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Abstract
The manuscript tests the hypothesis that posttranslational modification of the SIBLING family of
proteins in general and osteopontin in particular modify the abilities of these proteins to regulate in
vitro hydroxyapatite (HA) formation. Osteopontin has diverse effects on hydroxyapatite (HA)
mineral crystallite formation and growth depending on the extent of phosphorylation. We
hypothesized that different regions of full-length OPN would also have distinct effects on the
mineralization process. Thrombin fragmentation of milk OPN (mOPN) was used to test this
hypothesis. Three fragments were tested in a de novo HA formation assay; an N-terminal fragment
(aa 1–147), a central fragment (aa 148–204) denoted SKK-fragment and a C-terminal fragment (aa
205–262). Compared to intact mOPN the C- and N-terminal fragments behaved comparably,
promoting HA formation and growth, but the central SKK-fragment acted as a mineralization
inhibitor. In a seeded growth experiment all fragments inhibited mineral proliferation, but the
SKK-fragment was the most effective inhibitor. These effects, seen in HA-formation and seeded
growth assays in a gelatin gel system and in a pH-stat experiment were lost when the protein or
fragments were dephosphorylated. Effects of the fully phosphorylated protein and fragments were
also altered in the presence of fibrillar collagen. The diverse effects can be explained in terms of
the intrinsically disordered nature of OPN and its fragments which enable them to interact with
their multiple partners.
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INTRODUCTION
Osteopontin (OPN) is a member of the “SIBLING” (small integrin binding ligand N-
glycosylated) family proteins found in relatively high concentrations in odontoblasts,
osteoblasts and osteocytes [1,2]. It is well accepted that OPN is important for regulation of
biomineralization. For example, phosphorylated bone OPN in cell-free in vitro systems [3–
6] and in cell culture [7–10] inhibits hydroxyapatite (HA) mineral deposition. In contrast,
the highly phosphorylated milk OPN (mOPN) promotes mineralization in solution [11]. A
small synthetic OPN peptide (aa 115–132) containing the acidic, serine- and aspartate-rich
motif (ASARM) also inhibits HA formation and growth in a phosphorylation dependent
manner [12]. In the OPN-deficient (OPN-KO) mouse mineralization is enhanced in bones,
calcified cartilage [13], vasculature [14], and kidneys [15]. Recently an antibody to a small
peptide adjacent to the thrombin cleavage site near the integrin binding RGD sequence of
OPN was shown to block kidney calcification in mice [16] implying that this OPN domain is
important in the mineralization process. It is our underlying hypothesis that post-
translational modifications including phosphorylation and fragmentation of the SIBLING
proteins in general, and of OPN in particular, determines their ability to regulate HA
formation. It has previously been shown that full length (fl)-DMP1 is an inhibitor of HA
formation and growth [17], while its N- and C- terminal fragments are mineralization
promoters and a N-terminal proteoglycan form an inhibitor. In contrast, fl-MEPE is a
promoter of HA formation and the fragments are inhibitors [18]. Although the intact product
of the dspp gene has not be isolated, its two fragments, phosphophoryn and dentin
sialoprotein, both SIBLING proteins, both act as HA promoters but the effect of
phosphophoryn is much greater than that of dentin sialoprotein [19,20]. To extend this
information to another SIBLING the purpose of this study was to compare the effects of
fragments of OPN on HA formation and growth. Since the phosphorylation and enzymatic
cleavage of mOPN is well characterized [21–23] this study was performed with fl-mOPN
and three thrombin generated mOPN fragments (Figure 1).

