
Distribution of SIBLING proteins in the organic and inorganic
phases of rat dentin and bone

Bingzhen Huang1, Yao Sun1, Izabela Maciejewska1, Disheng Qin1, Tao Peng1, Bradley
McIntyre2, James Wygant2, William T Butler1, and Chunlin Qin1

1 Department of Biomedical Sciences, Baylor College of Dentistry, Texas A & M University System Health
Science Center, Dallas, TX, USA

2 University of Texas Health Science Center at Houston MD Anderson Cancer Center, Houston, TX, USA

Abstract
The SIBLING protein family is a group of non-collagenous proteins (NCPs) that includes dentin
sialophosphoprotein (DSPP), dentin matrix protein 1 (DMP1), bone sialoprotein (BSP), and
osteopontin (OPN). In the present study, we compared these four proteins in different phases of rat
dentin and bone. First, we extracted NCPs in the unmineralized matrices and cellular compartments
using guanidium-HCl (G1). Second, we extracted NCPs closely associated with hydroxyapatite using
an EDTA solution (E). Last, we extracted the remaining NCPs again with guanidium-HCl (G2). Each
fraction of Q-Sepharose ion-exchange chromatography was analyzed using sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS–PAGE), Stains-All stain, and with western
immunoblotting. In dentin, the NH2-terminal fragment of DSPP and its proteoglycan form were
primarily present in the G1 extract, whereas the COOH-terminal fragment of DSPP was present
exclusively in the E extract. The processed NH2-terminal fragment of DMP1 was present in G1 and
E extracts, whereas the COOH-terminal fragment of DMP1 existed mainly in the E extract. Bone
sialoprotein was present in all three extracts of dentin and bone, whereas OPN was present only in
the G1 and E extracts of bone. The difference in the distribution of the SIBLING proteins between
organic and inorganic phases supports the belief that these molecular species play different roles in
dentinogenesis and osteogenesis.
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Dentin and bone are mineralized tissues that closely resemble each other in composition and
mechanism of formation. Both are composed of collagen-rich organic matrices and of a mineral
phase consisting of plate-like apatite crystals. During the formation of dentin and bone,
odontoblasts and osteoblasts secrete an unmineralized collagen-rich matrix between a
mineralization front and the cells, termed predentin and osteoid, respectively. Predentin and
osteoid are mineralized when apatite crystals are deposited. In spite of many similarities, the
two tissues have different developmental origins; odontoblasts originate from neural crest
ectomesenchyme and experience epithelial–mesenchymal interactions during development,
whereas osteoblasts of limb bone derive from somatic mesenchyme. Bone undergoes active
remodeling, whereas dentin matrix is not remodeled.
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In dentinogenesis and osteogenesis, type I collagen secreted by odontoblasts and osteoblasts
forms the undergirding that is mineralized in a highly controlled manner. The importance of
the correct collagen structure is clearly seen in patients with osteogenesis imperfecta resulting
from mutations in the type I collagen gene. However, collagen alone does not initiate or control
apatite crystal formation. The extracellular matrix (ECM) of dentin and bone contains a number
of non-collagenous proteins (NCPs) that are believed to be responsible for initiating and
modulating the mineralization of collagen fibers when predentin and osteoid are converted to
dentin and bone, respectively. This belief is strongly supported by studies showing that
mutations in, or knockout of, genes coding for certain NCPs are associated with phenotypic
abnormalities in the mineralization of dentin and/or bone (1–10).

One category of NCPs is the SIBLING (Small Integrin-Binding LIgand, N-linked
Glycoprotein) family, which includes dentin sialophosphoprotein (DSPP), dentin matrix
protein 1 (DMP1), bone sialoprotein (BSP), osteopontin (OPN), and matrix extracellular
phosphoglycoprotein (MEPE) (11). The SIBLING family members, principally found in
mineralized tissues, share some common features such as the presence of phosphorylation,
glycosylation, and the RGD cell-binding sequence, as well as similarities in genomic
organization and localization. In particular, DSPP and DMP1 share unique similarities in
proteolytic processing and tissue localization (12,13).

