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Matrix vesicles (MVs) in the growth plate bind to cartilage
collagens and initiate mineralization of the extracellular matrix.
Native MVs have been shown to contain a nucleational core
responsible for mineral formation that is comprised of Mg?™-
containing amorphous calcium phosphate and lipid-calcium-
phosphate complexes (CPLXs) and the lipid-dependent Ca®™-
binding proteins, especially annexin-5 (Anx-5), which greatly
enhances mineral formation. Incorporation of non-Ca**-bind-
ing MV lipids impedes mineral formation by phosphatidylserine
(PS)-CPLX. In this study, nucleators based on amorphous cal-
cium phosphate (with or without Anx-5) were prepared with PS
alone, PS + phosphatidylethanolamine (PE), or PS + PE and
other MV lipids. These were incubated in synthetic cartilage
lymph containing no collagen or containing type II or type X
collagen. Dilution of PS with PE and other MV lipids progres-
sively retarded nucleation. Incorporation of Anx-5 restored
nucleational activity to the PS:PE CPLX; thus PS and Anx-5
proved to be critical for nucleation of mineral. Without Anx-5,
induction of mineral formation was slow unless high levels of
Ca?* were used. The presence of type II collagen in synthetic
cartilage lymph improved both the rate and amount of mineral
formation but did not enhance nucleation. This stimulatory
effect required the presence of the nonhelical telopeptides.
Although type X collagen slowed induction, it also increased the
rate and amount of mineral formation. Both type Il and X colla-
gens markedly increased mineral formation by the MV-like
CPLX, requiring Anx-5 to do so. Thus, Anx-5 enhances nucle-
ation by the CPLXs and couples this to propagation of mineral
formation by the cartilage collagens.

Matrix vesicles (MVs),> extracellular lipid bilayer-enclosed
microstructures released by calcifying cells, initiate mineral for-
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mation in newly forming bone (1-4); there is little evidence
that they play a role during the remainder of mineral deposition
under the aegis of osteoblasts. However, MVs also appear to
initiate ectopic calcification in calcific tendonitis, apatite-dep-
osition osteoarthritis, cardiac valve calcification, and athero-
sclerotic lesions (5—8). MVs interact with both the matrix col-
lagens (9-11) and proteoglycans (12, 13) in the extracellular
matrix. The interaction between MVs and the matrix collagens
has been shown to be mediated by annexin 5 (14 —16), the major
protein in MV (17-22). MV are enriched in phosphatidylserine
(PS) (23, 24), a lipid that has high affinity for Ca>" (25, 26) and
is able to form complexes with both Ca®>" and P; (27). Such
complexes have the ability to nucleate hydroxyapatite forma-
tion (28 —32). PS is initially localized to the internal membrane
of MV (33) where it is found in PS:Ca®":P, complexes (CPLXs)
(34). However, during programmed cell death (apoptosis) PS
becomes externalized in a variety of cells (35, 36); in fact exter-
nalization of PS is widely used to identify apoptotic cells (37,
38). Although there are similarities between apoptotic bodies
and MV, there are distinguishing features (39); for example,
apoptotic bodies typically do not induce mineralization.

Chemical dissection of active MV revealed the critical presence
of a nucleational core that induces mineral formation when incu-
bated in SCL (40, 41). Using a variety of analytical methods (17, 18,
41, 42), this core has been shown to contain three main compo-
nents as follows: 1) amorphous calcium phosphate (ACP); 2)
membrane-associated CPLXs; and 3) annexins-Ab5, -A6, and -A2.
These lipid-dependent Ca®>*-binding proteins are unusually rich
in MV (17-22) and are often associated with PS in apoptotic bod-
ies (43). However, what particularly distinguishes MV from
apoptotic bodies is their content of significant amounts of Ca®"
and P; (34, 44). These lipid-dependent Ca®"-binding proteins are
unusually rich in MV (17-22) but are not typically associated with
PS in apoptotic bodies (43). Recently we documented the remark-
able enhancement that annexin-A5 has on mineral formation by
biomimetic nucleational complexes (45, 46).

As noted earlier, PS is especially enriched in the inner MV
membrane, but neutral phospholipids are actually more abun-
dant, e.g. phosphatidylethanolamine (PE) (33, 47). However, in

annexin 5; Anx-H5, human annexin 5; PC, 1-palmitoyl, 2-oleoyl-sn-glyc-
ero-3-phosphocholine; PE, 1-palmitoyl, 2-oleoyl-sn-glycero-3-ethanol-
amine; PS, 1-palmitoyl, 2-oleoyl-sn-glycero-3-L-serine; CH, 5-cholesten-
3-ol and cholesterol oleate; CHE, cholesterol esters; TES, 2-{[2-hydroxy-
1,1-bis(hydroxymethyl)ethyllamino}ethanesulfonic acid.
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models of the nucleational core that lack Anx-A5, PE has
been shown to strongly inhibit the ability of PS-CPLX to induce
mineral formation (32). Interestingly, during the process of MV
mineralization, PE and several other non-Ca®*-binding lipids
become extensively degraded (48). In contrast, PS becomes
complexed with the newly forming mineral, and its levels
increase, apparently at the expense of PE by base-exchange with
free serine (49). These findings point to a dynamic role of lipids
in mineral formation by MVs and have led us to carefully exam-
ine the effect that lipids have on the mineral-forming activity of
synthetic models of the nucleational core. Here we focus on the
effects that specific MV lipids have on mineral formation, as
well as the modulating influences of the cartilage-specific
collagen.

To mimic the complex ionic environment that occurs during
MV formation in vivo (44), for construction of these biomi-
metic complexes we used an intracellular phosphate buffer
(ICP) (50) with an electrolyte content similar to that of ultrafil-
trates of lysates of isolated growth plate chondrocytes. Endo-
chondral calcification occurs in an environment rich in proteo-
glycans and the cartilage-specific collagens. Although both
macromolecules undoubtedly influence the propagation of
mineral from the M Vs, in this study the effects of type Il and X
collagen on mineral formation by the synthetic complexes were
studied because they are known to bind to MV (51) in an
annexin-dependent manner (15) that has been shown to enhance
mineral formation by the MV (52). The important inhibitory
effects of cartilage proteoglycans on mineral formation (53, 54) by
MV and the biomimetic nucleation complex and their interactions
with type Il and X collagen will be explored in a future study.

EXPERIMENTAL PROCEDURES

Synthesis of ACP, CPLX, and Anx-AS5-containing Complexes—
4X stock emulsions of various lipid mixtures were prepared by
drying a total of 5 mg of lipid in chloroform under N, to form a
thin film in a test tube. Then 2 ml of an inorganic phosphate
(P,)-rich intracellular phosphate buffer (ICP buffer) was added.
ICP buffer contained 106.7 mm K+, 45.1 mm Na™, and 1.5 mm
Mg2+, 115.7 mMm Cl 7, 23.0 mM P;, 10 mm HCO,, and 1.5 mMm
SO;~, with 3.1 mm Ny as a preservative; its total molarity =
153.3 mm and its pH = 7.2 (50). The tube was then sonicated for
3—4 min at 25 °C in a water bath to form a uniform emulsion. To
make ~300 ul of the various CPLXs, 75 ul of the 4X lipid stock
emulsion was mixed with 225 ul of ICP buffer. Then either 6 or 12
wl of 100 mm CaCl, (2 or 4 mm Ca**, total final concentration,
respectively) was added dropwise with rapid stirring over a 5-10-
min period to form the various insoluble lipid CPLXs. These were
harvested by centrifugation for 5 min at ~15,000 X g.