MATERIALS & METHODS
Purification and Thrombin-Cleavage of mOPN

OPN was purified from bovine milk as previously described [24]. For generation of N-
terminal, central and C-terminal fragments, purified mOPN was incubated with bovine
thrombin (10 mU thrombin/ug mOPN) (GE Healthcare, Uppsala, Sweden) in 0.1 M
ammonium bicarbonate at 37°C for 1 hr; resulting fragments separated on a Superdex
Peptide HR 10/30 column (GE Healthcare) yielding two peaks, one containing the N-
terminal part (aa 1–147), the other containing the central part (aa 148–204) and the C-
terminal part (aa 205–262). The central and C-terminal fragments were separated by reverse-
phase HPLC on a Vydac C18 column (Separations Group, Hesperia, CA) connected to a GE
Healthcare LKB system. Separation was carried out in 0.1% trifluoroacetic acid and
fragments were eluted with a linear gradient of 75% propan-2-ol in 0.1% trifluoroacetic
acid. All peaks from the different purification steps were analyzed by mass spectrometry
(MS) and N-terminal sequencing. Purified fragments were quantified with a micro BCA
protein assay kit (Pierce, Rockford, IL) and lyophilized.

Dephosphorylation of mOPN
OPN fragments were incubated with bovine alkaline phosphatase (ALP) (Sigma) (20mU
ALP/μg protein) in 10 mM ammonium bicarbonate (pH 8.5) overnight at 37 °C and
subsequently analyzed by MS (Voyager DE-PRO MALDI-TOF mass spectrometer (Applied
Biosystems)). All spectra were obtained in positive linear-ion mode using a nitrogen laser at
337 nm and an acceleration voltage of 20 kV. Typically, 50–100 laser shots were added per

Boskey et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2013 March 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



spectrum and calibrated with external standards. The molecular sizes of each of the
phosphorylated and dephosphorylated fragments (Table 1) were used to calculate the molar
content for each experiment.

Effect of mOPN Fragments on HA Formation and Growth
HA crystals were prepared from amorphous calcium phosphate at pH 7.4 for 24 hrs [25];
their specific surface (courtesy of Hiroaki Sai, Cornell University, Ithaca, NY) was 137.41
±0.17 m2/g. The effects of each mOPN fragment on HA formation and growth was studied
in gelatin gel [17,18] and pH stat [26] systems. Fl-mOPN at one concentration was included
for comparison. Four different types of studies were performed in the gelatin system:
comparison of the fragment to protein-free controls; comparison of HA seeds coated with
the protein fragment to uncoated seeds; comparison of dephosphorylated and
phosphorylated fragments; and comparison of collagen fibrils coated with fragments to
uncoated-fibrils. For collagen studies, 81.25μg/ml type I rat tail collagen fibrils (BD
Biosciences, Bedford MA) were pre-incubated with a concentration of each mOPN fragment
corresponding to its plateau value in the de novo formation studies (“optimal
concentration”). For seeded growth studies 0.5 mg/ml HA seeds were pre-coated with the
“optimal concentration” of fragment, and following a brief wash in Tris-buffer (pH 7.4,
0.15M), the seeds included at the site of the precipitant band in the gel. For each individual
set of experiments data was expressed as experimental/control.

For the pH stat studies, 3.0 mg of HA was incubated overnight in the cold with “optimal
concentrations” of fragments in 250μl saline. HA with adsorbed protein was quickly washed
with water, the supernatant protein concentration checked, and the pellet resuspended in
250μl water and transferred to a 10.0 ml pH stat reaction vessel containing 3mL of 2mM
calcium chloride and 3mL of 2mM ammonium phosphate (pH 7.40, 25°C). The pH was
maintained at 7.40 by addition of 0.1N NaOH. Rates of HA seeded growth were calculated
by drawing a tangent to the steepest slope of the titration curve.

Binding of mOPN Fragments to Collagen
The mOPN fragments association with collagen fibrils was determined using binding studies
with 50 ug/ml dried fibrillar collagen per micro-titer well, incubated in the presence of 1mM
calcium chloride with increasing concentrations (0.05–50 ug/ml) mOPN or the N-terminal
fragments, followed by washing, and detection of binding by anti-mOPN [27] followed by
detection with an ALP-coupled second antibody [28]. Because the antibody did not react
with the other fragments, a second set of experiments measured the binding of the Alexa-
Fluor labeled (Invitrogen, Carlsbad, CA) mOPN and the N-terminal and SKK-fragments,
with detection of binding by fluorescence (Perkin-Elmer 5500 fluorimeter). The amount of
bound mOPN or fragment in the fluorescent studies was determined from an Alexa-Fluor
standard curve and calculation of the amount bound as the difference between the
equilibrated (free) and initial concentration as a function of protein added. Binding curves
were calculated using Slide Write Plus Software (Advanced Graphics Software, Rancho
Santa Fe, CA). Linear regressions calculated from the same software were used to calculate
the affinity constant Kd, and the maximum binding, Bmax.