Dentin sialophosphoprotein is proteolytically processed into dentin sialoprotein (DSP) and
dentin phosphoprotein (DPP), which originate from the NH2-terminal and COOH-terminal
regions of the DSPP amino acid sequence, respectively (14). Dentin sialoprotein and DPP are
abundant in the ECM of dentin, whereas the intact, full-length form, representing the whole
sequence of DSPP, has never been identified. Genetic studies have linked mutations affecting
DSP and DPP portions of DSPP with different forms of dentinogenesis imperfecta, suggesting
distinct functions for each, which are related to the mineralization process (1–3). Dentin
sialophosphoprotein null mice demonstrate phenotypes similar to the manifestations of human
dentinogenesis imperfecta type III (4). These data demonstrate that DSPP and/or its processed
fragments (DSP and DPP) are critical for the mineralization of dentin. Recently, a proteoglycan
form of DSP (designated as DSP-PG in this investigation) has been isolated and characterized
from dentin ECM (15–17). Thus, the ECM of dentin contains three variants derived from the
DSPP amino acid sequence: (i) DSP, (ii) DPP, and (iii) DSP-PG, which vary greatly in
biochemical structure. It is likely that these variants are distributed differently among
individual compartments of the tooth and play different roles during dentinogenesis, although
the exact mechanisms by which they function are largely unknown.

Dentin matrix protein 1 is an acidic phosphoprotein predominantly expressed in dentin and
bone (18,19); it is more prominent in the latter than in the former (20). The importance of
DMP1 for dentin and bone mineralization has been demonstrated by knockout experiments in
mice and by mutation studies in humans: DMP1 null mice show profound defects in the
mineralization of bone and dentin (5,6), and mutations in the Dmp1 gene result in autosomal-
recessive hypophosphatemic rickets in humans (7). Like DSPP, DMP1 is present in the ECM
of bone and dentin as (i) an NH2-terminal (37 kDa) fragment, (ii) a COOH-terminal (57 kDa)
fragment (20), and (iii) a proteoglycan form (known as DMP1-PG) of the NH2-terminal
fragment (21). These three forms, differing dramatically in structure, may be distributed
differently among individual compartments of tooth and bone, and may have different
functions in dentinogenesis and osteogenesis.

Bone sialoprotein is mainly expressed in bone, mineralizing cartilage, cementum, and dentin
(22–26). The biological functions of BSP in mineralized tissues are largely unknown. Some
data suggest that BSP acts as a nucleator for the formation of initial apatite crystals (27); then,
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as this mineral grows on the collagen matrix, it acts as an inhibitor in directing the growth of
the crystals (28).

Although OPN is present in mineralized tissues in relatively large quantities, it is also expressed
at a relatively high level in a variety of non-mineralized tissues and cells (29–31). In
mineralized tissues, OPN is expressed in bone, cementum, predentin, and tertiary dentin. Some
in vitro studies have shown that OPN is an effective inhibitor of apatite formation and growth
(32–34); data from OPN null mice strengthen the conclusion that this protein may be a major
inhibitory factor of mineralization (9).

The components of dentin and bone can be divided into two major phases: the inorganic phase
and the organic phase; the former is composed of apatite crystals while the latter includes
unmineralized collagen matrices along with NCPs (predentin and osteoid) and cellular
compartments (odontoblasts, odontoblast processes, osteoblasts, osteocytes, and osteocyte
processes). Based on the belief that these SIBLING members and/or their processed fragments
may have different distribution patterns between the inorganic and organic phases of dentin
and bone, we systematically analyzed DSPP, DMP1, BSP, and OPN in the two phases,
employing a three-step extraction approach (35–37). After separation by ion-exchange
chromatography, the processed fragments of DSPP and DMP1, BSP, and OPN were analyzed
in each of the three extracts. From these studies, we found clear differences in the distribution
of these SIBLING proteins, which provide newer information and clues about the potentially
different roles of these molecules in dentinogenesis and/or osteogenesis.

