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Abstract
Matrix vesicles (MVs) are 100–300 nm spherical structures released by miner-
alization competent cells to initiate formation of apatite, the mineral compo-
nent in bones. Among proteins present in MVs, annexin A6 (AnxA6) is thought
to be ubiquitously distributed in the MVs’ lumen, on the surface of the inter-
nal and external leaflets of the membrane and also inserted in the lipid bilayer.
To determine the molecular mechanism(s) that lead to the different locations of
AnxA6, we hypothesized the occurrence of a pH drop during the mineraliza-
tion. Such a change would induce the AnxA6 protonation, which in turn, and
because of its isoelectric point of 5.41, would change the protein hydrophobicity
facilitating its insertion into the MVs’ bilayer. The various distributions of AnxA6
are likely to disturb membrane phospholipid organization. To examine this pos-
sibility, we used fluorescein as pH reporter, and established that pH decreased
inside MVs during apatite formation. Then, 4-(14-phenyldibenzo[a,c]phenazin-
9(14H)-yl)-phenol, a vibration-induced emission fluorescent probe, was used as a
reporter of changes in membrane organization occurring with the varying mode
of AnxA6 binding. Proteoliposomes containing AnxA6 and 1,2-Dimyristoyl-sn-
glycero-3phosphocholine (DMPC) or 1,2-Dimyristoyl-sn-glycero-3phosphocholine:
1,2-Dipalmitoyl-sn-glycero-3-phosphoserine (DMPC:DPPS 9:1), to mimic the exter-
nal and internal MV membrane leaflet, respectively, served as biomimetic models to
investigate the nature of AnxA6 binding. Addition of Anx6 to DMPC at pH 7.4 and
5.4, or DMPC:DPPS (9:1) at pH 7.4 induced a decrease in membrane fluidity, consis-
tent with AnxA6 interactions with the bilayer surface. In contrast, AnxA6 addition to
DMPC:DPPS (9:1) at pH 5.4 increased the fluidity of the membrane. This latest result
was interpreted as reflecting the insertion of AnxA6 into the bilayer. Taken together,
these findings point to a possible mechanism of AnxA6 translocation in MVs from
the surface of the internal leaflet into the phospholipid bilayer stimulated upon acid-
ification of the MVs’ lumen during formation of apatite.
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 INTRODUCTION

Biomineralization is a highly regulated process that takes place during the formation, development, remodelling and repair of
skeletal tissues (Blair et al., 2002; Raggatt & Partridge, 2010). Skeletal formation is a complex process that involves osteoblasts dur-
ing transmembranous ossification and chondrocytes during endochondral ossification (Berendsen & Olsen, 2015; Hallett et al.,
2019). Both osteoblasts and chondrocytes are able to release matrix vesicles (MVs), 100–300 nm diameter spherical structures
enriched in proteins associated with the initiation of mineralization (Anderson, 2003; Bottini et al., 2018; Golub, 2009; Wuthier
et al., 2011). Calcium (∼1–2 mM) and phosphate (∼1–2 mM) concentrations are in supersaturation under physiological condi-
tions and promote apatite formation (Boskey et al., 1982; Kuhn et al., 2000) with release of protons (Equation 1) (Smith et al.,
2005; Tye et al., 2010).

[6HPO4
2−
+ 10Ca2+ + 2H2O ⇌ %Ca10(PO4)6(OH)2 + 8H+] (1)

Protons are released during apatite formation at biological pH due to the deprotonation of the monobasic H2PO4
- or dibasic

HPO4
2-. Approximately 4–8 protons from monobasic phosphate and up to 14 protons from dibasic phosphate are released per

