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Abstract. Previous in vitro and in vivo studies demon-
strated that osteopontin (OPN) is an inhibitor of the
formation and growth of hydroxyapatite (HA) and
other biominerals. The present study tests the hypothe-
ses that the interaction of OPN with HA is determined
by the extent of protein phosphorylation and that this
interaction regulates the mineralization process. Bone
OPN as previously reported inhibited HA formation
and HA-seeded growth in a gelatin-gel system. A
transglutaminase-linked OPN polymer had similar ef-
fects. Recombinant, nonphosphorylated OPN and
chemically dephosphorylated OPN, had no effect on HA
formation or growth in this system. In contrast, highly
phosphorylated milk OPN (mOPN) promoted HA for-
mation. The mOPN stabilized the conversion of amor-
phous calcium phosphate (a noncrystalline constituent
of milk) to HA, whereas bone OPN had a lesser effect on
this conversion. Mixtures of OPN and osteocalcin
known to form a complex in vitro, unexpectedly pro-
moted HA formation. To test the hypothesis that small
alterations in protein conformation caused by phos-
phorylation account for the differences in the observed
ability of OPN to interact with HA, the conformation of
bone OPN and mOPN in the presence and absence of
crystalline HA was determined by attenuated total
reflection (ATR) infrared (IR) spectroscopy. Both pro-
teins exhibited a predominantly random coil structure,
which was unaffected by the addition of Ca®". Binding
to HA did not alter the secondary structure of bone
OPN, but induced a small increase of B-sheet (few per-
cent) in mOPN. These data taken together suggest that
the phosphorylation of OPN is an important factor in
regulating the OPN-mediated mineralization process.
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Osteopontin (OPN), also known as secreted phospho-
protein-1 (SPP1), urinary stone phosphoprotein, uro-
pontin, and early T-cell activator (ETA-1), is a highly
conserved multifunctional phosphorylated glycoprotein
expressed in many mineralized and soft tissues including
bone, dentin, elastin, muscle, tumors, and in body fluids
(milk, inner ear, and urine) [1-4]. It is also a major
component of the calcium carbonate—containing egg
shell [5]. The complementary deoxyribonucleic acid of
OPN was first cloned and sequenced using rat osteosar-
coma cells [6]. Concomitantly, OPN was isolated and
characterized from rat bone by Prince et al. [7]. OPN
contains an integrin receptor-binding arg-gly-asp (RGD)
sequence [8], and its messenger ribonucleic acid (mRNA)
is upregulated in response to 1, 25(OH), vitamin Ds,
parathyroid hormone, and elevated phosphate levels [9—
12]. OPN contains a polyaspartic acid sequence and sites
of Ser/Thr phosphorylation, of which half are highly
conserved. These phosphorylated residues are postulated
to mediate OPN binding to hydroxyapatite (HA) mineral
crystals [4]. OPN also contains transglutaminase-reactive
glutamine residues (Q34 and Q36) that allow it to be
cross-linked by transglutaminase enzymes. This cross-
linking results in the formation of OPN polymers, which
also bind to HA [13-17].

The concept that OPN is involved in regulation of
bone mineralization arose on the basis of its tissue dis-
tribution, its affinity for calcium, its immunolocalization
in regions of mineralization [18], and the regulation of
OPN gene expression by calcitrophic hormones [11, 12,
19]. Bone OPN has been shown from both cell culture
[20] and gene ablation experiments to be important for
both the differentiation and recruitment of osteoclasts
[21-24], and for the inhibition of HA formation and
growth [25]. OPN also inhibits in vitro growth of cal-
cium oxalate [26] and calcium carbonate [27] crystals.
Although the effects on bone remodeling have recently
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been linked to OPN-regulation of vascularization rather
than to effects on osteoclastogenesis [28], the role of
OPN in regulating HA deposition through its associa-
tion with HA crystals [29] is well accepted. However the
significance of OPN variants (with differing phosphor-
ylation levels) in this process is unknown.