Material and methods
Tissue preparation

To obtain NCPs from dentin, 400 incisors from rats (≈ 10 wk of age) were used. Approximately
one-quarter of the apical portion of the incisor was cut off and discarded. Then, the dental pulp
was first removed using a dental barbed broach and then by using vacuum aspiration. The
periodontal tissues were removed by scraping on the root surface with a scalpel. After these
pretreatments, the incisors were split into halves and placed in 4 M guanidium-HCl (Gdm-
HCl) containing protease inhibitors (0.78 mg ml−1 of benzamidine-HCl, 0.18 mg ml−1 of
sodium iodoacetate, 1.8 μg ml−1 of soybean trypsin inhibitor, 0.17 mg ml−1 of
phenylmethylsufonyl fluoride, and 5 μg ml−1 of pepstatin) at 4°C for ≈ 15 h. Then, the Gdm-
HCl solution was discarded. From 400 incisors, we obtained 28.15 g of dentin that was devoid
of pulpal and periodontal tissues. The 28.15 g of dentin was then manually ground into powders
that were ≈ 2–3 mm in diameter. These dentin powders were the starting materials, which were
subject to a three-step extraction protocol as described below.

To obtain NCPs from bone, 100 hind legs from rats (≈ 10 wk of age) were used. The epiphyseal
regions were cut off and discarded. After the soft tissues on the bone surface (including
periosteum) had been removed by scraping with a scalpel, the bone shafts were split into halves.
Bone marrow was removed by scraping and vacuum aspiration. Then, the bone shafts were
placed in 4 M Gdm-HCl, containing protease inhibitors, at 4°C for ≈ 15 h, and the Gdm-HCl
solution was discarded. From 100 legs, 56.25 g of bone shafts were obtained that were devoid
of soft tissues. The 56.25 g of bone shafts were manually ground into powders that were ≈ 2–
3 mm in diameter. These bone powders were the starting materials for extraction.

Extraction of NCPs from rat dentin and bone
The dentin and bone powders were subject to a three-step extraction protocol, as reported
previously (35–37). Briefly, the dentin or bone powders were first extracted by 4 M Gdm-HCl
containing protease inhibitors, but without EDTA, for 96 h (48 h, twice). This initial step
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extracted NCPs present in the unmineralized matrices (predentin and osteoid) as well as those
existing in the cellular compartments (odontoblast processes, osteocytes, and osteocyte
processes). Non-collagenous proteins derived from the first-step extraction were designated as
G1 extract. Subsequently, NCPs were extracted with 0.5 M EDTA containing protease
inhibitors (named E extract), but without Gdm-HCl, for 96 h (48 h, twice); this second step
extracted proteins that were embedded in the mineralized phase (i.e. in the mineralized ECM
of dentin and bone) and were tightly bound to apatite crystals. Lastly, the remainder of the
demineralized dentin or bone matrices (after EDTA extraction) was extracted again with the
solution of 4 M Gdm-HCl containing protease inhibitors, but without EDTA, for 96 h (48 h,
twice), as in step 1; this last step extracted NCPs that were bound tightly to the non-extractable
matrix and that were exposed after demineralization. The extracts from the last step of
extraction were referred to as G2.

Separation of NCPs from rat dentin and bone
The three types of extracts – G1, E, and G2 – were first subjected to gel chromatography on a
Sephacryl S-200 (Amersham Biosciences, Little Chalfont, Buckinghamshire, UK) column
(bed volume, 500 ml) at room temperature. For Sephacryl S-200 chromatography, all of the
extract from each step was loaded onto the column; the elution buffer was 4 M Gdm-HCl in
phosphate buffer (pH 7.4) and the flow rate was 0.5 ml min−1. The Sephacryl S-200 column
separated NCPs into four major fractions: an earlier fraction known as ES1 (38,39) contained
a group of proteins of higher molecular weight, which included the processed fragments of
DSPP and DMP1, BSP, and OPN. The later three fractions contained molecules of lower
molecular weight, such as osteocalcin (38,39), proteinase inhibitors, and EDTA; western
immunoblotting analyses confirmed that these later fractions did not contain the above
SIBLING proteins or their processed fragments (data not shown).

