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ABSTRACT The primary structure of a bone-specific
sialoprotein was deduced from cloned cDNA. One of the cDNA
clones isolated from a rat osteosarcoma (ROS 17/2.8) phage
Xgtll library had a 1473-base-pair-long insert that encoded a
protein with 317 amino acid residues. This cDNA done appears
to represent the complete coding region of sialoprotein mRNA,
including a putative AUG initiation codon and a signal peptide
sequence. The amino acid sequence deduced from the cDNA
contains several Ser-Xaa-Glu sequences, possibly representing
attachment points for O-glycosidically linked oligosaccharides
and one Asn-Xaa-Ser sequence representing a likely site for the
N-glycosidically linked oligosaccharide. An interesting obser-
vation is the Gly-Arg-Gly-Asp-Ser sequence, which is identical
to the cell-binding sequence identified in fibronectin. The
presence of this sequence prompted us to investigate the
cell-binding properties of sialoprotein. The ROS 17/2.8 cells
attached and attained a spread morphology on surfaces coated
with sialoprotein. We could demonstrate that synthetic Arg-
Gly-Asp-containing peptides efficiently inhibited the attach-
ment of cells to sialoprotein-coated substrates. The results show
that the Arg-Gly-Asp sequence also confers cell-binding prop-
erties on bone-specific sialoprotein. To better reflect the
potential function of bone sialoprotein-we propose the name
"osteopontin" for this protein.

Bone contains an extensive mineralized matrix of hydroxy-
apatite crystals. The major organic constituent is type I
collagen, forming fibers possibly important for the organiza-
tion of the mineral. The tissue also contains a number of
proteins including phosphoproteins (1) and osteonectin (2);
other proteins appear to represent unique expressions of the
osteogenic phenotype. One such protein is osteocalcin, a low
molecular mass protein containing y-carboxyglutamic acid
residues (3). Early, Herring and Kent isolated a sialic
acid-rich protein with a molecular mass of about 25 kDa from
bone and termed this sialoprotein (4). More recent work using
improved techniques (5, 6) for the isolation of bone macro-
molecules has shown that the molecule has a molecular mass
of 57 kDa and is only present in extracts of the calcified
matrix of bone as measured by ELISA (6). It is synthesized
in explant cultures of rat calvaria (7), probably by the
osteoblasts. The sialoprotein can be separated to yield two
somewhat different molecules. They differ slightly in amino
acid composition. However, their peptide patterns show
major similarities, although there are peptides present only in
one or the other. A major difference is in the content of sialic
acid and phosphate, where the smaller sialoprotein only
contains some 4-5% sialic acid compared with 13-14% in the
larger (6). Some of the differences noted in peptide patterns
may actually be due to different substitutions of the protein.
The core protein of the major sialoprotein should have an

approximate molecular mass of about 30 kDa, as calculated
from the protein content and molecular weight of the whole
molecule (6).
An interesting question that arose during this study was

whether the sialoprotein could act as a cell-binding protein.
Quite a number of such proteins present in a number of
different connective tissues have been identified. Thus,
cultured cells are known to adhere to, for instance, fibro-
nectin (8), collagen (9), laminin (10), and vitronectin (11). The
interaction between fibronectin and a cell-surface receptor is
well-characterized and can be ascribed to the sequence
Arg-Gly-Asp (12) in the cell-attachment domain ofthe protein
(13). An identical sequence present in the plasma protein
vitronectin enables this protein to promote attachment of
cells (14). This sequence is also found in the a chain of
fibrinogen (15) and has been shown to be essential for platelet
aggregation and binding of platelets to fibrinogen (16).
The cloning and sequence determination of rat-bone

sialoprotein, presented in this report, informed us about the
presence of an Arg-Gly-Asp sequence. We could verify that
this sequence confers the bone protein cell-binding proper-
ties. In addition, the sialoprotein binds strongly to hydrox-
ylapatite. Therefore, we suggest that the protein is named
osteopontin, denoting that it is a product of cells in the
osteoid matrix and that it can form a bridge (latin pons)
between cells and the mineral in the matrix.