In a previous report we studied the effects of several MV
annexins on mineral formation by biomimetic nucleational
complexes. We found that all of the tested purified native
human (Anx-H5) and avian annexin-A5 (Anx-A5) samples
strongly stimulated mineral formation by PS-CPLX (45). For
this study, we used both native chicken liver Anx-A5 and native
human placental Anx-H5, which had comparable activity. They
were purified to >98% as described previously (17, 18, 55, 56).
Samples (50-75 ug) of the Anx-5 isolates in ICP buffer were
added to 75 ul of the 4X lipid stock solution. The final volume
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FIGURE 1. SDS-PAGE analysis of the collagens used in these studies. The
intact, native types Il and X collagens were isolated from chicken sternal and
growth plate cartilage as described previously (58 -60). These collagens were
dialyzed against SCL for use in the described studies.

was adjusted to 300 ul with ICP buffer; then an aliquot of 100
mM CaCl, was added to precipitate the complex, which was
harvested as described above. The resultant complexes were
assayed for mineralization activity. Protein levels were deter-
mined by the method of Lowry et al. (57).

As a control, lipids were omitted, and the 100 mm CaCl, stock
was added dropwise into the ICP buffer with rapid stirring over a
5-10-min period to form amorphous calcium phosphate (ACP).
As a further control, the purified native Anx-A5 was prepared in
the ICP buffer without lipids; CaCl, was then added to form the
Anx-A5-ACP complex, which was similarly harvested by
centrifugation.

Lipids—Synthetic phospholipids were obtained from Avanti
Polar Lipids, Inc., Alabaster, AL, and included 1-palmitoyl,
2-oleoyl-sn-glycero-3-phosphocholine (PC), -phosphoethanol-
amine (PE), and 1-palmitoyl, 2-oleoyl-su-glycero-3-L-serine
(PS). The nonpolar lipids were from Sigma and included free
cholesterol (5-cholesten-3-ol, CH) and cholesterol oleate
(5-cholesten-3B-ol 3-oleate). Using methods just described,
various lipid-Ca®*-P, CPLXs were formed from either PS alone,
PS and PE in equimolar amounts, or from equimolar amounts
of PS, PE, PC, CH, and CHE, the latter mimicking the lipid
composition of MV (47, 48).

Collagens—Intact, native collagens were isolated from chicken
sternal cartilage (type II) and cultured growth plate chondrocytes
(type X) as described previously (58 —60). These collagens were
dialyzed against SCL and their levels measured by SDS-PAGE.
Their purity is shown in Fig. 1. Pepsinized type II collagen was
isolated by the method of Miller and Rhodes (58) from pepsin
digests of minced avian sternal tissue.

Matrix Vesicles—Nucleationally competent MV were isolated
from chicken growth plate cartilage as described previously (61).

Mineralization Assay—Mineral formation was studied by
incubating the various nucleational complexes in SCL, which
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FIGURE 2. Dose response of mineral formation by PS-CPLX to increasing levels of type Il collagen in SCL. A suspension of Anx-A5-containing PS-CPLX was
constructed from the intracellular phosphate buffer as described under “Experimental Procedures.” To evaluate the effects of the graded levels of type Il
collagen on mineralization activity, samples of this suspension were diluted in SCL that contained 0, 10, or 30 ug/ml of type Il collagen. Means = S.E. are shown
as error bars with each symbol. A, mineral formation versus incubation time. B, dose response to level of type Il collagen in SCL versus the rate or amount of
mineral formation. The effect of collagen levels on the following are shown: 1) the rate of rapid mineral formation (RMFr) (squares); 2) the amount of rapid
mineral formation (AMFr) (diamonds); 3) the amount of slow mineral formation (AMFs) (triangles); and 4) the projected amount of mineral formation after 24 h
of incubation (AMF24h) (circles). The linear line equation and goodness of fit (R? value) is shown next to the regression line for each parameter. Note that the
responses to collagen levels are linear, but the slopes are relatively small compared with the no-collagen values. Analysis of the slopes reveals that there was
~8% increase above basal values for each 10 ug of type Il collagen added per ml of SCL. As indicates absorbance.

contained 2 mm Ca** and 1.42 mm P, in addition to 104.5 mm DMax 2100 x-ray diffractometer using Cuk, radiation. Data
Na™, 133.5mm Cl 7, 63.5 mm sucrose, 16.5 mm TES, 12.7 mm K,  were collected from 5 to 45° 26 with steps of 0.050° with a count
5.55 mm glucose, 1.83 mm HCOj, and 0.57 mM magnesium time of 2.0 s per step and a scan speed of 1.5° per min.
sulfate (44). Mineral formation was monitored by light scatter-
ing (62) using a multiwell microplate assay system described RESULTS
previously by Wu et al. (41, 63). Using this method, an increase Effect of Cartilage-specific Collagens— Although type II colla-
in absorbance of 0.1 at 340 nm is roughly equivalent to precip-  gen is the predominant form in most cartilages, type X collagen
itation of ~10% of the total Ca>" in the SCL. In brief, following  is specifically localized to the pericellular domain of hyper-
centrifugation of the CPLX-forming (and ACP-forming) reac- trophic growth plate cartilage where mineralization is occur-
tion mixtures (see above), the pellets were resuspended in 1 ml  ring (64—66). Both collagens have been shown to bind to
of SCL by brief sonication to yield uniform suspensions. Quad- ~Anx-A5in MVs (15, 52) and that 20 ug of native type II collagen
ruplicate samples (140 ul) from each 1-ml suspension were dis-  added per ml of SCL stimulated mineralization of Anx-A5-con-
tributed into 4 wells of a 96-well half-area Costar microplate; taining PS-CPLX (46). We therefore tested the effect of these
turbidity measurements were made at 340 nm and recorded two collagens on mineral formation by the synthetic nucle-
automatically at 15-min intervals for 12-16 h at 37 °C using a  ational complexes. The response to addition of 10- and 30-ug
Labsystems iEMS Reader MF microplate reader (Needham levels of type II collagen to the SCL on mineralization of Anx-
Heights, MA). A5-containing PS-CPLX is shown in Fig. 2, A and B, and Table
The kinetics of mineral formation was analyzed in detail 1. Starting from the base line of the no-collagen controls, type II
using five-parameter logistic fit functions (45, 46). We exam-  collagen increased the rate and amount of rapid mineral forma-
ined the effects of the various lipid components on the time tion in a linear, dose-dependent manner. It also increased the
needed for induction (nucleation) of mineral formation, as well amount of mineral formed during the slow formation period, as
as on the rate and amount of mineral formation at different well as the amount formed after 24 h of incubation. There was a
stages during the mineral forming process. general ~8% increase above basal values for each 10 ug of type
X-Ray Diffraction Analysis—To further demonstrate that the I collagen added per ml of SCL. However, collagen did not alter
increase in light scattering represented true mineral formation, the induction time. When incubated alone in SCL, collagen did
samples of matrix vesicles and human Anx-H5-containing syn-  not stimulate mineral formation (Fig. 3). Thus, although type II
thetic PS-CPLX, before and after incubation in SCL for 16 hto  collagen promoted mineral crystal growth induced by the
enable mineral formation, were analyzed by powder x-ray dif- nucleational complex, it did not accelerate onset of mineral
fraction. These samples were sedimented by centrifugationand  formation or, by itself, induce mineral formation in SCL.
washed twice with 10 mm NH,HCO,, a volatile salt to eliminate To ascertain which portion of the type II collagen was
residual nonvolatile salts from the samples. NH,HCO; itself responsible for this effect, the ability of native and pepsinized
was eliminated by repeated drying under dry N, gas. Equivalent  type II collagen to stimulate mineralization of the Anx-A5 PS-
amounts of the dry, salt-free samples were mounted in deep- CPLX was compared. Fig. 3 shows that removal of the telopep-
well glass slides and analyzed by x-ray diffraction using a Rigaku  tides via pepsin treatment nullified the stimulatory effect of
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TABLE 1