Although the predominant bone OPN has about 13 of
its potential 29 phosphorylation sites per mole occupied
[30], the phosphorylation is variable when different tis-
sues are compared [31, 32], and when protein extracts
from the same tissue are fractionated [32, 33]. The
importance of this variable phosphorylation for regula-
tion of biomineralization is suggested by the observation
that the binding of some phosphorylated proteins to HA
is altered by dephosphorylation and/or by modification
of carboxylate groups [34], and by earlier reports that
dephosphorylation of bone OPN abolishes its ability to
inhibit HA formation [35, 36]. Similarly, dephosphory-
lation of eggshell OPN eliminates its inhibitory effect on
calcium carbonate precipitation [29].

The concept that regulation of phosphorylation of
extracellular matrix proteins in general, and OPN in
particular, is important for control of biomineralization,
is supported by the different effects of dephosphorylated
collagen on HA formation and growth [37], by the ef-
fects of inhibiting kinase and phosphatase activities on
mineralization in cell culture [38, 39], and by the dif-
ferent abilities of phosphorylated and nonphosphory-
lated OPN to activate macrophages [39, 40]. A feature of
many of the anionic extracellular matrix proteins that
regulate initial formation and growth of HA crystals
and other biominerals [3, 41] is their ability at low
concentrations to stabilize the first formed “critical” HA
nuclei facilitating initial mineral deposition and, at
higher concentrations, to bind to crystals limiting their
growth and proliferation. It is our hypothesis that the
extent of protein phosphorylation (or other posttrans-
lational modifications) is a significant factor in deter-
mining OPN effects on the mineralization process. One
possible effect of these modifications is a change of
protein secondary structure, such as occurs in other
systems [42]. The purpose of the present study was to
investigate the importance of OPN phosphorylation by
comparing the effects of OPN with different amounts of
phosphorylation on HA formation, and to probe the
mechanism of these effects by determination of the
secondary structure of bone and milk OPN in the
presence and absence of HA crystals.

Materials and Methods
Materials

OPN from rat bone and recombinant OPN were prepared and
purified as detailed elsewhere [43]. The bone preparation had
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~13 phosphorylated residues (44% of all possible phosphory-
lation sites); the serine residues that were phosphorylated were
either totally phosphorylated or variably phosphorylated in
different preparations [43]. OPN from bovine milk (mOPN)
was prepared and characterized as described elsewhere and
had 28/29 (96%) of its potential sites phosphorylated [44].
Dephosphorylated OPN was prepared from both the rat bone
OPN preparation and from mOPN by incubation with alkaline
phosphatase beads [35]. Recombinant OPN containing no
phosphate was a gift from Dr. Magnus Hook [45]. Organic
phosphate analysis of representative dephosphorylated and
nontreated samples was performed using the method of Bay-
kov et al. [46]. The OPN polymer was kindly provided by Dr
Mari Kaartinen, and had been prepared as described elsewhere
[16] from mOPN. Protein mixtures combining OPN and
osteocalcin (OCN) were prepared on a weight per weight using
bovine osteocalcin kindly provide both by Dr. Hauschka and
Dr. Gundberg [47].

Mineralization Assays

Gelatin-Gel System. The effects of the various forms of OPN on
HA formation and growth were monitored in the gelatin-gel
diffusion system previously described [48, 49]. This double-dif-
fusion system is designed to mimic cell-controlled mineraliza-
tion, in that initial mineral deposition occurs at approximately
physiologic calcium and phosphate concentrations (calcium x
phosphate ~ 5.5 mM?), and after the precipitate is formed the
flow of ions into the precipitant band is maintained at steady
state levels owing to the continuous deposition of ions in HA
[49]. In brief, in this system the protein or proteins in question are
sandwiched in a 100-pm-thick band in a 6-cm-long (3-mL)
polystyrene tube between two layers of 10% gelatin (Bloom
Gelatin, Fisher Chemicals, Springfield, NJ, USA) at the site
where HA forms in the absence of added protein. Calcium
chloride and ammonium acid phosphate circulate into opposite
ends of the gelatin-filled tubes from 4 L vessels containing 100-
mM solutions in pH 7.4 Tris-hydroxy-methyl-amino methane
(Tris) buffer. The Tris buffer contains 0.1% sodium azide to
prevent bacterial growth. The solutions are circulated under a
constant nitrogen flow at room temperature. Because previous
studies had shown that at 25 pg/mL bone OPN effectively
inhibited HA formation and growth [35], each protein was first
analyzed at this concentration. If results were inconclusive,
higher and/or lower concentrations were evaluated.

