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Abstract During the process of endochondral bone forma-
tion, chondrocytes and osteoblasts mineralize their extracellu-
lar matrix (ECM) by promoting the synthesis of hydroxyapa-
tite (HA) seed crystals in the sheltered interior of membrane-
limited matrix vesicles (MVs). Several lipid and proteins pres-
ent in the membrane of the MVs mediate the interactions of
MVs with the ECM and regulate the initial mineral deposition
and posterior propagation. Among the proteins of MV mem-
branes, ion transporters control the availability of phosphate
and calcium needed for initial HA deposition. Phosphatases
(orphan phosphatase 1, ectonucleotide pyrophosphatase/
phosphodiesterase 1 and tissue-nonspecific alkaline phospha-
tase) play a crucial role in controlling the inorganic
pyrophosphate/inorganic phosphate ratio that allows MV-
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mediated initiation of mineralization. The lipidic microenvi-
ronment can help in the nucleation process of first crystals and
also plays a crucial physiological role in the function of MV-
associated enzymes and transporters (type III sodium-
dependent phosphate transporters, annexins and Na*/K*
ATPase). The whole process is mediated and regulated by
the action of several molecules and steps, which make the
process complex and highly regulated. Liposomes and proteo-
liposomes, as models of biological membranes, facilitate the
understanding of lipid—protein interactions with emphasis on
the properties of physicochemical and biochemical processes.
In this review, we discuss the use of proteoliposomes as mul-
tiple protein carrier systems intended to mimic the various
functions of MVs during the initiation and propagation of
mineral growth in the course of biomineralization. We focus
on studies applying biophysical tools to characterize the bio-
mimetic models in order to gain an understanding of the im-
portance of lipid—protein and lipid-lipid interfaces throughout
the process.

Keywords Lipid microenvironment - Biomineralization -
Matrix vesicles - Liposome - Proteoliposome - Hydroxyapatite

Mineralization process and the biogenesis of matrix
vesicles

Mineralization of cartilage and bone occurs by a series of
physicochemical and biochemical processes that together fa-
cilitate the deposition of calcium phosphate. The deposited
calcium phosphate is subsequently converted into hydroxyap-
atite (HA) [Ca;o(PO4)s(OH),] in specific areas of the extracel-
lular matrix (ECM). Various experiments have revealed the
presence of HA crystals both inside and outside collagen fi-
brils in the ECM (McNally et al. 2012) and also within the
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lumen of matrix vesicles (MVs) (Ali et al. 1970; Anderson
1969; Bonucci 1970). MVs are extracellular vesicles with a
diameter ranging from approximately 100 to 300 nm
(Anderson 2003; Anderson et al. 2010; Cui et al. 2016;
Golub 2009; Wuthier and Lipscomb 2011) which harbor the
biochemical machinery needed to establish the appropriate in-
organic pyrophosphate (PP;) to inorganic phosphate (P;) ratio
(Ciancaglini et al. 2006, 2010; Harmey et al. 2004; Hessle et al.
2002; Johnson et al. 2000; Roberts et al. 2007; Yadav et al.
2011; Zhou et al. 2012) required to initiate the synthesis of
apatitic mineral (Bechkoff et al. 2008; Thouverey et al. 2009;
Wu et al. 1997), which will subsequently be propagated onto
the collagenous ECM. These vesicles are released from the
hypertrophic chondrocytes and mature osteoblasts, the cells
responsible for endochondral and membranous ossification.
Hypertrophic chondrocyte differentiation is related to high tis-
sue nonspecific alkaline phosphatase (TNAP) activity and to
the synthesis and secretion of type X and II collagens by pro-
liferating and pre-hypertrophic chondrocytes (Golub 2009;
McKee et al. 2013).

We hypothesize that mineralization progresses through the
following steps: (1) crystal deposition starts inside MVs; (2)
after budding, MVs bind to collagen fibers through molecular
interactions mediated by specific proteins and lipids; (3) MVs
break and expose HA crystals to the ECM; (4) osteopontin
(OPN) binds to the exposed HA crystals and controls the
propagation of HA onto adjacent collagen fibers.

The role of phosphatases in MV-mediated initiation
of skeletal mineralization

Matrix vesicles harbor proteins and lipids that mediate the
interactions of MVs with the ECM, regulate the extra-
vesicular PP;/P; ratio and control mineral deposition. Among
the proteins of the MV membrane, phosphatases have a rele-
vant effect on the regulation of mineralization.

Phosphatases play a crucial role in controlling the PP;/P;
ratio that allows MV-mediated initiation of mineralization:
orphan phosphatase 1 (PHOSPHO1) present in the lumen of
MVs produces P; from phosphocholine (PC), which is derived
from sphingomyelin (SM) by the action of sphingomyelin
phosphodiesterase 3 (SMPD3) located in the inner surface of
the MV membrane. Two ectophosphatases on the outer sur-
face of the MV membrane act in concert to regulate the extra-
cellular PP;/P; ratio: ectonucleotide pyrophosphatase/
phosphodiesterase 1 (ENPP1 or NPP1) produces PP;, as well
as P;, from ATP, and TNAP hydrolyzes both ATP and PP; to
form P;. Phosphate transporter 1 (PiT-1) helps to incorporate
the P; generated in the perivesicular space into the MVs. MVs
isolated from growth plate cartilage have a higher content of
cholesterol (Chol), SM and phosphatidylserine (PS)
(Thouverey et al. 2009, 2011; Wuthier and Lipscomb 2011)
than do the plasma membranes, as well as longer fatty acids
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(Abdallah et al. 2014). It is significant that MV are enriched
in SM as SM, via the enzymatic action of SMPD3, is con-
verted to the PC to be used by PHOSPHO1 to produce P;
intravesicularly. PHOSPHO1 not only regulates MV-
mediated initiation of mineralization, but also MV forma-
tion. SMPD3 has also been implicated in the biogenesis of
vesicles by vascular smooth muscles cells (VSMCs)
(Kapustin et al. 2015).

