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ABSTRACT

Biominerals often possess features such as size, shape and crystallinity that are 
distinct from their abiotically formed equivalents. Organisms are known to achieve this 
by regulating the crystal growth process. To understand the specific structural features of 
the phosphoprotein osteopontin (OPN) responsible for its inhibition of hydroxyapatite 
(HAP) growth, we used a constant-composition seeded-growth assay. In addition to 
testing the HAP growth-inhibiting effects of the highly phosphorylated bovine milk OPN 
and the nonphosphorylated rat recombinant OPN, we have also tested the effects of 
synthetic peptides corresponding to amino acids 220-235 (pSHEpSTEQSDAIDpSAEK) 
and amino acids 65-80 (pSHDHMDDDDDDDDDGD) of rat bone OPN. OPN220-235 
was synthesized in triphosphorylated (P3) and nonphosphorylated (P0) forms; OPN65-80 
was synthesized in monophosphorylated (P-OPAR) and nonphosphorylated (OPAR) 
forms. Also studied was poly-L-aspartic acid (poly-Asp) o f 11 kDa. Highly acidic and 
phosphorylated peptides/proteins were observed to be the most potent inhibitors of HAP 
growth. The 50% inhibitory concentrations measured were: poly-Asp, 1.45 pg/ml; P- 
OPAR, 1.65 pg/ml; milk OPN, 1.94 pg/ml; P3, 2.03 pg/ml; OPAR, 2.47 pg/ml; 
recombinant OPN, 5.23 pg/ml; and P0, >75 pg/ml. The thermodynamics of OPN and 
OPN-sequence-derived peptides adsorbing onto the surface of HAP was probed using 
isothermal titration calorimetry. At 37°C, adsorption of all strong inhibitors is 
characterized by an endothermic enthalpy that rapidly diminishes to zero when HAP 
surface coverage approached 10%. The free energy o f adsorption is dominated by large 
positive entropy change, likely resulting from the liberation of water molecules from the 
HAP surface. It appears that negative charge, whether contributed by phosphorylated or 
acidic residues, is a prerequisite for the entropically driven adsorption to and growth 
inhibition of HAP.

Key Words: phosphoprotein, osteopontin, rat bone osteopontin, bovine milk 
osteopontin, hydroxyapatite growth, biomineralization, constant-composition, isothermal 
titration calorimetry, thermodyanamics, hydroxyapatite adsorption, protein-mineral 
interaction.
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1

1.1 Introduction

1.1.1 Overview of proteins and biomineralization

Over the last half a billion years, organisms of many different phyla have evolved the 

ability to form the over 64 different biominerals known to date (reviewed in [1]). The 

geological record indicates that biomineralization of many diverse phyla appears to have 

occurred over a relatively short period. Since these phyla had already diverged before the 

appearance of biominerals in the fossil records, it is believed to have arisen as a result of 

the co-optation of an ancestral biomineralization system [2].

Biomineralization refers to the process through which living organisms produce 

minerals (reviewed in [3]). More specifically, the term biomineral has been coined in 

order to emphasize the fact that biologically produced minerals are composites that 

comprise both mineral and organic components that form under exquisitely controlled 

conditions. Biominerals often possess features such as size, shape and crystallinity that 

are distinct from their abiotically formed equivalents. This remarkable capability is 

encoded in the genomes of biomineralizing organisms, which are able to produce 

biomolecules that induce the nucleation of specific mineral polymorphs and control their 

subsequent growth.

Early studies on biomineralization revealed two distinct mechanisms through which 

organisms precipitate mineral salts. These have become known as biologically induced 

and biologically controlled biomineralization [4, 5]. In biologically induced 

biomineralization, organisms control the solution composition to favour the precipitation
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of particular mineral phases. This indirect control of mineralization results in modest 

regulation over the type/habit of mineral precipitated [4, 6, 7], This lack of control has 

been overcome by organisms that utilize biologically controlled biomineralization. In 

this process organisms direct the formation and location of biominerals using specific 

biological molecules tailored to control the nucléation, growth, and morphology of the 

crystals (discussed in [5, 8, 9]). They may also use cell transport systems, if required, to 

deposit the precipitated material in its final location. This type of biomineralization can 

occur extra- or intra-cellularly.

The common characteristics of these molecules, despite all being evolutionarily 

adapted to precipitate and direct the growth of different crystal phases or polymorphs, are 

particularly intriguing. For instance, the proteins of magnetotactic bacteria involved in 

magnetosome production, which consist of 30-50 nm iron oxide (Fe304) or iron sulfide 

(Fe(II)Fe(III)2S4) crystals, possess glycine-leucine repeats [10] similar to the repeats in 

silk fibroin-like proteins involved in the formation of calcium-based minerals in mollusc 

shells (discussed in [11-13]). Diatoms, the most common type of phytoplankton, are able 

to create their unique porous silica (SiCF) cell walls utilizing silaffin peptides that are 

post-translationally modified with polyamine molecules (discussed in [14]). The rapid 

formation of supramolecular biomineral assemblies is achieved through silaffin-mediated 

precipitation of silica, followed by intermolecular interactions between the highly serine- 

phosphorylated silaffins and polyamines. Echinoderms such as sea urchins and starfish 

also utilize acidic proteins and several proline-rich proteins (PRPs) during the formation 

of their calcite (CaCCE) endoskeletons [15, 16]. In the cases illustrated above, the 

isolated biomineralization proteins are able to induce the nucléation of their mineral



phases in vitro. Furthermore, the nucléation and growth of these minerals occur at 

physiological temperature and pH, unlike their geological counterparts.

4

Many plant species are also able to biomineralize crystals within their roots, stems, 

leaves, flowers, fruits and seeds [17). These crystals are almost always composed of 

calcium oxalate (CaOx), and the species-specific morphologies indicate that their 

nucleation and growth are highly regulated (reviewed in [ 18J). The protein associated 

with CaOx precipitation in plants has recently been discovered to be highly acidic in 

character, although further elucidation of its biochemical properties and mechanism of 

action require further study [19]. Unsurprisingly, the hydroxyapatite [Caio(P04)60H2] 

crystals of bone and teeth are also believed to be nucleated by poly-anionic proteins such 

as bone sialoprotein (BSP) and dentin matrix protein 1 (DMP1), respectively [20, 21].

The acidic proteins involved in each of these unique crystallization processes are thought 

-  despite their disordered secondary structure -  to provide a template structure that is able 

to direct the de novo formation of specific mineral phases, as was previously shown for 

aspartic acid-rich mollusc shell matrix proteins [22].

Organisms are also known to possess the ability to influence the morphology, size 

and orientation of biominerals by regulating the crystal growth process. Several 

glycoproteins from sea urchin spines have been found to be in contact with crystal planes 

parallel to the crystallographic c axis of growing calcite and are believed to control 

growth perpendicular to this axis [23]. Similarly, two proteins purified from the 

aragonite of red abalone nacre, AP7 and AP24, have been shown to restrict the growth of 

calcite in specific directions [24], These proteins were found to lack secondary structure. 

Further study of sea abalone shell proteins led to the identification of perlwapin, a protein
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containing acidic domains, which was found to be a potent inhibitor of calcite growth 

[25]. Perlwapin is also thought to inhibit the growth of certain crystallographic planes as 

it was found to bind tightly to distinct step edges.

Regulation of crystal growth in humans is known to occur both physiologically and 

pathologically. The supersaturation of pancreatic juice w ith calcium carbonate may lead 

to pancreatic lithiasis. These stones have been observed to contain lithostathine protein, 

which is able to modify the habit and inhibit the growth of calcite crystals in vitro [26], 

Remarkably, X-ray crystallographic structures of lithostathine and molecular dynamics 

simulations suggest that regions of lithostathine progressively unfold as they approach 

and bind to the surface of calcite.

In the oral cavity, acidic PRPs, statherins, histatins and cystatins in saliva, which is 

supersaturated with respect to HAP, are believed to prevent the growth of calcium salts 

on teeth (discussed in [27, 28]. Unlike saliva, human urine is often supersaturated with 

respect to several mineral phases. These include several forms of calcium phosphate, 

calcium oxalate and uric acid. Several inhibitors of mineral growth have been discovered 

in urine, such as nephrocalcin, Tamm-Horsfall protein (THP) and osteopontin (OPN) [29, 

30]. Most are predominantly composed of acidic residues and all have been shown to 

inhibit the in vivo growth of several mineral phases. Mice lacking OPN, THP or both 

have been found to spontaneously form calcium phosphate (CaP) salts in the renal 

papillae in 10%, 14.3% and 39.3% of animals, respectively [30].

The mineralized matrix of bone also contains several proteins thought to be involved 

in the regulation of mineralization and growth of HAP, although each protein’s specific 

in vivo functions within this organ have yet to be elucidated. These include osteocalcin
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(OC), osteonectin (ON), bone-acidic glycoprotein-75 (BAG-75), bone sialoprotein (BSP) 

and OPN (discussed in [31]). Although each protein is extensively post-translationally 

modified and contains a high proportion of acidic residues, in vitro assays show that BSP, 

but not OPN, OC or ON, is able to nucleate HAP, whereas OPN and OC, but not BSP or 

ON, are able to inhibit de novo HAP formation [32].

1.1.2 SIBLING Proteins

The Small Integrin-Binding Ligand, N-linked Glycoprotein (SIBLING) protein 

family is composed of seven genetically related proteins: BSP, OPN, DMP1, dentin 

sialoprotein (DSP), dentin phosphoprotein (DPP), enamelin (ENAM) and matrix 

extracellular phosphoglycoprotein (MEPE) [33]. SIBLING proteins are predominantly 

found in bone and dentin, where they are secreted into the extracellular matrix (ECM) 

prior to and during tissue mineralization. The genes coding for members of the SIBLING 

protein family are similarly organized and are all located on human chromosome 4q21-23 

[34], These proteins share several common features: an Arg-Gly-Asp (RGD) cell- 

binding/signalling motif, acidic nature (rich in Asp and Glu) and presence of post- 

translational modifications such as phosphorylation, glycosylation and sulfation (for 

review, see Qin et al. [35]).

The fact that SIBLING proteins are abundant in mineralized tissues and 

supersaturated body fluids such as urine and breast milk suggests that they possess 

important roles in both physiological and pathological forms of calcification. Several 

SIBLING proteins have been demonstrated, using both in vitro and in vivo models, to 

stabilize solutions supersaturated with respect to particular mineral phases (e.g. HAP)
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[36-38], Others have been shown to promote HAP nucleation in vitro (e.g. BSP) [20], 

The ability of these proteins to induce and/or inhibit mineralization is often attributed to 

either their poly-acidic [poly-glutamate (poly-Glu) or poly-aspartate (poly-Asp)] regions 

or to their numerous phosphoserine residues [37-39],

1.1.3 General introduction to osteopontin

The protein that would eventually come to be known as osteopontin was first 

described as a protein marker of epithelial cell transformation [40], OPN was first 

characterized from mineralized rat bone as a 44-kDa phosphoglycoprotein [41, 42], This 

acidic, highly post-translationally modified protein of approximately 300 residues 

contains an RGD cell-binding motif and conserved poly-Asp region [42-45], Although 

bone OPN has a mass spectrometrically determined molecular weight of approximately 

38-kDa, the highly acidic nature and substantial post-translational modifications of the 

native protein cause it to migrate anomalously on SDS-PAGE gels, in which it typically 

migrates between the 45- and 60-kDa molecular weight markers [41, 42, 46-48],

OPN is a disordered protein [49-52] that is able to bind to calcium ions and mineral 

faces, the latter with high affinity [44], In addition to its role in biomineralization OPN is 

known to be a key regulator of osteoclast differentiation and activity [53], It is able to 

interact with a wide range of molecular partners located in the ECM (e.g., fibronectin, 

collagen), cell-surface integrins (av [Pi, P2 or p5] and [a4, as, ag, 09] Pi) and several matrix 

metalloproteinases (MMP2, MMP3, MMP7, MMP9 and MMP12) [53-56],

The scope of the molecule’s functions has diversified significantly since its discovery. 

It is now known to be present in all bodily fluids [57, 58] and is expressed by cells in



bone, kidney, uterus, gastrointestinal tract, and lungs, among others [57, 59-63j. OPN is 

also involved in many physiological processes such as biomineralization, immunity and 

apoptosis (reviewed in [64]). Its independent discoveries in diverse tissues has given rise 

to a multitude of names referring to this single gene product: secreted phosphoprotein 1 

(SPP-1) the official gene name, bone sialoprotein I (BSP-I or BNSP), early T-lymphocyte 

activation 1 (Eta-1), 2ar and Rickettsia resistance (Ric), but the protein is most commonly 

referred to as OPN [41, 44, 65].

1.2 Osteopontin Genetic Structure and Expression

1.2.1 Organization

Human OPN is encoded by a single-copy gene located on the long arm of 

chromosome 4 in region 13 (4ql3) that codes for a protein 314 amino acids in length [62,

66] . The OPN gene is composed of 7 exons, 6 of which contain coding sequence [62,

67] . Exon 1 and a portion of exon 2 contain the 5’ untranslated region (5’ UTR) [68].

The majority of OPN is encoded by the last two exons; exons 2, 3, 4, 5, 6 and 7 code for 

17, 13, 27, 14, 108 and 134 amino acids, respectively [68]. All intron-exon boundaries in 

the OPN gene are of the phase 0 type (between two codons), thus any alternative splicing 

of exons maintains the reading frame of the gene.

1.2.2 Regulation

Regulation of the osteopontin gene is incompletely understood. Furthermore, 

different cell types may differ in their mechanisms of regulating OPN expression. In



bone, the expression of OPN predominantly occurs by the bone-forming cells 

(osteoblasts, osteocytes) and bone-resorbing cells (osteoclasts) [69J. The transcription 

factors Runx2 (aka Cbfal) and osterix (Osx) are required for the differentiation of 

osteoblast progenitor cells into mature osteoblasts [70, 71]. Their importance in bone 

development is exhibited by the complete absence of bone in mice lacking either of the 

genes coding for these transcription factors [72]. Additionally, Oxx-null mouse embryos 

do not express osteoblast marker transcripts, including OPN [71], Predictably, Runx2 

and Osx are able to bind the promoters of osteoblast-specific genes such as C olla l, Bsp 

and Opn and upregulate transcription [70]. Cells cotransfected with a Runx2 expression 

vector display a 4-fold increase in OPN expression [70].

Instances that stimulate kidney proximal tubule cells to produce la ,25- 

dihydroxyvitamin D3 (calcitriol), such as hypocalcemia and hypophosphatemia, lead to 

increases in OPN transcription, translation and secretion [73]. This occurs as a result of 

the presence of a high-specificity vitamin D response element (VDRE) in the OPN gene 

and may be indicative of a role for OPN in bone resorption [74-76].

Recently, extracellular inorganic phosphate (ePi) has also been identified as a 

modulator of OPN expression [77], The ePi-responsive region was localized to bases - 

1454 to -1401 of the OPN promoter in murine cementoblasts. This 53-bp region contains 

a glucocorticoid response element (GRE) required for the ePi-mediated increase in 

transcription. Working with cementoblasts transfected with osteopontin luciferase- 

promoter constructs, Fatherazi et al. observed a 63-fold increase in OPN promoter 

activity in the presence of 3 mM ePi [77]. An increase in the expression of 

mineralization-associated genes was also exhibited by vascular smooth-muscle cells -
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which in vivo may undergo ossification -  in the presence of elevated levels of ePi [38]. 

This response may be an adaptive defense against ectopic calcification [38],

Although detailed mechanistic understandings of the regulatory pathways are not yet 

known, stimulation of OPN transcription has been observed subsequent to exposure of 

cells to pro-inflammatory cytokines [78], classical mediators of acute inflammation such 

as tumour necrosis factor a (TNFa) and interleukin-1 [3 (IL-1 (3) [58, 79, 80], as well as 

angiotensin II, transforming growth factor (3 (TGF|3) and parathyroid hormone (PTH) [81, 

82]. Increased OPN expression has also been detected during times of hyperglycemia 

and hypoxia [81, 83-87]. Evidently more investigations are required to completely 

understand the mechanistic details involved in the complex regulation of OPN 

expression.

1.2.3 Isoforms

Most studies on OPN have centred on the fact that it is secreted into the ECM or 

biological fluids. Recently the extracellular exclusivity of OPN has come into question. 

Growing evidence demonstrates that intracellular OPN (iOPN) is involved in a number of 

cellular processes including migration, fusion and motility [88-91]. It appears that the 

intracellular variant of OPN is generated using an alternative translation start site on the 

mRNA species used to generate the extracellular isoform [92]. Utilization of the 

downstream alternative start site produces OPN lacking an N-terminal endoplasmic 

reticulum-targeting signal sequence, allowing cytoplasmic translation of OPN [92], 

Antigen-presenting cells such as dendritic cells and macrophages have been shown to be 

particularly rich in iOPN, which has been found to activate podosome formation in



piasmacytoid dendritic cells [92], although further research is required to fully understand 

its role within cells.

Genes providing a survival advantage to cancer cells are typically disregulated by 

aberrant expression or splicing [93, 94). Multiple splice variants of OPN have been 

observed to be expressed by various human breast cancers both in vivo and in vitro [95, 

96]. These cancer specific splice variants have been termed osteopontin-a, osteopontin-b 

and osteopontin-c. Osteopontin-b lacks exon 5 whereas osteopontin-c lacks exon 4 [95]. 