Next, all the ES1 fraction from the extract of each step was loaded onto a Q-Sepharose
(Amersham Biosciences, Piscataway, NJ, USA) ion-exchange column (bed volume, 210 ml)
connected to a fast protein liquid chromatography system. Western immunoblotting analyses
performed on the flow-through samples (containing molecules unbound to the column) showed
that a negligible amount of the four SIBLING proteins was present in the flow-through,
indicating that nearly all of the DSPP, DMP1, BSP, and OPN proteins were bound to the
column. These were eluted within a gradient ranging from 0.1 to 0.8 M NaCl in 6 M urea (pH
7.4) and the flow rate was set to 0.5 ml min−1 at room temperature. It should be noted that
because of the extreme heterogeneity in size and electric charge among different molecular
species of DSPP and DMP1, it was essential to first separate the NCPs by ion-exchange
chromatography before these DSPP and DMP1 variants could be clearly detected. In ion-
exchange chromatography, the proteoglycan forms of these molecules eluted in later fractions
than the core protein forms (15,21). Additionally, the ion-exchange chromatography greatly
enriches components eluted at a given NaCl concentration.

Our objectives in this investigation were to compare qualitatively the presence of the four
SIBLING proteins –DSPP, DMP1, BSP, and OPN – between the organic and inorganic phases
of dentin and bone, and to assess their relative quantities in each phase. Q-Sepharose
chromatography separated each of the six extracts (G1, E, and G2 for dentin and G1, E, and
G2 for bone) into 92 fractions, of 8 ml each, in 6 M urea solution. Each chromatographic
fraction was further separated with sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) and analyzed using Stains-All staining along with western immunoblotting. For
all of the experiments, 40 μl of urea containing sample from a single chromatographic run of
each extract was loaded for Stains-All staining and 10 μl of sample was used for western
immunoblotting. To prevent potential artifactual degradation of NCPs, the samples were kept
in either 4 M Gdm-HCl or 6 M urea during the entire extraction or separation procedure, and
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samples in 6 M urea taken directly from the chromatographic fractions were loaded onto SDS-
PAGE.

Antibodies
A monoclonal antibody against BSP was recently generated in our laboratory using BSP
isolated from rat bone as the antigen, employing approaches described previously (13,15,21).
Briefly, BSP isolated from rat long bone was injected into the foot pad of BALB/c mice.
Lymphocytes obtained from local lymphonodi were fused with P3 myeloma cells. Fusion cells
showing positive reactions to BSP were further subcloned and expanded. We obtained a
number of positive clones, among which clone 10D9.2 demonstrated a strong and highly
specific immunoreaction to rat and human BSP on western immunoblotting. Clone 10D9.2,
with an isotype of IgG1, was expanded in nude mice and purified by affinity chromatography
through a protein G column (Harlan Bioproducts, Indianapolis, IN, USA).

The polyclonal antibody against the COOH-terminal region of mouse DMP1 (designated as
anti-DMP1-C) was generated by Sigma Genosys (Woodlands, TX, USA), using an
oligopeptide with the sequence AYHNKPIGDQDDND, which matches amino acid residues
485–498 of mouse DMP1. Note that this sequence is extremely highly conserved across species
and is identical among mouse, rat, bovine, and human DMP1.

The other antibodies used in this study included monoclonal anti-DSP IgG2b 2G7.3 that is
reactive to DSP and DSP-PG (15), monoclonal anti-DMP1 IgG2b 9B6.3 that specifically
recognizes the NH2-terminal fragment of DMP1 including DMP1-PG (21), and polyclonal
rabbit anti-OPN serum (39).

SDS-PAGE and western immunoblotting
For Stains-All staining and western immunoblotting, 5–15% SDS-PAGE gradient gels were
utilized for all the experiments. Western immunoblotting was performed using a
chemiluminescence protocol. Briefly, SDS-PAGE gels were transferred to a cationic
membrane, Zeta Probe (Bio-Rad Laboratories, Hercules, CA, USA), at 100 V in transfer buffer
(0.025 M Tris-HCl, 0.2 M glycine, 20% methanol) for 60 min. Blots were blocked in phosphate-
buffered saline (PBS) containing 5% non-fat bovine milk and 0.1% Tween-20 at room
temperature overnight. Blots were then incubated in PBS containing 5% non-fat bovine milk,
0.1% Tween-20, and a primary antibody at room temperature for 60 min. The dilution for the
antibodies against DSP (2G7.3), the NH2-terminal fragment of DMP1 (9B6.3), BSP (10D9.2),
and OPN was 1:2,000, while that for the antibody against the COOH-terminal fragment of
DMP1 (anti-DMP1-C) was 1:1,000. Blots were then washed three times (for 15 min each wash)
in PBS containing 0.2% Tween-20. Next, the blots were incubated in PBS containing 5% non-
fat bovine milk and 0.1% Tween-20, together with a 1:5,000 dilution of alkaline phosphatase-
conjugated anti-mouse IgG or anti-rabbit IgG. The blots were then washed again (three times,
for 15 min each wash) in PBS containing 0.2% Tween-20. The blots were then incubated in
the chemiluminescent substrate, CDP-Star (Ambion, Austin, TX, USA), for 5 min and exposed
in a Kodak imaging system for 20 min.