MATERIAL AND METHODS

The rat osteosarcoma cell line ROS 17/2.8 (17) and primary
cultures of rat peritoneal fibroblast (18) were cultured in
Ham's F-12 medium (GIBCO) supplemented with 1Q% fetal
bovine serum. Synthetic peptides corresponding to the'cell-
binding site in fibronectin (Arg-Gly-Asp) and variants thereof
(12) were gifts 'from M. Pierschbacher and E. Ruoslahti
(Cancer Research Center, La Jolla Cancer Research Foun-
dation, La Jolla, CA). Rat-bone sialoprotein was purified,
and antibodies were raised in rabbits as described (6, 7).
Enzymes and materials were obtained from Pharmacia ex-
cept when otherwise stated.

Construction and Screening of the cDNA Library. Total
cellular RNA was extracted from the ROS 17/2.8 cells by the
guanidine isothiocyanate procedure, and poly(A)+ RNA was
isolated by chromatography on oligo(dT)-cellulose as de-
scribed (19). Double-stranded cDNA was synthesized from
poly(A)+ RNA as described by Gubler and Hoffman (20) and
was ligated to phage Xgtll arms as described by Schwarz-
bauer et al. (21). Packaging extracts were prepared, and
recombinant DNA was packaged as described (22). Recom-
binant phage were amplified in Escherichia coli strain Y1088
and used to infect E. coli strain Y1090 (23). About 250,000
recombinants were obtained from 140 ng of double-stranded
cDNA. Recombinant plaques were screened with the anti-

Abbreviations: bp, base pair(s); kb, kilobase(s).
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serum (diluted 1:100) and "25I-labeled protein A (105 cpm/ml)
(14). Screening of the library with cDNA probes was per-
formed as described (24).

Transfer Blot and Nucleotide Sequence Analysis. RNA
transfer blots were done as described (19) after electropho-
resis of poly(A)+ RNA on 1.2% agarose gels containing
formaldehyde (22). Sequence analysis was performed as
described (24), and data analysis was performed with the
Staden DB system sequence-analysis program (25).

Cell Attachment Assay. Microtiter polystyrene plates
(Nunc, Immunoplate IF) were coated overnight at room
temperature with 5 pug of rat osteopontin per ml of 4 M
guanidine.HCl/10 mM TrisHCl, pH 7.4. The wells were
washed with 0.15 M NaCl/5 mM sodium phosphate, pH 7.4
(phosphate-buffered saline) before addition of 100 A.l of F-12
medium containing bovine serum albumin (1 mg/ml) and
dilutions of peptides. The rat osteosarcoma cells were har-
vested from the culture plates with 1 mM EDTA in phos-
phate-buffered saline, washed once in F-12 medium, and then
resuspended at a concentration of 3 x 105 cells per ml in F-12
medium containing bovine serum albumin (1 mg/ml). Each
well received 100 Al of the cell suspension, and the plates
were incubated for 1 hr at 370C. Bound cells were quantitated
by measuring endogenous N-acetyl-A-D-hexosaminidase (26)
after cells not attached had been removed by rinsing with
phosphate-buffered saline.
Amino Acid Sequence Analysis. Cyanogen bromide cleav-

age of osteopontin was performed in 1% (wt/vol) cyanogen
bromide dissolved in 70% (wt/vol) formic acid as described
(27). Three peptides were separated by chromatography on
Mono-Q (Pharmacia) eluted with a 0-1 M linear NaCl
gradient in 7M urea/20mM Tris'HCl, pH 8 (data not shown).
The three peptides were assayed for cell-binding properties,
and the one that was active was sequenced by J. Stenflo
(Department of Clinical Chemistry, General Hospital,
Malmo, Sweden) with the use of a gas-phase sequencer (28).

RESULTS

Osteopontin is most likely produced by the osteoblasts. To
demonstrate that the osteosarcoma cells (ROS 17/2.8) syn-
thesize osteopontin, a set of experiments to isolate the
protein from cell cultures was initiated. The cells have been
identified as osteoblasts expressing receptors for parathyroid
hormone and 1,25-dihydroxycholecalciferol (17). We could
isolate a protein from spent osteosarcoma cell culture media
that was biochemically and immunologically identical to
osteopontin isolated from rat-bone tissue (unpublished ob-
servation). Since these cells synthesize osteopontin, we
chose to use mRNA isolated from them to construct a cDNA
library in the expression vector Xgtll. The library was
screened for the presence of osteopontin clones with a
specific antiserum.