OPN-c, which remains soluble as a result of its inability to associate with the ECM, has 

been found to be a highly specific marker for transformed cells [95]. This ability to 

remain soluble has been suggested to facilitate the anchorage-independent phenotype of 

some human breast cancer cells [95],

1,2.4 Expression and tissue distribution

Unlike other members of the SIBLING protein family, osteopontin is expressed by a 

diverse array of tissues and found in all bodily fluids [57], Early studies revealed that in 

addition to bone, OPN mRNA is expressed in tissues such as the kidney, ovary and uterus 

[59-63]. Subsequently, OPN was shown to be secreted by epithelial cells and present in 

biological fluids such as plasma [97], milk [98], saliva, bile and urine [99] (reviewed in 

[58]). In humans, the protein is found as a prominent layer on the luminal surfaces of 

populations of epithelial cells in the gastrointestinal tract, gall bladder, pancreas, lung, 

breast, salivary glands, sweat glands and urinary/reproductive tracts [57], In spite of its 

widespread incidence in the human body, OPN was not detected in several sites, 

including lymph nodes, spleen and skeletal muscle [57],
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Consistent with its proposed involvement in the regulation of biomineralization, OPN 

is localized to osteogenic tissues during mouse embryogenesis [60]. Merry et al. showed 

that osteoclasts actively resorbing bone display the highest level of OPN expression. 

Preosteoblasts were observed to express slightly lower levels than active osteoclasts [69]. 

Within mature bone, OPN is found concentrated at the surfaces of bone trabeculae and in 

cement lines, sites where new bone is deposited onto older bone during remodeling [ 100[.

1.3 Osteopontin Protein Structure

1.3,1 Primary structure and sequence conservation

The primary sequence of osteopontin reveals a copious amount of charged residues, 

few hydrophobic residues and a high proportion of disorder-promoting residues (D, M,

K, R, S, Q, P and E) [101]. Serine, glutamic acid, glutamine, aspartic acid and asparagine 

comprise approximately one half of OPN’s amino acid content [44]. 26 of 55 serine 

residues and 26 of 33 glutamic acid residues in rat OPN appear in S-X-E O-glycosylation 

motifs [44].

Osteopontin possesses several conserved regions including an RGD motif that binds 

the avp3 integrin cell-surface receptor, a poly-Asp region and a thrombin-cleavage site 

[102], Mammalian osteopontins are identical in approximately 40% of their amino acid 

residues. A comparison of human and mouse OPN reveals they are identical at 

approximately 63% of their amino-acid positions [103]. Serine residues are among the 

most highly conserved (24%), followed by the acidic residues aspartate (19%) and 

glutamate (17%) [104]. The high prevalence of conserved acidic amino acids suggests
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negative charge may play an important role in osteopontin function. The conservation of 

serine residues even in less well-conserved areas of OPN suggests site-specific 

phosphorylations may be critical for the function o f the protein [105]. Mass 

spectrometric analysis o f  OPN phosphorylation sites has revealed that, o f  the residues 

located in either a casein kinase 2 (CK2) or golgi apparatus casein kinase (G-CK) 

consensus site, approximately 20% satisfy the CK2 consensus sequence whereas 80% 

possess a G-CK consensus sequence [46, 106-108].

1.3.2 Higher-order structure

Although the three-dimensional structure of osteopontin was not known during the 

early years of its study, the historical view that protein structure is a prerequisite for 

function led to the assumption that OPN possesses secondary and tertiary structure. In 

1989, Prince used five computer models to predict the structure of OPN based on its 

amino-acid sequence [43]. His results suggested that up to 41% of the protein exists in a- 

helices [43]. Polymeric OPN, created through transglutaminase cross-linking of OPN 

monomers, has also been observed to possess a more ordered structure than monomeric 

OPN, with disorder decreasing by -13% [54]. Gorski et al. were the first to provide 

evidence that rat bone OPN is an unstructured protein [50]. Using circular dichroism 

(CD) spectropolarimetry and Fourier-transform infrared (FTER) spectroscopy, they 

showed that soluble rat bone OPN possesses a disordered structure, with the amount of 

disorder escalating with increasing calcium concentration [50]. It was also shown that at 

high concentrations (>15 mg/ml) OPN exhibits a more-organized structure, although the
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in vivo relevance of this finding is uncertain. To date OPN has not been crystallized, 

precluding X-ray diffraction analysis.

The results suggesting the disordered nature of OPN have more recently been 

supported by the findings of Fisher et a i [49). At a concentration of 15 mg/ml, 

recombinant OPN was found to be devoid of fixed tertiary structure in solution using 

one-dimensional nuclear magnetic resonance (NMR) spectroscopy [49]. Recent 

advances in the understanding of protein folding have increased the accuracy of 

computationally predicted protein structures. One such neural network known as 

Predictors of Natural Disordered Regions (PONDR) [51] also supports the experimental 

evidence that OPN is a disordered protein, predicting that the overwhelming majority of 

the length of OPN lacks defined secondary and tertiary structure.

Most recently, using attenuated total reflection Fourier transform infrared 

spectroscopy (ATR-FTIR), Gericke et al. measured the effect of calcium-ion 

concentration and adsorption to HAP on the structure of bovine milk and rat bone OPN 

[52], This group observed no change in the random-coil structure of either protein 

analyzed under conditions of increasing calcium ion concentrations. Upon adsorption to 

HAP crystals, the results indicated a slight increase (several percent) in [3-strand content 

of bovine milk, but not rat bone, OPN. As noted by Gericke et al. , the observed shift to 

lower wave numbers actually occurred beyond the limit of secondary-structure change 

detectable by current ATR-FTER technology [52]. Nevertheless, in agreement with 

previous structural data on OPN, the ATR-FTIR datum reveals the structure remains 

largely disordered in the presence of HAP.



After reviewing recurrent a-helical motifs in naturally unfolded proteins, Zetina 

discovered their striking similarity to CK2 consensus sequences [109]. This suggests that 

although OPN has been shown to lack secondary structure, CK2 phosphorylation of OPN 

may act to promote helix unfolding, which has already been experimentally confirmed to 

occur in several proteins [109, 110].

Disordered proteins’ lack of structure is thought to endow several advantages such as 

( 1) a greater interaction surface area, (2) flexibility to interact with several different 

binding partners, (3) elements that fold upon binding, (4) maintenance of accessibility of 

post-translational modification sites and (5) the availability of short linear interaction 

motifs [111-114]. The evidence of OPN’s disordered structure in both the presence and 

absence of HAP may be an important aspect of its ability to adsorb to several different 

calcium-rich minerals whilst mediating matrix-cell interactions [49].

1.4 Post-translational Modifications

1.4.1 Phosphorylation

Nemir et al. have provided evidence that normal rat kidney (NRK) cells secrete two 

distinct forms of OPN [115]. In addition to the phosphorylated OPN molecule known to 

be secreted by osteoblasts, NRK cells were found to express nonphosphorylated OPN 

(np-OPN). It was subsequently discovered that phosphorylated OPN associated with 

cell-surface bound fibronectin in a heat-stable complex, whereas np-OPN formed a heat- 

dissociable complex with soluble fibronectin [116]. Thus, phosphorylated OPN may 

form a component of the ECM of NRK cells [116],
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Tissue-specific differences in global OPN phosphorylation levels have also been 

revealed. Its post-translational phosphorylation is considered a major form of regulation 

of OPN function. The OPN isoforms analyzed for post-translational phosphorylations 

thus far include human milk, bovine milk, human urine and rat bone [46, 106-108). 

Studies of the global phosphate content of full-length OPN have revealed the average 

number of phosphate residues per molecule is highly dependent on the tissue of origin - 

even though they contain the same number of consensus phosphorylation sites - but less 

so on the species of origin [35, 117], For example, the phosphorylation status of human 

milk OPN [106] is similar to bovine milk OPN [105] and both possess higher phosphate 

contents than rat bone and bovine bone OPN [42, 46, 118],

OPN from human milk, human urine, bovine milk and rat bone have been 

characterized by mass spectrometry and found to possess 36, 30, 28 and 29 phospho- 

sites, respectively (Figure 1.1) [46, 105, 106, 108]. These numbers represent the 

maximum number of phosphorylations possible, but in all cases heterogeneity in the 

phosphorylated residues has been observed. This heterogeneity is likely due to 

incomplete phosphorylation of each consensus site by endogenous kinases [106]. The 

average number of phosphates detected per OPN molecule from rat bone, bovine bone, 

bovine milk, human milk and human urine is 11 [42, 46, 119], 8 [118], 28 [105], 32 [120] 

and 8 [108], respectively. Potential phospho-sites are often organized in groups of 

approximately 3, separated by longer stretches of amino acids (11-32 residues) [105].

Many of osteopontin’s phosphorylated serine and threonine residues reside within the

consensus sequences of G-CK (S/T-X-E/D/pS/pT) and CK2 (S/T-X-X-E/D/pS/pT)



Figure 1.1 Multiple sequence alignment of OPN amino acid sequence indicating 
phosphorylated residues.

The sequences of Homo sapiens, Bos taurus and Rattus norvegicus OPN proteins were 
obtained from gene bank (sp/P10451/OSTP_Human, sp/P31096/OSTP_Bovin and 
sp/P08721/OSTP_Rat, respectively). Sequences were aligned using ClustalW (version 
2.0) [121]. In vivo phosphorylated residues of human milk, human urine, bovine milk 
and rat bone OPN are indicated in red [46, 105, 106, 108]. Isoforms are indicated by 
superscripts, m = milk, u = urine and b = bone. The underlined portion of rat bone OPN 
indicates the sequence not analyzed for phosphorylated residues. Introduced gaps are 
indicated by dashes, asterisks represent positions where all amino acids are identical in 
the alignment, colons represent conserved amino acid substitutions and periods represent 
semi-conservative amino acid substitutions.
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(where pS and pT denote phosphoserine and phosphothreonine, respectively) [106, 122- 

127], In vitro phosphorylation studies indicate that both casein kinase l (CKl) and CK2 

are inferior to G-CK at phosphorylating OPN [127], G-CK has additionally been shown 

to carry out minor phosphorylation of CK2 consensus motifs, suggesting it is the 

predominant kinase responsible for OPN phosphorylation [126]. Several other kinases, 

such as protein kinase C (PKC) and cGMP-dependent protein kinase have been found to 

play a minor role in OPN phosphorylation, introducing one phosphate each onto OPN 

[118].

1.4.2 Glycosylation

In addition to the phosphorylated OPN and np-OPN, Singh et al. have discovered that 

these differentially phosphorylated forms of OPN also represent different glyco-forms of 

OPN [116]. This group was able to show that np-OPN, but not phosphorylated OPN, is 

iV-glycosylated. Additionally, treating cells with tunicamycin, an inhibitor of N- 

glycosylation, destroys np-OPN’s ability to associate with soluble fibronectin [116]. 

Although (V-linked glycosylation is imperative for this complex to form, it is presently 

unknown whether the lack of N-glycosylation of np-OPN, fibronectin or both is 

responsible. Moreover, this may be a rat kidney-specific post-translational modification 

of OPN as characterization of other OPN isoforms from other tissues and species have 

not detected AT-glycosylations.

Considerable G-glycosylation of OPN takes place in nearly all tissues [128]. The 

cDNA of rat OPN indicates that the primary sequence of OPN contains one consensus 

site for modification by ¿V-linked glycosylation (N-X-S/T) and 26 potential O-
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glycosylation sites (S/T-X-E) [44, 128]. Approximately 17% of the mass of rat bone 

OPN has been found to correspond to carbohydrate modifications [42]. These were 

originally determined to comprise a single ¿V-glycosylation and 5 or 6 O-linked 

oligosaccharides. More recent analysis of rat bone OPN using proteolytic digestion and 

tandem MALDI-TOF mass spectrometry has identified 4 O-glycosylation sites (T107,

T 110, T 116, T 121) and no ¿V-glycosylations [46]. Bovine milk and human urine OPN 

possess 3 O-glycosylated threonines (T113, T 124 and T 129) and 5 O-glycosylated threonines 

(T118, T 122, T 127, T ljl and T 136), respectively [105, 108]. Similar to rat bone OPN, both 

lack ¿V-glycosylations. While OPN has a considerable quantity of glycosylated residues 

in vivo, uncertainty remains regarding their specific purpose.

1.4.3 T ransglutamination

Prince et al. originally discovered that OPN was a substrate for transglutaminase 

(TG), although the residue(s) susceptible to transglutamination and substrates to which 

OPN was cross-linked were unknown [129], The reactive residues in bovine OPN were 

subsequently identified as Q34 and Q36 [130]. OPN polymers produced by TG linkages 

between OPN molecules and OPN cross-linked to fibronectin were detected in the ECM 

of cultured NRK cells [131, 132]. OPN polymers, like monomeric OPN, are able to bind 

to HAP [107] and exhibit increased collagen-binding properties [54], While substantial 

evidence exists for the TG reactivity of OPN in the ECM, the in vivo significance of these 

findings is presently unknown, necessitating further studies.



1.4.4 Proteinase cleavage

The first OPN cleavage products discovered were 23-kDa and 20-kDa fragments 

purified from demineralized porcine bone extracts [133). In vitro thrombin-cleavage of 

OPN produced similarly sized fragments, both possessing a sequence identical to the 23- 

kDa fragment purified from bone extracts. This fragment corresponds to the carboxy­

terminal half of OPN, the cleavage localized to Argl37-Ser138 in rat OPN [ 134], 

Conservation of the thrombin-cleavage site among mammals suggests physiological 

relevance. Indeed, circulating OPN is cleaved by thrombin subsequent to induction of 

the blood-coagulation cascade and the generated OPN fragments have been shown to 

increase cell attachment and spreading [134].

In vitro evidence of OPN fragments in human tumour cell lines and postpartum uterus 

led Agnihotri et al. to hypothesize that the co-expressed MMP3 (stromelysin-1 ) and/or 

MMP7 (matrilysin) were responsible for the OPN cleavage [135], Analysis revealed that, 

indeed, both MMP3 and MMP7 were able to cleave OPN, the affected peptide bonds 

being G ly166-Leui67, Ala20l-Tyr202 (MMP-3 only) and Asp2l0-Leu211 [135], The Gly151- 

Leu152 MMP cleavage site is the only one conserved in rat OPN. Further studies 

involving mutational analysis of OPN and the generation of recombinant OPN fragments 

of the corresponding MMP-cleavage products revealed that the 40-kDa fragment 

possessed stronger adhesive and migratory activity than full-length OPN and this activity 

was dependent on the SVVYG162466 motif [136]. The SVVYGLR sequence, a cryptic 

integrin-binding site, has been previously characterized to bind the (31 integrins [137- 

139]. Thus, these cleavage products possess properties distinct from the full-length



parent OPN molecule and the extent of their ability to affect cell adhesion and migration 

in vivo requires further investigation.

1.5 Physiological Roles of Osteopontin

Consistent with its diverse expression, OPN is known to participate in numerous 

physiological and pathological processes, including: biomineralization, cancer metastasis, 

wound repair, inflammation, immunity and apoptosis (reviewed in [64]). Several of these 

processes involve the deposition of calcium salts. Physiological or “normal” calcification 

occurs in skeletal tissues whereas pathological or “abnormal” calcifications refer to those 

occurring in functional soft tissues [140]. Dystrophic calcification refers to pathological 

calcifications occurring in individuals with normal circulating levels of calcium [140].

1.5.1 Bone and tooth development

Biomineralization is the physiological process through which living organisms 

deposit salts in order to stiffen existing soft tissues and occurs in both human health and 

disease. The major mineralized tissues within the mammalian body are bones and teeth. 

Bone provides motility, strength and protection of vital organs, while teeth are used to 

tear and chew food. Bone is a dynamic organ that is constantly remodelled. This 

remodelling process involves the breakdown of old bone (mineral and matrix) and its 

replacement with new osteoid matrix, which is then mineralized. HAP is a calcium 

phosphate mineral that is the major inorganic constituent of this organ. Regulation of the 

mineralization process is known to involve acidic phosphoproteins that induce and/or 

inhibit the growth of the HAP crystals in bone [20, 32, 36, 141],
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With regard to biomineralization, OPN is thought to perform several functions 

depending on its location, all of which pertain to the inhibition of mineralization. At 

physiological sites of biomineralization, OPN has been found to be involved in the 

inhibition of HAP formation and growth [ 141-144], Within bone, osteopontin is found at 

especially high concentrations in cement lines, sites where new bone is deposited onto 

older bone during remodeling [100], In this context, OPN is thought to coat HAP in the 

newly mineralized bone to inhibit its further growth and maintain close contact between 

the older bone and newly deposited osteoid matrix by mediating matrix-mineral 

interactions [100], Opn-null mice, although indistinguishable from littermates, develop 

bones with a higher than normal density and contain HAP with increased crystallinity 

[141]. Moreover, these mice are resistant to ovariectomy-induced bone loss, 

demonstrating that OPN is necessary for the rapid bone loss provoked by estrogen 

depletion [142, 145].

