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1. Introduction

Living organisms are capable of inducing the crystalliza-
tion and deposition of a wide variety of minerals,' but the
vertebrates mainly utilize the calcium phosphates in con-
structing their mineral phases in both normal circumstances
in bone, dentin, and tooth enamel and in pathological ectopic
mineral deposits. The predominant form of the mineral in
all situations is as carbonated apatite. However, the extent
of mineralization in a particular tissue or organ is quite
variable and crystallite size, crystal shape, and packing and
organization of the mineral crystals may also be variable. It
is clear that the same physical chemical principles must apply
to all, but it is equally clear that the organism must tightly
regulate the local environment where the mineral is formed.
This is an intrinsically complex problem because the mineral
crystals of bone and dentin form in the extracellular matrix,
external to the cells, which are the ultimate regulators of
the process.

Years of study of this complex set of problems has led to
the general consensus that the cell-controlled processes of
mineralization begin with the manufacture of an organic
structure within which, or a compartment surface upon
which, the mineral crystals may be initiated. The cells secrete
and organize macromolecular structures that determine the
ultimate character and orientations of the crystals subse-
quently initiated and grown, but in general, these structures
do not themselves have the capacity to initiate mineralization.
The incipient crystal nucleation event depends upon the
interaction of the structural macromolecules with another set
of secreted interactive macromolecules that locate specifically
on the structural framework. These interactive molecules are
doubly interactive, binding specifically to the framework on
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the one hand and attracting the requisite mineral ions on the
other to initiate the mineral ion clustering to a critical size
that nucleates crystal growth. The biological fluids are
supersaturated in mineral ion content with respect to the
solubility of their biogenic mineral crystal phase, but
unrestricted and uncontrolled crystal growth are not permis-
sible in the vertebrate animal, so there is a third line of
macromolecular components interactive with the growing
crystal surfaces that can limit growth rates and do so
selectively, controlling the crystal shape as well as size. A
final component of the regulation is the availability of the
crystal microions, pumped in controlled fashion from the cell
into the extracellular matrix. The situation is shown sche-
matically in Figure 1, wherein the solid, heavy arrows trace
the construction of the structural matrix (a), the addition of
the interactive macromolecules that activate the structural
matrix (b) to bind the mineral ions (c), leading to growth of
the oriented crystals (d), and finally, the addition of further
macromolecules (e) to shape and delimit the crystal size to
attain the mature mineralized matrix form. Note that, in this
paragraph, and in Figure 1, the nature of the macromolecules
and the mineral phase has not been specified. This is
intentional to emphasize the point that, in the majority of
mineralizing tissues in animal systems, the same overall
scheme of events is likely to apply, although the structural
scaffolds and mineral types can vary greatly.

The calcium and phosphate ion products (Ca x P) in the
extracellular fluids (ECF) of the vertebrates are greater than
the solubility products of most crystalline forms of calcium
phosphate, with hydroxylapatite (HA) being the major least
soluble form of calcium phosphate. Hence, HA would
precipitate spontaneously if it were not for the inhibition of
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crystal formation by the reduction of the activity of these
ions, and their sequestration, by various macromolecular
components. Thus, the ECF proteins in Ca-rich milk and
blood, for example, play important roles as inhibitors of
apatite precipitation. The initial form of the Ca—P solid-
phase deposits in vitro have been shown to be disordered
and exhibit a diffuse X-ray diffraction pattern, indicating that
initially only a very short-range ordering of calcium and
phosphate ions relative to each other takes place, producing
a structure called “amorphous calcium phosphate” (ACP).*™*
Depending upon the conditions of temperature, pH, and ion
concentrations, the solid phase may grow through a variety
of forms from the ACP to (in order of decreasing solubility)
brushite [CaHPO4<2H,0], whitlockite [Ca3(POs),*3H,0],
octacalcium phosphate [CagH»(PO.)e*SH,0], and hydroxya-
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Figure 1. Proposed generalized scheme for matrix-regulated
mineralization reactions. Modified and reprinted with permission
from ref . Copyright 2003 Mineralogical Society of America.

patite [Ca;o(PO4)s(OH);]. In bone, dentin, cementum, and
enamel, in vivo, where the nucleation process and the final
crystal composition are determined by the local environment
created by the combination of the collagen or amelogenin
structural matrix and particular NCP (noncollagenous protein)
components, it is evident that the transition from ion
aggregate to crystalline form is tightly regulated. A question
of great importance for those interested in the development
of biomimetic models of bone is how the NCP might
template the desired crystal forms.

The principal focus of this review, however, will be on
the influence of the phosphoproteins of the matrix on the
formation and growth of crystals in two systems: the small,
platelike crystals and crystal aggregates of carbonated apatite
found in bone, dentin, and cementum; and the large, high-
axial-ratio rodlike crystal aggregates found in dental enamel.
As pointed out many years ago,’ the dentin and the enamel
are formed in opposition to each other and provide direct
contrasts between the nature of the compartments created
by the cells, the structural matrices produced, and the
extracellular matrix macromolecules that control the nucle-
ation, growth, and structure of their carbonated apatite
mineral phases. Here, we consider these two systems
separately.

2. Collagen-Based Mineralization Systems

Bone, dentin, and cementum are produced by osteoblasts,
odontoblasts, and cementoblasts, respectively. Each of these
cells produces a distinct set of extracellular matrix macro-
molecules but produces similar structural matrices predomi-
nantly constructed from type I collagen fibrils.

2.1. Type | Collagen Matrix
2.1.1. Gap-Overlap Model

Although the aim of this review is to discuss the role of
the phosphorylated proteins of the ECM (extracellular
matrix), so much of the discussion relates to how the
noncollagenous ECM proteins might interact with the col-
lagen matrix that an introductory discussion of the particulars
of the type I collagen fibril organization and structure is
necessary, as well as consideration of whether the collagen
itself might induce mineral deposition. Type I collagen
molecules, 300 nm in contour length, are best considered as
semiflexible rods with an axial ratio, if fully elongated, of
about 200/1.° When assembled into fibrils, the triple helical
collagen I monomer molecules pack into ~ 70 nm D-periodic
fibrils’~* readily visualized at the electron microscopic level.
A comparison of the molecular length of 3000 A with the
fibril periodicity of 670 A led to the familiar Hodge—Petruska
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“quarter-stagger, overlap model”®? in which all molecules
are aligned in the same N- to C-direction and each molecule
is staggered by a 1D period with respect to its nearest
neighbors in one plane. However, to accommodate the fact
that the rodlike molecule has a length equivalent to 4.4D,
the next molecule with the same axial orientation thus must
have its N-terminal begin at a distance of about 0.6D from
the C-terminal of the first molecule, leaving a gap of about
0.6D in length. In the assembled fibril, there is thus a periodic
set of gaps or holes along each filament or fibril axis, and in
a fully assembled 3-dimensional native D-periodic fibril,
there is a regular series of gaps or channels.

2.1.2. Where Does the Mineral Go?

This same periodicity can be observed in unstained
mineralized fibrils at the electron microscopic level, indicat-
ing that the mineral deposits have the same disposition as
the collagen “gaps/holes”. In spite of an enormous amount
of work since this relationship was first determined (see ref
10 for a review of all the early work in this area), it is not
entirely established as to how much of the mineral formed
is retained within the fibrils. In bone, it does appear as if the
holes create channels through each fibril, perhaps allowing
for mineral crystals periodically running continuously through
the fibril. A crystal filling such a channel would have
dimensions of 3—6 A in width and 400 A in height in the
axial direction, with a length dependent on the fibril size.
These dimensions are compatible with the thin platelike
crystals seen by electron microscopy and X-ray crystal-
lographic studies of early crystal formation.!' !> Earlier, Katz
and Li'®'” had explored the concept that there were spaces
of two kinds, the holes or gaps themselves, and pores that
consisted of the spaces (undoubtedly hydrated) between the
molecules packed in the collagen overlap regions. They made
the observation that the pore size was dependent upon the
particular collagen, with the pore size larger, almost double,
in mineralized collagen fibrils than in those of the soft-tissue
rat tail tendon collagen. Thus, it seemed likely that, in the
gap region of mineralized collagens, the pore—hole combina-
tion could certainly provide accessible channels for growth
of platelike crystals transversely though the fibrils. The
crystals are not confined to the internal spaces within a fibril
but may mature and grow along the fibril surface or expand
between layers of collagen molecules within a fibril.'*'
Moreover, the surface of a D-periodic fibril displays both
the overlap and gap regions along its entire surface so that
crystal nucleation could either initiate along the fibril surface,
from which crystal growth could proceed internally in the
channels, or alternatively could initiate internally within the
channels and then spread to the fibril surface.

Crystallographic studies of the three-dimensional molec-
ular packing arrangement of type I collagen show that the
triple helical molecules are arranged on a quasihexagonal
lattice with a minimum microfibril structure represented by
five 1D staggered molecules.'® The most recent X-ray
diffraction studies by Orgel et al.'®*° determined the structure
of the collagen molecule in situ at a ~5—10 A resolution
and, as depicted in Figure 2, showed that the unit cell 1D
period in length contains the chain segments from each
molecule such that the unit cell contains the equivalent of a
single collagen molecule. The neighboring molecules form
a supertwisted right-handed microfibril that interdigitates with
neighboring microfibrils, establishing the crystallographic
superlattice of quasi-hexagonally packed collagen molecules.



Control over Apatite Nucleation and Crystal Growth

A
A SINGLE MICROFIBRIL UNIT
CELL, CONTAINING SEGMENTS
FROM 5 MOLECULES,
REPRESENTING ONE D PERIOD

Figure 2. Three-dimensional models of a putative collagen
microfibril (five molecules in the quarter-stagger-overlap arrange-
ment). (Left) A unit cell, containing the equivalent of all segments
from a single molecule in a single D-period. The gap region is less
dense, with only four molecules, as compared to the five strands
within the overlap zone. (Right) A five-stranded microfibril with
the molecules traced through 5D-periods, showing the helical
entwinement and reorientation of each single 4.4D-period long
molecule along the microfibril. The differences in molecular
flexibility within the gap zones, as compared to the overlap zones,
are evident. Modified and reprinted with permission from Figures
3B and 3E of ref 19. Copyright 2006 National Academy of
Sciences, U.S.A.

2.1.3. Nature of the Gap Environment

In the context of mineralization, the important point is that
the gap region chain segments present a very different chain
conformation and pattern of side chain residues so that one
might expect the two repeating (0.4D and 0.6D) regions to
interact differently with other molecules and perhaps mineral
ions. Since the complete sequences of type I collagen chains
have been determined, it is easy to determine the exact nature
of the charge distribution and the relative polarity of each
molecular domain. Chapman®'? was the first to do this.
Using Chapman’s alignment of the three chains in type I
collagen, Veis et al.>> showed that, in a 1D segment, the
boundaries of the gap region and the central region of the
gap zone had particularly intense groupings of both positively
and negatively charged groups along the five-molecule
microfibril. Figure 3a is aligned with an electron micrograph
in Figure 3b, positively stained to reveal the band pattern.
The staining and schematic representation of the positive and
negative amino acid side chains clearly match. Although
many studies showed that pure collagen fibrils did not bind
any significant numbers of calcium and phosphate ions, even
at high microion concentrations,”* ¢ Silver et al.>’ and
Landis and Silver,”® commenting on the same Chapman
analysis of the side chain ionic group distributions, proposed
that the juxtaposition of anionic groups on all three chains
could be important for localizing both cations and anions
for specific binding to collagen that could lead to nucleation
of mineral deposition within the collagen fibril. Their
arguments describing the arrangements of the groups as
shown in Figure 3c are quite logical but do not seem to be
supported by any specific data. However, recent discussions’
have suggested that phosphate ion localization on the
collagen framework may also play an important role in
mineral phase nucleation.