Identification and Isolation of Sialoprotein cDNA Clones.
Initial antibody screening of 120,000 recombinant plaques
identified three putative osteopontin clones, XROP1, XROP2,
and XROP3. After several rounds of plaque purification and
rescreening with the antiserum, the clones were subjected to
restriction enzyme mapping and partial nucleotide-sequence
analysis. The cDNA inserts from the clones XROP1 and
XROP2 were both 1.1 kilobase pairs (kbp) long and gave
identical fragments after treatment with the restriction en-
zymes Hae III and Sau3A. A partial nucleotide sequence for
each cDNA insert was determined after ligation into the
EcoRI site ofphage M13. Sequence analysis ofabout 250-300
nucleotides from both ends of the XROP1 and XROP2 inserts
showed identical sequences, strongly suggesting that the two

XROP1 and XROP2. The nucleotide sequence in the 3' end of
XROP3 contained the poly(A) tail, but a pentanucleotide
sequence present in XROP1 and XROP2 just upstream of the
poly(A) tail was missing (see below). The 5' and 3' sequences
and the Hae III and Sau3A restriction enzyme fragment
patterns indicate that the three cDNA clones identified by the
antiserum were derived from a mRNA encoding a single
protein.
The XROP1 cDNA insert hybridized to a 1.4-kilobase (kb)

mRNA in RNA transfer-blot analysis ofmRNA isolated from
ROS 17/2.8 cells (Fig. 1). No hybridization was observed to
poly(A)+ RNA from rat peritoneal fibroblasts, consistent
with and extending previous information obtained with im-
munoassay, showing that osteopontin is only expressed in
bone (6). As the 1.1-kbp XROP1 cDNA insert was too short
to encompass the entire mRNA, the Xgtll cDNA library was
screened by plaque hybridization. An EcoRI/Ava II fragment
(nucleotides 383-596 in Fig. 2) was isolated from XROP1,
labeled by nick-translation, and used to screen the cDNA
library. Six hybridizing plaques were identified out of 40,000
plaques screened. From these clones we chose XROP11,
having the largest insert, for further analysis. The clone
contained 1.2-kbp and 250-bp EcoRI insert fragments, indi-
cating an EcoRI site in the cDNA. Transfer-blot analysis of
ROS 17/2.8 poly(A)+-RNA showed that the two EcoRI insert
fragments hybridized to the same 1.4-kb mRNA. This dem-
onstrates that the two cDNA fragments were derived from
the same mRNA species and excludes the possibility that the
two fragments were artificially joined during the construction
of the library. The XROP11 insert shared Hae III and Sau3A
restriction enzyme sites with XROP1, XROP2, and XROP3,
indicating that also XROP11 was derived from the same
mRNA.

Nucleotide and Deduced Amino Acid Sequence of Osteopon-
tin cDNA. The nucleotide sequence of the XROP11 1.2-kbp
fragment was determined after random fragmentation on both
strands (Fig. 2). The sequence of the 250-bp fragment was
determined after ligation into the EcoRI site ofphage M13. To
determine the orientation of the 250-bp EcoRI fragment in the
intact cDNA, a 393-bp Hae III fragment (nucleotides 114-507
in Fig. 2) was ligated into the Sma I site of phage M13 and
sequenced. This gave the proper sequence upstream of the
EcoRI site and also confirmed the presence of a single EcoRI
site in XROP11.
The XROP11 insert is 1473 bp long and contains an open

reading frame coding for 345 amino acids (those 28 N-
terminal residues not shown in Fig. 2). A possible AUG
initiation codon is situated 79 nucleotides from the 5' end of
the cDNA. The CAACC sequence upstream of this putative

Ainitiation triplet resembles a suggested consensus CCGCC
sequence for eucaryotic initiation sites (30). Furthermore,
after the first methionine residue there is a stretch of about 20
predominantly hydrophobic and neutral amino acid residues.
This is similar to the composition found in signal-peptide
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clones were identical. The cDNA insert from XROP3 was 0.8
kbp long and had a 5' nucleotide sequence identical to the
sequence of 346 nucleotides downstream from the 5' end of

