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Abstract
Osteopontin is a noncollagenous, phosphorylated extracellular glycoprotein, expressed in
mineralized and nonmineralized tissues, organs and body fluids. The protein contains an RGD
tripeptide cell-binding motif, and is subjected to a variety of posttranslational modifications that play
important roles in its multiple biological functions, such as bone remodeling and inhibition of
pathological calcification. In this study, we have expressed bovine osteopontin in a prokaryotic
system and identified the seven amino acid residues phosphorylated in vitro by CKII.
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OPN cDNA sequences have been determined and patterns of expression characterized in
several species. OPN contains an arginine-glycine-aspartate (RGD) cell-binding tripeptide
[Oldberg et al., 1986] and regions with an elevated level of aspartic acid. There are tissue
specific differences of OPN not only in protein expression levels but also in the extent of
phosphorylation. Osteopontin in the mineralized extracellular matrix of bone tissue [Prince et
al., 1987] and milk [Sorensen et al., 1995] is highly phosphorylated and rat kidney cells secrete
both phosphorylated and non-phosphorylated forms of the protein [Singh et al., 1990]. A
number of experiments have reported as many as 10 residues of phosphorylated amino acid
residues in chicken bone and as many as 28 phosphoresidues in bovine milk osteopontin
[Sorensen et al., 1995; Salih et al., 1996a]. Recent analysis of OPN-deficient mice also showed
impaired angiogenesis, early callus formation, and late stage remodeling in fracture healing
[Duvall et al., 2007]. Several in vivo biological functions of OPN have been postulated [Chen
et al., 1993; Weber and Cantor, 1996; Oates et al., 1997; Liaw et al., 1998; Ashkar et al.,
2000; Rittling and Chambers, 2004; Duvall et al., 2007; Mori et al., 2007]. For example, the
pathological calcification of arteries and cartilage in mice in which matrix gla protein has been
deleted [Luo et al., 1997] increases when OPN is also deleted [Speer et al., 2002]. OPN-
deficient mice also develop pathological calcification in vascular smooth muscle cells [Ohri
et al., 2005]. The inhibition of these instances of pathological calcification has been attributed
to the presence of the casein kinase II (CKII) phosphorylated residues in OPN [Jono et al.,
2000].
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The binding of Ca ions by osteopontin [Chen et al., 1992] may explain its inhibition of apatite
crystal nucleation when added to metastable solutions of Ca2+ and inorganic phosphate [Hunter
et al., 1996; Pampena et al., 2004].

Since CKII has been identified as a major kinase synthesized in bone during organ and cell
culture [Mikuni-Takagaki and Glimcher, 1990; Salih et al., 1996a; Sfeir and Veis, 1996; Wang
et al., 1998], we used CKII to phosphorylate recombinant OPN and to identify the specific
phosphorylated residues that may play a role in some of these biological functions. We note,
however, that no significant changes are observed in the extent of bone calcification or growth
or shape when OPN is deleted.

MATERIALS AND METHODS
Generation of OPN Constructs

A bovine OPN cDNA clone-OP12, kindly provided by Larry W. Fisher [Kerr et al., 1991],
was used as a PCR template to generate the full-length fragment under the same chemical and
thermal profiles described previously [Saad et al., 2005]. The bvOPN F4: 5′ cc gga tcc atg ctt
cca gtt aaa ccg acc ag 3′ and bvOPN R3: 5′ gg ctc gag tca att gac ctc aga aga ggc ac 3′ primers
were used to generate the full-length fragment. The PCR product was digested with BamHI
and XhoI, gel purified and ligated to pGEX-4T-1 expression vector. The OPN construct from
L17 to N278 was termed pGEX-4T-1-bvOPN.

Selection of Recombinant Clones
A fraction of the ligation reaction was used to transform DH5α bacterial competent cells. The
plasmid DNA was extracted using a micro-extraction procedure described elsewhere [Saad et
al., 1997]. Recombinant clones were selected by PCR using primers originating from the vector
sequences. To assess the integrity and the correct reading frame of the cDNA sequences, several
recombinant clones were sequenced.

Expression and Purification of the Recombinant Protein
Clones displaying integrate cDNA sequence and correct reading frame were selected for
protein expression in BL21 bacterial cells (Invitrogen) under protocols described elsewhere
[Saad et al., 2005].

Thrombin Cleavage
Thrombin (Amersham) was mixed with aliquots of the beads-GST-fusion protein at a ratio of
2–4 U/mg in 1× PBS. The mixture was rotated at room temperature for 3 h and centrifuged to
collect the supernatant, which contains the released protein. The protein concentration was
determined, and a portion of the recombinant protein was fractionated on a 10% SDS-PAGE,
and stained by Stains-all.

Phosphorylation of OPN by CKII
One hundred micrograms of rbvOPN were phosphorylated by [32P] ATP using 100 ng of
recombinant CKII expressed in Sf9 insect cells (Upstate Biotechnology) in 0.5 ml of 0.1 M
KH2PO4/Na2HPO4 buffer (pH 7.4) containing 5 mM MgCl2 and 1 mM EGTA for 1 h at room
temperature. The tryptic peptide mapping of the 32P-labled peptides was as described
previously [Saad et al., 2005].

Identification of the Phosphorylation Sites
N-terminal sequencing was carried out by Edman degradation using an automated model 477A
sequenator (Applied Biosystems), under the same conditions described previously [Carr et al.,
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1987]. The sequencing conditions for the identification of the 32P-labeled peptides and the
specific sites of phosphorylation were as described previously [Salih et al., 1997].