The biogenesis of MVs coincides with the sequence of
events leading to apoptosis or programmed cell death
(Anderson 1995) in hypertrophic chondrocytes (Anderson
1969; Garimella et al. 2004; Kirsch et al. 1997; Kirsch and
Vondermark 1992) and osteoblasts (Dean et al. 1994), but
MVs are distinct from apoptotic bodies (Kirsch et al. 2003).
Bonucci (1970) reported that MVs are formed through the
exfoliation of vesicles from the outer membrane of growth
plate chondrocytes. These findings were subsequently con-
firmed by freeze-fracture analyses (Borg et al. 1978; Cecil
and Anderson 1978; Hale and Wuthier 1987). Recent Cryo-
electron microscopy analyses (Mahamid et al. 2010; Nollet
et al. 2014) show that mineralization may be initiated within
intracytoplasmic vesicles. MVs would appear to be a special-
ized form of microvesicle that is able to start mineralization
inside as well as outside the cell. Understanding the pathways
leading to MV biogenesis and function are fundamentally
important to facilitate efforts to target either TNAP,
PHOSPHOI1 or both together for the prevention of soft-
tissue calcification, particularly arterial calcification.

How HA crystals formed within the MV microenvironment
can promote further propagation of mineral onto collagen fibrils
matrix remains unclear. In vivo, collagen molecules assemble
into three-dimensional (3D) structures in which each molecule
is in a staggered arrangement with respect to its neighbors. Two
regions have been identified in this model, namely, the hole (or
gap, 47 nm in length) and the overlap zone (20 nm in length);
these comprise the periodic staggered distance (Katz and Li
1973). Collagen has also been reported to pack through strict
and contiguous alignment of its hole and overlap zones (Landis
et al. 1996; Weiner and Traub 1986, 1989). It has been pro-
posed that the pattern of holes and overlap sites among collagen
molecules provide channels or gaps in their assemblage where
HA crystals can nucleate (Landis et al. 1993). However, the
majority of bone mineral is external to the collagen fibers
(McNally et al. 2012; Pidaparti et al. 1996). In contrast with
the well-documented events explaining collagen-mediated
mineralization, it has been hard to visualize how apatite crystals
from MVs could make their way to the collagen fibrils and help
to promote further mineral propagation. Nascent HA crystals
exposed to the extravesicular fluid have been found to bind
OPN, a collagen-binding molecule (Chen et al. 1992; Liu
et al. 2007; Martin et al. 2004). Given that MVs display
collagen-binding molecules on their membranes (TNAP,
Annexin A5 (AnxAS5)) (Balcerzak et al. 2008; Wu et al.
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1991; Xiao et al. 2007), it is conceivable that a specific binding
of MVs to collagen mediates the physical transfer of HA crys-
tals to the exterior of collagen fibrils. This model does not
negate, nor is it incompatible with, data indicating that crystals
are able to form in the gaps and holes of the collagen fibrils, as
has been well demonstrated by the work of many investigators,
but if proven correct it would help explain how crystals formed
within MVs can contribute to ECM mineralization.

The role of transporters in MV-mediated initiation
of skeletal mineralization

The MV membrane is enriched in transporter proteins associ-
ated with mineralization that are responsible for Ca** and P;
homeostasis by mediating the influx of these ions into the
vesicles. Among these, the most abundant proteins detected
by the proteomic assay are the annexins (Anx).

Anx belong to a family of structurally related proteins which
bind to negatively charged phospholipids in a manner that is
Ca®* dependent and rapidly reversible by addition of Ca** che-
lators. Anx are amphipathic proteins, and as such they differ
from soluble or integral membrane proteins; they are composed
of four (or eight in the case of AnxA6) homologous repeat
domains of about 70 amino acid residues each. These highly
conserved domains hold sequence similarities of 40-70% and
represent the protease-resistant phospholipid binding core of
each protein. A distinct characteristic of each Anx is the
amino-terminal region which varies in length and primary se-
quence and may influence the cellular functions. It has been
described that AnxA2, AnxA5 and AnxA6 are involved in
Ca®* homeostasis by mediating Ca®* influx into MVs (Kirsch
et al. 2000; Wang and Kirsch 2002; Wang et al. 2005).

AnxAS (~ 33 kDa) is characterized by a predominant cluster
of «-helices that define a hydrophilic pore through the center of
the protein. This pore was thought to serve as a Ca>* channel in
the MV membrane in the form of a trimer arrangement that
binds to the surface of acidic phospholipid-containing bilayers.
Experimental evidence shows that these trimers may be in-
volved in the formation of the nucleational core (NC) within
MVs and that they contribute to the ability of MVs to induce
mineral formation. More than any other protein so far studied,
AnxAS greatly accelerates the nucleational activity of the acidic
phospholipid—Ca**—P; complexes present in the NC that trig-
gers de novo calcium phosphate mineral formation in MVs
(Genge et al. 2007; Wuthier and Lipscomb 2011).

AnxA®6, the largest member of the Anx family found in
MVs, is present on the surface of the external leaflet of the
MYV membrane, on the surface of the internal leaflet, inserted
into the hydrophobic bilayer and co-localized with regions
enriched in Chol. Different localizations and ways of interac-
tion with MV membrane indicate that AnxA6 has distinct
functions during the mineralization process (Theobald et al.
1994; Wu et al. 1997). Expression of AnxA6 in cells reduces

cell proliferation (Theobald et al. 1994; Wu et al. 1997), sug-
gesting that AnxA6 may play a role in growth plate cartilage
in the zones of maturation and hypertrophy where cell division
stops. Many studies have reported that VSMC-derived MVs
are enriched in AnxA6 and AnxA2 and that these annexins
can stimulate mineralization when associated with type I, but
not type II, collagen (Chen et al. 2008). Curiously, VSMC-
derived MVs appear to be devoid of AnxAS, in contrast to
cartilage MVs. These studies suggest that AnxA6, and possi-
bly AnxA2, may be important for MV binding to type I col-
lagen in smooth muscle calcification (Wuthier and Lipscomb
2011) and that AnxAS may be important for MV binding to
type II collagen in cartilage calcification (Bolean et al. 2017).