apatite, Ca10-x(HPO4)v(CO3)w(PO4)6-x(OH)2-x, depending of the exact amount of acidic phosphate precursor (v) and carbonate
(w) with x = v+w (Aoba & Moreno, 1992; Simmer & Fincham, 1995; Smith et al., 2005). Although the calcium and phosphate
ionic concentrations are sufficient to spontaneously initiate formation of calcium phosphate complexes, nucleation speeds up
formation of apatite crystals (Veis & Dorvee, 2013), while mineralization inhibitors maintain driving forces for calcium phos-
phate precipitation andprevent unwanted pathologicalmineralization (Margolis et al., 2014). Among theMV-associated proteins,
the annexin (Anx) family members are the most abundant (Bottini et al., 2018; Genge et al., 2007). Annexins are calcium- and
phospholipid-binding proteins (Bandorowicz & Pikuła, 1993; Bandorowicz-Pikuła & Pikuła, 1998; Cornely et al., 2011; Gerke &
Moss, 2002; Smith et al., 1994). AnxA6, which is the largest member of the Anx family (MW of ∼68 kDa) (Cornely et al., 2011;
Smith et al., 1994), binds in a Ca2+ dependent manner to negatively charged phospholipids such as phosphatidylserine which is
localized on the inner leaflet of the MVs’ lipid bilayer. AnxA6 was found to exist in the MV membrane as both an integral and
a peripheral protein, which suggests distinct lipid-protein interactions and possible functions (Kirsch et al., 2000; Veschi et al.,
2020). A population of AnxA6 was found to be bound to the internal leaflet of MVs, another part of AnxA6 remains inserted in
the membrane, as well as attached to the external leaflet (Veschi et al., 2020). It was hypothesized that during apatite formation
in the MVs’ lumen, the decrease in pH would protonate a population of AnxA6 molecules, rendering them more hydropho-
bic and more prone to insertion into the MVs’ bilayer (Veschi et al., 2020). The decrease in pH during apatite formation was
reported (Smith et al., 2005; Tye et al., 2010; Blair et al., 2018), while the pH drop inside MVs has never been formally observed.
Therefore, a first aim was to verify, using fluorescein as pH-sensitive probe (Sjöback et al., 1995), if the pH inside MVs effec-
tively decreased during apatite formation. Thereafter, to determine the mechanism(s) of AnxA6 binding and its effect on mem-
brane ordering (membrane fluidity), we used a fluorescent probe, 4-(14-phenyldibenzo[a,c]phenazin-9(14H)-yl)-phenol (DPAC)
which was synthesized according to earlier reports (Dou et al., 2017; Zhang et al., 2020; Zhou et al., 2016). The fluorescent probe
was mixed with liposomes as MV membrane model. DPAC has typical Vibration–Induced- Emission (VIE) properties (Zhang
et al., 2020) due to changes in configuration and bent-to-planar motion depending on the restriction of molecular vibrations
(Figure 1).

We hypothesized that the restriction of molecular vibration occurs when changing the environment of the probe, such as
during transition from liquid to gel phase in the lipid bilayer induced by interaction of AnxA6 with the membrane. There-
fore, DPAC was used to follow AnxA6 effect on the MV-mimicking vesicles and sense fluidity variations in membranes
depending on the pH of the buffer. Our findings shed light into AnxA6 mechanism(s) of binding to MVs. They indicate
for the first time that pH actually drops inside the MVs’ lumen during apatite formation and highly suggest that this pH
drop is responsible for AnxA6 translocation from the surface of the internal leaflet to the external phospholipid bilayer of
the MVs.

 EXPERIMENTAL SECTION

. Material

Tris, citrate, EGTA, dimyristoylphosphatidylcholine (DMPC), dipalmitoylphosphatidylserine (DPPS), fluores-
cein were purchased from Sigma (Saint Quentin Fallavier, France). They were of the highest purity available.
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F IGURE  Mechanism of emission colour shift of DPAC upon VIE (Dou et al., 2017). Planarity changes in DPAC orientation induce a shift in the
fluorescence emission toward the red edge when probe orientation is planar

4-(14-phenyldibenzo[a,c]phenazin-9(14H)-yl)-phenol (DPAC) was prepared according to (Zhou et al., 2016). Water was
purified with a Milli-Q system, its resistivity was greater than 18 MΩ. Recombinant human AnxA6 protein was expressed and
purified as described previously (Kirilenko et al., 2002).