Results
We analyzed every chromatographic fraction from each of the extracts by using SDS-PAGE,
Stains-All, and western immunoblotting. To illustrate our results, Stains-All staining for all
the fractions that might potentially contain any of the four SIBLING components or their
processed fragments is shown, while for western immunoblotting analyses, representative
fractions are shown.
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SIBLING proteins in G1, E, and G2 extracts of dentin
The Q-Sepharose chromatography separated rat dentin NCPs into 92 fractions. The ion-
exchange chromatography separation profile of dentin E extract (data not shown) resembled
that reported previously by Linde et al. (35) and our group (39). Using relative chromatographic
elution positions, Stains-All staining characteristics, and western immunoblotting analysis, the
identities of the SIBLING proteins were determined.

Figure 1 shows Stains-All staining of NCPs from fractions 25 to 84 of the three dentin extracts:
DSP/DPP, DMP1 fragments, and BSP, and the proteoglycan forms of DSP and DMP1 (i.e.
DSP-PG and DMP1-PG, respectively) were observed in these fractions. The broad protein
bands migrating at 90–100 kDa in fractions 48–51 of E extract represent DPP, which is
extremely abundant in the EDTA extract (Fig. 1B), but undetectable in the G1 (Fig. 1A) or G2
(Fig. 1C) extracts by Stains-All staining. The blue bands in fractions 29 to 33 of G1 extract,
migrating around 100 kDa, represent DSP (also see Fig. 2A). The weak purple bands that
migrate at ≈ 110 kDa in fraction 42 and progress to > 200 kDa in fraction 76 of G1 extract
(Fig. 1A) contain the proteoglycan form of DSP (DSP-PG), which was confirmed by western
immunoblotting (Fig. 2A).

Figure 2 shows the results of western immunoblotting using monoclonal anti-DSP IgG2b
2G7.3. Dentin sialoprotein was detected at the highest relative concentration in G1 (Fig. 2A),
was absent in E (Fig. 2B), and was present in minor amounts in G2 (Fig. 2C) extracts. The
proteoglycan form of dentin sialoprotein, migrating at > 110 kDa in earlier fractions and
progressing up to > 200 kDa in later fractions, was only observed in G1. Previously, we have
established the elution position of DSP-PG; the migration rates of DSP-PG observed in this
study were very similar to those described in our previous publication (15). Recently, we
performed disaccharide analyses on DSP-PG isolated from these fractions by elution through
a monoclonal antibody affinity column and found that the glycosaminoglycan side-chain of
DSP-PG was made of chondroitin-4-sulphates.

The NH2-terminal (≈ 37 kDa) fragment of DMP1 was detected in G1 and E (Fig. 3A,B) extracts,
was absent in G2 extract, while the COOH-terminal (≈ 57 kDa) fragment of this protein was
primarily found in E extract (Fig. 3C). The 37 kDa fragment eluted in earlier fractions (i.e. at
a lower concentration of NaCl) than the 57 kDa fragment; at the end of the elution of the 37
kDa fragment (fraction 45), these two fragments co-eluted. This elution profile was in
agreement with the fact that the 57 kDa fragment is more acidic than the 37 kDa fragment
(20). A proteoglycan form of dentin matrix protein 1 was observed in the G1 extract.

Bone sialoprotein was found in all three extracts; it was least abundant in G1 and present in
the greatest amounts in G2 (Fig. 4). Osteopontin was undetectable in any of the extracts, which
was probably a result of the fact that relatively smaller amounts of sample were loaded onto
SDS-PAGE during this investigation; previous studies in our laboratory showed that dentin
ECM contains only small amounts of OPN (39).