OPN, one of the more abundant noncollagenous proteins in bone matrix, is 

synthesized by preosteoblasts, osteoblasts and osteocytes [146-148]. It is then secreted 

into the osteoid, becoming incorporated into mineralized bone [147, 148]. Cementoblasts 

of the oral cavity secrete cementum, whose components are similar to the osteoid of bone 

[ 149]. In fact, cementoblasts possess many characteristics that are similar to those of 

osteoblasts. Runx2- and Osx-positive cementoblasts express OPN, analogous to 

osteoblasts [149]. A subcutaneous implantation study by Salih et al. suggests that 

osteogenesis induction by BSP is dependent on the extent of both OPN and BSP 

phosphorylation [117], Overall in vivo biomineralization was maximal when the



phospho-BSP/phospho-OPN ratio was approximately 3-4:1, whereas no mineral was 

deposited at a ratio of approximately 1.2:1 [117],

Osteopontin has a high affinity for HAP [41] and is able to mediate the attachment of 

osteoblasts (bone forming cells) and osteoclasts (bone resorbing cells) to bone [150-152]. 

Cell-culture and gene-ablation experiments have shown OPN to be important for the 

differentiation, recruitment [142, 145, 153] and promotion of osteoclast function through 

its interaction with the onfri integrin receptor [36, 58]. Active osteoclastic bone 

resorption is confined to the acidic milieu within the ruffled boarder area. A prerequisite 

to the creation of the acidic microenvironment is the formation of an isolated sealing zone 

between the osteoclast and bone, known as the clear zone [154, 155]. High 

concentrations of OPN have been localized to the sealing zone of actively resorbing 

osteoclasts, while much lower concentrations were observed in the resorption pit itself 

[152]. Furthermore, bone resorption can be blocked by monoclonal antibodies directed 

against OPN or its RGD domain [150]. This suggests OPN is an important component in 

the creation/maintenance of the tight osteoclast-bone interaction, which is a prerequisite 

for bone resorption. Similarly, OPN is thought to be involved in the maintenance of teeth 

in their sockets through a resorption and apposition process analogous to that which 

occurs in bone [156].

1.5.2 Immune system

The expression of the early T-lymphocyte activation-1 (Eta-1) gene was identified as 

a predominant transcript in activated but not resting CD4+ cells [65]. Eta-1 was localized 

to the murine chromosome-5 locus, Ric, which confers immunity to Rickettsia
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tsutsugamushi infection [65]. Its expression is part of a rapid T cell-dependent immunity 

[65], It was later recognized that this highly acidic secreted protein was identical to OPN 

(and will hereafter be referred to as OPN).

Further study indicated OPN is secreted by various immune cells including activated 

T-cells, dendritic cells, natural killer T (NKT) cells, macrophages and platelets [53, 102, 

157-160). It is the most abundantly expressed transcript in activated T-cells, stimulating 

antibody secretion by B-lymphocytes, proliferation of mast cells, bone marrow 

production of granulocytes/macrophages and is a macrophage chemoattractant [58, 79, 

157, 161, 162], Disregulation of OPN expression may also contribute in the onset and 

severity of autoimmune diseases [163],

Intradermal injection of OPN results in an inflammatory cellular infiltrate within 24 

hours that is predominantly composed of macrophages [164], Its ability to induce 

macrophage chemotaxis has been localized to the C-terminal domain of OPN, which is 

able to interact with the cell-surface receptor CD44 [165], Binding of a non-overlapping 

N-terminal region o f OPN to avP3-integrin receptors induces cell spreading and activation 

[165],

In addition to immune cell attraction and activation, OPN also plays an important role 

in protecting host cells from lysis by the alternative complement pathway, an 

evolutionarily older complement-activation pathway [166]. This is possible through 

OPN's ability to link the complement-control protein, Factor H, to ctvfb or CD44 [166].
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1.5.3 Tumour growth and metastasis

Cancer progression often involves the neoplastic transformation of cells, followed by 

their interaction with the ECM to create additional space to grow. The cancer cells 

subsequently proliferate to occupy the newly created void. Several alterations in cell 

physiology are essential for the ability of cells to achieve the characteristics of 

transformed cells, including growth signal self-sufficiency, growth-inhibition signal 

insensitivity, evasion of apoptosis, unlimited replicative potential, sustained angiogenesis, 

tissue invasion and metastasis [167],

In 1989, 2ar, the mouse transformation-associated phosphoprotein whose expression 

is correlated with tumorigenicity was reported to be identical to OPN [168]. Since this 

discovery, OPN and various combinations of SIBLING proteins have been found to be 

significantly upregulated in many tumours that exhibit tendencies to calcify and/or 

metastasize to bone [48, 169-177], Evidence has also been provided showing that the 

OPN gene is also inducible by tumour promoters and growth factors, including breast 

cancer 1 (BRCA1), phosphatase and tensin homologue (PTEN) and breast cancer 

metastasis suppressor 1 (BRMS1) [48, 178]. Gene-expression analyses have determined 

OPN is among the most strongly upregulated genes in several mouse and human cancers 

[48]. Its expression often directly correlates with specific stages of clinical progression 

[179], such as metastasis [172, 180, 181].

The ability of cancer cells to metastasize is often attributed to enhanced cell motility 

and increased expression/activity of proteinases capable of degrading the ECM [182,

183]. SIBLINGS, being multifunctional ECM proteins, are expected to have key roles in 

metastasis. OPN has been shown to enhance cancer cells’ ability to intravasate into
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blood vessels [180]. Furthermore, the carboxy-terminal fragment of thrombin-cleaved 

OPN has been shown to increase both invasion and tumorigenesis [184], Likewise, 

matrix metalloproteinase 9 (MMP9)-directed cleavage of OPN produces OPN fragments 

that increase the cell-invasion properties of hepatocellular carcinoma [185]. Takafuji et 

al. also found that the pathological upregulation of OPN and MMP9 are coregulated in 

vivo in humans [185]. OPN has been reported to bind pro-MMP3 and convert it to the 

enzymatically active MMP3 and also has the capacity to reactivate TIMP (tissue inhibitor 

of metalloproteinases)-inhibited MMP3 [186]. This MMP activation and reactivation 

capability has been observed for other SIBLINGS acting on various other MMPs [186J.

Several in vivo models provide evidence that OPN contributes to the generation of 

new' capillaries (angiogenesis) infiltrating cancerous lesions [187, 188] and that this 

ability is dependent on its RGD motif [187]. Given OPN’s diverse effects on both cancer 

cells and ECM-degrading enzymes, it is unsurprising that OPN expression has been 

shown to be a predictor of outcome for numerous cancer types [189-192]. Increased 

OPN expression always correlates with a worse clinical outcome. With regard to ovarian 

carcinoma, survival for 36 months post-diagnosis is predicted to be less than 5% for 

patients with increased OPN expression and 75% for those with no OPN increase [189].

1.5.4 Nephrolithiasis

Kidneys are responsible for the regulation of whole-body salt balance. This 

necessitates the urinary excretion of salts including calcium and phosphate [193], The 

obligatory solute output often produces urine that exceeds the solubility limit of calcium 

salts [193]. This metastable supersaturation often occurs in the renal distal tubule and



collecting ducts [193], Urinary stones are formed through a phase change where 

dissolved salts, driven by their supersaturation, condense into solids [194J.

Calcium oxalate stones often develop on surfaces of renal papillae on collections of 

interstitial suburothelial CaP particles referred to as Randall’s plaques [195]. The 

number of CaOx stones formed has been shown to vary directly with plaque surface 

coverage of the renal papillae, suggesting this surface promotes CaOx overgrowth [196]. 

These interstitial nidi, which represent the most minimal plaque lesions, have been found 

to be exclusively composed of HAP and are believed to initiate the precipitation of CaOx 

or grow to become HAP stones [195],

Although the solubility product for CaOx and CaP salts is frequently exceeded in 

normal human urine, most people do not form stones [193]. Nearly 5% of American 

women and 12% of men will develop a kidney stone during their lives and the prevalence 

of developing stones has been increasing over the last 30 years [197], Approximately 

80% of stones are composed of CaOx and/or CaP [197], HAP comprises the core of one- 

third of all CaOx monohydrate stones and is found as the major phase in 18% of all 

kidney stones [198].

Urinary stones are aggregates of crystals and possess an organic matrix that is 

approximately 2-5% of the total stone weight [99]. This organic matrix is predominantly 

composed of OPN [199]. Early experiments on normal urine revealed that the majority 

of its crystal growth-inhibitory properties were contributed by macromolecules rather 

than the lower-molecular-weight molecules [200, 201]. Since then, many inhibitors of 

mineral precipitation and growth have been discovered in urine: osteopontin [202], 

prothrombin FI fragment [203], inter-a-trypsin inhibitor [204], calgranulin [205], THP
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glycoprotein [206], albumin, RNA fragments, DNA fragments and glycosaminoglyeans 

[193]. Known inhibitors all possess poly-anionic segments. The overall compositions of 

proteins extracted from CaOx stones exhibit a high proportion of acidic amino acids 

[207-209], yet the role of acidic residues is not well understood.

Osteopontin is present in all bodily fluids, especially milk, saliva and urine, which 

possess high concentrations of calcium salts. Considerable amounts of both in vitro and 

in vivo data suggest that OPN is able to inhibit the spontaneous precipitation and/or 

aggregation of several calcium-rich mineral phases, hence decreasing the overall size of 

pathological precipitations [30, 210-212], OPN was found to be highly expressed by rat 

kidney epithelial cells of distal tubules after induction of urolithiasis via sodium 

glyoxylate administration [99], The increase in OPN mRNA expression was proportional 

to the dosage and duration of glyoxylic acid [99]. OPN concentration was also observed 

to be inversely proportional to urine volume by Chalko etal. [213]; thus, the more 

concentrated urine is, the higher the OPN concentration. This is a characteristic 

suggested to favour inhibition of solute precipitation [213]. Moreover, OPN is found as a 

major organic constituent of growing renal calculi [199],

At concentrations typically found in normal human urine (~0.1 pM), OPN is a very 

potent inhibitor of CaOx crystallization and subsequent aggregation in vitro [202, 213- 

215], This concentration is too low for the inhibitory potency to be due to ion chelation 

[216], This suggests that OPN inhibits crystal formation and growth through interaction 

with the nascent crystal surface, although the exact nature of the protein-crystal 

interaction has not been defined [216]. Compelling in vivo evidence of OPN’s crystal
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growth inhibitory function is observed in Opn-null mice, which have a predisposition to 

forming kidney stones and other ectopic calcifications [30, 212].

1.5.5 Atherosclerosis and native/prosthetic valves

Ectopic calcification represents a prominent characteristic of various cardiovascular 

diseases [217]. Atherosclerosis, commonly referred to as hardening of the arteries, is a 

chronic inflammatory response in arterial walls (reviewed in [218]). This occurs due to a 

buildup of low-density lipoproteins resulting in the accretion of macrophages. The 

progression following chronic inflammation typically includes arterial enlargement, 

plaque rupture and arterial stenosis or complete closure. The final outcome is either a 

reduction in downstream blood supply or aneurysm potentially leading to severe 

hemorrhage. Calcification often occurs at the outer base of advanced atherosclerotic 

lesions [219]. In addition, ectopic mineralization of native human and porcine xenograft 

bioprosthetic (both glutaraldehyde-treatedAuntreated) heart valves continues to be an 

intractable source of valve failure [220-223],

Human atherosclerotic lesions have been found to contain proteins typically involved 

in bone development and maintenance [224-227], Normal soft tissues do not express 

OPN, although it is induced in response to injurious stimuli such as atherosclerotic 

lesions [228-234] and prosthetic valves [235-237], Adult aortas increase their OPN 

mRNA expression levels throughout the stages of atherosclerotic progression [232]. In 

fact OPN content and expression level are related to coronary artery disease severity and 

the degree of calcification, respectively [232, 238],
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OPN is highly localized to the surfaces of calcified deposits in arteries and valves, 

although a thorough mechanistic understanding of the biological process is lacking [100, 

234]. The situation is further complicated by conflicting data. For example, the findings 

of Kadoglou et al. suggest that while OPN decreases plaque calcification it may 

additionally promote plaque instability [239], yet Burke et al. have found that 

calcification itself is a reliable marker of plaque instability [240]. Analysis of porcine 

bioprosthetic heart valves and human heart valves revealed that increased OPN content 

correlates with increased calcification [237], A comparison to noncalcified valves 

showed higher noncollagenous-protein mRNA levels, including OPN, in calcified valves. 

Based on this result Srivatsa et al. suggest that a therapeutic approach to the prevention of 

valve failure may be to modulate the expression of mineralization-related proteins such as 

OPN [237]. More recent investigations, however, show OPN coating arterial mineral 

deposits in mice lacking matrix gla protein (MGP), a high-affinity calcium-binding 

protein, but not in wild-type or M GPy O PN 7 mice [241], Furthermore, not only did 

MGP ' OPNt/t mice outlive MGP OPN double knockouts, they contained one-half and 

one-third as much mineral deposits as the double knockouts at two and three weeks of 

age, respectively. Thus, Speer et al. have shown that OPN is an inducible inhibitor of 

dystrophic vascular calcification in vivo [241], suggesting the enhanced OPN expression 

observed with increased vascular calcification is a physiological adaptation aimed at 

preventing further calcification.



1.6 Protein-Crystal Interactions

1.6.1 Crystal formation and growth

A crystal is a solid body possessing a regular repeating internal arrangement of 

constituent molecules, atoms or ions (reviewed in [242]). Nucleation is the initial event 

during the precipitation of an inorganic crystal from dissolved ions. The process occurs 

through the aggregation of individual solution-phase ions to form a small cluster, known 

as a nucleus. The stability of a nucleus is dependent upon its size, which in turn is 

dependent on the supersaturation level of the solution [243]; nuclei larger than the critical 

radius tend to grow larger, whereas those below the lower limit of the critical radius tend 

to dissolve. The formation of a nucleus in a pure solution is known as homogeneous 

nucleation. In contrast, organisms facilitate biomineralization through heterogeneous 

nucleation on preexisting nuclei or seed crystals (which have a similar but different 

composition from the newly formed nucleus) [242], This occurs due to the presence of 

impurities and other organic molecules in solution, which reduces the free energy barrier 

typically hindering nucleation.

After the formation of a supra critical nucleus, the rate of growth is dependent on the 

rate of transport, or diffusion, of lattice ions to the surface of the crystal. Growth of a 

crystal in a supersaturated solution occurs due to the flux of ionic constituents attaching 

to the crystal surface exceeding the flux of these constituents leaving the surface. The 

surface of a crystal typically possesses several distinct features including terraces, steps 

and kinks [244], Terraces comprise the flat areas of the crystal, over which new layers 

can form through the extension of raised layers, called steps (see Figure 1.2). The steps



Figure 1.2 Illustration of topographical features of crystal surfaces.

(A) Depiction of a step (hashed region) on a terrace/crystal face. (B) Depiction of a kink 
within a step. (C) Depiction of a screw dislocation/growth hillock.
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are either complete or incomplete, the latter being more common and referred to as kinks. 

New areas of crystal growth typically occur at kinks as incoming ions can form more 

bonds at kinks than on terraces or at step edges. Thus, addition of ionic crystal 

constituents to kinks propagates steps, which grow to the crystal edge, forming a new 

terrace/crystal face. There must be a mechanism to create new steps and/or kinks on the 

crystal surface, since growth would quickly cease once each extends to a crystal edge. 

There are two ways for this to be accomplished. The first method involves the growth of 

a 2-dimensional nucleus on the preexisting crystal surface, which, although more 

favourable than the creation of a 3-dimensional nucleus, is exceedingly rare unless 

growth is occurring in very highly supersaturated solutions [245]. More commonly, 

spiral arrangements of steps are created at crystal lattice dislocations (breaks in the 

crystal lattice), referred to as screw dislocations or growth hillocks [246]. By growing in 

spiral fashion, these provide a perpetual source of steps and kinks.

Crystal growth inhibition is predominantly thought to occur by step-pinning, which is 

a model describing the adsorption of inhibitory molecules to the terraces of a crystal 

[247], Growing steps then encounter these adsorbed molecules. Strongly bound 

inhibitory molecules preclude the incorporation of ions directly beneath them, thus 

preventing the advancement of a step edge. These 'pinned’ steps are able to grow around 

the blocked sites if the concentration of adsorbed inhibitors is sufficiently low. If the 

average spacing between adsorbed inhibitors is similar to the critical radius of curvature 

of a step, growth is inhibited. Furthermore, if the amount of adsorbed inhibitor is 

sufficiently high, the curvature of the growing bulges falls below the critical radius of 

curvature of a step and growth effectively ceases.
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1.6.2 Roles of proteins in biomineralization

Biomineralization involves the exquisite control of nucleation, growth and 

morphology by living organisms [248]. Apart from arthropod exoskeletons, it is a 

universal means of producing high stiffness [249], Animals may use one or both of two 

strategies to promote the nucleation of inorganic minerals. The first is accomplished by 

increasing the supersaturation level of parent ions in a solution thereby increasing the 

probability of nucleation [250, 251]. The second involves using biological 

macromolecules, such as proteins or polysaccharides, as templates that mimic the crystal 

lattice of a particular crystal face, thereby offsetting the unfavourable entropy associated 

with the solution-solid phase transition [252, 253],

The incorporation of organic constituents within or between the growing crystals is an 

adaptive solution to the brittleness (lack of toughness) that typically accompanies 

stiffness. These biogenic composite materials have properties vastly different from those 

of pure crystals [249]. For instance, the nacreous layer of abalone shell (mother of pearl) 

possesses a fracture resistance -3,000 times greater than the pure mineral from which it is 

formed, aragonite (calcium carbonate) [254-256], This remarkable difference in fracture 

resistance is attributable to the degree of mineralization and ability of the organic 

components, which in the case of abalone shell comprise only 1-5% of total mass, to 

resist tension [249, 254, 255].