Cellular P; levels are controlled by type III Na*-dependent P;
co-transporters (Virkki et al. 2007). This SLC20 family of
transporters includes PiT-1 (SLC20A1) and PiT-2 (SLC20A2)
(Collins et al. 2004). Some authors have suggested that PiT-1
plays important roles in vascular and bone physiology (Lau
et al. 2010; Villa-Bellosta et al. 2009b), whereas PiT-2 has a
role in renal P; reabsorption (Breusegem et al. 2009; Villa-
Bellosta et al. 2009a; Villa-Bellosta and Sorribas 2008, 2010).
In previous studies PiT-1 was found to be expressed in hyper-
trophic chondrocytes during endochondral ossification in mice
(Palmer et al. 1999) and also in chicken chondrocytes
(Mansfield et al. 2001). PiT-1 plays important roles in the reg-
ulation of P; homeostasis in bone and cartilage in vitro (Cecil
et al. 2005; Solomon et al. 2007; Sugita et al. 2011; Wang et al.
2005), and extracellular P;, epinephrine, insulin-like growth
factor 1 and bone morphogenic protein 2 are known to regulate
PiT-1 levels in osteoblast-like cells (Suzuki et al. 2006; Villa-
Bellosta et al. 2009b). Moreover, it has been demonstrated that
P; modulates chondrocyte differentiation (Cecil et al. 2005;
Fujita et al. 2001; Guicheux et al. 2000; Montessuit et al.
1991; Wang et al. 2001; Wu et al. 2002) and apoptosis
(Magne et al. 2003; Mansfield et al. 2001). Sugita et al.
(2011) suggested that ATP synthesis mediated by P; influx via
PiT-1 is critical for the regulation of late chondrogenesis, in-
cluding apoptosis and mineralization, as the differentiation of
cartilage is an ATP-dependent event. Lau et al. (2010) demon-
strated that Na*/P; co-transport activity through PiT-1 is asso-
ciated with osteoblast differentiation and that extracellular P;
affects the differentiation of chondrogenic cells induced by
PiT-1 functions. Suzuki et al. (2010) also investigated the ef-
fects of transgenic PiT-1 overexpression on calcium/phosphate
and bone metabolism. PiT-1-transgenic rats showed abnormal
mineral metabolism and also reduced alkaline phosphatase ac-
tivity in their osteoblasts, but the mineralization of the bone
matrix and skeletal development were normal (Suzuki et al.
2010). In adult PiT-1-transgenic rats, hyperphosphatemia af-
fects bone formation and is associated with a reduced bone
mass (Suzuki et al. 2010). In this in vitro study, PiT-1 overex-
pression in osteoblasts led to a marked increase in P; transport
and the downregulation of alkaline phosphatase expression.
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However, no effect on matrix mineralization was reported.
These observations suggest that compensatory mechanisms
may support the calcification of the collagenous matrix
(Suzuki et al. 2010).

Another relevant transporter protein abundantly present in
MYV membrane is Na*/K* ATPase (NKA) (Hsu and Anderson
1996), which can promote mineralization by increasing the
local concentration of P; and by decreasing the concentration
of PP; (Anderson et al. 2004). NKA is an active cation trans-
port protein ubiquitous in the membrane of all mammalian
cells that moves three Na* outside and two K* inside per
molecule of ATP. The enzyme functional structure is a hetero-
dimer composed of two main alpha () and beta ([3) subunits.
The « subunit (110 kDa) has ten transmembrane segments
and three cytoplasmic domains (A, actuator; N, nucleotide-
binding; P, phosphorylation), whereas the (3 subunit
(55 kDa) has only one transmembrane segment and a highly
glycosylated extracellular portion (Kaplan 2002; Morth et al.
2011). Almost 40 years after the existence of the NKA pump
was proposed, Hsu and Anderson (1996) described that an
ATPase inhibited by vanadate, but not by alkaline phospha-
tase, could be also responsible for initiating Ca®* and P; depo-
sition into intact MVs (Hsu and Anderson 1996). In a study
carried out much later on the proteome of the chicken embryo,
Balcerzak et al. (2008) revealed MVs to be a very complex
biological environment where they identified 23 transporter
proteins. Among them, five « and 3 subunits from NKA
self-assemble in specific dimers that can subsequently associ-
ate into multimeric species (Tokhtaeva et al. 2012; Yoneda
et al. 2016). Taken together, these studies suggest a model of
NKA actively participating in MV-driven mineralization pro-
cesses. However, it has also been suggested that the NKA
pump is in a right-side-out orientation, with the ATP binding
site protruding from the internal surface of the MV membrane
(Wuthier and Lipscomb 2011). Since the concentrations of
ATP and K* are low in the MV lumen and that of Na* is high,
with respect to the ECM, this NKA pump configuration would
be the opposite of what is expected when the pump is active
(Wuthier and Lipscomb 2011). Thus, the contribution of NKA
to mineralization is still a matter of debate.

What are the biomimetic systems of MVs?

