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1. ABSTRACT

Matrix vesicles (MVs) induce calcification
during endochondral bone formation.  Experimental
methods for structural, compositional, and functional
analysis of MVs are reviewed. MV proteins, enzymes,
receptors, transporters, regulators, lipids and electrolytes
are detailed. MV formation is considered from both
structural and biochemical perspectives. Confocal imaging
of Ca®* and H" were used to depict how living
chondrocytes form MVs. Biochemical studies revealed that
coordinated mitochondrial Ca?* and Pi metabolism produce
MVs containing a nucleational complex (NC) of
amorphous calcium phosphate, phosphatidylserine and
annexin A5 — all critical to the mechanism of mineral
nucleation. Reconstitution of the NC and modeling with
unilamellar vesicles reveal how the NC transforms into
octacalcium phosphate, regulated by Mg®", Zn*" and
annexin A5. Extravasation of intravesicular mineral is
mediated by phospholipases and tissue-nonspecific alkaline
phosphatase (TNAP). In the extravesicular matrix,
hydroxyapatite crystal propagation is enhanced by cartilage
collagens and TNAP, which destroys inhibitory PPi, and by
metalloproteases that degrade proteoglycans. Other
proteins also modulate mineral formation. Recent findings
from single and multiple gene knockouts of TNAP, NPP1,
ANK, PHOSPHOI, and Annexin A5 are reviewed.

2. INTRODUCTION

Skeletal formation is a highly complex process
that involves cellular proliferation and differentiation — like
development of all tissues — but superimposed on this is the
need for mineralization to enable bone to physically
support bodily functions. There are two major types of
bone formation: endochondral and intramembranous.
Endochondral bone formation begins as a cartilaginous
anlage and is observed during formation of long bones such
as those of the limbs and ribs. Intramembranous bone
formation is characteristic of “flat” bones such as the skull
and vertebra. Within each type of bone formation there are
variations depending on the species and the nature of the
bone being considered. Skeletal development involves
growth, expansion and remodeling of the bony structure.
Specialized types of cells are involved at each stage.

While there are many commonalities in the
mechanism of mineral deposition in various species and
genera within the vertebrate order, there are also significant
variations depending on size and rate of skeletal formation.
Recently, for assessment of the roles of the various proteins
and enzymes involved, skeletal research has focused
increasingly on the use of gene deletions of putative key
targets in highly-inbred laboratory mice. Of necessity,
many heterozygous characteristics of native wildtype
animals have had to be eliminated to produce the genetic
homogeneity required for knockout studies. To ensure
reproducible results, these laboratory animals must be
reared in a highly protective environment with optimal
nutrition, temperature and cleanliness, and with minimal
stress. For direct biochemical analyses of growth plate
mineralization, fetal bovine tissues were initially used,;
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however, much of the subsequent research utilized
developing bones of hybrid, broiler-strain chickens because
of the exceptional amounts of material readily available at
very low cost. This has enabled direct biochemical analysis
of key components critical for elucidation of this highly
complex system. Others, in order to overcome the problem
of insufficient tissue mass, have resorted to the use of
rachitic rats. However, none of these experimental
approaches is necessarily ideal. In comparison to the
mouse, the human skeleton is massive, over one-thousand
times larger, and it lasts over one-hundred times longer.
Thus, it is doubtful that mineral formation in a diminutive
vertebrate like the mouse is entirely analogous to that in
humans. On the other hand, the extreme demands for rapid
growth and mineralization of bone in the broiler-strain
chicken may well require specialized features that are not
required for skeletal development of the mouse — or the
human — except perhaps during the pubertal growth spurt.
Finally, the use of rachitic rat growth plate tissue, while
expedient, is problematic because of the fact that the the
tissue, by definition, is abnormal.

It is also important to understand that in
endochondral calcification, induction of calcium deposition
is not directly analogous to that in true bone formation.
Endochondral calcification is a primary, but provisional
process; its end product, calcified cartilage, is more heavily
calcified, but is mechanically weaker than true bone. It is
destined to be largely replaced by cancellous bone.
Endochondral calcification is mediated by growth plate
chondrocytes; it is a rapid de novo process that begins with
Ca®" and Pi ions in solution. It involves overcoming of a
sizeable nucleation barrier that requires the direct
mediation of cellular metabolic activity. It utilizes
extracellular vesicles and ends with formation of large
amounts of microcrystalline, Ca*'-deficient, acid-
phosphate-rich apatite deposits embedded in a proteoglycan
and cartilage-specific collage-rich matrix. In contrast, true
bone formation is mediated by osteoblasts; it is a secondary
process that typically requires the presence of pre-existing
mineral.  During initial cancellous bone formation,
osteoblasts deposit mineral upon a calcified cartilage
scaffold; they guide formation of biological apatite into a
predominantly type I collagen matrix. This leads to
formation of the mechanically robust composite structure
characteristic of bone. During embryonic intramembranous
and subsequent periosteal bone formation, osteoblasts — not
chondrocytes — facilitate and guide mineral formation.

The discovery that discrete extracellular
nanostructures are the site of initial mineral deposition in
growth plate cartilage of long bones was made
independently over 40 years ago in the late 1960's by
Anderson (1, 2) and Bonucci (3, 4). While there was some
initial controversy, it soon became apparent that these
structures are typically invested by a trilaminar membrane;
thus the name, “matrix vesicles — MVs”, became their
accepted title. Since their initial discovery in growth plate
cartilage, MVs have been found to be the locus of the first
mineral deposits in intramembranous bone formation (5), in
fracture callus (6-8), in developing dentin (5, 9), in
developing deer antler (10), in pathological calcifications in
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Figure 1.
Cartilage.

Sudan Black B Staining of Growth Plate
A — Rat Tibia; B — Chick Tibia — Tissues were
fixed in formalin-saline solution; after fixation they were

extracted with pyridine at 60°C for 8 h. Following
rehydration through a series of alcohol solutions, the tissue
was decalcified with formic acid-sodium citrate (577).
After embedding in gelatin, sectioning was done on a
freezing microtome. The sections were stained with a
saturated solution of Sudan black B in 70% ethanol for 3
minutes. After a brief rinse with 70% ethanol, sections
were brought to water and mounted in glycerin-jelly (16-
18). 1A — In the rat epiphysis vascular penetration occurs
at the base of each column of differentiating chondrocytes;
note the intense blue-black stain in the extracellular matrix
around the hypertrophic chondrocytes where mineral
formation is in progress (16). 1B — In the chick epiphysis
vascular penetration occurs only at intervals, leaving zones
of hypertrophic chondrocytes projecting as ‘tongues’ into
the underlying marrow space. Note the same blue-black
stain in the extracellular matrix around the hypertrophic
chondrocytes. Subsequent studies have demonstrated the
lipid nature of the Sudan black B-staining material, which
is complexed with the newly forming mineral at these sites.
(Figure 1A, color slide published in black and white by
Irving (16); Figure 1B, color slide previously unpublished.)

aortic valves (11) and in osteosarcoma (12, 13). In
addition, in other studies (14, 15) the initial site of mineral
deposition in calcifying turkey leg tendon was also shown
to begin within MVs and spread to the adjacent type I
collagen fibrils.

The primary focus of this review is on de novo
mineral formation in the epiphyseal growth plate of
vertebrates. This is a cell-mediated process, discovered in
the rat to be initiated by MVs (1, 3). However, this
discovery was antedated by almost a decade by Irving ef al.
who found intensely staining Sudanophilic material in the
extracellular matrix at the calcification front of the tibial
growth plate of the rat and chicken, respectively (Figure
1A-B). This unusual lipid staining pattern was
subsequently observed at the calcification front in all
vertebrate species investigated (16-18). As will be
described later, the Sudanophilic material is mineral-
associated lipid, shown to be primarily acidic phospholipids
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— particularly phosphatidylserine (PS) (19-23). Although
initially regarded as an artifact caused by the affinity of
Ca** for PS (24-27), subsequent in vivo studies by
Eisenberg et al. (28) established that this association was of
biological origin. The ensuing finding that MVs have high
levels of phospholipids enriched in PS (29-31),
corroborated the finding of Sudanophilia at the calcification
front, linking it to the presence of MVs.

It is important to point out that MVs are not
typically associated with mineral deposition beyond the
early inductive phase of calcification. Thus, MVs are not
associated with the massive mineralization that occurs later
in bone, dentin or cementum, nor are they association with
mineralization events occurring during enamel formation.
Thus their biological role appears confined to that of
induction of solid mineral formation in tissues where no
mineral phase previously existed. Despite a general
acceptance of this role for MVs, they may not be
responsible for the induction of mineral deposition in all
vertebrate calcifying tissues. It is quite likely that some
types of pathological calcification are brought about by
other means.

3. MORPHOLOGY OF MATRIX VESICLES

Since their discovery over four decades ago, a
great deal of work has been focused on MVs in an attempt
to characterize their basic structural and chemical features.
Much attention also has been focused on the mechanism of
MV formation and their mode of action. First, to be
discussed will be two sections on morphological and
biochemical characterization. Later sections will deal with
MYV formation and the mechanism and regulation of MV-
induced calcification.

3.1. Conventional transmission electron microscopy
Studies that led to the discovery of MVs were
morphological in nature and the first observations made of
MVs were of conventionally fixed and stained transmission
electron microscopy (TEM) preparations (1-4). In general,
these methods revealed MVs to be somewhat
heterogeneous structures ranging from about 100 to 300 nm
in diameter, typically enclosed by a trilaminar membrane,
containing varying amounts of relatively amorphous
osmiophilic material. Some, but by no means all of these
vesicles were found to contain electron-dense crystalline
structures. These mineral crystals were frequently
associated with the inner surface of the lipid bilayer. Some
studies have utilized La*" as a probe for Ca®" binding sites
associated with MV mineral deposition (32, 33). La> isa
rare-earth cation with an ionic radius similar to Ca®'; it
binds with high affinity to Ca®*-binding sites such as acidic
phospholipids of the MV membrane as well as focal
proteoglycan aggregates. However, its charge-density and
coordination chemistry are quite different from those of
Ca®" (34, 35). La’ has no biological ion porter and thus
does not penetrate intact membranes or enter living cells; in
fact, submicromolar levels of La®" block Ca*'-release-
activated channels (36). While La®" binds tenaciously to
Ca**-binding sites in the extracellular matrix and displaces
Ca®* (33), it apparently does not displace Ca** in



Function of matrix vesicles in calcification

microcrystalline apatitic deposits. In these studies it was
noted that there were two types of MVs; some were dense
and stained heavily with La®*; others were “light” and
unstained. Thyberg and Friberg (37, 38) also made note of
the heterogeneity of MVs and concluded that there were
two types of vesicles, one of which derived from
lysosomes. While many have noted heterogeneity in MV
structures, there is now a much clearer understanding of
their origin.

3.2. Cryofixation, freeze-substitution electron
microscopy
Conventional tissue processing for TEM

observation typically involves fixation with glutaraldehyde,
post-fixing with osmium tetroxide, dehydration steps in
alcohols, embedding in plastic, ultra-thin sectioning,
flotation of the sections on aqueous medium, and
frequently post-staining with uranyl acetate or lead acetate
to increase electron density. It is now evident that these
steps can cause major alteration in the native structure of
the vesicles and their enclosed mineral, as well as in the
surrounding tissue. To avoid these problems, several
alternative approaches have been employed to reduce
artifacts. Hunziker and others (39-41) reported the use of
cryofixation and freeze-substitution for the preservation of
details of MV structure. In their methods, rapid (40 msec)
high-pressure freezing at liquid N temperature was used to
prevent ice crystal formation. This was followed by
dehydration at —90°C with anhydrous methanol containing
uranyl acetate (0.05%) and glutaraldehyde (2%), with
gradual warming steps to —60°C and —30°C, replacement of
methanol with acetone and infiltration with resin at +4°C.
Such techniques prevented collapse of the proteoglycan
network in the extracellular areas and the shrinkage of
chondrocytes seen in conventional methods. MVs
appeared to be attached to the surrounding matrix proteins
(both proteoglycans and collagen fibrils); the trilaminar
membrane was clearly evident. Similar cryofixation
methods have been used by Arsenault e al. (42, 43), but
with the use of "slam-freezing" in which freshly excised
tissue was rapidly brought into contact with a copper block
prechilled to <25°K with liquid helium. In addition, high
resolution elemental mapping of the resultant preparations
was performed using the electron spectroscopic imaging
(ESI) technique of Ottensmeyer and Andrew (44). MVs
again showed intimate association with  matrix
proteoglycans and collagen, and frequently contained what
appeared to be mineral deposits (Figure 2A). Elemental
mapping showed the presence of both Ca and P in electron-
dense material in the vesicle lumen; however the intensity
and localization of the two elements did not precisely
coincide (Figure 2B) (40, 42).

Another problem attendant with  tissue
preservation using cryofixation and freeze substitution
techniques concerns the handling of tissue sections.
Typically these are floated on aqueous medium before
being picked up by the coated grids. While macromolecules
trapped in the plastic resin are well preserved, this step
permits the loss of soluble electrolytes and small molecules
from tissue specimens. To avoid this aqueous step, both
ethylene glycol and glycerol have been used as flotation
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media. In a detailed study of these different anhydrous
methods, Morris et al. (45) showed that with either freeze
substitution, cryo-ultramicrotomy, or anhydrous ethylene
glycol tissue processing, MVs were the locus of the first
mineral crystallites seen in calcifying growth plate
cartilage. The vesicles were shown to contain both Ca and
P by energy-dispersive X-ray analysis. It should be
mentioned here that one of the problems with the use of
ethylene glycol processing after cryo-ultramicrotomy is that
of poor membrane preservation. Subsequently, papers by
Arsenault and Hunziker (40, 41), and Akisaka et al. (46)
exploited the rapid cryofixation, freeze-substitution
method, avoiding the use of post-staining and aqueous
flotation methods. With these methods it became clear that
much of the apparent heterogeneity seen in MVs with the
various staining methods arises from artifacts directly
attributable to the stain itself. Although the contrast was
weak, the appearance of the unfixed, unstained MVs
handled anhydrously after cryofixation and freeze-
substitution was relatively uniform (46). Many contained
uniform amorphous electron-dense material, with some
vesicles containing small crystallites. These were best seen
using selected-area dark field imaging (40). Perhaps of
greatest importance, staining was shown by EDAX X-ray
microanalysis to totally displace both Ca and P from the
vesicles (40). In light of these findings, interpretation of
conventionally prepared transmission electron micrographs
showing MVs in tissue sections of mineralizing tissues
must be done with great caution.

3.3. Freeze-fracture studies

Another technique that has yielded important
information about MV structure is freeze-fracture. The first
studies on MVs using this technique were reported in 1978
by Cecil and Anderson (47) and Borg et al. (48) at the
Second Conference on Matrix Vesicles. These, and
subsequent studies (49-51) have consistently revealed the
presence of abundant MVs in the extracellular matrix of
growth plate cartilage. The observed MVs fractured in a
manner consistent with a lipid bilayer-enclosed structure.
They possess well-defined intramembranous particles
distributed more abundantly on the outer convex
protoplasmic (PF) face than on the concave inner
exoplasmic face (EF) of the vesicle membrane (Figure 3).
The distribution of intramembranous particles in MVs was
similar to that seen on the plasma membrane of the
microvilli from which the vesicles appear to derive. The
importance of this observation is that it reveals that the MV
membrane retains the normal inside-outside orientation
during the vesiculation process. This finding has major
bearing on the role of Ca**-dependent ATPase in Ca®'
loading by MVs.

Freeze-fracture studies also suggest that MVs
derive not only by budding from cellular processes, and
from cell disintegration (as indicated by some electron
microscopic methods), but also from protrusions at smooth
surfaces (46). Further, freeze-fracture studies revealed a
close association between MVs and collagen fibers (47,
48). Remnants of MVs can be detected within islets of
developing mineral deposits (50). Finally, freeze-fracture
studies by Akisaka et al. (46) suggest that MVs can be
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Figure 2. Matrix Vesicles Visualized by Slam Freezing, Freeze-Substitution and Electron Spectroscopic Imaging (ESI). Freshly
excised femoral heads from 2-day-old mice were cut longitudinally and transferred to a slam-freezing device and slammed onto a
copper block cooled to <25°K with liquid helium. The tissues were then stored in liquid N, transferred to 2.5% OsOj in acetone,
and substituted for 40 h at —85°C, warmed to —20°C for 1 h, 0°C for 1 h, and to RT with 3 changes of acetone. Specimens were
embedded in Spurr resin, and sectioned. 2A — MVs of the proliferative zone showing attachment of the surface of the vesicles to
proteoglycans (arrows) and collagen fibrils (cf). 2B — MVs hypertrophic zone showing variable size and content density; note
mineral deposits (open arrows). 2C-E — Digitized ESI of MVs showing electron density (C), Ca (D) and P (E), respectively.
Note that the intensities of Ca and P do not completely overlap indicating that they are not all in combined form. The MV in
these images ranged in size from 70-160 nm in diameter. (Adapted from (578) with permission from William T. Butler, Ed..)

categorized with respect to intramembranous particle
distribution. MVs in the reserve and proliferative regions
tended to be more uniform and had a random distribution of
intramembranous particles on the EF and PF faces. In the
hypertrophic region, MVs tended to be of two types: those
with no intramembranous particles and those in which they
were aggregated. MVs with aggregated intramembranous
particles were associated with mineralization; those free of
intramembranous particles were not. These data suggest
that the intramembranous particles may be involved in
mineralization and raise the important question as to which
proteins are present in these particles. This question has
not been addressed.

4. ISOLATION OF MATRIX VESICLES

One of the early obstacles to biochemical
characterization of MVs was the lack of reliable methods
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for isolation of pure, chemically intact, biologically
functional structures. This problem stemmed from the fact
that MVs, as their name implies, are embedded among
extracellular matrix connective tissue macromolecules such
as proteoglycans and collagens. Further, MVs comprise
only a minor fraction of the total mass of the tissue.
Initially, the general approach used to obtain MVs from
tissues involved use of crude collagenase, plus or minus
other enzymes to digest the tissue slices, followed by
differential centrifugation (52-54), with or without further
subfractionation. To avoid the use of proteases, others used
tissue  homogenization followed by  differential
centrifugation and further subfractionation using either
sucrose gradient methods (55, 56) or Percoll gradients (57)
to produce MV-enriched microsomes (MVEM). Another
method involved simple centrifugation of the spent medium
from primary cultures of growth plate chondrocytes to
produce “media vesicles” (MeV) (58). A major problem
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Figure 3. Freeze-Fracture Analysis of Chicken Epiphyseal
Growth Plate Cartilage. For freeze-fracture, the epiphyseal
cartilage tissues were dissected and placed in 25% buffered
isotonic glycerol. They were then quick-frozen in Freon
22, transferred to liquid N,, and fractured using a Baltzer

301 Freeze-Fracture apparatus at —130 °C. Following
coating with platinum and carbon, the replicas were freed
of adhering organic matter with sodium hypochlorite,
rinsed with distilled water, and examined by TEM. (Note
that using this shadowing technique, upward projecting
surfaces are coated black, while downward projecting
surfaces appear white.) 3A — Cell processes of a
hypertrophic chondrocyte. Shown is the external convex
(p) surface of two cytoplasmic projections, 0.11-0.15
microns in diameter, showing numerous membrane-
associated particles (MAPS), 95-180 Angstroms in
diameter. Note on the lower left that two of the projections
have been fractured in cross section. 3B — Matrix vesicles
in the extraterritorial matrix near the hypertrophic
chondrocyte. The diameter of the vesicles (0.09 — 0.13
microns) is very similar to that of the cell processes in A.
Note that the topographical distributions of MAPS on the
external surface of the MVs, e.g. two on left (narrow
arrows) are essentially identical to those seen on the
external (p) surfaces of the cytoplasmic projections of the
hypertrophic chondrocyte shown in A, above. Also note
one slightly larger ovate MV (broad arrow) is fractured so
that the inner concave (e) surface is presented. Here, it is
evident that the distribution of MAPS on the inner e-
surface of MVs is much sparser than on the external p-
surface. These findings reveal that inversion of the plasma
membrane did not occur upon vesiculation. (Figure 3A,
adapted from (48) with permission from Springer. Figure
3B adapted from (55) with permission from Elsevier.)

with MVs isolated with crude collagenase, as originally
described by Ali ef al. (52) was that they showed evidence
of substantial damage to most of the resident proteins, even
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though their lipid and electrolyte content appeared to be
less seriously affected.  Significantly, this protease
digestion method did not significantly damage the activity
of alkaline phosphatase, which apparently was protected by
its large 18-22 kDa glycan “umbrella” (59). In order to
initiate mineral deposition, these M Vs required the addition
of high levels of organic phosphate substrates, typically 10
mM beta-glycerophosphate. On the other hand, the non-
enzymatically released MVEMs, while very active in their
ability to induce mineral formation without use of organic
phosphate substrates, suffered from the presence of
significant contamination of subcellular membrane
fragments (55). Attempts to purify MVEM by a variety of
methods met with limited success. Some success was
achieved through use of Percoll gradients that do not cause
the osmotic effects of sucrose, but there was difficulty with
contaminating Percoll in the MVEM fraction (57).
Subsequent work using much milder tissue digestion
methods have enabled the isolation of MV that retain their
complement of normal proteins (60-62), as well as the
ability to rapidly initiate mineral formation. They also
appear to have minimal contamination with intracellular
membrane fragments.

4.1. Crude collagenase digestion methods

While there has been considerable controversy as
to which is the best method of MV isolation, there probably
is no 'best' method; each can serve some useful purpose.
For example, the original crude collagenase digestion
method of Ali et al. (52), while yielding vesicles that
appeared quite homogeneous by conventional electron
microscopy, caused major damage to external vesicle
proteins.  Nevertheless, the method was of value for
analysis of MV lipids (29-31) and electrolytes (63, 64), and
for certain MV enzymes (e.g. tissue-nonspecific alkaline
phosphatase, TNAP) that are resistant to the nonspecific
proteases present in crude collagenase (54). While
collagenase-released MVs (CRMVs) have continued to be
used by several groups for metabolic studies on the
induction of mineralization, the damage caused to the
external proteins and ion porters by crude collagenase
undoubtedly alter their ability to induce mineralization and
must be interpreted with caution.

4.2. Non-collagenase-dependent methods

To avoid problems arising from damage caused
by the nonspecific proteases present in crude collagenase,
MVEM were isolated by tissue homogenization and
differential centrifugation. Such preparations very actively
accumulated Ca®" and inorganic phosphate (Pi), and rapidly
induced mineral formation from synthetic lymph without
the addition of organic phosphate substrates (55, 56).
However, they contained intracellular ~membrane
fragments, and could have entrapped extravesicular mineral
during the homogenization process. Such MVEM were
studied extensively. Preparations from the proliferating
zone of growth plate cartilage neither accumulated
significant Ca®’, nor Pi, nor induced calcification (55);
MVEM from the hypertrophic zone readily induced
mineralization. This showed that the ability to induce
mineralization was not a general property of microsomes.
Further, Ca*" uptake by active MVEM could be inactivated
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simply by exposure to proteases (65). This revealed that
induction of mineralization by MVEM did not result from
contaminating mineral; otherwise the proteases would have
exposed it and enabled even more rapid mineralization.
However, these preparations were not homogeneous.
Attempts to purify them using sucrose gradients, while
eliminating many subcellular fragments, destroyed their
ability to mineralize. The osmotic effects of the high
sucrose concentrations caused major loss of Ca*" and Pi
from the vesicles (65-67). This revealed that the Ca®* and
Pi present were not stable; otherwise they would have
survived this gradient procedure. Thus, although sucrose
step-gradients enabled the preparation of fractions
essentially identical by TEM to CRMV and had similar
TNAP activity, they lacked the original ability of MVEM
to induce mineral deposition (55, 56). In contrast,
isosmotic Percoll gradients enabled the fractionation of
MVEM into two major subpopulations, one of which
readily induced mineralization, the other not (57). While
this fractionation procedure improved the purity of the
isolated MV fractions, Percoll contaminated the samples.

4.3. Cell culture methods

The use of growth plate chondrocyte cultures that
release vesicles into the culture medium was also used to
gain some insight into the protein and lipid composition of
cell-released vesicles and in the mechanism of MV
formation (68-72). However, a significant problem was
that vesicles released into the culture medium (MeV) are
not identical to those trapped in the matrix (71, 73-75).
One significant difference is that these released vesicles
differ in their lipid composition (73), as well as their ability
to accumulate mineral ions. Another is that they had no
detectable annexins, lipid-dependent Ca*"-binding proteins
characteristic of MV isolated from native tissue, or the
matrix of cultured chondrocytes (76).

4.4. Modified collagenase digestion methods

Progressive  refinements in the original
collagenase digestion method have been made that have
significantly reduced the deleterious effects of the
nonspecific proteases present in crude bacterial
collagenases (61, 62). These entail reduction in the
concentration of collagenase and the length of exposure, as
well as certain post-digestion manipulations that facilitate
the release of MV entrapped in the partially digested
matrix. Such preparations rapidly mineralize when
incubated in synthetic cartilage lymph in the absence of
organic phosphate substrates. Protein patterns of these
MVs are reproducible, showing numerous characteristic
major bands. Mineralization of these MVs is highly
sensitive to protease treatment; low levels of chymotrypsin
or trypsin rapidly ablate their ability to mineralize (60, 61).
And like MVEM, these vesicles are highly sensitive to pH;
exposure to pH 6 buffers for only a few minutes almost
totally destroys their ability to induce mineralization, even
when subsequently supplied with organic phosphate
substrates (77). Despite these improvements, there is some
protease damage to these MV preparations, albeit not to
such an extent as to destroy their ability to induce mineral
deposition. This modified procedure for MV isolation has
been used successfully by Balcerzak et al. (78) for
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proteomic analysis of MV proteins.

4.5. Other isolation methods

Various other approaches have been reported in
the past for the purification of CRMVs. Anderson’s group
has utilized rachitic rat epiphyseal growth plate cartilage as
a tissue source for isolation of CRMVs (79-82). Shapiro et
al. have employed isoelectric focusing of CRMV (83).
Vaananen and Korhonen used Percoll gradients to purify
CRMV from lysosomal contaminants (84). Slavkin et al.
(85) used Bio-Gel A-15m size-exclusion chromatography
to purify CRMV released from predentine; and Deutsch
and Sela et al. (86) used a combination of collagenase
digestion, differential centrifugation and sucrose step-
gradient fractionation to isolate MVs from alveolar bone.
Very recently, Xiao et al. isolated MV from mineralizing
osteoblasts for proteomic analysis (87). Thus, many
different techniques have been used to isolate MV from
various mineralizing tissues. Keeping this in mind, the
proteins, enzymes, lipids, and electrolytes found in various
MV preparations will now be explored. For most
biochemical characterizations reported in this review, the
MVs were isolated from normal, 6-8 week old, rapidly
growing broiler-strain chickens.

5. MATRIX VESICLE PROTEINS

A major impediment to the analysis of MV
proteins was the difficulty of isolating pure vesicles from
the tissue without concomitant damage to the constitutive
proteins. Through modifications in the isolation
procedures for MV isolation — as was just discussed —
significant progress in the characterization of MV proteins
has been made. Very recently proteomic analysis of MVs
has greatly expanded our perception of the complexity of
the patterns of proteins expressed. This methodology has
revealed the large number of proteins present, which now
can be categorized into subclasses with implications as to
their importance to MV formation and function. While
proteomic analysis of MV proteins has become of great
value in assessing the panoply of proteins present, certain
important proteins are nevertheless missed. Therefore, in
this review, biochemical, enzymatic, and proteomic
analytical data will be used to present an integrated view of
the nature and importance of the proteins detected.

5.1. Early SDS-PAGE Studies

Several early studies explored the sodium
dodecyl sulfate — polyacrylamide gel electrophoresis (SDS-
PAGE) patterns of proteins present in MV using crude
collagenase digestion (88-90), as well as MVEM (55-57,
65, 68) and culture media vesicles(58, 69, 70, 91). While
there was considerable variability in the patterns of MV
proteins from the various tissues, animal species, and MV
preparations, certain protein bands nevertheless were
consistently observed; these include two or three intensely
staining bands in the 30-38 kDa range, two strongly
staining bands at 40-48 kDa, and bands frequently
appearing in the 55 kDa, 90-100 kDa and 130-150 kDa
range. Initially little effort was made to identify these
proteins, although there were some estimates based on the
apparent size of the proteins. Work by Muhlrad et al. (92)
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provided evidence for the presence of actin in MV isolated
from rat alveolar bone, but beyond assessment of enzyme
activity, limited attempt was made to assign a function to
the proteins identified in MVs.

5.2. Isolation and Identification of Major MV Proteins

It should be mentioned here that early studies
with MVEM showed that trypsin treatment reduced uptake
of Ca®* much more than uptake of Pi (57, 65)). When later
studies again showed that protease treatment of actively
calcifying MV fractions markedly impaired their ability to
mineralize and that the effect of protease treatment was not
due to damage to alkaline phosphatase activity (66), effort
was begun in earnest to isolate, identify and characterize
proteins critical to MV ion accumulation (76). The
approach used was based on improved methods of isolation
(See 4.4. above) that resulted in mineralization-competent
MV; it compared several types of biologically active MV
preparations (58, 66, 71, 76, 91). Proteins isolated from
intact, but non-homogeneous MVEM prepared by non-
protease-dependent methods, were compared with those
from pure, but partially damaged CRMV. Highly purified
proteins from both types of MV preparations were used to
raise monospecific polyclonal antibodies (59-61, 93).
These antibodies, and well-characterized antibodies
directed toward known proteins, were then used to identify
cross-reactive proteins in each type of MV preparation. In
this manner, intact samples of MV proteins were isolated
from MVEM preparations; incomplete but pure MV
proteins were isolated from the partially damaged
collagenase-released MV (61). This technique was used
successfully to identify several major groups of MV
proteins.
5.3. Sequential extraction, separation, and
characterization of major MV proteins

Using sequential extractions with buffered salt,
non-ionic detergent and ethylene glycol tetra-acetate
(EGTA) solutions, Genge et al. and Wu et al. (61, 94)
developed methods that enabled the proteins of the isolated
MV to be selectively extracted in a step-wise fashion. For
example, treatment of isolated CRMV with hypertonic salt
solutions selectively released bands migrating on SDS-
PAGE at an apparent MW of 130-150 kDa (95). These
released proteins were identified using both monoclonal
and polyclonal antibodies to be type II collagen and its
fragments. Subsequent extraction of the vesicle pellet with
low ionic strength solutions released two major MV
proteins migrating on SDS-PAGE at apparent MW of 40-
48 kDa (96). These water-extractable proteins were
identified to be proteoglycan link and hyaluronic acid
binding region protein using both monoclonal antibodies
and N-terminal amino acid sequencing of the proteins.
Further extraction of the residual MV pellet with Triton X-
100 detergent-containing buffers released TNAP and a
variety of other quantitatively minor uncharacterized
proteins. Next, extraction of the residual pellet with EGTA
under specific pH and ionic strength conditions selectively
released two classes of phospholipid-dependent Ca®'-
binding proteins (61, 94, 97) (Figures 4A—C). Variations on
this extraction scheme also enabled the selective extraction
of TNAP largely free of other MV proteins (59).
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5.4. Proteomic characterization of matrix vesicle
proteins

The chemical dissection just delineated led to
identification and characterization of many major MV
proteins. The development of a proteomic approach
proved to be of great value in more completely identifying
the array of proteins present in authentic MVs. However,
it is critically important in any proteomic study to utilize
carefully purified, homogenous, functionally active MVs
capable of inducing rapid mineralization. Two very recent
studies on the MV proteome come to mind: the Xiao et
al. studies (87, 98, 99) using vesicles isolated from
cultured mouse cranial osteoblasts (both collagenase-
released and culture media MV), and the 2008
Balcerzak et al. study (78) using MVs isolated from
femurs of chicken embryos. While a huge number of
proteins (>1000) were implicated by the Xiao et al.
studies, the purity and functional activity of the
vesicles analyzed were not clearly established. Neither
was there any clear analysis of the probability that
these proteins were from bona fide MVs. Also, there was
no indication of whether these vesicles were capable of
inducing mineralization — a critical feature of their known
biological activity. Regrettably, there is ample reason to
believe that these vesicle fractions were seriously
contaminated with cell and matrix debris. In contrast, the
purity of the MVs isolated by Balcerzak et al. from chick
embryo femurs was much better documented; the vesicles
were clearly shown to induce mineral formation, and the
SDS-PAGE profiles were very similar to those of
previously published reports on protein patterns of
functional MVs (60, 61). The number of proteins
identified by Balcerzak et al. was still large (126 gene
products); but, these were each presented with an
indication of their abundance, the reliability of their
identification, and their likely function.

Nevertheless, it is important to note that
despite the plethora of proteins reported in these studies,
several key enzymes and proteins known be present in
MVs from their biological activities were not detected.
For example, two known Pi transporters, an L-type Ca®"
channel, and a variety of phospholipases and growth
factors known to be present in growth plate
chondrocytes and MVs were not detected by these
proteomic analyses. Their absence therefore raises a
significant note of caution. Possible reasons for failing
to detect these proteins are: 1) that ion transporters are
relatively large multi-transmembrane integral proteins
that may not have been properly dissolved in the
detergents used; and 2) that very small proteins like the
phospholipases and growth factors may have been lost
during preparation of the vesicles for analysis. With
these caveats, the array of proteins identified in the
chick embryo femur MV by Balcerzak et al. will be
presented, along with their Mascot Scores (100). The
Mascot Score (MS) = —10*Log(P), where P is the
probability that the observed match is a random event
(101) A big score means that the probability for a given
protein to be in MVs is high. Thus, the MS is shown in
brackets next to each protein identified by the proteomic
analysis.
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Figure 4. Fractionation of Collagenase-Released Matrix Vesicle Proteins Revealing the Presence of Several Acidic Phosholipid-
Dependent-Ca®>" Binding Proteins (Annexins). 4A — SDS-PAGE gradient gel of collagenase-released MVs (CRMV) and
subfractions — CRMV (lane 4) were incubated at 25 °C for 20 min in 1% Triton X-100 buffer (100 mM NaCl, 10 mM Tris-HCI,
5 mM CaCl,, 2,5 mM MgCl,, 1 mM NaNj, pH 7.4) at a final protein concentration of 4 mg/ml. After centrifugation for 20 min at
130,000 x g, the supernatant (lane B) was removed and the pellet (lane C) washed with SCL, recentrifuged, and the supernatant
(lane D) and the pellet were collected. The pellet (lane E) was then extracted by homogenization in an EGTA-containing buffer
(10 mM Tris-HCI, 100 mM NaCl, 5.0 mM EGTA, 2.5 mM MgCl,, | mM dithiothreitol, ] mM NaNj , pH 7.4), incubated at room
temperature for 15 min, and centrifuged as above. The supernatant fraction (/ane F) and the insoluble residue (lane G), as well as
the other fractions, were analyzed by SDS-PAGE (7.5-15.0% gel). Molecular mass markers, expressed in kDa, are shown on the
left. Note that EGTA removed a highly select group of proteins (the annexins) from MVs following the preliminary extraction
with nonionic detergent. Three major bands of ~30-, 33-, and 36-kDa, and a lesser 68-kDa protein, based on Coomassie Blue
staining, account for ~one-third of the total MV proteins. The 30- and 33-kDa proteins are now known to be annexin A5
(AnxAS); the 36-kDa protein is annexin A2 (AnxA2); and the 68-kDa protein is annexin A6 (AnxA6). 4B — Lipid specificity of
Ca*"-binding to MV annexins — The MV annexins were mixed with either pure PS, pure PE, or a 1:1 mixture of PS and PE (400
micrograms/ml) in a buffer composed of Tris-HCI (10 mM, pH 7.5), KCI1 (100 mM), MgCl, (2.5 mM), DTT (0.5 mM), and
EGTA (5.0 mM), without (4, B, C) or with (D,E,F) 5.0 mM CaCl,, <1 microM fiee Ca** (579). After 20 min incubation at RT,
the liposomes were sedimented at 130,000 x g. Equivalent portions of the supernatant (s) or pellet (p) fractions were analyzed by
SDS-PAGE (10% gel) and stained with Coomassie Blue. Note that in the presence of Ca*', the MV annexins sediment with pure
PS (D) or a 1:1 mixture of PS and PE (E), but minimally with pure PE (F) at this Ca*" ion activity level. (When PC and PI were
similarly tested, the MV annexins did not show bind to PC, but did bind to PI, in the presence of Ca2+). Also note that in the
presence of 2.5 mM Mg*', but absence of Ca®’, that the annexins have NO affinity for PS or PE (lanes A, B, C). 4C — Effects of
Pi on Ca®'- or Zn**-dependent binding of annexins to PS — Procedures were as with B except that Pi (10 mM) was added to the
PS liposome/annexin mixture prior to addition of 5 mM Ca®" (<1 microM fiee Ca®") or 5 mM Zn>* (<1 microM fiee Zn>"). 4A,
interaction of annexins with PS alone; 4B, PS + Ca®'; 4C, PS + Pi + Ca*"; 4D, PS + Zn*"; or E, PS + Pi + Zn*". Supernatant (s)
and pellet (p) fractions on 7.5-15% SDS-PAGE are shown. Note that in the presence of either Ca®" or Zn*', the annexins
sedimented with PS. Also note that Pi did not interfere with this interaction. (These figures were originally published in (60) by
the American Society for Biochemistry and Molecular Biology.)
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6. MATRIX VESICLE-ASSOCIATED EXTRA-
CELLULAR MATRIX PROTEINS

Surprisingly, extracellular matrix proteins
represent some of the major MV proteins identified by
proteomic analysis. They appear to be proteins attached to
MVs via various linkages. However, their presence in
isolated MV fractions is in close agreement with previous
studies that documented the strong binding between MV
and certain matrix proteins present in growth plate cartilage
(95, 96, 102, 103).