While the individual crystals of composite biominerals provide stiffness, water and 

the organic components -  namely protein or carbohydrates -contribute resistance to 

impact loads and crack elongation [249]. Moreover, organisms are able to modulate the 

stiffness of biominerals to suit particular functions. Water and organic material can
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comprise a significant portion of biomineral mass, with the most flexible bones 

encompassing approximately equal masses of water/organic material and mineral [249]. 

The elasticity contributed by the organic matrix of bones is easily observed with a 

demineralized fibula, as it is easily tied in a knot [2571.

Calcium is the predominant cationic component found in most biominerals, some of 

which include HAP, CaOx and calcium carbonate (as aragonite or calcite) [252], The 

most common types of biological macromolecules able to modulate crystal growth are 

acidic polysaccharides and ECM proteins [252J. Organisms have evolved an exquisite 

control over the ability to both nucleate and direct the growth of particular mineral 

phases. For instance, mollusk shell organic extracts from either aragonite- or calcite- 

containing layers induce the formation of their respective biomineral phases under 

identical in vitro conditions [258].

The highly acidic ECM proteins are thought to control the precipitation and growth of 

minerals in the vertebrate skeleton. In teeth, DPP and DMP1 have been shown to initiate 

HAP nucleation and growth in vitro [32, 259, 260]. Similarly, BSP, a mineralized tissue- 

specific collagen-binding protein [261, 262], is believed to initiate HAP nucleation in the 

ECM of bone [20, 32], In addition to its in vitro HAP-nucleating properties, BSP has 

been found to be recruited to prebiomineralization foci just prior to mineralization in vivo 

[263]. OPN is a major component of the calcium carbonate-containing egg shell [264].

It is expressed only during the period of egg shell calcification, although its specific role 

and mechanism of action in this process is yet to be elucidated, as are the roles of many 

other mineralization-associated proteins [265].
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1.6.3 Inhibition/modulation of crystal formation by OPN and other proteins

Proteins with neutral or positively charged residues generally exhibit a low affinity 

for the surface of HAP [2661. Salivary proteins able to adsorb to the HAP surface of 

teeth with high affinity have been observed to possess negative residues in specific 

regions of the molecule. Principal among the multitude of organic molecules within 

biological systems able to modify inorganic crystallization is a class of poly-anionic 

proteins, to which OPN belongs. These proteins possess relatively high proportions of 

aspartic acid, glutamic acid, serine and phosphorylated residues. OPN has been shown, 

in vitro, to inhibit the nucleation of a multitude of inorganic crystal species commonly 

found in organisms, including HAP, calcite, and CaOx [36, 37, 216, 267-269],

Extensions of these nucleation-inhibition studies have also shown OPN to be an effective 

inhibitor of crystal growth [32, 36, 37, 270]. This ability of OPN to inhibit crystal growth 

has also been confirmed in vivo [241, 271], Furthermore, a study of the inhibitory 

potency toward HAP formation of several mineralized-tissue proteins revealed that, 

compared to OC, BSP, chondrocalcin, and ON, OPN was the most potent inhibitor [37],

More recently, peptide-based studies using amino-acid sequences derived from 

known inhibitors have become common in an effort to further elucidate the specific 

requirements and mechanistic process of crystal growth inhibition. Using synthetic 

peptides and phosphopeptides corresponding to sequences of OPN, Hoyer et al. showed 

that the full protein is not required for inhibitory activity. The OPN-derived peptides, 

some comprising only 14 residues, were able to inhibit CaOx crystal growth to varying 

degrees [272], A similar study performed on HAP nucleation by Pampena et al. reported 

that OPN peptides with sequences corresponding to 41-52 and 290-301 of rat bone OPN
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were 4 times more potent HAP nucleation inhibitors compared to sequences derived from 

residues 7-17 and 248-264 [269], Both studies showed that particular sequences of OPN 

were particularly suited to inhibition of nucleation or growth of the respective minerals 

used in the study.

Several studies have been directed towards the significance of acidic amino-acid 

residues in mineral-binding proteins since many members of this class are poly-anionic. 

CaOx crystal growth was not found to be decreased by two OPN peptides with evenly 

distributed acidic residues, but two other peptides with aspartic acid clusters were able to 

inhibit its growth [272]. Furthermore, the inhibitory potencies of all peptides tested by 

Hoyer et al. were drastically increased by phosphorylation [272], Studies using synthetic 

poly-Asp or poly-Glu have revealed that poly-Asp’s effect on calcium mineral growth 

was similar to those of aspartic acid-rich proteins (AARP) [22, 37], whereas the equally 

acidic poly-Glu merely exhibited a nonspecific effect on crystallization, having an 

inhibition potency -1000 times lower. This result may be explained by the finding of 

Taller et al., who developed a technique to visualize adsorbed protein on the surface of 

minerals [273], Poly-Asp was observed to adsorb preferentially to a specific face of 

CaOx crystals, whereas poly-Glu was found to adsorb nonspecifically to all faces.

Further investigation is required to elucidate by what method poly-Glu is able to adsorb 

to several faces yet be a poorer crystal growth inhibitor than poly-Asp. This may 

possibly be rationalized on a structural basis since at physiological pH poly-Asp is 

disordered, whereas poly-Glu exists as an extended helix [274, 275]. Interestingly, both 

molecules, when immobilized/adsorbed to germanium surfaces, act as HAP nucleators 

[276]. The observed importance of acidic clusters in the inhibition of crystal growth led
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Butler to propose that the conserved poly-Asp region of OPN was responsible for its 

mineral-binding properties [104J. Yet this is inconsistent with studies showing 

dephosphorylated native osteopontin does not inhibit in vitro HAP growth or vascular 

smooth muscle cell calcification [37, 38]. This suggests that phosphorylation may be the 

major modulator of OPN’s ability to inhibit mineral growth since all other post- 

translational modifications are still present on dephosphorylated native osteopontin.

The importance of post-translational phosphorylation on the regulation of 

biomineralization by proteins is suggested by the observation that HAP- and CaOx- 

inhibiting properties of several proteins are altered by dephosphorylation [36, 37, 270, 

277, 278]. Early studies demonstrated that dephosphorylated bovine bone OPN binds to 

HAP with less affinity than the native protein [36], Furthermore, nonphosphorylated 

polypeptides have been correlated with decreased inhibitory potency [36, 38, 52, 269]. A 

constant-composition study comparing the influence of a 5-residue fragment of statherin 

on HAP growth/dissolution revealed that the N-terminally phosphorylated pentapeptide 

was superior to the nonphosphorylated peptides at inhibiting both processes [279].

Recent studies performed by Gericke et al. have shown that highly phosphorylated 

milk OPN promotes HAP formation [52]. Although other proteins involved in HAP 

nucléation are known to be affected by phosphorylation, the significant quantities of 

OPN, calcium and phosphate in milk [280, 281], coupled with the rarity of mineral 

precipitates in milk, calls this finding into question.

Several recent studies of face-specific adsorption to CaOx by differentially 

phosphorylated OPN and OPN-derived peptides have revealed that each peptide or 

protein preferentially binds to specific faces of the crystals. Their findings suggest that



phosphorylated macromolecules adsorb to Ca^-rich crystal faces of CaOx through 

nonspecific electrostatic interactions between the phosphate groups and Ca2f ions [282, 

283]. Based on the accumulated data, it is evident that phosphate groups present in OPN 

and other biomineral-associated proteins are required for efficient inhibition of crystal 

formation and growth. Despite this, relatively little is known regarding the mechanism 

through which anionic proteins are able to adsorb to biominerals since a comprehensive 

understanding of their behaviour at this liquid-solid interface is lacking.

The combination of the importance of acidic residues and post-translational 

phosphorylations to biomineral adsorption indicate that negative charge is imperative to 

the ability of these proteins to perform their function. The propensity and clustering of 

these negative charges suggests that the high affinity of these AARPs toward calcium- 

rich minerals is derived from their ability to electrostatically interact with calcium ions. 

Equilibrium and kinetic studies on the association of the salivary PRPs, PRP1 and PRP3, 

as well as poly-Asp, revealed that the adsorption process is entropically, and not 

enthalpically, driven [284], Thus, although electrostatic interactions seem to be a 

prerequisite for protein-mineral interactions, the driving force of adsorption -  or greatest 

contributor of free energy -  is increased entropy of the system. Recently, Goobes et al. 

has similarly demonstrated, using isothermal titration calorimetry (ITC), that the 

mechanism of adsorption of salivary statherin to HAP is driven by entropy, a process 

reminiscent of the hydrophobic effect driving protein folding [285]. This finding 

suggests that this entropie adsorption process may be a common mechanism exploited by 

biomineral associated anionic proteins.

4L
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1.7 Purpose of Thesis

Although OPN is known to inhibit HAP growth both in vitro and in vivo, the specific 

structural features responsible for its effect on HAP growth and its mechanism of 

adsorption are not fully understood. The ability of the synthetic polymer poly-Asp to 

inhibit HAP growth has led to the notion that the poly-Asp region of OPN is the mineral­

binding region [ 104], although this has never been directly investigated.

To elucidate the role of the poly-Asp sequence in the inhibition of HAP growth, we 

have used a 16mer peptide containing the poly-Asp sequence of rat OPN. To examine 

the effects of phosphate groups, both phosphorylated and nonphosphorylated peptides 

were synthesized. Additional peptides allowed for the elucidation of inhibitory potency 

of OPN sequences containing -30% acidic residues (the average proportion of acidic 

residues in OPN) with and without naturally occurring phosphate groups.

The HAP-inhibiting potencies of these OPN-derived peptides were compared with 

that of the full-length protein using an in vitro constant-composition seeded-growth 

(CCSG) assay, which allows for prolonged steady-state crystal growth at physiological 

pH, temperature and ionic strength. Furthermore, the mechanism of adsorption of OPN 

to HAP was probed using isothermal titration calorimetry, a technique able to provide a 

full thermodynamic characterization of the adsorption process. Elucidation of the 

thermodynamic driving force of HAP adsorption of model compounds and OPN was 

coupled to the analysis of their inhibitory potency. These studies expand the current 

body of knowledge concerning interactions between organic molecules and inorganic 

mineral phases and the mechanisms by which biomolecules exert their exquisite control 

on mineral growth.
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Chapter Two -  Constant Composition Seeded Growth Studies
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2.1 Introduction

Attempts to elucidate factors affecting the precipitation of the biologically relevant 

mineral HAP have produced various assays with which to assess its rate of growth. This 

was initially performed by simply preparing supersaturated calcium phosphate solutions 

and analyzing the drop in concentration of the respective ions over time. This technique 

was superseded by the development of a pH-stat method, which enabled experiments to 

be conducted in the presence of a constant hydrogen ion activity [286]. These methods 

possessed two major disadvantages: 1) the concentration of mineral constituents, such as 

calcium and phosphate, decrease over the course of the experiment thus decreasing the 

driving force for precipitation, and 2) due to the incessant decrease in the concentration 

of constituent ions, the experiments had to begin at supersaturation levels at which 

several mineral phases other than HAP were stable, including tricalcium phosphate 

[Ca3(P04)2], octacalcium phosphate [C a^fP O A e 5 H 20], anhydrous dicalcium 

phosphate (CaHP04), and dicalcium phosphate dihydrate (CaHP04 2 H 20). These issues 

were solved with the development of the constant-composition/seeded-growth method, in 

which the pH and concentrations of both calcium and phosphate were maintained at 

constant levels for the duration of the experiment [287], This new method thus enabled 

the conduction of experiments with initial calcium phosphate concentrations at which 

HAP was the sole thermodynamically favourable mineral phase. Studies of factors 

affecting the rate of mineralization of HAP at very low supersaturations could then be 

conducted [288]. Furthermore, when coupled with the use of well-characterized HAP 

seed crystals, this technique eliminates the kinetic uncertainty of nucleation assays,
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allowing for the elucidation of the effects on the HAP growth rate of any molecule under 

study.

In the present study, a constant-composition seeded-growth assay was utilized to 

assess the HAP-inhibiting potency of nonphosphorylated rat recombinant OPN (rOPN), 

highly phosphorylated bovine milk OPN (mOPN) and four synthetic 16mer peptides 

whose sequences are derived from two distinct regions of rat bone OPN. The first set of 

peptides is derived from residues 220-235, and is used as a representative of the phospho- 

clusters composing the majority of the OPN sequence. P3 (pSHEpSTEQSDAIDpSAEK) 

contains three phosphoserine residues, whereas P0 (SHESTEQSDAIDSAEK) possesses 

an identical amino acid sequence but lacks phosphorylations. The second set of peptides 

is derived from residues 65-80, which contains the OPN poly-Asp region. This peptide 

was synthesized with and without a phosphate group on the N-terminal serine: OPAR 

(SHDHMDDDDDDDDDGD) and P-OPAR (pSHDHMDDDDDDDDDGD). This 

peptide was used to elucidate whether the short poly-Asp sequence within OPN (9 

consecutive Asp residues in rat OPN) is capable of adsorbing to HAP and inhibiting 

crystal growth, as has been suggested in the literature on OPN [104],

Full-length OPN has been shown to lack secondary structure through several 

techniques such as NMR, CD spectroscopy and ATR-FTIR [43, 49, 52]. Structural 

information on the four novel peptides used in this study was not available and, since 

these 16mer sequences would be studied out of the context of the full-length OPN 

molecule, it was of interest to determine whether they possess secondary structure. CD 

spectroscopy is a quantitative spectroscopic technique that can be used to estimate the 

fraction of residues in a-helix, (3-strand, [3-tum, and disordered secondary structure. Thus,
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CD spectroscopy was utilized to estimate the secondary structure of the 4 OPN-sequence- 

derived I6mer peptides in order to ascertain whether any differences in their effects on 

HAP growth rate were structurally based.

2.2 Materials and Methods

2.2.1 Chemicals and Reagents

C a(N 03): 4-H20  (>99.0%) Sigma-Aldrich (St. Louis, MO)

Na2H P04 (>99.0%) EMD Chemical Inc. (Gibbstown, NJ)

NaCl (>99.5%) Sigma-Aldrich (St. Louis, MO)

NaOH (>98%) EMD Chemical Inc. (Gibbstown, NJ)

HC1 (36.5-38%) EMD Chemical Inc. (Gibbstown, NJ)

NH4OH (NH3 content 28-30%) Sigma-Aldrich (St. Louis, MO)

Acetone (HPLC grade) Sigma-Aldrich (St. Louis, MO)

HEPES (>99.5%) Sigma Aldrich (St. Louis, MO)

N2 (medical grade) Praxair (Mississauga, ON)

Poly-L-Aspartic acid (sodium salt) 11,000 MW Sigma (St.Louis, MO)

0.2-pm Acrodisc Syringe Filter (polyethersulfone) PALL Corp. (Ann Arbor, MI)

Quanti-Chrom™ Calcium Assay Kit Bio Assay Systems (Hayward, CA)

ALS P,ColorLock™ Pi Detection Reagent Innova Biosciences (Hamburg, 
Germany)

150 mm Single Tube Rotameter AALBORG (Orangeburg, New 
York)

IUPAC Buffer pH 7.000 Radiometer Analytical 
(Villeurbanne, FR)
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rUPAC Buffer pH 10.012 Radiometer Analytical 
(Villeurbanne, FR)

Calomel pHC4006 electrode Radiometer Analytical 
(Villeurbanne, FR)

TrM900 Titration Manager Radiometer Analytical 
(Villeurbanne, FR)

ABU93 Triburette Radiometer Analytical 
(Villeurbanne, FR)

TimTalk 9 version 2.1 software LabSoft (Tampa, FL)

96-well Flat-Bottom Immuno Plate NalgeNunc International (Rochester, 
NY)

Safire Microplate Reader Tecan (Männedorf, Switzerland)

Bruker D8 ¡iXRD Laboratory for X-ray Diffraction and 
Microdiffraction (University of 
Western Ontario)

ICP-AES Geochemistry Laboratories Biodome (UWO)

Micrometries ASAP 2010 BET SA Analyzer Control and Crystallization of 
Pharmaceutical Laboratory (UWO)

LEO 1540XB SEM The Nanofabrication Laboratory 
(UWO)

Jasco J-810 Spectropolarimeter Biomolecular Interactions and 
Conformations Facility (UWO)

Water was Milli-Q quality with 18 Mega ohms resistance

2.2.2 Synthesis of hydroxyapatite seed crystals

Hydroxyapatite for use in the constant-composition seeded-growth assay was

synthesized using a modification of the protocol described by Nancollas and Mohan 

(1970) [286]. Briefly, 250 ml of 0.5 M Ca(NO})2 was added drop-wise to a magnetically
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stirred 250-ml solution of 0.3 M NaiHPCL, which was maintained between pH 8.5 and 

10.0 by the addition of concentrated NH4OH (28-30% solution). The NaTHPCT solution 

was also maintained at 70°C whilst being bubbled with water-saturated nitrogen. The 

precipitate was washed with d ^ O , and then resuspended in the mother liquor and 

refluxed for 24 h. The crystals were then washed in a medium sintered-glass funnel 

under vacuum, first with pH 10.0 dH2Ü, then with acetone. The crystals were dried in a 

sealed Büchner flask under vacuum, and stored at room temperature in a desiccator.