Since biological membranes are very complex systems, it is
not easy to understand the physicochemical behavior of the
lipid bilayer or to explain many of its properties. In this con-
text, “models” of biological membranes that consist of sim-
plified lipid monolayers or bilayers have been developed.
These mimetic systems are constituted of a pure lipid, mix-
tures of more than one type of lipid and a single or multiple
proteins (Rigaud et al. 1995; Silvius 1992; Singer 2004). The
most studied membrane model systems are the liposomes,
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which can be obtained in solution. In an aqueous suspension,
most lipids (generally phospholipids) organize spontaneously
to form multilamellar systems, i.e. a stacking of bilayers. This
event is driven by the entropy of the water molecules and by
the interaction between the lipid hydrophobic chains consti-
tuted by fatty acids. To form unilamellar vesicles with a single
concentric bilayer similar to natural membranes, multilamellar
vesicles can be sonicated or extruded to nanometric dimen-
sions. Sonication as well as extrusion processes supply the
necessary energy to break the different lamellas and re-
organize the bilayers into uniform and control-sized vesicles
(Camolezi et al. 2002; Daghastanli et al. 2004; de Lima Santos
et al. 2005; Ierardi et al. 2002; Rigos et al. 2008; Simao et al.
2015).

Proteoliposomes are mimic systems of natural vesicles to
which proteins have been incorporated or inserted. The bio-
chemical characteristics of inserted proteins will dictate the
methodology for their incorporation into the vesicular sys-
tems. When the protein to be reconstructed in a membrane
system has a large hydrophobic domain (e.g. an integral or
transmembrane protein), it is difficult to force it to dislocate
from the micellar system into the liposomal space, even at low
concentrations of detergent. In this case, the co-solubilization
technique is the most recommended. In this methodology, the
solubilized protein in detergent is incubated with a lipid sus-
pension (or a mixture of more than one lipid). After this ter-
nary system has been incubated for a sufficiently long time,
the detergent is removed using an appropriate technique (for
example, dialysis, gel filtration or the use of hydrophobic
resins). Following detergent removal, the lipid molecules tend
to organize themselves so as to form a bilayer structure in
which their hydrophobic tails are isolated from the aqueous
medium, guided by the entropy of the water molecules. In
addition, proteins tend to accommodate among the lipid
groups, creating lipid—protein domains and forming the pro-
teoliposomes. By changing the type and proportion of the
lipids, incubation time, method used for detergent removal
or even the velocity by which the detergent is removed, dif-
ferent vesicular systems can be obtained, varying in the type
and quantity of proteins that can be reconstituted (Bolean et al.
2010, 2011; Camolezi et al. 2002; Daghastanli et al. 2004; de
Lima Santos et al. 2005; Ierardi et al. 2002; Rigos et al. 2008,
2010; Simao et al. 2010a), 2015. Anchored membrane pro-
teins are a class of proteins with a covalently bound lipid or
alkyl chain; this chain provides a hydrophobic moiety that
allows attachment to the membrane and plays specific func-
tions in cells (Yeagle 1993). For this class of proteins, the
method of incorporation via direct insertion guarantees that
the protein is associated with the external leaflet of the lipo-
some’s membrane (Bolean et al. 2010, 2011; Camolezi et al.
2002; Daghastanli et al. 2004; de Lima Santos et al. 2005;
lerardi et al. 2002; Rigos et al. 2008, 2010; Simao et al.
2010a, 2015). The incorporation of the protein/enzyme is
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time-dependent and the incorporation yield depends on the
lipid composition used to form the vesicles (Simao et al.
2015). Alternatively, the soluble proteins can also be seques-
tered into the aqueous cavity of the liposome.

Biophysical and biochemical characterization
of biomimetic models

Biophysical tools applied to biomineralization studies

A large number of studies have been carried out using proteo-
liposomes as chondrocyte- and osteoblast-derived M Vs bio-
mimetics (Andrade et al. 2016; Bolean et al. 2010, 2011,
2015, 2017; Ciancaglini et al. 2010; Favarin et al. 2017,
Simao et al. 2010a, b, 2013).

Several experiments have confirmed the interaction between
detergent-solubilized TNAP, free of detergent excess, and the
lipid bilayer of liposomes via the glycophosphatidylinositol
(GPD-anchor of the enzyme (Camolezi et al. 2002). A relevant
point to be observed is that the enzyme bound to liposomes
retains the ability to hydrolyze different substrates, such as
ATP, ADP, AMP, PP;, and p-nitrophenylphosphate (Bolean
etal. 2015; Ciancaglini et al. 2006, 2010; Simao et al. 2010a, b).

The size of a dipalmitoylphosphatidylcholine (DPPC)
proteoliposome harboring TNAP is around 300 nm, as deter-
mined by dynamic light scattering (Bolean et al. 2010; Simao
et al. 2010a). It is thus comparable to the median size of a
natural MV (Bolean et al. 2017; Ciancaglini et al. 2006) and
can adequately serve as a vesicular mimetic system to exam-
ine TNAP function in the context of a lipid membrane envi-
ronment that mimics the MV environment. Electron micros-
copy of empty DPPC liposomes and TNAP-proteoliposomes
showed that enzyme reconstitution did not affect the mor-
phology of the liposomes (Simao et al. 2010a).

Garcia et al. (2015) used electron spin resonance measure-
ments along with spin labeled phospholipids to probe the pos-
sible dynamic changes prompted by the interaction of GPI-
anchored TNAP with model membranes. In this study, these
authors showed that TNAP is probably close to the membrane
surface, suggesting that this proximity can be related to the
modulation of TNAP activity by the lipid composition of the
vesicles, as previously reported (Bolean et al. 2010, 2011, 2015;
Ciancaglini et al. 2012; Garcia et al. 2015; Simao et al. 2010a).