Dose-response effect of type Il collagen in SCL on the nucleation
parameters of Anx-A5-containing PS-CPLX

For statistical analysis and to assess the effect of the graded levels of collagen, the
value of each nucleation parameter was compared with that of the 0 collagen control
and analyzed statistically by means of two-tailed Student’s ¢ tests, using the
homoscedastic test (two populations, equal variance). Values shown are means *
S.E. of the indicated number of samples. Superscripts to the right of the S.E. are the
exponential values of the probability that the differences were due to chance. T,
indicates the time required to induce mineral formation (h). AMFy indicates the
amount of mineral formed during the rapid formation period (4 at 340 nm). RMFy
indicates the average rate of mineral formation during the rapid formation period
(dA/dh) NP indicates the nucleation potential = (RMF/T;) X 100, a measure of the
ability to induce and sustain rapid mineral formation. AMFj indicates the amount of
mineral formed during the slow formation period (4 at 340 nm). AMF,, , indicates
the amount of mineral (A at 340 nm) formed after incubation for 24 h. This was
determined by extrapolation using the 5-parameter logistic curve fit equation (see
under “Experimental Procedures”).

Level of type II collagen added per ml of SCL

Parameter
(0 ng) (10 pg) (30 pg)

T, (h) 3.83 £0.11 3.90 = 0.04 3.97 £0.12
AMF, 0.276 = 0.010 0.305 = 0.01272 0.344 + 0.01272
RMF, 0.131 = 0.003 0.143 + 0.00272 0.162 = 0.003 " *
NP 341 =0.10 3.67 = 0.07 4,08 = 0.1173
AMFg 0.160 = 0.008 0.170 = 0.004 0.199 * 0.00272
AMF,, 0.436 = 0.006 0.475 + 0.00872 0.543 = 0.0127*
No. of analyses (4) (4) (4)

0.40
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FIGURE 3. Effect of removal of telopeptides by pepsin treatment on the
ability of type Il collagen to stimulate mineral formation by human
annexin-H5-containing PS-CPLX. Pepsinized type Il collagen, which lacks
the nonhelical telopeptides, and native type Il collagen were isolated from
minced avian sternal tissue using the method of Miller and Rhodes (58). These
collagens were added to SCL at a level of 30 ug/ml. Human annexin-H5-
containing PS-CPLX was prepared as described under “Experimental Proce-
dures” and seeded at the same level into the collagen-free and collagen-
containing SCL. Note that mineral formation by the CPLX was stimulated
when incubated in native type Il collagen-containing SCL (closed diamonds),
as compared with that incubated in collagen-free SCL (filled circles). Also note
the significant delay and reduced rate of mineral formation when the CPLX
was incubated in pepsinized type Il collagen-containing SCL (open diamonds).
As a control, note that native type Il collagen does not nucleate mineral for-
mation when incubated alone in SCL (open triangles). Also note that PS-CPLX +
Anx-H5, when incubated in native type Il collagen-containing P;-free SCL, also
does not increase in absorptivity over the 16-h incubation period (open cir-
cles). As indicates absorbance.

type II collagen; the onset of mineral formation was delayed,
and the rate and amount were significantly reduced compared
with the native collagen. This indicates that the telopeptide
portion of type II collagen is required for stimulation of mineral
formation and suggests that it facilitates binding between
Anx-A5 and native collagen.
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Effects of Lipid Composition—In our first study, nucleational
complexes were prepared from ICP buffer using two different
Ca®" levels (2 and 4 mm) with three phospholipid compositions
as follows: (a) none (ACP), (b) PS alone (PS-CPLX), and (c)
PS:PE (1:1, molar, PS:PE-CPLX), with or without the incorpo-
ration of Anx-Ab. Fig. 4A shows that in the absence of Anx-A5
(open symbols), nucleational complexes formed by addition of 2
mm Ca®" had little mineralizing activity; however, upon incor-
poration of Anx-A5 (Fig. 44, filled symbols), they were trans-
formed into active nucleators. Although incorporation of PE to
form the PS:PE-CPLX (Fig. 44, filled squares) significantly
slowed the induction of mineral formation, compared with PS-
CPLX, once initiated, the mineralization progressed rapidly,
approaching the values of pure PS-CPLX (Fig. 44, filled dia-
monds), and well exceeding those of ACP (filled circles). Fig. 4B
shows that if the levels of Ca®>" used to form the CPLX were
increased to 4 mum, even in the absence of Anx-A5 (open sym-
bols), most of the synthetic complexes formed were powerful
nucleators. The exception was the PS:PE-CPLX (Fig. 4B, open
squares), which required over 10 h to initiate mineral forma-
tion. Although not as obvious as with the 2 mm Ca*>*-formed
complexes, Anx-A5-free PS-CPLX (Fig. 4B, open diamonds)
had significantly lower nucleational activity than Anx-A5-free
ACP (open circles). Incorporation of Anx-A5 into ACP (Fig. 4B,
filled circles) caused only a slight acceleration of onset and
extent of mineral formation compared with Anx-A5-free ACP
(open circles). In contrast, AnxA5-containing PS-CPLX (Fig.
4B, filled diamonds) had the highest activity, with PS:PE-CPLX
(filled squares) close behind, both markedly higher than their
Anx-A5-free CPLX forms. Thus, addition of PE markedly
reduced the mineral-forming potential of Anx-A5-free
PS-CPLX, but incorporation of Anx-A5 largely overcame this
inhibition.