FIG. 1. Transfer blot analysis of
poly(A)+ RNA isolated from rat peri-
toneal fibroblasts (lane A) and ROS
17/2.8 cells (lane B). The samples con-
taining 2 jg ofRNA each were electro-
phoresed on a 1.2% agarose gel con-
taining formaldehyde, transferred to a
nitrocellulose filter, and hybridized to a
32P-labeled XROP1 cDNA insert. A
Hae III digest of phage 4X174 DNA
was used as a size marker (shown in
kbp).
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GCAA

GCCTCAGCATCCTTGGCTTTGCAGTCTCCTGCG CAAG CATTCTCGAGGAAGCCAGCCAAGGACCAACTACAACC 79

ATGAGACTGGCAGTGGTTTGCCTTTGCCTGTTCGGCCTTGCCTCCTGTCTCCCGGTGAAAGTGGCTGAGTTTGGC 154
MetArgLeuAlaValValCysLeuCysLeuPheGlyLeuAlaSerCysLeuPro\1alLysIalAlalGluPheGly 25

AGCTCAGAG0GAGAAGGCGCATTACAGCAAACACTCAGATGCTGTAGCCACTTGGCTGAAGCCTGACCCATCTCAG 224
SerSerGluGluLysAlaHisTyrSerLysHisSerAspAlaValAlaThrTrpLeuLysProAspProSerGln 50

Eco RI

AAGCAGAATCTTCTAGCCCCACAGAATTCTGTGTCCTCTGAAGAAACGGATGACTTTAAGCAAGAAACTCTTCCA 304
LysGlnAsnLeuLeuAlaProGlnAsnSerValSerSerGluGluThrAspAspPheLysGlnGluThrLeuPro 75

AGCAACTCCAATGAAAGCCATGACCACATGGACGATGATGACGACGACGATGACGACGGAGACCATGCAGAGAGC 379
SerAsnSerAsnGluSerHisAspHisMetAspAspAspAspAspAspAspAspAspGlyAspHisAlaGluSer 100

GAGGATTCTGTGAACTCGGATGAATCTGACGAATCTCACCATTCCGATGAATCTGATGAGTCCTTCACTGCCAGC 454
GluAspSer\alAsnSerAspGluSerAspGluSerHisHisSerAspGluSerAspGluSerPheThrAlaSer 125

ACACAAGCAGACGTTTTGACTCCAATCGCCCCCACAGTCGATGTCCCTGACGGCCGAGETGATAGCTTGGCTTAC 529
ThrGlnAlaAsoValLeuThrProIleAlaProThrIalAsp\alProAspGlyArgGlyAspSe4LeuAlaTyr 150

GGACTGAGGTCAAAGTCCAGGAGTTTCCCTGTTTCTGATGAACAGTATCCCGATGCCACAGATGAGGACCTCACC 604
GlyLeuArgSerLysSerArgSerPheProValSerAspGluGlnTyrProAspAlaThrAspGluAspLeuThr 175

TCCCGCATGAAGAGCCAGGAGTCCGATGAGGCTATCAAGGTCATCCCAGTTGCCCAGCGTCTGAGCGTGCCCTCT 679
SerArgMetLysSerGlnGluSerAspGluAlaIleLysIalIleProJalAl aGlnArgLeuSerJalProSer 200

GATCAGGACAGCAACGGGAAGACCAGCCATGAGTCAAGTCAGCTGGATGAACCAAGCGTGGAAACACACAGCCTG 754
AspGlnAspSerAsnGlyLysThrSerHisGluSerSerGlnLeuAspGluProSer\JalGluThrHisSerLeu 225

GAGCAGTCCAAGCAGTATAAGCAGAGGGCCAGCCACGAGAGCACTG AGCAGTCGGATGCC0IAGATCAGTGCCGAG 829
GluGlnSerLysGluTyrLysGlnArgAlaSerHisGluSerThrGluGlnSerAspAlaIleAspSerAlaGlu 250

AAGCCGGATG CAATCGATAGTGCAGAGCGGTCGGATGCTATCGACAGTCAGGCGAGTTCCAAAGCCAGCCTGGAA 904
LysProAspAlaIleAspSerAlaGluArgSerAspAlaIleAspSerGlnAlaSerSerLysAlaSerLeuGlu 275

