the incubation 
of DPPC proteoliposomes containing WT TNAP with ATP for 48 h was 
analyzed using high-resolution transmission electron microscopy 
(TEM). As illustrated in Fig. 7, agglomerated dense granules with apic
ular structures (indicated by red arrows in Fig. 7A and B) were observed, 
suggesting the formation of apatite, which is corroborated by the cryo- 
TEM images (Fig. 7C) [14]The platelets’ dimensions (~10 nm in 
diameter) were similar to those of apatite minerals found in bone. These 
apicular and platelet-like hydroxyapatite crystals have also been 
observed in studies of matrix vesicles derived from chondrocytes and 
osteoblasts [2,63], supporting that DPPC-based proteoliposomes can 
mimic key features of biological mineralization.

These results are supported by similar findings from Cruz et al. [14], 
which also explored apatite formation in MVs. To validate the cryo-TEM 
findings, the study examined the ability of crude and low-density MVs to 
induce mineralization at the bulk scale using turbidimetry—a technique 
widely used to investigate MV mineralization in vitro. For crude MVs 
(Fig. 6A), there was an initial increase in turbidimetry (absorbance at 
350 nm) after a 3-hour lag time, with a 0.3 absorbance unit increase 
after 8 h of incubation. In contrast, low-density MVs induced slower 
changes in turbidimetry, with only a 0.1 absorbance unit increase over 
the same period. [64,65]. These results emphasize the importance of 
vesicle density, lipid composition, and enzyme activity as determining 
factors for effective initiation and propagation of mineralization. As a 
negative control, DPPC liposomes lacking TNAP were also incubated 
with ATP under identical conditions. As previously discussed, and 
consistent with the cryo-TEM analysis, no crystals or crystal-like struc
tures were detected in these samples. Therefore, no corresponding 
structures are shown for these controls in the main figures. Supple
mentary Fig. 4 confirms the absence of mineralized material, reinforcing 
the requirement of TNAP activity for initiating hydroxyapatite nucle
ation in this mimic model.

4. Conclusion

In this work, we privileged mutations of one residue with a cysteine

Fig. 5. 31P solid-state NMR spectra of DPPC proteoliposomes harboring TNAP 
mutants. A) TNAP A420C (active site), B) TNAP P307C (GPI region), C) TNAP 
P263C (GPI region), D) TNAP P244C (GPI region), E) TNAP S221C (active site), 
F) TNAP wild-type. All samples were analyzed after 48 h of incubation with
ATP in the presence of PS-CPLX nucleator. The spectral regions characteristic of
hydroxyapatite and ATP are highlighted in red and in blue, respectively. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 6. Cryo-TEM images of DPPC vesicles containing TNAP proteoliposomes after the in vitro biomineralization process. The images show the evolution of the 
mineralization process over time, from (A and B) 0 to (C and D) 24 h and (E, F, G, H) 48 h. The red arrows indicate the presence of minerals formed during the 
biomineralization process. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

10 



residue with the aim that the free cysteine residue could be chemically 
labeled with electron paramagnetic resonance or fluorescent maleimide 
probes. We successfully designed a series of mutants with free cysteine, 
which retained more or less the phosphatase activity. Indeed, various 
point mutations of TNAP induced significant effects on the kinetics pa
rameters. A mutation close to the active site is expected to inhibit or 
significantly impair the activity of TNAP. However, a single mutation in 
the vicinity of the membrane and far away from the active site, as in 
P263C and P307C mutants, induced a significant decrease in the Vmax 
values in the absence of lipids as compared with Vmax values of other 
mutants. The most striking point is that TNAP anchored in a DPPC model 
membrane produced additional changes. Indeed, Vmax values were 
greater for all the mutants inserted in proteoliposomes than those cor
responding to free mutants. This observation highlights the crucial role 
of lipid–protein interactions in modulating enzymatic activity, particu
larly for GPI-anchored proteins like TNAP. Several studies have 
demonstrated that the presence of ordered membrane microdomains, 
such as lipid rafts enriched in cholesterol and sphingolipids, enhances 
TNAP function by promoting oligomerization or optimal orientation 
relative to the substrate [3,62]. This supports the accumulated experi
mental evidence that the activity of TNAP is dependent on its lipidic 
environment [22–26]. We also analyzed their mineral inducer proper
ties, especially their eventual ability to form mineral aggregates and 
apatite. For this purpose, ATP, an inhibitor of apatite formation like 
pyrophosphate, served as a model to monitor mineral formation. Its 
subsequent hydrolysis by TNAP mutants inserted in proteoliposomes 
containing PS-CPLX yielded apatite in the cases of wild-type and mutant 
P244C. However, in the case of mutant A420C, no apatite was observed 
after 48 h of incubation. Other mutants, including P370C, S221C, and 
P263C, indicated probably a mixture of apatite and other mineral 
complexes due to their presence of satellite shoulder in the main apatite 
peak. These variations suggest that even subtle changes in TNAP 
structure can profoundly alter its mineralization-inducing capacity. The 
balance between enzyme kinetics and vesicular localization appears to 
be a determining factor in the nucleation and propagation of hydroxy
apatite crystals. This suggests that a narrow range of TNAP activity is 
optimum for obtaining apatite within a time frame. From a pathological 
point of view, it has significant consequences. For instance, hypo
phosphatasia, a heritable form of rickets and osteomalacia, is caused by 
loss or weakening function mutations in the ALPL gene [66]. 260 mu
tations have been reported [67] ranging from severe forms characterized 
by a hypomineralization causing death at or soon after birth. Other cases 
of hypophosphatasia have high mortality due to respiratory failure 
caused by undermineralization of ribs. Odonto hypophosphatasia is 
among the less severe forms and is characterized by dental problems in 

children and adults. These clinical manifestations underscore the critical 
need for tightly regulated TNAP activity to ensure proper skeletal 
development. Enzyme replacement therapy with asfotase alfa, a re
combinant form of human TNAP modified for bone targeting, has been 
shown to significantly improve survival and increase bone mineral 
density in infants with hypophosphatasia [68]. These findings demon
strate that both insufficient and excessive TNAP activity can lead to 
pathological consequences, emphasizing the value of biomimetic models 
(such as Proteoliposomes) for investigating the enzyme’s functional 
behavior under controlled conditions. Taken together, this supports that 
TNAP activity in vivo shall fall in a very narrow range to initiate apatite 
formation in skeletal tissues optimally. Future studies integrating real- 
time imaging, single-vesicle assays, and molecular dynamics simula
tions will be instrumental in elucidating the fine-tuned mechanisms by 
which TNAP and its lipid microenvironment coordinate the early events 
of biomineralization.
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