6.1. Type VI collagen

The proteomic discovery of the abundance of
Type VI collagen in the MV fraction is the first indication
of its close relationship with MVs (78). This analysis
revealed the presence of each of the three collagen chains:
alpha-1 [Mascot Score, 1621], alpha-2 [1556], and alpha-3
[1023] in the MV fraction, indicative that a substantial
amount of Type VI collagen is associated with MVs. Type
VI collagen is a major component of microfibrils present in
the capsule that defines the pericellular matrix surrounding
individual chondrons (104). Mutant forms of type VI
collagen appear to be causally involved in various classes
of muscular dystrophy (105-108). Of special interest to
growth plate mineralization, Type VI collagen receptors on
the chondrocyte surface (NG2-proteoglycan) (109, 110) act
as transducers to mitochondria within the cells, affecting
their permeation transition pore for Ca®* (111). As will be
discussed later, this appears to have an important influence
on mitochondrial Ca®" release (112).

6.2. Type X collagen

Type X collagen has long been associated with
the hypertrophic region of growth plate chondrocytes, and
was assumed to be involved either in the onset or regulation
of mineral formation (113-115). Recent studies by Genge
et al. using synthetic MV nucleational complexes found
that Type X collagen had a small inhibitory effect on the
onset and rate of mineral formation; however it
significantly extended the length of the “rapid formation”
period, thereby altering the kinetics of the overall amount
of mineral formation (116). Only one representative of
type X collagen: alpha-1 was observed in the MV
proteome; it’s Mascot score [142] was weak and indicated
that only minimal amounts of Type X collagen were
present in the MV fraction (78). In light of the documented
tight binding of Type X collagen to MV (95, 102, 103) it is
likely that the use of bacterial collagenases during isolation
of MV caused the Type X collagen to become largely
degraded. More will be said about type X collagen later.

6.3. Proteoglycan link protein and aggrecan core
protein

Proteoglycan link protein and aggrecan core
protein were first shown to be tightly associated with MVs
by Wu et al. in 1991 (96). Both proteins were found to be
major components of isolated functionally active MVs and
could be dissociated by exposure to low ionic strength
buffer. These early findings were confirmed by the recent
proteomic analyses of avian MVs (78). Their Mascot
Scores, [1040] for proteoglycan link protein, and [966] for
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aggrecan core protein, indicate a strong presence in the
isolated MV fraction. Proteoglycan link protein is known
to stabilize aggregates of proteoglycan monomers with
hyaluronic acid in the extracellular cartilage matrix.
Similarly, aggrecan core protein serves as the attachment
site of chondroitin sulfate and keratin sulfate chains in the
large proteoglycan macromolecule. MVs are known to be
embedded in the extracellular matrix around hypertrophic
chondrocytes; freeze-clamp ultrastructural studies have
confirmed the filamentous attachments between the MV
and the extracellular matrix (43). Thus, it was not
surprising that proteoglycan-related proteins would be
observed in the MV proteome. Small amounts of
additional proteoglycan-related proteins were also
identified by proteomic analysis (78).

6.4. Fibrillin-1 and Fibrillin-2

The fibrillins have also been observed by
proteome analysis of isolated MVs; the Mascot Scores of
Fibrillin-1 [549] and Fibrillin-2, [672] indicate a significant
presence in MVs. Fibrillins are present in the extracellular
matrix of growth plate cartilage (115, 117-119). Mutations
in the fibrillin gene have been linked to the Marfan
syndrome (120). Flash-frozen ultrastructural examination
of growth plate cartilage has revealed that MVs are
attached to microfibrils in the extracellular matrix (41, 44).
Although not established morphologically, it is probable
that the fibrillins are present in combination with type VI
collagen in the pericellular domain and are attached to MVs
in the extracellular matrix.

7. THE ANNEXINS - ACIDIC-PHOSPHOLIPID-
DEPENDENT Ca**-BINDING PROTEINS

The dominant, most abundant proteins detected
by the proteomic assay were the annexins; they
compromise a large family of acidic phospholipid-
dependent Ca**-binding proteins. The Mascot Score [2877]
of annexin A5 (AnxAS) was the highest score for any MV
protein; however, annexin A6 (AnxA6) [1798] and annexin
A2 (AnxA2) [956] were also high-ranking (78). These
findings are in close agreement with earlier analyses of
proteins present in nucleationally-active MVs made by
Genge et al. in 1989 showing that the annexins were major
proteins and that they bound tightly to PS in a Ca®'-
dependent manner (Figure 4A-C, Figure 5) (60). However,
proteomic analyses have also identified three additional
annexins not evident from the earlier studies: annexin Al
(AnxAl) [1197], annexin All (AnxAll) [846], and
annexin A4 (AnxA4) [327].

7.1. Annexin A5

AnxAS5 is a ~33 kDa protein that has been
extensively studied during the past 20 years. Its 3-D
crystalline structure was established already 20 years ago
and revealed a predominant cluster of alpha-helices that
define a hydrophilic pore through the center of the protein
(121, 122). This pore was thought to serve as a Ca’’
channel in the MV membrane, even though it exhibited no
transmembrane domains (123-125). AnxAS is known to
form triskelion arrayed trimers that bind to the surface of
acidic phospholipid-containing bilayers (126-130). There
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Figure 5. SDS-PAGE Gel Showing PS-Dependent Ca**-Binding Affinity of Annexin A5. Pure 33-kDa AnxAS5 protein (70
micrograms/ml) was incubated for 20 min at 25 °C in a mixture containing 10 mM Tris-HCI (pH 6.8), 140 mM NaCl, 4 mM
EGTA, 1 mM DTT, 400 micrograms/ml PS, yielding 0—1.4 microM, fiee Ca>". After centrifugation at 130,000 X g, equivalent
samples of each supernatant (s) and pellet (p) fraction were analyzed by SDS-PAGE (13% gel) and visualized using Coomassie
Blue (upper panel). After destaining, gels were scanned using a Zeineh densitometer, the area under each peak being quantitated
by integration (lower panel). Note that half-maximal binding of AnxAS5 to PS occurred at a Ca®" ion activity of 5 x 107 M.
(This figure was originally published in (60) by the American Society for Biochemistry and Molecular Biology.)

is evidence that these trimers may be involved in the
nucleational core of MVs and contribute to the ability of
MVs to induce mineral formation (131). AnxAS becomes
exposed to the external surface of cells undergoing
apoptosis (132-135), and as such has been used to monitor
programmed cell death. More than any other protein so far
studied, AnxAS5 greatly accelerates the nucleational activity
of the acidic phospholipid-Ca?*-Pi complexes present in the
nucleational core that triggers de novo calcium phosphate
mineral formation in MVs (116, 131, 136). AnxAS5
specifically overcomes the inhibitory effects of Mg that
otherwise greatly slow the induction of mineral formation
(137). The key roles of AnxAS5 in growth plate
mineralization will be discussed later.

7.2. Annexin A6

AnxA6 is a genetically-fused double version of
an ancient annexin with eight instead of four domains; it
has a MW of ~68 kDa (138, 139). The crystal structure of
AnxA6 has been determined (140) and reveals six Ca®'-
binding sites in AB loops analogous to the three present in
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AnxAS5 (141). AnxA6 has been implicated in mediating
endosome aggregation and vesicle fusion during exocytosis
(142).  Expression of AnxA6 in cells reduces cell
proliferation (143) and thus may play that role in growth
plate cartilage in the zones of maturation and hypertrophy
where cell division ceases. Recent studies on calcification
in vascular smooth muscle cells have shown that their MVs
are rich in AnxA6 and AnxA2; they stimulate
mineralization when associated with type I, but not type II
collagen (144). Curiously, these vascular smooth muscle
MVs had no AnxAS present — in stark contrast to cartilage
MVs. This recent study indicates that AnxA6 (and possibly
AnxA2) may be important for adherence to type I collagen
in smooth muscle calcification.

7.3. Annexin A2

Like other annexins, AnxA2 is a ~36 kDa Ca’'-
dependent phospholipid-binding protein abundantly present
in MVs (94, 145). AnxA2 has been implicated in diverse
cellular processes involving linkage of membrane-
associated protein complexes to the actin cytoskeleton, e.g.
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ion channel formation, and cell-matrix interactions (146).
Another of its functions appears to be facilitating
exocytosis of intracellular proteins to the extracellular
domain (147). Studies by Hale et al. (69) reveal that
dissociation of actin microfibrils from the cell membrane
stimulates MV formation; AnxA2 has been implicated in
the detachment of membrane plaques from actin filaments,
leading to the formation of cell-surface blebs (148). The
available data strongly suggest that AnxA2 is directly
involved in the formation of MVs. Studies to date do not
indicate that AnxA2 enhances cartilage MV mineralization
(136, 145), although it is possible that it may enhance
mineralization of MVs formed by vascular smooth muscle
(144).

7.4. Annexin Al

AnxAl, also known as Lipocortin I, was found to
be abundant in MVs by proteomic analysis (78). It has a
molecular weight of approximately 40 kDa and
preferentially localizes to the cytosolic face of the plasma
membrane upon elevation of intracellular Ca®* (149, 150).
AnxAl has inhibitory activity toward phospholipase A,
(151, 152). Since phospholipase A, is required for the
biosynthesis of the eicosanoid mediators of inflammation,
prostaglandins and leukotrienes, AnxA1 has potential anti-
inflammatory activity (151, 153). Glucocorticoids are
known to stimulate production of lipocortin (153).
Prostaglandins are known to be synthesized by growth plate
chondrocytes (154). It is apparent that the presence of
lipocortin (AnxAl) in MVs, and the cells that produce
them, serves as a regulatory mechanism controlling the
inflammatory process during growth plate development
(155) — perhaps also being involved in regulation of
angiogenesis and vascular invasion (156) after
mineralization of the cartilage matrix.

7.5. Annexin A11 and Annexin A4

AnxAll and AnxA4 are other members of the
annexin family found by proteomic analysis to be a
significant presence in MV (78). AnxAll is a 56-kD
protein that has been shown to interact with PDCD6
(Programmed Cell Death Protein 6), a Ca®*-binding protein
belonging to the penta-EF-hand protein family that
participates in glucocorticoid-induced programmed cell
death (157). Thus, AnxAll appears to work in synergism
with AnxAS5 during the process of programmed cell death
that appears to accompany MV formation. AnxA4 was
also detected at low levels in the MV proteome. Its role in
MYV function is uncertain. The involvement of specific
annexins in MV-mediated mineral formation will be
discussed in more detail later in this review.

8. MATRIX VESICLE ENZYMES

A wide variety of enzyme activities have been
found in MV; these fall into several general classes:
phosphatases, nucleotide triphosphate pyrophospho-
hydrolase, phospholipases, esterases, proteases and
peptidases, and a wide variety of others. Forty years ago
Ali et al. (52) upon successful isolation of MVs made a
study of their constituent enzymes (53). This work
indicated that MVs were highly enriched in TNAP, ATPase
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and pyrophosphatase activities. (However, it is important
to note here that any enzyme that can hydrolyze ATP can
be considered to be an “ATPase”; similarly any enzyme
capable of hydrolyzing PPi is by definition a
“pyrophosphatase”. As will discussed later, these activities
appear to result from only one enzyme — TNAP). MVs
also exhibited several other phosphatase activities, but not
acid phosphatase.  Subsequent broader screening of MV
enzyme activities in two independent studies using both
collagenase-released (158) and non-collagenase-released,
sucrose gradient-purified MV (56) observed that MVs did
not exhibit significant activities of intracellular organelle-
related enzymes such as NADPH-cytochrome ¢ reductase
(endoplasmic reticulum), succinate dehydrogenase, NADH-
cytochrome c¢ reductase and cytochrome oxidase
(mitochondria), cathepsin D and [-glucuronidase
(lysosomes). Additional studies described the activities of
two ubiquitous enzymes, lactate dehydrogenase (159) and
carbonic anhydrase (160) in isolated MV. On the other
hand, very recent proteomic studies on MVs have detected
the physical presence of a large array of enzymes,
including small amounts of many cytosolic enzymes, as
well as significant amounts of peptidases and amino
transferases (78).

8.1. MV alkaline phosphatase

Special interest in alkaline phosphatase stems
from the fact that as early as 1923 its activity was found to
be associated with the mineralization process (161). Much
later when MVs were established as sites of de novo
mineralization, they were found to possess intense TNAP
activity (52, 53). Recent proteomic analysis has shown that
TNAP has by far the most dominant physical presence of
any enzyme in MV [MS = 2549] (78). TNAP is one of
four AP isozymes typically found in mammals.
Unequivocal evidence that TNAP is directly involved in
mineralization during skeletal development in vivo has
come from recent gene knockout studies in mice (162,
163). Some have concluded that the primary function of
TNAP is due to its pyrophosphohydrolase activity (164,
165); however, there is evidence that other aspects of its
activity may contribute significantly to mineral formation.

8.1.1. Molecular structure

Like other vertebrate alkaline phosphatases,
TNAP is a homodimer with a core protein molecular mass
of ~57 kDa. It is now well established from genetic data
that the human form contains 534 amino acids (166); and
like other AP isozymes, TNAP is covalently attached to the
outer membrane of cells and MVs by a glycosyl-
phosphatidylinositol tether near the C-terminal end of the
enzyme (167). TNAP is post-transcriptionally glycosylated
at several sites with substantial levels of N-linked
oligosaccharides to yield a glycoprotein with total
molecular mass of ~80 kDa. The avian MV enzyme occurs
in two different membrane-bound glycosylated forms of 77
and 81.5 kDa; these represent the 59 kDa protein core to
which are attached either four or five 4.5 kDa N-linked
oligosaccharides, respectively (59). These
oligosaccharides form a shield that largely protects TNAP
from proteolytic inactivation during MV isolation. These
findings are consistent with earlier studies by Wu et al.



Function of matrix vesicles in calcification

(59) and Hsu et al. (168, 169).

8.1.2. Amino acid sequence

MV-TNAP has not been directly sequenced; but
the sequences of TNAP isozymes from various vertebrate
species have been deduced from cDNAs. There is
significant homology between E. coli, rat, human, and
chicken TNAP, especially in the catalytic, metal-binding
regions. There are differences in other regions of the
enzyme. Between mammalian species, the sequences of
TNAP have shown a high degree of identity (>90%);
however differences between chicken cartilage and
mammalian TNAP are such that antibodies to the
mammalian TNAP only weakly cross-reacted with chicken
cartilage isozyme; similarly, mammalian cDNA probes do
not hybridize well with the avian cartilage form (59).

8.1.3. Three-Dimensional (3-D) structure

To date, this has not been determined; however,
structures have been solved for the E. coli enzyme (170,
171), for human placental AP (172, 173) and some other
APs. These studies reveal a compact, dimeric enzyme with
four metal-binding sites in or near the catalytic region of
each subunit. There are two Zn®" ions and one Mg at the
catalytic site of each subunit, and a stabilizing Ca>" ion
located 10 angstroms from the active site (172). This Ca®'-
binding property of TNAP was foreshadowed by the much
carlier observations of Stagni (174) and de Bernard et al.
(175) who implicated this in the mineralization mechanism.
Because of the heavy glycosylation of the vertebrate APs,
no diffraction-quality crystals of the intact enzyme have
been obtained. However, the intimacy between TNAP and
the developing mineral phase during MV mineralization
(76) underlines the importance of establishing the 3-D
structure of the enzyme.

8.1.4. Disposition in MV membrane

Disposition of TNAP in membranes is key to
understanding its function. Studies by Low et al. (167)
revealed that AP is an ectoenzyme, covalently anchored to
the plasma membrane by a glycosylphosphatidylinositol
(GP]) linkage to the external lipid bilayer. TNAP can be
selectively removed from the MV membrane by the action
of a highly specific bacterial phospholipase C which
attacks only this GPI link (66). Despite its external
localization, AP is remarkably insensitive to protease
attack because of the glycan "umbrella" previously
described. Further, attachment of TNAP via its GPI-based
anchor appears to facilitate mineral formation to an apatitic
form indistinguishable from that produced by intact MVs
(176). These findings are consistent with earlier work
showing that activity of TNAP dies off in direct proportion
to the extent of MV mineralization (76). This finding
indicates an intimate, self-destructive physical association
occurs between membrane-bound MV-TNAP and the
mineral that is being formed.

8.1.5. Catalytic properties

The broad spectrum of phosphatase activity in
MV, including pyrophosphohydrolase, is due primarily to
that of TNAP (54, 177). These findings are in accord with
earlier work by Moss et al. (178, 179) who found that
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TNAP possessed both pyrophosphatase as well as general
phosphoesterase activity. MV TNAP has significant
catalytic activity toward PPi and other phosphorylated
substrates under extracellular conditions, as has been often
demonstrated by studies that show enhancement of MV
calcification when supplied with organic phosphate
substrates (82, 180). Moreover, the finding that knockout
of TNAP in mice gives rise to a distinct form of
osteomalacia (181-183) directly confirms its physiological
significance. However it is important to note that despite
the lack of TNAP, normal mineral formation nevertheless
occurred within the MVs — but it did not spread to the
surrounding matrix (163). Coupled with the observation of
the self-destructive physical association between TNAP
and MV mineral formation (76), it is evident that TNAP is
required for the progression of mineral from the MV lumen
to the extracellular matrix.

8.1.6. Collagen-binding properties

MV-TNAP has been shown to bind with high-
affinity to types II and X collagen (69, 95, 184). This is
consistent with evidence that TNAP is localized on the
external face of the MV membrane (66). Licia Wu found
that when either type II or X collagen was incubated with
intact MVs, each co-sedimented with the vesicles (75).
Further, TNAP in detergent extracts of collagenase-
released MV was found to bind tightly to columns of
immobilized native type II or X collagen (95). A collagen-
binding loop evident in 3-D TNAP structure appears to be
responsible (185). Several other MV proteins also bind to
type II and X collagens, but not to type I collagen —
findings that help explain how MVs are attached to the
cartilage extracellular matrix and facilitate the spread of
mineral formation into the extravesicular matrix. Electron
microscopic studies using freeze-quenching methods show
that MVs are attached to the matrix by filamentous protein
strands (40-42, 46).

8.2. Nucleotide
(NPP1, PC1)
Many studies have revealed the presence of
NPP1 activity in MVs (165, 186-193). In fact, recent data
indicate that the ATPase activity found in MVs can be
largely attributed to TNAP and NPP1 (190,193). Recent
proteomic analyses of MVs isolated from chicken embryo
femurs have confirmed the presence of NPP1 [Mascot
Score, 684], however, at only about one-fourth the level of
TNAP (78). This ecto-enzyme hydrolyzes nucleotide
triphosphates to produce nucleotide monophosphates + PPi
extracellularly. There the released PPi would act as a HAP
crystal growth inhibitor (194); however, being a substrate
for TNAP it would be rapidly hydrolyzed (189). NPPI
accounts for nearly all the ecto-pyrophosphatase activity of
chondrocytes (195) and the release of PPi is thought to
provide a means for regulating apatitic mineral formation
(194). More will be made of this in the discussion of the
role of PPi in regulation of mineral formation. NPP1 is a
type 2 membrane glycoprotein, a member of a small
multigene family of nucleotide pyrophosphatase-
/phosphodiesterases (196). It is a 240 kDa homodimer
comprised of 2 disulfide-bonded 120 kDa subunits (197-
198). NPP1 is expressed strongly in bone and cartilage,

pyrophosphatase/phosphodiesterase
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but most notably in chondrocytes (165). It has been shown
to possess both alkaline phosphodiesterase I (EC 3.1.4.1)
and nucleotide pyrophosphatase (EC 3.6.1.9) activities
(199). NPP1 also has been found to exhibit auto-
phosphorylation activity, which inactivates its other two
enzymatic activities (200, 201). It has been suggested that
auto-phosphorylation, which occurs at low level ATP
concentrations, is a regulatory mechanism preventing
depletion of nucleotides when they are scarce.

8.3. PHOSPHO-1
choline phosphatase)

PHOSPHO-1 is a recently identified phosphatase
that exhibits enzymatic activity in MVs (202) and
represents a significant amount of the protein present.
Deduced by proteomic analysis, PHOSPHO-1 has a
Mascot Score of [420], about one-sixth the level of TNAP
(78). PHOSPHO-1 is a 267 amino acid, 29.7 kDa member
of the haloacid dehalogenase (HAD) super family of Mg**-
dependent hydrolases (203). The active site of PHOSPHO-
1 has been shown by crystallographic and mutation
analysis to consist of three aspartate residues at positions
32, 34 and 203 coordinated with Mg2+ (203). Because
gene expression of PHOSPHO-1 is upregulated as much as
120-fold in mineralizing cells as compared to soft tissue
cells, the enzyme is now thought to generate Pi within MV
(204). Very recent (2010) studies suggest that inhibitors of
PHOSPHO-1 can block mineralization of embryonic long
bones of chicks, as assessed by alcian blue/alizarin red
staining (205). This finding, coupled with the recent study
indicating that inhibition of PHOSPHO-1 can block MV
mineralization (203), suggest that PHOSPHO-1 is involved
in long bone mineralization in vivo. It is therefore of
interest to understand how this enzyme contributes, given
the predominant activity of TNAP. The main substrates for
PHOSPHO-1, phosphoethanolamine (PEA) and
phosphocholine (PCho) are products of the action of
phospholipase C on membrane phospholipids, phospha-
tidylcholine (PC) and phosphatidylethanolamine (PE)
(206). Recent studies by Wu et al. have shown that the PE
and PC content of MVs decreases rapidly during MV-
mediated mineral formation, accompanied by an
accumulation of 1,2-diacylglycerol and 1-
monoacylglycerol (207). These findings present clear
evidence that phospholipase C-dependent breakdown in
MV  phospholipids accompanies MV mineralization.
Taken together, these findings reveal that combined actions
of phospholipase C and PHOSPHO-1 release Pi (as well as
ethanolamine and choline) from membrane phospholipids,
making them available for use in biomineralization.
Further, recent studies show that Pi uptake by mineralizing
MVs is not strictly Na'-dependent; Pi uptake is enhanced
when choline” is substituted for Na" (208). This will be
covered in more detail in the section dealing with Pi uptake
during MV formation.

(phosphoethanolamine/phospho-

8.4. Acid phosphatase

Several other MV phosphatases also have
received significant attention in the past. In a 1995 review,
Anderson cited studies that indicate several types of
phosphatases: pyrophosphatase (PPiase), 5’-AMPase,
nucleotide triphosphate phosphatase (NTPPase), as well as
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Ca®*-ATPase (209) are present in MVs. While it is
probable that PPiase and 5°-AMPase simply represent
manifestations of TNAP, the activity of acid phosphatase is
clearly separate. Early studies by Thyberg and Friberg (37)
revealed the presence of acid phosphatase histochemically
in MV. Subsequent biochemical studies by Ali
(158),Watkins et al. (56) and Deutsch et al. (86) have
detected modest levels in MVs. On the other hand, using
Percoll  fractionation, = Vaananen  separated acid
phosphatase-containing from other MV (84). Thus some
MVs contain acid phosphatase; it is perhaps those derived
from lysosomal extrusion (46) as suggested by Thyberg
and Friberg (37). The fact that proteomic analysis failed
to detect acid phosphatase in mineralizing MVs from
chicken cartilage (78) makes it doubtful that MVs
containing acid phosphatase activity function in the
induction of mineral formation.

8.5. Proteases and peptidases

The presence of peptidase (210) and protease
(211) activities associated with MV have been confirmed
by proteomic studies on MVs isolated from actively
mineralizing chicken bones, showing a significant [MS =
1476] total level (78). This supports the concept that
enzymatic degradation of the proteoglycan matrix of
growth plate cartilage is important in facilitating mineral
formation, an idea raised over 40 years ago (212, 213)
prior to their discovery in MVs (214). These
aminopeptidases, which exhibit activity toward a variety
of synthetic peptides and amino acyl esters (210), are
blocked by N-carbobenzoxylation. Such enzymes are
commonly detected in plasma membrane fractions. In
studies by Katsura et al. a neutral metalloprotease
isolated from growth plate MVs readily degraded
proteoglycans (211). It had a molecular mass of 33
kDa, a pH optimum of 7.2, and was latent within MVs
until activated by detergents. The fact that the activity is
latent has important physiological implications. It is
probable that it becomes activated when the vesicle
membrane ruptures after onset of apatite -crystal
formation. Thus, initiation of  MV-induced
mineralization becomes coupled with degradation of the
inhibitory proteoglycan matrix. This concept will be
developed further when the regulatory role of
proteoglycans is discussed.

8.6. Lactate dehydrogenase and other glycolytic
enzymes

Nearly 20 years ago studies by Hosokawa et al.
(159, 215) documented the presence of lactate
dehydrogenase (LDH) in isolated MV. While no other
glycolytic enzymes were detected at the time, very recent
proteomic studies have not only detected significant
levels of LDH [Mascot Score = 855], but seven of the
eleven glycolytic enzymes normally present in cells were
also observed (78). In addition, several enzymes were
found that pertain to the synthesis of the proteoglycans
that are abundant in cartilage. These enzymes appear to
be adventitious carryovers that occur during MV
formation; thus, the abundant presence of LDH speaks of
the relatively hypoxic state of growth plate chondrocytes
prior to the time of MV formation (216).
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8.7. Carbonic anhydrase

Carbonic anhydrase (CA) was first implicated in
endochondral calcification by Cuervo in Howell's group
nearly 40 years ago (217) in conjunction with studies on
the pH and pCO, of the extracellular fluid. CA has since
been observed in growth plate cartilage in two isozymic
forms (218-220). CA isozyme Il was notably present in the
extracellular matrix of hypertrophic and calcifying
cartilage, the locus of MVs. Sauer et al. (160) were the
first to document CA activity in isolated MVs, observing
levels comparable to those reported earlier for avian
growth plate cartilage. Treatment of the isolated vesicles
with acetazolamide, a CA inhibitor, delayed but did not
prevent MV mineralization. Thus it is probable that CA
modulates the activity of MVs, but may not to be
absolutely essential for MV function.

8.8. Phospholipases

Observations on the lipid composition of growth
plate cartilage (20) and MVs (30, 221) have provided
evidence for the presence of significant phospholipase
activity, even though none of these enzymes has been
isolated physically. In MVs obtained from chicken growth
plate cartilage, 10—15% of the total phospholipids are lyso-
phospholipids, indicative of the presence of significant
phospholipase A activity (29-31, 222).  Clues regarding
the nature of phospholipases in MVs come from studies on
changes in lipid composition of growth plate chondrocytes
during MV formation — as well as during induction of
mineral formation by MVs. For example, depletion in PC
and increase in lysophospholipids characteristic of MVs are
already evident in microvilli from which MVs derive (73).
Further, induction of mineral formation by MVs causes a
progressive decline in phospholipid levels (207). This
marked reduction is accompanied by the buildup of free
fatty acids (FFA), 1,2-diacylglycerols (1,2-DAG) and 1-
monoacylglycerols (I-MAG). The two phospholipids
undergoing the most extensive hydrolysis during mineral
formation  were  phosphatidylinositol ~ (PI)  and
sphingomyelin (SM). PE and PC also were extensively
degraded, but not as rapidly. These findings parallel those
made with frozen-thawed slices of calcifying epiphyseal
cartilage (223).

These studies lead to several conclusions. 1) The
high levels of lysophospholipids present in growth plate
cartilage and M Vs provide direct evidence for the presence
of phospholipase A (PLA) activity. 2) The progressive
decline in PC and PE, coupled with the buildup of 1,2-
DAG, provides evidence for the presence of phospholipase
C (PLC) activity in MV (207). 3) The lack of
accumulation of lysophosphatidylcholine (LPC) and
lysophosphatidylethanolamine (LPE) during induction of
mineral formation by MVs, coupled with the increase in 1-
MAG, is evidence for the presence of lysophospholipase C
(LPLC) activity. 4) The very rapid decline in SM reveals
the presence of sphingomyelinase activity. 5) The
extremely rapid decrease in the level of PI, without buildup
of lysophosphatidylinositol (LPI), suggests degradation by
Pl-specific PLC activity. 6) The unique pattern of PS and
lysophosphatidylserine (LPS) metabolism in which buildup
occurs during MV mineralization points to active base-
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exchange PS synthase enzymes that transfer serine to LPE
or PE to form LPS or PS. 7) Levels of phosphatidic acid
(PA) in MVs are generally low, indicating low phospho-
lipase D (PLD) activity (207); however, Balcerzak et al.
recently describe phosphorylation-dependent PLD activity
in MVs (224).

8.8.1. Phospholipase A (PLA)

PLAs represents a large class of typically small
(13-14 kDa) Ca®*-dependent enzymes that hydrolyze the
sn-1 or sn-2 ester of glycerophospholipids to produce a
fatty acid and a lysophospholipid (monoacyl
phosphoglyceride) (225-226). PLA, causes the release of a
free fatty acid from the sn-1 position of glycerol to produce
2-monoacyl phosphoglycerides; PLA, causes release of
fatty acid from the sn-2 position of glycerol to produce 1-
monoacyl phosphoglycerides. (Typically the fatty acid
present in the sn-2 position is polyunsaturated and serves as
a substrate for eicosanoid biosynthesis).  Attempts to
physically isolate the PLA enzyme present in growth plate
cartilage have so far failed. However, characterization of
its activity has met with limited success. MV-PLA activity
is Ca”-dependent and is highly selective for
intramembranous, as opposed to externally added
phospholipid substrates — implying that it was an integral
membrane protein (227). The enzyme had optimal activity
at pH 8, displayed A, specificity, and hydrolyzed PC in
preference to PE or other membrane phospholipids. Its
properties resemble activities reported for PLA, activity
isolated from human rheumatoid synovial fluid (229-230).
Schwartz and Boyan (231-232) explored the effect of two
vitamin D metabolites, 1,25-dihydroxyvitamin D; (1,25-
(OH)Ds) and 24,25-dihydroxyvitamin D; (24,25-(OH)D;)
on the activity of PLA, in cultured chondrocytes. They
found a marked enrichment in PLA, activity in MV,
compared to the plasma membrane. Further, 1,25-(OH)D;
at levels of 10 and 10 M significantly increased PLA,
activity in MV, but not in the plasma membrane. Thus,
vitamin D metabolites influence the activity of PLA; in
growth plate chondrocytes. It is of further interest that the
annexins act as PLA,; inhibitors (233), protecting PS from
degradation during MV formation by interfering with PLA,
binding to PS (60, 151).

8.8.2. Phospholipase C (PLC)

PLC acts on glycerophospholipids to release 1,2-
DAG and the phosphorylated polar head group of the
parent phospholipid. There are two broad classes of PLC.
One type rapidly hydrolyzes phosphatidylinositol 4,5 bis-
phosphate (PIP;) to produce 1,2-DAG and 1,4,5-inositol
trisphosphate (IP;) — products that are involved in transient
receptor-mediated Pl-cycle cell signaling (234-239). A
slower acting PC-specific PLC has been shown to be
involved in regulation of the cell cycle, cell division and
apoptosis (240-245). PC-PLC acts on PC to produce 1,2-
DAG and PCho. PC-PLCs from both rat (246) and human
(247) fibroblast-like cell lines have been characterized.
The human homolog is a 66 kDa enzyme that is directly
involved in regulating the cell cycle in fibroblasts. It is
upregulated by mitogens such as platelet-derived growth
factor (PDGF). Although the action of PIP,-specific PLC
has been studied in chondrocytes (239, 248), there have
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been no studies on PLC activity toward PC or PE, two far
more abundant lipids in growth plate cells and MV.
Breakdown of MV lipids during in vitro calcification
causes progressive buildup of both 1,2-DAG and 1-MAG,
findings indicative of the presence of PLC and
lysophospholipase C (LPLC) activity, respectively (207).
While neither enzyme has been characterized in growth
plate chondrocytes, PC-PLC and PE-PLC have been
extensively studied in other tissues where they appear to be
involved in cellular proliferation (249-250). In view of the
rapid cell division that occurs in the proliferative zone of
growth plate cartilage, it is not surprising to see evidence of
PLC activity in MVs. The recent finding that PHOSPHO1
targets hydrolysis of PEA and PCho, two specific products
of PLC action on PE and PC, respectively, reveals a direct
connection that appears to contribute to the function of MV
in inducing mineral formation.

8.8.3. Lysophospholipase C (LPLC)

One of the enigmas observed during incubation
of growth plate cartilage slices, or of MVs during induction
of mineral formation, was the finding that despite the
significant loss of PC and PE, there was little concomitant
accumulation of LPC or LPE (207). While this might be
explained by the presence of the alternative PC-PLC or PE-
PLC pathway, the extent of accumulation of 1,2-DAG was
not sufficient to explain the loss of these lipids. On the
other hand, the obvious accumulation of 1-MAG during
MV mineralization provides a more plausible alternative
explanation — namely the presence of LPLC activity.
Recently, a study of the ubiquitous NPP family of
ectoenzymes, of which the previously described PC-1
(NPP1) is a member, reported the presence of additional
family members, NPP2, NPP6 and NPP7 (251). These
family members, rather than attacking nucleotide phospho-
diesters, attacked lysophospholipids. NPP6 had activity
toward LPC with polyunsaturated acyl chains. It also
hydrolyzed sphingosylphosphocholine (SPC), the lyso
form of sphingomyelin (SM) (251). The products of PC-
LPLC (NPP6) action on LPC are PCho + 1-MAG; those on
SPC are PCho + sphingosine; action on GPC yielded PCho
+ glycerol. Thus, NPP6 specifically cleaves the P-O bond
opposite the choline residue. The significance of NPP6 to
MV lipid metabolism is that it would provide a mechanism
for further degradation of PCho resulting from breakdown
of both PC and SM present in MVs. And as noted before,
PCho is a preferred substrate for PHOSPHO1 and would
release Pi needed for supporting mineral formation.

8.8.4. Sphingomyelinase (SMase)

SM is specifically enriched in MVs compared to
the plasma membrane of growth plate chondrocytes from
which they derive (73). However, SM is also one of the
lipids most rapidly degraded when MVs are incubated in
synthetic cartilage lymph and allowed to mineralize (207).
This indicates that a highly active SMase must be operative
during MV mineralization. SMases hydrolyze SM to
ceramide (N-acyl sphingosine) and PCho. Since the pH of
the MV incubation was 7.5, it can be assumed that the
activity observed is from one of the neutral SMases
(nSMase). In fact three distinct nSMase isoforms have
been identified: nSMase-1, -2, and -3; they differ in
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subcellular localization, tissue specificity, and enzymatic
properties (252-253). A likely candidate for the MV
enzyme is nSMase-2, a Mg®*-dependent isozyme, localized
to the plasma membrane (254-257). Its activity is
enhanced by phosphatidylserine (PS) (258), a lipid
specifically enriched in the MV inner leaflet (259).
nSMase-2 is also known to be localized to the inner leaflet
of the plasma membrane (260-261). Upregulation of
nSMase-2 has been shown to cause arrest of the cell cycle
in the GO/G1 phase (262); upregulation of nSMase-2 is
also associated with programmed cell death (263). Based
on gene sequencing, nSMase-2 is now known to be
identical ~ with  sphingomyelin  phosphodiesterase-3
(SMPD3). Two independent studies have shown that
knockout of the SMPD3 gene in mice causes skeletal
defects: chondrodysplasia and dwarfism (264) or
osteogenesis and dentinogenesis imperfecta (265). These
findings may relate to the role of nSMase-2 in MVs.
Features most directly relevant to MV mineralization are:
1) its product, PCho, is a key substrate for PHOSPHOI, a
MV enzyme that releases Pi into the vesicle lumen; and 2)
that breakdown of SM would help destabilize the MV
membrane and facilitate outgrowth of mineral from the
vesicle lumen into the extracellular matrix.