Statistics
Each experiment was repeated 3–5 independent times, and average parameters from these
sets of experiments determined and compared by a Student’s t-test (GraphPad, San Diego,
CA). Where comparing multiple experiments (varying concentrations and post-translational
modification) analysis of variance (ANOVA) was followed by a Bonferroni t-test correcting
for the number of variables.
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RESULTS
The molecular sizes of the fl-mOPN and each of the mOPN fragments studied in these
experiments are summarized in Table 1. There was no evidence that fl-mOPN was forming
aggregates or higher molecular weight species. Compared to fl-mOPN which we had
previously demonstrated promoted HA formation and growth [17], similar molarities of the
fragments (based on comparison of curve-fit data) had distinct effects on de novo HA
formation in the gelatin gel (Figure 2a). The curve-fit data in this figure also shows that at
all concentrations tested the N- and C-terminal fragments promoted mineralization (relative
to protein free controls); the SKK-fragment in contrast, was an inhibitor. Each fragment
reached a dose-dependent plateau, with the N-terminal fragment reaching the plateau more
rapidly than the C-terminal fragment. When each fragment was de-phosphorylated,
experimental/control values were not significant, ranging from 0.95–1.02 (not shown).

All three fragments inhibited HA-seeded growth in the pH stat and the gelatin-gel system
relative to uncoated HA (Figure 2b, Table 2). The central SKK-fragment was the most
effective inhibitor in the pH stat (Figure 2b–1), but in the gelatin gel comparable molarities
of the C-terminal fragment and SKK slightly inhibited seeded growth (Figure 2b–2). The N-
terminal fragment only showed a significant decrease in phosphate loss relative to controls.
The HA binding affinities were greatest for fl-mOPN followed by the C-terminal fragment;
the number of HA-specific binding sites was greatest for SKK (Table 2).

When coated on fibrillar collagen (Figure 2c), the central SKK-fragment lost its inhibitory
effect as did the C-terminal fragment, but the N-terminal fragment acted as an inhibitor. The
binding affinities of mOPN and N-term mOPN based on a direct analysis using the mOPN
antibody and the binding of the C-term mOPN and the SKK-fragment based on Alexa-fluor
labeling yielded comparable values for the N- and C-terminal fragments; SKK and fl-mOPN
had lower affinities for collagen than these fragments. (Table 2, Figure 3).

DISCUSSION
This study confirms our hypothesis that proteolytic fragments of mOPN generated by
thrombin-cleavage have distinct effects on HA formation and growth. More interestingly,
one fragment, the central SKK-fragment, was an inhibitor of de novo formation, similar to
bone OPN [3], while the C- and N-terminal fragments, at all concentrations tested were de
novo HA promoters. Interestingly, when bound to HA crystals in the concentrations studied
here, the fragments, like the OPN-ASARM peptide [12] either were inhibitors or had no
significant effect, suggesting the importance of the interaction between the fragments and
HA.

In this study we have used proteolytic fragments of mOPN as models for providing
information about the role of specific domains. In the circulation there are a variety of forms
of OPN which result from enzymatic cleavage [21,29,30]. It is not known whether similar
OPN fragments exist in the mineralized tissues, but fragments are the most abundant forms
of OPN in bone marrow [31]. There is a collagen binding domain in OPN from aa 150–177,
which is contained in the SKK-fragment [32]. Composites of this collagen binding domain
and collagen induced HA formation in an agarose gel [32]. In our study, the SKK-fragment,
which was the most effective inhibitor of all the fragments tested in the absence of fibrillar
collagen, lost its inhibitory activity when associated with the collagen, suggesting that a
change in the conformation of this domain on collagen binding might block its interaction
with mineral crystals.