Strong evidence that nucleation of mineralization in
collagen I fibrils could be quite collagen structure specific
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was demonstrated by the electron microscopic observation
that, in vitro in turkey tendon fibrils, the first mineral
deposited from a calcium phosphate solution appeared at the
electron microscopic e-band,’® which, as shown in parts a
and b of Figure 3, is directly correlated with a region of
putative high charge density, bounded by sequences of lower
polarity.?® Earlier neutron diffraction studies®' had also
shown that, in mineralizing turkey tendon, the mineral density
began to increase within the gap zone of the collagen fibrils.

3. Phosphoproteins as Mediators of Collagen
Mineralization

3.1. Extraction Protocols

In the early 1960s, the presence of organic phosphorus,
as serine phosphate, was detected in bone collagen® and in
dental enamel proteins.®® In parallel studies, it was shown
that dentin collagen contained covalently bound phosphate,
attributed to the presence of both directly collagen-bound
phosphate®* and one or more unique noncollagenous
proteins,®>~*! which were also shown to be strongly associ-
ated to the mineralized collagen. The unique dentin phos-
phorylated NCPs were found to be present in the dentin from
all species examined but were variable in molecular size,
degree of phosphorylation, and amino acid composition.**
As the methods for demineralizing the dentin matrix and
isolating these proteins were developed,*® they were applied
to mineralized bone matrix.** Termine et al.*> improved the
extraction process by using a prior treatment of the mineral-
ized matrix with 4.0 M guanidine - HCl to dissociate cellular
and other accessible protein components not bound to the
mineral phase before EDTA demineralization. Termine and
colleagues*®>* applied these techniques to a variety of
vertebrate mineralized tissues and isolated a number of other
mineral-related phosphorylated NCP-proteins. A second
dissociative extraction, after demineralization, was added to
this protocol® to remove tightly bound mineral-protected
NCP molecules from those bound to the structural matrix.
The three extracts are generally labeled as G1 (first 4.0 M
guanidinium < HCI extraction); E (0.5 M EDTA extraction);
and G2 (second 4.0 M guanidinium+HCI extraction). The
G2 extracted proteins are tightly bound to the demineralized
collagen matrix, but it is not clear if these are covalently
linked and freed by hydrolysis or by some very strong
noncovalent interaction. One of the proteins of a combined
E—QG2 extract was found to be a phosphorylated form of
the NH,-terminal propeptide of the alpha 1 chain of type I
collagen, cleaved from the collagen during secretion and fibril
assembly.50 The others, however, were noncollagenous
proteins.

3.2. SIBLING Proteins

The major phosphoproteins of this group are now known
as the SIBLING (small integrin-binding ligand, N-linked
glycoprotein) family.”® Each of the proteins is described
separately in detail below. The linkage between them resides
in the facts that their genes are all clustered within an
approximately 375 kb span of nucleotides on human
chromosome 4q21 (mouse 5q21). Further, the genes of each
protein have similar intron—exon structures, with sequences
of similar character located in similar exons,”’ and show a
bias for the use of the AGC and AGT codons for serine
relative to the average use of those codons in other proteins.”®
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Figure 3. Correlation of collagen packing and sequence in the gap and overlap segments of 1D period. (a) Schematic showing charged
residues as dark tilted stripes across all three chains; the segment is correlated in (b), with the EM e-band, shown in the positively labeled
1D period of a fibril. (c) Section of type I collagen triple helix with a proline and hydroxyproline deficient region, residues 414—424.
According to Silver et al.,>” this is a flexible region capable of binding both Ca and PO, ions and changing the conformation of the helix,
based on the use of the SYBYL molecular modeling program and energy minimization after the addition of the mineral ions at the sites
proposed. (a) and (b) Modified and reprinted with permission from ref 280. Copyright 2003 Mineralogical Society of America. (c) Modified
and reprinted with permission from ref 27. Copyright 2001 American Chemical Society.

At the protein level, they are all acidic proteins with poorly
defined, more or less random structures. However, in spite
of those similarities, when compared at the sequence
homology level, the proteins are all distinctly different, with
few long-range sequence alignments.>® Thus, while display-
ing strong gene synteny, the SIBLINGS (osteopontin [OPN],
matrix extracellular phosphoglycoprotein [MEPE], bone
sialoprotein [BSP], dentin matrix protein 1 [DMP1], and
dentin sialophosphoprotein [DSPP]) have different tissue
distributions and functions. OPN and MEPE act as inhibitors
of mineralization and are found widely in mineralized and
nonmineralized tissues, whereas BSP, DMP1, and DSPP (and
its subdomains DSP [dentin sialoprotein], DGP [dentin
glycoprotein®], and DPP [dentin phosphoprotein, also known
as phosphophoryn]) are heavily engaged in bone and dentin
mineralization. Once thought to be quite tissue specific,
DMPI1, DSP, and DPP are present in nondentin tissues.
Similarly, BSP is not exclusively confined to bone, and all
have been shown to have both structural and signaling
activities.

The acidic SIBLINGS are obviously rich in acidic amino
acids, Asp and Glu, but also contain basic residues, Arg and
Lys. When ionized, these residues, along with Gln, Gly, Pro,
and Ser, are considered to be structure breaking, unfavorable
forlong-range ordering of the backbone protein conformations.®*®!

All are also post-translationally phosphorylated and display
microheterogeneity in phosphorylation.

3.2.1. Osteopontin Phosphorylation

OPN is the most thoroughly studied example. Sorensen
and colleagues®*®* have shown that the Ser or Thr residues
in OPN reside in sequences that are substrates for the specific
mammary gland casein kinase (MGCK, also known as the
Golgi kinase) [S*/T*-X-E/S(P)/D] or for casein kinase II,
CKII [S*-X-X-E/S(P)/D]. Of the 36 Ser residues in human
OPN, 29 are in positions susceptible to MGCK and 6 are
substrates for CKII. It is unusual, however, for all of these
sites to be phosphorylated, so that in any given preparation
of OPN there may be an average number of charged
phosphate residues less than the maximum, although dis-
tributed over a number of individual molecular possibilities
so that the preparation is microheterogeneous. Rat bone OPN,
with 29 potential phosphorylation sites and a homologous
amino acid sequence, has only about 13 of these sites
phosphorylated.®* The degree of phosphorylation has im-
portant implications for the effectiveness of mineralization
inhibition®> and mineral induction.®® The phosphorylation
sites in human milk OPN are mainly Ser residues, with only
2 Thr residues being phosphorylated, whereas 7 Thr sites
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Figure 4. Amino acid sequence of human DSPP [PubMed Protein Data Bank ID: QINZW4]: green, signal sequence; red, endopeptidase

cleavage sites; black, DSP sequence; blue, DPP(DMP2) sequence, including, in dark red, the DSS repeat region, with a few DSS motif

interruptions.

are O-glycosylated, while the 2 potential Asn residue
N-glycosylation sites are not glycosylated.®?

3.2.2. Dentin Sialophosphoprotein (DSPP)
Phosphorylation, Structural Consequences, and Calcium
lon Binding

DSPP has also been studied in some detail with respect
to phosphorylation. As indicated earlier, the molecule is
processed into two major segments: DSP and DPP. The DSP
is a sialoprotein found in two forms, based on the sites where
the post-translational endopeptidase cleavage takes place.®’
Depending on the species and form, the DSP may have from
5 to 10 potential phosphorylation sites and extensive gly-
cosylation.®® The DSP portion may also contain chondroitin
6-sulfate proteoglycan attachments.®” DPP, the main form
remaining closely associated with mature mineralized dentin,
is unique in composition with respect to all other SIBLINGS.
As shown in Figure 4, the DPP domain of human DSPP has
an extensive set of repetitive DSS repeats. Bovine DPP, when
isolated from dentin with careful attention to possible
degradation, has a molecular size greater than that of the
human, with an apparent mass of 155000 Da based on
primary analytical ultracentrifuge data and indirect gradient
gel electrophoretic analysis,”® and it was found to be
phosphorylated on about 95% of its Ser residues.”® The mass
and extent of phosphorylation were confirmed by MALDI
mass spectrometry.’' The DSS repeat sequence region in the
bovine dentin must be considerably greater in extent than in
the human, shown in Figure 4, and the rat, where the
molecular mass is on the order of 70 kDa.”” The DSS repeat
regions fit the model of intrinsically unstructured proteins.”®”?
The presence of the phosphates modulates this to some
extent, on the basis that the neighboring electrostatic group
repulsions might stiffen the protein backbone somewhat and
increase the polypeptide chain persistence length.”*~"’
However, this stiffness is essentially local, and the long
chains still have the characteristics of a random or unordered
polymer chain.®®®" Dunker et al.°' have argued that the
protein backbone flexibility can convey important properties
that enable a particular sequence in a poorly ordered chain

conformation to adapt to a variety of substrates or interaction
partners with which it might interact. In a protein with a
mixed sequence, this permits interaction with a variety of
different partners in different domains. For example, a cell
surface integrin sequence may interact with a SIBLING
protein, which, utilizing another domain, may in turn bind
and bridge to another ECM component. In the specific case
of the phosphophoryn DS*S* repeats (in this notation S*
signifies phosphorylation), these have an avid affinity for
binding Ca®* ions, inducing the DPP to locally assume a
more extended and ordered S-chain-like conformation.
Phosphorylated DPP shows an affinity for collagen and at
the same time maintains the ability to sequester Ca®" ions,
even at high concentrations of monovalent Na™ and K"
ions.?® Similarly, OPN, BSP, and DMP1 have sequences such
as SSSEE and SGSSEE that can be phosphorylated. Al-
though not phosphorylated, many proteins with extended
polyAsp or polyGlu sequences are not uncommon.”® Inter-
estingly, proteins of highly acidic character, with extensive
stretches of Asp and/or Glu, are common in many types of
mineralizing systems, such as those involving silicates and
calcium carbonates.

Phosphorus *'P-nuclear magnetic resonance studies showed
that all of the organic phosphate of DPP was in the monoester
form, with a pK, = 6.80.7° The addition of Ca*' to an
aqueous DPP solution progressively broadened the *'P NMR
peak and diminished its intensity, indicating that the phos-
phates interacted with the Ca ions, and this was confirmed
by infrared spectroscopy. Infrared spectroscopy also showed
that the carboxyl groups of the DPP were involved in binding
to Ca ions. In fact, at low DPP concentrations where
intramolecular interactions were favored, Ca binding data
indicated that total Ca uptake per mole of DPP was
equivalent to the sum of Ser P and Asp groups,’” that is, the
Ca ions might bridge between acidic residues on the distant
portions of the same polypeptide chain. At higher DPP
concentrations, the DPP would form large intermolecular
aggregates and precipitate. This observation formed the basis
for the use of high Ca ion concentrations in the isolation of
purified DPP.**~%2 NMR studies of DPP in the presence and
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absence of Ca ion confirmed the supposition that DPP is
intrinsically disordered, but that, in the presence of Ca, the
DPP backbone becomes more ordered, or of restricted
activity.”*

3.3. SIBLING Protein Collagen Interactions

All of the SIBLING proteins share in the two properties
hypothesized as crucial in Figure 1, namely, the binding of
the SIBLING to some specific component of the matrix,
collagen fibrils, or cells and having the capacity to interact
with and accumulate Ca®" ions in their vicinity. This dual
behavior is entirely compatible with the flexible, multidomain
character discussed above. Several important tests of this
hypothesis were carried out by Crenshaw and associates.®> 3
DPP was immobilized by covalent linking to agarose beads;
these beads were then incubated at 37 °C in metastable
calcium phosphate solutions that did not spontaneously
precipitate. The control was the DPP soaked on the beads
without cross-linking immobilization®® and placed in the
mineralizing solution. Calcium phosphate crystals developed
on the immobilized DPP and were shown by X-ray crystal-
lography to be hydroxyapatite. The same treatment of the
DPP-soaked agarose beads did not yield any calcium
phosphate precipitates in the time frame examined. Free
soluble phosphophoryn in the mineralizing buffer also failed
to yield apatite precipitates. These experiments definitively
showed that surface-immobilized DPP could nucleate apatite
crystallization.