SIBLING proteins in G1, E, and G2 extracts of bone
Bone ECM proteins from each of the three extracts were also separated into 92 fractions, each
containing 8 ml of 6 M urea. The Q-Sepharose chromatography-separation profile of bone E
extract (data not shown) was similar to that reported previously (39,40). Non-collagenous
proteins in fractions 30 to 92 of each extract were initially visualized with Stains-All staining
(Fig. 5); these fractions contained DMP1 fragments, DMP1-PG, BSP, and OPN. Dentin
sialoprotein and DSP-PG were not detected in any of the extracts from bone, which was
probably a result of the fact that this protein is present in trace amounts in bone (41) and that
the loading volume in this investigation was relatively small.
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The NH2-terminal (37 kDa) fragment (Fig. 6A) and DMP1-PG (Fig. 6B) were observed in G1
and E extracts, but undetectable in the G2 extract. The COOH-terminal (57 kDa) fragment of
DMP1 was detected in the E extract (Fig. 6C) but not in G1 or G2 extracts.

Bone sialoprotein was detected in all three extracts; it was least abundant in G1, moderately
abundant in G2, and most abundant in E (Fig. 7). One interesting finding about BSP was that
this protein was distributed in a very broad range of ion-exchange chromatographic fractions,
suggesting that it must be very heterogeneous in electric charges. By contrast, OPN was eluted
in a relatively narrow range of chromatographic fractions of G1 and E (Fig. 8), and was
undetectable in G2.

The distribution of the SIBLING proteins, including their proteoglycan forms, is summarized
in Table 1. It is worth noting that the failure to detect a SIBLING component in an extract of
either dentin or bone does not indicate that this individual protein is definitely not present in
this extract, because detection of a molecule requires a sufficient quantity of a component to
be loaded for analyses. In other words, certain components that were not detected in the current
assay might have been observed if a large volume of a sample had been loaded. As the
objectives of this investigation were to compare the relative amounts of the four SIBLING
proteins among the three extracts that were from the same starting materials, we could draw
conclusions about which component is relatively more abundant in a specific extract and thus
provide information about each protein’s relative location in organic vs. inorganic phases in
vivo.

Discussion
Dentinogenesis or osteogenesis occurs by a two-stage process: (i) formation of predentin or
osteoid (unmineralized precursors); and (ii) the subsequent mineralization of these precursors
at the mineralization front. Predentin and osteoid lie between the mineralization front and the
cells; they are transformed to mineralized tissues when hydroxyapatite crystals are deposited.
This process involves mechanisms that precisely control the site and the rate of apatite
formation. For example, under normal conditions of growth, a rather uniform layer of predentin
and osteoid is maintained, indicating that the rate of formation of the unmineralized precursor
layer must equal the rate of mineralization. The width of predentin ranges from 15 to 40 μm
depending on the species; in the human incisor, its thickness is approximately 15 μm and the
osteoid seam is much thinner than predentin. The dynamic process of biomineralization
involves interplays among a number of molecules, including type I collagen, NCPs, and
proteoglycans.

In the present investigation, we employed a three-step approach to extract NCPs from dentin
and bone. This approach essentially followed the methodology used in earlier studies (35–
37). In the last decade, new proteins, such as some of those in the SIBLING family, have been
introduced, and newer tools (e.g. new antibodies) have been made available for studying the
NCPs of dentin and bone. These established extraction protocols, along with new tools, can
be used to study mineralized tissues to provide newer information concerning NCPs in these
tissues. The SIBLING proteins are believed to play important roles in the biomineralization of
dentin and bone (11,31). Recent studies have indicated that some members of the SIBLING
family also have signaling functions; they are involved in activating certain pathways and play
roles in tissue remodeling during organ development (42,43). In this study, we systematically
compared four SIBLING family members (DSPP, DMP1, BSP, and OPN) between the organic
and inorganic phases of dentin and bone. Clear differences in the distribution of these SIBLING
proteins were observed in the two mineralized tissues.
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Dentin sialophosphoprotein is proteolytically processed into NH2-terminal and COOH-
terminal fragments, referred to as DSP and DPP, respectively. The proteoglycan form of dentin
sialoprotein (15–17) represents a third variant of the DSPP entity. The results from this
investigation showed that DSP and DSP-PG were present primarily in the G1 (organic) extract,
not in the E (mineral) extract, indicating that these two molecules are mainly present in
predentin and not associated with hydroxyapatite crystals. The presence of the highly
glycosylated DSP-PG in predentin, but not in mineralized dentin, indicates that a major portion,
or all, of the proteoglycan forms of DSP would be metabolized or removed prior to
mineralization of collagen fibrils and the conversion of predentin to dentin. Previous studies
showed that the DSP had little or no effects on in vitro mineralization (44). Clearly, additional
studies are warranted to examine the effects of DSP-PG on the formation and growth of
hydroxyapatite crystals. The highly phosphorylated DPP was detected exclusively in the E
(mineral) extract, indicating a strong binding of this highly acidic protein with hydroxyapatite
crystals. These observations are consistent with the purported role of DPP as an initiator and
modulator of hydroxyapatite formation and growth (45–49).