The conformation of OPN and the other SIBLING proteins studied to date are typical of
“intrinsically disordered proteins” (IDPs) [17,33,34]. While IDPs can have domains with
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more structure, their flexible nature [35] makes them suitable for interacting with many
other proteins, cells, and surfaces, and enables them to be multifunctional, as is the case with
mOPN. Of interest, transglutaminase treatment of mOPN decreases the disorder, while
facilitating the interaction with collagen [36]. It is likely that some OPN fragments will also
be IDPs, but the central region, represented by the SKK-fragment may be less random in
structure. The actual structures when they interact with HA or with collagen remains to be
determined.

The thrombin-cleavage region in murine, bovine, and human are highly conserved. It is thus
of interest to note that the antibody to a mouse OPN thrombin cleavage fragment that
blocked oxalate formation in a murine kidney stone model lies near the SKK fragment [16].
This implies that OPN folding in that domain will be important for mineral regulation. It is
also of interest to note that both the N- and C-terminal fragments, although having different
numbers of anionic residues, with the N- terminus being more phosphorylated, were
relatively comparable in effect during de novo HA formation, suggesting these highly
phosphorylated regions of OPN, by binding Ca, may be the most effective promoters of
mineralization. In contrast, the analyzed fragments either inhibited HA-seeded growth or
had no effect, probably due to their abilities to bind to HA. As expected, when
dephosphorylated all fragments and the full length protein lost the abilities to act as
promoters or inhibitors of mineralization demonstrating the importance of the phosphate
groups for the interaction with the mineral. These results are important both for
understanding the role of OPN in physiologic mineralization as well as its role in pathologic
calcification.

There are limitations to the study reported here. The fragments studied were derived from
mOPN, which may be distinct from the less phosphorylated forms of OPN isolated from the
mineralized tissues. Recently, however, OPN purified from murine osteoblasts were shown
to contain 21 phosphate groups distributed over 27 sites [37] implying that the OPN first
made in bone may be more highly phosphorylated than that isolated from the mineralized
tissues. Second, we used thrombin-cleavage products as models of OPN fragments; these
may not be the forms that exist in the mineralized tissues. Furthermore, the protein in bone
may exist in a polymeric form, and this might affect the generalizability of the findings in
this paper; since we do not know how or if the polymer is fragmented. Lastly, the binding
curves calculated for fragment-collagen interactions yielded similar saturation values but
different shaped curves because two distinct methods of measurements were used. Those
only trends can be considered. Despite all of this, the studies here serve to demonstrate that
individual domains of proteins associated with mineralization may function in different
ways; further studies will be required using bone isolated polymeric OPN with and without
fragmentation to reach a more general conclusion.
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HIGHLIGHTS

• Thrombin-cleaved fragments of milk-Osteopontin effect hydroxyapatite
formation differently