For study of de novo HA formation, gels were removed
from the apparatus at 3.5 days. Mineral formation and growth
in the de novo system was monitored at 5.0 days. To assess
effects of protein on HA growth, preformed HA seed crystals
[50] characterized by wide-angle X-ray diffraction and chemi-
cal analysis of calcium-to-phosphate ratios, were included with
the protein at a final HA concentration of 0.5 mg/mL. At the
indicated time-points, gels were removed from the polystyrene
tubes, the position of the precipitant band was noted, and the
gels were positioned on a slicer that produced 0.3-mL volumes
such that the precipitant band was in the central slice. The
precipitant band was either examined by x-ray diffraction to
confirm the presence of HA, or all the slices were analyzed for
calcium [51] and inorganic phosphate (Pi) [52] content. To
correct for Ca or Pi binding by the proteins, the ion concen-
trations of the single-diffusion gels were subtracted from those
of the double-diffusion gels. Results from individual experi-
ments (containing 3 experimental, 3 control, and 12 single-
diffusion gels), were combined and expressed as the ratio of
experimental to control. Each individual experiment was re-
peated 3 to 5 times and results expressed as mean £+ SD for
each set of experiments.

ACP-HA Conversion. Amorphous calcium phosphate (ACP)
was prepared from Tris-buffered solutions of 4 mM calcium
chloride and 3 mM sodium acid phosphate at 25°C pH=7.4, as
described elsewhere [50]. After ripening for 5 minutes, the ACP
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was filtered through a 600 mL medium-porosity fritted-glass
filter by vacuum filtration, washed with 150 mL of Milli-Q water
the pH of which was adjusted to 10 with ammonia, washed 2x
with acetone, and air dried. The presence of ACP and the ab-
sence of any crystalline phases was confirmed by wide angle X-
ray diffraction by using Cu K-alpha radiation on a Bruker AX-8
powder diffractometer (Bruker, Madison, WI, USA).

The conversion of ACP into HA was monitored by sus-
pending 200 mg ACP in 15 mL 0.15 M Tris buffer at 25°C with
and without 5 to 25 pg/mL mOPN or bone OPN, added from
a 1 mg/mL stock (pH = 7.6). At this pH the total ACP to HA
conversion requires about 6 hours to complete, and the
induction time (time for conversion to start) is 50 minutes [53].
Aliquots were removed a 0, 0.5, 1, 2, 3, 4, 6, and 24 hours. The
ACP-HA mixtures were separated by microcentrifugation in
the cold for 1 minute (14,000 rpm), and the precipitate was
dried in acetone and used for X-ray diffraction and infrared
(IR) determination of percentage conversion. In some cases the
ACP was precoated for 30 minutes with the protein prior to
the start of the experiment. For these studies the protein was
prepared in pH 7.8 Tris buffer to retard conversion of ACP to
HA (induction time at this pH ~2 hours [53]), and the absence
of any conversion was confirmed by X-ray diffraction. Per-
centage conversion was expressed based on the sharpening of
the broad amorphous X-ray diffraction (XRD) band from 24
to 31 degrees to the distinct formation of a 002 and 310 band.
This was calculated as the percentage change in XRD line-
width of the c-axis 002 peak over that of the 310 peak. Per-
centage conversion was also calculated from the IR data as the
ratio of the depth of the splitting of the phosphate v, peak over
the height from the base of the trough to a tangent to the split
peaks. To compare data, four parameters were tabulated from
plots of percentage conversion versus time. The point at which
a tangent to the steepest part of the slope crossed the X-axis
was defined as the induction time, t;. The time-point at which
50% of the conversion (based on control values) was achieved
was defined as the half-life (t;,). The percentage conversion at
24 hours, relative to the control data, was defined based on
both XRD and IR data.