Dentin matrix protein 1 is also processed into the NH2-terminal (37 kDa) and COOH-terminal
(57 kDa) fragments. In addition to the 37 kDa form, the NH2-terminal fragment also occurs as
a proteoglycan known as DMP1-PG (21). Previous protein chemistry work demonstrated that
the 57 kDa fragment of DMP1 has a much higher level of phosphorylation than the 37 kDa
fragment (20), and in vitro mineralization studies showed that the highly phosphorylated
COOH-terminal fragment promotes mineralization by acting as a nucleator for hydroxyapatite
formation (50–52). Information regarding the 37 kDa fragment and DMP1-PG is lacking. In
the present investigation, the 37 kDa fragment and DMP1-PG were detected in the G1 extract
of dentin and bone, whereas the highly phosphorylated 57 kDa fragment was primarily present
in the E extract. Our recent immunolocalization experiments, using an antibody reactive to the
NH2-terminal region of DMP1, showed that the NH2-terminal fragment of DMP1 was
primarily present in the predentin of rat molars (Qin C., unpublished observations). The
observation that the highly phosphorylated COOH-terminal fragment of DMP1 is primarily
distributed in the inorganic phase is in agreement with previous studies showing that the 57
kDa fragment of DMP1 acts as an initiator for hydroxyapatite crystals (50–52). The difference
in tissue distribution between the NH2-terminal and COOH-terminal fragments of DMP1
suggests that the biological role of DMP1-PG and/or the 37 kDa form must be different from
that of the 57 kDa fragment.

Bone sialoprotein has been shown to initiate hydroxyapatite formation (27), and a number of
studies have shown consistently that OPN inhibits mineralization (32–34). The presence of
BSP in all of the three extracts of dentin and bone indicates that this protein has a broad
interaction with different ECM components in the two tissues: BSP molecules extracted in G1
may only bind to type I collagen (in predentin or osteoid); others (in E extract) may only bind
to hydroxyapatite crystals; and the remainder (only extractable in G2) may bind tightly to both
type I collagen and hydroxyapatite crystals.

In summary, we assessed the presence and relative quantities of four SIBLING proteins in the
organic and inorganic phases of rat dentin and bone by employing a three-step, sequential
extraction approach. The findings from this study have provided information about the
difference in the distribution of these proteins in the non-mineralized predentin and osteoid vs.
their mineralized counterparts, mineralized dentin and bone, respectively. The observations
that the processed NH2-terminal fragment and proteoglycan forms of DSPP and DMP1 are
primarily present in the non-mineralized phase, whereas their highly phosphorylated COOH-
terminal fragments exist mainly in the mineralized matrix, suggest that the biological functions
of the NH2-terminal fragments of DSPP and DMP1 must differ from the fragments originating
from the COOH-terminal region of the two proteins. Additionally, we observed that sufficient
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amounts of BSP remained in the matrix (G2) after the first two steps of extraction, whereas no
significant amounts of other SIBLING components were left in G2. The clear SIBLING
proteins in rat dentin and bone differences in the distribution pattern among these four
SIBLING members indicate that these macromolecules interact with different components in
the ECM while working collectively to control the bimineralization process of dentin and bone.
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Fig. 1.
Stains-All staining of fractions 25–84 of dentin G1 (A), E (B), and G2 (C) extracts. The digits
at the top of a figure represent the fraction number after Q-Sepharose chromatography. Note
the presence of a blue band at ≈ 100 kDa (representing dentin sialoprotein) in fractions 29–33
of the G1 extract (A) and the absence of this protein band in the E extract (B) and the G2 extract
(C).
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Fig. 2.
Western immunoblotting of dentin extracts using monoclonal anti-DSP IgG2b 2G7.3 as a
probe. Dentin sialoprotein (DSP) (≈ 100 kDa in fractions 26–34) and the proteoglycan form
of DSP (DSP-PG) (≈ 110 to ≈ 200 kDa in fractions 42–76) were detected in G1 extract (A),
but not in E extract (B). Note the small amount of DSP in fractions 26–32 in G2 extract (C).
Cont, 2 μg of DSP purified from rat dentin was used as a positive control.