CATCAGAGCCACGAGTTTCACAGCCATGAGGACAAGCTAGTCTAGACCCTAAGATAAGGAAGATGATAGGTAT 979
HisGlnSerHisGluPheHisSerHisGluAspLysLeuValLeuAspProLysSerLysGluAspAspArgTyr 300

CTGAAATTCCGCATTTCTCATGAATTAGAGAGTTCATCTTCTGAGGTCAATTAAAGAAGAGGCAAAACCACAGTT 1054
LeuLysPheArgIleSerHisGluLeuGluSerSerSerSerGluValAsn

CCTTACTTTGCTTTAAATAAAACAAAAGTAAATTCCAACAAGCAGGAATACTAACTGCTTGTTTCTCAGTTCAG 1129

TGGATACATGTATGTGGAGAAAGAAATAGATAGTGTTTTGCGCCCTGAGCTTAGTTCGTTGTTTCATGCAGACAC 1204

CACTGTAACCTAGAAGTTTCAGCATTTCGCTTCTGTTCTTTCTGTGCAAGAAATGCAAATGGCCACTGCATTTTA 1279

ATGATTGCTATTCTTTTATGAATAAAATGTATGTAGAGGCAGGCAAACTTACAGGAACAGCAAAATTAAAAGAGA 1354

AACTATAATAGTCTGTGTCACTATAATCTTTTGGTTTTATAATTAGTGTATATTTTGTTGTGATTATTTTTGTTG 1429

GTGTGAATAAATCTTGTATCTTGAATGTAAAAAAAAAAAAA

sequences (31). Based on these observations, we assigned Gly-Arg-Gly-Asp-Ser
this methionine as the first residue in the predicted osteo- otide sequence (boxed
pontin sequence. If one assumes that the signal peptide is is identical to the cell-a
cleaved as suggested in Fig. 2, the molecular mass of and contains the Arg
osteopontin would be 32,627 daltons. This agrees well with shown to be essential f
the previously calculated molecular mass of 30 kDa (6). The of several proteins a
amino acid composition deduced from the cDNA sequence pentapeptide, no sequ
analysis is in good agreement with the amino acid composi- were found in the data
tion determined for rat osteopontin (Table 1). The amino Analysis of internal
acids serine, glutamic acid/glutamine, and aspartic acid/as- revealed a sequence n
pargine together constitute approximately half of the amino repeated three times in
acids in the protein. This characteristic and unusual amino head-to-tail repeated se
acid composition, found both by direct analysis (7) and conserved.
deduced from the nucleotide sequence, is strong evidence for A Ser-Xaa-Glu trip
the identity of the clone as being derived from osteopontin protein. About half (26
mRNA. 80% (26 out of 33) of tk

Contributing to the characteristic amino acid composition constellation. It is pos
is a highly acidic sequence consisting of nine consecutive provides a signal for th
aspartic acid residues (amino acids 90-98 in Fig. 2). A which is active in th

FIG. 2. Nucleotide and deduced
amino acid sequence of rat osteopontin.
The nucleotide sequence of XROP11
was determined. The numbering ofami-
no acids starts with a methionine resi-
due encoded by a putative ATG initia-
tion codon. A possible signal-peptide
cleavage site (29) is indicated by an
arrow. The cell-attachment sequence is
boxed. The segment containing three
head-to-tail repeated sequences is un-
derlined, and the possible site of N-
linked glycosylation is indicated by a
star. Four potential polyadenylylation
signal sequences are shown overlined.
The pentanucleotide sequences be-
tween the arrow heads was absent in
the sequence ofXROP11 and was found
only in the clones XROP1 and XROP2.
The sequence underlined with a dashed
line was confirmed by amino acid se-
quence analysis.

sequence was deduced from the nucle-
Lin Fig. 2). This pentapeptide sequence
.ttachment sequence in fibronectin (14)
-Gly-Asp sequence, which has been
'or the cell adhesion-promoting activity
,s discussed above. Apart from this
ience homologies with other proteins
a base of Barker et al. (32).
repeats by the DIAGON program (33)
nine amino acid residues long that is
the protein (underlined in Fig. 2). This
Dquence has six of the nine amino acids

ieptide sequence is abundant in the
5 out of 55) of the serine residues and
ie glutamic acid residues occur in this
ssible that the Ser-Xaa-Glu sequence
ie N-acetylgalactosaminyltransferase,
e first step in the synthesis of 0-

Biochemistry: Oldberg et al.