The fact that M Vs isolated from growth plate cartilage have
a higher content of Chol, SM and PS (Balcerzak et al. 2007,
Peress et al. 1974; Wuthier 1975) and longer fatty acids
(Abdallah et al. 2014) than extracellular vesicles isolated from
homogeneous membranes indicate that MVs from both
chondrocytes and osteoblasts can originate from lipid raft do-
mains. Among the usual protein markers of lipid rafts domains
(Foster et al. 2003), AnxA6 and TNAP have been found in
MVs isolated from epiphyseal growth plate cartilage

(Balcerzak et al. 2008), suggesting that the lipid composition
is as important as the protein composition for the role of MVs
in the mineralization process. Bolean et al. (2010, 2011) there-
fore carried out experiments to better understand the role of
the lipids present in lipid rafts and their interactions with
TNAP by means of differential scanning calorimetry using
the substrates DPPC, Chol, SM and the ganglioside GMI1.
Calorimetry analysis of liposomes and proteoliposomes indi-
cated that lateral phase segregation occurred only in the pres-
ence of Chol, with the formation of Chol-rich microdomains.
The gradual increase in the complexity of the vesicles de-
creased the activity of the incorporated TNAP, and the pres-
ence of the enzyme also fluidified the vesicles (Bolean et al.
2010, 2011). Therefore, the study of different microdomains
and their biophysical characterization may contribute to
knowledge of the interactions between the lipids present in
MVs and their interactions with TNAP.

The production of stable DPPC and DPPC:DPPS (1,2-
dipalmitoyl-sn-glycero-3-phosphoserine) proteoliposomes
harboring AnxAS and TNAP has also been described, and
these proteoliposomes have been investigated for whether
the presence of AnxAS impacts the kinetic parameters for
hydrolysis of TNAP substrates at physiological pH (Bolean
et al. 2015). The best catalytic efficiency was achieved with
9:1 DPPC:DPPS proteoliposomes (molar ratio), conditions
that also increased the specificity of TNAP hydrolysis of
PP;. AnxA5 was able to mediate Ca®* influx into both lipid
compositions (DPPC and 9:1 DPPC:DPPS vesicles) at phys-
iological Ca”" concentrations (~ 2 mM). This process was not
affected by the presence of TNAP in the proteoliposomes.
However, AnxAS5 significantly affected the hydrolysis of
these substrates by TNAP. These proteoliposomes may be
used as MVs biomimetics, since they successfully transport
Ca** and possess the ability to hydrolyze phosphosubstrates in
the lipid/water interface.

The TNAP interaction with a lipid interface can also be
investigated in monolayer systems by monitoring simulta-
neously the surface tension of pendant drop and the
phosphohydrolytic activities, using the UV-Vis spectra of the
axisymmetric drop shape analysis technique coupled to dif-
fuse reflectance spectrophotometry (Andrade et al. 2016).
Studies combining saturated (DPPC) and unsaturated
(DOPC) phospholipids with different sterols, e.g. Chol, ergos-
terol (Ergo) and cholestenone (Achol), showed a higher affin-
ity of TNAP for saturated lipid monolayer, reflected on its
higher incorporation into DPPC liposomes. The presence of
Chol in the monolayers resulted in higher exclusion pressure
as compared to pure DPPC or pure DOPC liposomes, indicat-
ing that GPI-TNAP penetrates into the saturated lipid mono-
layer to a greater extent. The organization of the lipids and the
structure of the sterols influenced the surface tension, the
phosphohydrolytic activity of TNAP in the monolayer and
the catalytic efficiency of TNAP in the bilayers. Membranes
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in the swollen lamellar (L) phase (Achol) provided better
kinetic parameters than membranes in the liquid ordered
(Lo) phase (Chol and Ergo), showing that thermodynamic
factors, such as phase state, decreased transition enthalpy, with
a loss of pre-transition. In addition, the presence of surface
charges from the polar heads of the phospholipids can also
lead to modifications of TNAP conformation, culminating in
its different positioning or different access to its catalytic site
(Bolean et al. 2015).

Proteoliposomes as a tool to study the propagation
of the biomineralization process

The MV lumen contains a NC that consists mostly of AnxAS5,
amorphous calcium phosphate complexes and PS and is ca-
pable of inducing mineral formation (Wu et al. 1997, 1993).
These findings contributed to the design of liposome models
containing PS, Ca** and P; complexes. The addition of other
lipids, such as phosphatidylethanolamine or SM, with PS
strongly inhibited the nucleational activity while the addition
of AnxAS promoted it (Genge et al. 2007).

The main goal of propagation studies using MV biomimetic
models (Fig. 1) is to replicate in vitro the key events leading to
the initiation of HA crystal synthesis in chondrocyte- and
osteoblast-derived MVs. Once these proteoliposomes have
been built and characterized, they can be added to fixed
amounts of M Vs, either wild-type (WT) M Vs or those deficient
in specific enzymes, as a way of modulating the in vitro calci-
fication properties of the MVs. Such MV biomimetic proteoli-
posomes would also be useful for many important translational
applications. Enzymatic mutations associated with diseases,
such as those found in hypophosphatasia (Di Mauro et al.
2002) could be further elucidated in a membrane vesicle that
better mimics the enzyme’s in vivo biological environment.
Since these artificial vesicles adequately mimic the kinetic be-
havior of enzymes in the natural vesicular MV environment
(Bolean et al. 2015; Ciancaglini et al. 2010; Simao et al.
2010a, b), these proteoliposomes could also be used for the
screening of small molecule compounds able to modulate (in-
hibit or activate) the activity of MV enzymes for potential ther-
apeutic usage (Lanier et al. 2010; Sergienko et al. 2009).