2.2.3 Characterization of synthesized hydroxyapatite seed crystals

X-ray powder diffraction of the synthesized HAP was utilized to verify the absence of 

other calcium phosphate phases. Spectra were collected on a Bruker D8 

microdiffractometer. Specific surface area measurements on synthesized HAP were 

performed using a Micrometries ASAP 2010 BET Surface Area Analyzer to measure the 

volume of adsorbed nitrogen gas.

Scanning electron microscopy (SEM) was performed on a LEO 1540XB SEM. 

Synthetic HAP was mounted on a carbon strip prior to SEM analysis. For HAP samples 

obtained after CCSG experiments, the metastable calcium phosphate solution was 

removed by vacuum filtration through a 0.2-pm polyethersulfone filter after which a 

carbon strip was blotted onto the filter to facilitate transfer of HAP crystals to the strip.

The ratio of calcium to phosphate (detected as phosphorus) of the synthesized HAP 

was determined using inductively coupled plasma -  atomic emission spectroscopy (ICP- 

AES). 2 mg of HAP was dissolved in 50 ml of 0.1 M HC1 solution overnight on a rotator 

prior to ICP-AES analysis.
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2.2.4 Constant-composition seeded-growth

2.2.4.1 Constant-composition seeded-growth assay

A modification of the constant-composition seeded-growth assay originally 

developed by Nancollas and Koutsoukos (1978) was used [287], Metastable calcium 

phosphate solutions were prepared by combining 1.25 ml of dH20  (minus polypeptide 

volume), 2 ml of 1.2 mM Na2H P04, 4 ml of 1 mM Ca(N03)2/300 mM NaCl solution (in 

the order listed), and the test inhibitor (dissolved in dH20 ) in a custom-made double- 

walled pyrex vessel with agitation using a magnetic stirrer to minimize localized regions 

of high supersaturation. The solution was maintained at 37 ± 0 .1°C using a circulating 

water bath connected to the Pyrex vessel. All solutions were previously vacuum-filtered 

through 0.2 pm-pore-size polyethersulfone membranes. A calomel pHC4006 electrode 

connected to a TIM900 titration manager was immersed into the reaction solution. The 

electrode was calibrated before each experiment with standard IUPAC buffer solutions 

(pH 7.000 ± 0.01 and pH 10.012 ± 0.01) at 37°C. To exclude atmospheric carbon 

dioxide, a single flow tube rotameter was used to bubble 18.3 ml/min of water-saturated 

nitrogen through the solution. To provide adequate time to reach equilibrium, nitrogen 

flow began one hour prior to the addition of seed crystals. Prior to the addition of HAP 

seed crystals, the pH of the metastable solution was adjusted to between 7.400 and 7.410 

by the addition of small aliquots of 25 mM NaOH.

The titrant solutions were empirically determined for the maintenance of constant 

solution composition by varying the concentration of NaOH in the Na2HP04/Na0 H 

titrant solution. An ABU93 triburette was customized so that two of its 5-ml burettes 

operated in the 'master-slave’ mode. The ‘master’ burette contained 3.5 mM
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Ca(N03h /300 mM NaCI and the 'slave’ burette contained 2.1 mM Na2HP04/ l .6 mM 

NaOH. Titrant addition was controlled using TimTalk 9 in pH-stat mode with an 

endpoint pH of 7.400 and proportional band pH of 0.100. The burettes were limited to a 

minimum speed of 1.0%/min and a maximum speed of 3.0%/min.

Using the auto-titration setup described, the fluctuation in pH generally did not 

exceed 7.400 ± 0.003. The titration manager was programmed to maintain a pH of 7.400 

for 240 minutes after the crystal growth reaction began. The reaction was initiated by the 

addition of 750 pi of a freshly made HAP slurry in dH20  (2 mg HAP, unless otherwise 

stated), giving a final reaction solution composition of 0.5 mM Ca(N03)2, 0.3 mM 

Na2HPC>4and 150 mM NaCI (total volume, 8 ml).

Aliquots (0.4 ml) were removed from the reaction immediately after the addition of 

the hydroxyapatite slurry (0 min) and immediately prior to the termination of the assay 

(240 min). Aliquots were immediately filtered through 0.2-pm polyethersulfone 

membrane syringe filters. The calcium and phosphate concentrations were determined 

spectrophotometrically (see below) to ensure constant composition was maintained 

within ±5% of their initial concentrations. The linear portion of the slope of titrant 

addition against time, which occurred within ~60 minutes after addition of seed crystals 

until termination of the experiment, was used to calculate the HAP growth rate. The 

HAP growth rate was expressed as a percentage of growth compared to that observed in 

the absence of inhibitor; growth rate (%) = [Gj/G0] x 100, where Gj is the growth rate in 

the presence of inhibitor and Go is the growth rate in the absence of inhibitor.



2 .2 A .2  Determination of calcium and phosphate concentration

Calcium and inorganic phosphate ions were detected spectrophotometrically and their 

concentrations were calculated using standard curves of known concentrations. Calcium 

was detected using the QuantiChrom™ Calcium Assay Kit (612 run) whereas inorganic 

phosphate was detected using the Innova Biosciences PiColorLock™ Phosphate Assay 

Kit (635 nm) according to protocols recommended by the respective manufacturers. 

Spectrophotometer readings were performed on a Safire microplate reader.

2.2.5 Protein expression/purification and peptide synthesis/purification

P3, PO, OPAR and P-OPAR peptides were synthesized and purified by Yinyin (Heidi) 

Liao and Kari Ann Orlay. Briefly, peptides were synthesized by a batch method with 

free amino and carboxyl termini using Fmoc chemistry and purified by high-performance 

liquid chromatography on a C 18 column, as previously described [269], Peptide purity 

was determined by mass spectrometry and amino acid analysis (Institute for 

Biomolecular Design, U of A/Advanced Protein Technology Centre, SickKids).

Milk OPN was supplied by Esben S. Sprensen (Protein Chemistry Laboratory, 

Department of Molecular Biology, University of Arhus, Denmark) [289]. Briefly, bovine 

milk OPN was purified by Sephadex G-75 gel chromatography, Q-Sepharose ion- 

exchange followed again with an additional Sephadex G-75 gel chromatography in the 

presence of urea.

Recombinant OPN w-as expressed and purified by Hong Hong Chen (Goldberg lab, 

UWO, London, Ontario). Briefly, Escherichia coli BL21 cells were transformed with a 

pET28a expression vector containing rat OPN cDNA. The expressed protein was



purified by nickel affinity chromatography followed with fast protein liquid 

chromatography (FPLC) as previously described for BSP [39].

2.2.6 Circular dichroism of osteopontin peptides

CD studies w'ere performed using a Jasco J-810 specropolarimeter equipped with a 

Peltier temperature-control system. Scans were recorded at 37°C from 250 to 190 nm, 

with a step size of 0.5 nm and a scan speed of 100 nm/min. A cell with a path length of 

0.1 mm was used. Each peptide solution was scanned 30 times and the resulting spectra 

averaged. Blank buffer scans were subtracted from the raw data, which were then 

converted to mean residue ellipticity (0) in units of degree cm dmol" by standard 

procedures. CDSSTR and CONTINLL algorithms for the estimation of protein 

secondary structure from UV CD spectra were used to analyze the CD spectra generated 

[290, 291 ]. Each peptide was resuspended at a concentration of 0.4 mM in either Ca/P04 

[500 pM Ca(N 03)2, 300 pM Na2H P04, 150 mM NaCl, pH 7.4] or HEPES (10 mM 

HEPES, 100 mM NaCl, 10 mM KC1, pH 7.4) buffer.

2.3 Results

2.3.1 Characterization of synthesized HAP

The mineral phase of bone is a calcium-deficient and poorly crystalline analogue of the 

geologically occurring hydroxyapatite [Caio(P04)60H2[. SEM of the synthesized HAP 

revealed aggregates of plate-like crystals with apparent dimensions of approximately 2 

nm in thickness, 40 to 200 nm in length and variable width (Figure 2.1).



Images are representative of the morphology of the synthesized HAP crystals before (A) 
and after (B) 4 hours of growth in the constant-composition seeded-growth assay.

Figure 2.1 SEM images of synthesized HAP crystals.
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X-ray powder diffraction was also utilized to ensure the absence of other calcium 

phosphate mineral phases (Figure 2.2). The synthesized HAP exhibited a Brunauer- 

Emmett-Teller (BET) surface area of 84.126 ± 0.094 m2/g and a Langmuir surface area of 

115.290 ± 2.347 m2/g. ICP-AES analysis revealed the calcium/phosphorus molar ratio to 

be 1.612 ± 0.013, in comparison to the theoretical ratio of 1.67 for HAP.

2.3.2 Circular dichroism secondary structure prediction

The secondary structures of the peptides were determined at 37°C in both Ca/P04 

buffer and HEPES buffer. All four peptides analyzed by CD spectroscopy displayed the 

characteristic spectrum of a ‘random coil’ secondary structure (Figures 2.3 and 2.4). 

Secondary-structure prediction algorithms estimated P3 and P0 to possess -70% disorder 

while OPAR and P-OPAR were estimated to possess -50% disorder over their 16 residue 

sequences (Table 2.1). P3/P0 were also estimated to possess between 12-17% (3-strand 

and approximately 10% (3-tum structure, whereas OPAR/P-OPAR peptides were 

predicted to possess between 24-30% (3-strand and 13-17% (3-tum.

2.3.3 Constant-composition seeded-growth assay

Hydroxyapatite growth in a calcium/phosphate solution slows and then ceases as the 

calcium, phosphate and hydroxide ions are depleted from the solution. In the constant- 

composition seeded-growth assay the incorporated growth constituents are continuously 

replenished, allowing for hydroxyapatite growth to continue under a constant driving 

force for extended periods (see CCSG assay schematic Figures 2.5 and 2.6). This can be



X-ray powder diffraction pattern of synthesized HAP crystals showing the characteristic 
peaks of HAP. Prominent diffraction peaks corresponding to reflections from (002), 
(211), (310), (311), (113) and (222) planes of HAP are labeled. A ‘stick-figure’ spectrum 
for HAP is set below the experimental spectrum for comparison.

Figure 2.2 X-ray powder diffraction pattern of synthesized HAP.
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Figure 2.3 Analysis of P3 and PO by circular dichroism spectroscopy.

(A) P3 and PO dissolved in Ca/PCE buffer used in CCSG experiments. (B) P3 and PO 
dissolved in HEPES buffer used in ITC experiments. Each peptide was resuspended at a 
concentration of 0.4 mM. CD spectra were collected at 37°C in 0.5-nm steps at a scan 
speed of 100 nm/min. Ca/P04 buffer composition: 500 pM Ca(NC>3)2, 300 pM 
Na2HP04, 150 mM NaCl, pH 7.4. HEPES buffer composition: 10 mM HEPES, 100 mM 
NaCl, 10 mM KC1, pH 7.4.
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Figure 2.4 Analysis of OPAR and P-OPAR by circular dichroism spectroscopy.

(A) OPAR and P-OPAR dissolved in Ca/P04 buffer used in CCSG experiments. (B) 
OPAR and P-OPAR dissolved in HEPES buffer used in ITC experiments. Each peptide 
was resuspended at a concentration of 0.4 mM. CD spectra were collected at 37°C in 
0.5-nm steps at a scan speed of 100 nm/min. Ca/P04 buffer composition: 500 pM 
Ca(N03)2, 300 pM Na2HP0 4, 150 mM NaCl, pH 7.4. HEPES buffer composition: 10 
mM HEPES, 100 mM NaCl, 10 mM KC1, pH 7.4.
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Table 2.1 Summary of the average fractional secondary structure of P3, PO,
OPAR and P-OPAR.

Peptide i> _ _ *
• • VAverage Fractional Secondary Structure Prediction

nutter a-Helix ß-strand ß-turn Unordered
n i Ca/P04 3.6 15.2 9.2 71.5
P3 HEPES 2.3 15.9 9.2 72.1

Pit Ca/P04 3.6 12.2 7.4 76.1r U HEPES 3.1 17.3 9.6 69.8
r\n  4 n Ca/P04 4.1 27.6 14.6 53.0
OPAR HEPES 3.5 23.1 13.1 59.7

n /An a n Ca/P04 3.7 28.9 18.0 48.6
P-OPAR HEPES 2.4 30.4 17.1 49.2

Ca/P04 buffer composition: 500 pM Ca(NC>3)2, 300 pM Na:HP04 and 150 mM NaCl, 
pH 7.40. HEPES buffer composition: 10 mM HEPES, 100 mM NaCl, 10 mM KC1, and 
pH 7.4.
v Reported fractional secondary structures are the average of those calculated using the 
CDSSTR and CONTINLL algorithms.



Figure 2.5 Schematic of constant-composition seeded-growth assay.

Seed crystals (2 mg) were grown in a solution composed of 500 pM CafNC^h, 300 pM 
Na2HP04 and 150 mM NaCl (pH 7.40, 37°C). The two titrant solutions were composed 
of 3.5 mM Ca(N03)2/300 mM NaCl and 2.1 mM Na2HPC>4/1.6 mM NaOH and were 
housed separately. The HAP crystals were kept suspended by a rotating Teflon-coated 
bar magnet (not shown). Figure not to scale.
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1) HAP crystal growth results in a pH drop (due to incorporation of OH" into the growing 
crystal lattice), 2) which is detected by the pH probe, which is interfaced to a computer.
3) In response to the pH drop, software (TimTalk) activates titrators that deliver 
concentrated Ca(N03)2/NaCl and Na2HP04/Na0 H solutions to reconstitute the starting 
Ca/P04 concentrations and restore the pH to 7.400. The stoichiometry of hydroxyapatite 
is Ca5(P0 4)3(0 H).The two titrant solutions were composed of 3.5 mM Ca(N03)2/300 mM 
NaCl and 2.1 mM Na2HP04/ 1.6 mM NaOH and were housed separately. Figure not to 
scale.

Figure 2.6 Detailed schematic of constant-composition seeded-growth assay.
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accomplished by taking advantage of the increasing acidity of the calcium phosphate 

solution as hydroxide ions are incorporated into the crystal lattice of the growing RAP. 

Any drop in pH below 7.400 detected by the pH probe activates the titrator to administer 

solutions containing calcium, phosphate and hydroxide in the ratios occurring in HAP 

(5:3:1). Titrant addition ceases once the pH of the solution returns to 7.400, and is 

resumed each time the pH drops below 7.400 for the duration of the assay. As the ratio of 

Ca/POpOH is the same in the titrants as in the growing crystals, a constant 

supersaturation will be maintained in the reaction solution. Alternatively, the pH of the 

solution can be maintained using a pH electrode, while the calcium and phosphate 

concentrations are controlled using a calcium-specific electrode.

The constant-composition seeded-growth assay used here involves an autotitration 

apparatus in which a pH electrode controls two burets. The “master” buret contains 

sodium phosphate and sodium hydroxide, the “slave” buret contains calcium nitrate and 

sodium chloride. The experimental variables include the concentrations of calcium and 

phosphate in the reaction solution, the pH of titrant 1 and the concentrations of calcium 

and phosphate in the titrants. To determine values for these variables that maintained a 

constant composition, a large number of exploratory studies were performed. For 

example, if concentrations of calcium and phosphate were observed to rise during the 

assay, the amount of NaOH in the phosphate titrant was increased for subsequent 

constant-composition trials. Our goal was to maintain the calcium and phosphate 

concentrations of the reaction solution within 5% of initial values throughout the assay 

period. A related goal was to achieve a linear rate of titrant addition: if reaction-solution
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supersaturation increases, titrant addition becomes exponential; if supersaturation 

decreases, addition becomes hyperbolic.

During this empirical determination of appropriate titrant concentrations to achieve 

constant composition, it was discovered that a constant flow of nitrogen through the 

reaction solution was essential to achieving a linear rate of crystal growth. If nitrogen 

flow is not constant, variable amounts of atmospheric carbon dioxide will dissolve into 

the reaction solution, altering the rate of titrant addition in response to crystal growth. 

This was accomplished by the use of a single-tube flow meter through which the flow of 

nitrogen could be controlled with adequate precision.

The conditions determined empirically to maintain linear HAP growth at constant 

supersaturation are described above (section 2.2.4.1). Under these conditions, it was 

observed that the growth of HAP was composed of two phases, an initial phase of 

exponential growth followed by an extended period of linear growth (Figure 2.7). The 

linear growth rate observed after 60 min of growth was used as a measure of the HAP 

growth rate. The rate of growth was found to be linearly proportional to the mass of HAP 

(Figure 2.8).



Ca2+ addition required to maintain constant solution composition during the course of a 
CCSG assay. Seeded with 2 mg of hydroxyapatite.

Figure 2.7 Example HAP growth curve.
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HAP growth rate was observed to be linearly proportional to the mass of HAP seed 
crystals added to the CCSG assay. The linear relation demonstrates that primary 
nucleation does not occur during the course of the experiment. Thus, consumption of 
calcium, phosphate and hydroxide from solution occurs solely due to incorporation of 
these ions into the growing crystal lattice of HAP seed crystals, n = 3.