Collagen fibrils could substitute for the insoluble agarose
beads in these experiments. Reconstituted collagen fibrils
alone did not induce mineral formation in the mineralization
buffer. Purified soluble type I collagen from skin was
reconstituted as fibrils and then reacted with bovine DPP
under conditions allowing reversible noncovalent binding or
irreversible covalent cross-linking. Phosvitin from egg yolk,
an unrelated highly phosphorylated, intrinsically unstructured
soluble protein, was also bound to reconstituted skin type I
collagen fibrils by adsorption or by covalent cross-linking.
Collagen fibrils with covalently bound DPP or phosvitin
induced apatite mineralization of the fibrils, while under the
conditions used, the same amounts of noncovalently linked
DPP and phosvitin did not induce any mineral. If the proteins
were dephosphorylated by acid phosphatase before binding
and immobilization on collagen, neither protein induced
mineral deposition.® Removal of the ester phosphate by
reaction with acid phosphatase after the proteins had been
covalently cross-linked to the collagen matrix also destroyed
the ability of the complex to precipitate apatite. The mineral
induced by the cross-linked phosphoproteins was apatite, and
the crystals were confined to the surface of the collagen
fibrils. With decreasing medium saturation, the time required
for mineral induction increased. The interfacial tensions
calculated for apatite formation by either phosphoprotein
cross-linked to collagen were about the same as that for
phosphatidic acid liposomes and hydroxyapatite. This simi-
larity in values indicated that the nucleation potential of these
highly phosphorylated surfaces was about the same. From
these experiments, it was concluded that phosphoproteins
must be irreversibly bound to collagen fibrils for the in vitro
mineralization of the collagen network in solutions that do
not spontaneously precipitate. The phosphate esters of
phosphoproteins are required for mineral induction, and the
carboxylate groups alone are not sufficient.
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3.3.1. Covalent Collagen—SIBLING Interactions

From the very earliest studies of dentin, it was suggested
that the mineralized tissue collagens contained covalently
bound phosphoprotein attachments.>*~*' Fujisawa et al.*°
subsequently determined that DPP was covalently associated
with collagen and proposed that transglutaminases led to the
cross-linking of asparagines or glutamines of the DPP with
lysyl residues of collagen. More recently, Kaartinen et al. 3¢
demonstrated that transglutaminase 2 (TG2), a general protein
cross-linking enzyme specifically joining the y-carboxamide
group of a glutamine residue to the e-amino group of a lysyl
residue to form a stable isopeptide cross-linkage, readily
catalyzed the formation of high molecular weight forms of
OPN, BSP, DMP1, and DPP in various bone and dentin
extracts. Direct studies of bone and dentin E-extracts showed
that they contained an abundant, active TG2 activity, which
could catalyze the formation of y-glutamyl-e-amino lysyl
isopeptide bonds. Asparagine is not a substrate for the TG2
activity, yet DPP, which does not contain glutamine, formed
high molecular weight aggregates.®” Examination of the DPP
aggregates showed that some contained bound TG2, but that
could not account for all the DPP aggregation. It was
suggested that the e-amino groups of lysyl residues in the
DPP were reacting with glutamines on other molecules, with
the large size of the aggregates evidence that several DPP
molecules were linked together. That is, the DPP is ef-
fectively multivalent, with several of its Lys residues
available to react with the TG2 itself, or with glutamines on
collagen or other NCP components. DPP was primarily
present in the E-extract of dentin, but some was clearly
present in a high molecular weight aggregate in the G2
extract.®” Purified monomeric DPP was converted to ag-
gregate form, detected by anti-DPP, upon reaction with TG2.
The same aggregate stained with anti-TG2. The aggregate
band for the initial G2 extract (formed in the presence of
the endogenous TG2) was broader than that seen when the
purified DPP was reacted with purified TG2. Thus, while
DPP cannot form homotypic DPP—DPP aggregates via TG2-
catalyzed cross-linking, TG2 enables the formation of
insolublized DPP in combination with other NCPs or directly
by association with the collagen. These observations help
to rationalize the requirement for immobilization of the bound
DPP for initiation of mineralization in the Crenshaw work
in vitro, and the hypothesis is that collagen-bound DPP is
the in vivo nucleator of mineralization in dentin. It is
interesting that, as shown in Figure 4, human DPP contains
a single glutamine residue, Q1224, near the C-terminus,
whereas that residue is not present in the bovine, rat, and
mouse sequences.

4. Individual SIBLING Details

As indicated above, the SIBLING proteins are considered
to be related because they all have been implicated in
mineralization processes in vivo and because their genes are
clustered on chromosome 4q21—23 within a 375 kb region
(Figure 5). BSP and OPN are found in higher concentrations
in bone, while DMP1, DSP, and DPP are found in greater
amounts in dentin.*®~°° Their acidic domains can function
in mineralization by nucleating hydroxyapatite crystallization,
inhibiting crystal formation, or modulating crystal growth
to obtain particular crystal shapes. The SIBLING proteins
also contain domains that mediate cell adhesion. In spite of
adhering very strongly to hydroxyapatite crystal surfaces,
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Figure 5. Tandem arrangement of the genes comprising the
SIBLING family members on human chromosome 4q21—23 region.

their flexibility leaves the rest of the molecule free to interact
with other proteins or facilitate cell attachment with the
exposed RGD integrin-binding domain.

4.1. Osteopontin (OPN)

Osteopontin is an arginine-glycine-aspartate (RGD) con-
taining adhesive glycoprotein that was first identified as a
major sialoprotein in bone, dentin, and hypertrophic cartilage
and subsequently found to be expressed in kidney, brain,
macrophages, and vascular smooth muscle cells,”’ as well
as many cells of epithelial linings.”*~®” OPN is also enriched
in biological fluids such as milk, urine, bile, and seminal
fluids having elevated levels of calcium salts, which is
indicative of a role in preventing spontaneous precipitation
of calcium salts.”® 10!

4.1.1. Structural Features of OPN

OPN is an acidic glycoprotein with a molecular mass of
~44 kDa and has a high content of serine, asparagine, and
glutamate.”*'%271%* Analysis of the deduced amino acid
sequence has indicated that OPN has several structural
domains'® (Figure 6). Its ubiquitous expression pattern
suggests that OPN may have different functions based on
the use of various domains under different conditions and
cell-type specificity. The amino and carboxyl terminal ends
contain 8 alpha helices that constitute a large portion of the
molecule. The middle of the molecule contains a very acidic
region with a typical RGD cell attachment domain flanked
on both sides by two segments of -sheet structures.”* At
the amino terminus, there is a highly acidic region that
contains nine consecutive aspartic acid residues.'®® Other
features of the molecule include a calcium binding loop and
two heparin binding sites. A number of isoforms exist that
differ mainly in the level of post-translational modification,
particularly phosphorylation. It is rich in aspartic acid,
glutamic acid, and serine and contains ~30 monosaccharides,
including 10 sialic acids. Carbohydrate is variable in ex-
tent,'” with approximately 28 sites distributed throughout
the molecule.®” Kinases found to be responsible for OPN
phosphorylation are casein kinase II, cAMP-dependent
protein kinase, Golgi casein kinase, and protein kinase C.'*®
The high number of phosphorylation sites on OPN may be
a function of the protein’s multiple phosphate-dependent
functions.®*¢*1%°~113 OPN has a protease hypersensitive site
that separates the integrin and CD44-binding domains. The
thrombin cleavage motif in this region has a conserved
sequence RSK present in most species. The C-terminal
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fragment of OPN binds directly to CD44v6, while the RGD-
containing phosphorylated N-terminal domain obtained by
thrombin cleavage is a prerequisite for efficient engagement
of OPN to the avf33 integrin receptor.''* Thus, thrombin
cleavage of secreted OPN releases two receptor binding
domains that carry out distinct signaling functions.

4.1.2. Localization of OPN during Development

The OPN cDNAs from various mammalian species exhibit
a high degree of sequence homology. In mineralizing tissues
of rat, OPN has been shown by light microscopy immun-
ostaining to be present in the osteoid, in mineralized bone
matrix, and in mineralizing cartilage.''> In sections of the
epiphyseal plate in tibiae, OPN was present in the mineral-
izing cartilage and in the primary and secondary spongiosa.
In fetal porcine bone, expression was observed in osteoblastic
cells and associated osteoid of newly forming trabecular bone
as well as in the mineralized matrix of calvarial bone."'®'"”
Immunogold labeling experiments localized OPN with
patches of diffuse, electron-dense material present between
the collagen fibrils in the mineralized tissue and at sites of
mineralization containing organic matrix in the osteoid.”*''®
In the tibiae, presence of OPN was reported to be observed
on the surface of mineralized cartilage, as well as in the
newly formed bone deposited on the surface of mineralized
cartilage.

During development, OPN was expressed early on in
developing bone, achieved maximum expression in 14-day-
old rats, and declined rapidly thereafter. In the developing
tooth, OPN has been shown to be distributed focally and
not uniformly; however, it is expressed in a well-regulated
manner during tooth development.''® Although it was
considered to be a principal component of bone, OPN has
been found in nonmineralizing tissues such as kidney and
mammary epithelium, which are involved in Ca*" ion
transport, 212!

4.1.3. OPN and Collagen Binding

Like other members of the SIBLING family, OPN binds
stably to collagen fibrils. A collagen-binding motif (CBM)
in OPN was identified by chymotrypsin digestion and
comprised the peptide sequence from 150—177, GLR-
SKSKKFRRPDIQYPDATDEDITSHM. This sequence is
highly conserved between species in human, mouse, rabbit,
bovine, and porcine.'** Analysis of this sequence shows that
it consists predominantly of positively charged amino acids
such as Arg, Lys, and His, as well as hydrophobic Met, Phe,
Tyr, alternating with Asp. Amino acids such as Phe, Tyr,
and Arg are an essential component to create self-assembly.
BIAcore technology was used to examine the binding kinetics
of this peptide to collagen, and the binding constant, Kp_was
determined to be 5 uM. Ionic interactions between the basic
amino groups in CBM and the collagen fibrils might be
responsible for the high affinity since the binding affinity
decreased as the ionic concentration increased and when the
pH was higher or lower than 5.'%?