8.8.5. Other MV phospholipases

As noted above, PI is very rapidly degraded
during the onset of MV mineralization (207); after only 4 h
incubation 80% of the PI is lost. This loss is not
accompanied by any increase in LPI, suggesting that PI
may be degraded by a Pl-specific PLC activity.

8.9. Phosphatidylserine synthases

Based on changes that occur in the levels of
phosphatidylserine (PS) during MV mineral formation,
there must be unique pathways for metabolizing this
important lipid. PS binds to Ca** and Pi to form lipid-Ca*'-
Pi complexes (266) with the ability to rapidly nucleate
hydroxyapatite (HA) mineral formation when incubated in
synthetic cartilage lymph (SCL) (137). During MV
mineralization, after initial rapid and almost total loss of
non-complexed PS, the levels of PS, and its LPS form,
progressively increased during the remainder of the
incubation period and were largely complexed with the
newly forming mineral (207). These are remarkable
findings. The only plausible explanation for this increase
is the presence of the non-energy-dependent, Ca®'-
dependent, base-exchange mechanism of PS-synthase
previously noted in growth plate cartilage (267) and MVs
(268). The free amino acid, serine, undergoes Ca®*-
dependent exchange with either the ethanolamine group of
PE, or the choline group of PC, to form PS (269). ATP is
not required for this reaction. Normally, PS is synthesized
in mitochondria-associated membranes by action of either
of two PS synthases that cause exchange of serine for
choline (PS synthase-1) or for ethanolamine (PS synthase-
2) (270). It is probable these PS synthases become
incorporated into the plasma membrane upon transfer of
Ca®* (and Pi) during MV formation (8, 271-275). PS
synthases are ~56 kDa, multi-pass integral membrane
proteins (276-279) that could be transferred directly to the
MVs. That this actually occurs is evident from the fact that
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[*H]serine is incorporated into PS of isolated MVs; it
occurs by a mechanism that requires Ca®’, but not
nucleotide triphosphates (268). This provides a plausible
explanation for the ~5-fold enrichment of PS in MVs
compared to the cells from which they derive (29, 30).
Intraorganelle transport of PS, known to occur in all cells
(280), also helps explain how PS synthesized in
mitochondria-associated membranes becomes transferred
to the plasma membrane and ultimately to MVs.

8.10. Phospholipid flippases and scramblases

Flippases are P-type ATPases that mediate the
unidirectional “flipping” of PS from the outer leaflet of the
plasma membrane to maintain the asymmetric transbilayer
distribution of PS (281). On the other hand, scramblases are
enzymes responsible for the bidirectional translocation of
phospholipids between the two leaflets of the lipid bilayer
of cell membranes (282-284). Scramblases are activated by
Ca®*, do not require ATP for activity, and tend to
randomize the distribution of PS in the bilayer (285). In
humans, phospholipid scramblases constitute a family of
five homologous proteins. In normal cells, the inner-leaflet
facing the inside of the cell contains negatively-charged PS
and neutral PE; the outer-leaflet, facing the extracellular
environment, contains PC and SM. Scramblases transport
negatively-charged phospholipids from the inner-leaflet to
the outer-leaflet, and vice versa; thus, they have the
capacity to randomize the sidedness of phospholipids in
membrane bilayers (286). A recent report describes
phospholipid scramblase activity in growth plate
chondrocytes indicating its association with TNAP-
containing lipid rafts during MV formation (287). Since PS
is an integral component of the nucleational complex that
triggers mineral formation by MVs (288), exposure to the
extravesicular fluid could be a key event that enables the
newly formed crystalline mineral to propagate into the
extracellular matrix. Failure to do this is an apparent
feature in the TNAP knockout mouse; the paradoxical
finding is that while mineral forms normally within the
MVs, it does not become externalized (289). Taken with
the finding that scramblase is associated with TNAP in the
cell membrane, externalization of newly forming mineral in
MVs must require the presence of TNAP — as well as
scramblase activity. The only study in which the sidedness
of the two key amine-containing phospholipids, PS and PE,
has been analyzed in the MV membrane revealed that ca.
80% of the PS remains localized within the MVs, whereas
50% of the PE was external (259). The fact that PS in MVs
remains largely internal is significant because one of the
signal features of cellular apoptosis is the externalization of
PS to the outer leaflet (132, 290). Hence, MVs are not
typical apoptotic bodies. The PS-Ca**-Pi complexes formed
during MV construction resist scramblase activity because
the complexed calcium phosphate stabilizes the membrane.

9. MATRIX VESICLE MEMBRANE SURFACE
RECEPTORS AND TRANSPORTERS

9.1. Cell Surface receptors

Proteomic analysis of isolated MVs also revealed
the presence of numerous cell surface receptors, but none
would be considered to be quantitatively major proteins
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(78). The most abundant receptor was CSG-HT7 [Mascot
Score = 521], a cell surface glycoprotein known to be
associated with the ingrowth of vascular endothelial cells
(291-292). It is probable that the presence of this MV
protein serves as part of an angiogenesis signal, once
mineralization of the cartilage matrix has occurred. The
next most abundant cell surface protein [Mascot Score =
433] was CDON, a cell surface receptor of the immuno-
globulin (Ig)/fibronectin type III repeat family; however, its
specific function has not been elucidated (293-294).
Numerically, the most well represented receptors in avian
MVs were the four integrins: alpha-5, beta-1, alpha-3, and
beta-5, which were detected at [Mascot Scores] of 369,
337, 169, and 71, respectively. These integrins
undoubtedly facilitate anchoring of the MVs to the
extracellular matrix collagens (295-300). Another receptor,
CD36, [Mascot Score 131], is an integral membrane protein
found on the surface of many vertebrate cell types. It is a
member of the class B scavenger receptor family of cell
surface proteins that bind to many ligands including
collagen. It has been shown very recently to be a pattern
recognition receptor in hypertrophic chondrocytes (301).
CD36 may function in opsinization of MV remnants during
chondroclastic resorption of calcified cartilage at the time
of replacement by cancellous bone. All of these receptors
appear to be vestiges of the plasma membrane of the
hypertrophic chondrocytes; they appear to function in
growth plate development rather than in MV mineralization
per se.

9.2. ATP-driven ion pumps and transporters

Many different transporters were detected in the
proteome of MVs. They ranged in abundance from Mascot
Scores [MS] of 619 down to 68. All appear to represent
porters present in the plasma membrane of the
chondrocytes from which the MVs derived. Of the 23
transporters detected, the most abundant, quantitatively,
were five Na'/K* ATPases (alpha-1, [MS — 619], alpha-2,
[MS — 397], beta-3, [MS — 193], beta-1, [MS — 127], and
beta-2, [MS — 96]), and three H'-ATPases (subunit B, [MS
— 248], subunit A, [MS — 271], and subunit S1, [MS — 94]).
To be active in MVs, these ion pump ATPases would
require the presence of ATP, which could arise only from
synthesis by the parent chondrocytes. However, the levels
of ATP in MVs are very low (302) and are insufficient to
drive Na" extrusion and K" uptake. This is borne out by
direct analysis of the electrolytes of MVs, which were
found to be much richer in Na' than K" — the opposite of
what occurs in the cells from which they derive (63). Thus,
although abundant, it is apparent that these ATP-driven ion
pumps do not support ion transport activity in MVs. Also
notably abundant was a choline transporter [MS — 409],
which may have important activity in conjunction with the
product of the PHOSPHO-1 enzyme that hydrolyzes P-
choline and P-ethanolamine to Pi and their respective bases
(193, 202). It is noteworthy that choline has been found to
be a better co-substrate for Pi uptake by MVs than was Na*
(208, 303).

9.3. Channel proteins and solute-carrier transporters
Three significantly abundant ion channels were
detected by proteomic analysis of MVs. Of special interest
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was TRPV4 [MS - 350], a transient potential cation
channel that appears to be important in regulation of
osmotic pressure (304-305). In the maturing growth
plate chondrocytes, the presence of TRPV4 very likely
has an important function in the major osmotic swelling
that occurs upon hypertrophy when cell volume expands
over 9-fold going from the proliferating to the
hypertrophic state (306). Also of interest are CLIC4
[MS — 359] — the Channel 4 intracellular CI™ transporter
(307-309); this channel protein transports Cl  in
exchange for HCO; (310-311), and appears to be
important in buffering the internal pH of MVs. The
third is VDAC-2, [MS — 381] — the Channel 2 voltage-
dependent anion-selective channel present in the
mitochondrial outer membrane (312-313). This channel
may play a part in the mitochondrial permeability
transition pore that becomes activated prior to formation
of MVs by hypertrophic chondrocytes (314). Although
the Mascot Score of VDAC-2 is not large, it may represent a
mitochondrial outer membrane protein incorporated into
MVs. The most numerous of all the transporters
detected by proteomic analysis of isolated avian growth
plate MVs were the solute-carrier family (SLC-family).
In total nine different SLC carriers were detected. The
most abundant was SLC 16A1 [MS — 283], a transporter
known to transport lactate, pyruvate and other
monocarboxylates in the plasma membrane of many cell
types (315-316). Other members of the SLC family are
transporters for neutral amino acids (SLC38A3, [MS —
176]), alanine/serine/cysteine/threonine (SLC1A4, [MS
— 90]), organic cations, e.g. carnitine (SLC22A16, [MS
— 177], glycine (SLC6A9, [MS — 137]), Na'-dependent
citrate (SLC13AS5, [MS - 96]), Na'-independent cationic
amino acids (SLC7A3, [MS —74]), and equilibration of
nucleosides (SLC29A1, [MS — 71]). Each of these
carriers are of undoubted importance during the
proliferation of the growth plate chondrocytes, but
probably have only minor effects on the activity of
released MVs. They appear to be carryovers from the
plasma membrane of the chondrocytes. However,
within the SLC families of carriers, of special interest to
MV function are two Zn>' transporters — SLC39A14,
[MS — 80] and SLC39A8, [MS — 79]. Zn*' is
remarkably abundant in MVs (317) and it is possible
that these carriers are involved in its uptake, most likely
into the chondrocytes before MV formation.

9.4. Ca®" channel proteins

Several types of Ca®" channels are differentially
expressed in growth plate chondrocytes. In early stages of
growth plate development, Ca>* channels of the L-type are
evident; however as the calcification front is approached,
the putative AnxAS type of channel becomes dominant.
While there is no evidence for L-type Ca** channels in
MVs, as noted earlier, AnxA5, AnxA2 and AnxA6 — some
of the most dominant proteins in cartilage MVs — may
serve that function, although recent data render this
unlikely. This is because AnxA5 failed to support Ca®*
uptake in liposomes modeled after MVs, and which readily
acquired Ca®* when treated with several Ca®" ionophores
(318).
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9.4.1. L-Type Ca®
chondrocytes

Studies in the early 1990s indicated that L-type
voltage-dependent Ca®" channels are operative in growth
plate chondrocytes (319-320); this was initially based on
their response to various benzothiazepines that selectively
block L-type Ca®" channels. Their presence was later
confirmed using immunostaining with antibodies to the
alpha subunit, revealing that they are expressed at all stages
of the growth plate (321). These channels appear to
participate in chondrocyte proliferation and early
differentiation.  The alpha-1 subunit of L-type Ca®*
channels mediates influx of Ca®" into cells upon membrane
polarization (322-323). This subunit contains 24
transmembrane segments that form a highly selective pore
through which Ca*" passes into the cell (324-325). The
structure of L-type Ca>" channels is highly complex and
consists of alpha-1, alpha-2/delta, beta, and gamma
subunits in a 1:1:1:1 ratio (326). In resting zone
chondrocytes, combined activities of L-type Ca®" channels
(327) and Ca**-ATPase (328) appear to maintain mean
intracellular Ca* activity at around 50 nM; however, as the
cells proliferate and approach the zone of hypertrophy,
average basal Ca®" levels rise to >100 nM (329). Confocal
in situ imaging of proliferating chondrocytes in slices of
PBS-bathed tibial growth plate tissue reveal dynamic
fluctuations in Ca®" activities in different regions of the cell
(306). However, L-type Ca’" channels would not be
operative in MVs; they lack the voltage differential needed
to drive Ca>" uptake.

channels in growth plate

9.4.2. Annexins as Ca** channels

As alluded to earlier, SDS-PAGE analyses and
initial characterizatoin by Genge et al. revealed that the
dominant proteins in MVs isolated from growth plate
cartilage were AnxAS, AnxA2 and AnxA6 (60, 61).
AnxA5 was shown to be progressively and powerfully
expressed in growth plate cartilage (Figure 6) (94); cells in
the proliferative zone scarcely expressed the protein.
Maximal expression was seen in the hypertrophic zone
where MV formation is most active. Studies by Arispe et
al. were the first to provide apparent evidence that AnxAS
exhibits Ca*" channel activity when inserted into acidic
phospholipid bilayers (125) — behavior predicted by Huber,
based on the hydrophilic pore in its crystal structure (123) —
but the experimental conditions required were not
physiological. Eight years later, studies by Kirsch et al.
confirmed elevated expression of AnxAS5 in hypertrophic
chondrocytes (330); they subsequently suggested that
AnxA5-mediated Ca®" influx may regulate growth plate
hypertrophy and apoptosis (331). However, in studies
using large unilamellar liposomal models of MVs designed
to demonstrate under physiological conditions that AnxAS5
exhibits Ca®* channel activity, AnxA5 failed to support
significant Ca®* uptake (318). So far, only under
artificial in vitro conditions does AnxAS5 appear to
exhibit Ca®* channel activity. Its primary function
appears to be in the nucleational core that enables MVs
to induce mineral formation (288); incorporation of
AnxA5 markedly accelerates the onset of mineral
formation (131, 136, 332).
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Figure 6. Immunolocalization of Annexin AS in Chicken
Growth Plate Tissue. Growth plate cartilage was fixed in
Bouin’s fixative (25 ml formalin, 5.0 ml glacial acetic acid,
and 75 ml saturated picric acid) for 24 h at 4 °C, washed
three times with 50% ethanol, and then embedded in
paraffin and 4 microM sections cut. Deparaffinized
sections were incubated with rabbit anti-chicken 33 kDa
annexin antibody diluted 1:100 in phosphate-buffered
saline solution containing 3% bovine serum albumin for 2
h, washed three times over 30 min in phosphate-buffered
saline, and then incubated with Fluorescein (FTIC)
conjugated goat anti-rabbit IgG (ICN Biochemicals, Costa
Mesa, CA) for 1 h and washed as before. Control sections
were incubated with diluted rabbit preimmune serum and
processed as before. Sections were viewed and
photographed using a Zeiss model Photo-Microscope 111
epifluorescence microscope. Note that AnxAS is almost
undetectable in the proliferative zone of the growth plate
(top), but progressively increases from the zone of
maturation to the zone of hypertrophy and calcification,
and reaches a maximum at the calcification front marked
by vascular penetration. (Reproduced from (89) with
permission of John Wiley and Sons, publishers.)
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9.5. Inorganic phosphate (Pi) transporters

Uptake of Pi by all living cells is essential for
survival and growth, inasmuch as phosphate is essential
for synthesis of DNA, RNA, as well as all nucleotides
involved in cellular metabolism and replication. In the
“housekeeping” functions of vertebrate cells, Pi
transporters use an inwardly directed electrochemical Na*
current to support Pi influx. This Na" gradient, produced
by the action of a Na'/K" ATPase in the plasma
membrane, carries Pi into living cells. However in MVs,
Na' levels are as high as that of the extravesicular fluid
(63); thus there is no Na" gradient to drive Pi uptake.

9.5.1. Na'-dependent Pi transporters

In vertebrates, two unrelated families of Na'-
dependent transporters carry out general Pi transport.
Remarkably, they transport different Pi species: divalent
HPO,* is carried by type II Na'/Pi cotransporters;
monovalent H,PO,” is carried by type III (PiT-1) Na'/Pi
cotransporters (333). Montessuit et al. were the first to
study Pi transport in MVs (334). In MVs isolated from
cartilage of mildly rachitic chickens, Pi uptake appeared to be a
saturable process that could be driven by establishing an
artificial Na" gradient (334). Tt appeared that Pi uptake in both
MVs and chondrocytes was Na'-dependent (334, 335).
Subsequent studies by Guo et al. have confirmed the presence
of a type III Na'/Pi transporter using PCR analysis of RNA
isolated from normal chicken tibial growth plate cartilage
(336). This Pi transporter is a close homolog of human PiT-1
(Glvr-1, type TII Na'/Pi porter) showing 77% sequence
identity. It appears to be a 73.5 kDa MW integral membrane
protein with 12-transmembrane domains. However, in situ
hybridization revealed that this Na'-dependent PiT-1 Pi porter
was only expressed strongly in the resting and proliferating
zones; it was barely present in the hypertrophic zone (Figure
7B) (336). Subsequent studies on M Vs isolated from normal
chick growth plate cartilage showed that Pi transport was not
strictly Na'-dependent. Substitution of Li* or K* for Na* had
minimal effect on Pi uptake; N-methyl D-glucamine (NMG")
was totally inhibitory, whereas choline" was clearly
stimulatory (208). Several known inhibitors of Pi transport
were also used in this study. As controls, several putative
intermediates in the MV mineralization pathway — ACP, PS-
Ca**-Pi complex (PS-CPLX) and HAP — were studied. When
incubated in synthetic cartilage lymph (SCL) matched in
electrolyte composition and pH to that of the native fluid, PS-
CPLX and HAP caused almost immediate uptake of Pi;
pure ACP required ~1 h; but MVs displayed rapid Pi
uptake only after ~3 h incubation. Phosphonoformate
(PFA) delayed the onset and rate of Pi uptake by the MVs
with an ICs, of 3—6 microM; however, it also inhibited Pi
uptake by the mineralization intermediates with only
slightly higher ICsy’s of 8.5-14 microM. Thus, PFA
proved not to be a specific Pi transport inhibitor. While
Na® substitutions had minimal effect on HAP or CPLX-
seeded mineral formation, with ACP, NMG" totally
blocked and choline” stimulated mineralization, just as with
MVs. Thus, ACP appeared to mimic MV Pi uptake.

9.5.2. Na'-independent Pi transporters
Studies on confluent, primary cultures of normal
growth plate chondrocytes also detected a second type of
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Figure 7. In situ Hybridization Evaluation of the Expression of Chondrocyte Pi Transporters in Different Zones of the Avian
Growth Plate. The procedures used were as described by Guo (337). In brief, longitudinal samples from the proximal tibial
epiphyseal cartilage from six-week-old chickens were obtained, fixed, decalcified, embedded in paraffin, and sectioned (6
microns) and mounted on glass slides. After rehydration, tissue sections were treated with proteinase K and washed with 3%
H,0, to inactivate endogenous peroxidase activity. For hybridization, the mounted tissue sections were treated with
prehybridization buffer and then incubated with biotin-labeled primers synthesized by Invitrogen, with the following sequences:
Collagen II: 5’-Biotin-CGGGGCCCTTCTCCGTCTGACCCAGT-3’; Collagen X: 5’-Biotin-GTGTGGTGGCCCCTTGATGCT-
GGA-3’; PIC18: 5’-Biotin-CCTAAGATGGCGGCGGGGCGCACGC-3’; PiT type III (Glvrl3): 5’-Biotin-GGTGCCACG-
STCGCCCGTGCGATAGACC-3’; Poly d(T): 5’-Biotin-(T),-3’. The biotin-labeled probes were denatured at 95 °C, diluted in
prehybridization buffer, and applied to the tissue sections and allowed to hybridize at 37 °C overnight, care being taken to prevent
evaporation. As negative controls, slides were incubated in the hybridization solution without probes; for positive controls a poly
d(T) biotin labeled probe was used. For visualization, slides were incubated with biotinylated horseradish peroxidase in PBS and
incubated for 30 min at 37 °C. Following washing, 3’3’-diaminobenzidine tetrahydrochloride (DAB) was used for color
development. The slides were rinsed with distilled water, mounted in glycerol gelatin (Sigma), viewed, and photographed using
a Zeiss photomicroscope. 7A — Mitochondrial PiC phosphate transporter; 7B — Plasma membrane type III (Glvr) phosphate
transporter; 7C — Collagen type II, and 7D — Collagen type X. Note in 7A that the highest level of mitochondrial PiC expression
is in the hypertrophic zone, although low levels of expression were evident in the upper zones. Also notice that at the base of the
hypertrophic zone where the cells have become apoptotic, that the mitochondrial PiC transporter is no longer expressed. In 7B,
note that the highest levels of expression of the Na‘-dependent plasma membrane type III Pi transporter were in the upper
(resting and proliferating) zones, with almost no expression in the lower (hypertrophic and calcified) zones. As positive controls,
in 7C, note that collagen type II expression was high in the resting and proliferating zones — as expected, but was almost totally
absent in the hypertrophic and calcified zones. In contrast, in 7D, note that the expression of collagen type X was weak in the
proliferating zone, but intense in the hypertrophic and calcified zones — as expected. (Reproduced from (336) with permission
from Yande Guo.)
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Pi transport activity, expressed shortly before the onset of
mineralization (303, 336). While the Na'-dependency of
Pi uptake early in cultures of the chondrocytes was
confirmed, a different Na'-independent Pi transporter was
expressed as the cells approached hypertrophy. In contrast
to Na'-dependent Pi transporters whose activity is
upregulated by Pi insufficiency (337, 338), this porter was
upregulated by elevated Pi levels typical of the
extracellular fluid of growth plate cartilage. The activity
of this Na'-independent Pi transporter was Cl dependent;
but CI” was not co-transported (336). It had a slightly
alkaline pH optimum (7.6-8.0) appropriate for the pH of
growth plate extracellular fluid (63, 339). Choline” was
nearly as effective as Na' as a co-substrate (336). The
apparent K, for Pi was 0.59+£0.01 mM; its V., was
0.99+0.01 nanomoles/mg protein/min. (For comparison
with non-calcifiable cells, Pi uptake by Chinese hamster
ovary cells tested under identical conditions had an
apparent K, for Pi of 0.046 mM and a V,,, of 0.34 nano-
moles/mg protein/min.) The activity of this Pi porter
appears to represent the Na'-independent action of the
mitochondrial PiC transporter that is active when mature
growth plate chondrocytes load large amounts of Ca®" and
Pi prior to the onset of growth plate mineralization.
Support for this concept comes from the finding that the
mitochondrial PiC Pi transporter is strongly up-regulated
in hypertrophic chondrocytes, the opposite of the Na'-
dependent PiT-1 plasma membrane Pi transporter (Figure
7A) (336). This will be discussed further when MV
formation is considered.

10. MATRIX VESICLE REGULATORY PROTEINS

About a dozen proteins involved in regulation of
chondrocytes were found by proteomic analysis to be
present in significant levels in MVs (78). While it can be
assumed that these proteins are carry-overs from the cells
that formed the MVs, they do not appear to exert a major
effect on mineral formation. However, some appear to be
involved in the formation of MVs.

10.1. Syntenin

The most abundant regulatory protein identified
in MVs was syntenin [MS — 1158], a protein that links
syndecan to the cytoskeletal protein, actin (340-341).
Studies have shown that syntenin, syndecan, and actin co-
localize to filamentous cell process in endothelial cells
(342-343); these short cellular “villi” are closely analogous
to those seen in freeze-fracture images of growth plate
chondrocytes (50). However, there have been no studies to
date on the role of syntenin in growth plate development.
Early studies showed that drugs that disrupt actin filament
formation clearly enhance release of MV in growth plate
chondrocyte cultures (69, 73). On the other hand,
syndecan-3, a cell-surface heparan sulfate proteoglycan that
binds to syntenin, appears to play an important role in
chondrocyte proliferation (344-345). Syntenin is a 32 kDa
cellular PDZ-containing adaptor protein (346) that binds to
the cytoplasmic domains of the vertebrate syndecans; its
binding to syndecan requires the cooperation of both PDZ
domains of syntenin (346). Syndecans act as co-receptors
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involved in docking of heparin-binding growth factors and
adhesion molecules (348). Of special interest to MV
formation, the development of cell membrane protrusions
requires dephosphorylation of tyrosine residues in
syndecan-1 (349). Apparently, at the tip of these processes,
syntenin binds to syndecan, which in turn binds to type VI
collagen in the extracellular matrix (348), leaving MVs
attached at the points of contact. It is likely that additional
matrix proteins (e.g. fibrillin, versican or proteoglycan link
proteins), as well as the integrins, are also involved in MV
formation.

10.2. G; Protein, alpha-2

The alpha-2 subunit of G; protein is a
heterotrimeric subunit that inhibits the production of cAMP
from ATP. Gi-alpha-2, with a proteomic score [MS — 660]
appears to occur in significant abundance in MVs (78). In
the cellular environment of growth plate cells, the function
of Gj-alpha-2 is mainly to suppress cAMP dependent
pathways by inhibiting adenylate cyclase activity,
decreasing the production of cAMP from ATP. In turn, this
would result in decreased activity of cAMP-dependent
protein kinases (350). Thus, the ultimate effect of G; is the
opposite of cAMP-dependent protein kinases. In the cell,
G; protein also appears to play a role in activation of the
phospholipase C pathway (351, 352). Considering its
relative abundance in MVs, Gi-alpha-2 may well be
important in activating the phospholipase C activity
responsible for the breakdown of the MV phospholipids
(PC and PE) that occurs during MV mineralization (207).
(See discussion of MV phospholipases, Section 7).

10.3. Tyr/Trp mono-oxygenase activation proteins, etc.

The theta and beta subunits of the mono-
oxygenase activating protein are relatively abundant in
MVs, [MS — 725] and [MS —307], respectively. They are
protein kinases that enhance the activity of Tyr/Trp
hydrolases that would lead to the formation of serotonin
and Dopa in GP chondrocytes. These gene products belong
to the 14-3-3 [MS — 539] family of proteins that mediate
signal transduction by binding to phosphoserine-containing
proteins. This highly conserved protein family is found in
plants and mammals. These enzymes appear to be
carryovers from the plasma membranes of the chondrocytes
that form MVs.

11. CYTOSKELETAL PROTEINS

Cytoskeletal proteins have been repeatedly
implicated in the formation of membrane-derived vesicle-
like structures in a variety of systems, including red blood
cells, intestinal brush border cells, liver cells, and a number
of other cell types (353-355). Actin was first identified as a
constituent of MVs in 1982 by Muhlrad (92). Actin was
subsequently implicated in MV formation by studies on
primary cultures of growth plate chondrocytes showing that
agents affecting the stability of actin microfilaments
significantly altered MV formation (69). Cytochalasin D, a
fungal metabolite that causes depolymerization of actin
microfilaments greatly enhanced MV formation. In
contrast, phalloidin, an agent that stabilizes actin
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microfilaments, significantly decreased MV formation.
Another drug, colchicine, which destabilizes microtubules,
also stimulated the release of MVs. In an earlier study,
Hale showed that the localization of cytoskeletal proteins in
cultured growth plate chondrocytes indicated that both
microtubules and microfilaments were involved in the
formation of cell processes from which MV were shown to
derive (68). Subsequent studies, in which the enzyme,
protein, and lipid composition of chondrocyte microvilli
and MVs were compared, indicated that vesicles must
derive from these structures. Twenty five years later,
proteomic analysis of MVs confirmed that numerous
cytoskeletal proteins are present in collagenase-released
MVs from embryonic chick femoral cartilage (78). Of
these, by far the most abundant was beta-actin [MS =
1139]. Among other cytoskeletal proteins detected were:
filamin B, beta [MS — 398], actinins alpha-1 and -4 [MS —
698], tubulins beta-6 and alpha-8 [MS — 840], radixin [MS
— 439], gelsolin/vilin related proteins [MS — 433], as well
as other minor proteins. The author acknowledges the
online use of Wikipedia as a valuable resource for
information on several of these cytoskeletal proteins.

11.1. Actin

Actin is a globular, ~42-kDa protein found in
nearly all eukaryotic cells; it is typically present in high
concentrations (over 100 microM). Actins are one of the
most highly-conserved proteins, differing by no more than
20% in species as diverse as algae and humans. Actin
represents the monomeric subunit of two types of filaments
in cells: microfilaments, and thin filaments; it is a critical
part of the contractile apparatus in muscle cells. Actins
participate in important cellular processes including muscle
contraction, cell motility, cell division and cytokinesis,
vesicle and organelle movement, cell signaling, and the
establishment and maintenance of cell junctions and cell
shape. Many of these actions are mediated by extensive and
intimate  interactions between actin and cellular
membranes. In vertebrates, three main groups of actin
isoforms, alpha, beta, and gamma have been identified. The
alpha-actins are found in muscle tissues and are a major
constituent of its contractile apparatus. The beta- and
gamma-actins co-exist in most cell types as components of
the cytoskeleton and are mediators of internal cell motility.
Beta-actin is one of six different actin isoforms that have
been identified in humans and is one of the nonmuscle
cytoskeletal actins. As noted above, beta-actin is a
dominant MV cytoskeletal protein; and as noted earlier in
cultured growth plate chondrocytes, drugs that block
formation of actin microfilaments significantly stimulate
the release of MVs (68, 69, 73).

11.2. Filamin B, beta

This protein, also known as FLNB, is a
cytoplasmic protein that binds to actin. It regulates
intracellular communication and signaling by cross-linking
with actin to allow direct communication between the cell
membrane and cytoskeletal network. Filamin B is thought
to be important for proper skeletal development (356).
Mutations in the FLNB gene are involved in several lethal
bone dysplasias, including boomerang dysplasia and
atelosteogenesis type I (357). The finding of filamin B in
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MVs [MS — 398] appears to be linked to the abundant
presence of beta-actin.

11.3. Actinin

Actinin belongs to the spectrin gene superfamily
that represents a diverse group of cytoskeletal proteins,
including the alpha- and beta-spectrins and dystrophins.
Actinins, alpha-1 and -4 are actin-binding proteins with
various roles in different cell types. In nonmuscle cells,
these cytoskeletal isoforms are found in microfilament
bundles and adherens-type junctions, where they are
involved in binding actin to the membrane. In contrast, the
skeletal-, cardiac-, and smooth-muscle isoforms of actinin
are localized to the Z-disc and analogous dense bodies,
where they help anchor the myofibrillar actin filaments.
The presence of both actinin alpha-1 [MS — 440] and alpha-
4 [MS — 258] in MVs again appears to relate to their high
affinity for actin.

11.4. Tubulin

Tubulin is one of several members of a small
family of globular proteins. The most common members of
the tubulin family are alpha- and beta-tubulin, proteins that
make up microtubules. Each has a molecular weight of
approximately 55 kDa. Microtubules are assembled from
dimers of alpha- and beta-tubulin. These subunits are
slightly acidic with an isoelectric point between 5.2 and 5.8
(358). To form microtubules, the dimers of alpha- and
beta-tubulin bind to GTP (359) and assemble onto the (+)
ends of microtubules while in the GTP-bound state (360).
After the dimer is incorporated into the microtubule, the
molecule of GTP bound to the beta-tubulin subunit can
hydrolyze into GDP through inter-dimer contacts along the
microtubule protofilament (361). Whether the beta-tubulin
member of the tubulin dimer is bound to GTP or GDP
influences the stability of the dimer in the microtubule.
Dimers bound to GTP tend to assemble into microtubules,
while dimers bound to GDP tend to fall apart; thus, the
GTP cycle is essential for the dynamic instability of the
microtubule network. Work by Hale et al. (69) reveals that
tubulin depolymerization stimulates MV formation. Since
GP chondrocytes that form MVs are typically in an energy-
depleted state, the guanine nucleotides would tend to be in
the GDP form and would thus favor disassembly of
microtubules, and hence stimulate MV formation. In the
MV proteome, three tubulin forms were detected: general
tubulin [MS — 296], beta-6 [MS — 456], and alpha-8 [MS —
89]. Since tubulin is essential for cell division, it would
clearly be essential during chondrocyte proliferation. The
presence of tubulin in MVs may result from being in
disassembled form in the cytosol that was encapsulated
during MV formation.

11.5. Radixin

Radixin is a cytoskeletal protein that acts as an
adapter and signaling protein (362). It functions as a
plasma membrane-cytoskeletal cross-linker in actin-rich
cell surface structures. It appears to be required for
cytoskeletal functions such as transmembrane signaling,
growth regulation, differentiation, cell motility, adhesion
and proliferation. Radixin is a member of the ERM (ezrin-
radixin-moesin) protein family that share highly similar
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amino acid sequences. Radixin is a 583 amino acid (~80
kDa) protein with an extremely long alpha-helical domain
(residues 310—477, ~240 Angstroms in length). The N-
terminal FERM domain (residues 1-309) is 85-90%
identical to those of ezrin and moesin and acts as a
conditional membrane-binding site. The shorter C-terminal
domain (residue 478-583) binds to f-actin; thus radixin
forms a bridge between phosphatidylinositol 4,5-
bisphosphate (PIP;) in the plasma membrane and actin.
Thus, it is not surprising to find that radixin has a
significant proteome score [MS — 439]; it is apparent that it
plays a role in the binding of actin to the plasma membrane.

11.6. Gelsolin and proteins with gelsolin/villin domains

There were significant levels of proteins with
gelsolin/villin domains in the MV proteome [MS — 356],
with lesser levels of gelsolin itself [MS — 77]. Gelsolin is
an actin-binding protein that regulates actin filament
assembly and disassembly. Gelsolin is one of the most
potent members of the actin-severing gelsolin/villin
superfamily; it severs f-actin with nearly 100% efficiency
(363). It is an 82-kD protein with six homologous
subdomains, referred to as S1-S6; each subdomain is
composed of a five-stranded beta-sheet, flanked by two
alpha-helices, one positioned perpendicular with respect to
the strands and one positioned parallel. The N-terminus
(S1-S3) forms an extended beta-sheet, as does the C-
terminal (S4-S6) (364). As an important actin regulator,
gelsolin plays a role in podosome formation (365-366).
Podosomes are protrusions from the cell membrane that
extend into the extracellular matrix (363). Apparently
growth plate chondrocytes in the process of MV formation
first produce actin-rich structures akin to these structures.
Gelsolin inhibits apoptosis by blocking mitochondrial
membrane potential loss and cytochrome C release (367).
Prior to cell death (such as occurs upon chondrocyte
hypertrophy), mitochondria lose membrane potential and
become more permeable. Gelsolin can impede the release
of cytochrome C, obstructing the signal amplification that
would lead to apoptosis. Actin can be cross-linked into a
gel by actin-cross-linking proteins. Gelsolin can turn this
gel into a sol, hence the name gelsolin. Thus, although
present in modest levels, gelsolin likely plays an active role
in regulating MV formation.

11.7. Plastins

Plastins comprise a family of actin-binding
proteins that are conserved throughout eukaryote evolution
and are expressed in most tissues of higher eukaryotes. In
humans, two ubiquitous plastin isoforms (L and T) have
been identified. The L isoform of plastin is expressed only
in hemopoietic cell lineages, while the T isoform has been
found in all other normal cells of solid tissues that have
replicative  potential ~ (fibroblasts,  growth  plate
chondrocytes, endothelial cells, etc.). The C-terminal 570
amino acids of the T-plastin and L-plastin proteins are 83%
identical and contain a potential Ca*"-binding site near the
N terminus (368). Of special interest to MV formation, T-
plastin 3 appears to contribute to the assembly and
maintenance of the actin cytoskeleton of plasma membrane
protrusions that are characteristic of growth plate
chondrocytes in vivo and from which MVs appear to bleb.
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The proteomic score of plastin 3 is not high [MS — 151],
but the protein would appear to be involved with MV
formation.

12. MATRIX VESICLE LIPIDS

The early discovery of extracellular lipids at sites
of mineralization by Irving & Wuthier (16-19) found its
explanation in the discovery of membrane invested MVs
(1-4). The development of facile methods for quantitation
of the complex mixture of lipids present in MVs was
critical to the success in this endeavor (222, 369-370).
Early investigations of the lipid composition of MVs (29-
31) established several unusual features. MVs were
enriched in nonpolar lipids and depleted in phospholipids
compared to the plasma membrane, or the total cell. The
ratio of free cholesterol to phospholipids in MVs was
double that of the plasma membrane, and nearly 5-fold
higher than in the cells. Thus some MV lipids must not
reside in the vesicle membrane, but rather in some other
form (proteolipids?) within the vesicle lumen (74, 93).
This may explain: 1) the marked osmiophilicity of the
luminal contents of many MV (3), 2) the presence of a
“low-density nucleation factor” in MVEM (66), and 3) the
abundant presence of milk-fat globule protein in the
proteome of MVs (78).