RESULTS
Expression and Purification of the Recombinant Protein

OPN cDNA was inserted in frame into the pGEX-4T-1 expression vector and expressed in
BL21 bacterial cells as a GST fusion protein under the control of the IPTG inducible tac
promoter [Smith and Johnson, 1988]. After IPTG induction, the bacterial pellet was
resuspended in 1× BPS and sonicated to disrupt the cell wall. Then, the GST fusion protein
was purified by binding to glutathione agarose (beads) in solution. On 10% SDS-PAGE, a
single protein band was seen that corresponds to the full-length OPN (Fig. 1, lane B).

Thrombin Cleavage of GST Fused Protein
The pGEX expression vector built-in thrombin cleavage site was used to cleave the
recombinant protein from the glutathione S-transferase (GST). As little as 2 units’ thrombin
per milligram of GST-OPN released the fused protein that runs as a single band on 10% SDS-
PAGE (Fig. 1, Lanes C and D). The N-terminal amino acid sequencing of the thrombin cleavage
product led to a single sequence, GSMLPVKP. This sequence contains three exogenous
residues (GSM). The rest of the sequence (LPVKP) is identical to the bovine OPN amino acid
sequence derived from the cDNA [Kerr et al., 1991] starting at L17. We previously reported
that thrombin cleavage of OPN generates two fragments [Salih et al., 1996b]. Most likely the
susceptibility of this site to thrombin was generated by the use of an excessive amount of
thrombin and the higher temperature used to digest OPN.

Identification of Phosphorylated Residues
Figure 2 shows a tryptic peptide map of recombinant bovine OPN phosphorylated by [32P]
ATP and CKII. Five 32P-labeled peptides were observed within the RP-HPLC profile using a
C18 column. Each of the radiolabeled fractions was N-terminally sequenced using a solid-
phase sequencing approach. Five 32P-labeled peptides were identified: residues 78–87
(SPNESPPEQTDD), 170–181 (SNVQSPDATPEED), 186–195 (IESPEEMHDAP), 250–259
(LDLDHKSPEED), and 266–276 (ISPHELDSPASSE). Six phosphoserines and one
phosphothreonine were identified within the five peptides.

DISCUSSION
We have identified the specific positions of six serine and one threonine phosphorylated
residues in five 32P-labeled peptides of osteopontin expressed in a prokaryotic system. The
seven phosphorylated amino acid residues (S78, S81, T178, S188, S256, S267 and S272) were
identified within five peptides, with amino acid sequence motifs identical to the primary
(SXXE/D/SP) or the secondary (SXE/D) consensus sequences of CKII [Litchfield, 2003;
Meggio and Pinna, 2003]. Although bovine OPN contains 12 potential phosphorylation sites
for CKII, only seven of them were identified in the present work. However, as has been pointed
out [Meggio et al., 1994], the presence of consensus amino acid sequences for CKII in a protein
does not assure phosphorylation. Although there are more than 300 physiological substrates
of CKII identified in vitro [Meggio and Pinna, 2003], in vivo phosphorylation of some of them
is not yet documented. The phosphoresidues identified in this study are known to be
phosphorylated in vivo [Sorensen et al., 1995].

Bovine milk OPN contains 27 phosphoserines and one phosphothreonine [Sorensen et al.,
1995]. Neame and Butler [1996] identified 11 phosphorylated residues in OPN of rat bone.
Recent analysis of rat bone OPN indicates that it contains 29 phosphorylated residues, of which
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ten were located in CKII consensus sequences, and 17 appear in sequences homologous to
bovine milk OPN [Keykhosravani et al., 2005]. Native OPN of human milk contains 36
phosphorylated residues. Twenty-nine of them were located in the consensus sequence for the
mammary gland casein kinase (MGCK), whilst six residues were located in CKII consensus
sequence, and one was not in any of MGCK or CKII consensus sequences [Christensen et al.,
2005]. OPN from cultured chicken osteoblasts contains nine phosphoserines and one phospho-
threonine [Salih et al., 1996a].

Conservation of phosphorylation sequences in OPN suggests that phosphorylation plays a
fundamental role in many of its biological functions, including bone remodeling [Reinholt et
al., 1990]. In fact, phosphorylation of recombinant osteopontin by CKII (which contains no
phosphorylated amino acid residues when expressed in a prokaryotic system) increases its
ability to support osteoclast adhesion and cell attachment which is dependent on an RGD
sequence [Katayama et al., 1998], and inhibits vascular calcification to the same extent as the
native phosphorylated osteopontin [Jono et al., 2000].
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Fig. 1.
Expression, purification and thrombin cleavage of GST fused bovine osteopontin. Lane A:
Prestained protein marker. Lane B: GST fused OPN, no thrombin. Lane C: The released
recombinant OPN at 4 U thrombin per mg of GST fused protein. Lane D: The released
recombinant OPN at 2 U thrombin per mg of GST fused protein. A portion of the recombinant
protein was mixed with protein loading dye, fractionated onto 10% SDS-PAGE, and stained
with Stains-all.
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Fig. 2.
The phosphorylated tryptic peptides of recombinant bovine osteopontin. The peptides were
separated by RP-HPLC on a Vydac C18 column (25 cm × 0.46 cm) using a linear gradient
from H2O and 0.1% (v/v) trifluoroacetic acid to 60% CH3CN and 0.055% (v/v) trifluoroacetic
acid over 80 min at a flow rate of 1 ml/min. Absorbance at 219 nm was recorded continuously.
Fractions of 1 ml were collected, and aliquots were counted for 32P radioactivity. The
phosphorylated tryptic peptides are numbered.
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