4.1.4. OPN and Mineralization

OPN is involved in the regulation of both physiological
and pathological mineralization.'?*”'?* It is abundant in
highly supersaturated physiological fluids, especially abun-
dant in calcium oxalate containing kidney stones.'*® OPN
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Figure 6. (A) Schematic representation of the structural model for osteopontin adapted from Sodek et al.”* The model highlights the
presence of serine and threonine phosphorylation sites; the region containing the poly(aspartic acid) residue; the glycosylation sites, the
thrombin cleavage site, and the integrin binding domain. (B) The sequence of human osteopontin, taken from PubMed Protein Data Bank,
ID AAA59974. The signal peptide sequence is in green. Reprinted with permission from ref 93. Copyright 2000, International Association
of Dental Research.

is not normally expressed in blood vessels but is found in no phosphorylation, nor the chemically dephosphorylated OPN
atherosclerotic plaque.'®”'*® OPN is also expressed in soft affected de novo HAP formation. However, the highly phos-
tissues and probably functions to protect against dystrophic phorylated milk OPN promoted HAP formation and growth in
calcification.'?® This is further supported by the fact that the in vitro gelatin—gel system, but at high concentrations
calcification of vascular smooth muscle cells is inhibited by (50—100 ug/mL) HAP formation was inhibited. This anomalous
OPN.'?7132 Recent studies have shown that the function behavior of OPN in milk was attributed to its function in
of OPN is dependent on the extent of post-translational stabilizing amorphous calcium phosphate (ACP).'® The ACP
modifications.'** In vitro experiments have demonstrated that granules in milk are localized within micelles coated with
OPN is a potent inhibitor of de novo HAP formation.'**~ "3’ casein, which would prevent the conversion of ACP to
Analysis of the amino acid sequence in terms of sequences HAP.® Thus, in vivo as well as in vitro data suggested that
responsible for mineralization has identified conserved acidic OPN is a modulator of bone crystal maturation.
domains such as an extended stretch of aspartic acid residues, OPN is present in nonmineralizing tissues such as kidney
DDDDDDDDD in the rat and DDEDDDD in humans.®? and mammary epithelium, which are involved in Ca®>" ion
There are also conserved domains in OPN in which Ser transport. In these tissues, the acidic domains of OPN can
residues are adjacent to or embedded within acidic regions bind tightly to hydroxyapatite surface and inhibit crystal
and could be phosphorylated by MGCK or CKII, e.g., in growth.
humans:"*® S°GS'°S"'EE, S*S*’EE, S*’NS®'NES®*HD, FTIR (Fourier transform infrared spectroscopy) experi-
ES*DES*'VDS*’DES”’DES*°HHS”’DES.'”> OPN mol- ments determined that highly phosphorylated OPN underwent
ecules in different extracellular matrix tissues are differen- a slight conformational change, indicating that this change
tially phosphorylated and dephosphorylated; therefore, OPN was brought about by phosphate interactions with the cationic
phosphorylation regulates its interaction with HAP, and OPN charge on the HAP surface. Overall, the protein remained
mediates HAP nucleation and growth.'’ largely unstructured, and these results were well-corroborated
On the basis of published reports, phosphorylation of OPN with nuclear magnetic resonance (NMR) studies of the
appears to be vital for its ability to inhibit mineral growth.'¥~'4! nonphosphorylated OPN, which demonstrated that the protein
Dephosphorylated OPN decreased its ability to inhibit HAP. had a flexible random coil structure in which no structural
In vitro nucleation experiments with several synthetic peptides change was observed in the presence of calcium.’®'9%147
corresponding to the acidic domains in OPN concluded that The possible mechanism by which OPN inhibits HAP
the presence of phosphate groups, carboxylate groups, and formation is by the adsorption of phosphate groups to the
negative-charge density were all important components in surface of HAP by replacing orthophosphate ions within the
inhibiting HAP formation.®>'33137-142143 This was confirmed crystal lattice, thus sterically preventing further deposition
in the OPN-null mice which had a greater mineral content and of lattice ions.'*® The acidic amino acid groups further
presence of large mineral crystals.'**'*> The transglutaminase contribute to this inhibitory effect by producing an electro-
cross-linked bovine milk OPN was also an effective inhibitor static repulsion of inorganic phosphate ions once the protein

of seeded growth. Neither the recombinant OPN, which had is adsorbed to the surface of the crystal. The high flexibility
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permission from ref 185. Copyright 1999 International Association of Dental Research.

of the OPN structure might facilitate efficient binding to the
HAP surface and inhibit mineral growth.

4.2. Bone Sialoprotein (BSP)

BSP was the first and most abundant (15% of the NCP)
noncollagenous protein identified from the mineral compart-
ment of bone. There is considerable homology among the
BSPs from various species. With their mass of about 70 kDa,
the BSPs are highly glycosylated proteins with a high sialic
acid content.>*> Most of the carbohydrate moieties are present
as O-linked oligosaccharides. The BSPs are also phosphop-
roteins, but not as highly phosphorylated as osteopontin.
Human BSP is encoded by a single-copy 15 kb gene located
on chromosome 4q21.77-105:1497153

4.2.1. Structural Features of BSP

The nascent BSP polypeptide has a size of 34 kDa and
undergoes extensive post-translational modification'>! (Fig-
ure 7). Principal modifications are the glycosylation of the
O- and N-linked sites, O-phosphorylation primarily at serines,
and sulfation, which occurs primarily at tyrosine —O—SO,.
Analysis of the primary sequences for both human and rat
demonstrate the paucity of hydrophobic amino acids.'>* The
carboxyl terminal domain is particularly conserved among
species, and this region contains 14 tyrosines of which 9
are retained within the recognition sequences for tyrosine
sulfation. The amino-terminus contains tyrosines and phe-
nylalanines embedded within highly basic residues. It also
contains 5 prolines, which might render structural stability
to the N-terminal region. The middle segment of the BSP
molecule is rich in acidic amino acids and includes the two
polyglutamic acid segments and serines, which have the
potential to be phosphorylated. BSP contains an integrin-
binding RGD domain.®%4%-154

Mature human BSP has 301 amino acids that can be
divided into 3 domains (Figure 7 B). The amino (residues
1—45) and carboxyl (residues 219—301) domains contain
the majority of the bulky aromatic groups in the protein. The

central domain (residues 46—218) contains three acidic-rich
sequences, each characterized by polyglutamic acid repeats
(residues 52—87, 130—157, and 179—188). These repeats
are highly conserved among mammalian BSPs. Interestingly,
the two largest acidic domains are separated by a hydro-
phobic cluster. Overall, it is a charged molecule with the
amino terminal domain comparatively rich in basic residues,
while the carboxyl domain is mostly acidic.'”

Analysis of the structure by one-dimensional NMR has
indicated that BSP in solution is unstructured and has a
flexible conformation.’®!>® Circular dichroism spectra of
BSP revealed a low proportion of a-helix and [-sheet
elements and a high content of random coil structure;
however, it can acquire appropriate structure upon binding
to specific ligands. Wuttke et al.'”’ demonstrated that
recombinant BSP could adopt a globular structure linked to
a threadlike structure of total length of 35 4= 7 nm by rotary
shadowing techniques. As the C-terminus of the protein was
devoid of glycans, they suggested that the C-terminus formed
a globular structure while the highly glycosylated N-terminus
adopted the threadlike structure due to the lack of secondary
structure. Sulfation of tyrosines normally occurs in S-turn
regions adjacent to acidic residues.

4.2.2. Localization of BSP in Mineralized Tissue

BSP transcripts are predominantly expressed at high levels
by differentiated osteoblasts involved in de novo bone
formation and at more modest levels by odontoblasts,
cementoblasts, and hypertrophic cartilage cells.'>*~ %! Lo-
calization on de novo bone formation indicated a specific
role in the initial mineralization of the collagenous matrix.
However, BSP message levels were shown to decrease
rapidly with age. Immunohistochemical analysis localized
the protein to the sites of mineralization in the osteoid in
rats, with cellular staining limited to the periphery of the
osteoblasts and in mineralizing cartilage.'®~'%* Pulse-chase
experiments of bone formation by fetal calvarial cells in vitro
indicated that most of the BSP bound rapidly to the mineral
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but a significant portion bound to the collagenous matrix.'®>
Immunogold localization of BSP revealed that the gold
particles were associated with amorphous, electron-dense
material in the mineralized matrix of the tibiae.'®®'¢
However, in the osteoid, label was localized within the foci
of mineralization containing organic crystallites.

On the basis of its tissue distribution, BSP has been
proposed to function as an apatite nucleator because it is
found at the mineralizing boundaries of bone, dentin, and
calcifying cartilage tissues, colocalizing with the smallest
detectable foci of newly forming mineralized matrix in
osteoid. BSP is expressed prior to and during the active
mineralization periods in osteoblastic cultures. BSP has also
been implicated as a key molecule in the formation and
remodeling of bone, 31087170

4.2.3. Post-translational Modifications

Post-translational modifications account for 50% of the
mass of BSP. Molecular weights for BSP have been reported
in the range 52 000—82 000 Da. This heterogeneity of the
apparent size has been attributed to the extensive and
heterogeneous post-translational modifications, particularly
the variations in the N- and O-glycan content.'”! The
numerous phosphorylated serine and threonine residues, the
sialylated N- and O-linked oligosaccharides, and the sulfated
tyrosine residues'’? all contribute to the anionic nature of
BSP.

It has been suggested that the post-translational modifica-
tions, especially the phosphorylation of BSP, may be
important for mineralization and bone resorption. The large
numbers of covalently bound phosphates on BSP have been
implicated in such biological functions. The presence of
phosphate groups on BSP led to the speculation that
phosphorylation may be the regulating mechanism for
hydroxyapatite nucleation.”®'”® The in vivo phosphorylation
sites were determined by derivatization and proteolytic
digestion of BSP, followed by MALDI-TOF-MS analysis
of the tryptic peptides. These studies confirmed that there
were approximately 5.8 mol of P-Ser/mol of BSP.®¢!73:174
There was no overlap between the phosphorylation and
glycosylation sites. The major kinases responsible for phos-
phorylation in vivo were found to be CKII (4.1 mol), protein
kinase C (0.9 mol), and cGMP-dependent kinase (0.8 mol).
Phosphorylated residues (as indicated schematically in Figure
7), were predominantly on the N-terminal half of the
protein.mg’l”’lw’175 In mature bovine BSP, 11 in vivo
phosphorylation sites were identified, namely, in the follow-
ing peptide sequences (numbering beginning from the
N-terminal residue after cleavage of the signal peptide)
12—22 (LEDSEENGVFK), 42—62 (FAVQSSSDSSEENG-
NGDSS(P)EE), 80—91 (EDSDENEDEESE), 125—130 (AG-
AT)GK, 135—145 (EDESDEEEEEE), 250—264 (DNGYEIYE-
SENGDPR), 282—289 (GYDSYDGQ), where the phosphorylated
residues are indicated in bold. It is interesting to note that
not all of the molecules are phosphorylated at each of the
potential phosphorylation sites within a given population of
molecules isolated from bone of a specific age. Bovine BSP
was about 65% phosphorylated on average, and the phos-
phate groups were covalently bound to BSP Ser or Thr
residues. This heterogeneity in phosphorylation can be
attributed to the rate of phosphoprotein synthesis, the
microsomal CKII activity, the available ATP concentration
in the intracellular compartment, and, to some extent, the
possibility of dephosphorylation during the residence of BSP
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in the ECM. The activity and concentrations of these
components vary with the developmental stage, maturation,
and age of bone. Interestingly, the glycosylation and phos-
phorylation sites do not overlap, and the glycosylation sites
are concentrated in the midportion of the protein, as shown
in Figure 7.

In vitro phosphorylation studies have identified microsomal
casein kinase II as the principle protein kinase. On the basis
of consensus sequences in the primary structure of mam-
malian BSP, there are 5 potential sites for serine phospho-
rylation by protein kinase C, 9—11 sites for Ser/Thr
phosphorylation by casein kinase II, and 1—2 sites for
tyrosine phosphorylation by tyrosine kinase. Salih et al. have
reported that bovine BSP can incorporate 5.8 phosphates into
the protein, predominantly by casein kinase II.'"3

4.2.4. Interaction with Collagen

In vitro studies demonstrated that BSP has an affinity to
type I collagen,'”® satisfying the requirement of the matrix-
mediated mineralization model for a direct BSP interaction
with the collagen template. The binding capacities of BSP
to type I collagen vary depending on pH and ionic strength
of the solution used for the binding assay. Binding of BSP
to type I collagen involves long-range electrostatic interac-
tions that aid in the formation of an initial low affinity
complex, prior to the formation of a high affinity complex
characterized by specific short-range interactions.'”” The
sequence composed of residues 19—46 of mature rat BSP,
highly conserved in mouse, cow, pig, and human, NGVFKYR-
PRYFLYKHAYFYPPLKRFPVQ, has been identified as the
specific collagen-binding domain. This region contains
positively charged Lys, Arg, and His residues along with
hydrophobic Pro, Tyr, and Phe residues. The anionic charged
phosphate and carboxylate residues surrounding the collagen-
binding domain facilitates long-range collagen-binding elec-
trostatic interactions.'”” An in vitro study of the binding of
collagen CNBr peptides to BSP'7 has shown that BSP may
bind specifically to the a2 chain of type I collagen. Further,
immunogold labeling studies of anti-BSP with collagen fibrils
showed binding of BSP at the hole zones of the collagen
fibrils. These data all suggest that BSP-mediated mineraliza-
tion should regulate hydroxyapatite nucleation by interaction
with collagen within the exposed 02 chain surface within
the hole zone region of the collagen fibril, compatible with
the model shown in Figure 2 and the suggestions of chain
accessibility proposed by Orgel et al."”