12.1. Phospholipids

MV phospholipid composition was significantly
different from that of the cell, or ‘membrane’ fractions (29-
31). Among the notable differences were an enrichment in
phosphatidylserine (PS) (3.2-4.5 fold), sphingomyelin
(SM) (2.2-2.5 fold), and total lysophospholipids (LPL)
(1.8-2.2 fold), as well as depletion in phosphatidylcholine
(PC) (0.6-0.7 fold) — when compared to the cells (Table 1).
A similar enrichment in SM and LPL was evident in
hypertrophic vs. proliferating cells of the growth plate,
suggesting that phospholipases are active in the process of
hypertrophy, a phenomenon that precedes MV formation.
This finding agrees with earlier studies showing elevated
phospholipase activity in the hypertrophic zone of growth
plate cartilage (223).

12.1.1 Fatty acid composition of MV phospholipids

Fatty acid analyses of the LPL of MVs showed
enrichment of saturated fatty acids (stearic) and reduction
in unsaturated fatty acids (oleic and palmitoleic) compared
to the diacyl forms (227). This indicates that the LPL must
arise from action of phospholipase A, type activity. The
abundant presence of zwitterionic type LPLs, and the
depletion of PC in MVs, indicates that phospholipase A,
must be active during MV formation. More will be made
of this in the discussion of the mechanism of MV
formation.

12.1.2. Physical form of MV phospholipids

Studies also have been directed toward
elucidation of the physical form of phospholipids in MV
(64). This was done to ascertain whether the acidic
phospholipids present in MV were complexed with the
newly forming calcium phosphate mineral. Earlier studies
on the phospholipids of growth plate cartilage had shown
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Table 1. Total phospholipid composition of growth plate tissues: chondrocytes, membranes, and matrix vesicles

% of Total Lipid P
Chondrocytes
Phospholipid Whole Cartilage Proliferating Hypertrophic Cell Membranes Matrix
Vesicles

Sphingomyelin 8.6+0.7 58+04 8.0+0.8 8.1+0.8 134+1.8
Phosphatidylcholine 452+1.9 47.6+1.5 38.0+1.5 532422 41.8+2.5
Lysophosphatidylcholine 2.0£0.6 1.9+04 1.8+£04 35+0.8 3.4+0.8
Phosphatidylethanolamine 17.6 1.0 16.9+0.7 14.7+0.8 146+ 1.8 149+ 1.8
Lysophosphatidylethanolamine 20+04 33+07 24+04 49+12 65+1.2
Phosphatidylserine 51+0.8 33+03 5.0+£1.0 54+07 93+1.1
Lysophosphatidylserine 0.5+0.2 02+0.1 03+0.2 22+0.7 24+0.8
Phosphatidylinositol 72+0.8 6.2+0.8 6.4£0.8 6.1£0.8 6.6 +0.6
Lysophosphatidylinositol 1.1+0.7 1.0+0.6 05+04 03+0.2 1.1+03
Phosphatidic Acid 2.0+0.5 0.8+0.3 1.6 +£0.5 1.1+£0.2 0.9+0.3
Phosphatidylglycerol 12£0.6 0.7+0.3 12£0.6 0.9+0.2 1.3+£03
Diphosphatidylglycerol 3.0+0.6 25+04 2.9+0.6 1.7+03 1.5+04
Number of Analyses (18-45) (15-29) (9-21) (15-36) (37-72)

Values presented represent the combination of lipids extractable before demineralization, and those extractable after treatment of
the tissue with EDTA. The means + S.E.M. of these composite analyses are derived from 11 reported publications (28, 30, 31,
64, 73, 207, 222-223, 267-268, 398) spanning over 30 years. The majority of the analyses were performed using 2-dimensional
chromatography on Whatman silica gel-loaded papers as described by Wuthier (370). The two latest analyses were based on the
HPLC method of Genge et al. (222) using evaporative light scattering for quantitative analysis. The “Cell Membranes” fraction
represents more dense membranous material that sediments more rapidly than MVs; it probably contains some MVs that are

partially calcified. It does not specifically represent the plasma membrane.

In comparing the lipid composition of MVs with

proliferating chondrocytes, note the 10-fold enrichment in LPS, the almost 3-fold enrichment in PS, the over 2-fold enrichment in
SM, and nearly 2-fold enrichment of LPC and LPE. Levels of PC and PE are commensurately reduced.

that a large portion of the acidic phospholipids were
complexed with the mineral and were extractable only after
demineralization of the tissue (20, 371). These mineral-
complexed phospholipids had a turnover pattern
different from that of the non-complexed lipids (28). In
fact, nearly half of the PS and PI present in MVs were
complexed with the newly forming mineral phase (64).
About 10% of the total Ca*" and Pi in the vesicles was
extractable into organic solvents as acidic phospholipid-
Ca**-Pi complexes (CPLX). This phenomenon is based
on the fact that Pi markedly enhances the affinity of
Ca*" for acidic phospholipids like PS, giving rise to PS-
CPLXs that are soluble in organic solvents (266).
CPLXs have been shown to have potent mineral
nucleating properties (131, 136, 221, 288, 372). In
forming these complexes, it is critical that Pi be present
prior to exposure of PS to Ca®" (373). If Pi is not present
first, PS forms a ternary (PS),-Ca>" complex that excludes
Pi binding and has no nucleational activity. This is an
important clue to the sequence of events that leads to
formation of PS-CPLX and formation of MVs.

12.1.3. Topological distribution of MV phospholipids
Studies by Majeska et al. also have shown that
the bulk of MV PS resides in the inner membrane leaflet;
surprisingly, PE a lipid typically found in the inner leaflet
of the plasma membrane is equally abundant on the
external membrane (259). However, this redistribution
appears to result from the activity of scramblases recently
shown to be present in MVs (287). The internal
localization of PS is consistent with findings in many other
tissues (374-376) and has important physiological
ramifications. The formation of the PS-CPLXs in MVs
would occur inside the vesicle lumen and would not be
accessible to the extracellular fluid until the membrane was
breached. While phospholipase and scramblase activities
appear to be involved in MV formation, since much of the
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PS is complexed with Ca®>" and Pi, it is resistant to the
action of these enzymes, as has been shown by Boskey et
al. (377).

12.1.4. Ca**-binding properties of MV phospholipids

While it was known that PS binds with moderate
affinity to Ca® (24-27), Holwerda et al. (373) determined
that the K¢ of Ca®* for PS was 3 x 10" using biphasic
solvent partition assays. Through use of “C and *'P
nuclear magnetic resonance (NMR) studies of Ca**-binding
to PS and PE, it was established that both the carboxylate
and phosphate groups were essential for Ca?* binding; and
that the amino group of PS exerts a significant repulsive
effect (373). Later, it was discovered that the annexins
bind to Ca®" in an acidic phospholipid-dependent
manner (378-379). The affinity of binding between the
annexins and the acidic lipids is such that physiological
changes in cytosolic Ca®" ion activity can markedly alter
the association between these proteins and PS on the inner
surface of the plasma membrane. Acidic phospholipid-
dependent Ca**-binding annexins have been found to
constitute a major fraction of the MV proteins (60, 61) and
have PS-dependent Ca>*-binding constants in the 250-500
nM range (Figure 5). One of the earliest biochemical
clues implicating acidic phospholipids in the mechanism
of growth plate calcification was the discovery that
substantial amounts of acidic phospholipids, and PS in
particular, are complexed with Ca®" in the mineralizing
tissue (19, 20). Growth plate cartilage was dissected
from successively more calcified zones: resting,
proliferating, hypertrophic, and calcified cartilage, and
compared with cancellous and compact bone. With
increasing mineralization, progressively more and more
of the acidic phospholipids could not be extracted until
the tissues were demineralized with EDTA (371). Most
of the Ca**-bound phospholipids are present in the form of
PS-CPLXs.
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Table 2. Electrolytes of growth plate tissues: chondrocytes, matrix vesicles, extracellular fluid and blood plasma

Chondrocytes | Matrix Vesicles | Extr 1 Fluid | Blood Plasma

Proliferating Hypertrophic | (Nascent) | Proliferating | Hypertrophic | (Arterial)
Electrolyte Total Millimoles/liter water
Na® 42+4 59+1 164+ 8 117.1+1.2 115.5+£2.2 156 +£7
K 122+£5 103 +11 19+2 9.5+1.2 14.7+£3.3 11+1
Ca* 2.1+03 1.4+0.2 65+8 3.30+£0.08 3.14+0.02 3.19+0.19
Mg> 9+1 9+1 54+1.1 0.90 +0.01 0.91+0.02 1.14£0.07
CI” 31+6 28 +2 - 111.0+1.3 111.1+3.1 118+4
Pi 23 +1 22+1 38+4 2.35+0.28 2.23+0.19 2.39£0.05
HCO;~ — — — 22.3+0.7 262+1.5 223+3.0
Electrolyte Ultrafilterable Millimoles/liter water
Na* 42+4 59+1 164 +8 103.7+ 1.1 104.5+2.1 149+ 6
K" 122+5 103+ 11 19+2 94+1.0 127+£19 8+1
[ 0.16 +0.04 0.11+0.03 1.5+0.1 1.17 +£0.20 1.27+0.16 1.97+0.16
Mg> 1.54 +£0.02 1.50 £ 0.03 2.7+05 0.72+0.11 0.83 £0.15 0.77+0.01
CI” 31+6 2842 - 107.3+1.3 100.6 +2.7 118+4
Pi 23+ 1 22+ 1 20+2 2.32+0.26 2.21+0.28 2.01 +0.08
Electrolyte Ion Activities
Ca” 0.40 £ 0.04 uM 0.49 + 0.06 pM 7.44 +0.34 uM 0.95+0.15 mM 1.15+0.15 mM 1.52+0.12 mM
Pi 21+ 1 mM 20 +2 mM 15+3mM 2.30+0.23 mM 2.15+0.22 mM 2.00 +0.10 mM
H' (pH) 7.1+0.1 7.2+0.1 6.85+0.15 7.39+0.01 7.45+0.02 7.39+£0.04

Values presented for total and ultrafilterable electrolytes in ECF and blood plasma are mean values derived from rats and
chickens (63, 64, 317, 339). Ion activities of Ca’" and H in chondrocytes and MVs are means derived from values based on live
avian tissue using fluorescent probes and confocal imaging (306). Activities in the extracellular fluid are based on Howell et al.
(339). HCOj;™ levels are based on an assumed pCO, of 38 mm Hg.

12.2. Nonpolar lipids

Compositional analysis of the nonpolar lipid
fraction from MV (30) revealed significant differences
from that of the plasma membrane or the total cell.
Triacylglycerols (TG) were the major nonpolar lipid in
cells, accounting for 44.0+0.7% of the total; this was
followed by free cholesterol (19.3+1.9%), free fatty acids
(10.2£2.0%), cholesterol esters (8.4+0.8%) and 1,2-
diacylglycerols (6.4+0.4%). Only trace amounts of 1,3-
diacylglycerol (0.3+£0.2%) were present, although there was
~10% of partially characterized hydroxysterols (223). In
contrast, in MV, free cholesterol was dominant, accounting
for 31.7+4.8% of the nonpolar lipid. Levels of TG in MV
were only half that seen in the cells (22.4+3.6%); levels of
free fatty acids, cholesterol esters and 1,2-diacylglycerols
were not significantly changed, whereas the level of 1,3-
diacylglycerols increased significantly to 2.5+0.7% of the
total nonpolar lipid. Thus, MVs were significantly richer in
free cholesterol and depleted in triacylglycerols compared
to the plasma membrane and total cells. The finding of
marked enrichment in free cholesterol, the high levels of
SM and polyhexosyl ceramides (see next), as well GPI-
anchored TNAP in MV (207) suggests that formation of
lipid platforms is involved in MV formation (287) and may
contribute to the nucleation of mineral formation by MVs.

12.3. Glycolipids

The non-phosphorus-containing polar lipid
composition of MVs, plasma membranes and total cells of
avian growth plate cartilage has been only minimally
explored (30). While these polar lipids account for a
significant amount of the total lipid, they have not been
well characterized. (There is no evidence that these
glycolipids are complexed with the mineral phase of MVs.)
MVs and the plasma membrane fraction of growth plate
chondrocytes were found to be enriched in the polyhexosyl
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ceramides (24.6% in MVs vs. 7.0% in cells) and acidic
glycosyl ceramides (24.1% in MVs vs. 8.4% in cells).
Consistent with this early finding of acidic glycosyl
ceramides in MVs, over 30 years later studies on detergent-
resistant membrane fractions of growth plate chondrocytes
report the presence of ganglioside-1 (GM1) as the principal
neuraminic acid-containing glycosyl ceramide (287).
These membrane fractions also contain GPI-anchored
TNAP that becomes incorporated into MVs.  These
chemical features, as well as morphological studies, all
indicate that MVs derive from the plasma membrane.

13. MATRIX VESICLE ELECTROLYTES

Endochondral calcification is a complex process
in which Ca*" and Pi (HPO42’ and H,PO,") in solution are
processed and brought together to induce precipitation of
a mineral phase that ultimately forms hydroxyapatite
(Caz+10~PO43},-OH’2, HAP), the principal mineral of bone.
To properly understand the role of MVs in the induction
of growth plate mineralization, the levels of MV
electrolytes 1) need to be compared with: 2) those present
in the intracellular fluid of chondrocytes from which the
MVs form, 3) the extracellular fluid (ECF) where
mineralization occurs, and 4) the blood plasma — the
central source of electrolytes that is controlled by various
endocrine systems to maintain relatively constant levels.
Presented in Table 2 are chemical analyses of levels of
major ion species in these four compartments. Because
the precipitation process involves interactions between the
ionic activity of Ca*" and HPO,*, and also other ionic
species, the levels of these and other electrolytes are
expressed as: a) total, b) ultrafilterable and c) ion
activities. Mean values for Na®, K, Mg%, Ca*, Pi, CI’
and HCO;™ from growth plates of rat (339) and chicken
cartilage (63) are presented. Supporting data obtained
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from ultrastructural electron probe analyses (380) are also
considered. The physical properties of the mineral present
in MVs are also discussed in detail.

13.1. Chemical analyses of intracellular electrolytes in
growth plate chondrocytes

Electrolyte levels in living cells constitute an
analytical challenge because of their dynamic character.
This is particularly true of cells entrapped in a dense
proteoglycan- and type II collagen-rich matrix such as
occurs in growth plate cartilage. Different approaches
have been taken to solve this problem. First, by careful
release using controlled enzymatic digestion of the matrix
proteins, chondrocytes can be obtained in essentially
intact form, particularly if they are quickly restored to an
ionic environment (e.g. synthetic cartilage lymph, SCL)
that matches the electrolyte composition and osmolarity of
the native extracellular fluid. However, when feasible, ion
activities are even better assessed in situ using fluorescent
probes specific for the ion in question. Using the first
approach, we performed zonal dissection of the tibial
growth plates of young (6-8 week old) rapidly growing
chickens to obtain tissue from the proliferative and
hypertrophic zones.  The cells were released and
equilibrated in SCL containing glucose to restore native
electrolyte values (63). *H-labeled H,O and '*C-labeled
inulin (a high molecular weight inert polysaccharide that
does not penetrate into living cells) were then used to
enable determination of the intracellular volume for
accurate electrolyte concentrations in these living cells
(63).

Table 2 presents data from that study. Shown in
the first two columns are the cellular concentrations of the
major electrolytes. Immediately obvious is the fact that
the proliferating cells, like all normal vertebrate cells,
were rich in K" (~120 mM) and relative low in Na" (~40
mM). K’ levels in the hypertrophic cells were slightly
lower (~100 mM) and Na' levels higher, evidently
because ATP levels were reduced as these cells approach
their apoptotic demise. The levels of fofal Mg® were
relatively high (~9 mM) typical of living cells; fotal Ca**
levels was much lower (1.5-2.0 mM). However, both of
these divalent cations are largely protein bound — as is
evident in the marked reduction in the ultrafiltrates (Mg”*
= ~1.5 mM, Ca®* = 0.10-0.15 mM). Concerning the
anions, note that intracellular CI" (~30 mM) is markedly
lower than is seen in the extracellular fluid (~110 mM) —
as is typical of all living vertebrate cells. The only
remarkable difference from typical soft tissue cells is the
presence of high levels of Pi (22-23 mM), a value
consistently observed in growth plate chondrocytes. This
appears to be a modification designed to facilitate
subsequent mineral formation. Note further that overall
average cellular Ca®" ion activities (0.4-0.5 micromolar),
determined in situ using a Ca*"-specific fluorescent probe
in thin slices of live growth plate tissues incubated in
phosphate-buffered saline (306), are only 1/250 — 1/300 of
the ultrafilterable levels. However, average Ca®" activity
levels are poor indicators of the dynamics of chondrocyte
Ca*" metabolism. Major differences in local intracellular
Ca®" levels in different zones of the growth plate have
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important bearing on MV formation.

13.2. Chemical analyses of electrolytes in isolated
matrix vesicles

In comparing electrolyte levels in MVs with
those in the cells from which the vesicles arise, note that
the Ca>" and Pi levels represent those present in nascent
vesicles. Much additional acquisition of Ca*" and Pi
occurs rapidly upon exposure of the MVs to the
extracellular fluid. Note first that the levels of total Pi
(3540 mM) in the MVs are not all that much higher than
those present in the cells (2025 mM). In contrast, note
the markedly higher levels of rotal Ca®* (60~70 mM) in
MVs compared to the average levels of rotal Ca>" (1-2
mM) in the cells. (How this remarkable enrichment
occurs will be delineated in a subsequent section). The
levels of fotal Ca®* and Pi in MVs are also much higher
than those in the ECF. This seems paradoxical from a
thermodynamic perspective — until one examines MV
Ca* ion activity, which is only 1.2-1.5% of that in the
extracellular fluid. (MV Ca®" ion activity levels were
analyzed in situ as just described for the chondrocytes.)
Another remarkable finding is that levels of Na* (~165
mM) and K* (~20 mM) in the MVs are just the reverse of
what is seen in the chondrocytes from which they arise.
MV Na" and K* levels are very similar to those in the
ECF and blood plasma. These levels of MV Na" and K*
show that despite the presence of Na'/K'-ATPase protein
in MVs noted previously (78), the pump is obviously not
operational. This is due to lack of ATP needed to drive
the ion pump. Other MV electrolyte features justify
comment. The pH of the nascent MVs is only about 6.8,
similar to that in the perimeter of the hypertrophic cells
from which the vesicles arise (307). However, after
exposure to the ECF, the intravesicular pH rises
significantly to ~7.6 (77). This appears to be in response
to carbonic anhydrase activity that is part of a two-
component system for regulating intravesicular pH (160).
In addition to carbonic anhydrase that enables CO, to
combine with H,O to form carbonic acid (H,CO;), there is
a HCO; /CI” exchange channel (311) that enables entrance
of HCO;™ to buffer H' released when Ca®' reacts with
HPO,*, to form ACP (Ca>'yPO,>>,) ion clusters in route
to OCP and HAP formation. This specific intravesicular
buffer system is vital to mineral induction.
13.3. Chemical analyses of electrolytes in the
extracellular fluid and blood plasma

As is true of all vertebrate species, Na* and CI”
comprise the major ion-pair in blood plasma (Table 2),
with levels of ~150 mM and ~120 mM, respectively. In
cartilage ECF Na' levels are significantly lower (115-117
mM) because of extensive binding to proteoglycans that
are present in high levels (25-35 mg/mL). The levels of
Na' in ultrafiltrates of blood plasma are significantly
reduced — compared to the total — because of binding to
plasma proteins (e.g. albumin and globulins). CI™ levels in
ultrafiltrates are much less affected, presumably because
proteins generally do not tightly bind ClI". Levels of
ultrafilterable K" in cartilage ECF are higher than those in
blood plasma; they appear to be caused by Ca**-activation
of a K' channel in growth plate chondrocytes (381). The
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levels of fotal Ca®* in blood plasma (3.2 mM) and
cartilage ECF (3.1-3.3 mM) are very similar; however,
major reduction is seen in ultrafilterable Ca** in cartilage
ECF (1.2-1.3 mM) compared to plasma (2.0 mM). In
cartilage ECF only about 35-45% of the Ca®" is not
protein bound (i.e. ultrafilterable), whereas in blood
plasma about 67% is ultrafilterable. In cartilage fluid this
reduces the activity of Ca**, but the proteoglycan-bound
Ca® can act as a reservoir — available for subsequent
mineral growth. On the other hand, the levels of Pi in the
ECF ultrafiltrate are 10-15% higher than the levels in
plasma, presumably from intracellular leakage. This
would provide a significant boost in the ability of the ECF
to support apatitic mineral growth. Note that substantial
levels of HCO;™ appear in both blood plasma and cartilage
ECF; this anion provides part of the important buffer
systems in both tissue fluids. Some data presented in
Table 2 are derived from chemical analyses of electrolytes
in extracellular fluid of growth plates made by Howell and
Pita using their elegant micropuncture techniques (340).
The bulk of the data are from expressed extracellular fluid
from premineralizing and mineralizing zones of rapidly
growing broiler-strain chickens (63, 64). Direct chemical
analyses of electrolytes were also made on isolated cells
and MVs (63, 64, 318) as well as MV-enriched
microsomes isolated by non-enzymatic methods (55, 56).

13.4. Ultrastructural analyses of Ca”™ and P in
chondrocytes and MVs

Electron probe analyses of in situ Ca and P in
the cells and matrix of chicken growth plate cartilage have
been reported (381). It is important to note that use of this
method to determine concentrations of Ca®* and P is
problematic because of the difficulty in measuring the
volume of tissue analyzed. Nevertheless, the general
patterns obtained by chemical and microprobe analyses
agree quite well, qualitatively. Chemical analyses of MVs
isolated from the proliferative and hypertrophic zones
yielded levels of fotal Ca** (43 + 3, and 98 + 14 mM,
respectively) (63); electron probe in situ estimates of MV
levels from similar zones reported values of Ca®* 277 +
46, and 882 + 101 mM, respectively — values 5-9-fold
higher. Similarly, chemical analyses of total inorganic P
(Pi) in MV isolated from the two zones were 30 + 4, and
50 £ 10 mM, respectively; electron probe estimates of
total P (organic and inorganic) yielded values of 173 + 32,
and 603 £ 69 mM, respectively — values 6—12-fold higher.
Thus, while the quantitative values obtained do not agree,
qualitatively they show the same pattern. In either case, it
is obvious that the levels of Ca®" and Pi present far exceed
what could occur free in solution.  Using a special
potassium pyroantimonate Ca”" stain, Brighton and Hunt
carefully studied the levels of Ca®" in chondrocytes at
different zones of epiphyseal cartilage of rat costal
cartilage (Figure 8A-C) (382-384).  Their findings
showed that growth plate chondrocytes accumulated Ca**
in their mitochondria reaching maximal levels in the
hypertrophic cells just prior to the onset of mineral
formation. Their studies indicated that this stored Ca®*
was transferred via cytoplasmic processes to the
extracellular matrix in the form of Ca®"-loaded MVs.
Although controversial at the time of first discovery
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subsequent biochemical and confocal studies using ion
probes for Ca’* have essentially confirmed these early
observations.

13.5. Chemical analyses of microelements in MVs

Sauer, in particular, focused attention on levels
of various microelements in MVs (317). These studies
were prompted by the discovery that chelators of
transition metal ions (e.g. o-phenanthroline) markedly
stimulated the rate of Ca’" loading by mineralizing MVs
(76). These analytical studies revealed remarkable levels
of total Zn*" (1.0-1.5 mM) in MVs. Levels of other trace
elements were at background values, although low levels
of total Cu®* (50-100 microM) were detected. Further
studies revealed that addition of 5 microM Zn** to the
mineralizing medium markedly inhibited MV Ca*
loading (385). This will be detailed later when the
regulatory role of Zn*" in the induction of mineralization
by MV is considered.

13.6. Physico-chemical properties of MV mineral
forms

Knowledge of the chemical form of the mineral
ions at different stages of MV development is essential for
proper understanding of the mechanism of MV mineral
formation. For example, crystalline HAP is not the first
mineral formed by MV; to the contrary, there is strong
evidence that ACP and complexes of it with certain
proteins and lipids are the first solid- phase mineral form
present in MVs. This is evident from the following data.

13.6.1. X-ray Diffraction Analyses

A variety of physico-chemical methods have
been applied to ascertain the physical form of Ca®* and Pi
present in MV. Early X-ray powder diffraction studies on
freeze-dried collagenase-released MV isolated from avian
growth plate cartilage revealed that no crystalline HAP
mineral is present initially (63) (Figure 9). Nevertheless,
chemical analyses reveal that nascent vesicles contained
large amounts of Ca*" and Pi — much more than could
exist in solution phase. It is now apparent that this is
largely amorphous (ACP), but because of its diffuse X-ray
diffraction pattern (386), it is obscured in the diffuse
diffraction halo of the MV proteins and lipids. X-ray
diffraction studies on MV-enriched microsomal fractions
purified by isosmotic Percoll density gradient
fractionation, also revealed the absence of crystalline
mineral (57). However, upon incubation in SCL for 16 h
these MVs accumulated large amounts of Ca®" and Pi,
which X-ray diffraction analysis then clearly showed was
HAP-like crystalline mineral.

13.6.2. FT-IR and FT-raman analyses

Using solid-state spectroscopic (FT-IR and FT-
Raman) methods, Sauer et al. also examined the initial
mineral phases present in nascent MVs, as well as that
subsequently formed after incubation in SCL (387-388).
MVs prepared by mild collagenase digestion accumulate
large amounts of Ca’" and Pi from SCL — without the
addition of organic phosphate substrates (76). These
vesicles were incubated in SCL and harvested at different
stages of ion accumulation, lyophilized, incorporated into
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Figure 8. Ultrastructural Montage of Potassium Pyroantimonate Staining of Ca®" in Rat Epiphyseal Cartilage. Costochondral
junctions of 21-day-old Sprague-Dawley rats were processed as described (383). In brief, the tissues were bisected longitudinally
and fixed in a solution of 2% potassium pyroantimonate (PPA) and 2% osmium tetroxide, brought to pH 7.5 by addition of acetic
acid. The tissues were cut longitudinally into thin slices, dehydrated, embedded in SPURR, and sectioned using a diamond knife.
Sections were observed and photographed using a Carl Zeiss EM9S-2 electron microscope. (PPA, which is several orders of
magnitude more sensitive for Ca’" than for Na'" and does not precipitate K" at all, forms electron-dense precipitates with cellular
Ca®" readily visualized at the ultrastructural level. Note that the PPA-Ca”" stain is localized predominantly in mitochondria and
cell membranes. 8 A — Three-panel montage of maturation to late hypertrophic zones of the growth plate revealing transfer of
Ca®" from mitochondria to MVs. After reaching peak Ca®" levels in the zone of maturation (top 4-5 cells in center panel), there is
subsequent loss of mitochondrial Ca®" (right panel) and a concomitant accumulation of the PPA-Ca®" complex by MVs (left
panel). 8B — Montage of late hypertrophic and calcifying cartilage zones showing onset of mineralization at MV loci (upper
perilacunar region), with subsequent spreading throughout the matrix (lower region). 8C — Higher magnification of a PPA-
stained hypertrophic cell. The chondrocyte shows intense Ca®'-PPA stain in numerous mitochondria. (Adapted from (382) with
permission from C.T. Brighton, M.D.).
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Figure 9. X-Ray Diffraction of Freeze-Dried Epiphyseal Cartilage Fractions. X-ray powder diffraction patterns of freeze-dried
epiphyseal cartilage fractions. After sequential hyaluronidase-collagenase digestion of 3—5 g of fresh cartilage as described by
Majeska and Wuthier (54), the digestate was differentially centrifuged: Fraction 1 (cell pellet) was sedimented for 10 min at 150
xg; Fraction 2 (membrane fraction) for 15 min at 13,000 xg; Fraction 3 (MV fraction) for 60 min at ~100,000 xg. The cell pellet
was treated for 15 min at 38°C with 20 ml of 0.1 M sodium citrate, pH 6.0, to dissolve any mineral debris, rinsed with 20 ml of
synthetic cartilage lymph (SCL) and incubated for 2-3 h in 5 mM glucose- and 0.1% bovine serum albumin containing SCL to
permit restoration of normal electrolyte balance as previously described (391). The chondrocytes (9A) were then sedimented as
above and freeze-dried. The membrane fraction (9B) and the nascent MV fraction (9C) were freeze-dried immediately after
ultracentrifugation (30). The non-digestable residue (early mineral deposits, 9D) was freeze-dried immediately after washing
with SCL. Specimens were examined using a 57.3 mm DeBye Scherrer powder camera using Cu K-alpha radiation. Note the
absence of hydroxyapatite (HAP) diffraction bands in the membrane (9B) and MV (9C) fractions, despite the fact that they
contained over 50 and 100 mM (wet wt) Ca>*, respectively. (In 9B and 9C, the sharp weak outer diffraction band is that of NaCl
present in the SCL used to isolate these fractions.) The presence of poorly crystalline HAP diffraction bands is clearly evident in
the non-digestible mineral residue (9D). (Reproduced from (63) with permission from Springer).

KBr pellets, and examined by FT-IR. The baseline an insoluble form, including about 8-10% of the Ca®*
spectrum of the nascent MV was computer-subtracted being present as acidic phospholipid-Ca®-Pi complexes
from that of MV at progressive stages of mineralization, (64). Less than 5% of the MV Ca®" appeared to be free in
revealing the formation of mineral by the vesicles. The solution. In contrast, much of the MV Pi and Mg”** (about
first detectable crystalline phase was found to be an 50%, each) and Na* and K" (70-80%, each) were free in
HPO,* -containing octacalcium phosphate (OCP)-like solution. These findings suggested that at least half of the
mineral (Figure 10); this finding was later confirmed using Pi and Ca®" present in nascent MVs are not initially
FT-Raman spectroscopy (388). In these intact MVs, no combined together; about 40% of the total Ca®* appeared
obvious spectra of ACP were evident, presumably again to be bound to proteins and lipids. Subsequent studies by
because the patterns of lipids and proteins obscured it. McLean et al. (67) supported these observations. Sucrose
However, when the nucleational core of MVs was isolated gradient analysis of MV-enriched microsomes revealed
and characterized (See Section 16), FT-IR analyses that in the low-density fractions, much of the Ca®>" and Pi
provided clear evidence for the presence of ACP. were not combined; Ca®" appeared to be largely bound to
However, the mechanism of mineral formation by MVs is proteins, whereas most Pi appeared to be unbound in the
not a straight-forward process; it involves a number of vesicle fluid. Second, in the McLean study, brief exposure
staged events that progressively lead to the formation of (10 min) of the MVs to isosmotic citrate (pH 6.0) buffer
biological apatite. removed 85-90% of the Pi and 70-80% of the Ca®" (67).
This destroyed their ability to subsequently accumulate

13.7. Solubility properties of nascent MV mineral mineral ions. Such brief, mild treatments should not
A variety of studies have explored the solubility dissolve crystalline HAP protected within the MV lumen,
properties of the initial MV mineral. First, analyses of but would readily dissolve ACP, which is very acid labile.
CRMVs using biphasic solvent partition of electrolytes Subsequent studies on the properties of nascent MV
revealed that the great majority of the Ca" (>90%) was in mineral have led to the discovery of a nucleational core
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Figure 10. Fourier-Transform Infrared (FTIR) Difference Spectra of MVs during Mineral Formation — FTIR difference spectra
of MVs at two key times during incubation in SCL to induce mineral formation. Difference spectra were obtained by subtracting
the spectrum of unmineralized MVs from that of MVs incubated in SCL for the indicated time periods, 8 and 16 h. These were
compared with similar levels of three mineral standards: octacalcium phosphate (OCP), hydroxyapatite (HAP) precipitated via an
OCP intermediate, and HAP precipitated via an amorphous calcium phosphate (ACP) intermediate. Note that the first clearly
discernible crystalline mineral phase is OCP-like — evident from the doublet at 600-560 cm™' and the triplet at 1130—-1030 cm™' —
was dominant at 8 h near the end of the rapid uptake period (2—6 h, see Fig. 16A, later). The spectrum of the initial mineral (8 h)
most closely matched the spectrum of OCP; later (16 h) the mineral appeared like HAP precipitated via OCP, not via ACP.
(Adapted from (455) with permission from the Institute for Scientific Information).
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that is directly responsible for induction of crystalline
mineral. How it was discovered and how it functions will
be described later. However next, attention will focus on
how MVs are formed by growth plate chondrocytes.

14. FORMATION OF MATRIX VESICLES

Formation of MVs is a complex physiological
process that involves a series of progressive changes in
growth plate chondrocytes that ultimately lead to a
modified form of apoptosis. The cells shed calcifiable
MVs into the extracellular matrix — capable of inducing
mineral formation. MV formation stems from the fact that
in the proliferative zone of the growth plate, chondrocytes
become embedded in a highly impervious matrix of their
own making. This proteoglycan-rich gel impedes
diffusion of O,, albumin-bound fatty acids (389), and
other nutrients and electrolytes to the proliferating cells.
Thus, during their rapid growth, the epiphyseal
chondrocytes become separated from their vascular supply
and become hypoxic (390-391). They express high levels
of glycolytic enzymes (392-394) and become dependent
on anaerobic glycolysis for energy (216). The cells adapt
to their cloistered, hypoxic environment; they maintain a
normal energy charge (216). However, upon penetration
of blood vessels to near the maturing chondrocytes,
delivery of nutrients, Ca?", and Pi — and especially of O, —
leads to a sudden increase in oxidative metabolism.
Delivery of O, to these hypoxic cells causes oxidative
stress; their mitochondria begin to store Ca®’; becoming
loaded with Ca®", they can no longer efficiently produce
ATP. The cells undergo a physiological “ischemia-
reperfusion” crisis. The cells become depleted of ATP;
they swell and become hypertrophic. They generate
reactive oxygen species that along with elevated Pi from
ATP hydrolysis trigger the opening of the mitochondrial
permeation transition pore (395). This leads to rapid
unloading of the stored Ca®* and Pi, and this in turn leads
to a type of cellular apoptosis (396-397). During this
event Ca’'-loaded vesicles are released from the cells into
the matrix, forming MVs. This introduction is a snap-shot
from a physiological perspective. Presented next, is a
morphological view of MV formation. Following that, are
various biochemical studies that describe how the cells
form the MVs and enable them to induce rapid mineral
formation — once they are released into the extracellular
matrix.

14.1. Electron microscopic studies

The first studies that directly addressed the
question of how MVs are formed were those of Bonucci in
1970 (4). Using serial TEM sections of growth plate
cartilage, data were obtained that indicated MVs form
from cellular projections, either by fragmentation, or by
budding from the tips. Studies by Thyberg and Friberg
(37, 38) a short time later presented evidence that there
may be different types of MV. These early TEM studies
indicated that MVs largely derive by exfoliation of
vesicles from the outer membrane of growth plate
chondrocytes.  As noted previously, freeze-fracture
analyses of growth plate cartilage contributed definitive
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evidence that the distribution of membrane-associated
particles on cellular processes was identical to that on
MVs (Figure 3) (47, 48, 50, 55). This revealed that MVs
arise from the cell by mechanisms that do not alter the
inside/outside orientation of the membrane. Subsequent
TEM studies of MV formation by Akisaka et al. (46)
presented evidence that some MVs form by extrusion of
preformed osmiophilic cytoplasmic material. Images
presented by Arsenault (40, 42, 43) using slam-freezing
techniques revealed the presence of high levels of Ca*
and Pi in MVs prior to crystal formation (Figure 2). Ca**
and Pi were not always co-localized, suggesting that they
were not present only as calcium phosphate mineral per se
— a finding in accord with solubility studies noted
previously (64, 67). Studies in which tissue sections were
collected by flotation on nonaqueous media and left
unstained also suggested that Ca®* and Pi in MV were not
in a crystalline form (46).

14.2. Biochemical studies

Much of the evidence providing data on the
chemical processes by which MV formation occurs has
come from metabolic studies. These have been both in
vivo and in vitro experiments demonstrating that
incorporation of precursors into MV lipids, electrolytes
and proteins is a very active, rapid process.

14.2.1. Phospholipid metabolic studies

The phospholipid composition of MV shows
many similarities to that of the plasma membrane, with
some notable exceptions (73). While supporting
morphological studies that MVs derive from the plasma
membrane, metabolic studies have provided more explicit
information. In vivo studies on the incorporation of *?Pi
into phospholipids of chondrocytes and MV have revealed
that MV formation is a dynamic process in which labeling
of MV PC and PE — which tend to be depleted — was
nearly as rapid as that of the cellular lipids. In contrast,
labeling of PS and SM — which are enriched in MV — was
significantly slower (398). This paradox suggests that
MV formation involves processes in which the plasma
membrane becomes modified by action of phospholipases
that selectively degrade PC and PE, while retaining PS
and SM. The very limited ability of isolated MVs to
incorporate radiolabeled fatty acid lipid precursors
demonstrated that the rapid labeling of MVs seen in vivo
resulted from prelabeling of the MV membrane lipids
while they were part of the cell (268). However, isolated
MVs can incorporate '*C-serine into both PS and its lyso-
form, LPS, via Ca“-dependent non-ATP-dependent base-
exchange (PS synthase). This reveals that MVs retain the
ability to synthesize PS, a key Ca®'-binding lipid, enabling
its further enrichment in the MV membrane.