X-Ray Diffraction Confirmation of Mineral Formation—To
confirm that the increase in absorbance during incubation in
SCL was because of mineral formation and not simply to aggre-
gation, dry, salt-free samples of these nucleators were subjected
to x-ray diffraction analysis either before or after 16 h of incu-
bation in SCL (Fig. 5). The strong diffraction peaks at 26° and
32° 26 and the weaker peak at ~39° 26 reveal that poorly crys-
talline apatite was formed by both the native MV and the Anx-
H5-containing PS-CPLX, whereas before incubation in SCL
there was no evidence of any crystalline mineral. This shows
that the increases in absorbance at 340 nm upon incubation of
Anx-A5 + matrix vesicles in SCL were due to increased mineral
formation and not due to aggregation. The x-ray diffraction
patterns also show that the minerals formed by Anx-A5-PS-
CPLX and native matrix vesicles were very similar, confirming
that the complex closely models the nucleational core of matrix
vesicles.

Anx-AS Stimulates Mineral Formation by Native Matrix
Vesicles—To demonstrate that the stimulatory effects of
Anx-A5 on PS-CPLX are not an artifact of the purification pro-
cedure or tissue source of the protein, isolated MV were treated
with native human placenta Anx-H5, or left untreated, and
incubated in SCL. As is evident in Fig. 6, human Anx-H5 signif-
icantly increased the rate and extent of mineral formation,
compared with the untreated MV, just as it did the PS- and
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FIGURE 4. Effect of calcium level, the presence or absence of annexin-A5, and the lipid composition on mineral formation by nucleational complexes.
Both Anx-A5-free and Anx-A5-containing CPLXs were made using the ICP buffer, essentially as described under “Experimental Procedures.” The 4 X stock lipid
(75 pl) contained either all PS or PS:PE (50:50, w/w); it was mixed with 225 ul of ICP buffer that contained either 0 or 150 g of Anx-A5 (total volume = 300 pl).
Then either 6 ul (2 mm final [Ca®*1) or 12 ul (4 mm final [Ca®*]) of 100 mm CaCl, was added, each immediately forming a cloudy precipitate, which was stirred
for 10 min. After centrifugation, the CPLX pellets were resuspended by sonication in 300 ul of SCL. For ACP (no lipid control), 300 ul of ICP buffer which
contained either 0 or 150 g of Anx-A5 was used. As above, either 6 or 12 ul of 100 mm CaCl, (2 and 4 mm final [Ca® "], respectively) was added and stirred, and
the precipitate was centrifuged and resuspended in 300 ul of SCL. A 75-ul sample of each suspension was further diluted to 1 ml with SCL (final Anx-A5
concentration = either 0 or 37.5 ug/ml SCL), and quadruplicate 140-ul portions were used for the microplate mineralization assays. A, mineral formation from
nucleational complexes prepared from 2 mm Ca® ™. B, mineral formation from nucleational complexes prepared from 4 mm Ca®". Anx-A5-free complexes are
indicated by open symbols; Anx-A5-containing complexes are indicated by filled symbols. ACP, open and filled circles; PS-CPLX, open and filled diamonds;
PS:PE-CPLX, open and filled squares. A, note that by using 2 mm Ca" as the precipitant, all of the Anx-A5-free complexes were inactive as nucleators of mineral
formation; however, those containing Anx-A5 induced mineral formation within 4-5 h. B, note that nearly all nucleators formed from 4 mm Ca®* caused rapid
mineral formation (<2 h), regardless of whether Anx-A5 was present or not. The exception was PS:PE-CPLX, which in Anx-A5-free form was a poor nucleator
that required over 10 h to induce mineral formation. As indicates absorbance.

130 at 340 nm during the 16-h incuba-
tion. Similarly, when Anx-H5 was
incubated alone in SCL, there also
was no increase in absorbance at
100 340 nm.

2 o Interaction between Lipids and

5 Collagens—Having confirmed the

2 80 importance of Anx-A5 for con-

g 70 1 structing active ACP-based PS-con-

S 601 PS.CPLX + AnxH5 taining nucleational complexes, a

2 16 h . e more detailed study of the effects of
=0 rin SCL . ..

g ‘ various MV lipids was made by add-

£ 4 MV ing 2 mm Ca®" to ICP buffer con-

30 1 \\ l v 16 hrin SCL taining Anx-A5 and these lipids. To

\l Wl‘ ’M ‘ m \“ ‘M ’m H “W M il elucidate the interactions that occur

20 ‘l ’ M ’.‘ ‘H\‘I ‘ w 'H }‘ ““ \‘ ww W i “l‘[ " 0 m W “ MV or between the lipids, Anx-A5, and the

10 1 l I " \l” | ' M' i U ]h H\ ’Mm“ F’S CF’LX +Anx-H5  collagens, as well as their influence

SCL . . S

0 ; ‘ e on the various mineralization

5 10 15 20 25 30 35 40 45 parameters, two cartilage-specific

20 (degrees) collagens (type II and X) were

FIGURE 5. Comparison of the x-ray diffraction patterns of matrix vesicles and synthetic PS-CPLX contain- included in SCL (Table 2; Fig. 7,
ing human annexin 5 before and 16 h after incubation in SCL. Powder x-ray diffraction data of MVand ~ A_C; and Fig. 8, A-D).

PS-CPLX + Anx-H5 were acquired with a Rigaku DMax 2100 x-ray diffractometer using CuK, radiation. The Table 2 A d Fie. 7A
generator power was set to 40 kV and 50 mA. The samples were mounted in deep well glass slides. Data were able 2, part A, an 1g.
collected from 5 to 45° 20 using steps of 0.050° with a count time of 2.0 s per step and a scan speed of 1.5°per ~ show that, when incubated in col-
min. Th.e X-ray diffractiop patterns of MV (middle_ trqcing) and PS-QPLX + Anx-H5 (upper tracjng) shqw a.poorly lagen—free SCL, Anx-A5-contain-
crystalline hydroxyapatite-like mineral phase similar to that of immature bone. Prior to incubation in SCL, |
neither the MVs nor the PS-CPLX + Anx-H5 showed any evidence of crystalline mineral (lower tracing). ing PS:PE-CPLX (squares) had a