Figure 2.8 Rate of HAP growth versus mass of seed HAP crystals.
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2.3.4 Protein/peptide inhibitory potency toward HAP Growth

The effects of rat rOPN, bovine mOPN, rat OPN-sequence-derived peptides and the 

model compound poly-Asp upon HAP growth were evaluated using the constant- 

composition assay. HAP growth rates, expressed as a percentage of standard (no added 

protein/peptide) rates, were plotted against protein/peptide concentration. The data for all 

peptides/proteins (except PO) were fitted to exponential decay curves in order that the 

proteins could be compared on the basis of their 50% inhibitory concentrations (IC5o).

A representative example of a family of titration curves of HAP growth rate in the 

presence of increasing concentrations of mOPN is illustrated in Figure 2.9. The slope of 

the linear portion of the HAP growth assay (Ih to 4h) decreased when higher 

concentrations of mOPN were used in the crystal growth assay. The IC50 for mOPN was 

observed to be 1.94 pg/ml and complete inhibition of HAP crystal growth was achieved 

with 4.6 pg/ml (Figure 2.1OA). In contrast, the unmodified rOPN's IC50 for HAP growth 

was 5.23 pg/ml and the growth was reduced to approximately 40% of the uninhibited 

crystal growth rate at the highest concentration tested (13 pg/ml) (Figure 2.1 OB).

P3 exhibited an IC50 of 2.03 pg/ml and the crystal growth rate was reduced by 

approximately 80% at the highest concentration of peptide tested (10 pg/ml) (Figure 

2.11 A). The IC50 of P0 could not be measured as this peptide exhibited considerably 

reduced inhibition compared to P3. At a concentration of 15 pg/ml P0 inhibited crystal 

growth by approximately 10% and extrapolation of the curve gave an IC5o of >75 pg/ml 

(Figure 2.1 IB).



Figure 2.9 Rate of HAP growth in the presence of increasing concentrations of 
mOPN.

HAP seed crystals (0.25 mg/ml) were grown in a solution composed of 500 pM 
Ca(N03)2, 300 pM NaoHPC^ and 150 mM NaCl (pH 7.40, 37°C). Samples were 
removed periodically, filtered to remove the HAP crystals, and the concentrations of 
calcium and phosphate were determined to ensure constant composition was maintained. 
A dose-dependent inhibition was observed with increasing concentrations of mOPN 
decreasing the HAP growth rate, n = 1.
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Figure 2.10 Rate of HAP growth in the presence of mOPN and rOPN.

HAP seed crystals (0.25 mg/ml) were grown in a solution composed of 500 pM 
Ca(N03)2, 300 pM Na2HP0 4 and 150 mM NaCl (pH 7.40, 37°C). Samples were 
removed periodically, filtered to remove the HAP crystals, and the concentrations of 
calcium and phosphate were determined to ensure constant composition was 
maintained.(A) The IC5o for mOPN was observed to be 1.94pg/ml and HAP growth was 
completely inhibited with -4.6 pg/ml [K = 0.1374, r2 = 0.990], whereas (B) the IC50 for 
rOPN was observed to be 5.23 pg/ml and the HAP growth rate was reduced to 
approximately 40% of the uninhibited growth rate (at highest concentration tested, 13 
pg/ml) [K = 2912, r2 = 0.978], n = 1.
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Figure 2.11 Rate of HAP growth in the presence of P3 and PO.

HAP seed crystals (0.25 mg/ml) were grown in a solution composed of 500 pM 
Ca(N0 3)2, 300 pM Na2HP04 and 150 mM NaCl (pH 7.40, 37°C). Samples were 
removed periodically, filtered to remove the HAP crystals, and the concentration of 
calcium and phosphate were determined to ensure constant composition was maintained. 
The 16mer P3 corresponds to residues 220-235 of rat OPN (pSHEpSTEQSDAIDpSAEK, 
where pS denotes phosphoserine).The 16mer P0 corresponds to residues 220-235 of rat 
OPN (SHESTEQSDAIDSAEK). (A) The IC50 of P3 was observed to be 2.03 pg/ml and 
HAP growth was reduced approximately 80% at the highest concentration tested (10 
pg/ml) [K = 0.4682, r2 = 0.995], whereas (B) the IC50 of P0 was extrapolated to be 
greater than 75 pg/ml [y = -0.6650x + 100.4, r2 = 0.840]. n = 1.
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P-OPAR and OPAR exhibited ICso's of 1.65 pg/ml and 2.47 pg/ml, respectively 

(Figure 2 .12A and B). Complete inhibition of HAP growth was achieved with a 

concentration of 7.4 pg/ml P-OPAR and 9.2 pg/ml OPAR.

Poly-Asp ( 11,000 Da) was observed to possess an IC50 of 1.45 pg/ml and completely 

inhibited crystal growth at a concentration of approximately 5.5 jag/ml (Figure 2.13).

See Table 2.2 for a summary of results obtained from CCSG experiments.



HAP seed crystals (0.25 mg/ml) were grown in a solution composed of 500 pM 
Ca(N03)2, 300 pM Na2H P04 and 150 mM NaCl (pH 7.40, 37°C). Samples were 
removed periodically, filtered to remove the HAP crystals, and the concentration of Ca 
and P 0 4 were determined to ensure constant composition was maintained. P-OPAR = 
phosphorylated OPN poly-aspartic acid region corresponds to residues 65-80 of rat OPN 
(pSHDHMDDDDDDDDDGD, where pS denotes phosphoserine). OPAR = osteopontin 
poly-aspartic acid region corresponds to residues 65-80 of rat OPN 
(SHDHMDDDDDDDDDGD). (A) The IC50 for P-OPAR was observed to be 1.65 pg/ml 
and HAP growth was completely inhibited at ~~7.4 pg/ml [K = 0.3588, r2 = 0.995], 
whereas (B) the IC50 for OPAR was observed to be 2.47 pg/ml and HAP growth was 
completely inhibited at ~9.2 pg/ml [K = 0.2334, r2 = 0.997], n = 1.

Figure 2.12 Rate of HAP growth in the presence of P-OPAR and OPAR.



O
PA

R
 concentration ( jug/m

L)

CD
Growth rate (percent of standard) Growth rate (percent of standard)

GOIO

■O
U



Figure 2.13 Rate of HAP growth in the presence of poly-Asp.

HAP seed crystals (0.25 mg/ml) were grown in a solution composed of 500 pM 
Ca(NC>3)2, 300 pM Na2HPC>4 and 150 mM NaCl (pH 7.40, 37°C). Samples were 
removed periodically, filtered to remove the HAP crystals, and the concentration of 
calcium and phosphate were determined to ensure constant composition was maintained. 
MW of poly-Asp = 11,000 (Sigma).The IC50 was observed to be 1.45 pg/ml and HAP 
growth was completely inhibited at ~5.5 pg/ml [K = 0.3893, r2 = 0.994], n = 1.
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Peptide^
P r o te in

#
R e sid u e s

#
p o 4

#  A c id ic  
R e sid u e s

#  B a sic  
R esid u es

N et
C h arge*

N et
C h a r g e /
R esid u e

ic30
(p g /m l)

icso
(n M )

Poly-
AspA ~95 0 ~95 0 ~ -95 - 1 1.45 131.8

P-
OPAR 16 1 11 0 -13 -0.81 1.65 867.3

mOPNp 262 25 62 28 -84 -0.32 1.94 57.5

P3 16 3 5 1 -10 -0.63 2.03 1033.3

OPAR 16 0 11 0 -11 -0.69 2.47 1353.8

rOPN 301 0 75 27 -48 -0.16 5.23 157.3

P0 16 0 5 1 -4 -0.25 >75 >42597

Net charge = (-1 x # acidic residues) + (1 x # basic residues) + (-2 x # 
phosphorylated residues). Charge of phosphoserine was determined based on the 
average of the pKa values obtained from [292-294].
A Poly-Asp of 11,000 MW possesses an average of 95 residues per polymer. 
^Phosphate content and molecular mass (for pM IC50 calculation) obtained from 
[105],
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2.4 Discussion

2.4.1 Constant-composition seeded-growth assay

CCSG experiments revealed that the HAP growth was composed of two distinct 

phases: an initial rapid growth rate that slowed over the course of the first 60 min, after 

which a constant rate of growth was observed. Previous studies have shown that the 

initial rapid growth phase results from crystal growth at several different types of crystal 

surface imperfections [295, 296], These include steps, kinks and screw dislocations (see 

Figure 1.2). Whereas the growth of steps and kinks leads to their disappearance, growth 

at screw dislocations does not [246]. Thus, over time crystal growth slows to a constant 

rate at which point growth predominantly takes place at screw dislocations. The 

transition to constant growth was found to occur within the first 60 minutes at the 

supersaturation level chosen for these studies and has been observed by others utilizing 

the constant-composition seeded-growth assay [297, 298]. The slope of the linear growth 

curve (representing the amount of calcium ions incorporated into the growing crystals) 

from 1 h through 4 h was used to calculate the HAP growth rate in the peptide and 

protein inhibition experiments.

The linear relationship observed between the HAP growth rate and the mass of seed 

crystals used, as shown in Fig 2.8, indicates that primary crystal nucleation does not 

occur during the course of a CCSG experiment at the supersaturation level chosen. Thus, 

the measured growth rate was due solely to growth of the HAP seed crystals. Growth
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inhibition experiments were thus performed using a constant mass of 2 mg seed HAP and 

increasing concentrations of protein/peptide.

2.4.2 Peptide secondary-structure analysis

Although calcium is known to affect the secondary and tertiary structures of many 

proteins (e.g. [299]), no major structural differences were observed in any of the peptides 

studied between the two buffers tested. Each peptide displayed very low levels of a- 

helical structure (< 5%). Even though a-helices are typically 4 to 12 residues in length 

[300], this is unsurprising as it is well known that short peptides do not typically exhibit 

significant a-helical structure in solution. This results from the inability of a short 

peptide to generate a sufficient number of stabilizing interactions to offset the entropic 

cost o f folding into an a-helix [301J.

The a-helix is a highly constrained structure in that it generally shows very small 

variations in the geometry of its psi and phi bond angles [302]. Unfortunately, the same 

is not true for p-tums and P-sheets, which are often bent/twisted and show a much larger 

variation in y/cp angles. The observed variation in CD spectra of P-structures results in 

variable ability of spectral-analysis algorithms to estimate the P-content of proteins [303], 

Both secondary structure prediction algorithms used here estimated approximately 10% 

P-tum structure in P3/P0 and 13%-18% in OPAR/P-OPAR. Furthermore, P-strand 

secondary structure was estimated to be -15% and -30% in P3/P0 and OPAR/P-OPAR 

peptides, respectively. All peptides used in this study were 16 residues in length. This 

would correspond to P-tums of less than 2 residues in the P3/P0 peptides and less than 3 

residues for OPAR/P-OPAR. The 4 types of turns identified in proteins thus far, a-, p-,
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'{- and 7r-tums, require 5, 4, 3, and 6 residues, respectively [304], Thus, it is unlikely that 

the reported percentages represent the true (3-tum content of the peptides under study.

The (3-strand is typically comprised of 5-10 amino acids, the majority of which exist 

in a hydrogen bond network with other adjacent (3-strands, referred to as a (3-sheet [305]. 

The (3-strand percentages reported by the CD spectrum analysis algorithms would consist 

of less than 3 residues for the P3/P0 peptides, and 4 to 5 residues for the OPAR/P-OPAR 

peptides. The high preponderance of disorder-promoting residues D, M, K, S, Q and E 

[101], which constitute 69% and 82% of P3/P0 and OPAR/P-OPAR, respectively, 

coupled to the qualitative observation that each spectrum possesses the strong negative 

band near 200 nm which is characteristic of disordered polypeptides [306], puts the 

calculated (3-strand content in question. This is further supported by the total lack of the 

bands characteristic of (3-strands (negative at 216 and 175 nm and positive between 195 

and 200 nm) [306], Therefore, it is likely that these 4 peptides exist predominantly in the 

disordered state in solution.

2.4.3 HAP growth inhibition by proteins/peptides

Of the proteins and peptides examined in this study, mOPN, P3, OPAR and P-OPAR 

displayed a strong potency toward HAP growth inhibition, with each having an IC5o 

below 2.5 pg/ml. The model compound poly-Asp, composed of consecutive acidic 

residues, was observed to have the greatest inhibitory potency toward HAP growth and 

required the lowest concentration to achieve complete inhibition of crystal growth. This 

is in agreement with the findings of Tsortos and Nancollas who, using a constant- 

composition assay with similar supersaturation levels, reported that complete inhibition
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of HAP growth occurred at a poly-Asp concentration of approximately 5 pg/ml, 

compared to approximately 5.5 pg/ml found in this study [276]. Similarly, the 

consecutive short sequence of aspartic acidic residues found in OPAR seems to confer a 

high degree of inhibitory potency. In the presence of P-OPAR the inhibition of HAP 

crystal growth increased only slightly. Of the macromolecules studied, rOPN possesses 

the highest IC50. PO essentially lacks inhibitory activity at concentrations at which the 

other compounds elicit significant reductions in HAP growth rate.

Of the strong inhibitors, the inhibition potency of poly-Asp > P-OPAR > mOPN > P3 

> OPAR when ranked according to their IC50 (by weight). The promotion of HAP 

growth by low concentrations of mOPN reported by Gericke et al. was not observed [52]. 

It is possible that differences in experimental setup are responsible for the observed 

difference. Gericke et al. utilized a steady-state double-diffusion gelatin-gel system. The 

results of the current study align with the prevailing theory that increased 

phosphorylation of inhibitory macromolecules yields more potent crystal growth 

inhibitors and parallel the findings of Wikiel et al. [279]. This group utilized a constant- 

composition seeded-growth assay to study differentially phosphorylated pentapeptides 

derived from the salivary protein statherin. Furthermore, the results observed by Gericke 

et al. describing a complete lack of HAP growth inhibitory effect by rOPN was also not 

observed in this study [52]. In addition to the above stated differences in experimental 

procedure that may be responsible for the observed differences, the sensitivity of the 

gelatin-gel system appears to be an order of magnitude below that of the CCSG assay. 

Gericke et al. report that at least 10 pg/ml of bovine mOPN was required for detection of 

HAP growth inhibition, and at 25 pg/ml growth was reduced by approximately 40% [52].
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In contrast, the CCSG assays performed in this study resuited in HAP growth being 

decreased by 50% in the presence o f -1.94 pg/rnl mOPN and complete inhibition of 

growth in the presence of -4 .6  jag/ml. Considering mOPN was observed to possess a 

much higher inhibitory potency than rOPN in the CCSG assay, the maximum 

concentration of rOPN used by Gericke et al. in the gelatin-gel system (25 ug/ml) may be 

an order of magnitude too low to observe significant reductions in HAP growth [52).

The concentration of OPN in the urine of healthy adults has been reported to be 

approximately 3.5 pg/ml [214], Thus, since the strong HAP growth inhibitors reported in 

this study each displayed an IC50 at least 1.5-fold lower than the physiological 

concentration of OPN in urine, they would likely inhibit HAP growth in urine as well. 

Furthermore, these results provide evidence that the OPN concentration present in the 

urine of healthy adults is capable of reducing the rate of HAP growth within urine, 

corroborating the findings that OPN is able to inhibit the spontaneous formation of CaP 

mineral phases in vivo [30].

Acidic residues are known to be important in conferring inhibitory potency to 

peptides and proteins [32, 36, 37, 269], Lacking all post-translational modifications, 

rOPN was observed to be a relatively poor inhibitor of HAP crystal growth. The 

inhibitory potency of rOPN, which is composed of approximately 30% acidic residues, 

was markedly greater than the equally acidic P0 which possessed the lowest degree of 

HAP growth inhibition. This suggests that regions within rOPN similar in composition to 

P0 do not effectively inhibit HAP growth, if this were true, OPAR, as the only 

significantly acidic region within rOPN, would be expected to be providing the majority 

of rOPN’s inhibitory potency. Yet, this is refuted by the finding that OPAR’s molar IC50
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is much greater than that of rOPN. Thus, although PO is a weak inhibitor of HAP growth, 

it is evident that regions adjacent to the poly-aspartic acid region within rOPN contribute 

to its inhibitory potency. This implies that the length of a polypeptide inhibitor is an 

important variable contributing to HAP growth inhibition, with increasing length 

producing greater inhibitory potency.

The 25 phosphoserine residues present in bovine mOPN produced a much more 

potent inhibitor, exhibiting an IC50 approximately three times lower than rOPN. Thus, 

post-translational phosphorylation is able to increase the potency of weak inhibitors. In 

agreement with this, the inhibitory potency of PO was markedly increased by the addition 

of the 3 phosphoserine residues present in P3. These 3 phosphoserines collectively 

increase the magnitude of the negative charge by approximately six (net charge of ~ -10). 

Thus, the observation that phosphate clusters and blocks of consecutive aspartic acid 

residues are both able to effectively inhibit HAP growth suggests that regions possessing 

concentrated negative charge are required to produce a robust inhibitor. It should also be 

noted that the tissue-specific post-translational phosphorylations may be evolutionarily 

adapted phospho-forms of OPN possessing optimal crystal growth inhibition properties 

tailored to their unique physiological environments.