14.2.2. Cell culture studies

Further insight into the mechanism of MV
formation has come from studies on primary cultures of
growth plate chondrocytes. However, it is important to
distinguish between vesicles released into the culture
media (media vesicles, MeVs) from those that become
entrapped in the extracellular matrix (matrix vesicles,
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MVs). MeVs do not appear capable of inducing mineral
formation, whereas MVs clearly do (74, 399). It is
noteworthy that both MeVs (68, 91), and MVs are rich in
TNAP. The kinetics of MeV formation can be modulated
by a variety of drugs that affect the cytoskeletal system
and the acidic phospholipid-dependent Ca**-binding
proteins (annexins). Cytochalasin D, a drug that blocks
actin microfilament formation, markedly enhanced the rate
of MeV formation, whereas phalloidin, a drug that
prevents actin filament disassembly, clearly inhibited it
(69).  Coupled with the observation that isolated
chondrocyte microvilli have a phospholipid composition
almost identical to that of collagenase-released MVs (73),
this provides biochemical confirmation of freeze-fracture
studies that show MVs being formed from -cellular
microvilli (47, 50). While MVs contain some actin (78),
chondrocyte microvilli contain abundant filamentous actin
(69). This reveals that MVs form by mechanisms that
involve depolymerization of actin filaments. On the other
hand, studies using tricyclic amine drugs that selectively
bind to the annexins also stimulate release of MeVs from
cultured chondrocytes (70). Taken together, these findings
indicate that processes that uncouple the annexins from
the cytoskeletal network must be involved in MV
formation. Further, the discovery that ascorbate, a
vitamin required for normal collagen synthesis and fibril
formation, strongly stimulates MV formation and matrix
mineralization by cultured chondrocytes (75), suggests
that MV formation is linked with synthesis of extracellular
matrix collagens (400-401). The demonstration that both
TNAP and at least two of the MV annexins (AnxAS5 and
AnxA6) bind tightly to both type II and X collagen (95,
102), suggests that MV formation involves the attachment
of proteins present in microvilli-like extensions of the
chondrocyte plasma membrane to matrix collagens (95,
402-403). Further, the finding of various integrins by
proteomic analyses of MVs (78) indicates that they also
contribute MV formation. Thus, binding of extracellular
proteins to receptors on the outer membrane of the
chondrocytes facilitates MV formation.

14.3. Role of cellular Ca®* and Pi metabolism in MV
formation

There is clear evidence that cellular metabolism
of both Pi and Ca®' is involved in MV formation and
subsequent mineralization (404). Here is a brief preview
of what will be discussed on this topic. = When
mitochondrial Ca?" is released via the mitochondrial
transition pore into the Pi rich cytosol, the released Ca*"
interacts simultaneously with both Pi and PS forming PS-
Ca*"-Pi complexes, as well as with PS and AnxAS5 to form
PS-Ca**-AnxA5 complexes. Both types of complexes are
attached to the PS-rich inner leaflet of the plasma
membrane of the chondrocytes becoming incorporated
into and facilitating MV formation. ~Much of the
mitochondrial Ca®" released into the cytosol appears to
become tied up in these complexes. Confocal imaging of
Ca®" ion activity in the hypertrophic cells show that
central cytosolic Ca®' levels drop to <107 M, but
peripheral Ca** levels rise markedly to ~7.5 x 10° M
(307). Because of this Ca®" depletion, cytoskeletal
structural proteins like f-actin depolymerize and allow
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blebbing of MVs from the plasma membrane (69, 73).
Upon binding of TNAP to types II and X collagens (95)
and proteoglycan core and link protein (95), the tips of the
membrane-enveloped cellular microvilli detach and form
MVs.  These vesicles envelop various cytoplasmic
proteins, the PS-Ca?*-Pi complexes, as well as Pi, Mg*",
and other electrolytes, and attach tightly to the
extracellular ~ matrix  proteins. Subsequently,
phospholipase activity in the MV membrane (207)
apparently enable externalization of PS-Ca®*-annexin
complexes that is facilitated by binding to extracellular
proteins like types II and X collagen (405). Based on
recent proteomic data (78) it is evident that type VI
collagen is also involved in MV attachment.

14.3.1. Histology of cellular Ca** metabolism during
MYV formation

The early discovery by Martin and Matthews
(271-272) that growth plate chondrocytes accumulate
significant amounts of Ca®" in the form of mitochondrial
granules prior to the onset of extracellular mineralization
in the growth plate provided the first indication of how
cells load Ca*" into MVs. The fact that all mitochondria
possess the ability to accumulate massive amounts of Ca**
had been known for some time (406-407). Further,
studies on Ca”" accumulation by isolated growth plate
mitochondria by Shapiro and Lee (408-409) showed that
even under hypoxic conditions these mitochondria could
accumulate Ca®>" — significantly more than those from
noncalcifying cells. And as was noted -earlier,
ultrastructural studies by Brighton and Hunt (382-384)
using pyroantimonate staining (Figure 8A—C), as well as
the electron probe studies by Hargest et al. (380), revealed
that the accumulated mitochondrial Ca?* becomes
subsequently transferred to MV during growth plate
development. These ultrastructural findings were
confirmed by Whitson et al. (410) using a completely
different Ca*" stain which showed that Ca*" accumulated
on the inner aspect of the plasma membrane; it became
concentrated at the termini of cellular processes from
which MV appeared to form. Nearly a dozen different
investigations using a variety of chemical and histological
methodologies document that mitochondria play a key role
in growth plate calcification. These were critically
reviewed by Matthews nearly a quarter of a century ago at
the Fourth International Conference on Matrix Vesicles
(411). And the evidence continues to mount.

14.3.2. Confocal imaging of Ca®" in living growth plate
chondrocytes

Imaging studies published first in 1993 (404),
and reconfirmed in 1997 (306), document that growth
plate chondrocytes exhibit highly active metabolism of
Ca®". Laser confocal imaging of sections of living avian
growth plate cartilage using a sensitive Ca>* probe (Indo
1) at low magnification revealed marked differences in
Ca®" ion activities within individual chondrocytes in
different regions of the growth plate (Figure 11A-B).
More detailed study revealed that in the proliferative
zone, while there were generally lower overall levels of
Ca*" (Figure 12A), there were also marked differences in
Ca®" levels within sharply defined regions, presumably
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Figure 11. Low Magnification Confocal Imaging of In situ Ca**-Ion Activities in Living Chick Growth Plate Chondrocytes.
Sections 50-micron thick of growth plate cartilage from the proximal end of the tibia of 6- to 8-week-old broiler strain chickens
were collected in synthetic cartilage lymph (SCL) (54) and incubated in a fluorescent Ca*" indicator, Indo 1-AM (0.5-2.5
microM) (580) at 25 °C in the dark for 30 to 60 min. The tissue slices were rinsed with phosphate buffered saline (PBS), (10 mM
Na phosphate, 150 mM NaCl, pH 7.5) and mounted on glass slides with a drop of PBS under a thin cover slip, then examined at
room temperature using an ACAS 570 laser Confocal imaging system (Meridian Instruments, Inc., Okemos, MI). The excitation
wavelength was set at 355 nm and the emission wavelengths at 405 and 485 nm. The ratio of Ca**-chelated Indo 1 to free Indo 1
(405/485) in the cells was used to estimate intracellular Ca®>" levels. Generally, the following settings were used: photomultiplier
tube-1, 485 nm (40%); photomultiplier tube-2, 405 nm (60%); step size, 0.5 micron; x,y points, 180; scan delay, 40 sec; step
speed, 0.5 mm/sec; argon laser power, 100 mw; scan strength, 10%; sample points, 128; Confocal mode; pinhole size, 125. For
low magnification maps, a step size of 5 microns was used. 11A — Longitudinal imaging. The invasion of capillaries (black
areas) is from the bottom of the tissue section. Note the much higher Ca*" ion activity (white and red colored) in numerous cells
just ahead of the invading capillary tips. 11B — Cross-sectional imaging. The invading capillaries (black areas, bottom left) are
associated with numerous white colored (high Ca®") cells; further away the cells tend to stain green (lower Ca®"). These low
magnification sections provide a broad sense of the relationship between capillary invasion and levels of cellular Ca**-ion
activity. The range in size of the cells is ~20 microns near the invading blood vessels to ~6—8 microns in the deeper areas. The
bar (right) shows relative Ca>* values: black—purple—blue (0.0-1.25 Ca®" values) ~0.02—-0.05 microM; green shades (1.6-2.7 Ca*"
values) ~0.1-0.3 microM; yellow—orange shades (2.7-3.5 Ca”" values) ~0.3-0.5 microM); red shades (3.6-4.7 Ca®" values) ~0.5—
1.5 microM), white (5.0 Ca*" value, >10 microM). In subsequent figures, where indicated, Ca®" ion activities were calculated
from standard curves using separate scans. (Unpublished data, with permission from Licia N.Y. Wu)
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Figure 12. Confocal Images of In sifu Ca>" Ton Activities in Living Chondrocytes in Different Zones of the Growth Plate. For
this medium magnification imaging, the scanning parameters used were as described in Figure 11; but here a step size of 0.5
microns was used. 12A —Proliferating zone. These proliferating cells were much smaller and flatter than in the successive zones
(6-8 micron diameters) and that the cells generally had inter-mixed many different levels of Ca®* in the subcellular organelles.
The cell nuclei were typically lower in Ca®* (green, <0.1 microM) than the surrounding cytoplasmic compartments. Generally,
the overall average level of Ca®* was low. 12B — Maturation zone. The cells were considerably larger (8—10 micron diameters)
than in the preceding zone. Numerous cells contained high levels (red — white, 1.5->10 microM) levels of Ca*’, although these
levels of Ca®" were continually rising and falling (See Figure 13). The Ca**-rich maturation cells were closely associated with
the invading capillaries. 12C — Hypertrophic zone. The hypertrophic cells are much larger (17-25 micron diameters) and rounder
than those in the preceding zones and show marked difference in Ca>* levels from cell to cell — some with relatively high levels
of Ca*" (much of the intracellular area red, ca. 4 microM); others with much lower (0.1 microM) Ca*" activity (green). In these
hypertrophic cells, Ca*" activity was significantly higher near their cell periphery. Some of the Ca*-loaded cells appear to be
shedding off Ca?*-rich vesicles from their perimeters. 12D — Calcifying zone. The cell size was somewhat reduced (~15-17
micron diameters). There were marked differences in Ca®* ion activity in these cells; some had extremely low activity (<0.05
microM, blue) and others had very high Ca®" activity, especially near their perimeters where a large number of Ca" rich (white,
>10 microM) particles (vesicles) were being exfoliated from the peripheral surfaces. (These particles are membrane-enclosed
vesicles; otherwise the Indo 1 dye would have dissipated into the surrounding medium.) (Adapted from (306) in color.)

corresponding to endoplasmic reticulum, mitochondria and fell within a matter of minutes; cells with high levels of
nuclei. Although marked variations were seen between Ca’" tended to loose it, while those with low levels tended
different regions within the cells and between individual to gain it (Figure 13A). In the greatly enlarged cells of the
cells, few cells had overall high levels and the nuclei hypertrophic zone, the previous Ca®" oscillations appeared
obviously had very low Ca*" levels. In the maturation to have transferred much of the Ca”" to the cell perimeter
zone there was a marked increase in the differences in Ca®* (plasma membrane), where it was then shed as highly-Ca?"-
levels of individual chondrocytes (Figure 12B); some had enriched microstructures (MVs) into the extracellular
very high overall levels; others had quite low levels; some matrix (Figure 12C). The volume of the cells in this region
had intermediate levels similar to those in the proliferative of the growth plate was almost ten-fold larger than those of
zone. Ca®" levels near the plasma membrane were clearly the proliferative zone (306). In the calcifying zone, as the
the highest. In individual cells, overall Ca’" levels rose and cells shed Ca*-loaded MVs, the central cytosol became
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Figure 13. Dynamic Variations in Intracellular Ca®* Ton Activities in Chondrocytes from the Maturation and Hypertrophic
Zones of Chick Growth Plate Cartilage Multiple scans of the same area in different zones of the growth plate were performed
using the scanning parameters described above, except that the scan delay was typically set at 95 seconds and 5 successive scans
were obtained with an interval of 0 to 5 seconds between scans. 13A — Maturation zone. The first scan (0 seconds, left panel)
reveals marked differences between individual cells. In the lower left center (white arrow) a high-Ca®" cell (red center, 2—4
microM; white periphery, >10 microM) is surrounded by three low-Ca®" cells (green centers — 0.2 microM, orange periphery —
0.8 microM). 190 seconds later (center panel) the Ca’" level of the central cell has decreased significantly, whereas in the
surrounding cells, Ca®" levels have increased. At 360 seconds (right panel), the level of Ca®* in the center cell of the cluster has
further declined, whereas that of the surrounding three cells has increased. 13B — Hypertrophic zone. At time zero (left panel)
there were marked differences in the levels of different cells, many cells appearing to be shedding Ca®*-rich vesicles. In the
successive 100-second time periods, note the numerous changes in intracellular Ca®" actitivy. Some Ca?*-rich cells (e.g. upper
arrow and another one cell removed to its left) were increasing in ion activity from one with a green and red center to one with a
red and white periphery beginning to shed Ca®'-rich vesicles. In contrast, other high Ca®* cells (two pointed at by lower arrow,
one above the cell pointed to by the upper arrow) were obviously decreasing in Ca”" activity. (Adapted from (306) in color.)

markedly lower in Ca®" than in the preceding zone (Figure mitochondria.  Ca®" accumulation increased from the
12D). The overall impression was that after a crescendo of proliferative zone to the early hypertrophic zone of the
rising and falling Ca®" levels, the cells exfoliated the growth plate (414). Then in the hypertrophic zone where
accumulated Ca®* via a burst of Ca**-loaded vesicles that MVs most rapidly form, mitochondrial levels abruptly fell
were shed from their perimeter (Figure 13B). — a finding later confirmed by Hargest (380).
Accumulation of excessive Ca’' is known to inhibit

14.3.3. Biochemistry of mitochondrial Ca®* metabolism mitochondrial respiration — as is true in all mitochondria
TEM studies of the growth plate showed clear (415). However, growth plate mitochondria appear to be

evidence of Ca®" loading in mitochondria, with subsequent more tolerant of Ca®* accumulation than most (409). The
transfer to MVs (383, 384). On the other hand early general mechanisms by which mitochondria transport Ca**
biochemical studies by Lee and Shapiro indicate that have been thoroughly reviewed by Gunter and Pfeiffer
functional mitochondria can be isolated from epiphyseal (416-417). Mitochondria primarily utilize a uniporter
chondrocytes that are able to carry out oxidative system for transporting Ca>" into the inner matrix, driven
phosphorylation (412-413). These isolated chondrocyte by the electro-chemical gradient produced by
mitochondria accumulated maximal Ca®* when ATP and a mitochondrial respiration. It can be best described as a
respiratory substrate (e.g. citrate or alpha-ketoglutarate) “very fast gated pore” (416). This property was studied in
were available (409). Uncouplers of oxidative growth plate mitochondria by Lee and Shapiro (418) who
phosphorylation, or inhibitors of respiration, impeded Ca** found that Ca®" uptake was similar to that from
uptake — as is seen in mitochondria isolated from non- noncalcifying cells. They observed that inhibitors of
calcifying cells. Further, there was heterogeneity in the mitochondrial respiration caused rapid loss of greater than
extent of Ca®" loading (i.e. density) of the growth plate 80% of the Ca*". However, in mitochondria isolated from
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the “most calcified” zone there was increased “nonspecific
Ca®* binding™; and, a high percentage of the accumulated
Ca®* was “non-extrudable”, apparently in the form of
mitochondrial granules — in agreement with the ultrastructural
observations noted previously. There are two primary
mechanisms by which mitochondria are able to release stored
Ca®"; these are Na'-dependent and Na-independent pathways
— evident in all cells studied (416). For most cells, including
growth plate chondrocytes up to the zone of maturation,
mitochondria primarily regulate cytosolic Ca®" ion activities
by these two Ca’" carriers. However, another more
substantial pathway of mitochondrial Ca®' release is of
special importance to growth plate mineralization. This is the
so called “mitochondrial permeability transition” (MPT), a
mechanism involving a marked change in the permeability of
the inner mitochondrial membrane. It involves a dramatic
loss of membrane potential, as well as rapid leakage of K",
Mg2+, Ca", Pi and other small ions and molecules from the
mitochondrial matrix (419-420). This massive release of
mitochondrial electrolytes is closely associated with the onset
of apoptosis in many cell types (421-424); however, it is
of key importance in the formation of MVs by growth
plate chondrocytes. The MPT is brought about by first
preloading of mitochondria with Ca®; and then by
inducing Ca”" release via an agent that activates the MPT
pore. Among the various cofactors known to function as
Ca**-releasing agents in the MPT, the most potent and
best studied is inorganic phosphate (Pi) (416).

14.4. Growth plate cellular Pi metabolism

Thus, cellular Pi metabolism is deeply entwined
with Ca®" metabolism. Cells require Pi for a plethora of
basic cellular functions ranging from synthesis of DNA
and RNA to metabolic intermediates directly involved in
energy metabolism. Over and beyond this in the growth
plate, Pi is needed for formation of the calcium phosphates
that initiate solid phase formation during bone growth.
Growth plate cartilage has been shown to possess
unusually high levels of both cytosolic (20-25 mM) and
extracellular (2.2-2.5 mM) Pi (63). In fact, studies by
Mansfield et al. (425-426) have documented that exposure
of terminally differentiated, cultured tibial growth plate
chondrocytes to even modestly elevated levels (3 mM) of
extracellular Pi induces ‘apoptotic’ cell death within 48 h.
Apoptosis of these cells is mediated via the MPT
mechanism (314). It is noteworthy that the release of
mitochondrial Ca®>* via the PMT also activates uptake of
Ca®" by the endoplasmic reticulum, which in turn releases
Ca®" into the cytosol (427). These findings explain how
Ca®', first stored in mitochondria of growth plate
chondrocytes, becomes released. It causes elevation in
cytosolic Ca?* levels — ultimately at the cell periphery, as
confocal imaging of Ca®>" metabolism has indicated (306).
Of direct interest to growth plate mineralization, Type VI
collagen receptors on the cell surface (109, 110) act as
transducers to mitochondria, affecting opening of the MPT
pore for Ca®* (111). This appears to trigger mitochondrial
Ca®" unloading (112).

14.4.1. Chondrocyte mitochondrial PiC Pi-transporter
To better understand the processes by which
mitochondria take up Pi, the PiC transporter will now be
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discussed. Mitochondrial acquisition of Pi is essential for
oxidative phosphorylation — an energy-capture process
vital to all aerobic eukaryotic cells. Mitochondrial uptake
of Pi is largely accomplished by PiC, an H'/Pi symporter
(or Pi/OH" antiporter) (428-429). PiC is an integral
membrane protein, a homodimer that resides in the inner
mitochondrial membrane that translocates or exchanges Pi
from the cytosol into the mitochondrial matrix (430). PiC
is Na'-independent and is responsible for the rapid import
of Pi used for ATP synthesis. The mitochondrial PiC
transporter has been cloned and sequenced from chicken
growth plate cartilage (336). The molecular mass of the
mature protein is 34,985. Hydropathy plots indicate that
PiC is a highly compact protein with 6 transmembrane
domains; both the N-terminal and C-terminal ends reside in
the mitochondrial matrix lumen. In situ hybridization
analysis reveals that mitochondria PiC is most strongly
expressed in the maturation/prehypertrophic zone, although it
is expressed at low levels throughout the growth plate (Figure
7A) (336). However, note that at the terminus where the cells
become apoptotic and vascular penetration occurs, many cells
are devoid of PiC message. Of pertinence here, analysis of
PiC gene expression in primary mineralizing cultures of
chicken growth plate chondrocytes reveal that the gene is
only weakly expressed early in culture; it becomes
progressively more highly expressed as the cultures mature
and calcify. These features match the Na'-independent Pi
porter described by Wu ef al. Thus it is apparent that this
high-capacity mitochondrial PiC porter is the one whose
expression is enhanced by elevated Pi levels in the culture
medium (303).

14.4.2. Chondrocyte plasma membrane Pi-transporters

At this point, we need to return to Pi uptake and
transport in the plasma membrane of growth plate
chondrocytes. Recall that two Na'-dependent (type III
Glvr-1 and type II) plasma membrane Pi transporters
(334-335, 426, 431) are present in growth plate
chondrocytes and MVs. Subsequent studies have
confirmed the presence of the PiT type III (Glvr-1) Pi
porter in growth plate chondrocytes, but in situ
hybridization studies reveal that it is expressed strongly
only in the resting and proliferative zones; there is almost
no expression in the maturation/hypertrophic zone (Figure
7B) (336). Again, note that it is also expressed in the
early growth plate chondrocyte cultures, but declines as
the cells mature and begin to induce calcification (303).
As indicated above, these studies also uncovered evidence
for a Na'-independent Pi transporter whose expression
was upregulated as the cells approached hypertrophy. In
contrast to the Na'-dependent Pi transporters that are
upregulated by falling Pi levels, expression of this porter
is induced by culturing the chondrocytes in media
containing slightly elevated levels of Pi (2-3 mM) — levels
typical of the extracellular fluid of growth plate cartilage.
This Na'-independent Pi transporter had a pH optimum of
7.6-8.0, appropriate for the pH of growth plate
extracellular fluid (63, 338).
14.4.3. Growth Plate Chondrocyte Mitochondrial
Permeability Transition (MPT) Pore

The key Pi-sensitive MPT pore appears to be
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directly involved in the apoptotic demise of hypertrophic
chondrocytes (314). Under conditions of mitochondrial
Ca*" overload, especially when accompanied by oxidative
stress, elevated Pi levels and ATP deletion, this non-
specific MPT pore opens in the inner mitochondrial
membrane (432-436).  This allows rapid release of
mitochondrial electrolytes, including both Pi and Ca®'.
Immediately, ATP synthesis effectively stops; and as
noted before, there is clear evidence that hypertrophic
growth plate chondrocytes rapidly become energy
depleted. Several independent studies reveal that the
levels of ATP in hypertrophic cells are greatly reduced
compared to resting or proliferating cells (302, 437-439).
Hydrolysis of ATP, which is typically present in 5-10 mM
levels in healthy, active cells, would release large amounts
of Pi. And direct analyses of the Pi levels of isolated
growth plate chondrocytes reveal the presence of high
cytosolic levels in the range of 20-25 mM (63). This has
been confirmed by *'P-NMR analysis of growth plate
chondrocytes (404, 438). However later in this process,
breakdown of cellular phospholipids through the action of
phospholipases (223) and the action of PHOSPHO-1 (202-
203), may also contribute to the elevated Pi levels in the
cytosol of growth plate chondrocytes. Taken together,
these findings reveal an intricate scenario in which Ca*™-
loaded mitochondria, subjected to oxidative stress, and
exposed to elevated levels of cytosolic Pi, release their
electrolytes via the MPT into the cytosol. In this process,
they induce a specialized form of apoptosis in which the
released Ca*" and Pi combine with PS and AnxA5 to form
complexes that contribute to MV formation, and
ultimately to mineral formation. Upon Ca®" release,
microvilli-like cellular membrane extensions are formed, a
process that depends on the activity of phospholipases and
scramblases that modify the membrane lipid composition,
as well as the inside/outside orientation of the lipids in the
membrane.  During this complex event, membrane-
associated proteins like TNAP become externalized
allowing them to interact with matrix proteins. Upon
binding to the extracellular collagens (Types II, VI, X)
these cellular extensions bleb off to form of vesicles —
MVs — primed with sufficient levels of both Ca*" and Pi in
the form of a nucleational core of ACP-PS-AnxA5
complexes that serve as the nidus for triggering
extracellular mineral formation.

14.5. Growth plate cellular H' (pH) metabolism

The pH of both the extracellular and
intracellular fluids also has a profound effect on the
process of MV formation.  Because growth plate
chondrocytes are embedded in a highly viscous tissue
comprised of large amounts of high molecular weight
proteoglycans, their pH is largely governed by their
anaerobic metabolic activity. However, in weight-bearing
joints, the on-off pressure exerted by body movements
enables exchange of fluid despite the limited vasculature
of the tissue. This exchange of fluid ameliorates the
tendency toward acidification. There are also zonal
differences in cellular metabolism ranging from the
quiescent “resting” zone through the zone of rapid cellular
proliferation to the zone of hypertrophy where the cells
undergo apoptotic formation of MVs. These changes in
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metabolic activity influence the cellular pH, which has
been documented by confocal imaging using the
fluorescent probe, BCECF.

14.5.1. Confocal imaging of H" (pH) in living growth
plate chondrocytes

The pH of growth plate chondrocytes in situ has
been measured using confocal imaging with BCECF as a
fluorescent probe (306). Low magnification confocal
imaging shows that in different regions of the growth plate
there are sharp differences in pH between individual cells
(Figure 14A-B). At higher magnification, it became
evident that this occurred in various intracellular
compartments where pH levels ranged from pH 6.2-8.0.
In the proliferating zone, average cytosolic pH (pH
6.95+0.05) was generally lower than in the other zones,
although there were many focal regions of lower and
higher pH (Figure 15A). For example, the pH of the
nuclei of the cells tended to be low (pH 6.5-6.7), a finding
not as apparent in the maturing and hypertrophic zones. In
the zone of maturation, the average pH (7.39+0.04) was
significantly higher and was characterized by the presence
of many focal regions of distinct alkalinity (pH 7.8-8.0)
(Figure 15B). In the hypertrophic zone, the overall pH
(7.19+£0.04) was slightly lower than in the maturation
zone. While there were many regions of alkalinity, notice
that in the periphery of the cells, the pH was significantly
more acidic (Figure 15C). In the zone where extracellular
calcification was already occurring, the intracellular pH
was lowered even further (6.76+0.03); there were few
focal areas of alkalinity (Figure 15D). These findings are
interpreted as follows:

In the proliferating zone, the key cellular
activity is replication, whose rate is governed by both
genes and growth factors (440). Cell replication requires a
constant source of raw materials for DNA and RNA
synthesis, as well as metabolic energy. Because of their
cloistered avascular environment, there is low O, tension
in these cells (216, 390, 441). Most of their energy is
derived from glycolytic production of ATP (216). The
generally lower cellular pH in the proliferative zone
appears to result from glycolytic production of lactic acid.
In the zone of maturation, different forces are operative.
Cell division has largely ceased; and the cells, because of
their closer proximity to the invading blood supply, are
affected by the increasingly available supply of O,,
nutrients, Ca®>" and Pi (395). There is an awakening of
mitochondrial oxidative metabolism, as well as the active
acquisition and storage of Ca®" within the mitochondria
(382, 409). With the increased metabolic activity, there is
synthesis of a variety of new proteins that become
involved in the mineral-forming process. At this stage,
the cells begin to undergo a measurable increase in
volume (306). Apparently due to the sharply increased
oxidative phosphorylation, these maturing cells show
marked alkalinization in areas that appear to be organelles
like the mitochondria and the endoplasmic reticulum
(306). At this stage there is maximal Ca®" storage by the
mitochondria (409), which adversely affects their ability
to produce ATP (408). When the demand for ATP
exceeds the ability of the impaired Ca®"-loaded
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Figure 14. Low-Magnification Confocal Imaging of In situ H" Ion Activity (pH) in Living Chick Growth Plate Chondrocytes.
Growth plate tissue slices were prepared as described for Ca’*. For loading BCEF acetoxymethyl ester (BCEF-AM), the
fluorescent probe for pH, a dimethylsulfoxide stock solution was added to slices of cartilage in SCL to give a final concentration
of 0.5 microM. After incubation for 30 to 60 min at RT, tissue slices with BCECF-loaded cells were rinsed with PBS before
making intracellular pH studies. The excitation wavelength was 488 nm and emission wavelengths of 530 (photomultiplier tube-
1) and 650 nm (photomultiplier tube-2, free form) were used. The following settings were used: laser power, 100 mW; scan
strength, 15%, 10% neutral density filter; photomultiplier tube-1 (40%)/photomultiplier tube-2 (70%); step speed, 0.5 mm/sec;
sample points 128; X, Y points, 180; Confocal mode; pinhole, 124. The ACAS ratio quantitation program of photomultiplier
tube-1/photomultiplier tube-2 was used. 14A — Cross-section showing showing proliferative and maturation cells. The lowest
pH values (7.2—-6.8, green—blue-green) were generally seen in the cells away from the penetrating capillary and edge of tissue.
14B — Cross-section showing mainly hypertrophic and calcifying cells. Black areas are penetrating capillaries. The highest pH
values (7.8-8.0, red—white) were generally seen in cells nearest to the capillaries. Cells deeper in the calcified cartilage had
significantly lower pH (6.7-6.9, blue-blue-green). pH vs. color scale at right. (Unpublished data, with permission from Licia
N.Y. Wu.)

mitochondria to supply, levels of Pi build up in the cytosol mitochondrial transition pore described earlier (314).
(63, 438, 442) setting up eventual apoptosis. In the cell’s ATP synthesis ceases. A flood of stored Ca®
struggle to control cytosolic Ca”", there is a cyclical rise electrolytes, nucleotides, and small proteins leaves the
and fall of Ca?" levels (306) (Figure 13A-B). damaged mitochondria. The rising levels of cytosolic
Ca®" activate intracellular proteases and phospholipases

Approaching the zone of hypertrophy a crisis that in turn begin to release large amounts of free amino

point is reached that triggers the opening of the acids — as well as damage the intracellular membranes.
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Figure 15. Confocal Imaging of In situ H" Ton Activity
(pH) in Chondrocytes in Different Zones of the Living
Chick Growth Plate. 15A — Proliferating zone. Note the
marked variety in pH level within individual cells and
within intracellular areas. The nuclei of several cells have
a significantly lower pH (~6.8) than the surrounding
organelles and cytoplasm which have a range of pH (6.8—
7.9). Some cells deeper in the section are more acidic
(bluish green, pH ~6.7). 15B — Maturation zone. More of
the cells have areas of intense alkalinity (red and white, pH
7.8-8.0); relatively few cells have low pH (6.8). 15C —
Hypertrophic zone. There is more variability in pH than in
the maturation zone; fewer cells have areas of intense
alkalinity. The pH at the periphery of all the cells is
distinctly more acidic (pH 6.6-6.8) than in the central
cytosol. 15D — Calcifying zone. Most of the cells have
large areas of more acidic pH (6.6-6.8); all cells tend to be
acidic in the periphery. (Adapted from (306) in color.)

The level of ATP plummets as metabolic demand exceeds
the available supplies (395, 442). Intracellular levels of Pi
increase dramatically (63, 438). With the rise in amount
of low molecular weight solutes, there is influx of water
that causes marked osmotic swelling; the cells become
hypertrophic. At this time, there is movement of both
Ca®" and H' to the cell periphery where pH levels fall
(306). Facilitated by the presence of the annexins, Ca*"
and Pi bind to PS on the inner leaflet of the plasma
membrane to form PS-Ca®'-Pi complexes (PS-CPLXs)
(60, 61). Dissociation of cytoskeletal actin fibrils
facilitates the blebbing of MVs from cell processes (69,
73). The newly forming vesicles carry with them the
annexins (60, 61), the PS-CPLXs (64), the encompassed
electrolytes (Pi, Mg®*, Ca*", K', Na") (63), as well as
various cytosolic enzymes (e.g. the family of glycolytic
enzymes) and proteins (78). Because the pH near the
plasma membrane of these cells is slightly acidic (pH 6.5-
6.9), even though the levels of Ca*" and Pi are sufficiently
high, ACP cannot form (77). However at this pH, Mg*'-
containing PS-CPLXs can form readily (266) and become
a key component of the nucleational core of MVs (288,
443). Upon release of the MVs into the extracellular
space where the pH is more alkaline (pH 7.5-7.6) (63,
339), the high levels of enclosed Ca>" and Pi readily
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combine to form ACP. But because of abundant Mg?",
ACP is stabilized and does not immediately dismutate to
OCP or HAP (444). In the zone of calcification when the
hypertrophic  chondrocytes are “spent” and the
extracellular matrix around them begins to calcify around
the MVs, the levels of intracellular Ca®* markedly decline
(Figure 12D, Figure 13B) and the aveage pH of the
cytosol falls to 6.76+0.03 (Figure 15D). There are few
focal areas of high pH such as was seen in the maturing
and hypertrophic cells.  These cells generally are
eliminated by macrophages during the invasion of the
capillaries from the marrow cavity. In avian species,
however, there is evidence that some growth plate cells
survive, become reprogrammed (445-446), and express
osteoblast-like character (447), producing type I instead of
type II collagen, etc. Attention must now be directed
toward the mechanism by which newly formed MVs
induce de novo crystalline mineral — once they are
released into the extracellular matrix.

15. THE KINETICS OF MINERAL FORMATION
BY MATRIX VESICLES

15.1. Differing views of MV mineral formation

Many types of in vitro studies have been
conducted to explore the ability of isolated MV to
accumulate Ca®* and Pi and form crystalline mineral
deposits. It should come as no surprise that numerous
differences have been reported with regard to: 1) the
requirement for ATP (82, 187, 448) or other organic
phosphates (66, 449), 2) the regulatory effects of Zn>"
(317, 385, 450), 3) the kinetics of mineral ion
accumulation (332, 451-453), and 4) the nature of the first
mineral phase produced (57, 65, 77, 387-388, 454). Most
of these differences can be traced to the differing methods
of MV preparation, the species from which they were
obtained, the extent of damage imposed on the structures
during isolation from the tissue, and the method used for
assessing the timing, rate, and amount of mineral
formation. Rather than dwell on these differences,
attention will be focused on MVs that have been released
from normal avian cartilage using carefully controlled
levels and timing of protease exposure. These MVs can
be obtained in a good yield, in a high state of purity, and
induce mineral formation within a few hours when
incubated in a synthetic cartilage lymph (SCL) matched to
that of the extracellular fluid in growth plate, with no
added organic P substrates required (60-62, 76). Their
activity will be compared with MV-enriched microsomes
that have not been exposed to exogenous proteases.

15.2. Radio-isotope analyses of the kinetics of Ca™ and
Pi accumulation

MVs isolated by modified collagenase digestion
of growth plate cartilage from broiler-strain chickens, or
MVEM  isolated by the  previously-described
nonenzymatic tissue homogenization methods, acquire
mineral ions from synthetic lymph and rapidly induce the
formation of crystalline solid phase mineral in a sequence
of predictable stages (Figure 16A) (62, 65-67, 317, 332)
Studies measuring simultaneous uptake of **Ca®" and *Pi
during MV mineralization indicated that an OCP-like, low
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Figure 16. Time-Course of **Ca** Accumulation and
Change in **Ca®'/**Pi Molar Ion Uptake Ratio during MV
Ion Loading from SCL in vitro. 16A — *Ca*
accumulation. MV were incubated in SCL at 37°C for the
indicated times, collected by micro-filtration, and assayed
for ¥Ca®" uptake (449). Values are the mean + standard
error of 4 separate incubations. 16B — Change in Ca'/Pi
molar ion uptake ratio. MVs were incubated in “*Ca®* and
**Pi double-labeled SCL at 37 °C as indicated in A. Note
the rapidly increasing Ca”'/Pi uptake ratio during the early
limited ion accumulation. This is followed by a brief
decline in Ca®'/Pi ratio to about 1.3 during the rapid
formation period, followed by a gradual increase in Ca>*/Pi
ratio to 1.60 during the slow formation period.
(Reproduction from (455) with permission from the
Institute for Scientific Information.)

(1.33) Ca/P-ratio mineral forms during the early phase of
rapid mineral ion accumulation (Figure 16B) (65, 455).
Later during the slow uptake period, the Ca/P ratio rose to
~1.60, indicating progressive transformation into HAP-
like mineral (Figure 16B). These findings are in close
accord to studies using FT-IR, which reached the same
conclusion (Figure 10) (387). Both approaches reveal that
mineral formation by MVs is not a simple process; it
involves several solid phases prior to the formation of the
thermodynamically stable HAP, the major mineral of
mature bone. Based on extensive studies, the kinetics of
MV calcification generally involve the following sequence
of events: 1) exchange of ions at the vesicle membrane
surface, 2) selective acquisition of Ca>" in preference to Pi
during a lag period in which very limited ion uptake
occurs, 3) a transient induction period in which the Ca®/Pi
uptake ratio rapidly declines, indicative of selective Pi
uptake, followed by 4) a rapid accumulation of both Ca*"
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and Pi at a Ca"/Pi stoichiometry of close to 1.33, and 5)
finally, an extended period of slower acquisition of both
mineral ions at a gradually rising Ca**/Pi ratio
approaching that of Ca**-deficient apatite (~1.60) by the
end of 24 h. Interpretation of these five stages of MV
mineral formation now follows.