Recently, an in vitro biomineralization assay showed that
proteoliposomes containing either TNAP, NPP1 or both to-
gether can induce mineral formation when incubated in syn-
thetic cartilage lymph containing 1 mM ATP as substrate. The
induction of mineralization was equivalent at pH 7.5 and 8,
but considerably less at pH 9 (Simao et al. 2013). However,
proteoliposomes harboring both TNAP and NPP1 triggered
significantly more extensive P;-dependent mineralization
than proteoliposomes harboring TNAP alone, despite the
lower TNAP content in the former proteoliposomes (Simao
et al. 2010a), suggestive of additive hydrolytic activities
for NPP1 and TNAP.
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Comparisons of proteoliposomes and osteoblast-derived
MVs or MVs deficient in TNAP, NPP1 or PHOSPHOI, using
natural substrates such as ATP, ADP, PP;, have confirmed the
validity of the proteoliposome models (Ciancaglini et al.
2010). TNAP- and PHOSPHO1-deficient MVs showed re-
duced calcification ability, while NPP1-deficient MVs
hypercalcified. These results reveal that the cooperativity as
well as the competition of TNAP, NPP1 and PHOSPHOI for
the biomineralization of substrates provide an additional level
of regulation of metabolite flow for the control of the calcifi-
cation process.

Favarin and collaborators (2017) showed that the presence
of Chol and Achol in DPPC proteoliposomes increased the
mineralization in vitro. DPPC proteoliposomes elicited a 1.3-
fold increase in the mineralization, whereas DPPC:Chol pro-
teoliposomes and DPPC:Achol proteoliposomes increased
mineralization by four- and fivefold, respectively. However,
the presence of Ergo did not significantly affect mineralization
as compared to pure DPPC proteoliposomes. Proteoliposomes
composed of unsaturated lipid (DOPC, a naturally occurring
phospholipid) favored mineralization (approximately three-
fold higher mineralization) relative to proteoliposomes com-
posed of a saturated lipid (DPPC). The exception was
DOPC:Ergo proteoliposomes, which increased mineralization
by 1.6-fold as compared to DPPC:Ergo proteoliposomes.
DPPC:Achol and DOPC:Ergo proteoliposomes had similar
abilities to propagate mineralization (Favarin et al. 2017).
On the basis of these results, the addition of Chol and Ergo
to a membrane in the L phase (DOPC) reduced the free
volume between the phospholipids, thereby increasing the or-
der of the membrane (Almeida et al. 2005) and affecting the
ability of proteoliposomes to conduct biomineralization.
However, it is important to bear in mind that the mineraliza-
tion process is highly complex and depends on many factors,
such as the physical properties, and the lateral organization of
lipids in proteoliposomes has been revealed to be very impor-
tant to control mineral propagation mediated by TNAP activ-
ity during mineralization. Proteoliposomes like MV biomi-
metics harboring other lipids and proteins shall help to eluci-
date even more specific interactions in further studies.

Advanced microscopy techniques to study
lipid—protein interactions
during the biomineralization process

General principles of atomic force microscopy-based
studies

Scanning probe microscopy (SPM) is a large “family” of
related technologies used to investigate the physical and
chemical properties immediately above (typically a few
tens of nanometers high) or immediately beneath (typically
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Fig. 1 Proteoliposomes as matrix vesicles (MVs) biomimetic systems.
The construction of MV models has the aim to provide an environment
that would allow the initial nucleation of apatite inside of liposomes as
well as to provide the surface nucleation that can also help in the
propagation of apatite onto the extracellular matrix. The
proteoliposomes internal nucleation can be initiated by orphan
phosphatase 1 (PHOSPHO1) action producing inorganic phosphate (P;)
from the hydrolysis of phosphocoline (PC), which itself is derived from
sphingomyelin (SM) by the action of sphingomyelin phosphodiesterase 3
(SMPD?3) located in the inner surface of the MV membrane. In addition,
protein transporters, such as annexin A5 (AnxAS5) and phosphate

a few tens of nanometers deep) the surface of a sample.
Scanning probe microscopes use a probe to raster-scan the
sample in the XY plane. For each X, Y coordinate pair, the
probe—sample interaction leads to a change in a property of the
probe that is recorded by the detector as one data point. The
pool of data points collected by the detector for a scan field is
then elaborated into an SPM image. SPM images are mostly
topographic images, where the relative height of the sample
surface is reported as the third dimension (Z) for each X, Y
coordinate pair. In non-topographic images, Z is a measure of
the variation in a detectable probe—sample interaction caused
by the change in a physical and/or chemical property of sam-
ple surface or of the layer immediately beneath sample sur-
face. Topographic and non-topographic SPM images are usu-
ally recorded simultaneously and displayed side-by-side in
order to facilitate the revelation of correlations between vari-
ations in surface height and changes in surface chemical and/
or physical properties.

Due to the ability of SPM to identify surface chemical and/
or physical properties by simply raster-scanning a sample with
a probe, hundreds of new SPM techniques have been

Extracellular Matrix

transporter 1 (PiT-1), provide ions for nucleation inside the proteolipo-
somes. The events outside the vesicles are studied by the incorporation of
the regulated proteins, tissue nonspecific alkaline phosphatase (TNAP)
and ectonucleotide pyrophosphatase/phosphodiesterase (NPP1), which
play a crucial role controlling appropriate inorganic pyrophosphate
(PP;)/P; ratio. Furthermore, calcium channels accelerate the nucleational
activity of calcium—phosphate—lipid complexes (CPLX) inside the MVs.
AnxAS5 also shows binding affinity to type II collagen and when present
in the proteoliposome membrane can drive the vesicles’ attachment onto
to collagenous extracellular matrix stimulating mineral propagation.
Hydroxyapatite (HA)

developed in the last decades. These techniques can be broad-
ly divided into two main groups, i.e. imaging techniques and
non-imaging techniques. Imaging techniques can in turn be
subdivided into “primary” and “derivative” imaging modes.
In terms of the function of the type of probe-sample interac-
tion, four types of primary imaging modes can be identified:
contact mode atomic force microscopy (AFM), dynamic
(vertical or lateral) mode AFM, scanning tunneling microsco-
py and scanning near-field optical microscopy. Each primary
imaging mode can be operated by using different methods
(“operative” modes). For example, dynamic vertical mode
AFM can be operated in either non-contact, or frequency
modulation or tapping mode. Irrespective of the operative
method, each primary imaging mode enables a host of deriva-
tive imaging modes, which have proven to be very useful to
understand several sample properties, including viscoelasticity,
adhesiveness and stiffness, at the nanometer scale. For in-
stance, contact mode AFM enables lateral force microscopy,
which provides information about the friction force between
the probe and the sample, whereas dynamic mode AFM en-
ables phase imaging, which has been proven to be very useful
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in polymer research to assess changes in viscoelasticity due to
variations in the chemical composition of the surface of the
sample or of the layer immediately beneath sample surface
(see below) (Magonov et al. 1997).