Statistics. Results from 3 to 5 independent experiments were
combined, and mean and standard deviations (SDs) were
compared by analysis of variance (GraphPad, Carlsbad, CA,
USA). These were then contrasted with values from experi-
ments with different concentrations of proteins by using the
Bonferroni multiple comparisons test with Bonferroni P <
0.05 accepted as statistically significant.

Fourier Transform Infrared Spectroscopic Secondary Structure
Determination

Deuterated rat bone OPN and bovine mOPN, Tris buffer, HA,
and calcium chloride solutions were prepared by repeated (4x)
lyophilization of highly purified proteins and other materials in
pH 7.4 Tris-buffered D,O solutions. Protein secondary deter-
mination is routinely carried out in buffered D20 solutions
and lyophilization is an accepted method for achieving the
necessary H/D exchange [54]. Deuterated solutions were then
mixed to give a final concentration of 20 mg/mL and infrared
spectra were recorded for osteopontin alone, in the presence of
deuterated calcium chloride solution (variable concentration),
or 1 mg/mL deuterated HA. FTIR experiments were carried
out on a Bruker Tensor spectrometer (Billerica, MA, USA)
equipped with a broad-band MCT detector and a Bruker
BioATRII accessory. Interferograms were collected at 2 cm™!
resolution (512 scans, 20°C), apodized with a Blackman-Harris
function, and Fourier transformed with one level of zero-filling
to yield spectra encoded at 1 cm™! intervals. To reduce water
interference in the spectral region associated with the protein
amide I bands, all spectra were processed by subtracting the
rotational-vibrational water vapor bands. Final protein spec-
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tra were obtained by subtracting matched buffer spectra
(subtraction factor 0.98 < x < 1.02) to yield an essentially
flat baseline in the spectral region of interest. In comparison to
circular dichroism (CD) measurements, ATR—Fourier trans-
form infrared (FTIR) experiments offer the unique advantage
that the results are largely unperturbed by the strong scattering
of HA. Furthermore, the use of IR spectroscopy is advanta-
geous for the conformational analysis of largely unstructured
proteins.

Results

As previously reported for bovine bone OPN [35, 55],
rat bone OPN was an effective inhibitor of both de novo
HA formation (not shown) and HA-seeded growth
(Fig. 1A). The transglutaminase cross-linked bovine
mOPN polymer was also an effective inhibitor of seeded
growth (Fig. 1B), and was more effective on a weight per
weight basis than the bone OPN monomer, since the
polymer was a significant inhibitor at 10 pg/mL whereas
the bone OPN caused significant inhibition at 25 pg/mL.
Neither the recombinant OPN, which had no phos-
phorylation (Table 1), nor the chemically dephospho-
rylated OPN (not shown) affected de novo HA
formation (Fig. 2) or seeded growth (not shown) at any
concentration tested, in agreement with the earlier
finding that dephosphorylated bone OPN had no effect
on in vitro HA deposition [35, 55, 56]. In all the seeded
growth studies with dephosphorylated OPNs the ratios
of experimental to control values were not different from
one (1.04 = 0.06) for all conditions.

In contrast, the highly phosphorylated mOPN, pro-
moted HA formation and growth in the gelatin-gel
system (Fig. 3). However, at high concentrations (50—
100 pg/mL) mOPN inhibited the accumulation of HA.
To compare data with all forms of OPN, results for
25 pg/mL of the different OPNs with and without
phosphorylation are summarized in Figure 4. A line is
drawn through the control values, and significant dif-
ferences are noted in the behavior of bone OPN and
mOPN.