• N- and C- terminal fragments promoted hydroxyapatite formation and growth

• A central fragment inhibited hydroxyapatite formation and growth

• Binding to collagen or hydroxyapatite seed crystals modified these effects
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Figure 1. Primary sequence of bovine milk osteopontin
Thrombin cleavage sites generating the N-terminal (aa 1–147), central SKK-, (aa 148–204),
and C-terminal (205–262) fragments are indicated with arrows. Phosphorylation and
glycosylation sites identified in bovine milk OPN are indicated with P’s and diamonds,
respectively.
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Figure 2.
(a) Concentration dependent effects of OPN fragments on HA formationin the gelatin
gel system normalized to protein free control (Experimental/Control). All data were
obtained at 5.0 days in the presence of variable concentrations of the C- and N- terminal
fragments (C-term, N-term) or the central SKK-fragment (SKK). A single concentration is
shown for full length (fl-)mOPN. Closed shapes represent Ca concentrations, open shapes
represent Pi concentrations, all values are ±SD, n=5. Circle – fl-mOPN, upward triangle – N
terminal fragment, diamond – C-terminal fragment, square- SKK- fragment. * p<0.05
relative to protein-free controls is shown only for Ca concentrations. All lines were
determined by curve-fitting and had R2 >0.89.
(b) Effects of OPN fragments on HA seeded growth. (1) With the exception of the N-
terminal fragment, 0.5mg/ml HA seeds coated with the indicated concentrations of
fragments showed small but significant decreases compared to uncoated HA in the gelatin-
gel. All values are mean ±SD, n=3. * p<0.05 relative to protein-free HA-seeded control;
equivalent letters are not significantly different from each other. The dotted line shows
control value. (2) Effects in the pH Stat at room temperature. The lines are averages of 3–5
replicates, and represent experiments using the same concentrations as indicated in figure
(2b(1)) for fl-mOPN, C-terminal, N-terminal, and SKK fragments.
(c) Interaction with fibrillar collagen alters OPN fragments effects on HA formation.
Using the concentration at which each curve in figure a reached a plateau to coat fibrillar
collagen fragments, the effects of the fragments on collagen mediated mineralization were
compared to fibrillar collagen alone (*p<0.05). Bars marked with similar letters were not
significantly different from one another (Bonferroni multiple comparisons test) Dotted line
is control value.
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Figure 3. Affinity of OPN fragments for collagen
(A) Binding curves of mOPN to type I collagen monitored using a primary mOPN antibody
visualized using an anti-rabbit IgG-alkaline phosphatase conjugate with p-nitrophenyl
phosphate as substrate. The enzyme activity is indicated by the A405 absorbance. (B)
Similar binding curves for the N-terminal fragment binding to type I collagen. C) Binding
curves calculated based on the presence of the fluorescent N-terminal fragment. D) Binding
curves calculated based on the presence of the fluorescence SKK fragment. See table 2 for
calculated affinities.
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Table 1
Thrombin cleavage of bovine OPN

Full length mOPN and the fragments generated by thrombin cleavage of bovine mOPN were separated by gel
filtration and RP-HPLC, and subsequently characterized by N-terminal sequence and MALDI-TOF-MS
analyses. The observed molecular masses were determined by MALDI-TOF-MS in linear mode. Mass
difference is that between the observed calculated average masses before and after treatment with alkaline
phosphatase. The number of phosphorylations corresponding to the mass difference is given in parentheses:

Fragment ALP Observed mass (Da) Calculated mass (Da) Mass difference (Da)

Leu1-Asn262 (Full-length) −
+

~33,900
~32,200

29,284 1,700 (21–22)

Leu1-Arg147 (N-terminal) −
+

~19,200
~18,400

16,103 ~800 (10)

Ser148-Lys204 (Central/SKK) −
+

6986.5/6905.4/6824.6
6505,8

6506.0 480.7/399.6/318.8(6/5/4)

Ala205-Asn262 (C-terminal) −
+

7273.7/7192.9/7112.6
6713.0

6713.3 560.7/479.9/399.6(7/6/5)
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Table 2

Effect of mOPN Fragments on Collagen Binding and HA Seeded Growth

mOPN-Collagen Interactions Binding Constantsa pH Stat Studiesb

Bmax (nM) Kd (nM) R2 Rate of HA Formation (ul/min)

(fl) mOPN 1.21 0.42 0.80 0.39±0.003c

N-term 3.18 0.210 0.94 0.23±0.007c

C-term 2.81 0.192 0.79 0.48±0.005c

SKK 13.8 4.69 0.93 0.0038±0.001c

a
Binding constants calculated from plots of bound/free vs. bound. Kd is the equilibrium constant at which ½ the binding sites are filled, Bmax is

the specific binding, and R2 indicates the goodness of fit.

b
Kinetics of seeded growth measured from the initial slope of base addition, mean ± SD

c
p<0.05 significantly different than uncoated HA seeds (rate 1.98 ul/min);
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