Of the polypeptides tested, the strong inhibitors all possess a relatively high average 

net negative charge per residue, except for mOPN. which possesses a much higher 

inhibitory potency than would be predicted based on this measure (Table 2.2). Franzen 

and Heinegard (1985) reported that bovine mOPN possesses ~5% (of dry weight) sialic 

acid content [41J. Taking these sialic acid moieties into account increases the magnitude 

of average net negative charge per residue marginally, to ~ -0.35 from ~ -0.32, and
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remains approximately one-half the magnitude of the average net negative charge per 

residue of the other strong inhibitors observed in this study. Thus, assuming the CMinked 

glycosylations present on mOPN do not possess a high affinity for the surface of HAP -  

suggested by the fact that dephosphorylated OPN loses most of its inhibitory potency -  

the higher-than-expected inhibitory potency of mOPN is likely not due to the increased 

negativity contributed by the sialic acid moieties. Unlike the other strong HAP growth 

inhibitors investigated in this study such as the homo-polymer poly-Asp and the 

relatively short 16mer peptides, mOPN is a relatively large and complex molecule with 

regard to its sequence and the number of anionic clusters (both phospho-clusters and 

poly-acidic regions). Thus, a synergistic effect between the affinities of each anionic 

cluster is hypothesized to be responsible for the greater-than-expected inhibitory potency. 

This effect would produce a much stronger avidity for the mOPN molecule toward the 

surface of FLAP than the sum of the anionic clusters’ individual affinities. This effect 

may also explain the difference in molar inhibitory potency between rOPN, OPAR, and 

PO. Although this suggestion accounts for the observations of the present study, future 

experiments are required for its validation.
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Chapter Three -  Isothermal Titration Calorimetry of the 

Osteopontin-Hydroxyapatite Interaction
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3.1 Introduction

Almost all chemical reactions and physical adsorption processes exhibit some exo- or 

endothermic enthalpy change (AH) that can be directly measured through isothermal 

titration calorimetry (ITC). ITC is also able to measure the full binding isotherm of an 

interaction, from which the binding/equilibrium constant Kb can be deduced. Thus, ITC 

can provide a full thermodynamic characterization of an interaction, and is unique in its 

ability to do so without the need to chemically modify the interacting molecules 

(reviewed in [307]).

ITC has been used to assess the thermodynamics of the salivary protein statherin and 

HAP interaction [285], Mutational studies can also be performed to reveal the role of 

specific residues on the adsorption process to mineral, as was shown with statherin [308], 

The thermodynamics of OPN adsorption to HAP was previously unknown and was 

characterized using ITC in this study. This approach was also used to study the peptides 

P0, P3 and the homopolymer poly-Asp in order to elucidate the effects of acidic residues 

and phosphorylation on the thermodynamics of peptide/protein adsorption to HAP.

ITC experiments are typically performed on interactions with a quantitative 

relationship between the interacting molecules. For example, protein A may interact with 

protein B with a 1:1 stoichiometry. However, a heterogeneous population of HAP 

crystals poses a unique problem to the thermodynamic characterization of peptide-crystal 

adsorption. Since each peptide/protein, as suggested by the CCSG inhibition 

experiments, likely has a distinct number of binding sites for the HAP crystals utilized in 

this study, it was necessary to elucidate the stoichiometry of each adsorbate-HAP 

interaction prior to analysis by ITC. This was performed with a series of equilibrium



adsorption isotherm (EAI) experiments in which increasing amounts of peptide/protein 

were equilibrated with a defined mass of HAP crystals. The thermodynamic 

characterization of each adsorption interaction was thus performed subsequent to the 

elucidation of the maximum number of binding sites (Nmax) per unit surface area of HAP 

for each polypeptide.

3.2 Materials and Methods

3.2.1 Chemicals and reagents

95

Ca(N 03)2 4-H20  (>99.0%) Sigma-Aldrich (St. Louis, MO)

Na2H P04 (>99.0%) EMD Chemical Inc. (Gibbstown, NJ)

NaCl (>99.5%) Sigma-Aldrich (St. Louis, MO)

NaOH (>98%) EMD Chemical Inc. (Gibbstown, NJ)

Microcal VP high-sensitivity ITC MicroCal (Northampton, MA)

Thermo Vac MicroCal (Northampton, MA)

Origin Software MicroCal (Northampton, MA)

0.2-pm Acrodisc Syringe Filter (polyethersulfone) PALL Corp. (Ann Arbor, MI)

Poly-L-Aspartic acid (sodium sait) 11,000 MW Sigma (St.Louis, MO)

IUPAC. Buffer pH 7.000 Radiometer Analytical 
(Villeurbanne, FR)

IUP AC Buffer pH 10.012 Radiometer Analytical 
(Villeurbanne, FR)

Calomel pHC4006 electrode Radiometer Analytical 
(Villeurbanne, FR)

Fluoraldehyde reagent solution Pierce (Rockford, IL)
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96-well Flat-Bottom Immuno Plate Nalge Nunc International (Rochester,
NY)

Safire Microplate Reader Tecan (Mannedorf, Switzerland)

Water was Milli-Q quality with 18 Mega ohms resistance

3.2.2 Equilibrium adsorption isotherm

A concentration series of peptide/protein (0 to 220 pg/ml, unless otherwise noted) 

was incubated with stirring at 37 °C in 0.5 ml of 1 mg/ml HAP (for synthesis and 

characterization see sections 2.2.2 and 2.3.1, respectively) slurry in HEPES buffer (10 

mM HEPES, 100 mM NaCl, 10 mM KC1, pH 7.40). After 4 h the HAP was pelleted 

from the slurry by centrifugation at 16,100 g for 5 min. 350 pi of the supernatant was 

then removed and assayed for the concentration of free (unbound) peptide/protein.

Protein concentration was measured using fluoraldehyde reagent solution following the 

Microassay protocol with an appropriate ratio of sample-to-reagent volume (determined 

by trial and error for each peptide/protein). The sample/reagent solution was then excited 

at 340 nm and the fluorescence measured at 450 nm using a Safire microplate reader.

The concentration of peptide/protein was determined by comparison of unknowns with a 

standard curve created using a known quantity of purified sample protein as determined 

by amino acid analysis (Institute for Biomolecular Design, U of A/Advanced Protein 

Technology Centre, SickKids). The free peptide/protein concentration was then 

subtracted from total protein added to slurry to calculate the mass of protein bound to the

HAP.



97

3.2.3 Isothermal titration calorimetry

Thermodynamic effects were measured with a Microcal VP high-sensitivity 

isothermal titration calorimeter using a protocol adapted from Goobes et al. (2006) [285]. 

The probe solutions were degassed under vacuum (ThermoVac) for 10 min at 37°C prior 

to loading into the ITC cell (1.4 ml) and syringe (300 pi). Data were acquired and 

analyzed with Origin software developed by Microcal. HEPES/HAP slurry (2 mg/ml) 

was prepared and left on a rotator at least 12 hours prior to running an ITC experiment to 

equilibrate. One ml of this slurry was removed immediately prior to the ITC experiment 

to be performed and the HAP was removed using a 0.2-pm filter. This HAP-equilibrated 

HEPES buffer was then used to resuspend the peptide/protein in the appropriate volume 

minus 5 pi. The pH of the peptide/protein solution (595 pi) was then adjusted to that of 

the HAP slurry (approximately pH 7.5) using less than 5 pi of 62 mM NaOH. The 

solution was then brought to a final volume of 600 pi to achieve the appropriate 

concentration. Binding constants and reaction enthalpies were measured by injection of 

peptide into 2 mg/ml HAP/HEPES slurry. The injections were 10 pi of 100 pg/ml 

peptide/protein solution into the sample cell spaced at 7-min intervals (unless otherwise 

stated). A 2-pl initial injection was discarded from the analysis to minimize error 

associated with diffusion of peptide/protein from the syringe prior to the first injection. 

Control measurements were made by injecting the corresponding polypeptide into the 

calorimeter cell filled with 0.2 pm-filtered HEPES buffer that had been previously 

equilibrated with HAP crystals for at least 12 h. Prior to data analysis, the heat value 

determined from the corresponding control experiment was subtracted to correct for heat 

contributed by polypeptide dilution caused by injection of the syringe solution into the
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cell. Peptide/protein injection produced an endothermic heat of reaction that was 

determined by integration of the heat flow tracings. For all conditions studied, at least 

two independent experiments were performed.

3.3 Results

3.3.1 Equilibrium adsorption isotherm

The EAIs for the polypeptides adsorbing onto HAP (for synthesis and 

characterization see sections 2.2.2 and 2.3.1, respectively) at 37°C are expressed as the 

number of moles adsorbed per unit of surface area (N) versus the equilibrium 

concentration of free peptide/protein in solution (Figures 3.1 to 3.4, Table 3.1). The 

measured data points were collected after allowing 4 h for equilibration at each 

concentration, after which the concentration of protein in the supernatant was determined. 

This value was then used to calculate the mass of protein bound to the HAP. The data 

were fitted to a first-order Langmuir model.

It was observed that the maximum number of binding sites (Nmax) for peptides P3 and 

PO were 4.69 ± 0.46 x 10’7 and 8.92 ± 2.30 x 10'8 mole/m2, respectively (Figure 3.1 and 

3.2. Table 3.1). This corresponds to mass per area coverage of 921 ± 90 pg/m2 for P3 

and 154 ±41 pg/m2 for PO. When comparing these peptides on a molar ratio, 

approximately six times more P3 binds to an equal mass of HAP than PO.

The maximum number of binding sites for rOPN (Figure 3.3) and poly-Asp (Figure 

3.4) were 7.10 ± 0.36 xlO'8 and 7.35 ± 0.53 x 10'8 mole/m2, respectively. Thus, 

approximately the same number of molecules bound to equal surface areas of HAP. The
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poly-Asp used in this study is approximately one-third the length of rOPN (-95 vs. 301 

residues, respectively). A comparison of mass per area coverage of both polymers 

reveals that 2,361 ± 120 pg of rOPN adsorbs to one square meter of HAP, whereas only 

809 ± 68 p.g of poly-Asp is required to cover the equivalent area.



Figure 3.1 Equilibrium Adsorption Isotherm of P3.

P3 was allowed to equilibrate in 0.5 mg HAP (1 mg/mL) in HEPES buffer at 37°C for 4 
h. Nmax was observed to be 4.69 ± 0.46 x 10"7 mole P3 per m2 HAP and the KD = 2.94 ± 
0.71 x 10’5. Data points were fit to a one-site binding model, n = 2.
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Figure 3.2 Equilibrium Adsorption Isotherm of PO.

PO was allowed to equilibrate in 0.5 mg HAP (1 mg/mL) in HEPES buffer at 37°C for 4 
h. Nmax was observed to be 8.92 ± 2.30 x 10'8 mole PO per m2 HAP and the Kd = 1.58 ± 
0.93 x 10 5. Data points were fit to a one-site binding model, n = 2.
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Recombinant OPN was allowed to equilibrate in 0.5 mg HAP (1 mg/mL) in HEPES 
buffer at 37°C for 4 h. Nmax was observed to be 7.10 ± 0.36 x 10'8 mole rOPN per m2 
HAP and the Kd = 3.55 ± 0.46 x 10’6. Data points were fit to a one-site binding model, n 
= 9

Figure 3.3 Equilibrium Adsorption Isotherm of rOPN.
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Figure 3.4 Equilibrium Adsorption Isotherm of poly-Asp.

Poly-Asp was allowed to equilibrate in 0.5 mg HAP (1 mg/mL) in HEPES buffer at 37°C 
for 4 h. Nmax was observed to be 7.35 ± 0.53 x 10'8 mole poly-Asp per m2 HAP and the 
Kd = 3.43 ± 0.71 x 10‘6. Data points were fit to a one-site binding model, n = 2.
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Table 3.1 Summary of equilibrium adsorption isotherm Nmax and Kd at 37°C 
for the peptides/proteins investigated.

Peptide/protein Nmax (mole/m2) Nmax (pg/m2) Kd (M)
Poly-Asp 7.35 ±0.53 x 10‘8 809 ± 68 3.43 ±0.71 x 10 6

rOPN 7.10 ± 0.36 x 10'8 2361± 120 3.55 ± 0.46 xlO 6
P0 8.92 ± 2.30 x 10 s

----7TT7----------- 77T7-----
157 ±41 1.58 ±0.93 x 10°

^  ^  ^  t  i  r\-bP3 4.69 ±0.46 x 10“' 921 ±90 2.94 ±0.71 x 10°
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3.3.2 Isothermal titration calorimetry

Heats of reaction determined using isothermal titration calorimetry allow the Gibbs 

free energy (AG) to be calculated using the standard thermodynamic relationship [AG = - 

RT*lnKb] where T is the absolute temperature, R is the gas constant and Kb is the 

equilibrium constant (revealed by ITC). Direct measurement of the enthalpy then allows 

for the elucidation of the entropic (AS) contribution to the overall observed free energy 

using the Gibbs’ equation, AG = AH -  TAS, thus providing a complete thermodynamic 

characterization of the adsorption process. This is important since the free energies of 

two interactions possessing identical affinities may have different enthalpic and entropic 

components.

In order to study the effects of phosphorylation of the peptides/proteins on the 

thermodynamics of adsorption onto HAP, we have used ITC to detect the heat exchanged 

during the titration of rOPN, mOPN, P3, and PO into a HAP slurry. Due to limitations in 

protein quantity, an EAI of mOPN was not performed, thus the ITC experiments of 

mOPN were performed for qualitative analysis only.

Both rOPN and mOPN underwent an endothermic reaction with HAP (Figure 3.5 and 

3.6). The rOPN titration exhibited an apparent endothermic heat of adsorption of 

approximately 28.4 kcal/mol and the detected heats decayed to zero after only 

approximately 10% of the EAI-calculated total number of binding sites were occupied 

(Figure 3.5). The largest observed heat of adsorption of the peptides/proteins studied was 

that of mOPN at -548.5 kcal/mol; however, as described above an EAI could not be 

performed (Figure 3.6). Without the knowledge of the number of mOPN binding sites on 

HAP the percentage of total sites occupied at which enthalpy decreases



The upper panel shows the heats for the injection of rOPN into HAP after correcting for 
the heat of dilution. These peaks were integrated and plotted as enthalpy per mole rOPN 
injected versus the molar ratio between total injected rOPN and total HAP adsorption 
sites. The solid line is a fit of the data to a one-site binding model. The calorimeter cell 
contained the HAP/HEPES slurry, and 10-pl injections of rOPN (200 pg/mL) were made 
at 7-min intervals. Recombinant OPN was dissolved in identical HEPES buffer as the 
equilibrated HAP slurry after the HAP was removed by filtration through a 0.2-pm filter. 
The temperature was 37°C. R2 = 0.596. n = 2.

Figure 3.5 Calorimetric titration of HAP with rOPN.
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The upper panel shows the heats for the injection of mOPN into HAP after correcting for 
the heat of dilution. These peaks were integrated and plotted as enthalpy per mole mOPN 
injected. The total number of HAP adsorption sites was not known for mOPN so the 
molar ratio between total injected mOPN and total HAP adsorption sites could not be 
calculated, thus the x-axis of lower panel was left blank. The solid line is a fit to the data 
to a one-site binding model (using the number of HAP binding sites found for rOPN).
The calorimeter cell contained the HAP/HEPES slurry and 10-pl injections of mOPN 
(100 pg/mL) were made at 7-min intervals. Milk OPN was dissolved in identical HEPES 
buffer as the equilibrated HAP slurry after the HAP was removed by filtration through a 
0.2-pm filter. The temperature was 37°C. R2 = 0.955. n = 2.

Figure 3.6 Calorimetric titration of HAP with mOPN.
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to zero could not be elucidated. The homopolymer poly-Asp possessed an observed heat 

of adsorption approximately ten-fold lower (~50 kcal/mol) than that of mOPN, and 

similar to rOPN, the measurable enthalpy decayed to zero when only a small fractional 

coverage (~5%) of the total HAP binding sites was achieved (Figure 3.7). Based on the 

ITC data, the apparent free energy of adsorption of rOPN and poly-Asp to HAP is 

approximately -10 kcal/mol (Table 3.2).

It is seen in Figure 3.8 that the enthalpy of adsorption of P3 is endothermic. The 

apparent free energy of P3 adsorption to HAP was observed to be approximately -8.9 

kcal/mol, similar to the free energy of rOPN and poly-Asp adsorption (Table 3.2). 

Moreover, the enthalpy approaches zero after only enough P3 has been injected to occupy 

approximately 10% of the sites on the HAP as determined by the equilibrium adsorption 

isotherm. No detectable heat was observed for the remaining ~30 injections (Figure 3.8). 

In contrast, no heat of adsorption was observed when P0 was injected into the HAP 

slurry. The ITC profile of P0 remained identical to the HAP blank experiment even after 

the injection volume was doubled to ensure that the lack of a detectable enthalpy was not 

due to a lower heat signature compared to that observed for P3 (Figure 3.9).



The upper panel shows the heats for the injection of poly-Asp into HAP after correcting 
for the heat of dilution. These peaks were integrated and plotted as enthalpy per mole 
poly-Asp injected versus the molar ratio between total injected poly-Asp and total HAP 
adsorption sites. The solid line is a fit to the data to a one-site binding model. The 
calorimeter cell contained the HAP/HEPES slurry and 10-pi injections of poly-Asp (100 
pg/mL) were made at 8-min intervals. Poly-Asp (11,000 Da) was dissolved in identical 
HEPES buffer as the equilibrated HAP slurry after the HAP was removed by filtration 
through a 0.2-pm filter. The temperature was 37°C. R2 = 0.962. n = 2.

Figure 3.7 Calorimetric titration of HAP with poly-Asp.
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Figure 3.8 Calorimetric titration of HAP with P3.