. Purification of matrix vesicles

MVs were isolated from growth plates and epiphyseal cartilage slices of 17-day-old chicken embryos by collagenase digestion
(Buchet et al., 2013). Leg bones from 17-day-old chicken embryos were cut into 1–3-mm thick slices and washed five times
in a synthetic cartilage lymph (SCL) containing 100 mM NaCl, 12.7 mM KCl, 0.57 mM MgCl2, 1.83 mM NaHCO3, 0.57 mM
Na2SO4, 1.42 mMNaH2PO4, 5.55 mMD-glucose, 63.5 mM sucrose and 16.5 mM 2-[[1,3-dihydroxy-2-(hydroxymethyl)propan-
2-yl]amino]ethanesulfonic acid (TES) at pH 6.5. SCL was weakly buffered by phosphate and carbonate so that pH variation
can be determined. Growth plate and epiphyseal cartilage slices were digested at 37◦C for 3.5 h in the SCL buffer with 1 mM
Ca2+ and collagenase (200 U of collagenase type 1A/g of tissue). It was vortexed and filtered through a nylon membrane.
The suspension was centrifuged at 600 × g for 10 min to pellet hypertrophic chondrocytes. The supernatant was centrifuged
at 13,000 × g for 20 min. The pellet was discarded and the supernatant was submitted to a third centrifugation at 70,000 ×
g for 1 h. The supernatant was discarded and the final pellet containing MVs was washed several times and suspended in
500 μl of SCL buffer and stored at 4◦C. The protein concentration in the MV fraction was determined using the Bradford
assay.

. Monitoring pH variation in matrix vesicles during mineralization

An aliquot of 500 μl SCLmedium containingMVs (see above) was completed with 2mM total Ca2+ and 3.4 mM total phosphate
and mineralization allowed to proceed at 37◦C after 0, 2 h, 24 h and 168 h incubation. The external pH was monitored by
incubating intact MVs with 0.1 μM fluorescein. To determine internal pH, MV membrane bilayers were broken by six freeze-
thaw cycles (5 min in liquid nitrogen, 10 min at 37◦C) to release the internal protons in MVs into the extracellular medium. In
both cases, the pH was monitored by measuring fluorescence emission intensity at 515 nm with a fixed excitation wavelength of
488 nm with 0.1 μM fluorescein as pH indicator.
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The internal concentration of freeH+ (Cint) was estimated by using Equation (2) which allowed an approximate determination
of the internal apparent pH in MVs.

(Cint × Vint) + (Cext × Vext) = (Ctot × Vtot) (2)

Where the internal volume (Vint) of MVs was estimated to be around 11 μl over 500 μl total SCL volume (Vtot) with a protein
concentration of 1 mg ml-1, protein to lipid ratio of 1 mg:3 mg, bilayer density of 1.4 and MV diameter of 200 nm. The external
volume corresponded to 489 μl (Vext). The concentration of H+ in the extracellular mediumwas determined (before freeze-thaw
(Cext), while the total concentration of H+ was determined after freeze-thaw (external + internal medium, Ctot).

. Liposome preparation with embedded fluorescent probe

Liposomes were prepared by using the thin film hydration method (MacDonald et al., 1991; Mayer et al., 1986). Briefly, lipids
composed of DMPC or DMPC-DPPS (9:1 mol:mol) in 1 ml chloroform (a total lipid mass of 2 mg) were mixed in a round flask,
and fluorescent probe was added at 0.2 μMfinal concentration while heating above the lipidmelting point. The solvent was dried
under vacuum at 40◦C on a rotatory evaporator to form a lipid film on the glass surface. The lipid film was hydrated in 1 ml of
either 50 mM Tris-HCl buffer, pH 7.4 or 50 mM Citrate buffer, pH 5.4. This resulted in the formation of Multilamellar Vesicles
(MLVs) with various sizes and numbers of layers. Six freeze-thaw cycles in liquid nitrogen and at 37◦C in a water bath were
then applied to obtain Large Unilamellar Vesicles (LUVs). The size of these LUVs was defined by extrusion through a porous
membrane with a Mini–Extruder (Avanti Polar Lipids, Alabaster, AL, USA). The liposomes were heated above their phase-
transition temperature (Tm), extruded through a 400 nm and then a 200 nm pore diameter polycarbonate membrane using a
MiniExtruder apparatus (Avanti). The size of the liposome particles was rather homogeneous and around 240 nm, as measured
with dynamic light scattering (DLS). The final liposome solution was stored at 4◦C.