15.2.1. Stage 1 — initial exchange period

When isolated MVEM are exposed to **Ca*'- or
32pj-labeled SCL, there was initially a rapid, but very
limited uptake of both ions that corresponds to an
exchange with ions bound to proteins and/or acidic
phospholipids at the vesicle surface (Figure 16A) (65, 449,
456). During this brief period, **Ca®'/**Pi uptake ratios
rapidly increased from very low values (<0.7) to values
typically above 1.5, indicating a preferential binding of
Ca®* (Figure 16B) (57, 455).

15.2.2. Stage 2 — the lag period

Stage 1 is followed by a lag period of variable
duration during which little further accumulation of Ca**
and Pi occurs. The lag period can be extended in several
ways that do not preclude eventual induction of mineral
formation. For example, by adding low (ie. 5
micromolar) levels of Zn*" to the SCL in which the MVs
are incubated, Ca®>" accumulation is essentially blocked
(Figure 17A). The inhibitory effect of Zn*" can be rapidly
eliminated by treatment of MVs with o-phenanthroline, a
group 2B metal ion chelator that binds tightly to Zn*"
(Figure 17B) (76, 317, 385). Thus, one explanation of the
lag period is that it represents the time needed for
displacement of Zn®>" by Ca>" at key sites that enables
rapid ion acquisition. Zn** binds tightly to AnxAS5 in the
presence of PS (Figure 4C) (60). While Zn>" has been
shown to block the apparent Ca®’-channel activity of
AnxAS5 in planar PS bilayers (125), the high levels of Ca**
used and the excessive amount of Zn>" required, cast
doubt that this is the physiological action of AnxA5. The
lag period also can be greatly extended by exposing active
MV to proteases such as trypsin or chymotrypsin (76). In
this case, when ion uptake finally begins, it does so at a
much lower rate than in the untreated control. However,
as noted previously, if these protease-inactivated MVs are
treated with detergents that permeabilize the vesicle
membrane, mineral formation then rapidly ensues (288,
457). This indicates that the lag period is a rate-limiting
step that represents the inability of mineral ions to pass
through the vesicle membrane and reach the nucleational
core. In modeling MV mineralization using liposomes
encapsulating Pi-buffered intracellular electrolytes (See
Section 18), Blandford et al. explored several methods for
enabling Ca** to enter the liposomes (318). The most
rapid means was found to be by addition of phospholipase
A, to the incubation mixture; it triggered almost
immediate rapid uptake of *Ca®. Since latent
phospholipases are evident in MVs, activation of these
enzymes would be natural way to breach the membrane
block. In fact, in studies of changes that occur in MVs
during mineral formation, Wu et al. found that
phospholipids levels began to decline upon introduction of
the MVs into the SCL, accompanied by increased levels of
FFA and 1,2-DAG  (207). This is evidence of
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phospholipase activity, which would increase membrane
leakiness and allow entrance of Ca®" and Pi. Thus, the
event that signals the end of the lag period appears to be
partial degradation of the MV membrane brought about by
activation of endogenous phospholipases. This allows
access of Ca®" and Pi to the nucleation site, which then can
initiate rapid onset of mineralization.

15.2.3. Stage 3 — the induction phase

However, approaching the end of the lag period
there is a transient sharp decline in the Ca**/Pi uptake ratio
from ~1.5 to 1.25 (Figure 16B) (57, 455). This is
indicative of conversion of ACP to crystalline OCP. In
fact, for the induction of rapid mineral formation, two
conditions need to be met. First, there must be a means by
which the extravesicular Ca®* and Pi can gain access to the
nucleation core. Second, there needs to be present within
the MV lumen crystalline nuclei that can engender crystal
growth. FT-IR analyses reveal subtle conformational
changes in MV structure during this period — apparently
caused by induction of the first crystalline nuclei (387).
Two factors can prevent the conversion of the ACP-
containing nucleational core to OCP crystalline nuclei: 1)
elevating the pH of SCL to 8.0 (77), which delays
induction indefinitely; or 2) incorporation of Mg®* (131,
137), which delays onset of rapid mineral formation for at
least 1012 h. In typical MV mineralization induction of
rapid mineral formation occurs within 1-3 h after
exposure of the vesicles to the extracellular fluid.

15.2.4. Stage 4 —the rapid acquisition phase

After induction has occurred, rapid acquisition
of both Ca*" and Pi ensue. This phase corresponds to the
proliferation of the first crystalline mineral phase — an
OCP-like, HPO,*-containing calcium phosphate mineral
(387). The Ca*'/Pi stoichiometry of ion acquisition during
this rapid mineral formation period is close to 1.33,
characteristic of OCP (450, 457). Both FTIR and FT-
Raman spectroscopic analyses of this early mineral phase
are consistent with the formation of a poorly-crystalline
OCP-like mineral (Figure 10) (387-388). This stage
generally lasts for 2-3 h (Figure 16A) and coincides with
rapid OCP formation. The acquired **Ca*" by the MVs is
not exchangeable with ion-exchange resins until the
beginning of the plateau phase (67), indicating that it must
occur within the vesicle lumen. This is supported by the
fact that the ionic environment within the vesicle lumen
would favor growth of OCP in preference to HAP. The
fluid is rich in Mg®" and Pi (63, 64), and contains low
levels of Zn?* (317) — a combination of factors known to
suppress HAP and favor OCP-crystal formation (385). It
is also evident that the acidic phospholipid-rich inner
membrane, in combination with the MV annexins,
facilitates growth of OCP-like crystals along the
membrane fluid interface. Crystal growth within MVs is
typically seen in close association with the vesicle
membrane (2). Such crystal growth, in conjunction with
Ca*"-activated phospholipases, would lead to further
destabilization and rupture of the vesicle membrane.
Crystal growth is also closely associated with TNAP,
whose catalytic activity declines progressively as
mineralization ensues (76).
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15.2.5. Stage S — the plateau phase

At the end of the rapid uptake phase there is an
extended period of slow accumulation of both Ca** and Pi,
with gradually rising Ca**/Pi uptake stoichiometry (Figure
16A) (57, 65, 449, 455). The plateau phase appears to
coincide with the complete breaching of the vesicle
membrane and direct exposure of the nascent crystals to
the extravesicular environment. This interpretation is
based on the finding that only after this point does the
acquired Ca”" become readily exchangeable with ion-
exchange resins (67). The nature of the mineral phase
formed during the plateau phase is a poorly crystalline
HAP; FTIR patterns confirm that it is HAP formed from
an OCP precursor, rather than from ACP (Figure 10). The
obvious decrease in the rate of mineral ion uptake relates
to several factors: 1) the progressive depletion of mineral
ions available from the SCL, 2) the apparently slow,
gradual dismutation of the OCP to HAP, and 3) the
adsorption of MV regulatory proteins to the growing HAP
crystals. Typically, during 24 h incubation, at most 30-
40% of the original Ca*" and Pi in the SCL become
incorporated into the newly forming mineral (57, 65, 385,
449, 456). In contrast, if pure HAP crystals are seeded
into protein-free SCL, acquisition of about 70% of the
mineral ions occurs during a similar incubation period.
This marked difference suggests that various factor(s)
associated with MVs limit the extent of crystal growth.

16. THE NUCLEATIONAL CORE: THE DRIVING
FORCE IN MV Ca’* AND Pi ACCUMULATION

A key question with regard to MV mineralization
is what drives the accumulation of Ca>* and Pi by MV? At
the outset, let it be stated that it is highly doubtful that
ATP-driven active transport processes are involved. This
conclusion is based on several facts. First, as has been
already argued, the orientation of the Ca’’/Mg?" ATPase
pump in the vesicle membrane would be facing outward —
favoring loss, not gain, of Ca®". (There is no evidence that
the plasma membrane becomes everted during MV
formation.) Second, while there is strong evidence for the
abundant presence of Na'/K'-ATPase pump proteins in
MVs — based on proteomic studies (78), it is obvious that
they are not operative. Third, there is insufficient ATP in
the extravesicular fluid to power such an ion pump (302).
Supporting this contention is the finding that MVs have
high levels of Na* and low levels of K (63), the opposite
of what would occur if the Na'/K' pump were operative.
Thus, the most logical force for driving Ca®" uptake by
MVs is the nucleational core, which provides “sink
conditions” — i.e. by reducing the ion activity of Ca>" within
the vesicle lumen to levels significantly lower than those in
the extravesicular fluid. MVs create sink conditions by
forming an insoluble, metastable Ca**-Pi phase within the
vesicle lumen. Strange as it may seem, while fotal Ca** (65
+ 8 mM) levels in newly formed MV are much higher than
those in the extravesicular fluid (3.2+0.5 mM) (63), the
ionic activity of Ca*" in the MV lumen is much lower.
Based on in situ confocal imaging of MVs, the Ca®'
activities are 7.4 £ 0.3 micromolar (306). These levels are
far lower than the 1,000 + 200 micromolar (i.e. 1.0 + 0.2
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Figure 17. Effect of Zn*" Levels in SCL, and Counter-
Effects of o-Phenanthroline (OP), on Matrix Vesicle Ion-
Loading in vitro. **Ca®*" accumulation was used as an
indication of MV mineralization. Ca®" uptake was assayed
by incubating collagenase-released MV samples (80
micrograms protein) in capped polypropylene test tubes
with 2 ml of **Ca**-labelled SCL (1 x 10° dpm/ml) using a
constant temperature (37 °C) shaker bath. At timed
intervals, 0.1-ml aliquots of the SCL incubations were
sampled by rapid vacuum microfiltration (57) and assayed
for radioactivity by liquid scintillation counting. 17A —
Inhibitory effect of graded levels of Zn>". ZnCl, was
added from a stock solution to achieve the final
concentrations (2-20 microM). Shown are data for 0
microM (open circles), 2 microM (closed triangles) and
5 microM (closed circles) Zn**, the lowest concentration
required for complete inhibition. The inhibitory effect of
Zn** was to extend the lag period (i.e. delay the onset)
and reduce the rate of mineral formation. 17B — Rapid
counter-effects of OP on Zn®' inhibition. The control
MVs with no Zn>" or OP additions show typical rapid
*3Ca”" uptake (open circles). MVs fully inhibited by 20
microM Zn** (closed circles) were treated at 4 h with
100 microM OP, a potent Zn*" chelator (closed squares)
initiating almost immediate restoration of mineral
formation. At 6 h, addition of 100 microM Zn*" (open
squares) obviously blocked recovery of *Ca*"
accumulation. Each point is the mean + SE (n = 4).
(Adapted from (317) with permission from Elsevier.)

mM) Ca*" activity present in the extracellular fluid (339).
Thus, the vast majority (~99%) of Ca*" in MVs must be
tied up in insoluble forms (64); these are embodied in the
nucleational core.

2855

16.1. Discovery of the nucleational core

A long series of observations ultimately led to
the discovery that it was the presence of a nucleational
core that drives MV Ca”" and Pi accumulation. The roots
of the discovery of the nucleational core go back to 1977
when it was first documented that MVs contain sizeable
amounts of Ca*, Pi, and other mineral ions (63); this
mineral was amorphous to x-ray diffraction (Figure 9),
and occurred in various solubility states (64). A
significant breakthrough occurred in 1986 when the
marked acid lability of the mineral in MVs was first
documented (66). The mineral was shown to be inside the
vesicle lumen, and when lost, the MVs would not
mineralize (67). Ca®" uptake by MV was shown to be
highly sensitive to pH, being limited to a range very
similar to that observed with ACP (77). The next step was
a major improvement in MV isolation, yielding purer,
highly active, mineralization-competent vesicles (76).
Importantly, the ability of these MVs to induce mineral
formation could be readily ablated by chymotrypsin.
Amazingly, if these damaged vesicles were then treated
with detergents, their nucleational competence was
restored (288). This series of observations led to the
conclusion that a “nucleational core” was responsible for
accumulation of Ca>" and Pi by MVs.

The discovery process evolved in this way. First,
one of the most effective ways to prevent Ca>* ion uptake
by isolated MVs was to briefly (ca. 10 min) expose them to
isosmotic, pH 6 citrate buffer (66). After this simple
treatment, their ability to accumulate Ca®>" (and Pi) was
almost totally abrogated. Such treatment was shown to
remove 80-85% of the total Ca®>" and Pi from the vesicles
(67). These findings revealed that the main contributor to
the driving force for Ca®* uptake must be an insoluble, but
highly acid-labile Ca**-Pi-rich phase. Second, it was found
that accumulation of mineral ions by MVs from SCL only
occurred within a very narrow pH range — between 7.4-7.8
(77) (Figure 18A). Either below or above this range, the
rate of Ca®" uptake was dramatically reduced; for example,
at pH 8.0 there was simply no uptake of **Ca*" by MVs.
(In contrast, upon seeding of HAP at pH 8.0, there is a
slow, steady accumulation of $Ca® for at least 24 h 77)).
On the other hand, it became evident that below pH 7.4, the
solubility of the mineral phase in MVs was too high to
reduce Ca®" activity in the intravesicular fluid to levels that
enabled Ca®" acquisition. Above pH 7.8, it was evident
that the stability of this phase was so great that it could not
convert to a crystalline state that could acquire additional
Ca®*. Between pH 7.6 and 7.8 this phase exhibited optimal
low solubility and sufficient metastability to support rapid
Ca*" and Pi acquisition from the extravesicular fluid. Tt is
physiologically significant that the pH of the extracellular
fluid in the hypertrophic region of the growth plate is
poised at 7.6 (63, 339); this is the center of the active pH
range for MV mineralization. Third, the only known
calcium phosphate phase with the properties described
above is ACP (amorphous calcium phosphate) (444).
However, in intact MVs, ACP is in a hidden form not
readily discernible with FT-IR or FT-Raman (387-388) or
X-ray diffraction (63). It was only
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Figure 18. Effect of pH on Rate and Amount of Mineralization by MVs and the MV Nucleational Core. 18A — MV
mineralization. CRMV were incubated in **Ca*'-labelled SCL at a Ca>*/Pi molar ratio of 1.30 and a Ca®" x Pi ion product of
2.63 mM>. The pH of the incubation medium was varied from 7.0 to 8.0 in increments of 0.2 pH units. Left Panel — Time
course of **Ca®" accumulation. During the early stages of rapid uptake (<5 h) pH 7.6 exhibited the fastest rate of uptake; pH 7.8
was most rapid after 5 h. Right Panel — pH profile of *Ca®" accumulation. Note the extremely narrow range in which MVs are
able to accumulate *Ca®*, and that at pH 8.0 uptake essentially ceased. 18B — Mineral formation by the MV nucleational core.
CRMV were extracted with 0.5% Triton X-100 at RT for 10 min. The mixture was centrifuged to sediment the insoluble
residue (the nucleational core). **Ca*" deposition was studied under the same conditions as in 18A. (Note that the pH effects on
the nucleational core are almost identical to those of native CRMV.) (Adapted from (77) with permission from Elsevier.)
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MV Pellet A (10 mg Lowry protein)

v

Pellet B

Supernatant A

Pellet C

Supernatant B

Supernatant C Pellet D

Supernatant D Pellet E
v

Supernatant E Pellet F

1. Digest with hyaluronidase
(125 units Type IS, Sigma in 2.5 ml SCL for 25 min at 25°C)
2, Centrifuge
(210,000 x g for 30 min, Beckman SW50 rotor)

1. Extract with distilled deionized water
(2.5 ml for 25 min at 25°C)

2. Centrifuge
(210,000 x g for 30 min, Beckman SW50 rotor)

1. Digest with pure collagenase (70 units form I,
Advance Biofacture, in 2.0 ml 10 mM Tris buffer (pH 7.5),
150 mM NaCl and 5 mM CaCl; for 3 h at 37° C)
2. Centrifuge
¥ (210,000 x g for 30 min, Beckman SW50 rotor)

1. Extract with high salt
(2.0 ml in 1.0 M NaCl in SCL for 25 min at 25°C)
2, Centrifuge
(210,000 x g for 30 min, Beckman SW50 rotor)

1. Extract with detergent**
(1% CHAPS in SCL for 20 min at 25°C)
2. Centrifuge
(210,000 x g for 30 min, Beckman SW50 rotor)

1. Resuspend in SCL containing 1 mM Ca®*

** In some experiments, 0. 5% Triton X-100 was used in place of 1% CHAPS.

Figure 19. Sequential Extraction Scheme for Isolating the Nucleational Core of MVs. Collagenase-released MVs (CRMVs)
(61) were used for the isolation of the nucleational core. This fractionation scheme was used to remove nonessential materials
from the vesicles and reveal the functionally active nucleational core. (Originally published in (457) by the American Society

for Biochemistry and Molecular Biology.)

by careful biochemical dissection of the nucleational core
from isolated MVs that the true nature of the nucleational
complex was revealed.

16.2. Isolation of the nucleational core

The following chemical dissection procedure
describes how the nucleational core was isolated (Figure
19) (288, 443, 457). It entailed sequential extraction of
active MVs: 1) with hyaluronidase to remove hyaluronate,
2) with water to dissociate proteoglycan link and core
proteins, 3) with pure collagenase to remove attached
collagens, and 4) with 1 M NaCl to dissociate other
vesicle proteins. (Critically, the 1 M NaCl had to be made
in Ca®-containing SCL to prevent dissolution of the
ephemeral mineral.) Finally, 5) a detergent, e.g. CHAPS,
was used to remove MV membrane phospholipids. The
properties of the nucleational core isolated by this
procedure — taken with data from the preceding studies —
revealed that this was the material responsible for
induction of mineral formation by MV.
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16.3. Chemical characterization of the nucleational
core

What are the morphological, chemical and
physical properties of the nucleational core? While the
just cited studies revealed much of what is currently
known about this ephemeral material, much more is now
understood.

16.3.1. Electrophoretic Analysis of Proteins of the
nucleational core

Proteins remaining in the nucleational core appear
to contribute significantly to its ability to lower the
intravesicular Ca®" ion activity. The most obvious of these
are the MV annexins. And indeed, SDS-PAGE
electrophoretic analysis of the nucleational core reveals that
AnxAS5 is the main protein component (Figure 20). AnxAS
has been shown to bind to Ca’" in the presence of acidic
phospholipids with a dissociation constant in the range of 5 x
10”7 M (Figure 5) (60). Taken with its abundance in MVs (78),
it is evident that it could trap significant
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Figure 20. SDS-PAGE Analysis of the Proteins Present in
CRMV and in the Various Sequential Subfractions.
CHAPS (1% in SCL) was used as the detergent. The
capital letters above the gel correspond to those shown in
Fig. 19. Pellet A, original CRMV; Pellet B, after digestion
with hyaluronidase (not shown); Pellet C, after extraction
with deionized distilled water; Pellet D, after digestion with
collagenase; Pellet E, after extraction with 1 M NaCl in
SCL; Pellet F, after extraction with CHAPS. Supernatant
A, after digestion with hyaluronidase; Supernatant B, after
extraction with deionized distilled water; Supernatant C,
after digestion with collagenase; Supernatant D, after
extraction with 1 M NaCL in SCL; Supernatant E, after
extraction with CHAPS. Note the selective removal of
proteins (seen in the supernatants) by the sequential
extraction steps. Note in Pellet F' the much cleaner and
simpler protein pattern of the NC (Pellet F)) compared with
that of the CRMV (Pellet A). Note that the dominant
protein in the NC (Pellet F) is the 33-kDa AnxAS.
(Originally published (457) by the American Society for
Biochemistry and Molecular Biology.)

amounts of Ca>". Importantly, Pi was shown not to interfere
with the formation of these ternary PS-Ca’’-annexin
complexes (Figure 4C) (61). Before development of the
procedure for isolating the nucleational core an earlier type of
biochemical dissection of MVs revealed that the MV
annexins can only be removed by using powerful Ca®"-
chelating agents such as EGTA (Figure 4A) (60, 61). Further,
this family of proteins is uniquely able to be partitioned into
organic phases under highly acidic conditions, revealing their
amphipathic nature (93). In fact, the annexins cannot be
removed from MVs without destroying the ability of the MVs
to mineralize. Thus, it is not surprising that AnxAS5 was the
major protein in the nucleational core.

16.3.2. Chromatographic analysis of lipids in the
nucleational core

On the other hand, the detergent, CHAPS used
to expose the nucleational core, extracted nearly all of the
resident phospholipids. The only lipids that remained
were free cholesterol and an unidentified lipid. After 1M-
NaCl treatment, CHAPS displaced most of the
phospholipid. (Another detergent, Digitonin, while
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removing most of the cholesterol, left the nucleational
core phospholipids intact.) However, the fact that the
nucleational core was still functional after CHAPS
treatment indicates that CHAPS must have substituted for
the phospholipids in the core structure, somehow
preserving its activity. However, in the native
nucleational core, significant amounts of PS-CPLX are
present. About 10% of the total Ca®* and Pi in MV is in
the form of organic solvent-soluble PS-ACP complexes
(64); the great majority of the Ca*" (85-90%) and about
half of the Pi and Mg*" in MV are insoluble in organic
solvents — i.e. present as non-lipid-soluble complexes. It
is now evident that the PS-ACP complex (PS-CPLX) is a
key component of the nucleational core of native MVs.

16.4. Physical characterization of the nucleational core

Several types of physical measurements were
made on the CHAPS-isolated nucleational core. TEM and
FTIR, as well as *'"P-NMR and its solubility properties
were used to analyze the structure of the nucleational core
(443, 457).

16.4.1. Transmission electron microscopy (TEM)

TEM reveal that the nucleational core is
composed of aggregates of particles ~110 nm in diameter,
with ~1.0 nm diameter subunits apparently composed of
clusters of Ca?* and Pi ions (457). The ~1.0 nm diameter
of the subunit is similar in size to the core structure of
ACP measured by radial distribution function analysis
(458). This finding supports the conclusion that ACP is a
major component of the nucleational core. There was no
evidence for the presence of crystalline mineral in the
nucleational core.

16.4.2. FT-IR analysis

FT-IR spectral analysis of the nucleational core
revealed the presence of a number of characteristic
features: strong, sharp C—H stretch bands (2922 and 2851
em™") characteristic of acyl chains (lipids), strong amide
bands (~1654 and ~1545 cm™') characteristic of proteins, a
strong P-O stretch band (1054 cm™') characteristic of all
calcium phosphate minerals, and a broad, unsplit P-O
absorption band (~558 cm™') characteristic of ACP (Figure
21). These data reveal chemical features that distinguish it
from those of the MVs from which it was isolated. The
most obvious difference is the marked increase in the
intensity of the unsplit P-O absorption band at ~558 cm™
and the strong P-O stretch band at ~1054 cm'; these
absorbencies finally reveal the obvious presence of ACP in
the nucleational core — in contrast to its being masked in
intact MVs. Further, the strong absorbencies at ~1654 cm '
and ~1545 cm™' represent the amide-I C=0O stretch bands
and the amide-II N-H stretch bands, respectively, clearly
show that significant amounts of protein are also present in
the nucleational core. The C—H stretch bands at 2922 and
2851 cm™! are not as intense as those in native MVs, in
agreement with the reduction in lipids evident in TLC
chromatograms of the nucleational core. Further, the sharp
strong bands at 3507 and 3441 cm' evident in the
nucleational core, but not native MVs, appear to be due to
the presence of the three hydroxyl moieties in the sterol
nucleus of the CHAPS detergent. This supports the
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Figure 21.
Obtained by CHAPS Treatment. CRMV  were
sequentially extracted to yield the CHAPS-NC as
described in Fig. 19 and lyophilized. Approximately 1 mg
was incorporated into ~300 mg KBr, compressed into a
transparent pellet and examined by FT-IR. (In addition to
the various lipid and protein structures identified in the
text, in particular, note the unsplit strong absorption band
at ~558 em™’, typical of ACP.) (Reproduced from (443)
with  permission from Informa Medical and
Pharmaceutical Science.)

FT-IR Analysis of the Nucleational Core

contention that the detergent displaced phospholipids in
the nucleational core. The intense broad band at 3332
cm ' represents the presence of tenacious water, despite
vacuum drying.

16.4.3. *'P-NMR analysis

The mineral initially present in MVs was also
studied by solid-state, magic-angle *'P-NMR using proton
cross-polarization (Figure 22) (457). A distinct central
peak at 3.2 ppm characteristic of all calcium phosphates,
including ACP, OCP or HAP, was evident, but x-ray
diffraction studies of either isolated MVs (Figure 9C) (63)
or the nucleational core (457) showed no evidence of
crystallinity. The cross-polarization spinning sideband
pattern was highly distinctive and matched that of the PS-
CPLX; it did not resemble that of any of the known
crystalline calcium phosphates (459-460). By
measurement of the relative size of the central peak and
the spinning sidebands and comparing them with known
mixtures of ACP and PS-CPLX, it was estimated that only
about 8-10% of the total MV-P was as the PS-CPLX; the
bulk, about 90%, was present as ACP. The proportion of
MV-P present as CPLX closely agrees with the ~5-10%
value obtained by solvent partition of MV by Wuthier and
Gore (64) noted earlier.

16.4.4. pH Sensitivity of the nucleational core

One of the most effective ways to destroy the
nucleational core is to expose it to isosmotic, pH 6 citrate
buffer (288). After this simple treatment, its ability to
induce mineral formation was totally destroyed. This
reveals that it is highly sensitive to even mildly acidic
conditions. On the other hand, at pH 8, the nucleational
core is highly stable and insoluble. As was discussed
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earlier, the nucleational activity of the MVs and the
nucleational core is operative only within a very narrow
pH range — between 7.4-7.8 (77) (Figure 18B). Either
below or above this range, its ability to nucleate mineral
formation is dramatically reduced. Below pH 7.4, the
solubility of the nucleational core is too high to accrete
Ca®" and Pi from the intravesicular fluid to enable crystal
growth. Above pH 7.8, the stability of the nucleational
core is so great that it can not convert to a crystalline form
that could acquire additional Ca™'. Only between pH 7.6
and 7.8 does the nucleational core exhibit sufficiently low
solubility and adequate metastability to induce rapid
mineral formation. As noted previously, the extracellular
fluid at the site of calcification in the growth plate in fact
has a pH of 7.6 (63, 339); this enables a maximal rate of
mineral formation. Thus, in accord with all the data just
presented, the solubility properties of the nucleational core
also match those of ACP (444); but the story gets more
complicated.

16.5. Summary of nucleational core structure and
composition

To summarize, SDS-PAGE electrophoresis, X-
ray diffraction, TEM, FTIR and *'P-NMR findings — as
well as the solubility properties of the nucleational core —
all clearly indicate that ACP is a major component of the
nucleational core. Localized within the vesicle lumen, this
quasi-stable highly hydrated solid phase of amorphous
mineral forms the bulk of the nucleational core. However,
3P-NMR and the early solvent partition assays indicate
that only about 10% of the Pi is present in the form of PS-
CPLX. Off hand, this small percentage suggests that PS-
CPLX would have little to do with nucleation of mineral
formation. However as we shall soon discover, this small
critical amount of PS-complex is the trigger for mineral
nucleation. The insolubility of the nucleational core is the
initial driving force for Ca®* and Pi accumulation. Its
metastability is what enables the nucleational core to
convert to crystalline OCP and drive rapid mineral
formation.

17. RECONSTITUTION OF THE NUCLEATIONAL
CORE: ROLE OF PS-Ca’*-Pi COMPLEX (PS-CPLX)
IN MV CRYSTAL NUCLEATION

To fully understand how the native MVs work, it has
been necessary to take them apart and put them back
together again. Being able to chemically dissect and then
reconstitute MVs and their key components provides
assurance that a proper understanding of the modus
operandi of these intriguing biological nanostructures has
been achieved. After it was possible to consistently isolate
functionally operational MVs that induced mineral
formation in a predictable manner in an ionic environment
closely matched to that occurring in the native tissue, it
became possible to disassemble the native vesicles by
biochemical dissection. As noted previously, this led to the
important discovery that a nucleational core exists in MVs
that enables them to induce mineral formation — even in the
absence of the protective environment of the vesicle lumen.
The next challenge was to reconstruct from pure
components a functional nucleational core that was capable
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Figure 22. Solid-State *'P NMR Analysis of Native
CRMV. Lyophilized CRMV (10-20 mg) were packed into
7-mm Doty Scientific SiNj rotors, spun at 2 kHz, stabilized
to a precision of = 1 Hz, and recorded at RT. Solid-state
3P NMR spectra of the CRMV and synthetic PS-Ca**-Pi
complex were obtained using a Varian Unity+ spectrometer
operating at 121.42 mHz for *'P. Pulse widths were 4.4 ps,
and a contact time of 2.5 ms was used. Chemical shifts
were referenced to external H;PO, at 0 ppm (581). Bloch
decay and cross-polarization pulse sequences were
employed with high proton decoupling: 10-s recycle time
was used for Bloch decay; 3-s times were used for cross-
polarization experiments. 22A — CRMV, Bloch decay; 22B
— CRMV, proton cross-polarization; 22C — PS-CPLX,
proton cross-polarization. Note the marked increase in
intensity of the spinning sidebands in B compared to A,
when subjected to proton cross-polarization. Note the close
similarity in the position and relative intensity of the
spinning sidebands of the CPLX and CRMV upon proton
cross-polarization. The large central band in 4 and B is due
to the presence of ACP. Based on the relative intensity of
the central peak and the sidebands, compared to known
mixtures, ~8% of the P in the CRMV is composed of the
CPLX. (Originally published in (457) by the American
Society for Biochemistry and Molecular Biology.)

of inducing mineral formation of a type and character that
matched that of the native vesicles. The final challenge to
demonstrating that the mechanism of MVs was truly
understood was to reconstitute functional synthetic vesicles
(liposomes) from pure precursors that were capable of
inducing the same mineral type produced by native MVs.
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This has been largely accomplished, although there will
always be room for continued refinements to make the
constructs match ever more closely the native structure.

17.1. Reconstitution of the nucleational core

The discovery of the nucleational core (NC)
prompted attempts to reconstitute it from known pure
materials. This required extensive characterization of its
components (288, 457). As already noted, these studies
revealed that key components of the NC were: ACP,
AnxAS5, and PS-CPLX. Also evident were regulatory
factors that alter the rate at which the NC could induce
mineral formation. A key regulatory component was found
to be Mg, the principal intracellular divalent cation.
Another important factor was the lipid composition of the
NC; for example, PS was the most efficacious lipid.
Dilution of PS with other phospholipids normally present in
MVs, or nonpolar lipids such as free cholesterol, had a
progressively inhibitory effect on the activity of the
synthetic NC. The first effort to reconstitute the NC was
made in 1996 by Wu et al. (443), who centered on the PS-
Ca®"-Pi complex. Various pure lipids, electrolytes and
proteins were combined to form a synthetic nucleationally
active complex, analyzing its rate and extent of mineral
formation. While inclusions of PE or SM with PS were
strongly inhibitory, co-incorporation of AnxAS5 increased
nucleation activity, but much more was needed to refine the
reconstruction of the physiological complex.

17.2. Mathematical analysis of the kinetics of mineral
formation

It was not until a decade later that a systematic
attempt was made to reconstitute the NC using a
biomimetic approach. To accurately ascertain the effects of
each permutation, a more precise method for measuring the
onset time, the kinetic rate and the amount of mineral
formed needed to be devised. This led to the development
of a high throughput method for studying the kinetics of
mineral formation using in vitro modeling of MV
mineralization (332). The method was based on light
scattering by nascent crystallites at 340 nm (461) that
enabled monitoring of mineral formation at regular
intervals without disturbing the system using an automated
plate reader. It yielded precise replicate values that
typically agreed within <5%. Using a Mg”"-containing
biomimetic PS-CPLX as the nucleating material, it was
found that mineral formation followed a sigmoidal pattern
— as it does with authentic MVs. There was a quiescent
induction period; then rapid formation ensued for a limited
time; this was followed by a distinct decline in rate that
continued to slow, ultimately reaching a maximal
asymptotic value.  Key to quantization of mineral
formation was the use of first-derivative analysis that
defined the induction time, the rate, the length, and the
amount of initial mineral formation (Figure 23). Through
use of a five-parameter logistic curve-fitting algorithm, the
maximal amount of mineral formation could be predicted
accurately.

17.3. The Physical and nucleational properties of pure
PS-CPLX
Studies aimed at reconstituting the nucleational
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Figure 23. Mathematical Analysis of a Typical Mineral Formation Curve. The sigmoidal curve shows mineral formation from 0
to 12 h incubation (large blue diamonds). The five-parameter logistic curve-fitting equation for sigmoidal curves is as follows:
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The box below the figure shows values of the five parameters for the equation that closely fit the mineral formation
curve (SSE = 3.0 x 107° As at 340 nm). From this equation, data points have been calculated (Calc.) from 5.5 to 20.0 h (small
blue diamonds). The figure also shows the first derivative (dAs/dh) curve (large pink diamonds), with superimposed lines,
green with small diamonds for the ascending (asc.) portion and red with small red diamonds for the descending (desc.) portion.
The ascending region extrapolates to the time of induction (77 = 3.79 h) at y = 0; the descending region extrapolates to the end
of the rapid formation period (RFPg = 5.87 h) at y = 0. The rate of rapid mineral formation (RMF&), the average slope of the
mineral formation curve between 7} and RFPg (0.1397 dAs/dh), is calculated by dividing the As at RPEg (0.2903) by the length
of the rapid formation period (5.87 — 3.79 = 2.08 h). The nucleation potential, the ratio (RMFR/T;) X 100, is a sensitive measure
of the potency of each nucleator. AMFy, (0.4873) (parameter d in the five-parameter equation) is the asymptotic As value,
indicating maximal mineral formation. (Reproduced from (332), with permission from Elsevier.)

core revealed that the entity most responsible for nucleation
of crystalline mineral was PS-CPLX. TEM analysis of the
pure synthetic PS-CPLX revealed extended membrane-like
structures composed of PS-CPLX units 7.6-8.0 Angstroms
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in diameter that form quasi-crystalline arrays; these appear
to be nucleating mineral (arrows, Figure 24). Evidence of
this short-range two-dimensional order comes from FT-IR
analyses which consistently
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Figure 24. TEM of PS-CPLX Showing Extended Two-
Dimensional Membrane-Like Structures with Quasi-
Crystalline Arrays of Particles. PS-CPLX was prepared
and processed for TEM examination as previously
described (131). The fresh complex was harvested by
centrifugation and incubated with SCL for ~2 h. Careful
inspection reveals that the membrane-like structures are in
fact composed of an assembly of semi-ordered particles of
PS-CPLX, ~8.5 angstroms in diameter. At various sites on
the “membrane” there are more ordered assemblies of the
particles (arrows) that appear to be sites of mineral
nucleation.. (Unpublished data from 1997.)

reveal splitting of the 560 — 600 cm' P-O bond
resonance.  Pure Mg’'-free PS-CPLX can nucleate
calcium phosphate microcrystalline mineral almost
immediately upon exposure to SCL, very much like that
induced by HAP (Figure 25) (444). Thus, while the PS-
CPLX comprises only a quantitatively minor component
of the NC (289, 458), it is vital to its nucleation properties.

17.4. Requirements for PS-CPLX formation

During MV formation, PS-CPLXs can readily
form at pH 6.7 (266), conditions like that present in the
perimeter of growth plate chondrocytes (Figure 15C). In
contrast, the ACP component of the nucleational core
cannot form at this pH and can occur only after the
vesicles are released into the extracellular fluid where the
pH (7.6) favors ACP formation. Other requirements for
PS-CPLX formation were studied recently by Wu et al.
(131) using the just described in vitro model system (332).
A key requirement in the formation of PS-CPLX is that
excess Pi must be present with the lipid before
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introduction of Ca*" (266, 443, 462). This feature occurs in
cells during formation of MVs.  There, levels of
cytoplasmic Pi are high (63) and levels of Ca®" are low
(306) — prior to Ca®" being released during the
mitochondrial permeation transition that engenders MV
formation (306, 314, 383). If Ca®" interacts with PS in the
absence of Pi, it leads to formation of 2:1 PS-Ca®*
complexes that have no nucleational activity (266, 373).
This reveals that only under circumstances in which high
cytosolic Pi is present, is it possible to form PS-CPLX in
vivo. On the other hand, addition of high levels of Ca’ to
neutral solutions rich in Pi leads to formation of
amorphous calcium phosphate (ACP) an ephemeral phase
that spontaneously converts to HA (386, 444) unless
stabilized with various agents such as Mg®" (463-464),
certain proteins (465-467), and acidic lipids such as PS
(266).  Interaction with PS during ACP formation
spontaneously leads to production of PS-CPLX (221).
However, PS-CPLXs do not form instantly when Ca"
comes in contact with PS and Pi.