slower induction time but formed
a greater maximal amount of min-
PS:PE-CPLXs. As a control to further document that the effects  eral than did Anx-A5-containing PS-CPLX (diamonds).
were not because of aggregation, when the vesicles + Anx-H5 Under these conditions, the multilipid MV-CPLX (where
were incubated in P;-free SCL to preclude the possibility of MV-CPLX is the nucleational complex comprised of the fol-
mineral formation, there was no increase in light scattering lowing matrix vesicle lipids: PS:PE:PC:CH:CHE (1:1:1:1:1,
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FIGURE 6. Effect of addition of human annexin-H5 on mineral forma-
tion by matrix vesicles incubated in SCL. Native MV were enzymatically
isolated from avian growth plate tissue as described previously (61);
human Anx-H5 was purified from placenta using differential precipitation
with calcium and extraction with EGTA followed by Mono S chromatogra-
phy (18, 55). Samples of the isolated MV (40 ng of protein/ml of P-free
SCL) were incubated either with or without human Anx-H5 (20 wg/ml
P.-free SCL) for 10 min at 37 °C to allow the annexin to bind to the MV, and
then sedimented by centrifugation. The Anx-H5-treated and untreated
MV were resuspended in 1 ml of either normal or P;-free SCL. As an addi-
tional control, Anx-H5 alone was incubated in normal SCL. Note that min-
eral formation by the Anx-H5-treated MV (filled diamonds) was signifi-
cantly increased compared with the untreated MV (filled circles) when
incubated in normal SCL. Also note that in the absence of P; the Anx-H5-
treated MV did not show an increase in absorbance, thus there was no
detectable mineral formed (open diamonds); similarly in the absence of
MV and in the presence of Ca?*, Anx-H5 alone had no ability to form
mineral and did not show increased absorbance (As) potentially because
of calcium-mediated aggregation when incubated in normal SCL (open
circles). Hence, the absorbance increases shown in Ca®"- and P;-contain-
ing SCL is a result of mineral formation that can also be detected by XRD
analysis (see Fig. 5).

TABLE 2

molar ratio) combined with Ca?"* and P,) (Fig. 74, triangles)
had significantly slower induction, less rapid mineral forma-
tion, and smaller maximal amounts of mineral formation
than even the ACP control (open circles).

However, as shown in Table 2, part B, and Fig. 7B, with the
presence of type II collagen in SCL, although the induction
times were little affected, the rates of rapid mineral formation
and the maximal amounts of mineral formation of both the
Anx-A5-containing PS-CPLX (diamonds) and PS:PE-CPLX
(squares) nucleators were significantly increased. With the
MV-CPLX (Fig. 7B, triangles), although the presence of type II
collagen only slightly accelerated the onset of mineral for-
mation (compared with the collagen-free control), it greatly
increased the rate of rapid mineral formation, so much so
that even though onset of mineral formation began over 2 h
later, the maximal amount of mineral formed well exceeded
that of the ACP control (Fig. 7B, open circles).

Table 2, part C, and Fig. 7C show, however, that inclusion of
type X collagen in SCL retarded the onset of mineral formation,
especially of the lipid-containing nucleational complexes,
which all began significantly later than the ACP control. Nev-
ertheless, once mineral formation began, with PS- and PS:PE-
CPLX, its rate and extent well exceeded that of the ACP control.
With the MV-CPLX, even though mineral formation was
delayed almost 5 h compared with the ACP control, the rate and
amount of mineral formation were greater than with the colla-
gen-free SCL (Table 2, part A, and Fig. 7A), and by 16 h had
nearly equaled that of the ACP control.

Viewed from another perspective, Fig. 8 compares the
responses of the four different nucleators to the respective col-
lagens. Shown are mineral formation by ACP, PS-CPLX, PS:PE-
CPLX, and MV-CPLX when incubated in SCL containing

Influence of lipid composition and presence of cartilage collagens in SCL on the formation of mineral by Anx-A5-containing nucleational

complexes

T, indicates the time to induction of mineral formation (h). RMF;, indicates the average rate of mineral formation during the rapid formation period (dA/dh). AMF

max

indicates the maximal amount of mineral formation (A at 340 nm at asymptote). NP indicates the nucleation potential (RMF/7;) X 100), a measure of the ability to induce
and sustain rapid mineral formation. MV-CPLX indicates the nucleational complex composed of the following matrix vesicle lipids: PS:PE:PC:CH:CHE combined with
Ca®" and P, (see “Experimental Procedures”). For statistical analysis, the values are means * S.E. of the indicated number of samples. Differences between the mean of
control (NO lipid, ACP) and lipid-containing (CPLX) samples were compared using the two-tailed homoscedastic Student’s ¢ test. Superscript values to the right of the S.E.
are the exponential values of the probability that the differences were due to chance: normal superscript for ACP versus PS-CPLX; boldface for no collagen versus type 11

collagen.
Nucleator seeded in SCL
Parameter
ACP PS-CPLX PS:PE-CPLX MV-CPLX
A. No collagen in SCL
T, 2.43 *+0.01 2.36 + 0.0272 3.11 £ 0.057¢ 5.54 =019
RMF, 0.104 = 0.001 0.132 + 0.00272 0.135 = 0.002 0.054 + 0.00177°
AMEF, .. 0.348 = 0.003 0.436 + 0.005~2 0.484 *+ 0.00572 0.234 + 0.001°7*
NP 4.28 = 0.04 5.60 + 0.107% 4.35 *0.117* 0.98 = 0.0478°
No. of analyses (12) (12) (12) (12)
B. Type II collagen in SCL
T, 2.19 +0.01°° 2.38 +0.027* 2.82 + 0.057>473 4.58 = 0.05°%>~*
RMF, 0.128 + 0.0017° 0.166 + 0.002*~* 0.173 = 0.0027* 0.114 * 0.001->>~7
AME, . 0.429 * 0.004~* 0.546 = 0.006~*~* 0.555 =+ 0.006°% 0.475 = 0.002~*>—8
NP 5.88 + 0.057° 6.99 +0.137%73 6.12 + 0.167>%7° 247 = 0.037%>8
No. of analyses (12) (12) (12) (12)
C. Type X collagen in SCL
i’ 344 +0.017 4.56 + 0.037> 7 5.18 = 0.09 0 *< 8.11 + 0.28 24 2¢
RMF, 0.108 = 0.001 0.125 *+ 0.00272 0.115 *+ 0.0027*4~>< 0.080 =+ 0.001->%~3<
AMF, .. 0.384 = 0.004>¢ 0.476 = 0.005~*~>¢ 0.476 * 0.005 0.365 =+ 0.002->5~6<
NP 3.13 = 0.037% 2.74 + 0.057>76¢ 2.24 * 0.06-%%~>¢ 1.03 = 0.05°>*
No. of analyses (12) (12) (12) (11)

“ Exponential values of the probability that were due to chance for PS-CPLX versus PS:PE-CPLX.
? Exponential values of the probability that were due to chance for PS:PE-CPLX versus MV-CPLX.
¢ Exponential values of the probability that were due to chance for no collagen versus type X collagen.
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FIGURE 7. Effect of the presence of collagens type Il and X in SCL on min-
eral formation by various annexin-A5-containing nucleational com-
plexes. The Anx-A5-containing complexes were made using ICP buffer
essentially as described in Fig. 1 except that the 4X stock lipid contained
either all PS, PS:PE (50:50, m), or PS:PE:PC:CH:CHE (1:1:1:1:1, m) (MV-like lipid
composition) and each contained 150 ug of Anx-A5. For the ACP (no lipid)
control, 150 g of Anx-A5 in 300 pl of ICP buffer was used. As above, 6 ul of
100 mm CaCl, (2 mwm final [Ca®*]) was added and stirred, and the precipitate
was centrifuged and resuspended in 300 wl of SCL. Here 75 ul of each suspen-
sion was diluted to 1T ml of SCL (final Anx-A5 concentration = 37.5 ug/ml SCL),
and quadruplicate 140-ul portions were used for the microplate mineraliza-
tion assays as before. To evaluate the effects of type Il and X collagen on
mineralization activity, 75-ul samples of each suspension were diluted to 1 ml
in SCL that contained 20 p.g of either type Il or type X collagen. A, no collagen
in SCL; B, type Il collagen in SCL; C, type X collagen in SCL. ACP, open circles;
PS-CPLX, filled diamonds; PS:PE-CPLX, filled squares; MV-CPLX, filled triangles.
As indicates absorbance.