. Preparation of proteoliposomes and monitoring of the membrane physical state

To simulate MVs in a biomimetic environment, 0.08 mM DMPC or DMPC-DPPS (9:1 mol:mol) liposomes, mimicking the
external and internal leaflet of MVs, respectively, were incubated with 1μMAnxA6, and 2 mM Ca2+, in either 50 mM Tris-HCl
buffer, pH 7.4 or 50mMCitrate buffer, pH 5.4. After 20 h of incubation at 37◦C, gently shaking the samples, fluorescence emission
spectra were measured (at 37◦C) with an excitation wavelength fixed at 340 nm (based on absorption properties of DPAC). Since
DPAC emission wavelength changes with membrane fluidity, the measurement of the Generalized Polarization (GP) parameter
was appropriate to quantify membrane fluidity. The GP is related to probe-surrounding solvent mobility (Parasassi et al., 1990)
and is calculated from fluorescence emission intensities according to the following Equation (3):

GP = Igel − ILC∕
(
Igel − ILC

)
(3)

where Igel and ILC are, respectively, intensity values of the probe to characteristic emission wavelengths of gel or liquid-crystal
phases. In this context, Igel was determined at 450 nm and ILC was measured at 560 nm.

. Helsinki statement

CNRS, University of Lyon, and Nencki Institute of Experimental Biology in Warsaw, Poland are committed to the 3Rs (replace-
ment, refinement and reduction of animals in research) and have an ethical review procedure for licensed animal use. It was
considered good practice to build on the existing knowledge and expertise to extend this to nonlicensed animal and tissue use.
The use of chick embryos was considered as nonlicensed animal use and full animal ethics committee approval was not required
for this use.

 RESULTS

. Calibration of fluorescein for the determination of pH

A pH drop is expected to occur within MVs during apatite formation (Blair et al., 2018), due to the release of protons in the
reaction (1), yet this decrease has never been experimentally demonstrated. Therefore, fluorescein (Figure 2a) was used as a pH
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F IGURE  (a). Chemical structure of fluorescein. (b). Typical fluorescence spectra of fluorescein (0.1 μM, λex 488 nm) recorded in 10 mM phosphate
solution adjusted to pH 5.0; 5.8; 6.4; 6.9 and 7.2 in the presence of 2 mM Ca2+ at 37◦C. (c). Fluorescence intensity measured at 515 nm as a function of pH. Full
line, sigmoidal fit obtained for experimental data

sensor to measure the pH of the solution during apatite formation. Firstly, fluorescence emission spectra of fluorescein were
recorded at various pH values. The fluorescence intensity strongly depended on pH, with a pronounced intensity decrease when
the pH of the buffer decreased from 7.2 to 5.0 (Figure 2b). A sigmoid variation of the fluorescence intensity measured at 515 nm
(using a 488 nm excitation wavelength) within this pH range allowed us to plot a calibration curve (Figure 2c). A pKa around
6.4 was determined for fluorescein, in good agreement with the literature (Sjöback et al., 1995), which makes it a convenient pH
sensor within the pH range expected to occur in MVs during mineralization

. The internal pH of matrix vesicles decreased during mineralization

To simulatemineralization, 2mMcalcium and 3.4mMphosphate ions (final concentrations) were added toMVs in SCL together
with 0.1 μM fluorescein. At the selected incubation time points of 0 h, 2h, 24h, and 1 week (168h), the pH of the sample was
determined before and after six freeze/thaw cycles to induce MV burst and release of the intraluminal content. We observed a
continuous and significant decrease in pH from 6.3 to 5.8 during the first 24 h in the case of MVs subjected to six freeze/thaw
cycles (Figure 3a). On the contrary, the pH before burst (Figure 3b) remained rather stable, confirming that the decrease in
the pH previously observed after MV burst can be explained by a strong drop in the pH inside MVs as the apatite formation
progressed. After 1-week incubation, the pH dropped drastically to 5.1. The same pH values were measured inside and out-
side MVs (before and after burst), indicating that the vesicles were already broken, even without any freeze/thaw cycle. This
was probably caused by apatite crystal formation disrupting the MV membrane and releasing protons (Equation 1) into the
medium.
The significant decrease of the pH in the bulk solution after MV burst (from 6.3 to 5.8, p < 0.001, during the first 2h)

corresponded to an estimated decrease in the pH inside MVs from 6.3 to 5.6. This decrease was more pronounced after



 of  WANG et al.