4.2.5. BSP and Mineralization

The role of BSP in biomineralization has been implicated
by its temporal deposition into the ECM during development
of the mineralizing tissues, its high affinity for hydroxya-
patite, and its function as a de novo nucleator of hydroxya-
patite crystals in vitro.'”® Particularly, control of mineral
deposition by BSP is intimately associated with the state of
phosphorylation of BSP; the unique, extended glutamic acid-
rich regions; the sulfated groups on tyrosines that contribute
to the anionic nature of BSP; and the glycosylation of BSP
that also influence hydroxyapatite binding. Thus, a synergistic
activity between the charged acidic groups is responsible for

calcium phosphate nucleation and binding to hydroxyapa-
tite, 133170181

Bovine BSP contains two particularly glutamic acid-rich
domains (DSSEENGNGDSSEEEEEEEETS) and (EDES-
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DEEEEEEEEEE).!%? The first domain is located in the
N-terminus and flanked by six phosphoserines (Figure 7).
The second domain is located in the C-terminus and flanked
by one phosphoserine. These phosphoserines combined with
the polyglutamic acid domains probably play a role in the
interaction with Ca*" ions and binding to HAP. Post-
translationally modified BSP contains phosphate, sulfate, and
sialic acid groups, contributing to the high affinity for HAP.
In vitro nucleation studies using porcine-recombinant BSP
concluded that the N-terminus polyglutamic acid domain
promotes HAP nucleation, while the C-terminus promotes
nucleation only in its native state. Studies using rat recom-
binant BSP demonstrated that it was less potent than the
native protein, emphasizing the importance of the post-
translational modifications in HAP nucleation. Tye et al.
performed site-directed mutagenesis of the poly[E] regions
with either poly[D] or poly[A]. Results demonstrated that
replacement of single domains with either poly[A] or poly[D]
did not alter nucleating activity. Replacement of both
domains with anionic poly[D] also did not ablate nucleating
activity, although replacement of both domains with poly[A]
significantly decreased nucleating activity.'®® The conclusion
from these studies was that a sequence of at least eight
contiguous glutamic acid residues is required for the
nucleation of HAP by BSP.'®* The cluster of phosphate
groups in the central domain of BSP may influence the HAP
binding activity of two of the polyglutamic acid repeats. Even
though BSP is a phosphorylated protein, however, there are
fewer phosphates than sulfates. Cooperation between the
phosphate, sulfate, and carboxyl side chains provides BSP
with a high negative charge. These negative charges are
responsible for avid binding of BSP to hydroxyapa-

i 134,179,181,185,186
tite.”

4.3. Matrix Extracellular Phosphoglycoprotein
(MEPE)

MEPE is a secreted 45 kDa phosphoglycoprotein that is
highly charged, is rich in potential serine phosphorylation
sites, and contains an RGD domain essential for integrin
receptor interactions.'®” MEPE was isolated and cloned from
a TIO [tumor-induced osteomalacia, also called oncogenic
osteomalacia (OOM)] tumor cDNA library.'®® TIO is an
acquired hypophosphatemic disorder. Therefore, MEPE was
thought to be a candidate for phosphatonin, the phosphaturic
factor secreted by tumors that cause osteomalacia. However,
MEPE deficient mice have no abnormalities of serum
phosphate concentrations; therefore, the role of MEPE in
serum phosphate homeostasis is controversial.'®” The rat and
mouse homologues of MEPE were isolated on the basis of
their ability to regulate mineralization. The human MEPE
gene is clustered in tandem with BSP and OPN on chromo-
some 4q21 within a region of about 375 000 bp and encodes
a 525 amino acid protein. The mouse and rat MEPE proteins
are 433 amino acids and 435 amino acid residues and have
a 50% homology to the human MEPE.

4.3.1. Structural Motifs in MEPE

MEPE appears to be a multifunctional protein with distinct
domains capable of influencing the process of extracellular
matrix mineralization and cell attachment (Figure 8). The
central portion of the molecule termed “dentonin” (residues
241—263) containing the sequence TDLQERGDNDISPFS-
GDGQPFKD has been shown to stimulate the proliferation
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of human bone marrow stromal cells and their differentiation
into osteoblast precursors.'?*~'*? It could stimulate new bone
formation both in vitro and in vivo. Recently, dentonin was
shown to induce cell proliferation and recruit progenitor cells
during pulp repair.'”"

Homologues of MEPE share conserved motifs, including
a signal peptide, N-glycosylation sites, an SDGD glycosami-
noglycan-attachment site, and an RGD cell-attachment
domain. A characteristic domain present at the C-terminal
end is the “acidic serine-aspartate-rich motif” (ASARM'"?)
region, the last 18 amino acids (Figure 8B), which functions
to inhibit mineralization.

4.3.2. Localization of MEPE

MERPE is expressed in bone and teeth and, like the other
matrix protein, has a temporal maturation-dependent expres-
sion in osteoblast cultures; it is highly expressed within the
osteocytes that are embedded within the mineralized
matrix.'**'*> In bone, MEPE is expressed during prolifera-
tion and early maturation by fully differentiated osteoblasts
with maximum expression during mineralization.'”® MEPE
is highly expressed in tumor-induced osteomalacia in Hyp
mice, in a murine model for X-linked hypophosphatemia,
and in human pathology.'®® MEPE is also expressed at low
levels in nonmineralized tissues such as brain, lung, human
placenta, salivary gland, and proximal tubules of the adult
kidney'®” In the developing tooth, MEPE is expressed during
odontogenesis in odontoblasts but is down-regulated as dental
pulp stem cells differentiate.'®

4.3.3. Role of MEPE in Mineralization

MEPE inhibits phosphate uptake and mineralization in
vivo and in vitro.'”® Observations from the MEPE deficient
mice provided an insight into the role of MEPE during
mineralization. In these mice, increased bone mass was
observed due to increased osteoblast activity resulting from
an increased osteoblast number; however, the osteoclast
number was unaltered.'® In vitro cell cultures of the
osteoblasts derived from these knockout animals produce
significantly higher mineralized nodules when compared with
the wild type. Inhibition of mineralization was localized to
a small (2 kDa) cathepsin B released carboxyl-terminal
MEPE peptide (protease-resistant) containing the acidic
serine-aspartate-rich motif (ASARM peptide). On the basis
of these results, the function of MEPE might be to inhibit

mineralization, hence termed “minhibin”.!”?

Cathepsin B cleavage sites have been identified in MEPE,
and cathepsin B has been shown to cleave MEPE in vitro,
releasing the ASARM peptide. This peptide may also inhibit
phosphate uptake.'’

4.3.4. Role of ASARM Peptide in Mineralization

Phosphorus is an important component of hydroxyapatite.
Deficiency of phosphorus and inorganic phosphate results
in impaired mineralization of bone resulting in osteomalacia
or rickets. The amount of nonmineralized matrix is signifi-
cantly increased in osteomalacia. MEPE inhibits phosphate
uptake and mineralization in vivo and in vitro. The ASARM
peptide is the functional domain responsible for phosphate
and calcium regulation during the mineralization process.?*”
As noted above, in vitro inhibition of mineralization is
mediated by the short 2 kDa cathepsin B-released carboxyl-
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Figure 8. (A) Schematic representation of the structural model for MEPE, depicting the highly flexible nature of the protein backbone.
The model shows several PHEX cleavage sites and the hydroxyapatite inhibiting ASARM motif at the carboxyl end of the molecule;
adapted from Rowe et al.'®® (B) Sequence of human MEPE, taken from PubMed Protein Data Bank, ID NP_064588. The signal peptide
sequence is in green, the cell-proliferation stimulatory sequence is in red, and the C-terminal ASARM peptide is in purple. Reprinted with

permission from ref 188. Copyright 2000 Elsevier Limited.

terminal ASARM peptide, which is protease-resistant. This
peptide might inhibit phosphate uptake. Large quantities of
the ASARM peptide (SSRRRDDSSESSDSGSSSESDGD)
have been found to accumulate in HYP (hypophosphatemia)
mice as a consequence of loss of PHEX, a proteolytic
enzyme. Under normal conditions, PHEX prevents proteoly-
sis of MEPE and release of protease-resistant ASARM
peptide. This peptide has been implicated in inhibiting
calcification. Physiochemical properties suggest that the
released ASARM peptide is highly acidic, with a pI of 2.3
and a net charge of —6.9 at pH 7. There are three casein
kinase sites that could result in phosphorylation of three
serine residues and further increase the negativity of the
molecule. The kinases responsible for phosphorylation of
MEPE are PKC, tyrosine kinase, and cAMP-dependent
kinases.

The proposed mechanism by which ASARM peptide
inhibits mineralization is by sequestering free calcium with
high avidity and inhibits mineralization.'”*'*°72%> The
proposed function of ASARM peptide is consistent with the
phenotype observed with MEPE knockout mouse model that
resulted in increased bone formation and bone mass. Like
DPP, the ASARM peptide is resistant to most proteases; is
phosphorylated; has a low pl, high charge, and low molecular

weight; and is responsible for the mineralization-related
function of MEPE.?"!

4.4. Dentin Matrix Protein 1 (DMP1)

Dentin Matrix Protein 1 (DMP1), initially named AGI,
was the first of the acidic proteins cloned from the dentin
matrix.”® DMP1 is remarkably hydrophilic. Although initially
isolated from the dentin matrix and thought to be unique to
dentin and named accordingly, it has now been found to be
present in all mineralized tissues of the vertebrate system.
The localization of the DMP1 gene to human chromosome
4q21%°4295 was the first indication that this region might
represent a “mineralized tissue” gene locus, borne out by
all of the subsequent studies on the related SIBLING
proteins.

4.4.1. Salient Features of DMP1

Analysis of the protein sequence of DMP1 showed three
important facts: (i) Except for a short-classical hydrophobic
signal sequence of 16 residues and a very short domain at
the COOH-terminal end, the entire 473 residues of the
secreted protein are hydrophilic and do not show any
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preferred domains of fS-sheet or o-helix. (ii)) DMPI has a
high content of glutamic acid and aspartic acid residues, and
the acidic nature of the molecule is markedly enhanced when
the potential for phosphorylation of serine and threonine
residues is considered. These acidic domains are interspersed
throughout the molecule with two or more consecutive Asp
(D) or Glu (E) residues, and these domains frequently also
contain one or more Ser (S). (iii) It appears that 55 of the
107 serine residues in the secreted DMP1 could be phos-
phorylated. If this were the case and with the Ser(P)
dissociation constant at pK, = 6.8, DMP1 would carry a
charge of —88 from the phosphate groups alone and a net
charge of —175/molecule at physiological pH. Such a
molecule would have a very high capacity for binding
divalent cations such as calcium. Of the total of 107 S
residues, 55 are in regions that are consensus sequences for
post-translational modification to phosphoserine by mes-
senger-independent casein kinases.”®?°® Other post-transla-
tional modifications that could occur are O-glycosylation at
several sites and N-glycosylation at a single site. There is
one RGD sequence, a potential cell-surface integrin-binding
sequence.”’” In vivo DMP1 is cleaved to a 57 kDa C-terminal
polypeptide and a 37 kDa N-terminal polypeptide.>’® The
C-terminal polypeptide contains both the HAP and collagen-
binding domains.