8822 Biochemistry: Oldberg et al.

Table 1. Amino acid composition of rat osteopontin. Comparison
of experimentally determined values (7) with values predicted
from the nucleic acid sequence of XROP11. The predicted
composition is based on a signal-peptide cleavage site as
indicated in Fig. 2

Determination Prediction
Residues per Residues Residues

Residues 1000 per 1000 per 295
Asn 24 7
Asp 142 42
Asx 147 166 49
Thr 44 41 12
Ser 153 186 55
Gln 51 15
Glu 112 33
Glx 184 163 48
Pro 56 48 14
Gly 32 20 6
Ala 75 68 20
Cys - 0 0
Val 49 44 13
Met 7 2
Ile 23 24 7
Leu 61 54 16
Tyr 17 17 5
Phe 21 20 6
His 45 51 15
Lys 58 58 17
Arg 33 31 9
Trp 3 1

glycosidically linked oligosaccharides. The large number of
these oligosaccharides in the protein is consistent with the
abundance of Ser-Xaa-Glu sequences. There is only one
Asn-Xaa-Ser sequence in the protein, representing the at-
tachment site for N-glycosidically linked oligosaccharides
(34).
The cDNA has a noncoding 3' sequence that contains four

potential polyadenylylation signals (35). Polyadenylylation
occurs at two sites, 14 or 17 nucleotides downstream of the
last AATAAA sequence (indicated by arrowheads in Fig. 2).
A similar variation in polyadenylylation sites has been
reported for bovine prolactin mRNA (36) and mouse ribo-
somal protein L30 mRNA (37).

Cell Adhesion-Promoting Activity of Rat Osteopontin. The
observation of the cell-binding sequence in osteopontin
prompted us to study binding of the osteosarcoma cells (ROS
17/2.8) to purified osteopontin. The cells bound to and spread
on surfaces coated with the protein. No attachment of cells
was observed to plastic or to plastic surfaces coated with
bovine serum albumin. The osteosarcoma cells similarly
bound to and attained a spread morphology on surfaces
coated with fibronectin.
To examine if the observed cell-attachment activity of

osteopontin is contained in the Gly-Arg-Gly-Asp-Ser se-
quence, we used synthetic peptides in competitive inhibition
experiments (Fig. 3). A Gly-Arg-Gly-Asp-Ser-Pro synthetic
peptide, designed from the amino acid sequence of the
cell-binding region in fibronectin, efficiently inhibited the
binding of cells to osteopontin. A 50% inhibition of binding
was obtained at 25 uM peptide concentration. No inhibition
of cell attachment was observed with a similar Gly-Arg-Gly-
Glu-Ser-Pro peptide. This inactive peptide is different from
the active peptide in a single position, where an aspartic acid
has been replaced with a glutamic acid.
The predicted osteopontin sequence also contains the

inverted cell-binding sequence Asp-Gly-Arg as part of the
palindromic sequence Asp-Gly-Arg-Gly-Asp. It has been
reported that the inverted sequence Ser-Asp-Gly-Arg is a

100

'D

a)
0mo

1o-0

50

0.5 2.4 12 60 300 1500
Peptide, ,uM

FIG. 3. Inhibition of ROS 17/2.8 cell adhesion to substratum
coated with rat osteopontin. A suspension of cells (3 x 104) was
added to coated microtiter wells in the presence of the indicated
concentrations of synthetic peptides. e, Gly-Arg-Gly-Asp-Ser-Pro;
o, Gly-Arg-Gly-Glu-Ser-Pro; A, Lys-Pro-Ser-Asp-Gly-Arg-Gly; and
*, Val-Pro-Asp-Gly-Arg-Gly-Asp-Ser-Leu-Ala-Lys. After incuba-
tion for 1 hr at 370C, nonbound cells were rinsed away. The number
of attached cells was determined and is shown as a percentage of cells
added.