F IGURE  Mean pH values of MVs in SCL buffer containing 3.4 mM phosphate either after (a) or before (b) membrane breaking, as determined by
fluorescein, measured at different times (t = 0h, 2h, 24h, 1 week) after adding 2 mM calcium ions. Estimated internal pH (c), according to Equation (2). Plot of
representative means (±SD) of five independent experiments. p obtained with Student t-test

24 h-incubation, when the pH dropped from 6.3 to 4.5. After 1 week incubation, MVs were broken in association with max-
imal internal pH of 3.4 (Figure 3c).

This pH decrease following apatite formation within MVs can have profound consequences on proteins present in the MVs’
lumen andnotably on the highly abundantAnxA6.AnxA6 is thought to translocate over theMVmembranewith an intermediary
transmembrane state (Veschi et al., 2020). AnxA6 has an isoelectric point (pI) around 5, therefore the above-mentioned pH drop
would change AnxA6’s ionization state, increase its surface hydrophobicity aiding protein insertion into the bilayer (Golczak
et al., 2001; Veschi et al., 2020). Such insertion would not be without consequences on membrane organization. Liposome or
even membrane cell binding of Anx6 were shown to induce membrane remodelling (Alvarez-Guaita et al., 2015; Cornely et al.,
2011; Enrich et al., 2011).

. Validation of -(-phenyldibenzo[a,c]phenazin-(H)-yl)-phenol probe as a sensor of
membrane order

Anx6-membrane interactions under different pHs were monitored with a home-made fluorescent probe, DPAC, which under-
goes spectral changes caused by transformation from bent to planar form. Such transformation, resulting from restriction of
molecular vibrations, may occur when Anx6 binds to the membrane and may differ according to the interaction mode. Gen-
erally, when a protein binds to the membrane surface, a decrease in the membrane fluidity is observed due to the removal of
water molecules in the vicinity of head polar groups of phospholipids (Francois-Moutal et al., 2016; Francois-Moutal et al., 2013;
Francois-Moutal et al., 2014). On the contrary, protein insertion into the membrane bilayer increases membrane fluidity as the
lipid head groups are thread apart, which yields an overall mobility of the bilayer (Francois-Moutal et al., 2013). DPAC was used
to determine the type of AnxA6 binding onto the membrane under two pH conditions: pH = 5.4 (50 mM citrate buffer) and
pH= 7.4 (50mMTris-HCl buffer).We used liposomes containing eitherDMPC tomimic the outer leaflet of theMVs’membrane
or a DMPC:DPPS (9:1) mixture to mimic the inner leaflet. To validate DPAC as a fluorescent probe on the membrane fluidity, we
recorded its fluorescence emission spectra in either DMPC orDMPC-DPPS (9:1) liposomes at pH 7.4 or pH 5.4, between 400 and
700 nm using a 340 nm excitation wavelength at temperature range from 5◦C to 45◦C. For example, DPAC inserted in DMPC-
DPPS (9:1) membranes shows a large Stokes-shifted emission with two emission peaks at 450 and 560 nm (Figure 4a) typical
from VIE properties. From lower to higher temperature, the blue emission wavelength (λem = 450 nm) extensively decreased
while the red emission (λem = 560 nm) slightly increased (Figure 4a).
DPAC presents a folded state with a blue emission in amembrane gel-like state at low temperature, while it presents a stretched

state with a red fluorescence emission in a nonrestricted environment, as in a membrane fluid-like state, as described by Wang
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F IGURE  (a). Fluorescence emission spectra (λex
340 nm) of DPAC in DMPC:DPPS (9:1) liposomes in citrate
buffer (50 mM, pH 5.4) from 5◦C to 45◦C. (b). Scheme of
DPAC inserted in rigid or fluid membranes. The planar
configuration can be solely adopted in fluid phases, where
molecular vibrations are not restricted