APRIL 11, 2008 +VOLUME 283 +NUMBER 15

either no collagen, type II collagen, or type X collagen. With
ACP (Fig. 84) it can be seen that type II collagen (filled trian-
gles) slightly accelerated the onset of mineral formation and
caused a larger amount of mineral to be formed compared
with the no-collagen control (open circles). Type X collagen
(Fig. 84, filled diamonds) delayed onset of mineral formation
by ~1 h, but in the end formed significantly more mineral
than the no-collagen control (Table 2, ¢f. part A with C). A
similar general pattern is seen with the lipid-containing
nucleators: Fig. 8, B, PS-CPLX, C, PS:PE-CPLX, and D, MV-
CPLX. However, an overview of Fig. 8, B—D, shows distinctly
greater overall mineral formation by the PS- and PS:PE-
CPLX nucleators compared with ACP. The unique effects of
the two collagens on mineral formation are particularly well
delineated in the MV-CPLX.

Specific Effects of the Lipids—To obtain a more accurate
understanding of specific effects of the different lipids, we pro-
cessed the data to separate out the effects of the collagens from
these Anx-A5-containing nucleators. Table 3 shows the effects
of the progressive addition of successive lipids. Although the
induction time of the PS-CPLX was not significantly different
from that of its ACP control, that of PS:PE-CPLX was delayed
~20% compared with the ACP control. With the MV-like com-
plex the induction time was delayed ~225% compared with the
ACP control. Thus, with increasing dilution of PS in these Anx-
A5-containing nucleators, the induction times were progres-
sively delayed.

On the other hand, incorporation of PS to form PS-CPLX
increased the following: 1) the rate of rapid mineral formation
by ~33%; 2) the amount of mineral formed during the rapid
formation period by ~21%; 3) the amount formed during the
slow formation period by over 38%; and 4) the maximal amount
of mineral formed by over 30% as compared with the ACP con-
trol. Interestingly, further incorporation of PE into Anx-A5-
containing PS-CPLX to form PS:PE-CPLX actually increased
the rate and amount of mineral formed almost as much as did
PS-CPLX when compared with Anx-A5-containing ACP con-
trol. However, PE only slightly increased the nucleation poten-
tial (~5%). Further increasing the complexity of the lipid com-
plex by adding PC, CH, and CHE to form MV-CPLX decreased
the rate of rapid mineral formation by ~28% but did not signif-
icantly reduce the amount of mineral formation at the succes-
sive stages as compared with ACP control. Thus, incorporation
of Anx-A5 with PS:PE-CPLX overcame the profound inhibition
previously seen when PE was incorporated into Anx-A5-free
PS-CPLX, but alone it could not fully overcome the effects of
further additions of neutral lipids.

Specific Effects of the Cartilage Collagens—Similarly, to
obtain a more accurate understanding of specific effects of the
different collagens, we directly compared their effects with
those of the no-collagen control. Type II collagen added to SCL
during incubation of the Anx-A5-containing MV-CPLX caused
substantial (~2-fold) increases in the rate and amount of min-
eral formation, as well as a small reduction in the induction time
(Table 4, part A). However, with ACP, PS-CPLX, and PS:PE-
CPLX, it caused generally similar stimulatory effects, increasing
the rate and amount of mineral formation by ~25%. But as
noted earlier, the induction time was little affected. Thus,
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FIGURE 8. Effect of lipid composition on mineralization of annexin-A5-containing nucleational complexes in SCL containing different collagens. The
Anx-A5-containing complexes were made using ICP buffer as described in Fig. 4. To evaluate the effects of lipid composition on mineralization activity, 75-ul
samples of each nucleator suspension were diluted to 1T ml in SCL that contained no collagen or 20 g of either type Il or type X collagen. A, ACP; B, PS-CPLX;
G, PS:PE-CPLX; D, MV-CPLX. No collagen in SCL, open circles; type Il collagen in SCL, filled triangles; type X collagen in SCL, filled diamonds. A, note that with ACP
as the nucleator there was relatively little effect of the different collagens on the pattern of mineral formation. B, with PS-CPLX note that although type Il
collagen had no effect on induction time, it clearly increased overall mineral formation. In contrast, type X collagen clearly delayed the onset of mineral
formation, but once started it progressed rapidly and exceeded that of the no-collagen control. C, with PS:PE-CPLX note that the general pattern was similar to
that seen with PS-CPLX, but the effect of the collagens was more muted. D, with MV-CPLX note the more exaggerated effect of the two collagens. Although
mineral formation was clearly delayed when compared with the other nucleators, type Il collagen not only accelerated the onset of mineral formation, but
markedly increased its rate and overall amount. With type X collagen, although it delayed onset of mineral formation, once initiated, it was markedly more rapid
than that seen with the collagen-free control. As indicates absorbance.

although type II collagen enhanced the mineral-forming activ- The effects of type X collagen added to SCL were different
ity of all of the Anx-A5-containing nucleational complexes, it (Table 4, part B); it generally slowed the induction of mineral
especially enhanced the activity of MV-CPLX. formation by all the nucleators, anywhere from 140% to over
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190%. It had relatively little effect on the rate and overall
amount of mineral formation by ACP, PS-CPLX, and PS:PE-
CPLX, but the nucleation potential was reduced as much as
50%. However, with MV-CPLX, the effects of type X collagen
were clearly positive. With the exception of the nucleation
potential, the rate and amount of mineral formation at all stages
were increased ~50%.