4.4.2. Localization of DMP1 in Bones and Teeth

RNA expression analysis on tissue sections by in situ
hybridization demonstrated that DMP1 undergoes tight
transcriptional regulation during tooth and bone develop-
ment.””” The earliest expression analysis of mouse DMP1
mRNA in mineralized tissues was in the osteoblasts of the
alveolar bone and calvaria at E18 (E = embryonic day) and
was continuously expressed during development.*'%*!! In
mature bone, DMP1 was expressed constitutively, as bone
undergoes constant remodeling.?%%-*!2

In the developing dentin, the message was first observed
at E20 in the young secretory odontoblasts of the incisors.
In a typical developing molar, the expression of DMPI is
restricted to early differentiating odontoblasts and polarized
odontoblasts. As the initial matrix mineralizes, there is down-
regulation of the DMP1 message, and it completely disap-
pears when dentin formation is complete.?'* The timing and
the quantitative expression level of DMP1 mRNA depends
upon the appropriate tissue-specific regulatory factors that
act on the DMP1 gene.”'*

4.4.3. Structure of DMP1

Analysis of the protein sequence of DMP1 (Figure 9)
showed that the secreted protein adopts a random structure.
Circular dichroism analysis has shown that recombinant
DMPI exists as a random coil with no distinct fold.*'>*'¢
However, once calcium binds, the C-terminal domain adopts
a [3-sheet secondary structure and gradually self-assembles
into oligomers and microfibrils. To gain further insight into
the molecular shape and self-assembly of DMPI in the
presence of calcium, low-resolution protein structures were
generated by the ab initio program GASBOR using the data
from the small-angle scattering X-ray experiments>'’ (Figure
9a). The low-resolution models depicts the molecular shape
of DMP1 as an elongated molecule; however, in the presence
of calcium, the conformation depicted an extended structure
at one end of the molecule with a compact globular domain
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at the other. With further calcium binding, DMP1 was shown
to undergo extensive dimerization. This was facilitated
through the C-terminal domain, yielding a symmetric two-
domain structure. The low-resolution model obtained in the
presence of calcium depicts a dumbbell-shaped structure with
two elongated C-terminal domains wound together and the
globular N-termini located at both ends.?'” The dimerization
may be initiated by conformational changes from a random
coil to f3-sheet structures and is likely to be formed by
intermolecular assembly of two C-terminal domains. Pre-
sumably, binding of calcium to phosphate and carboxyl
groups on DMP1 weakens the mutual repulsion of negatively
charged domains and permits formation of /3-sheets. Thus,
the oligomerization property of DMP1 might be essential
for the formation of ordered templates for binding calcium
phosphate nanoparticles.*'®

4.4.4. DMP1 and Collagen Binding

One of the requirements for DMPI1-mediated spatial
regulation of matrix-mediated mineralization is that specific
collagen fibril—DMPI interaction is necessary for mineral
induction. He et al. have demonstrated that rat DMP1
interacts with type I collagen with a Kp of 3.8 4 1.7 uM.*'®
Two peptide clusters at the C-terminal end of DMPI,
349DSESSEEDR357 and 424SEENRDSDSQDSSR437, were
identified as collagen-interactive peptides by peptide map-
ping.?'® These binding domains contain clusters of acidic
residues, which suggest that the binding between DMP1 and
collagen are driven by electrostatic interactions. Such strong
binding of DMP1 on the collagen substrate might aid DMP1
to adopt an appropriate conformation conducive for mineral
induction. When DMP1—collagen complex was incubated
in a pseudophysiological buffer and tested for its mineraliza-
tion property in vitro, it was observed that only DMP1 —collagen
complex initiated biomineral deposition on the collagen
surface, whereas there was no calcium phosphate deposition
on the controlled collagen surface. On the collagen fibril,
the N-telopeptide region was identified as the DMP1 binding
site. The N-telopeptide region of the al(I) chain consists of
16 amino acids, which have been highly conserved in a
variety of species. This agrees well with the neutron-
scattering studies of calcifying collagen in turkey leg tendons,
which showed an initial nucleation site located toward the
N-terminus of the gap region, which led to the axial
propagation of the mineral deposit along the gap region.>!

4.4.5. DMP1 and Mineral Nucleation

The recombinant and nonphosphorylated form of DMP1
can nucleate the formation of HAP in vitro in a multistep
process that begins by DMP1 binding calcium ions and
initiating mineral deposition.?'>?'®2!* A remarkable feature
observed by SEM was that that the HAP mediated by DMP1
grew by a sequential stepwise process.?'® During the
nucleation and growth process, the intermediates had highly
ordered structures. Formation of nanometer-sized amorphous
calcium phosphate was the initial precursor phase, which then
transformed into c-axis oriented hydroxyapatite crystals.
After the formation of the initial amorphous phase, structural
rearrangement of the dispersed ionic cluster then takes place
into more ordered structures dictated by matrix interactions.
Two acidic peptides at the C-terminal domain, namely,
386ESQES390 and 415QESQSEQDS422, were shown to
play a precise molecular role in mineral surface recogni-
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Figure 9. (A) Structural analysis of DMP1 as deduced from small-angle X-ray scattering (SAXS) experiments. Low-resolution models of
DMP1 were determined using the ab initio program GASBOR depicting the structure in the absence and presence of calcium. In the
absence of calcium, DMP1 adopts an elongated structure. Within 1 min of calcium binding, DMP1 adopts an extended structure at one end
of the molecule with a compact globular. After incubation for 3 min. DMP1 undergoes extensive dimerization. Reprinted with permission
from ref 217. Copyright 2005 American Chemical Society. (B) Proposed model for the dual functional role of DMP1. Model demonstrates
that DMP1 can inhibit spontaneous mineral precipitation and promote controlled mineral nucleation on a collagenous template. Reprinted
with permission from ref 217. Copyright 2005 American Chemical Society. (C) The sequence of rat DMP1 taken from PubMed Protein
Data Bank, ID NP_987089. The signal peptide sequence is in green, the mineral binding domains are in red, and the cell attachment

domains are in purple.

tion.?'® Circular dichroism studies showed that these two
peptides did form an intermolecular 3-sheet structure in the
presence of Ca>". Intra- or intermolecular assembly of these
peptides might provide the localized structured surface for
c-axis-oriented calcium phosphate crystal growth.>'®

In the presence of type I collagen and recombinant DMP1,
needle-shaped HAP crystals with high crystallinity were

obtained.”?° Post-translationally modified native C-terminal
DMPI1 comprising residues 170—489 also promoted HAP
nucleation and growth. It appears that the charged residues,
namely, serine and glutamic acid, present at the C-terminal
end of DMP1 are spatially organized in a form that
specifically complements the crystallography of the calcium
phosphate nuclei.??°
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Interestingly, the N-terminal domain of DMP1 can stabilize
the amorphous phase.” The high charge density created
by the aspartic acid residues at the N-terminus of DMP1
can bind calcium ions very strongly, favoring formation and
stabilization of the amorphous nuclei. The stabilization of
amorphous precursors during the growth phase is important
in biomineralization because transient amorphous minerals
play an important role in many organisms. Transition of
amorphous phase to crystalline phase is carried out in a
controlled manner by organisms. However, amorphous
calcium phosphates may play a significant role in pathologi-
cal calcifications. Thus, matrix proteins like DMP1 are
responsible for regulating the transformation of amorphous
calcium phosphate to crystalline HAP as well as stabilizing
the ACP phase when required.

In solution, DMP1 could sequester and stabilize newly
formed calcium phosphate clusters from supersaturated
solution. DMP1 could facilitate this stabilization by forming
a structured template with the presence of a hydrophilic
surface comprised of negatively charged aspartic acid and
glutamic acid residues at the C-terminus.>'” Such an ar-
rangement facilitates sequestration of calcium phosphate
nuclei present in a supersaturated solution and forms fibrils
of the protein—mineral complex. Therefore, this negatively
charged fibril forms a stable structure by binding with
calcium phosphate nanoparticles and protects the nascent
mineral nuclei from further growth and precipitation. Specific
recognition between DMP1 and the apatite surface might
be necessary for the molecular construction of discrete
nanoparticle precursors. Such a molecular recognition mech-
anism could aid in the controlled growth of the nuclei with
crystallographic orientation that could play a vital role in
controlled bone and dentin calcification. Thus, DMP1 could
serve dual roles during bone and dentin formation: crystal
growth inhibition and prevention of further calcium phos-
phate nucleus growth by stabilizing these nanoclusters and
at the same time promoting controlled mineral nucleation
when immobilized specifically on a self-assembled collagen
template (Figure 5b). Decreased mineral content and in-
creased crystal size in DMP1 knockout animals demonstrate
that depletion of DMP1 in vivo decreases bone mineralization
and rzeleleal the importance of DMP1 in regulating mineraliza-
tion.

4.5. Dentin Phosphophoryn (DPP, DMP2)

A key interactive protein of the dentin matrix is the acidic
Asp-Ser-rich protein known as dentin phosphophoryn
(DPP).70-222722% The molecule is called thus as it is consid-
ered to be a “phosphate carrier”. DPP as isolated from dentin
has a unique composition with aspartyl and seryl residues
comprising at least 75% of the amino acid residues and with
85—90% of the seryl residues phosphorylated.”*>~2*? Char-
acterization of this protein has proved difficult due to the
high degree of phosphorylation, extreme negative charge (pl
= 1.1), and redundant amino acid composition.?>*> DPP has
been considered to be the archetype of macromolecules that
might regulate the biomineralization process because it is
highly and evenly negatively charged.

4.5.1. Structure and Post-translational Modification of
DPP

A very important structural feature is the presence of
(DSS), [Asp-Ser-Ser] repeats interspersed throughout the
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molecule (Figure 4). SD (Ser-Asp) domains are more
prominant at the C-terminal end of the molecule.”” Confor-
mational analysis suggested that the phosphorylated form of
the DS*S* (S* represents phosphorylated serine) repeat
sequences assumes a unique structure with well-defined
ridges of phosphates and carboxylates available for counte-
rion binding’”*** (Figure 10a). The principal modification
is that most of the serine groups in both the DSS and SD
domains are phosphorylated. Phosphorylation of all potential
serine residues results in a highly negatively charged
molecule that can be considered as a virtual sink for the
binding of calcium ions. Native extracted DPP, which is not
completely phosphorylated, could be readily further phos-
phorylated by the casein kinases.”*>**® Analysis of the DPP
sequences showed that there are many consensus sites for
CKII phosphorylation and that phosphorylation of DPP could
theoretically proceed in a hierarchical fashion. That is, initial
phosphorylation at the carboxyl end of the molecule could
cause the entire remaining sets of SS pairs within the DSS
triplets to become secondary substrates for both CKI and
CKII so that the molecule could achieve the very high degree
of phosphorylation®*” observed. However, it has been the
experience in our laboratories that DPP produced recombi-
nantly in bacteria can be phosphorylated by CKI and CKII
only to about 10% of the expected total. The kinases
catalyzing the in vivo phosphorylation of DPP appear to be
localized to the endoplasmic reticulum and the microsomal
compartment, and the kinases extracted from the endoplasmic
reticulum do phosphorylate recombinant DPP.?****° Thus,
just as milk OPN is mainly phosphorylated with the
specialized mammary gland MGCK, it appears that a
specialized membrane-associated kinase is utilized for DPP
phosphorylation in vivo.?** Although it was argued from
odontoblast culture studies that DPP phosphorylation might
take place in the extracellular matrix after secretion of
nonphosphorylated DPP protein,?*' ~2*? this is unlikely to
take place in vivo. This area requires further detailed study.