et al. (2018). As a consequence, molecular vibrations of DPAC at low temperature, were microcosmically restricted with higher
steric hindrance and significant nonplanar distortions (i.e., a saddle shape) (Figure 4b). Therefore, our results indicate that DPAC
is a good sensor of the fluidity state (gel/ordered to liquid/disordered) of the membrane. Such temperature-dependency of the
emission peak wavelength, is reminiscent of Laurdan properties (Parasassi et al., 1991), a well known fluorescent molecule widely
used to sense membrane physical state variation upon lipid-ligand interaction (Bagatolli, 2012). By analogy with the Laurdan,
a GP parameter (Equation 3) was calculated from the emission wavelength of DPAC inserted in liposomes. The fluorescence
emission intensities at 450 nm (ordered/gel-phase like marker) and 560 nm (disordered/ liquid-like phase marker) were selected
to determine the relative amount of gel and liquid phases when they coexist in liposomes. For all liposomes tested (DMPC
and DMPC:DMPS (9:1)), both in citrate (pH 5.4) and Tris HCl (pH 7.4) buffers, GP declined with the increase in tempera-
ture (Figure 5). In all cases, lipid membrane turned out to be more fluid and liquid-disordered with increasing temperature. Its
decrease was more pronounced in DMPC proteoliposomes at acid pH as compared to DMPC proteoliposomes in neutral state.
These findings confirm that GP is valid for DPAC and that this fluorescent probe may sense changes in the liposome fluidity
during AnxA6 binding.

. Determination of the types of AnxA interactions with membrane bilayers caused by the
acidification as monitored by the membrane fluidity changes

The proteoliposomeswere enriched in AnxA6 to determine the nature of the interactions of AnxA6withmembrane bilayers dur-
ing acidification frompH7 (TrisHCl buffer) to pH5.4 (citrate buffer). Fluorescence spectra ofDPACwere recorded at 37◦Cbefore
and 2h after addition of 1 μM AnxA6 to liposomes, in the presence of 2 mM calcium. Fluorescence intensities were measured
at 450 nm (ordered phase) and 560 nm (disordered phase) and GP values were calculated for each sample as described above.
ΔGP was calculated from GP values obtained before and after incubation with AnxA6 (ΔGP = GPliposome+AnxA6-GPliposome) to
illustrate the fluidity changes upon protein binding (Figure 6).

Addition of AnxA6 to DMPC at pH 7.4 or at pH 5.4 or addition of AnxA6 to DMPC-DPPS (9-1) at pH 7.4, resulted in a
positive GP variation (ΔGP) (Figure 6) indicating that AnxA6 induced a decrease in the mobility of solvent molecules in the
vicinity of DPAC. This suggested an increase of the rigidity of the membrane and was consistent with AnxA6 bound to the
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F IGURE  GP of DPAC in membrane bilayers of liposome as a function of temperature from 5◦C to 45◦C. Liposomes were composed by: DMPC in Tris
HCl buffer, pH 7.4 (Green triangles), DMPC in citrate buffer, pH 5.4 (Blue triangles), DMPC-DPPS (9:1) in Tris HCl buffer, pH 7.4 (Red circles) and
DMPC-DPPS (9:1) in citrate buffer, pH 5.4 (Black squares)

F IGURE  ΔGP values (GPliposome+AnxA6-GPliposome) of
DPAC in liposomes after Anx6 binding. (a) DMPC in Tris HCl
buffer pH7.4; (b) DMPC:DPPS (9:1) in Tris HCl buffer pH 7.4;
(c) DMPC in citrate buffer pH = 5.4; (d) DMPC: DPPS (9:1) in
Citrate buffer pH 5.4 obtained at 37◦C after 2 h of AnxA6
incubation. Measurements were done from five independent
samples

surface of membrane bilayer. AnxA6 binding on the surface of the bilayer, displaced water molecules from the surface of the
membrane, which resulted in the formation of more rigid membrane bilayer as schematically depicted in Figure 7.
In contrast, the addition of AnxA6 to DMPC-DPPS (9:1) at pH 5.4 induced a negative ΔGP, suggesting that a distinct type

of AnxA6 interaction with anionic phospholipids occurred at pH 5.4 as compared with that with neutral phospholipids. This
was interpreted as AnxA6 increased the mobility of solvent molecules in the vicinity of DPAC. Due to the bulky 3D structure of
protein, its membrane insertion would expand the gap between lipids and DPAC would have more access to water (Figure 7).
From these findings, we infer that under acidic conditions and only in the presence of ionic phospholipids, AnxA6 inserted into
bilayer membrane or evoked membrane bilayer splitting apart the phospholipids.