In contact mode, the AFM probe (a cantilevered tip) is in
perpetual contact with the sample surface. Variations in surface
height lead to changes in the cantilever’s deflection, which are
recorded by a detector by using a reflected laser beam. As a
result of the constant contact between the probe—sample com-
bination, lateral shear forces are generated, which may damage
the sample during raster scanning and introduce topographic
artifacts. In dynamic mode AFM, a rapidly oscillating
cantilevered tip is employed to raster-scan the sample, and this
technique minimizes, or nearly eliminates, lateral shear forces
that may alter the tip or damage the sample surface by reducing
the duration of probe—sample contact. As a result, soft materials
are amenable for imaging at nanoscale resolution. Nevertheless,
dynamic mode AFM does not completely eliminate probe—
sample interactions. When the tip interacts with the sample, it
experiences both repulsive and attractive forces, leading to en-
ergy dissipation and a shift (A@) in the phase angle of the
oscillations of the interacting probe relative to the free probe.
These changes can be measured by phase imaging, thus pro-
viding (qualitative) information on the viscoelastic properties
and, in turn, on differences in material composition of the sam-
ple surface as well of the layer immediately beneath sample
surface (Aytun et al. 2008; Dong and Yu 2003; Ruozi et al.
2009; Scott and Bhushan 2003).

SPM non-imaging techniques, which are generally referred
to as “nano-manipulation”, also rely on probe—sample inter-
actions as do imaging techniques; however, they extend the
utility of SPM beyond simple imaging. Nano-manipulation
techniques can be subdivided into “in-plane” and “out-of-
plane” modes. Examples of in-plane nano-manipulation tech-
niques are nano-scratching and nano-indenting, which use the
SPM probe to alter the location of the sample’s surface atoms
(Moon et al. 2001). An example of out-of-plane nano-
manipulation technique is AFM single molecule force spectros-
copy, where the AFM probe is used as a nanoscopic tweezer to
grab and pull one end of a biomacromolecule bound to a sub-
strate through the other end and unfold the biomacromolecule’s
secondary and tertiary structure to assess the intra-molecular
forces. This technique has enabled researchers to unravel key
aspects of folding—unfolding of proteins designed to behave as
mechanotransducers, i.e., polypeptides that perform bio-
logical functions under mechanical stress (Fowler et al.
2002; Ng et al. 2007).

AFM applications using topographic and phase imaging
investigations of mineralization-competent matrix vesicles

Yadav and collaborators (2016) have recently used a combi-
nation of AFM topography and phase imaging to show that

@ Springer

MYV biogenesis and function are regulated by PHOSPHOI.
For this study, MVs produced by chondrocytes isolated from
WT and Phosphol™~ mice and grown in non-mineralizing
conditions were used. MVs were imaged through an AFM
operated in dynamic vertical tapping mode. Topographic im-
ages showed that WT MVs were in greater number and had a
greater size than Phosphol ’~ MVs, thus suggesting that
PHOSPHOI regulates MV biogenesis and development.
Topographic images also revealed that the surface of WT
MVs had irregularities, whose height increased with vesicle
size, whereas most of Phosphol "~ MVs showed a smooth
surface. This result was interpreted taking into account that
while WT MVs were filled with mineral aggregates (the NC),
Phosphol’~ MVs’ lumen was mostly devoid of the NC— i.e.
PHOSPHOLI also regulates the formation of the NC within
MVs. In order to validate this hypothesis, AFM phase analysis
was used. AFM phase images showed that the surface of WT
MVs had an irregular distribution of A, with spots with high
values of A surrounded by regions with lower values of A.
The spots with high values of A corresponded to morpholog-
ical irregularities on the MV surface and were interpreted as
being due to the presence of highly viscoelastic mineral aggre-
gates (the NC) beneath the surface of the MVs. These aggre-
gates were surrounded by less crowded regions that led to lower
probe—sample energy dissipation when the membrane covering
these regions was raster scanned by the AFM probe. On the
contrary, Phosphol "~ MVs did not show any appreciable
changes in surface A, which validated the hypothesis that
the lumens of Phosphol”~ MVs’ were mostly devoid of the
NC. Thus, these studies, using an innovative combination of
AFM topography and phase imaging, showed that the genetic
ablation of PHOSPHOI1 impairs MV biogenesis and NC for-
mation. This result, in turn, suggests that the intra-vesicular
production of P; is necessary for the correct Ca>*/P; stoichiom-
etry for the formation of the NC (Yadav et al. 2016).