Table 2 compares the effects of mOPN and bone
OPN on the solution-mediated conversion of amor-
phous calcium phosphate to HA. This study was per-
formed to test the hypothesis that the reason that a
highly phosphorylated OPN is present in milk is to
stabilize the ACP that is present [57]. The ACP granules
in milk are located in micelles coated with casein, which
would also prevent the conversion of ACP to HA [57].
At the lower concentrations tested, both mOPN and
bone OPN had little effect on the conversion, but at
higher concentrations, mOPN significantly retarded the
conversion, whereas bone OPN did not. Furthermore
the percentage conversion at 24 hours was always less
for mOPN than that observed for bone OPN.

In vitro OPN associates with OCN [58], potentially
masking certain domains in both proteins. The effects of
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Fig. 1. Effects of osteopontin on seeded apatite growth. A)
Rat bone osteopontin inhibits hydroxyapatite (HA)-seeded
growth in the gelatin gel system. B) Bovine osteopontin (OPN)
polymer inhibits HA-seeded growth in the gelatin gel system.
Relative yields of calcium and phosphate ions in the pre-
cipitant band at 5.0 days in the presence of increasing con-
centrations of protein and 0.5 mg/mL HA seed crystals.
Values are compared to protein-free controls run at the same
time, and represent mean + standard deviation (SD) for 3 to
5 experiments, each containing three experimental and three
control gels *P < 0.05 relative to OPN-free controls.

Table 1. Organic phosphate content of representative OPNs
evaluated in the gelatin gel system

Organic phosphate

(ng/ug protein)

Protein mean £ SD,n = 5

Bone OPN

Recombinant OPN
Dephosphorylated milk OPN
Milk OPN

0.0220 £ 0.0005
0.000 = 0
0.0010 £+ 0.0001

0.05170 £+ 0.0006

OPN, osteoportin; SD, standard deviation

synthetic mixtures of OPN and OCN at a total protein
concentration of 25 pg/mL are compared in Figure 5.
Both OCN alone and OPN alone inhibited HA forma-
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Fig. 2. Effects of dephosphorylated osteopontin on apatite
formation and growth. Chemically dephosphorylated rat os-
teopontin (OPN) had no effect on hydroxy apatite (HA) for-
mation at 5 days. Relative yields of calcium and phosphate
ions in the precipitant band in the presence of increasing
concentrations of protein and 0.5 mg/mL. HA seed crystals.
Values are compared to protein-free controls run at the same
time, and represent mean =+ standard deviation SD for 3 to 5
experiments, each containing three experimental and three
control gels.

tion and growth, but the mixtures promoted formation
and growth of HA (Fig. 5A, B). Precoating the HA
seeds with OCN before exposure to OPN increased the
mineral yield, whereas precoating with OPN before
exposure to OCN did not (Fig. 5C).