DISCUSSION

This study explored the hypothesis that both lipid constitu-
ents and the matrix proteins modulate the rate of mineral for-
mation by MVs. Therefore, the objectives of this study were
2-fold as follows: 1) to elucidate how the various lipid compo-
nents influence the activity of the nucleational core of MV, and

TABLE 3

Effect of various lipids on nucleation parameters of
Anx-A5-containing CPLXs

For statistical analysis and to assess the specific effect of the different lipid compo-
sitions, the value of each nucleation parameter was paired with that of the ACP
control, regardless of whether collagen II, collagen X, or no collagen was present in
SCL. They were then analyzed statistically by means of two-tailed Student’s ¢ tests,
using the homoscedastic test (two populations, equal variance). The parameters of
the lipid-containing samples were then expressed as a percentage of the ACP con-
trol. Values shown are means * S.E. of the indicated number of samples. Super-
scripts to the right of the S.E. are the exponential values of the probability that the
differences were due to chance. T, indicates the time required to induce mineral
formation (h). AMFy indicates the amount of mineral formed during the rapid
formation period (A at 340 nm). RMFy, indicates the average rate of mineral forma-
tion during the rapid formation period (dA/dh). NP indicates the nucleation poten-
tial = (RMF,/T,) X 100, a measure of the ability to induce and sustain rapid mineral
formation. AMFj indicates the amount of mineral formed during the slow forma-
tion period (A at 340 nm). AMF,_,indicates the maximal amount of mineral for-
mation (A at 340 nm). This is the asymptote of the 5-parameter logistic curve fit (see
“Experimental Procedures”). MV-CPLX indicates the nucleational complex com-
posed of the following matrix vesicle lipids: PS:PE:PC:CH:CHE (1:1:1:1:1, molar
ratio) combined with Ca>* and P, (see “Experimental Procedures”).

Parameter PS-CPLX PS:PE-CPLX MV-CPLX

% ACP control % ACP control % ACP control
T, 106.9 = 4.4 119.5+3.077 224.3 =9.0 2
AMF, 1213 +57°* 1214 +7.7°2 913 £9.9
RMF 132.6 + 1.772° 124.3 + 2.671° 716 =5.0°°
NP 128.1 +4.7°8 104.4 + 1.872 326 =28
AMFg 1383 +2.17% 128.8 +4.9°¢ 90.9 £ 6.5
AMF, .. 131.4 + 1.87>* 129.6 + 2.4713 91.2 £5.7
No. of analyses (24) (16) (12)

TABLE 4

2) to uncover how the cartilage-specific collagens modulate
the induction and propagation of mineral formation by these
nucleators. The study dissects out the effects of each of these
components and evaluates their individual contributions to
the mineral-forming process.

Previous analysis of MVs revealed that the driving force for
induction of mineral formation was the presence of a nucle-
ational core comprised of ACP, phospholipids complexed with
this incipient mineral phase (CPLX), and the lipid-dependent
Ca®*-binding proteins (especially annexin-A5) (32, 40, 41). In
this study we used a systematic biomimetic approach to recon-
stitute this nucleational core beginning with the formation of
ACP, an ephemeral but vital component. It was constructed
from ICP, a Mg>*- and HCOj; -containing K*- and P;-rich
buffer modeled after the intracellular fluid of native growth
plate chondrocytes (50). We then incorporated phospholipids
known to be present in the MV inner membrane, starting with
PS, a lipid with well known affinity for Ca®*" (26), but also
including PE and PC, as well as CH and CHE, lipids that have
been shown to be prevalent in native MV (47). Next, we incor-
porated Anx-A5 because our previous work showed that it
potentiated the activity of the reconstituted nucleational core
(45). We now show that native human Anx-H5 not only poten-
tiates mineralization by PS-CPLX but also isolated MV. Finally,
we included two of the cartilage-specific collagens, type II and
X, in the synthetic lymph (SCL) used to support mineral forma-
tion by these nucleators. SCL is a buffer modeled after the
extracellular fluid present in the growth plate of developing
bones (44); the collagens have long been known to be intimately
associated with the mineral phase of skeletal structures (67).
Their ‘hole-zones’ provide sites for mineral attachment to the
collagen triple helix (68, 69).

PS, a critical component of the MV nucleational core, forms
planar laminar structures (28) when complexed with ACP.
Thus, the structure of pure PS-CPLX formed from simple
potassium phosphate buffer can act as an excellent template for
CaP; crystal formation (32). However, the PS-CPLX formed

Effect of the presence of type Il and type X collagen in SCL on nucleation parameters in various lipid-containing Anx-A5-nucleational

complexes

T, indicates the induction time (h); AMFy, indicates the amount of mineral formation during rapid formation period (A at 340 nm); RMFj, indicates the rate of mineral
formation during rapid formation period (dA/dh); NP indicates the nucleation potential (RMF/T}) X 100); AMFg indicates the amount of mineral formation during slow
formation period (A at 340 nm); AMF,_ indicates the maximal amount of mineral formation (A at 340 nm at asymptote). For statistical analysis, the values are means *
S.E. of the indicated number of samples. Differences between the mean of control (no collagen) and type II and X collagen-containing samples were compared using the
two-tailed homoscedastic Student’s ¢ test. Superscript values to the right of the S.E. are the exponential values of the probability that the differences were due to chance.

ACP,

Parameter % no collagen control

PS-CPLX,
% no collagen control

PS:PE-CPLX,
% no collagen control

MV-CPLX,
% no collagen control

A. Type II collagen

T, (h) 89.9 £ 0.6°° 100.8 £ 0.3 90.9 + 0.9°° 83.0 +1.87*
AMEF, 112.4 + 4.272 123.8 3972 108.3 =197 184.3 + 537
RMF, 1233 £3.07™* 125.8 £2.37° 128.0 £3.77* 212.1 = 4.177
NP 137.3 £ 4.07* 1249 £2.1°° 140.8 + 4.27* 256.0 = 9.0°°
AMFg 135.5 £ 5.07* 125.8 = 6.472 119.9 =343 2284 +13.97*
AMF, .. 1234 *4.173 1254 *3.67* 114.6 £2.17* 202.1 = 3.777
No. of analyses (4) (4) (4) (4)
B. Type X collagen

T, (h) 1413 +1.0°° 192.9 + 2378 166.8 +9.17* 1453 + 15272
AMF, 109.6 * 2.472 126.8 = 4.773 110.8 £ 2.6 151.8 £ 6.17*
RMF, 103.3 £ 2.9 94.5 = 2.7 84.8 +4.172 146.8 = 8173
NP 731 +21° 49.0 +1.97 515 + 4.57° 105.5 = 15.6
AMFg¢ 114.2 = 3.8 91.0 + 2.8 84.7 + 3473 1632 + 14473
AME, 1106 * 1.8 109.2 * 2.2°2 98.4 = 1.7 156.0 = 157
No. of analyses (4) (4) (4) (4)
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from ICP buffer is a poor nucleator (45). In a dramatic reversal,
incorporation of Anx-A5 into this Mg® " - and HCO; -contain-
ing CPLX transforms it into a potent nucleator (45). Our cur-
rent studies (Fig. 4) confirm the potentiation of ICP-based
CPLX-mediated mineral formation by Anx-A5. Thus, in the
absence of Anx-A5, incorporation of PS to form PS-CPLX
overly stabilizes ACP and significantly reduces mineral forma-
tion; our current studies confirm that the presence of Anx-A5
markedly potentiates mineral formation by CPLX. We now
show that native human Anx-H5 also potentiates mineral for-
mation by MV (Fig. 6). Furthermore, when incubated in SCL,
human Anx-H5-containing PS-CPLX forms de novo, XRD-de-
tectable, poorly crystalline apatite similar to that of native MV
(Fig. 5).