AFM phase analysis can be also used to characterize the
structure of liposomes and proteoliposomes in order to assess
how the addition of proteins to liposomes affects the mem-
brane properties of the vesicles, induce the formation of sur-
face protrusions and affect the function of proteoliposomes in
biomineralization, thus mimicking MV activity (Bolean et al.
2017). AFM images of proteoliposomes harboring TNAP re-
vealed the presence of protrusions with distinct viscoelasticity,
thus suggesting that the presence of the protein induced local
changes in membrane fluidity, compatible with the generation
of protrusions (Fig. 2a). The protrusions were barely detect-
able in AnxAS-proteoliposomes (Fig. 2¢). A more complex
surface structure was observed for the mixed proteoliposomes
harboring both TNAP and AnxAS, resulting in a lower affinity
for type II collagen fibrils compared to proteoliposomes har-
boring AnxAS5 exclusively (Bolean et al. 2017). Since these
AFM studies may provide basic yet crucial information on the
structure of lipid—protein clusters in more complex protein-
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Fig. 2 Use of atomic force microscopy to image and characterize the
structure of liposomes and proteoliposomes harboring relevant proteins
present in the membrane of MVs: a 9:1 DPPC:DPPS (molar ratio)
proteoliposomes harboring TNAP (scale bar 250 nm), b DPPC

containing lipid vesicles, they can be exploited to shed light on
processes involving lateral heterogeneity on cellular mem-
branes, including domain-induced budding and possibly MV
formation, both of which are considered to be critical for the
biomineralization process (Kirsch 2012; Wuthier and
Lipscomb 2011).

Proteoliposomes harboring NKA, a transmembrane protein
present in MVs, were also structurally characterized by AFM
(Fig. 2b). Topographic and phase images exhibited the pres-
ence on the vesicle surface of dark protrusions ranging from
38 to 115 nm in diameter and associated to the (x[3), hetero-
dimer and its oligomers (Fig. 2b). Dark protrusions in phase
images were associated to reconstituted NKA molecules.
Further research is warranted to unveil the effect of NKA on
the structure of MVs.

Optical microscopy applications on biomineralization
studies

Several types of optical microscopy techniques can be applied
to study specific lipid—protein interactions which play important
roles in the growth of HA crystals. These techniques have pro-
vided us with additional information through the direct obser-
vation of the model vesicles. Using giant unilamellar vesicles
(GUVs) coupled to phase contrast microscopy, it was possible
to observe GUVs composed of DOPC (Fig. 3a) and, following

R

proteoliposomes harboring Na*/K* ATPase (scale bar 500 nm), ¢ 9:1
DPPC:DPPS (molar ratio) proteoliposomes harboring AnxAS (scale bar
250 nm).

protein incorporation, the effects of AnxAS5 (Fig. 3b) and TNAP
(Fig. 3¢) on the membrane of the GUVs. As shown, AnxA5—
membrane interactions are impaired on GUV membranes com-
posed of DOPC, promoting changes in membrane permeability.
As a consequence, optical contrast fading is observed without
membrane rupture (Fig. 3b). Additionally, GUVs under an elec-
tric field initially change their morphology into prolate ellip-
soids, but the spherical shape is recovered over time (Bolean
etal. 2015). This finding must be due to the release of salt from
the GUV lumen into the solution, thus equilibrating the internal
and external conductivities. The same behavior is observed in
vesicles made up of 9:1 DOPC:DPPS (molar ratio). Taken to-
gether, these results confirm the functional insertion of AnxAS
in both systems constituted by DOPC and 9:1 DOPC:DPPS,
showing its Ca**-transport role. Future experiments will address
how AnxAS5 forms Ca”* channels and how the ions are
transported through the membrane.

TNAP—membrane interactions promote an area excess
with the formation of filaments in a localized area, which
extends to the whole membrane perimeter with increasing
incubation time (Fig. 3c). TNAP promotes an increase in
membrane area, as observed by an enhancement of membrane
fluctuations, followed by the protrusion of lipid filaments to
re-establish membrane tension.

Additionally, the use of fluorescent probes bound to lipids,
inserted in the membranes of interest, fluorescent proteins and

Fig. 3 Different effects of osteogenic proteins on the morphology of
GUV membrane composed of DOPC (2 mg/mL). a GUVs exhibiting
spherical shape, b the AnxA5—membrane interaction with DOPC
allowing changes between the internal and external media and

subsequent loss of the optical contrast without membrane disruption, ¢
the effect on GUV membrane morphology after TNAP interaction,
showing excess area and filament formation. Magnification x60, scale
bars 20 pm
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the intrinsic tryptophan enable the making of fluorescence
images of the protein—-membrane interactions (Simeonov
etal. 2013). Confocal microscopes are very useful due to their
higher spatial resolution when compared to conventional wide
field fluorescence microscopes, allowing analysis even with
proteoliposomes as small as MVs (Mathiasen et al. 2014). An
additional property that can be followed using fluorescence is
the fluorescence lifetime. The coupling between pulsed laser
excitation, confocal set-up, sensitive detection and scanning
through the sample permits the detection of fluorescence life-
time in each point of the sample. This technique is called
fluorescence lifetime imaging microscopy (FLIM) and pro-
vides us with a 2D map of fluorescence lifetimes (Fujiwara
and Cieslik 2006). This property is very sensitive to microen-
vironmental changes due to micro-viscosity properties, ion
concentrations, membrane fluidity, among others. As mem-
brane fluidity changes with protein incorporation, it is possible
to monitor protein—-membrane interactions and the effects of
different lipid compositions and lipid phases (de Almeida
et al. 2009; Stockl and Herrmann 2010). Another possible
use of fluorescence microscopy is Forster Resonance Energy
Transfer (FRET) (Raicu and Singh 2013), which allows the
distance on the order of few nanometers to be determined
between a pair of donor and acceptor fluorescent molecules
in the system.

Conclusion

This review provides basic and meaningful information on
lipid-lipid and lipid—protein interactions on the surface of
MVs. A fundamental understanding of the interplay between
lipid composition and membrane behavior is crucial for the
validation of these systems as mimetic of the process of bio-
mineralization. Taken together, biophysical and biochemical
approaches will be of great help to unveil the complex mech-
anisms involved in the interaction of specific proteins with the
lipid bilayer components within the framework of the biomin-
eralization process.
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