 DISCUSSION

. Apatite formation induced a decrease in pH inside MVs

The formation of apatite occurred in the MVs’ lumen, and not on the external surface of MVs, since the internal pH dropped
from 6.25 to 4.48 inside MVs after 24h incubation, while the external pH remained constant after 24h incubation. This confirms
previous reports that apatite nucleation is initiated inside MVs and not on its external surface (Anderson, 2003; Bottini et al.,
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Acid conditions (pH decrease due to proton 
generated from the mineralization process):
AnxA6 inserts in the membrane and splits

the lipids appart 
Probe is more accessible to water

Fluid environment

Neutral conditions (pH 7.4):
AnxA6 electrostatic interaction 

with the membrane
Probe is less accessible to water

Rigid environment

F IGURE  Location of AnxA6 at the DMPC-DPPS
bilayer under acidic (left) and neutral (right) conditions

2018; Golub, 2009; Plaut et al., 2019; Wuthier et al., 2011). The starting pH of 6.25 is also close to the pH optimum of 6.7 for
PHOSPHO1 activity (Roberts et al., 2004) the enzyme that has been implicated in the intravesicular production of Pi for initiation
of apatite formation in theMVs’ lumen (Roberts et al., 2007). Assuming an average of eight protons which are released per apatite
(Equation 1) and taking into account that about onemol of carbonate per mol of apatite was present, the pH values corresponded
to 1.5 % of the total calcium used to form apatite inside MVs after 24 h, while not more than 0.25 % of the total concentration
was employed outside MVs. After 168 h, MVs were broken probably due to mechanic forces caused by the accumulation of
calcium phosphate minerals (Plaut et al., 2019) and/or lipase activity (Stechschulte et al., 1992). After 168 h, 27 % of total calcium
concentration was used to form apatite. Only a fraction of calcium ions was taken due to the acidic environment, which could
prevent continuous apatite formation.
The amount of calcium amassed in apatite could be underestimated since to sustain mineral formation, MVs probably

responded to the acid stress with bicarbonate ions to neutralize the excess hydrogen ions (H+HCO−
3 H2O + CO2) catalysed

by carbonic anhydrase II, which is present in MVs (Marsh, 2008).

. Distinct types of lipid interactions support a possible translocation mechanism of AnxA
from the lumen into the membrane bilayer

AnxA6 is located in the lumen of MVs, on the inner leaflet of MVs, inside the lipid bilayer of MVs and on the outer leaflet of
MVs (Veschi et al., 2020). Here we provided experimental evidence that apatite formation induced acidification inside MVs.
The membrane fluidity increased in the case of AnxA6 interaction with DMPC-DPPS (9:1) during acidification as compared
to that of DMPC-DMPS (9:1) without AnxA6. This was in contrast to the AnxA6 interaction with DMPC-DMPS (9.1) under
neutral conditions, where the membranes became more rigid. It indicated unambiguously that AnxA6 interacted in a dis-
tinct manner with DMPC-DMPS (9:1) at pH 5.4 and then at pH 7.4. We concur that acidification may trigger the transloca-
tion of AnxA6 inside the bilayer by increasing the hydrophobicity of AnxA6, as it has been earlier proposed (Golczak et al.,
2001; Veschi et al., 2020). It is established that proteins or peptides corresponding to hydrophobic putative transmembrane
channel segments are capable of self assembly in lipid bilayers (Marsh, 2008). The origin of the driving force of insertion is
that transmembrane sequences appear to have a markedly nonpolar character. Although spontaneous protein insertion from
the cytoplasmic side into bilayer upon acidification is rarely reported, it was earlier recognized that AnxA6 can interact on
the surface of phosphatidylserine (Alvarez-Guaita et al., 2015; Bandorowicz & Pikuła, 1993; Enrich et al., 2011; Gerke & Moss,
2002; Veschi et al., 2020) (mimicking the inner leaflet), as well as on the surface of phosphatidylcholine (Alvarez-Guaita et al.,
2015; Veschi et al., 2020) (mimicking the outer leaflet) and can accidentally form transmembrane ion channels (Golczak et al.,
2001; Kirsch et al., 2000). Calcium influx coupled to the interaction of AnxA6 with S100A8 and S100A9 proteins may facilitate
translocation of AnxA6 from the inner to the outer leaflet of the plasma membrane (Bode et al., 2008; Grewal et al., 2017). The
translocation mechanism during acidification appeared to be unidirectional, that is from the MVs’ lumen toward the extracel-
lular side of MVs. This was inferred from the observed property of proteoliposomes enriched with DMPC and AnxA6, when
during acidification, the proteoliposomes become more rigid. This finding was interpreted as AnxA6 interacting on the sur-
face of the DMPC bilayer and not penetrating inside the bilayer. In this context, DMPC mimics the external side of the MV
bilayer.
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. Functions of AnxA and physiological relevance