Although the Ca®*-binding properties of PS make it an obvi-
ous target for mediating mineral formation, other membrane
lipids (e.g PC and PE and SPH) are actually more abundant in
the MV membrane (23, 24, 47). Our current studies corrobo-
rate earlier work by Wu et al. (32) that in the absence of Anx-
A5, PE is highly inhibitory to mineral formation; it greatly
delayed the onset of mineral formation, as well as markedly
decreasing its rate (Fig. 4, A and B, open triangles). However,
we now show that if Anx-A5 is also incorporated into the
CPLX, incorporation of equimolar amounts of PE with PS
had little deleterious effect on mineral formation and in
some cases actually increased it (Fig. 7A). Thus, Anx-A5 also
activates PE-containing lipid complexes, converting them
into active nucleators.

On the other hand, it is now clear that the more “diluted” PS
is in the membrane structure, the longer it takes for mineraliza-
tion to begin. (Compare the induction times of PS-CPLX with
those of PS:PE and PS:PE:PC:CH:CHE-CPLX (MV-CPLX) in
Table 3.) Thus, with the “MV-like” CPLX, in which PS repre-
sents only 20% of the lipid molecules, the onset time was
delayed by ~225%. This indicates that in the presence of Anx-
A5, PS plays a key role in the nucleation of crystalline mineral
formation. We postulate that the spacing and arrangement of
the arrays of the head group of PS and its complexed Ca**-P; in
the PS-CPLX, as organized by Anx-Ab5, creates a micro-milieu
that promotes an atomic arrangement of calcium and phos-
phate ions that matches the unit cell dimensions of the crystal-
line calcium phosphate mineral, facilitating the nucleation of
mineral formation.

It is intriguing, however, with the Anx-A5-containing 1:1
PS:PE-CPLX that the induction time is only marginally length-
ened (Fig. 4A4), and once mineral formation began, its rate was
equal to or greater than that of simple pure PS-CPLX. The
obvious question is why? One possibility is that because the
amine-bearing functional head group of PE bears a positive (+)
charge, it would attract the negatively charged P, group. Thus,
with probable alternate packing of PS and PE head groups, the
PS:PE-CPLX formed on the membrane surface may be
arranged by Anx-A5 to facilitate epitaxial growth of crystalline
mineral formation. This hypothesis can now be directly tested
using molecular dynamic simulation, similar to that used for
visualizing the formation of PS-CPLX (70).

Among the various acidic phospholipids present in MV, PS
appears to be uniquely capable of forming complexes with ACP.
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One of the reasons may be that it has a relatively flexible polar
head group capable of curling around Ca®" in such a manner
that ligands can form with the oxygen atoms of the negatively
charged carboxylate, as well as those in the phosphodiester
bridge structure, and possibly the nitrogen of the discharged
amino group. Additionally, oxygen atoms from P; groups of
ACP help fill the coordination sphere around Ca®*, which
results in the typical 1:1:1 Ca®>*:P;:PS molar ratio of PS-CPLX.
This suggested arrangement of atoms is consistent with space-
filling molecular models and data from RDF-EXAFS analysis of
PS-CPLX (71) and has now been confirmed by molecular
dynamic simulation (70).

Turning now to the role of the cartilage collagens, it is clear
from the data derived from all of the nucleational complexes
studied that type II collagen consistently enhanced mineral for-
mation. Its most striking effects were with MV-CPLX (Table 4,
part A) where it essentially doubled the rate and amount of
mineral formed, compared with the collagen-free control. This
finding indicates that in vivo, given the complexity of the lipid
composition of native MV, type II collagen must be of special
importance in facilitating mineral formation. With ACP, PS-
CPLX, and PS:PE-CPLX, it also consistently enhanced mineral
formation, but only by 20 -35%.

On the other hand, it is important to note that type II colla-
gen consistently failed to shorten the induction (nucleation)
time. Also, type II collagen alone does not nucleate mineral
when incubated in SCL. Thus these studies show that native
type II collagen does not nucleate apatite under the conditions
tested; it does, however, clearly increase mineral formation by
enhancing the rate and amount of crystalline mineral formed,
once nucleation has occurred. These findings indicate that the
collagens primarily facilitate crystal growth. This presumably
occurs by interaction of the crystallites with its rigid triple-
helical structure; and in fact, scanning electron microscopy of
mineralizing cultures of growth plate chondrocytes reveal
radial spoke-like outgrowths from MV nucleation sites (51, 72).
Similarly, freeze-fracture images of calcifying epiphyseal carti-
lage reveal plate-like crystallites associated with collagen fibrils
(73). However, our studies now show with pepsin-treated type
IT collagen (from which the nonhelical telopeptides were
removed) that the stimulation of mineral formation is largely
abrogated. This finding indicates that the nonhelical portion of
type II collagen is required for coupling of nucleated mineral to
the triple-helical portion of the collagen. Thus, the full native
form of type II collagen appears to be required for facilitating
the spread of mineral growth from the MV into the extracellu-
lar matrix.

The most obvious effect of type X collagen was that it signif-
icantly slowed the onset of mineral formation by all of the
nucleators studied, ranging from 141 to 193% (Table 4, part B).
However, like type II collagen with MV-CPLX, type X collagen
also stimulated both the rate and amount of mineral formed
once mineralization was initiated, albeit by only about 50%.
With the other nucleators, the effect of type X collagen was
muted; it significantly reduced the nucleation potential but
prolonged the period of slow crystal growth, in the end forming
as much or slightly greater amounts of mineral than the colla-
gen-free control. This slowing, but prolongation of mineral for-
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mation by type X, may contribute to the increased size and
degree of crystallinity of mineral that previously have been
observed in calcified growth plate cartilage as compared with
cancellous or compact bone (74, 75). This higher level of crys-
tallinity may be important for the mechanical properties of cal-
cified cartilage and fracture callous prior to formation of the
mechanically superior type I collagen-based bone.

The question naturally arises how did type II and X collagen
stimulate mineral formation? The answer is that they most
probably did so via their well established interaction between
type II and X collagen and Anx-A5 (14-16). Type II and X
collagens have been shown to bind to liposomes only in the
presence of Anx-A5 and not in the presence of Anx-A2 or -A6
(76). In this study, type II collagen did not significantly alter the
time of onset, the rate, or the amount of mineral formed in any
of the Anx-A5-free CPLXs tested (data not shown). Thus,
Anx-A5 must act as a bridge between the membrane CPLXs
and the matrix collagens; our studies with pepsinized type II
collagen indicate that the telopeptide region must be part of this
bridge.

Given the unexpected slowing of the rate of mineral for-
mation in the presence of type X collagen in SCL, there is the
possibility that in vivo this may not occur. It is possible that
interaction between type X and type II collagens, or with the
proteoglycans and other matrix macromolecules, may
enhance their ability to support mineral formation, as
occurred between PS and PE when they were together with
Anx-A5. However, whether this occurs will have to await
further studies.
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