NMR study of bovine DPP depicted the molecule as
having regions of differing mobility.*****> The mobile
regions represented “hinge regions” that interrupted the
longer stretches of more rigid polyanionic sequences. As
noted earlier, however, even with the electrostatically induced
increased persistence length along the polypeptide backbone,
the entire protein backbone still acts as a random flexible
chain. The binding of calcium ions may result in more rigid
[-sheet structures that could serve as local templates for
oriented crystal growth.??®

4.5.2. Expression of DPP

Autoradiographic and immunohistochemical studies have
shown that dentin phosphophoryn is secreted directly into
the mineralizing dentin extracellular matrix, at the region of
the mineralization front, through the odontoblast cellular
processes.'“2%¢724 The predentin matrix is free of DPP.
At mouse developmental stage E20, with the differentiation
of preodontoblasts to odontoblasts, abundant expression of
DPP was observed in the fully polarized odontoblasts. DPP
appeared as well in the undifferentiated epithelial ameloblasts
at the cervical loop.*>® Expression of DPP disappears with
the polarization of the ameloblasts, while abundant expres-
sion of DPP continues in the polarized odontoblasts. The
antibody to DPP detected the expression of DPP in a number
of early developmental stages in the epithelial tissues of the
tooth bud, before any expression was detectable in the
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(i)

(ii)

Figure 10. (A) Molecular modeling of the DSS domain by energy minimization. Molecular modeling shows the energy minimized lateral
view of the structure showing the somewhat extended folding of the backbone and the relative dispositions of the phosphate and the
carboxyl groups relative to the backbone. A notable feature is the puckering or the mobile nature of the backbone, which thus provides
maximum separation between like-charged ionic groups consistent with the electrostatic repulsions and the creation of specific
phosphate—carboxylate surfaces. (B) Structural analysis of DPP as deduced from SAXS experiments. Low-resolution structural models
were determined using the GASBOR program: (i) model generated in the absence of calcium ion and (ii) model generated in the presence
of calcium. Reprinted with permission from ref 255. Copyright 2005 S. Krager AG, Basel.

mesenchyme destined to become the dentin. Similarly, in
other systems developing by reciprocal epithelial -mesenchymal
signaling pathways, hair follicles, lung alveoli, and kidney
ureteric buds DPP could be detected, as early as El1 in
mouse embryos. These data®' suggest the possibility that
DPP may play a regulatory role in development, as well as
a structural role in promoting mineralization. Another
interesting feature is that the osteoblasts of the surrounding
alveolar bone of postnatal 20-day-old mice expressed DPP
mRNA, suggesting that this protein might also be involved
in regulating later stages of osteogenesis.

4.5.3. DPP and Collagen Interaction

An important function attributed to DPP is its in vivo
collagen-binding capacity.?>**>* A significant fraction of
DPP is cross-linked to dentin collagen in vivo.” When native
DPP in solution, at low concentration, interacts in vitro with
fibrillar collagen, it localizes near the e-band in the hole zone
of the collagen,253 but at higher DPP concentrations, it covers
many sites on the fibrils by nonspecific binding. It is difficult
to expose the DPP bound to dentin collagen without etching
away the surface mineral and possibly removing some
noncovalently bound DPP. However, when a careful etching

was attempted,?*® cross-striated collagen fibrils could be seen
at the mineralization front in rat incisor dentin just as they
became overtaken and buried in the mineral phase. Anti-
DPP labeled with gold particles could be detected on these
fibrils at their junction with the mineral just before entry
into the mineral. The collagen fibrils deeper into nonmin-
eralized predentin were not stained at all, while partial
etching removal of the mineral exposed many collagen fibril-
associated anti-DPP reactive sites, in about a D-periodic
array. Unfortunately, the gold-conjugated anti-DPP antibody
had a large footprint, and it was not possible to locate the
DPP precisely in relation to the collagen band pattern, except
that it was in the gap-region. More deeply into the mineral-
ized dentin, DPP was detected both in direct relation to the
collagen and without a direct association, as if the DPP had
also bound to crystal surfaces.?*®

In in vitro collagen thermal fibrillogenesis experiments,
added native DPP interacted avidly and caused rapid ag-
gregation of the forming fibrils, resulting in asymmetric
aggregates with no visible collagen D-periodicity.?>**>> With
nonphosphorylated recombinant DPP [rDPP], the lag phase
was dramatically shortened, and there was rapid growth of
much longer and thinner fibrils than was the case with
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extracted DPP. As shown by atomic force microscopy (AFM)
and transmission electron microscopy (TEM), the thin
filaments had the native collagen periodicity. The thin
filaments increased in diameter with time as the rDPP
induced further aggregation. These experiments suggested
that, in the absence of phosphorylation, rDPP bound to the
monomer collagens acted to electrostatically cross-link the
monomers sparsely and enhance end-to-end filament growth.
The increased molecular length increased the rate of fibril
nucleation and filament growth in the axial direction but did
not impair the molecular D-stagger ordering. Thus, just as
the acidic glutamic acid-rich sequences in BSP, OPN, and
DMP1 induce collagen binding, the high content of Asp
residues in rDPP are also effective.

The binding of monomeric rat DPP with monomeric type
I collagen in vitro was followed by rotary shadowing TEM.
At a low DPP/collagen molecular ratio, it was possible to
see preferential binding at a single interaction site, ap-
proximately 210 nm from the N-terminus between collagen
o-chain residues 680 and 750, where the sequence contains
both positive and negative charged residues. This chain
region on a single molecule appears in a D-staggered fibril
at a position corresponding to the “c” band of the fibril (see
Figure 3a) where the gap zone ends.”” This is a very
interesting region within a fibril, lying adjacent to the cross-
link between the amino-telopeptide donor, K°N, and the helix
region cross-link acceptor at position K°*2. This is not the
position of the e-band.

In the physiological situation, as readily seen in electron
micrographs,**° the dentin collagen fibrils assemble and form
fibrils before DPP is deposited upon them; therefore, it is
unlikely that DPP plays any role in the initial fibril formation.
However, electron microscopic analyses showed that the
banding patterns of collagen fibrils varied in the mineraliza-
tion front from that in the predentin zone.?® In another study,
it was determined that bovine DPP is strongly associated
with a peptide derived from a2 type I collagen’ in a peptide
domain exposed at the gap zone. It would appear that the
distribution of interacting groups from several collagen
molecules in a D-periodic fibril might be responsible for
creating the region of strong affinity for DPP. The phos-
phorylated DPP does not diminish in its capacity to bind
calcium ions.?>*¢

4.5.4. DPP and Mineral Nucleation

The previous discussion makes it clear that the post-
translational phosphorylation of DPP, carried out intracel-
lularly and facilitated by a microsomal casein kinase II,>>
is important to its function in inducing the ordered nucleation
and growth of hydroxyapatite. Computer-generated models’’
of the DSS repeat domain in DPP indicated that the most
probable local conformation in the repeat regions is a
ribbonlike, twisting, trans-extended chain structure with
repetitive arrays of carboxylate and phosphate groups on both
edges of the chain (Figure 10a). Such a specific, structured,
spatial arrangement could function efficiently for interaction
with Ca®* and could enhance the possibility of calcium-ion
bridging between parallel chains or interaction with a
hydroxyapatite surface array of calcium ions.””**” Specifi-
cally, the structure and orientation of the phosphate motifs
on either side of the backbone would be a key factor for
oriented crystal orientation. Published reports demonstrate
that, with bovine DPP at high concentrations (0.45 mg/mL),
one Ca®" is bound for every aspartyl and phosphoseryl
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residue. At low concentration (~0.05 mg/mL), only one-
third of the amount of Ca** is bound at the same ionic
strength.”®?” These data suggest that, at a low concentration,
the molecule folded back on itself, creating partially ordered,
internally bridged structures, whereas at higher concentra-
tions, intermolecular calcium-mediated aggregates formed.
Recognition between DPP and the HAP surface on a certain
plane may result in oriented crystal growth. The addition of
even millimolar concentrations of Ca** to DPP was sufficient
to convert DPP in dilute solution from a random structure
to an ordered S-sheet-like conformation.>>®

In vitro nucleation studies have shown that immobilized
native DPP could nucleate apatite crystals with similar
morphology to that found in mineralized dentin. However,
recombinant DPP mediated crystal deposits were shown to
be amorphous calcium phosphate by electron diffraction
patterns.”>* Even though both native and recombinant DPP
could sequester calcium ions, rDPP failed in transforming
the amorphous calcium phosphate into apatite crystals. This
suggests that the ordered arrays of phosphate groups in
phosphophoryn are necessary for facilitating localized apatite
nucleation. Small-angle X-ray diffraction experiments un-
equivocally demonstrated that native DPP could bind calcium
with high capacity and affinity, and upon calcium binding,
the DPP molecules move from an extended to a more
compact structure?> (Figure 10b). Such a calcium-mediated
template might be crucial for creating an ordered Ca** array
on the surface of DPP and facilitating apatite nucleation.
Template-driven apatite nucleation is impaired in the absence
of phosphorylation of the serine groups on the backbone.
DPP is readily adsorbed on the surfaces of HAP crystals
but binds preferentially to the (100) face of HAP, which in
the HAP crystal is the ab plane, thus facilitating growth in
the c-axis direction.>>® However, the adsorption is not a
simple 1:1 binding of one phosphoprotein molecule occupy-
ing one charged binding site on the crystal surface, as would
be expected from Langmuir-type monolayer adsorption
isotherms.?®° Instead, at higher DPP concentrations, protein
adsorption to the surface of HAP was highly enhanced. This
was attributed to the extended S-sheet conformation, where
intermolecular interactions facilitated by calcium bridging
between phosphate and aspartate groups on different mol-
ecules could lead to increased availability of high-affinity
calcium-binding sites on the DPP molecule. Thus, changes
in the conformation would result in an increased availability
of negative-charged groups on the DPP to interact in an
ordered fashion with binding sites on the HAP surface. It is
also possible that additional cooperative interactions between
DPP molecules on the surface could lead to multilayer protein
assembly, thus blocking crystal growth sites. Dephosphory-
lation leads to reduced affinity of the protein for the HAP
crystal surface. Consequently, dephosphorylated DPP was
not as effective in blocking crystal growth sites on the HAP
surface. As the phosphorylation state of a protein in the ECM
is dynamic, it can be anticipated that DPP could be both
adsorbed and desorbed from the surface, demonstrating the
importance of the phosphate group. In the dentin matrix,
variations in the organic matrix phosphate levels during
dentin maturation have been observed.?®' This could possibly
be a mechanism by which odontoblasts could modulate the
extents of matrix protein phosphorylation, and possibly
dephosphorylation, altering, in turn, the functions of phos-
phorylated proteins and retaining in this way a regulatory
function after dentin is first formed.*®"!
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A dual functional role for DPP in the dentin matrix, similar
to DMP1, can be postulated. In solution, DPP can inhibit
mineralization and, when immobilized on collagen fibrils,
can promote mineralization. The conformational state adopted
by DPP might be responsible for orienting the phosphate
groups and facilitating interaction with calcium as shown in
Figure 10b. Expression of DPP exclusively at the dentin
mineralization front suggests that this molecule asserts well-
defined control in regulating mineral deposition.