Huang et al. Page 13

Eur J Oral Sci. Author manuscript; available in PMC 2009 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Western immunoblotting of dentin extracts using anti-DMP1 IgG2b. (A) The 37 kDa fragment
of dentin matrix protein 1 (DMP1) was detected in fractions 41–45 of the dentin G1 extract by
monoclonal anti-DMP1 IgG2b 9B6.3 that specifically recognizes the NH2-terminal region of
DMP1. (B) The 37 kDa fragment of DMP1 was also detected in similar fractions of dentin E
extract by antibody 9B6.3. (C) The 57 kDa fragment of DMP1 was detected in fractions 45–
49 of dentin E extract by polyclonal anti-DMP1-C that specifically recognizes the COOH-
terminal region of DMP1. Note that more than one immunoreactive band for anti-DMP1 was
present. We believe that the double or triple bands of DMP1 represent the processed products
of DMP1 resulting from cleavage at several sites (20). The positive control (Cont) in panels A
and B was 4 μg of 37 kDa fragment purified from rat bone. The positive control (Cont) in panel
C was 4 μg of 57 kDa fragment purified from rat bone.
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Fig. 4.
Western immunoblotting of dentin extracts using monoclonal anti-BSP IgG1 10D9.2 as a
probe. Bone sialoprotein (BSP) was detected in G1 (A), E (B), and G2 (C) extracts of dentin.
BSP was least abundant in G1 extract and most abundant in G2 extract. The positive control
(Cont) was 2 μg of BSP purified from rat bone.
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Fig. 5.
Stains-All staining of fractions 30–92 of bone G1 (A), E (B), and G2 (C) extracts. Bone
sialoprotein (BSP), a blue band just below the 100 kDa molecular weight marker, was present
in all three extracts; this blue band was recognized by anti-BSP IgG1 10D9.2 (see Fig. 7). Note
the presence of osteopontin (OPN) migrating between the 54- and 100-kDa molecular weight
markers in fractions 40–45 of G1 extract and E extract, but not in G2 extract; these bands were
immunoreactive to anti-OPN serum (see Fig 8).
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Fig. 6.
Western immunoblotting for E extract of bone using anti-DMP1 IgG2b. (A) The 37 kDa
fragment of dentin matrix protein 1 (DMP1) was mainly detected in fractions 45–47 of bone
E extract by monoclonal anti-DMP1 IgG2b 9B6.3. (B) The proteoglycan form of DMP1
(DMP1-PG) was detected in fractions 68–78 of bone E extract by antibody 9B6.3. (C) The 57
kDa fragment of DMP1 was primarily detected in fractions 46–49 of bone E extract by
polyclonal anti-DMP1-C serum. The positive control (Cont) in panel A was 4 μg of 37 kDa
fragment purified from rat bone. The positive control (Cont) in panel C was 4 μg of 57 kDa
fragment purified from rat bone.
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Fig. 7.
Western immunoblotting for bone extracts using monoclonal anti-BSP IgG1 10D9.2. Bone
sialoprotein (BSP) was detected in G1 (A), E (B), and G2 (C) extracts of bone. The positive
control (Cont) was 2 μg of BSP purified from rat bone.
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Fig. 8.
Western immunoblotting for bone extracts using polyclonal anti-OPN. Osteopontin (OPN) was
detected in G1 (A) and E (B) extracts of bone. OPN eluted mainly in fractions 40–45. The
positive control (Cont) was 2 μg of OPN purified from rat bone.
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