AnxA5 and AnxA6 may not represent the essential annexins that promote mineralization in vivo (Belluoccio et al., 2010; Bellu-
occio et al., 2010). The development of skeletal elements was not significantly impaired by the absence of annexins (Brachvogel
et al., 2003; Grskovic et al., 2012). Depletion of AnxA5, AnxA6 and collagen type X caused no changes in MV-mediated miner-
alization (Grskovic et al., 2012). However, primary chondrocyte cultures isolated from rib cartilage of newborn AnxA6-/- mice
showed delayed terminal differentiation as indicated by reduced terminal differentiation markers, including tissue-nonspecific
alkaline phosphatase (TNAP), matrix metalloproteinase-13, osteocalcin and Runx2, and reduced mineralization (Minashima
et al., 2012). Absence of AnxA6 can be compensated by other members of the annexin family (Enrich et al., 2017), while under
stress conditions, such as partial hepatectomy, AnxA6 could be essential for survival (Alvarez-Guaita et al., 2020). Distinct types
of interactions between lipids and AnxA6 inMVs could reflect distinct functions (Veschi et al., 2020). Besides its ability to recruit
proteins, cholesterol, and to reorganize lipid raft domains (Cornely et al., 2011), AnxA6 on the inner side of MVs may form a
nucleation core enriched with calcium ions and phosphatidylserine to facilitate the initiation of apatite inside MVs, similarly to
the nucleation core formed by AnxA5, phosphatidylserine and calcium ions (Genge et al., 2007). Finally, AnxA6 on the outer side
of MVs (Kirsch et al., 2000), as AnxA5 (Bolean et al., 2017; Bolean et al., 2020) may bind to collagen to facilitate the binding of
MVs to collagen fibres to propagate mineral depositions in ECM. However, there are still no experimental evidence that AnxA6
interacts with collagen fibres.

 CONCLUSION

Our findings indicated that apatite formation was initiated in the lumen of MVs and induced a decrease in the intravesicular
pH. We propose a mechanism of unidirectional AnxA6 translocation from the inner leaflet of the MVs’ bilayer, into the MV
bilayer, toward the external surface of MVs. This interpretation is supported by the fluidity property of proteoliposomes con-
taining AnxA6 and enriched with either DMPC, modelling the outer leaflet of MVs, or DMPC:DMPS (9:1) corresponding to the
inner leaflet of MVs. Upon acidification, AnxA6 became hydrophobic, facilitating its insertion in DMPC:DMPS (9:1) as revealed
by the increased fluidity compared to the interaction with pure DMPCmembranes. These results are in accordance with the dif-
ferential scanning calorimetry (DSC), atomic force microscopy (AFM) and circular dichroism (CD) data previously published
by Buzhynskyy et al. 2009) and Veschi et al. (2020). Those data refer to the possible mechanism of AnxA6 insertion into the
membrane bilayer and reinforce the synergy of AnxA6, PS, Ca2+ associated with pH changes in the fine adjustment of apatite
nucleation process.
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