Because the interaction between the phosphorylated
OPNs and HA seemed to account for the observed ef-
fects of this relatively unstructured protein [59] on HA
formation and growth, we used an FTIR technique to
investigate this interaction. First we determined the ef-
fect of increasing calcium ion concentration on both
milk and bone OPN secondary structures by using
attenuated total reflection (ATR) FTIR spectroscopy
(Fig. 6A). The structurally sensitive protein amide I
band was found to be centered at ~1645 cm™' and was
largely unaffected by the addition of Ca®" cations. The
observed position and width of the amide I band is
indicative of a predominantly unstructured (random
coil) protein [60]. The spectral feature located at 1550 to
1600 cm™" represents the OPN amide II band (protein
elements that are not deuterium exchanged) as well as
aspartic acid side-chain contributions (,,(COO™-) [61].
The decreasing intensity of this band feature might be
attributable to a continued H/D exchange, which causes
the amide II band to shift from 1550 to 1450 cm™" (the
latter band is obscured by the presence of the D,O
scissoring band [61]). Although Ca®* induced secondary
structure changes would potentially accelerate H/D ex-
change, such a mechanism appears to be an unlikely
contributing factor to the observed band intensity
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Fig. 3. Effects of milk osteropontin (OPN) on de novo
hydroxyapatite (HA) formation. Highly phosphorylated milk
OPN (mOPN) promoted HA formation in the gelatin-gel
system. Relative yields of calcium and phosphate ions in the
precipitant band in the presence of increasing concentrations
of protein. Values are compared to protein-free controls run at
the same time, and represent mean + standard deviation for 3
to 5 experiments, each containing three experimental and three
control gels.
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Fig. 4. Effects of various forms of osteopontin(OPN) on
hydroxyapatite (HA) proliferation and growth. Ion accumu-
lation in the presence of 25 ug/mL of protein. Relative yields
of calcium and phoshate ions in the precipitant band at 5.0
days in the presence of increasing concentrations of protein
and 0.5 mg/mL HA seed crystals. Values are compared to
protein-free controls run at the same time, and represent
mean + standard deviation (SD) for 3 to 5 experiments, each
containing three experimental and three control gels *P <
0.05 relative to OPN-free controls. deP-OPN, chemically de-
phosphorylated bone OPN; deP-mOPN, chemically depho-
sphorylated milk OPN.

mOPN

Table 2. Effect of milk OPN and bone OPN on the conversion of ACP to HA

Milk osteopontin

Bone osteopontin

Concentration (g/mL)  t;» (hr)  ti(hr) %24 (XRD) %24 (IR)  tpz (hr)  ti(hr) %24 (XRD) %24 (IR)
0 0.1 0 100 100 0.1 0 100 100

5 PC 0.7 0.3 90 80 0.5 0 95 88

5 NPC 0.4 0 98 89 0.4 0 98 87

10 PC 0.8 0.3 84 ND 0.6 0 95 ND

10 NPC 0.48 0 82 ND 0.42 0 83 ND

25 PC 1.2 0.9 82 ND 0.9 0.4 85 ND

25 NPC 1.0 052 82 ND 0.6 042 92 ND

50 PC 1.8 1.6 78 60 0.62 035 92 85

50 NPC 1.3 0.8 82 85 0.62 035 95 95

ACP, amorphous calcium phosphate; NPC, ACP added to the solution containing the protein; PC, ACP precoated with protein
before incubation; Parameters, t,, is time to reach the 50% value in controls; t; is intercept of slope of rate of conversion line with
X-axis (otherwise know as initiation time), %24 is percentage of conversion at 24 hours determined by both X-ray diffraction
(XRD) and infrared (IR). ND indicates not determined. All raw data points reproduced to 3% making all lines used for these

calculations overlap

change because the analysis of the corresponding amide
I band envelopes does not suggest alterations of the
protein secondary structure.

In contrast to the mOPN interaction with Ca’™",
mOPN interaction with HA induced a small but sig-
nificant and reproducible shift of the mOPN amide I
band envelope to lower wave numbers (Fig. 6B), which
is just beyond the limit of secondary structure change
detectable by current FTIR technology. The shift of the
amide I band envelope is indicative of a slight increase (a
few percent) in the differences

B-sheet content, and the protein remains largely
unstructured. Although the interpretation of such small
band shifts bears some risks, several lines of evidence
support the notion of a band shift: The analysis of the
osteopontin—Ca’" interaction as well as experiments
targeted at the investigation of bone osteopontin—
hydroxyapatite interaction (not shown) revealed no
changes in the amide I band envelope, which highlights
the reproducibility of the experiments and the robust-
ness of the data-processing protocol (particularly, with
respect to the buffer subtraction).
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are shown for Ca and Pi accumulation, mean + standard
deviation (SD) for 4 to 3 experiments. B) There was no effect of
these mixtures on hydroxyapatite (HA)-seeded growth. Data
for Ca accumulation only are presented, mean + SD for
n = 3 experiments.