17.5. Molecular rearrangements
formation

In recent studies by Wu et al. (131), micelles of
PS in a K'- and Pi-rich intracellular buffer were used to
model in vivo PS-CPLX formation. Addition of 4 Ca®" per
PS was minimally required to form nucleationally
competent complexes. During the initial 10-min “ripening”
period, light-scattering data revealed significant contraction
in the size of the nascent PS-CPLX particles. FT-IR
analyses showed that this was accompanied — not only by
major deprotonation of HPO,> to POs” — but with
rearrangement of the phosphate groups, producing features
that mimic those seen in crystalline calcium phosphate
mineral (i.e. splitting of the P—O band in the 560—-600 cm™
region (Figure 26) (131). Molecular dynamic simulations
indicated that the initial interactions between Ca®" and Pi,
and PS (i.e. its carboxyl, amino, and phosphodiester
groups) produced interatomic distances in the incipient PS-
CPLX that agreed closely with previous RDF-EXAFS
(radial distribution function x-ray-absorption fine structure)
measurements on the mature complex (468) — except for an
elongated Ca—N distance. During this critical period,
atomic rearrangements involving deprotonation of the PS
amino group, led to contraction and stabilization of the PS-
ACP complex.  Molecular simulations revealed the
following: interaction between Ca’" and the (PS-
NH;"*HPO,>")" ion-pair leads to formation of a (Ca®"+-PS-
NH;"-HPO,*)" adduct. Because of its net positive charge,
deprotonation of the PS-NH;" (pK, = 9.8) rather than the
HPO,> (pK, = 12.3) group would lead to (Ca>"-PS-
NH,HPO,*)" as a product. The electrically neutral R—
NH, group, having a pair of unshared electrons, would
interact with Ca®", forming a shortened Ca—N bond. Such
Ca—N bonding is an important feature of strong chelating
agents like EDTA, but in PS-CPLX the affinity for Ca®" is
weaker and the reaction occurs more slowly. Contraction
in the size of the polar head group would enable
construction of planar hexagonal assemblies that closely
match the lattice parameters of OCP and HAP, forming an
almost perfect nucleational agent — as was evident from the
rapidity in which mineral formation occurred upon addition

during PS-CPLX
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Figure 25. Comparative Nucleational Properties of PS-
CPLX, Hydroxyapatite (HAP) and Amorphous Calcium
Phosphate (ACP) on the Kinetics of Mineral Formation.
The effect of amount of seeding on mineral formation from
pure Mg**-free PS-CPLX, and for comparison, HAP and
ACP were studied. Shown are the increases with
incubation time in absorbance at 340 nm caused by light
scattering from the formation of mineral crystallites when
increasing volumes of nucleation seed suspensions were
added to 1 ml of SCL and incubated at 37 °C for the
indicated times. Upon addition of PS-CPLX (C) and HAP
(A) mineral formation began to occur almost immediately
after addition, regardless of the volume added. In contrast,
the timing of onset of mineral formation from ACP (B) was
strongly dependent on seeding volume. The fact that PS-
CPLX can initiate mineral formation so rapidly indicates
that it is a powerful nucleational agent, nearly as potent as
HAP itself. (Reproduced from (137), with permission
from Elsevier).
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of the PS-CPLX to SCL (Figure 25). These events
obviously occur intracellularly during the critical period
after release of mitochondrial Ca®* that sets in motion the
formation of PS-CPLX on the inner surface of the plasma
membrane and becomes incorporated into the MVs when
they are released from the cell. In the more alkaline (pH
7.5) extracellular environment, the excess Ca®" and Pi in
the nascent MVs rapidly form ACP, which becomes the
quantitatively major component of the NC. However, the
nucleational properties ascribed to the NC for crystal
formation largely reside in the PS-CPLX.

17.6. Effect of Mg incorporation on the nucleational
activity of PS-CPLX

A complicating factor in understanding crystal
nucleation is the fact that in vivo ACP and PS-CPLX both
contain high levels of Mg®" (64); this is true simply
because Mg®" is far more abundant than Ca®*" in the
cytoplasm. Mg?" stabilizes both ACP and the PS-CPLX in
the NC, inhibiting their conversion to crystalline calcium
phosphates. As noted above, Mg**-free PS-CPLXs are
almost as potent as HAP in nucleating crystal formation,
initiating mineral formation in a matter of seconds (Figure
25). Mg**-containing PS-Ca*"-Pi complexes are much less
active, requiring much more time; incorporation of a little
as 0.5 mM Mg”" is sufficient to extend the induction time
by 3 h; increasing this to 0.75 mM or higher delay
induction for many additional hours (Figure 27A) (137).
How Mg?" does this is readily apparent from FT-IR
analysis, which reveal that it prevents the formation of the
highly ordered P—O bonds evident as splitting of the 560—
600 cm™' resonances observed in all crystalline calcium
phosphates (Figure 27C).

17.7. Role of AnxAS in MV crystal nucleation

Here is where AnxAS5 has been shown to play a
critical role; its presence counteracts the inhibitory effects
of Mg*". If AnxAS5 is incorporated at the time of PS-CPLX
formation, the induction time to mineral formation can be
reduced from 16 h to only 3—4 h (Figure 28) (136). This
acceleration in nucleation is of key importance in rapidly
growing species like broiler-strain chickens where
longitudinal growth can be up to 50-60 micrometers per
hour. Since hypertrophic chondrocytes are ~20
micrometers in diameter, this means that mineralization of
2-3 cells must be completed every hour to maintain
structural integrity. How can AnxAS so greatly enhance
the rate of mineral formation? There are several important
clues. First, high resolution scanning electron micrographs
of AnxAS5 associated with PS-rich bilayers reveal an
orderly hexagonal pattern of triskelion shaped trimers on
the membrane surface (126, 128-130). Second, the
dimensions of this hexagonal pattern closely coordinate
with the dimensions of hexagonal crystal structures of OCP
and HAP. Third, at the interfacial regions where AnxAS
interacts with Ca>" and the PS polar head groups, domains
are created that apparently exclude Mg?*. This is because
in the presence of PS, AnxA5 has no affinity for Mg®" — in
stark contrast to its high affinity for Ca®* (60, 61). For
example, if AnxAS and PS micelles are co-incubated with
low levels of Ca**, they rapidly form complexes that co-
sediment with the PS liposomes. In
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Figure 26. FTIR Analysis of the Reaction Time Needed for Formation of PS-CPLX. PS-CPLX was synthesized by drying 5

mg PS in chloroform under N, to form a thin film in a test tube. Then 2 ml of KCI (150 mM)-KP; buffer (10 mM, pH 7.5) was

added; and the tube then sonicated for 1-2 min in a water bath at 25°C to form small unilamellar liposomes. Of this PS stock, 50

microliters (0.16 micromol) was diluted with 150 microliters of the KCI-KP; buffer for making 200 microliters of CPLX. Then

9.6 microliters of 100 mM CaCl, was added dropwise with constant stirring to form 6:1 Ca®>’/PS (molar ratio) complexes and
allowed to react for up to 10 min. After the indicated incubation times (see below) CPLX samples were chilled to 0°C and
harvested by centrifugation at 13,000 X g for 5 min. The supernatant fluid was decanted, and tubes were allowed to drain, wiped
to remove residual fluid and then lyophilized after freezing at —80°C. For FTIR analysis, samples of the dried pellet (1 mg) were
incorporated into KBr (300 mg) pellets formed under vacuum at 12,000 psi pressure, and then examined over a range from 4000
to 400 cm’. Spectrum 1 — PS only, 0 min; Spectrum 2 — CPLX, 3 min; Spectrum 3 — CPLX 5 min; Spectrum 4 — CPLX, 10
min. Note the similarities and the differences between the FTIR spectra of pure PS (top) with those of PS-CPLX (below) during
the early reaction period (3 min, 5 min and 10 min). From left to right, the deep, broad O—H stretching peaks at ~3450 cm™ is
due to the presence of bound water. The sharp C—H stretch peaks of the lipid chains are at ~2920 and ~2850 c¢m '; the strong
carbonyl C=0 peak of fatty acid esters is at ~1740 cm . The strong peak at 1640 cm ' of the C-NH, group in PS became split
in the CPLX samples, indicative of increased ordering. The sharp C—H scissoring peak at ~1470 cm™', and the C-O peak at
~1234 cm™" are characteristic of fatty acid esters. With increasing reaction time, the PO stretch peaks characteristic of calcium
phosphates became progressively more and more intense: the 1032 cm™! nus band of PO,*"; the 1110 cm™! nu; band of HPO,*;
and the 1063 cm ' nus band characteristic of disordered HPO,>~ in poorly crystalline biological apatitic mineral (582). Notice in
the 560-600 cm ' region of CPLX that at 3 min only a broad peak characteristic of ACP is evident. Then, barely noticeable at 5
min, but clearly evident at 10 min are two sharp peaks at ~600 and ~560 cm™', nu, antisymmetric P-O bands characteristic of
highly ordered (crystalline) calcium phosphates. It is this highly ordered two-dimensional structure that enables PS-CPLX to
become a powerful nucleational agent. (Originally published in (131) by the American Society for Biochemistry and Molecular

Biology.)
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Figure 27. Effect of Incorporation of Mg”" and Zn*" on Properties of PS-CPLX. The effects on mineral formation were assessed
by incubation in normal SCL. 27A-B — Effects on nucleational properties, the pattern of mineral formation observed when 50
microliters of PS-CPLX were seeded into SCL. 27 A — Effects of Mg2+ incorporated into PS-CPLX: 0, 0.25, 0.50, 0.75, 1.00,
and 1.50 mM are shown; levels below 0.25 mM caused no effect on mineral formation. At 0.5 mM, there was a 3 h delay;
whereas levels at 0.75 mM and higher caused complete arrest of mineral formation within the 16 h period studied. 27B — Effects
of Zn*" incorporated at 0, 1, 10, 20, 35, and 50 microM are shown; levels up to 20 microM had no significant effect on the
induction time or overall mineral formation. At 35 microM Zn*' delayed the induction time by ~3 h; at 50 microM Zn**
completely blocked mineral formation for at least 16 h. 27C — Effects on structural properties, as evaluated by FT-IR
spectroscopy: in A — the control PS-CPLX with no additions; in B — PS-CPLX in which 50 microM Zn** was incorporated; in C
— PS-CPLX formed from intracellular phosphate (ICP) buffer which contained 1.5 mM Mg*"; and in D — PS-CPLX in which 3.0
mM Mg was incorporated. While the general FTIR patterns were similar, there were significant effects of incorporated Mg**
on the P—O stretch regions typically associated with phosphate-containing minerals. Note in the two Mg>*-containing samples
the lack of splitting in the 560—600 cm™' region and that the P-O stretch complex between 1270 and 990 cm™' were significantly
different from that of the control. The Zn’*-containing PS-CPLX did not show these features. (Reproduced from (137) with

permission by Elsevier.)
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Figure 28. Effect of Annexin A5 on the Nucleation of
Mineral Formation by Mg”**-Containing PS-CPLX. PS
stock (4X, 75 microliters) was mixed with 225 microliters
of ICP buffer containing 0, 75, 150, or 225 micrograms of
avian liver AnxAS5; the volume was adjusted to 300
microliters, and then 6 microliters of 100 mM CaCl, was
added (ca. 2 mM final concentration) and stirred for 10
min. After centrifugation, the CPLX pellet was
resuspended by sonication in 300 microliters of SCL; 80
microliters of the suspension was diluted to 1 ml with SCL.
Quadruplicate 140 microliters samples were transferred to
four wells of a 96-well microplate. Mineral formation was
monitored by light scattering (461) using the multiwell
microplate assay system described by Wu et al. (457). In
the control (0 micrograms Anx 5) Mg®'-containing PS-
CPLX prepared from ICP that contained 1.5 mM Mg**
(gray circles) there was a nearly 16 h delay before the onset
of mineral formation. Incorporation of 15 micrograms
AnxAS5 (blue diamonds) caused a dramatic shortening of
the lag period from ~16 h to ~6 h; higher additions of
AnxA5 (30 microgram, green diamonds; 45 micrograms,
red diamonds) resulted in further shortening of the time to
onset of rapid mineral formation. (Originally published in
(136) by the American Society for Biochemistry and
Molecular Biology.)

contrast, if Mg is substituted for Ca®" even at much
higher levels, AnxA5 does not bind Mg®* or co-sediment
with the PS liposomes (Figures 4B—C). This is because
the coordination chemistry of Mg®" is very different from
that of Ca?" (469-471). Whereas Ca®" can form flexible
bond lengths and angles with as many as 7 different
ligands, Mg®" coordinates with only 6 ligands in a highly
rigid, precise geometry (472-473). Thus, Mg®*, because of
its rigid coordination geometry, blocks the nucleational
activity of PS-CPLX, and prevents ACP dismutation to
HAP or OCP.

17.8. Mechanism of MV nucleation of OCP

A key event occurs during the induction phase
that immediately precedes rapid mineral formation (332).
At this time the PS-CPLXs, in conjunction with AnxAS5,
come together to produce a template from which OCP-like
crystals rapidly proliferate. As previously noted, the
Ca®'/Pi stochiometry of Ca®" and Pi accumulation during
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the rapid mineral formation period is 1.33 (Figure 10;
Figure 16B), much lower than that of stoichiometric
HAP (1.67) (57, 65). In fact the stoichiometry of
Ca”'/Pi during the rapid formation period is 1.33 — very
close to the Ca®*/Pi ratio of OCP (1.33) (317, 385, 449).
However, it is evident that the initial mineral formed is
not simple stoichiometric OCP, which when mature
forms large platy crystals (474-476). Solid-state *'P-
NMR analyses of the initial mineral forms by
Glimcher’s group (477) show that the chemical shifts of
the HPO,*~ groups match those of both OCP (isotropic)
and dicalcium phosphate dihydrate (anisotropic). The
data reveal a HPO,* -rich Ca" phosphate that is distinct
from these well established crystalline phases. This is
consistent with FT-IR analyses of initial MV mineral
formation, which also indicates a HPO,> -rich mineral
phase (387). Thus, the initial crystalline phase is unique
and transient, but over a matter of a few hours
progressively converts to a non-stoichiometric,
carbonate-containing HAP with a Ca®'/Pi ratio of ~1.60
(160).

18. MODELING OF MATRIX VESICLES USING
SYNTHETIC UNILAMELLAR LIPOSOMES

The ultimate challenge in understanding how
MVs work is to reconstruct functional biomimetic models
from pure components in proportions like those present in
native vesicles. Our initial efforts involved incorporation
of pure lipids, electrolytes and protein constituents into an
emulsion made from a mild detergent, n-octyl beta-D-
glucopyranoside (318). Using dialysis in an intracellular-
like high-Pi buffer to remove the detergent, large (~300 nm
diameter), stable, unilamellar vesicles (LUV) were formed,
they encapsulated the Pi-rich buffer, and can include
proteins like AnxAS. The LUV membrane contained PC,
PS and free cholesterol (7:2:2, molar ratio); they enclosed
25-100 mM Pi, and had a ~300 nm diameter — each
simulating values found in native MVs. When these LUVs
were tested for their ability to induce mineral formation,
incubation in SCL for periods as long a 48 h caused no
“3Ca*" uptake. This documented that the LUVs were stable
and not leaky.

18.1. Effects of Ca’" ionophores on “*Ca”" uptake

To enable entrance of Ca®', various ionophores
were initially used. Mineral formation was assessed by
measuring the amount of **Ca®" uptake, as well as FT-IR
analysis of the LUVs, following incubation in SCL. If the
Ca®" ionophore, A23187 was added to SCL, rates of *Ca"
uptake occurred that were comparable to those of native
MVs (Figure 29A). After incubation of these A23187-
activated LUV for 24 h, sufficient Ca>" uptake occurred to
produce substantial amounts of mineral (318).
Significantly, the mineral formed had an acid phosphate
(HPO,*) rich, OCP-like FTIR spectrum essentially
identical to that of native MVs (Figure 29B). Thus, this
simple LUV model mimicked two key features of MV
mineral formation: 1) the soluble Pi-rich luminal fluid was
sufficient to drive Ca*" uptake, and 2) entrance of Ca®" into
this Pi-rich environment formed an OCP-like mineral just
like that seen in native MVs.
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Figure 29. Effect of Ca?* Ionophore A23187 and
Phospholipase A, (PLA,) on “*Ca®" Uptake by Liposomal
Mimics of MVs. 29A — Time-course of **Ca" uptake from
SCL by large unilamellar vesicles (LUVs) incubated for 24
h, and subsequently treated with PLA,. The LUV
suspensions (50 microliters) containing 100 mM Pi and 150
mM KCl (pH 7.2), were incubated in 1 ml of **Ca?*-labeled
SCL for the indicated time periods. Negative control —
liposomes with no additions (grey circles); positive control
— liposomes with ionophore A23187 (1.0 micrograms/ml
SCL) (green triangles). After 24 h incubation, PLA, (1
unit/ml) was added to the SCL of the LUVs containing no
ionophore (arrow) — (red squares), and incubated for the
indicated additional times. Note the almost immediate
onset of rapid mineral formation after addition of PLA,.
29B — FTIR analysis of mineral formation by the
liposomes. Shown is the FTIR difference spectrum in
which the FTIR spectrum of nonincubated LUVs was
computer-subtracted from that of LUVs incubated for 24 h
at 37°C in SCL containing A23187 (5.0 micrograms/ml).
Note the split 561 and 600 cm™' absorbencies, and the
strong absorbencies at 1032 and 1106 cm ™' characteristic of
HAP formed via OCP. These features closely match those
of native MV CaPi mineralization. Modified from (318)
with permission from Elsevier.
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18.2. Minimal effects of annexin A5 on **Ca’* Uptake
Based on the assumption that AnxAS5S was
functioning as a Ca’" channel in the MV membrane,
attempt was made to model MV Ca®" uptake using AnxA5
added to the SCL. Surprisingly, it only weakly supported
4Ca?" uptake by the LUVs (319), which was in stark
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contrast to ionophore A23187 which enabled rapid
accumulation of *Ca®*. Thinking that the protein perhaps
needed to be present within the lumen, we encapsulated the
AnxAS5 during formation of the LUVs and tested them for
their ability to take up **Ca®’. Surprisingly, even here
AnxAS5 also failed to produce significant *Ca’* uptake. At
first glance, these findings appear to be at variance with
those of Kirsch who reported that AnxA5 stimulated Ca>"
flux across liposomal membranes (478). However, in those
studies only tiny amounts of Ca®>" were accumulated
(detectable only by a Ca**-sensitive fluorescent probe,
FURA). There was no encapsulated Pi in those liposomes,
and no attempt was made to determine if AnxAS enabled
sufficient Ca>" uptake to induce mineral formation.

18.3. Effects of detergents and phospholipase A,

There were two other important findings from the
Blandford study (318). First, treatment of the Pi-loaded
liposomes with the detergent, CHAPS, greatly stimulated
4Ca?* uptake. This occurred after a 24 h control
incubation of the LUVs in the absence of detergents in
which no ¥Ca® uptake occurred. Thus, treatment with
CHAPS led to rapid and extensive uptake of **Ca*". If the
effects of CHAPS were studied sequentially with those of
ionophore A23187 in the same LUV preparation, the
effects of the two agents were additive. However, from a
physiological perspective, the most significant finding of
this study was that treatment with phospholipase A, caused
rapid and extensive **Ca’" accumulation. Again, this
occurred after a control 24 h incubation of the liposomes in
“3Ca*"-labled SCL in the absence of either ionophores or
strong detergents in which no **Ca*" uptake occurred
(Figure 29A). These findings clearly show that disruption
of the vesicle membrane is sufficient to trigger rapid Ca®"
uptake. At the time these experiments were done, AnxAS5
was thought to be an important Ca** channel in MVs (125,
479). While we were greatly puzzled by its inability to
support *Ca?" uptake by the LUVs, we had not yet
discovered the extensive breakdown of phospholipids that
occurs in native MVs when incubated in SCL (207). It is
now apparent that breakdown of membrane phospholipids
via action of phospholipase activity is an important part of
the natural mechanism for allowing Ca®" access to the
lumen of the vesicles. However, as noted above (Figure
28), reconstitution of a biomimetic nucleational core clearly
reveals that AnxAS5 exerts a potent stimulatory effect on its
nucleational activity. Its principal effect is to markedly
accelerate the onset of mineral formation by enhancing the
nucleation of OCP formation within the MV lumen.

18.4. Proteoliposomal MV Models by other groups

As noted above, Kirsch et al. (478) produced
large unilamellar liposomes for studying the ability of
AnxA5 to mediate Ca** uptake using FURA as an
indicator. Very recently, Simao ef al. reported on the
production of proteoliposomes as models of MVs for
study of initiation of skeletal mineralization (190, 479).
However, in none of these model studies was there any
measurement of the kinetics of mineral formation or of the
nature of the mineral formed by their MV models. In the
Kirsch et al. study there was no indication that the level of
Ca®" uptake caused by the incorporated AnxA5 was
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sufficient to induce mineral formation. In the Simao et al
studies, although they were able to incorporate specific
enzymes (TNAP, NPP1) into the liposomes, and show that
these enzymes exhibited appropriate activity when
incorporated (190, 479), there was no indication that these
enzymes enabled mineral formation by the liposomes. In
another recent study, MVs were isolated from cultured
osteoblasts derived from wild-type and TNAP-, NPP1- and
PHOSPHO1-gene-deleted mice and studied for their ability to
hydrolyze putative phosphosubstrates and induce mineral
formation (193). However, rather than study the ability of
intact MVs to induce mineral formation, these authors first
lysed the MVs with deionized water and then added this
lysate to a calcification medium that contained at least 3 mM
(and most likely 10 mM) AMP, as well as 2.2 mM Ca®" and
1.6 mM Pi. Given these artificial conditions, TNAP would
have generated sufficient Pi from the added AMP (plus that
from the calcifying medium) to raise the Ca®* x Pi ion product
to a level where spontaneous mineral precipitation would
occur. Freeze-clamp zonal analysis of growth plate cartilage
by Shapiro’s group (480) have shown that levels of AMP
are only 0.25-0.65 mM, values nearly 10-fold lower than
those used in this study.

19. REGULATION OF MV CALCIFICATION

Many factors are involved in the regulation of
the nucleation of mineral formation by MVs — and the
proliferation and growth of crystals in the extravesicular
matrix. Those primarily influencing MV nucleation
include: a) the inhibitory effects of Mg®', Zn*', and PPi, b)
the aforementioned synergistic effects of the MV annexins
and PS, and c) the inhibitory effects of PE and other lipid
components of the MV membrane. Those specifically
influencing subsequent crystal growth and proliferation
are: d) PPi — a powerful inhibitor of apatitic crystal
growth, e¢) the proteoglycans that encompass and limit
spread of the newly forming mineral in cartilage, and f)
the collagens that facilitate and guide crystal growth to
form the strong mineral-collagen composite typical of
bone. In addition, there are a series of mineral-regulating
proteins that bind to apatite and generally inhibit crystal
growth. The effects of nearly all of these regulators are
complex and to one degree or another affect both
nucleation and crystal growth.

19.1. Factors that primarily effect nucleation

The factors that primarily influence the ability of
MV to nucleate mineral formation will be discussed first.
Experimental studies in which these effects were most
clearly delineated were those aimed at reconstituting the
native nucleational core present in MVs (116). As a
control, ACP was prepared from a Mg*'-containing
phosphate buffer modeled after the composition of the
cytosol of growth plate chondrocytes (63); it was used as
the nucleator to which the various lipid-containing ACP
complexes were compared. Parameters studied were:
induction time, rate of rapid mineral formation,
nucleational potential and amount of final mineral formed.
In this Mg**-containing system, surprisingly, incorporation
of PS during formation of the ACP to form the PS-Ca*"-Pi
complex significantly impeded mineral formation,
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decreasing the rate of rapid mineral growth and the final
amount of mineral formed (116). However, incorporating
AnxAS5 along with PS, led to synergistic acceleration of
the onset of mineral formation and enhancement of the
rate of mineral formation — when compared with the ACP
combined with AnxAS alone (Figure 28). Thus the
marked stimulatory effect of incorporating PS in this
Mg**-containing native ACP was dependent on the co-
presence of AnxAS.

19.2. Effects of phospholipid composition

As noted earlier, by varying the composition of
the lipid mixture used in forming the annexin-containing
ACP-based nucleational complex it was documented that
pure PS was most effective in stimulating nucleation
(443). Dilution with PE, and the other lipids present in
MVs progressively reduced the effectiveness of these
nucleators. Thus, it is not fortuitous that PS is consistently
enriched in all MV preparations, and that in vivo
mechanisms (i.e. PS synthase) are in place to facilitate PS
formation — even in the absence of ATP (207, 268). Of
physiological importance, the inhibitory effect of
incorporating PE into the complex was essentially
overcome by the incorporation of AnxAS5 (443).

19.3. Stimulatory effect of different annexins on MV
nucleation

As was evident above (Figure 28), AnxAS is
important for enhancing the nucleational activity of
biomimetic Mg**-containing nucleational complexes.
Although the presence of Mg*" is ignored in many
studies, it is the major divalent cation present in all living
cells — including growth plate chondrocytes. When the
protein composition of nucleationally active MVs was
first characterized, annexins A5, A2 and A6 were
identified as being quantitatively major proteins (60, 61,
94); subsequent proteomic studies have confirmed this
and also revealed the presence of additional annexins —
Al, A1l and A4 (78, 87). One of the key features of all
of the annexins is their acidic phospholipid-dependent
Ca*"-binding  affinity. For example, half-maximal
binding affinity of Ca®* for AnxAS5 in the presence of PS
is ~5 x 107 M (Figure 5) (60). Inorganic P does not
interfere with this lipid-dependent Ca®" binding property
(Figure 4C). It was thus of major interest to determine
the ability of the different MV annexins to stimulate
mineral formation when incorporated into synthetic
nucleational complexes modeled after those present in
native growth plate MVs. In a recent study, the effects of
native chicken cartilage annexins A5, A2 and A6 were
compared with those of native human placental AnxAS5
and avian liver AnxAS (136). It was found that all of the
AnxAS5s potently activated the nucleational activity of
Mg**-containing PS-Ca®>*-Pi complexes. From a
physiological perspective, however, native avian cartilage
AnxAS5 was the most effective form of the annexins. It is
significant that avian cartilage annexin A6 was less active
than AnxAS5, and that annexin A2 had little or no
stimulatory activity.

19.4. Effects of non-apatitic electrolytes
Polyvalent electrolytes that occur as minor
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constituents of biological apatites can exert a profound
inhibitory influence on formation and growth of calcium
phosphate crystals. The three electrolytes that exert the
most direct influence on this process are Mg®*, Zn*", and
PPi — although CO;>" substitution appears to be an almost
universal biological “contaminant” that regulates apatitic
crystal size (481-484). From a biological perspective, the
key issue is the relationship between the levels needed to
significantly affect the various mineralization parameters
and the levels known to be present in biological fluids.
Here it is important to distinguish between the levels
present in blood serum (or more specifically, the tissue
lymph) and those present within the cells where MVs are
formed (e.g. growth plate chondrocytes). More relevant
still are the levels present in ultrafiltrates of these fluids,
eliminating the effects of ions bound to macromolecules
like proteins and proteoglycans or anionic phospholipids.
Even more relevant are the actual chemical ion activities
that are modulated by low molecular weight solutes like
cellular metabolites. Chemical analysis of MVs, their
constituent PS-Ca?*-Pi complexes, and the intracellular
and extracellular fluid of growth plate tissue all reveal the
presence of substantial levels of Mg®*, Zn*" and PPi. The
most relevant comparisons are between the inhibitory ICsg
values of these ions for different mineralization parameters
and the levels present in the bathing fluid.

19.4.1. Effect of Mg**

MVs are formed by growth plate cells whose
cytosolic levels of Mg®" are much higher than those of
Ca®" (Table 2) (63). Thus, all PS-Ca”*-Pi complexes
formed in vivo incorporate both Mg®" and Zn>"; in fact
analyses of the complexes present in avian MVs have
shown that Mg®" is almost as abundant as Ca®" (64). Our
recent studies have revealed that this level of Mg®" is
profoundly inhibitory to the nucleational activity of PS-
Ca®"-Pi complexes, greatly reducing their rate (Figure
27A) (137). This inhibitory effect is physiologically
important because as noted above rapidly growing species
like broiler-strain chickens have such fast longitudinal
growth that speedy nucleation is essential for mineral
formation to keep pace. Thus, delays in the induction time
of as little as 1-2 h, or 20% reduction in the rate of
mineral formation, if consistent, would lead to the
development of rickets in these birds. Mg*" is the
predominant intracellular divalent cation in all living cells.
Even during the differentiation, maturation and
hypertrophy of growth plate chondrocytes the cytosolic
levels of ultrafilterable Mg®" are over 10-fold higher than
those of Ca®". This is true at the time of heavy loading and
release of mitochondrial Ca" that triggers the blebbing of
Ca*, Pi, and PS-CPLX-primed MVs. In fact, in MVs that
form from these cells, the ratio of soluble Mg®*/Ca*" was
~9/1 (64); this level of Mg®" is sufficient to essentially
block the conversion of ACP to HAP. While the molar
ratio of Mg**/Ca®>" in the insoluble fraction was much
lower (0.15£0.03), this level was still sufficient to delay
the conversion of ACP to HAP for a matter of days (444,
463). And as just illustrated, recent studies on synthetic
PS-Ca®'-Pi complexes showed that incorporation of low,
subphysiological levels of Mg®" led to profound inhibition
of their nucleational activity (137). FT-IR analyses
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showed that Mg®" altered their structure, greatly
disordering the 560—600 cm ' region (nu, antisymmetric
P—O bending modes) characteristic of crystalline
phosphate groups (Figure 27C). Mg®" prevented the
splitting of this region, indicating destruction of the short-
range crystal-like P-O structure normally present in Mg**-
free PS-Ca**-Pi complexes. FT-IR analyses also showed
an increase in the 1062 cm™" disordered nuy HPO,* groups
and a decrease in the 1032 cm™ ordered nus PO,>~ groups
of the complex. As noted earlier, packing of clusters of
PS-Ca®"-Pi complexes in the MV membrane produces
assemblies that form sites for OCP mineral nucleation.
Mg*" obviously interferes with the ordering of P-O
resonances at these sites; however, as we have just seen, if
AnxA5 is also incorporated into the PS-Ca**-Pi
complexes, the effects of Mg®" are largely abrogated
(Figure 28) (116, 136). This is because AnxAS5 has no
affinity for PS in the presence of Mg®". It is also
important to note that when Mg®" was present in the
extravesicular lymph its inhibitory effects were far less;
supraphysiological levels as high as 2.5 mM cause
minimal delay in the onset of mineral formation (137).
These findings document that AnxAS5 is a key factor that
enables Mg®*-rich MVs to form HAP.

19.4.2. Effect of Zn**

Studies of Sauer et al. have shown that levels of
extravesicular Zn*" as low as 5 microM are sufficient to
totally block MV mineral formation (Figure 17A); this Zn**
blockage can be rapidly overcome by subsequent treatment
with the Zn®>" chelator, o-phenanthroline (Figure 17B)
(317). Paradoxically, as noted previously, analysis of MVs
revealed the presence of surprisingly high levels (1.57+0.17
mM) of total Zn?" within MVs. While most of the Zn**
(~60%) was associated with the insoluble phase, a second
phase (~40%) could be lost upon exposure of the MVs to
Ca*'-free media. Evidentally, this portion of Zn*" binding
within the MVs was Ca®*-dependent (385). However, no
Zn*" was detected in expressed growth plate cartilage
lymph using highly sensitive atomic emission spectrometry
(317). Nonetheless, this intravesicular Zn>" had minimal
inhibitory effect on MV mineralization; these vesicles
readily induced mineral formation (317). Our recent
studies confirm this (137); FT-IR analyses reveal that Zn**
incorporated into PS-CPLX has no disruptive effect on its
560-600 cm™' crystal-like structure (Figure 27C), and had
minimal effect on mineral formation (Figure 27B). Normal
levels of Zn®" incorporated into the nucleational core of
MVs did not interfere with mineral formation. On the other
hand, as noted above, the presence of low micromolar
levels of Zn®" in extravesicular lymph caused profound
inhibition of MV mineralization. The key question is how?
Blockage of the Ca®" channel activity of AnxA35 at first
seemed logical — based on electrophysiological studies by
Arispe et al. showing Zn?' blockage of AnxA5 Ca’'
conductance (125) — presumably because of tight Zn®*
binding to Ca”" sites in the ion channel. But there is a more
plausible explanation. As noted earlier, in the presence of
Ca®*, AnxAS5 trimers form planar hexagonal arrays on the
surface of PS-rich lipid bilayers (Figures 30A, 31A-B)
(129, 130). These planar arrays of AnxAS trimers appear
to be key nmineral nucleation sites on the
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Figure 30. Effect of Incorporation of Zn*" on the Crystal
Lattice Structure of Annexin AS5. 30A — Hexagonal array
of Zn**-free AnxA5-Ca®" Trimers. The hexagonal packing
closely resembles the arrangement of AnxAS observed by
Oling et al. (129) on PS-rich membranes. AnxAS5 forms a
plane of hexagonally arranged trimers; all Ca**-binding
sites are located on one face of the plane, positioned for
interaction with the phospholipid membrane. 30B — Zn?'-
containing AnxA5 trimer. A partial unit cell for the Zn*'-
containing trimer is shown. The distorted propeller-like
trimers so fomed do not assemble into a planar hexagonal
array, even though the 3-D structure of the individual
monomers is minimally disturbed. 30C — Detail of Zn**
binding site in AnxA5-Zn®*' trimer. Shown is the
coordinated binding of three symmetrically equivalent
H286 residues to a Zn*" ion (orange), which resides on a
crystallographic three-fold axis. (Reproduced from (485)
with permission from Lands Bioscience).
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PS-rich MV membrane. Importantly, in studies of the
crystal structure of Zn?-AnxA5 adducts (485), while the
3-D structure of the AnxA5 monomers is not altered, Zn**
does bind to a coordination site formed at the interface of
those monomers — three His-286 residues (Figure 30C) —
distorting the trimer structure (Figures 30B, 31C-D). This
seriously disrupted the normally planar hexagonal arrays
(Figure 31A-B), which would readily explain why
addition of o-phenanthroline can so rapidly restore mineral
formation by Zn®'-inhibited MVs (Figure 17B) (317).
Chelation of Zn?* would allow rapid reformation of the
planar AnxAS5 trimers and the hexagonal nucleation array,
because Zn>* does not alter the AnxA5 monomer structure.

19.4.3. Effect of pyrophosphate (PPi)

From a metabolic perspective, it is important to
realize that PPi is the byproduct of several key activating
enzymes in all cells — including growth plate chondrocytes
— involved in glycogen, proteoglycan, DNA and RNA
synthesis, as well as activation of fatty acid catabolism.
Most of these reactions require phosphatase enzymes to
cleave PPi, which pull the reactions forward. PPi is also
formed via NPP1 during chondrocyte and osteoblast
activity (165, 193). PPi adsorbs tightly to HAP (486-487)
and is capable of blocking crystal growth (488-490). In
fact, the concept that PPi is involved in the regulation of
skeletal mineral deposition goes back almost 50 years to
the hypotheses by Fleisch (194, 491-496). Zonal analysis
of PPi and Pi in fetal bovine tissue revealed that during the
onset of mineralization in growth plate cartilage the
amount of PPi and Pi per unit dry weight both increased,
but the ratio of PPi to Pi declined precipitously (497)
(Figure 32). While TNAP was already known to
hydrolyze PPi (178, 498), it was not established that PPi
was actually destroyed in vivo by TNAP during growth
plate mineralization. In fact, the levels of PPi in growth
plate tissue actually increase — but far less rapidly than
levels of Pi (497). Further, in hypophosphatasia, a disease
of TNAP deficiency, it was known that there was not only
defective bone mineralization, but that levels of PPi were
elevated in both urine (499) and blood plasma (500).
Studies by Ali et al. showing that TNAP is highly enriched
in MVs (53, 158) were followed by those of Register ef al.
comparing the inhibitory effects of PPi and two non-
hydrolyzable bisphosphonates (EHDP and CI,MDP) on
“Ca* and *?Pi uptake by TNAP-rich MV-enriched
microsomes (501). These studies showed that while
inhibition with EHDP and CI,MDP persisted for many
hours, inhibition by PPi did not; thus revealing that
hydrolysis of PPi by MV enzymes was able to overcome
its inhibition of apatitic mineral deposition.