4.6. Summary

In summary, the SIBLING family members that include
DMP1, DSPP, MEPE, OPN, and BSP share common features
such as their location on human chromosome 4q21; their
multiple phosphorylation sites, making them highly acidic
in nature; and the presence of an RGD integrin-binding
domain. Each of these proteins plays an important role in
either promoting tissue mineralization or inhibiting the
calcification process. A general paradigm that emerges is that
macromolecules such as DMP1, DPP in solution can act as
an inhibitor of crystal nucleation and growth or can act as a
template for crystal nucleation when it becomes adsorbed
on a solid surface. Nucleation processes usually present an
activation energy barrier before allowing the formation of a
solid phase from a supersaturated metastable solution. In
biological microenvironments, the activation energy for
nucleation can be reduced by lowering of the interfacial
energy.'*® DPP immobilized on a collagen surface can lower
the interfacial energy for HAP nucleation, indicating that
DPP bound on collagen template had a high capacity to
nucleate HAP."*® Similar lowering of interfacial energy can
be anticipated with other phosphorylated proteins. This might
be a common theme for proteins containing highly anionic
polyanions.

Both BSP and OPN possess high affinity for calcium due
to the abundance of acidic amino acids such as glutamic and
aspartic acid. Acidic amino acids in OPN phosphopeptides
appear to contribute to the HAP-inhibiting activity by
producing an electrostatic repulsion of inorganic phosphate
ions once the protein is adsorbed to the crystal surface. Even
during the inhibition process, it is necessary that these
proteins bind to specific crystal faces. However, BSP
promotes HAP nucleation when immobilized on a surface.
Thus, the various acidic phosphoproteins of the extracellular
matrix appear to have different crystal growth regulatory
activities, enabling them to present specific distinct biological
activities. Cooperation of several of these proteins would
effectively promote or retard crystallization, as well as
regulate the growth kinetics and size of crystals.

Gene knockout models””+'892627263 of the proteins local-
ized on 4q21 revealed that mineralized tissue formation and
growth can be compensated by other macromolecules either
partially or completely as well as by other members of the
SIBLING family. In vivo studies of the effects of gene
knockouts of individual SIBLINGs show that they each do
more than simply alter the mineralization process. They also
have profound effects on development and tissue repair not
directly related to mineralization, as indicated below.

Targeted deletion of MEPE gene resulted in increased bone
mass.'® This was attributed to the increased osteoblast
number and mineral apposition rate. Thus, in vivo MEPE
could function as a negative regulator of osteoblast number
and activity. Similarly, targeted disruption of OPN gene
resulted in increased mineral content and maturity in long
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bones. Fourier transform infrared microspectroscopy (FT-
IRM) based characterization of the mineral in bones revealed
that the relative amount of mineral in the more mature areas
of the bone obtained from 12- and 16-week-old OPN-null
mice was significantly increased.'*> Moreover, mineral
maturity (mineral crystal size and perfection) was prominent
in OPN-deficient bone. These findings are in good agreement
with in vitro data, indicating that OPN is a potent inhibitor
of mineral formation and mineral crystal growth and
proliferation.

DMP1-null newborn mice display no gross abnormalities
in mineralization, indicating that there must be redundant
genes that compensate for DMP1 function during early
development. During postnatal development, DMP1-null
pups develop skeletal abnormalities like enlarged growth
plate, osteomalacia, and development of short limbs.?2!+262
These defects have been proposed to be related to defective
maturation of osteoblasts into osteocytes. The dentin phe-
notype in the null-mice shows a partial failure of maturation
of predentin into dentin, increased width of the predentin
zone with a reduced dentin wall hypomineralization, and a
3-fold reduction in dentin appositional rate.?*%->63

As the DSPP gene is abundantly synthesized by the
odontoblasts, the tooth phenotype has been well-character-
ized. Overall, the DSPP-null mice develop tooth defects
similar to human dentinogenesis imperfecta III with enlarged
pulp chambers, increased width of predentin zone, hypom-
ineralization, and pulp exposure. Electron microscopy re-
vealed an irregular mineralization front and a lack of
calcospherites coalescence in the dentin. Interestingly, the
levels of biglycan and decorin, small leucine-rich proteogly-
cans, were increased in the widened predentin zone and in
void spaces among the calcospherites in the dentin of null
teeth.”* Thus, the protein products of the DSPP gene are
required for proper dentin mineralization.

BSP null mice are viable and breed normally. Bone is
undermineralized in fetuses and young adults, but not in older
(>12 months) BSP™'~ mice. At 4 months, BSP™/~ mice
display thinner cortical bones than wild type but greater
trabecular bone volume with very low bone formation rate.
Overall, BSP deficiency impairs bone growth and mineralization.

These examples of in vivo consequences of gene ablation
demonstrate both the wide range of system redundancies and
the multiplicity of properties altered, which is evidence of
the vital importance of controlled mineralization and the other
effects of the SIBLINGs in both mechanical and metabolic
functions.

5. Other Phosphoproteins Related to Apatite
Mineralization

Protein phosphorylation is a ubiquitous reaction, and many
proteins depend on the reversible phosphorylation of par-
ticular groups for activation of their biological function. Most
of these reactions, but not all, take place intracellularly as
part of the normal metabolic cell activity. Usually in these
cases, only a very limited number of phosphorylation sites
are involved in a particular molecule, and the resultant
molecules are not directly related to the extracellular
processes of matrix mineralization. Thus, they have been
considered outside the realm of this review. However, there
are phosphorylated extracellular matrix proteins, not part of
the SIBLING family, which may be directly involved in
some aspect of the matrix apatite mineralization, although
not specifically the nucleation event. In this section, we
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consider two examples of these macromolecules, the role of
a bone protein, bone acidic glycoprotein-75 (BAG-75), and
an entirely different protein, amelogenin, the principal protein
linked with the formation of the large hydroxyapatite crystals
in tooth enamel.

5.1. Bone Acidic Glycoprotein-75 and Bone
Mineralization

BAG-75 was first described by Gorski and Shimizu®®® as
a new mineralized phase protein found in the 4.0 M
guanidine*HCI—0.5 M EDTA extracts of rat calvaria that,
at the first stage, coeluted from DEAE-Sephacel columns in
6.0 M urea-containing buffers with the proteoglycans at high
salt concentrations (1.8 M). The BAG-75 was separated from
the proteoglycans by a further round of chromatography over
a calcium hydroxyl apatite column in 7.0 M urea. The relative
mass, M., was estimated to be 75 000 by gel electrophoresis.
On this basis, the molar composition (residues/mol) was as
follows: Asp/Asn, 65; Glu/Gln, 97; Ser, 62; organic phos-
phorus, 44; and total basic residues Arg, Lys, His, 61, clearly
an acidic protein, with an additional content of 7.0% by
weight of N-acetyl neuraminic acid. The N-terminal protein
sequence was determined to be LPVARYQNTEEEE(D/E)—,
very similar, but only 33% homologous, to that of rat OPN,
LPVKVAEFGSSEEK—. The N-terminal sequence of rat
BSP was not homologous with the BAG-75 sequence, but
the two proteins coeluted in the initial extractions and
chromatography. It was thus suggested that BAG-75 was a
component of the calvaria mineral phase but also had
interaction properties that required high concentrations of
lyotropic agents such as guanidine or urea to prevent
aggregation, different from both BSP and OPN. Unfortu-
nately, the protein sequencing and the cloning of the BAG-
75 gene have not yet been completed or brought to the state
of knowledge of the SIBLING proteins.

However, substantial progress has been reported. Specific
BAG-75 antibodies showed*®”?%® that BAG-75 is expressed
in vivo early in sites of intramembranous bone formation
and is enriched in condensing osteogenic mesenchyme and
in the osteoprogenitor layer of tibial periosteum, as well as
in dentin.?*?% Strikingly, BSP was found to accumulate at
the matrix sites of BAG-75 enrichment, and both BSP and
BAG-75 remained within the sites after mineralization. The
BAG-75 did not appear to localize in close association with
the mineralized bone collagen fibrils.?®” Extracellular spheri-
cal structures called biomineralization foci (BMF) were found
at the sites where hydroxyapatite crystals would subsequently
form, and these BMF contained BAG-75, BSP, and alkaline
phosphatase.*® Studies in mineralizing UMR osteoblastic
cell cultures showed two sizes of BMF populations, 15—25
and 150—250 ym in diameter. The smaller BMF were similar
to the aggregates formed in purified BAG-75 through self-
association. These pure BAG-75 aggregates were able to
nucleate apatite crystal formation if an organophosphate (e.g.,
B-glycerol phosphate) was added to the UMR cultures.?”® It
appears that the aggregates, in the in vivo milieu, specifically
accumulate the BSP and alkaline phosphatase components
as they increase in size, and act together to nucleate the
apatite within the BMF. In a recent publication,”’" Midura
et al. show that the mineralized BMF, called calcospherulites,
seed the formation of apatite crystals within the BMF/
calcospherulites, but they also demonstrate that incubation
of the calcospherulites in a collagen fibril hydrogel also seeds
the mineralization of neighboring collagen fibrils “at dis-
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tances well away from the observed calcospherulites.” Gorski
et al.>’? have shown that enzymatic processing of the BAG-
75 and BSP takes place within the BMF. releasing 45—50
kDa fragments of each protein. When the enzymatic activity
is inhibited, the BMF lose their ability to nucleate apatite
crystal formation in the matrix. These are very interesting
data that have implications for a system for delivery of, in
the case of bone, BSP and other soluble factors to the
mineralization front, where they may be released to bind to
the collagen fibrils and initiate the collagen-related nucle-
ation. The mineralization front in bone has long been known
as a locus of lipid accumulation, and phospholipids have been
implicated as crucial components of matrix vesicles,?’? that
is, the now-designated BMF. These new data about BAG-
75 and BSP in the BMF suggest that the matrix lipases may
degrade the phospholipid—BAG-75 complexes and release
the BSP and alkaline phosphatase activities, enabling the
transfer of mineral nucleating activity to the collagen fibril
surface. This whole area of sequestered delivery pathways
for the reactive components opens up many new directions
for study of the matrix mineralization mechanisms.

5.2. Amelogenins in Tooth Enamel Mineralization

The amelogenins are the major structural proteins of dental
enamel secreted by the ameloblasts into the restricted
extracellular space between the Tome’s processes and the
mineralized dentin at the dentino—enamel junction. The
amelogenins have low molecular weights, on the order of
25—28 kDa depending on the species, but assemble in the
ECM to form nanospheres, spherical assemblies of the
individual molecules ranging in diameter from 30 to 50 nm.
These, in turn, become linearly aligned and assist in the
production of long, ribbonlike hydroxyapatite crystals.>’*~ "’
The amelogenin molecules, with an intrinsically hydrophobic
central region crucial to the nanosphere formation, have a
proline-leucine rich C-terminal domain that terminates in a
very acidic region with the sequence TDKTKREEVD. This
domain is exposed to the exterior of the nanospheres and,
consequently, appears to be implicated in the interaction with
hydroxyapatite crystals or the initiation of mineralization.
A very thorough analysis of the phosphorylation state of the
molecule showed that it was phosphorylated at a single
position, Serl6, in the N-terminal region of the intact
amelogenin.?’®2"? Since, in in vitro studies, nonphosphory-
lated recombinant amelogenin was fully effective in as-
sembling into ordered arrays of nanospheres and inducing
mineralization,”’>?”? it can be concluded that the phospho-
rylation of the single Ser residue in this system has no
relevance to the mineralization process. While we had no
basis for including even this brief discussion of amelogenin
in this review of phosphoproteins in hydroxyapatite miner-
alization, we have done so to emphasize the fact that
phosphoproteins are important in mineralization and are
crucial in bone, dentin, and other vertebrate mesenchymal
tissue mineralization processes, although they are not
absolutely required. What is important is the ability of the
cells involved to deliver proteins bearing exposed highly
negatively charged sequences to a structural matrix in the
extracellular environment, so that even relatively short, but
concentrated, anionic sequences on an otherwise hydrophobic
molecule may suffice. Such molecules are, in fact, abundant
in invertebrate systems as well as vertebrates.
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