Discussion

This study has shown that OPN phosphorylation regu-
lates its interaction with HA and contributes to the
OPN-mediated control of HA formation and growth. It
also suggests that slight modifications in phosphorylated
OPN conformation occur upon binding to HA and that
these small conformational changes may be important
for the regulation. As previously reported [35, 55, 56],
the phosphorylated OPN isolated from bone was an
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Fig. 6. Secondary structure determination: A) In presence
and absence of ionic calcium: milk osteopontin ngPN)
amide I/amide II spectral region for increasing Ca®" con-
centrations (0.15 mM Tris/D,O buffer). Spectra were ob-
tained by subtraction of matched buffer spectra (subtraction
factor 0.98 (£ x < 1.02). The spectra were, normalized to
the peak height at 1645 cm™'. B) In presence and absence of
hydroxyapatite (HA): amide I/amide II spectral region in the
absence and presence of HA (2.5 mg/mL HA, 0.625 mM
CaCl,, 16.25 mg/mL mOPN). Spectra were obtained by
subtraction of matched buffer spectra (subtraction factor
0.98 < x < 1.02). The spectra were normalized to the peak
height at 1645 cm™".

effective mineralization inhibitor in the in vitro gelatin-
gel system. The dephosphorylated forms had no signif-
icant effects, but the more highly phosphorylated form
promoted HA formation and growth, as did mixtures of
OPN and osteocalcin. These effects provide insight into
the importance of OPN phosphorylation for the regu-
lation of biomineralization.
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The extracellular matrix proteins are differentially
phosphorylated and dephosphorylated by casein kinases
[31] and phosphatases, such as the bone-specific tartrate-
resistant acid phosphatase (TRACP) [62]. In fact, bone
OPN is a known substrate of TRACP, in that it is not
modified by osteoblasts from TRACP-deficient mice
[62]. Furthermore, the ability of bone sialoprotein
(BSP)—a related RGD-containing phosphoglycoprotein
with signaling properties—to induce osteogenesis is re-
lated to the relative extent of both OPN and BSP
phosphorylation [31].

In contrast to bone OPN, which is only partially
(38%) phosphorylated, the bovine mOPN is almost
completely (96%) phosphorylated. Because the major
phosphorylated proteins in milk are caseins, where all
phosphate groups are attached to serines or threonines
found in the sequence motif Ser/Thr-X-Glu/Ser(P), this
suggests that the mammary gland enzyme (casein ki-
nase) that is responsible for the phosphorylation has a
high degree of specificity in the selection of phosphor-
ylation sites. Although the regulation of the differential
phosphorylation in mineralized tissues is still under
investigation, results of the current study support our
hypothesis that variations in phosphorylation regulate
the mineralization process.

Earlier studies demonstrated that dephosphorylated
bovine bone OPN bound with less affinity to HA than
the bovine bone OPN itself [35], although there was
some interaction through the polyaspartate residues [55,
63]. In the present study, what appeared to be most
relevant for dictating the effects of OPN on the forma-
tion and growth of HA crystals in the gelatin-gel system
(at any given concentration) was the extent of phos-
phorylation. Dephosphorylated OPN had no effect,
bone OPN was an inhibitor, and highly phosphorylated
mOPN promoted mineralization and inhibited the ACP
to HA conversion more efficiently than did bone OPN.
Recently, Ito et al. also found that mOPN was a HA
nucleator when cross-linked to agarose beads, but an
inhibitor when adsorbed on these beads [64]. Their data
agree with our findings that lower concentrations of
mOPN facilitate HA formation, and higher concentra-
tions, presumably released from the beads when sus-
pended in the mineralizing solution, could block any
nucleation occurring on the beads.

It has been suggested [65] that the anionic OPN coats
the HA (or other forming mineral crystals) and retards
the further growth and proliferation of mineral. This is
also seen when nonycrystalline calcium phosphates,
such as ACP, are coated with bone and milk OPNs;
therefore, the more highly phosphorylated mOPN sta-
bilized ACP to a greater extent than bone OPN. Simi-
larly OPN loses its ability to inhibit smooth muscle cell
calcification when dephosphorylated [66]. The differ-
ences may be due not only to the extent of binding, but
also to the small conformational differences between the
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proteins. Steitz et al. [65] also suggested that binding of
OPN to HA alters the OPN conformation, facilitating
recruitment and activation of macrophages that remove
pathologic HA deposits.