potent inhibitor of the attachment of baby hamster kidney
(BHK) cells to fibronectin (38). However, the reversed
cell-binding sequence does not appear to participate in the
attachment of ROS 17/2.8 cells to osteopontin, since the
synthetic peptide Lys-Pro-Ser-Asp-Gly-Arg-Gly was without
effect in the competition assay.
A Val-Pro-Asp-Gly-Arg-Gly-Asp-Ser-Leu-Ala-Lys syn-

thetic peptide, designed to mimic the osteopontin cell-binding
sequence, also inhibited the adhesion of rat osteosarcoma
cells to osteopontin. A 250 ILM solution of the undecamer was
necessary to obtain 50% inhibition of cell attachment. Com-
pared to the shorter active peptide Gly-Arg-Gly-Asp-Ser-
Pro, a 10-fold higher concentration of the larger peptide was
necessary for obtaining 50% inhibition. Possibly the
undecamer assumes a conformation that mimics the cell-
binding site in osteopontin less efficiently than does the
shorter hexamer peptide. In support, it is known that the
conformation of a specific region in a short peptide can be
different from the conformation of the corresponding short
region in the native protein (39). The results of these
competition experiments strongly suggest that the Arg-Gly-
Asp sequence is responsible for the cell adhesion-promoting
activity of osteopontin.

Partial Amino Acid Sequence Analysis. Verification of the
deduced amino acid sequence was obtained by sequence
analysis of a fragment of osteopontin. Initial attempts to
determine the sequence of intact osteopontin failed, possibly
depending on a blocked N terminus or a result of partial
cleavage of some of the molecules. Cyanogen bromide
cleavage of osteopontin yielded three peptides, consistent
with the presence of two methionine residues (residues 85
and 178 in Fig. 2) in the sequence deduced from the cDNA.
The peptide with cell-binding activity was identified, and its
amino acid sequence was determined. The N-terminal 14
amino acid residues had a sequence that agreed with that
assigned from the cDNA analysis (underlined with a broken
line in Fig. 2).

DISCUSSION

The present study shows that osteopontin belongs to a group
of extracellular matrix proteins-e.g., fibronectin and
vitronectin-that exert their cell-binding functions via an
Arg-Gly-Asp sequence. An interesting goal should be iden-
tification of the cell-surface receptor that recognizes the

sI.I I °
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Arg-Gly-Asp sequence in osteopontin. The cell-surface re-

ceptor that recognizes fibronectin has been identified by
affinity chromatography on immobilized fibronectin (40) and
by immunological techniques (41). The fibronectin receptor is
a 140-kDa membrane glycoprotein that specifically interacts
with the Arg-Gly-Asp sequence in fibronectin but not with
the same tripeptide sequence in vitronectin. Affinity chro-
matography of detergent-solubilized cells on immobilized
vitronectin gives a vitronectin-specific cell-surface receptor
(42). The vitronectin receptor is different from the fibronectin
receptor and is composed of 115-kDa and 125-kDa polypep-
tide chains (42). Although fibronectin, vitronectin, and
osteopontin interact with cells via the same Arg-Gly-Asp
cell-binding sequence, it is possible that each cell-binding
protein is recognized by a unique cell-surface receptor. The
obvious function of a putative osteopontin cell-surface re-

ceptor is to provide bone cells with the ability to interact with
their surrounding calcified matrix. The interaction between a

unique cell-surface receptor and osteopontin could be im-
portant for guiding cells to areas of ossification and also could
be involved in the development of the phenotype of bone
cells.

In addition to its binding to a cell-surface receptor, fibro-
nectin also interacts with collagen (43) and proteoglycans
(44). It is not known whether osteopontin binds to these
extracellular matrix components that are also present in the
bone matrix. It is known, however, that osteopontin binds
extremely tightly to hydroxyapatite (unpublished data),
which is the most abundant component in bone calcified
matrix. What region or regions in the osteopontin molecule
are involved in this binding is not known. The bone-specific
protein osteocalcin interacts with hydroxyapatite most likely
via y-carboxyglutamic acid residues (45). A potential region
for mineral binding in osteopontin, containing numerous

carboxyl groups, is the region consisting of nine consecutive
aspartic acid residues. Perhaps this region can assume a

conformation with similar carboxyl-group arrangements as

the y-carboxyglutamic acid residues in osteocalcin and, thus,
bind to hydroxyapatite via a similar mechanism. Another
possibility is that the numerous sialic acid-containing
oligosaccharides confer affinity for hydroxyapatite to
osteopontin.
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