However, later it was discovered that MVs isolated
from osteoarthritic cartilage or chondrocalcinosis, were
capable of depositing Ca**-PPi dihydrate (CPPD) (502).
Thus the conclusion that PPi was a key regulator of
cartilage mineralization became problematic. It became
even more so when MVs isolated from human
osteoarthritic cartilage were found to produce both CPPD
and HAP in vitro (503). While the formation of CPPD
crystals was closely correlated with the presence of
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Figure 31. Effect of Incorporation of Zn®* on the
Planarity of Annexin A5 Trimers. View of Ca'-
coordinated  trimers looking down (31A) and

perpendicular to (31B) the three-fold axis. The protein
backbone is shown in blue; Ca®" ions are shown in red and
SO,> ions are rendered as ball and sticks. This
arrangement is observed for membrane-bound annexins,
suggesting that their physiological roles depend on trimer
formation. View of Zn**-coordinated trimer arrangement
looking down (31C) and perpendicular to (31D) the three-
fold axis. The three (red, gold, blue) subunits form a tight,
warped Zn>*-coordinated trimer distinctly different from
that of the planar Ca**-coordinated trimer shown in (31A—
B). Rather than forming the open, planar assembly
observed with the AnxA5-Ca®* complex, the trimers of
AnxA5-Zn** (31C-D) form a non-planar globular
arrangement, even though the structure of the individual
monomers is not distorted. (Reproduced from (485) with
permission from Lands Bioscience).

nucleoside triphosphate pyrophosphohydrolase (NPP1 —
PC1), it became evident that formation of CPPD
required the presence of ATP as a substrate (503). The
story became even more complex with the discovery
that in progressive ankylosis (ANKH) (504-509) the
gene expressed was a defective mutant PPi transporter
in the chondrocyte plasma membrane. This defect
prevented PPi from escaping from the cytosol to the
extracellular fluid — where it would have presumably
blocked unwanted soft tissue calcification. From gene
knockout studies conducted since then it has become
progressively clear that TNAP has an important function
in hydrolysis of PPi at sites of beginning mineral
formation (162, 163). Further studies have shown that
co-knockout of PC1 and/or the ANKH gene and TNAP
can partially correct the mineralization defects caused
by the absence of each alone. While these studies are
tantalizing, the findings are not all clear cut. More will
be made of this later when several types of gene
knockout studies are considered.
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19.5. Inhibitory effects of proteoglycans on mineral
formation

Early on it was evident that proteoglycans
present in the extracellular matrix of growth plate cartilage
exerted a powerful inhibitory effect on mineral formation
(510-512). Evidence for this role came from the following
observations: a) the extracellular fluid collected from the
growth plate completely inhibited mineral growth when
seeded with mineral isolated from calcifying sites of
growth plate mineral formation; b) this inhibitory effect
could be abolished by prior treatment with hyaluronidase;
and c) the inhibitor reacted positively to antibodies to
proteoglycan (511). This work was preceded by a
systematic study of the specific interaction between
cartilage protein-polysaccharides (proteoglycans) and
freshly precipitating calcium phosphate mineral (513). It
became evident that certain components of the
proteoglycan assembly in cartilage could prevent
sedimentation of the precipitating mineral. These studies
indicated that proteoglycans confine and limit the spread of
mineral formation. They do not bind to specific sites on
the developing mineral or prevent crystal growth (e.g. like
PPi or proteins like osteonectin); they encompass the
mineral and present a powerful diffusion barrier. Calcified
cartilage exemplifies the effect of proteoglycans; it actually
has a higher percentage mineral content than true bone
(514-515) — yet half of the proteoglycan is still present in
its matrix. Clearly, significant removal of proteoglycans
does occur during cartilage calcification. It is largely
accomplished by the presence of matrix metalloproteases
(516-520) and makes room for apatitic mineral growth.
However, extensive degradation of the proteoglycans is not
required (521). Calcified cartilage stains strongly with
alcian blue, indicating that much of the chondroitin sulfate
is still present after calcification is completed.

19.6. Stimulatory effects of collagens on MV
mineralization
Early transmission electron microscopy studies

showed that the mineral crystallites of bone were in close
registration with the periodicity of type I collagen (522),
which has been repeatedly confirmed (523). Since it was
evident that these two components were intimately related
in bone, this supported the earlier hypothesis that type I
collagen was the nucleator of HAP during bone formation
(524). This compelling hypothesis held sway for at least a
decade until 1967 when the first reports were made of MVs
being the sites of de novo apatite mineralization during
growth plate development (1, 3). Subsequent studies
revealing that MVs bind tightly to type II and X collagens
present in growth plate cartilage (95) enhanced earlier
evidence that the C-propeptide of type II collagen was
somehow involved in mineral nucleation (525). These
studies were in accord with the findings that type II
collagen binds to MV proteins like AnxAS (95, 102, 402-
403). Now nearly two decades later, this topic was
reinvestigated using AnxA5-, ACP- and the PS-containing
complexes as cofactors in the mineralization process (116).
From these studies it became evident that neither type II
nor type X collagen accelerated the onset of mineral
formation. In fact, type X collagen tended to slow down
the induction of mineral formation. It became
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Orthophosphate Ratios and the Degree of Mineralization
in Successive Zones of Endochondral and Periosteal
Ossification. Leg bones (femora and tibiae) of fetal calves
were dissected and tissues from successive zones of
calcification harvested (515, 516). Immediately after
dissection (with the exception of cancellous bone, which
was washed with physiological saline to remove the bulk
of the bone marrow), the tissues were left unwashed and
immediately freeze-dried. They were then stored at RT in
a dessicator over anhydrous silica-gel until analyzed.
Pyrophosphate (PPi) was analyzed as described by Bisaz
et al. (583) using an isotope dilution technique. Shown is
the relationship between PPi/Pi ratios and the degree of
mineral deposition in successive zones of endochondral
and periosteal ossification. Note the precipitous decline in
the PPi/Pi ratio during the initial phases of endochondral
calcification, and the subsequent increase in PPi/Pi during
the maturation of bone. (Adapted in color from (497) with
permission from Springer).

apparent that while the cartilage collagens had no ability to
accelerate the induction of mineral formation, they clearly
facilitated mineral growth once it had been induced by the
PS-Ca®'-Pi complexes (116). The effects were dosage-
dependent; higher levels of type II collagen enhanced
mineral formation in a progressive manner. And, although
type X collagen delayed the onset of mineral formation,
once it had been initiated, the duration of mineral
formation was extended so that in the end it clearly
enhanced the amount of total mineral formed. It was
further observed that the presence of the non-helical
telopeptides were indeed important to the stimulatory
effects of type II collagen; pepsin treatment to removal
these telopeptides significantly reduced the ability of type
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IT collagen to stimulate mineral formation (116). These
observations confirm the long held view of Poole et al.
(525-528) that the C-propeptide of type II collagen is
important to cartilage calcification. Since type I collagen
is not significantly present in growth plate cartilage, in the
above studies it was not investigated. However, in mineral
deposition at other sites where type I collagen is a
dominant structural protein, it recently has been found that
binding of MV annexins to type I collagen enhanced
mineral deposition (144). In this study on pathological
calcification in vascular smooth muscle cells, it was
evident that calcification was mediated by annexins A2
and A6 and was dependent on type I, not type II collagen
(144).  Thus, it is now apparent that in different
circumstances interaction of different annexins with
specific collagen types appears to be required. In this
light, it would be of great interest to determine whether
annexin A6 is involved in MV-mediated mineralization of
turkey leg tendons (529), as well as in osteoblastic mineral
deposition where, again, the predominant collagen is type 1.

19.7. Effects of non-collagenous bone-related proteins

Many other non-collagenous proteins have been
isolated from bone and have been considered to be of
potential importance in regulation of HAP formation
during bone formation and/or preventing unwanted soft
tissue calcifications. While most of these bone-related
proteins have not been directly tested for their effects on
MYV mineralization, most have been studied with regard to
regulation of the general mineralization process (530).
Since the focus of this review is specifically on MV
mineralization, these proteins will not be discussed here;
however, because they have obvious importance to overall
control of mineralization, they will be mentioned. These
proteins include osteonectin (531), osteopontin (532),
bone sialoprotein (533-534), chondrocalcin (528, 535-
536), and two vitamin K-dependent gamma
carboxyglutamate (Gla)-containing proteins — bone Gla
protein (BGP) (537-538) and matrix Gla protein (MGP)
(539). Most of these proteins appear to act primarily as
inhibitors of HAP crystal growth, although bone
sialoprotein appears to have the ability to stimulate
mineral formation (540). The most recent data indicate
that phosphorylation of Ser-136 of BSP is critical for its
nucleational properties (541).

20. FURTHER EVALUATION OF THE ROLES OF
KEY MATRIX VESICLE PROTEINS

Several MV proteins and enzymes that appear to
have important roles in MV mineralization have been
subjected to gene knockout in the mouse. Although each
was described earlier, their importance to the process of
MYV mineralization warrants further discussion in the light
of these recent gene deletion studies. The proteins in mind
are TNAP, AnxAS5, PS-synthase, and PHOSPHO-1.
Further, because of its newly appreciated role in
conjunction with PHOSPHO-1 and phospholipase C; the
remarkable stimulation by phospholipase A, in liposomal
models of MV mineralization also merits further
consideration.
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20.1. Tissue nonspecific alkaline phosphatase (TNAP)

TNAP has received a great deal of attention over
the past ~40 years, particularly since the discovery of its
abundance in MVs (53). It has been the subject of
numerous reviews, the most recent being a comprehensive
and thorough review published in 2010 by Michael Whyte
(542).  Although the importance of TNAP to skeletal
mineralization has been confirmed by gene knockout
studies in the mouse, several unexpected issues have
surfaced that warrant further discussion.

20.1.1. Role of TNAP in PPi hydrolysis

There is now almost universal acceptance that a
major role of TNAP in bone is in the hydrolysis of PPi at
sites of mineral formation. This ability of TNAP is
important because PPi is such a potent inhibitor of apatitic
crystal growth. In pure TNAP knockout in mice there is
typically severe osteomalacia; simple reduction of systemic
PPi by transgenic over-expression of TNAP using ApoE-
Tnap completely prevents development of skeletal
abnormalities (543). In fact, the concept that TNAP causes
local hydrolysis of PPi is supported by studies going back
at least 35 years. Even from our group it was shown that
isolated pure TNAP had the ability to hydrolyze PPi at
physiological pH (54, 177, 544) and that in the growth plate
where TNAP is highly expressed, the ratio of PPi/Pi
declines precipitously at the site of mineralization (Figure
32) (497). Now, however, with the ability to co-delete
genes for TNAP and related PPi-generating or -transporting
proteins in mice (165, 543), the key role of TNAP in
skeletal mineralization is well established. Yet, although
hypophosphatasia often displays increased excretion of PPi
accompanying skeletal osteomalacia (542), recent findings
by Yadav et al. (545) reveal that in PHOSPHO1 deficiency,
reduction of circulating PPi does not overcome the
mineralization deficit. ~ Similarly, while co-deletion of
NPP1 or ANK with TNAP largely prevented the vertebral
osteomalacia induced by knockout of TNAP (182, 183,
546), mineralization of the appendicular skeleton was not
fully normalized. Sustained osteomalacia of the long bones
persisted, despite major improvement in the axial skeleton
(162). These studies reveal that TNAP is involved in more
than simple removal of PPi from mineralization sites in
appendicular long bones.

20.1.2. Additional roles of TNAP

There is another paradox in hypophosphatasia. In
TNAP knockout, mineralization of the developing skeleton
is typically normal at birth (542). Somehow the maternal
support system within the intrauterine environment enables
normal mineral formation despite the fetal genetic defect.
In these TNAP gene-ablated mice, despite the progressive
osteomalacia, ultrastructural analysis reveals that in the
growth plate, within MVs there are nevertheless normal
amounts of mineral formed (289). However, the mineral
fails to propagate from the protective enclave within the
MVs. These findings indicate that skeletal mineralization
must be a two-step process: 1) the de novo induction of
mineral formation within the protective enclave of the MV
lumen, and 2) the propagation of induced mineral into the
extravesicular matrix — a concept expressed by Anderson in
his recent review of the role of MV in osteogenesis (547).
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Thus, TNAP is not required for the induction step, but is
essential for propagation of the apatitic mineral. Even in
the absence of TNAP, normal mineral formation appears to
occur within MVs. While it has been assumed that the lack
of TNAP allowed persistent ambient PPi to block mineral
crystal growth away from the MV nucleation site, the
recent studies of Yadav et al. (545) show that this is not an
adequate explanation. (From a thermodynamic perspective,
once HAP crystals are formed, by a process of secondary
nucleation, ordered nanoscale ion clusters are shed from the
surface of these crystals and enable rapid spread of mineral
formation — provided that crystal growth is not blocked by
an inhibitor such as PPi.)

However, here we need to consider an even
earlier enigmatic study on the die-off of TNAP during MV
mineralization. Over 20 years ago we reported that during
MV-induced mineralization there is a concomitant die-off
of TNAP activity (76). We have repeatedly observed this
phenomenon, but no other group has either confirmed or
refuted it; nor has a satisfactory explanation been provided.
However, now taken together with the above-stated failure
of mineral to spread from the MV lumen, it is evident that
TNAP must have yet another role — the extravasation of
mineral from within the MV lumen. But in so doing,
TNAP loses its enzymatic activity. The most obvious
explanation of this phenomenon is that crystal growth from
the MV lumen proceeds through and damages the structure
of TNAP, leading to its denaturation. When we made this
discovery, we attempted revive the activity of TNAP after
mineralization had occurred by first removing the mineral
using EDTA treatment, followed by restoration of the Zn*"
and Mg®" that are known to be crucial to its enzymatic
activity (76). We could only partially recover TNAP
activity, indicating that mineral formation caused
irreversible damage to the TNAP. Exactly how this occurs
is currently unclear, but probably involves the Ca*"-binding
(174, 175) and Pi- binding (active) sites in the enzyme.
This fact points to the need to solve the 3-D structure of
skeletal TNAP. With such data in hand, quantum
mechanical based molecular modeling should enable the
elucidation of how TNAP brings about the extravasation of
the mineral crystals from the vesicle lumen.

20.1.3. Improperly assigned roles of TNAP

There is yet one further issue that needs to be
discussed here — one where previous and current reports are
frequently in error — namely that TNAP is needed to
hydrolyze organic phosphate substrates to provide Pi for
induction of mineral formation. This error stems from an
ignorance of the levels of phosphorylated substrates
available in the extracellular fluid where mineralization
occurs. Several studies that have addressed this issue and
reveal that the levels of organic phosphate esters in the
extracellular fluid are in the micromolar (not millimolar)
range (302, 437, 439, 442, 480). Despite this, many
investigators continue to use 3—10 mM (grossly excessive
amounts) of beta-glycerophosphate (a nonphysiological
substrate) to drive mineralization, oblivious of the fact that
they are using an abnormal substrate in unwarranted levels
when compared to those of extracellular biological
substrates. Under these artificial conditions, what is



Function of matrix vesicles in calcification

interpreted as induction of mineralization is simply a
manifestation of TNAP activity, which releases sufficient
levels of Pi that anomalous mineral deposition is induced.
These levels of organic phosphate substrates do not occur
normally in vivo in the extracellular fluid. Thus, what is
thought to be a demonstration of normal induction of
mineral formation is in reality a misleading experimental
artifact.

20.2. Annexin A5 (AnxAS5)

The acidic phospholipid-dependent Ca**-binding
proteins — the annexins — are predominant proteins in
MVs. The most physically abundant protein, AnxA5 (60,
94), is present in larger amounts than TNAP or any other
MYV protein (78). In fact, AnxAS5 is the principal protein
present in the nucleational core of native MVs (457). As
has been demonstrated in this review, it has the
remarkable ability to accelerate the onset and rate of
mineral formation induced by the nucleational core. Thus,
one would logically conclude that AnxAS5 must play a
major role in MV mineralization. However, there is now
major confusion with regard to its physiological role;
some regard AnxAS5 as being irrelevant — having no
biological function at all.

20.2.1. The questionable role of AnxA5 in Ca”
Entrance into MVs

It has been widely assumed that AnxAS5 serves
as the Ca** channel in growth plate chondrocytes and MVs
(94, 103, 145, 478). This was based on the presence of a
hydrophilic channel in the 3-D structure of AnxAS5 (and most
other annexins) that is presumed to function as a Ca®>* channel
(121). 1In fact, AnxA5 has been reported to enable Ca>"
acquisition by isolated MVs (330, 478, 548). However,
questions are now arising as to whether the principal role of
AnxA5 is in fact as a Ca®' channel. First, AnxAS5 is the
principal protein in the nucleational core of native MVs; this
core has the ability to induce mineral formation independent
of the MV membrane or any Ca®* channel activity (288, 443,
457).  Second, incorporation of AnxAS into synthetic
nucleational complexes (modeled after those present in native
MYV) markedly accelerates the rate of mineral formation (Fig.
28) (116, 131, 136). Thus, while AnxAS5 clearly enhances
mineral formation by MVs, it is doubtful that it does so by
acting as a Ca”" ion channel. Third, although the studies by
Arispe et al. showed multiconductance Ca®* channel activity
by pure AnxAS5 in supported PS-containing phospholipid
bilayers (125), there is a problem relating these findings to in
vivo conditions. This is because the reported Ca®*
conductance studies involved use of nonphysiological
conditions such as 100 mM CsCl and 70 mM CaCl, to
demonstrate ion channel activity. Further, to cause inhibition
of this channel by Zn** required 2 mM Zn?**— 400-fold higher
than what is needed to inhibit MV Ca?" uptake. Fourth, more
recent studies using large unilamellar liposomes as models of
MV mineralization, revealed that encapsulation of AnxAS5
within the liposomes, or addition of AnxAS to the
mineralizing fluid, failed to support significant Ca*"
acquisition (318). In contrast, ionophores like A12387
enabled rapid Ca*" acquisition by the liposomes and induced
definite mineral formation (Fig. 29). In addition, unlike L-
type Ca®" channels that have subunits containing multiple
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transmembrane domains that enable selective transport of
Ca®* (321, 324), there are no membrane-spanning domains
in the 3-D structure of the annexins (123, 124). Finally,
fifth, there is quantitatively far more annexin present in
MVs than should be required to function as Ca** channels
— if they were active carriers (60, 61, 78, 485). Proteomic
analysis shows that the annexins are in far greater
abundance than any of the numerous other transporters
detected (78). This suggests that if they function as Ca>"
transporters, the annexins must be highly inefficient in this
role.

20.2.2. Activation of the nucleational core by AnxAS

In contrast, as was described earlier, the most
remarkable effect of AnxA5 is its acceleration and
enhancement of mineral formation by the reconstituted
nucleational core of MVs (Fig. 28) (116, 136, 332). Its
ability to overcome the inhibitory effects of the ubiquitous
presence of Mg*" and the non-Ca®*-binding MV lipids is
nothing less than remarkable (131, 137). Since MVs are
able to trigger mineralization in the hostile environment of
the proteoglycan-rich extracellular matrix, and contain such
abundant amounts of AnxAS5, it not surprising that AnxAS
accelerates and enhances rapid mineral formation. In fact,
all studies so far performed with respect to the nucleational
core of MVs strongly indicate that it has a key role for
stimulating mineral formation. As noted previously in the
analysis of MV formation, there is also a straight-forward
explanation of why AnxAS5 becomes incorporated during
MV formation, given its Ca*'-dependent PS-binding
ability.

20.2.3. Does AnxAS5 have a physiological function in
vivo?

Because of its obvious stimulatory effects on in
vitro mineral formation — as well as its apparently key role
in apoptotic processes — it was widely assumed that deletion
of the AnxAS5 gene would be lethal. Hence, it was a shock to
read the dogmatic assertion that AnxA5 “is not essential for
skeletal development” by Brachvogel et al. in 2003 (549).
Even seven years after that original report, and the recent
report that double knockout of AnxA5 and AnxA6 had no
discernible effect on the mice (550), these findings still seem
implausible. If one is to believe the implications of these
reports, both AnxAS and AnxA6 are irrelevant not only to
skeletal mineralization, but to any other physiological function.
This is implausible not only because of the their abundant
expression in growth plate chondrocytes, but because of their
abundance in cells of all phyla so far examined. There have
been hundreds of reports indicating biological functions for
these and other annexins; many indicate involvement in
skeletal formation. Are all these findings invalid? They
document activities of proteins whose genes have been
expressed and conserved over millions of years of evolution.
To date, neither of these annexin gene knockout findings has
been confirmed by any other group. However, assuming
that they are valid, what rational explanations can be
postulated to explain the reported lack of function?

20.2.4. Possible alternative routes to growth plate and
skeletal calcification
Knowing of the absolute essentiality of skeletal
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mineralization for survival, it is plausible to speculate that
backup mechanisms for induction of mineral formation
exist and can be called into play if the normal pathway
fails. Taking this view, it is plausible that the annexin
knockout mice induced mineralization by a MV-
independent mechanism. Both annexin knockout reports
lacked ultrastructural detail in the histology of the
mineralization site; this was particularly true of the initial
report (549). While the second report (550) was more
comprehensive, it still provided inadequate ultrastructural
analysis of how the KO mice induced mineralization. In
both studies the authors assumed the presence of of MVs,
but provided no clear evidence that they were present at
sites of initial mineral formation. Thus, an alternative
backup mechanism may explain why apparently normal
mineralization occurred in these mice.

20.2.5. Effects of Knockout of anxa5 and anxa6é on
expression of other genes

In their most recent report, the Brachvogel group
reported that despite having no discernible physiological
effect on the mice, co-deletion of both AnxAS5 and AnxA6
caused marked up-regulation of three poorly characterized
genes: Depdc6 (+26-fold), Ptdsr (+18-fold) and Pold3
(+14-fold), as well as marked down-regulation of three
other little understood genes: BC045135 (-33-fold),
NAP115274-1 (-30-fold) and Uncl3a (-11-fold) (550).
What is the significance of these findings? The authors
provide no clue. The best studied of the upregulated genes
is Ptdsr, a putative receptor for phosphatidylserine (PS)
(551-556). Did the PS receptor (Ptdsr) substitute for
AnxA5? Recall that PS is the Ca’*-binding acidic
phospholipid previously implicated in binding with
AnxAS5 in the nucleational core of MVs (64, 457). While
it would have been natural to assume that Ptdsr protein
would bind PS and thereby provide a substitute for
AnxAS5, this turns out not to be the case (557-558). While
the function of Ptdsr in apoptosis has been studied, the
reports have been inconsistent (557, 559-560). It has now
been concluded that Ptdsr is a misnomer and that the gene
does not produce a receptor for PS. Thus, the putative
upregulation of the Ptdsr gene in AnxAS5 and AnxAS5
knockout mice seems irrelevant. There are currently no
clues as to why the expression of the other genes was
altered.

20.2.6. What would have been the effects of expression
of defective annexin mutants?

Another possibility is that pathology may
become evident only if a defective mutant form of AnxAS5
is expressed. The Belluoccio report, although
comprehensive, did not rigorously exclude the possibility
that some other member of this large gene family may
have filled in for the two missing members. This story
may be akin to what is observed in type X collagen gene
deletion (561-565). Deletion of type X collagen caused no
apparent growth plate or skeletal pathology (561);
however, expression of various defective forms of type X
collagen presented with significant skeletal pathology
(566-570). Their conclusion was that only in the presence
of an abnormal gene product was pathology observed.
This may well be the case for the AnxA5 and AnxA6 gene
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knockout mice. This phenomenon can be envisioned
using an analogy of workers in a factory assembly line. If
a worker reports that he cannot work, management can
bring in a replacement and maintain production.
However, if the worker arrives ill, takes his place and is
unable do the work, his job will not be performed and
production will be blocked. Therefore, would it not be
more instructive to over-express defective forms of
AnxA5 — e.g. those with mutated PS-dependent Ca®'-
binding sites or perhaps altered “Ca”" channel” structure —
to determine their effects?

20.2.7. Is the need for AnxAS stress-dependent?

Still another reason for the lack of effect of
AnxAS5 knockout may be because these highly inbred
“wildtype” mice are maintained in a highly protective
environment with all of their nutritional and other physical
requirements met. If they were exposed to stresses like
those of the ancestral wild mouse that affect skeletal
development (e.g. Ca®* or Pi deficiency, or some
developmental stress) then differences between the
wildtype and AnxA5-deleted mice may well become
evident. A plausible explanation is that skeletal growth in
a small rodent does not require the stimulus of AnxAS.
The stress of needing very rapid bone growth in much
larger, fast growing species like the broiler-strain chicken
or long legged mammals like humans may make the
requirement for AnxAS critical. In fact, the principal
effect of AnxA5 on mineral nucleation is to markedly
accelerate the onset of mineral formation (Figure 28),
(136, 332). Thus in a small animal like the mouse, where
demands for maximal mineralization are unnecessary,
AnxAS5 catalytic stimulus may be superfluous. However,
this still does not explain why all other bodily processes
were unaffected. It seems implausible that the annexins
should have been conserved over millions of years of
evolution in many genera if they served no useful purpose.

20.3. Phosphatidylserine (PS) synthases

Perhaps the most unusual enzymes involved in
MYV mineralization are the PS synthases. These enzymee
are required for the formation of PS, the key Ca**-binding
acidic phospholipid intimately involved in formation of
PS-CPLX.

20.3.1. PS synthases do not require high-energy
nucleotides, but requires Ca**

In contrast to all other biosynthetic enzymes in
lipid synthesis, these enzymes do not require high-energy
nucleotides to drive PS formation; however the reactions
are Ca>'-dependent (571). This fact becomes important in
the growth plate at the time of chondrocyte hypertrophy
because levels of ATP and other nucleoside triphosphates
are very low (442). PS synthases are enzymes that
catalyze the Ca**-dependent exchange of the amino acid,
serine, for the base present in the polar head group of
either of two neutral membrane phospholipids,
phosphatidylethanolamine (PE) or phosphatidylcholine
(PC). As noted previously, there are two types of PS
synthases (PSS) — PSS1 which exchanges serine for
choline in PC, and PSS2 which exchanges serine for
ethanolamine in PE (269). PSS2 activity is evident in
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growth plate chondrocytes (267) and MVs (268); it must
be involved in the increase in PS that occurs during MV
mineralization (207). PS is required for synthesis of the
PS-CPLXs involved in MV mineral nucleation. Early
studies showed that synthesis of PS can occur in isolated
MVs, and can be prevented by treatment with EDTA.
These findings document the presence of PSS activity in
native MVs (268).

20.3.2. PSS1 and PSS2 gene knockouts

Of further interest, recent studies have shown
that PSS1-deficient or PSS2-deficient mice are viable,
fertile, and have a normal life span; however, crosses of
PssI”™ and Pss2”" mice produced no live offspring; this
revealed that double knockout mice are not viable (572).
However in Pssi”/Pss2”~ and Pssi™/Pss2”” mice,
where the ability to incorporate serine into PS was reduced
by 65-91% with concomitant reduction in both PS and PE
levels, the mice were still viable. These findings have
bearing on the lack of effects of double knockout of
AnxAS5 and AnxA6, indicating that the activities of these
annexins are not co-dependent. While any effects of
PSS1/PSS2 double knockout on skeletal formation were
not considered, these studies nevertheless inject a note of
caution in the interpretation of negative results in gene
knockout studies in mice.

20.4. Phospholipase A and C activities

The remarkable stimulatory effect on induction
of mineral formation by simple addition of phospholipase
A, to reconstituted liposomal models of MVs (Figure 29)
(318), as well as the rapid degradation of MV
phospholipids during induction of mineral formation (207)
point to a heretofore little appreciated consequence of the
lipid degradative activity evident in growth plate cartilage
(223), in MV formation (73) and in MV mineralization
(207).

20.4.1. Membrane lysis and Ca** access to the
nucleational core

Because it was logical to assume that entrance of
Ca®" into MVs was mediated by the presence of AnxAS5,
the lack of ability of this protein to enable Ca’" entrance
into synthetic unilamellar liposomal models of MVs was
unexpected (318). However in retrospect, it was unlikely
that such an abundant protein in MVs as AnxAS should be
required for Ca®" entry. On the other hand, the
extraordinary stimulatory effect that simple addition of
phospholipase A, to reconstituted liposomal models of
MVs has on induction of mineral formation (Figure 29)
(318) should not have been so surprising. It is apparent
that synergistic activation of latent intravesicular
phospholipase activity by influx of Ca®*, such as was
evident in the rapid breakdown of various phospholipids
during MV mineralization, (207), would provide an
efficient means for accessing Ca®* and Pi to the
nucleational core — once thermodynamically stable OCP
crystals were established within the MV lumen.

20.4.2. Role in the egress of mineral from the vesicle
lumen
It is highly probable that phospholipase activity
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is also an important factor in the egress of mineral from
within the vesicle lumen; such activity would cause lysis
of the membrane barrier. However, nothing is simple with
MVs, because as was noted earlier, TNAP associated with
lipid rafts in the MV membrane also appears to be
involved (76); and it is also evident that Ca*"-activated
phospholipid scramblase activity (287) also may get into
the act.

20.4.3. Salvage
formation

But coupled with the breakdown of membrane
phospholipids is another little appreciated phenomenon —
the catabolism of phospholipids also enables salvage of Pi
for MV mineral formation. Phosphate, stored in the
linkage of the polar head group of phospholipids of all
membranes, including MVs, is made available for
enhancing mineral formation by the release of
phosphocholine and phosphoethanolamine through the
action of phospholipase C on PC and PE, respectively
(207). The mechanism by which this occurs will now be
discussed.

of phospholipid P for mineral

20.5. PHOSPHO-1

PHOSPHO-1 is another important enzyme
present in MVs (202-204, 573). It has the remarkable
ability to coordinate breakdown of the MV membrane
phospholipids with formation of mineral.

20.5.1. Salvage of Pi and choline” from phospholipid
breakdown

PHOSPHO1 has the ability to hydrolyze
phosphoethanolamine and phosphocholine, byproducts of
phospholipase C action on PC and PE, to release Pi — as
well as the amine bases, choline’ and ethanolamine. What
makes the action of PHOSPHO1 especially significant is
the finding that Pi transport into hypertrophic
chondrocytes and MVs is not strictly Na'-dependent; in
fact Pi uptake was more active with choline” than with Na*
(208, 303). Thus, the hydrolytic products of
phosphocholine by PHOSPHO1 not only release Pi needed
form mineral formation, but choline” that can enhance Pi
uptake by MVs. These are physiologically important
functions.

20.5.2. Inhibition of PHOSPHOL1 activity

Very recently it has been reported that inhibition
of PHOSPHOI1 activity resulted in impaired skeletal
mineralization during limb development of the chick
(205). This plausible conclusion was based on the finding
that the inhibitor, Lansoprazole, markedly reduced
mineralization of the long bones of the legs and wings.
Unfortunately, Lansoprazole is by no means specific for
PHOSPHO1 and is in fact a powerful inhibitor of H'/K'-
ATPase (574-576). Thus, it is equally probable that the
drug blocked H'-transport in the growth plate
chondrocytes and interfered with MV Ca®" loading (306).
As was discussed previously, H" metabolism is notable
different in successive zones of the growth plate and
appears to be vital for proper MV formation. Thus,
although the findings that Lansoprazole inhibits
mineralization are tantalizing, they are open to question.
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20.5.3. PHOSPHO1 gene knockout

However, very recent findings reveal that
knockout of PHOSPHO1 gene causes significant skeletal
pathology (545). Deletion of the PHOSPHOI1 gene
produced numerous physiological effects: generalized
mild osteomalacia accompanied by bowing of the long
bones with evidence of frequent fractures, as well as
growth retardation, and reduced food and water
consumption. The specific effects on bone mineralization
were not enormous, but led to obvious weakening of the
skeletal structures — as evidence by the progressive
scoliosis of the spine and the numerous fracture callouses
observed. While there were minimal effects on most
biochemical parameters in the blood serum, there was a
transient increase in Pi levels — perhaps due to reduced
mineral formation. One curious side effect was a slight
reduction in blood plasma TNAP levels, as well as small
increases in blood levels of NPP1 and PPi.

20.5.4. Co-modulation of TNAP and PHOSPHOL1 gene
expression

While over-expression of TNAP superimposed
on the PHOSPHOI1 knockout corrected the PPi level in
blood, it had no beneficial effect on the osteomalacia.
This reveals that the effects of PPi on mineral formation
are not simple. From this study it is clear that TNAP and
PHOSPHOI, although both acting as phosphoesterases,
operate independently. However, superimposing haplo-
insufficiency of TNAP (4kp2™) with PHOSPHOI
(Phosphol™") knockout caused a progressive worsening of
the skeletal defects. A further finding was that there were
differences in the skeletal defects observed with individual
Akp2”and Phosphol™ knockout mice: there was a more
severe reduction in vertebral mineralization in Phosphol ™~
than in 4kp2” knockouts.

20.5.5. Effect of PHOSPHO1 on MV mineralization
With regard to its effect on MV mineralization,
PHOSPHO!1 knockout did not block it; in fact ultrastructural
studies seem to indicate that, if anything, the mineral formed
within the MV was more intense. However, like TNAP
knockout, the mineral did not spread from the MVs. In a
further study where both PHOSPHO1 and TNAP were
concomitantly ablated, there was an almost total block in
skeletal mineralization; none of the 272 conceptions
continued to live birth. Analysis of the embryonic Phosphol™
“/ Akp2”~ pups showed an almost total lack of skeletal
mineralization; there was no evidence of outgrowth of mineral
from within the MVs. This effect cannot be due to an excess
of PPi. The data clearly indicate that the activities of both
TNAP and PHOSPHOI1 are concomitantly required for
skeletal mineralization in the mouse. However, more detailed
biochemical study will be required to definitively establish
how the combined activities of these two key enzymes
contributes to function of MVs in this complex process.

21. PERSPECTIVES

The processes involved in growth plate
mineralization depicted in this review have proven to be
remarkably complex and the mechanisms involved have
generated frequent controversy. Nevertheless, it is now
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generally accepted that the entities most responsible for the de
novo induction of crystalline mineral in most vertebrate hard
tissues are MVs. While it is universally recognized that the
resident cells are involved, there has been a longstanding
question whether they are directly involved in the processing
of Ca®" and Pi prior to the production of MVs. Data presented
in this review should put that question to rest — at least in avian
skeletal development. They document that during growth plate
development the chondrocytes initially require Pi for synthesis
of DNA, RNA and nucleotides essential for proliferation.
Upon termination of cell division, the nucleotides begin to be
degraded; 3'P.NMR and chemical analyses reveal that Pi
builds up in the cytoplasm. Simultaneously, in sifu confocal
imaging reveals that the chondrocytes acquire and process Ca**
at an accelerated pace until in the early hypertrophic zone this
climaxes with the cells exfoliating from their plasma
membrane the accumulated Ca®* and Pi as ion-loaded vesicles.
This mineral phase, present as a nucleational core within the
vesicle lumen, is primarily noncrystalline calcium phosphates
complexed with both PS and the annexins, which facilitate the
induction of crystalline mineral formation.

When MVs are formed by the cells they contain not
only Ca*" and Pi, but also other electrolytes that significantly
affect the kinetics of mineral formation; these include Mg,
Zn*", and PPi, as well as HCO;~. How these ions influence
mineral formation are discussed, as is the nature of the
successive calcium phosphate minerals that form during the
mineral induction process. Also discussed are the roles of the
plethora of enzymes now known to reside in MVs; however
the major focus is on about a half a dozen that have particular
importance in mineral induction. What emerges is a
remarkably complex and beautifully orchestrated series of
cellular events that enable the rapid elongation of bones while
maintaining their physical integrity. Production of
mineralization-competent MVs enables mineral formation to
keep pace with cellular proliferation, preventing development
of rickets or osteomalacia.  Thus, endochondral bone
formatioin involves the provisional calcification of the
cartilaginous matrix by chondrocytes — i.e. the formation of
calcified cartilage — a more heavily calcified, but mechanically
weaker temporary scaffolding that maintains mechanical
stability until the truly robust type I collagen-hydroxyapatite
composite, bone, is generated by osteoblasts.

One of the noteworthy features of this cell-mediated
process is that it involves features that are observed
pathologically in the ischemia-reperfusion of stroke and
cardiac vascular blockage, but are utilized here to induce
normal mineral formation in a highly regulated manner during
rapid bone growth. This review covers a long period of
discovery and involves nearly 50 years of personal
participation in elucidation of this remarkable process. It has
been a special privilege to have been involved in many of the
experimental discoveries that now provide the landscape of
understanding. It is important however for workers currently
in the bone field to master the fundamentals of the physical
chemistry of the mineral forming process, as well of the
cellular physiology, biology and biochemistry that are all
essential for proper understanding of this highly complex
process. Biological mineralization not only involves features
characteristic of all living soft tissues cells, but superimposes
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on these the need to transform ions in solution into the robust
inorganic mineral-collagen composite material (bone) that
provides the framework in which our bodies function.
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