In a recent study that monitored HA formation in a
constant-composition titration system, Pampena found
that all the OPN phosphorylated peptides synthesized to
match the phosphorylation sites in OPN inhibited HA
formation and growth; however, the most effective
peptides were those that were the most anionic. The
conformation studies suggest how this may occur. The
more phosphorylated peptides or protein undergoes a
slight conformational change when it interacts with HA,
thereby increasing its affinity for sites on the crystal or
crystal nucleus that would normally undergo growth.
This, analogous to the binding of mOPN to agarose
beads [64], may expose OPN domains that can nucleate
HA. This is further suggested by the OPN and OCN
mixtures that enhanced rather than blocked HA for-
mation and growth. When HA crystals were precoated
with OCN, and then mixed with bone OPN, there was a
greater increase in mineral yield than when OPN was
used first. This implies that the OPN sites that interact
with OCN expose OPN domains that support HA-
crystal nucleation and growth. Further structural studies
will be required to determine the nature of those do-
mains.

It is important to comment on the secondary struc-
ture analysis reported in this paper. Nuclear magnetic
resonance (NMR) studies of the nonphosphorylated
protein [59] had previously demonstrated that the pro-
tein had a flexible random coil structure and earlier CD
evaluation indicated that OPN maintained its random
coil conformation when calcium was added [67]. Such
studies did not explain the failure of monoclonal anti-
bodies that bound to OPN on plastic to bind to OPN
immobilized on HA [67], findings interpreted as showing
a conformational change when OPN bound to HA.
Slight conformational changes were suggested by these
investigators [65] when they looked at Ca-OPN inter-
actions by FTIR secondary, structure determination. By
using FTIR the present study revealed a slight but sig-
nificant change in conformation when mOPN was
bound to HA, whereas essentially no structural change
was found for bone OPN. We did not examine
unphosphorylated OPN because it neither bound to HA
nor was reported to have any measurable conformation
in the NMR studies [59].

Despite the slight increase in B-sheet content for
mOPN in the HA-bound state, it is important to high-
light that the protein remains largely unstructured. The
resulting high flexibility of the protein structure, as
previously suggested [59], might be a means to efficiently
adapt to the HA surface upon adsorption and to ensure
a tight binding to multiple sites both on HA, on cells,
and within the matrix. It is noteworthy that only the
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highly phosphorylated OPN underwent a conforma-
tional change, suggesting that this change was brought
about by phosphate interactions with a cationic surface
on the HA crystals. This interaction most likely exposed
the sites on the OPN structure that promoted HA for-
mation. In the future it will be important to determine if
other phosphorylated proteins that facilitate HA for-
mation undergo a comparable change when they bind to
HA.

In conclusion, based on these studies, we suggest the
following mechanism for the OPN-regulated HA (and
perhaps other) mineral formation processes. OPN is
synthesized in response to calcitropic hormones. In soft
tissues this includes response to elevated inorganic
phosphate (and perhaps pyrophosphate), as OPN
expression is decreased in mouse models with decreased
extracellular pyrophosphate [68]. OPN is phosphory-
lated at specific sites under cell- and tissue-mediated
controls. Small concentrations of highly phosphorylated
OPN may act as nucleators, but for the most part, the
concentration of partially phosphorylated OPN present
is sufficient to coat HA nuclei and nascent crystals,
thereby blocking their growth and proliferation. Re-
moval of the phosphate groups releases the inhibitory
effects. The ability of an anionic matrix protein to act
both as an inhibitor and a nucleator, depending on state
of phosphorylation and concentration, is in agreement
with the data from other mineralizing systems [41].
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