The upper panel shows the heats for the injection of P3 into HAP after correcting for the 
heat of dilution. These peaks were integrated and plotted as enthalpy per mole P3 
injected versus the molar ratio between total injected P3 and total HAP adsorption sites. 
The solid line is a fit to the data to a one-site binding model. The calorimeter cell 
contained the HAP/HEPES slurry and 5-p.l injections of P3 (100 pg/mL) were made at 
15-min intervals. P3 was dissolved in identical HEPES buffer as the equilibrated HAP 
slurry after the HAP was removed by filtration through a 0.2-pm filter. The temperature 
was 37°C. R2 = 0.951. n = 2.
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The upper panel shows the heats for the injection of PO into HAP after correcting for the 
heat of dilution. These peaks were integrated and plotted as enthalpy per mole PO 
injected versus the molar ratio between total injected PO and total HAP adsorption sites. 
The solid line is a fit to the data to a one-site binding model. The calorimeter cell 
contained the HAP/HEPES slurry and 10-pi injections of PO (100 pg/mL) were made at 
15-min intervals. PO was dissolved in identical HEPES buffer as the equilibrated HAP 
slurry after the HAP was removed by filtration through a 0.2-pm filter. The temperature 
was 37°C. n = 2.

Figure 3.9 Calorimetric titration of HAP with PO.



-50 0

0 .010 -

0.005

o 0.000
CD
in
"cö -0.005
on

- 0 . 010 -

-0.015 • 
0.6

C 0.4- 
ce

■4— ■»O

c  0.2 •

o
o
0  o . o

1

- 0.2

Time (min)
50 100 150 200 250 300 350

i — 1— r

■ l , B |  #
■ ■ ■
■ ■ ■ M  _

■■

1 ----
0.00 0.05 0.10 0.15

Molar Ratio
0.20 0.25



121

Table 3.2 Summary of the apparent thermodynamic parameters at 37°C for the
peptides/proteins investigated using ITC

Protein
/

Peptide
Kd
(M) Nv ^Hobs

(kcal/mol)
TASobs

(kcal/mol)
AGapp

(kcal/mol)

Poly-
Asp 9.71 ±3.89 x 10'8 0.012 ±0.004 105.0 ±35.6 115.0 -10.0

rOPN 9.17 ± 12.4 x 10'8 0.018 ±0.011 28.4 ±21.9 38.4 -10.0

mOPN N/D N/D 548.5 ± 380.3 N/D N/D

P3 4.55 ± 1.30 x 10'7 0.027 ± 0.002 21.8 ± 2.1 30.8 -9.0

P0 N/D N/D N/D N/D N/D

¥  -  Binding stoichiometry determined by ITC, polypeptide/HAP.
N/D -  not determined.
Experiments were performed in HEPES buffer (10 mM HEPES, 100 mM NaCl, 10 
mM KC1, pH 7.4).
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3.4 Discussion

Examination of the EAI data reveals that at saturation, approximately six times more 

P3 molecules are bound to the surface of HAP than poly-Asp. This roughly correlates to 

the difference in mass between the two molecules, poly-Asp being approximately six 

times the mass of P3. Therefore, the amounts of each required to fully saturate the HAP 

surface were quite similar, with 904 pg/m2 of P3 required versus 798 pg/m2 of poly-Asp. 

This may suggest that both these molecules bind to similar features on HAP and adsorb 

through a similar mechanism, since the total mass of each molecule required to cover the 

surface of HAP was similar. Goldberg et al., who also studied the adsorption of poly- 

Asp onto HAP found that 628 pg/m2 was required to saturate the crystal surface [309], 

The difference in values obtained is likely due to a combination of several factors 

including variation in: the molecular weight of poly-Asp, the physical properties of the 

synthetic HAP and the experimental protocols (e.g. binding buffer, equilibration 

temperature and polypeptide labeling).

In contrast, despite the difference between the mass of rOPN and poly-Asp, the 

number of binding sites for these two molecules was found to be very similar to one 

another. Recombinant OPN, being about three times the length of poly-Asp, required 

2358 pg/m2 compared to 798 pg/m2 for poly-Asp to fully saturate the ELAP surface.

Thus, rOPN, being three times more massive than poly-Asp, also required three times 

more mass to saturate the equivalent area of HAP. Since poly-Asp and P3 are both 

robust inhibitors of HAP growth and required the lowest masses to fully saturate the HAP 

surface, it is likely that more of each molecule is closely juxtaposed with the crystal 

surface compared to rOPN. Furthermore, the Nmax of rOPN detected in this study, 2358



ug/m", was markedly greater than that measured by Goldberg et al., 490 pg/m" [309J. 

This discrepancy is likely due to use of recombinant OPN in this study, compared to 

native porcine OPN used in the previous analysis. The native OPN is expected to possess 

a higher affinity for the HAP surface than rOPN due to its post-translational 

phosphorylated residues. Indeed, the anticipated difference in the affinity for the HAP 

surface of the native compared to the recombinant protein was observed, with the Kd 

measured in this study, 3.55xl0’6 M, being approximately an order of magnitude lower 

than that reported by Goldberg et a l, 3.26xl0"7 M [309].

In combination with the EAI data, the ITC experiments allowed for a complete 

thermodynamic characterization of adsorption to HAP for the polypeptides under study. 

This includes the values of AH0bS, K B (= I/K d), AG0bS and AS0bs- The subscript ‘obs’ is 

used to designate that the ‘observed’ parameters determined using ITC include 

contributions from all of the events that might give out or take in heat during the 

adsorption process. KB and the derived AG0bS provide a measure of the affinity of an 

interaction, AH0bS is derived from the net heats of making and breaking bonds, and AS0bs 

is a reporter of the net change in order of the system under study.

Analysis of the ITC data reveals several interesting trends. For the polypeptides for 

which the Gibbs free energy could be calculated -  poly-Asp, rOPN and P3 -  all were 

observed to be similar, ranging between approximately -9 to -10 kcal/mol. This 

coincides with the -10.1 kcal/mol observed by Goobes et al. for the free energy of 

statherin adsorbing to HAP [285], Thus, the driving force for adsorption to HAP is quite 

similar for these molecules despite their differing amino acid sequences, MWs and 

physical properties. However, the enthalpies and entropies for the peptides and proteins
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were quite distinct. For instance, the enthalpies of adsorption for P3, rOPN and poly-Asp 

were ~22, ~28 and -105 kcal/mol, respectively. Furthermore, the observed enthalpy of 

adsorption of mOPN is substantially greater than that of poly-Asp. This distinction, 

besides being due to differences in peptide/protein MW, is possibly a result of variance in 

the fraction of each molecule coming into close proximity to the crystal surface during 

adsorption, since the entropic contribution to the free energy closely followed the 

magnitude of endothermic enthalpy. The large positive entropies observed likely 

originate from water molecules being released from the surface of the HAP crystals into 

the bulk solvent upon polypeptide adsorption [310, 311].

Furthermore, the ITC data reveal that the majority (>90%) of the binding sites that 

exist for each peptide/protein involve a completely entropic process. It is interesting to 

note that the enthalpically unfavourable (endothermic) binding sites are occupied first 

and thus must have a higher affinity for the peptides/proteins than the majority of the 

sites, which adsorb through a purely entropic process. A similar phenomenon has been 

previously observed by Goobes et al. for the binding of the salivary protein statherin to 

HAP [285]. This group referred to the enthalpically undetectable adsorption process as 

thermo-neutral.

The dissociation constants observed in the EAI experiments were much greater in 

magnitude than those observed in the ITC studies. This is due to the insensitivity of the 

ITC experiments to the purely entropic adsorption process, which accounts for the 

majority of the observed binding. This was also observed by Goobes et al. in their study 

of the thermodynamics of statherin adsorption to HAP [285].
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The lack of enthalpy detected for what appears to be a purely entropic adsorption 

mechanism may be due to several reasons: 1) the thermodynamics of adsorption to these 

sites may in fact not possess an enthalpic component, 2) the microcalorimeter used may 

not possess the sensitivity required to measure what is an extremely diminutive enthalpy 

of adsorption, or 3) as mentioned by Goobes et al., these adsorption sites may populate 

too slowly for detection by the calorimeter. It has been suggested that the solely entropic 

adsorption process may result from steric effects originating from altered polypeptide- 

mineral orientation at higher HAP surface coverage [285], As the concentration of 

polypeptide in the solution increases there would be increased competition for the limited 

number of binding sites. Thus, initial adsorption may occur with the polypeptide parallel 

to the crystal surface, but as surface coverage increases the polypeptides may adsorb with 

a decreased fraction of their length being parallel to the crystal surface. This effect would 

result in a transition between a predominantly parallel/side-on adsorption to a 

predominantly perpendicular orientation. The altered adsorption mechanism would 

increase the total number o f molecules adsorbed to the crystal surface, yet decrease the 

average number of polypeptide-crystal contacts per individual polypeptide. Furthermore, 

adsorption through this method would account for the enthalpically-neutral region o f the 

titration curve as there would be no net absorption/release of heat as the total number of 

polypeptide-crystal contacts would remain relatively constant. It is unknown if a gradual 

transition between these two adsorption processes would create a noticeable ‘step’ in the 

EAIs.

The creation of multiple layers of adsorbed peptide/protein on the crystal surface or a 

two-site binding model may also explain the observed ITC data [285, 312], Yet, the
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EAIs do not suggest either of these models. The formation of multiple layers would only 

be possible if subsequent layers adsorbed to the previous one with identical affinity as the 

initial layer adsorbing to the HAP surface. Furthermore, the negativity of the 

peptide/proteins would lead one to expect this intermolecular interaction to be 

unfavourable, and thus display a measureable enthalpy. The two-site model is also 

refuted by the curves obtained in the EAI experiments, unless again the affinity of each 

peptide/protein to both sites is identical.

All the strongly adsorbing polypeptides displayed a spontaneous adsorption process 

indicated by the negative Gibbs free energy of adsorption. The exact reason for the 

preferential adsorption of peptide/protein to the enthalpically detectable sites is currently 

unknown. Peptides/proteins which exhibited both a measureable positive enthalpy of 

adsorption and high surface coverage of the HAP possessed clusters of anionic residues. 

Thus, it appears that electrostatic interaction between the peptide/protein and HAP is 

required for the close association needed to exclude water molecules from the mineral 

surface. This entropie effect may be a common process utilized by mineral-binding 

proteins [284, 285]. Furthermore, it has been suggested that the preferential adsorption to 

the enthalpically detectable sites may represent adsorption to high-energy growth sites on 

the HAP surface such as steps or kinks [285].

The experimentally determined enthalpy of adsorption detected in these experiments 

includes the total heat evolved from the system. This includes the making/breaking of 

non-covalent bonds, as well as protonation/deprotonation events. Thus, the endothermic 

enthalpy change observed in the initial injections of peptide/protein in the HAP slurry 

may include buffer-ionization enthalpy (AHion)- Future experiments should be performed
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to determine the enthalpic contribution of the buffer and reveal if protonation events are 

involved in the adsorption process.
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Chapter Four -  Summary, Perspectives and Future Directions



129

4.1 Summary and Perspectives

Of the polypeptides utilized in this study, some were able to effectively inhibit HAP 

crystal growth, whereas others were able to decrease the growth rate only moderately.

For example, at the highest concentrations tested, P3 was able to reduce the growth rate 

by -80% whereas rOPN decreased growth only by 40%. This is presumably due to these 

molecules adsorbing to only a subset of growth sites on the surface of the crystal.

The strongest inhibitors observed were poly-Asp, P-OPAR, mOPN, P3 and OPAR. 

All strong inhibitors possess clusters of anionic residues, the 16mer peptides possessing 

anionic residues along their entire length and mOPN possessing many clusters of 

concentrated anionic charge. Poly-Asp, the most potent inhibitor, is a homopolymer 

composed of consecutive negatively charged residues. Ranking their inhibitory potency 

(IC50) by pg/ml versus pM reveals that inhibition likely occurs through a physical 

adsorption process as all the strong inhibitors required similar weight concentrations to 

impart similar inhibitory effects on crystal growth. Yet, analyzing their inhibitory 

potencies by uM reveals that the polypeptide length is important with respect to 

inhibition of HAP crystal growth. The three largest polypeptides, poly-Asp, rOPN and 

mOPN, each possesses a much lower molar IC50 than its model 16mer peptide. This 

implies that increasing the length of an inhibitor may also increase it inhibitory potency. 

The relatively low molar IC50 of the long polymers likely originates from the synergistic 

effect of the anionic clusters along their length. This effect of avidity likely also occurs 

in the 16mer peptides, through the multiple interacting residues along its length, although 

poly-Asp, rOPN and mOPN range from 6- to 19-fold longer. The increased number of 

anionic groups interacting with the crystal surface in the longer molecules is expected to
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have a much greater effect on their respective avidities’ compared to the shorter peptides. 

Of relevance, molecular dynamics studies of I6mer peptides have shown that they are 

able to make several contacts along their length with the surface of mineral crystals 

[283]. These multiple contacts are likely facilitated by their flexible/disordered structure. 

The findings that rOPN displays an endothermic heat of adsorption and that a high mass 

of protein per area is required to saturate the HAP surface corroborate the CCSG finding 

that rOPN is able to inhibit HAP growth albeit modestly, in contrast to the observations 

of Gericke et al. [52].

The mass of potent inhibitors required to effectively decrease HAP growth was found 

to be only a fraction of that required to fully saturate their binding sites in EAI 

experiments. This has been a frequently encountered phenomenon, in which 3 to 5 times 

less peptide/protein is required to completely inhibit HAP growth compared to that 

needed to saturate the HAP surface [276, 313]. This finding supports the notion that 

biological inhibitors possess a high affinity for the growth sites of crystals, such as steps 

or kinks [285, 314, 315]. Thus, these molecules are able to drastically decrease the 

crystal growth rate by selectively adsorbing to high-energy growth sites, even at low 

surface coverage [314, 315],

Of the polypeptides that were able to dose-dependently decrease the crystal growth 

rate, all displayed an endothermic enthalpy of adsorption. No heat of adsorption was 

observed for the weakest inhibitor tested, P0. Furthermore, EAI experiments reveal that 

P0 exhibits the lowest mass per area required to saturate its binding sites on the crystal 

surface. Thus, there appears to be a correlation between the amount of peptide/protein 

required to saturate the HAP surface, inhibitor strength, and endothermic enthalpy upon



binding. Strong inhibitors likely have the ability to bind to many sites on the 

heterogeneous HAP surface, whereas poor inhibitors may only bind to a subset of these 

sites. The results suggest that adsorption of approximately 800 pg/m2 is the optimal 

amount of adsorbed polypeptide for effective inhibition of HAP growth, with greater than 

or less than this amount (e.g. rOPN 2358 pg/m2 and P0 154 pg/m2) indicating suboptimal 

inhibitory potency, although further experiments with a greater variety of inhibitors are 

required to corroborate this finding. The strong inhibitors may achieve maximum surface 

coverage by adsorbing in a side-on (parallel) orientation with respect to the crystal 

surface, thus maximizing the number of protein-crystal contacts. Weak inhibitors, in 

addition to possibly possessing fewer binding sites on the surface of HAP, likely adsorb 

with only a fraction of the molecule in close proximity to the crystal surface.

A flexible structure, often exhibited by mineral-binding proteins, may promote 

greater interaction with the mineral surface by enabling adsorption to structurally diverse 

surface features compared to a conformationally restricted protein. Furthermore, a 

compactly folded globular protein would possess only a fraction of its surface area 

available for interaction with the crystal surface compared to a disordered protein. Since 

the inhibitory process involves a physical adsorption process, much of a globular 

protein’s surface would be too far from the crystal surface to impart an inhibitory effect. 

Thus, the flexible structure of these proteins is likely a selected property as it increases 

the available surface area of the mineral binding proteins and enables (in theory) the 

entire length of the molecule to come within close proximity to the crystal surface.

For the molecules for which the Gibbs free energy of adsorption could be calculated, 

poly-Asp, rOPN, and P3, all were similar, ranging from -9 to -10 kcal/mol. Thus, despite
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the differences in their physical properties, they all experience a comparable driving force 

for adsorption to the HAP surface. Yet, their individual enthalpies and entropies of 

adsorption differ greatly, with differences in their endothermic enthalpy of adsorption 

being compensated for with proportionately larger entropy. The majority of the binding 

sites of all inhibitors tested are occupied by a completely entropic process. However, 

these sites appear to be occupied subsequent to the sites observed to possess an 

unfavourable endothermic enthalpy. This may be due to a transition from a mostly side- 

on (parallel) initial adsorption process that displays an endothermic enthalpy, to one in 

which less of the molecule is parallel to the crystal surface as coverage increases. Since 

this transition would involve no net change in the number of polypeptide-crystal contacts, 

it would be enthalpically neutral. Alternatively, the absorption of heat upon polypeptide 

adsorption may originate from a protonation event during the adsorption process. This 

effect has been reported for the adsorption of statherin to HAP, for which the heat of 

adsorption was observed to be strongly dependent on the buffer species in which the 

reaction took place [285].

The common characteristic of all the strongly inhibiting proteins that exhibit an 

enthalpic adsorption process is regions of concentrated negative charge, whether due to 

clusters of phosphorylated or anionic amino acid residues or both. It appears that it is 

negative charge density, rather than the presence of specific chemical groups, that 

determines the affinity of a polypeptide for the HAP surface. This phenomenon is also 

observed with the potent mineralization inhibitor MGP, which contains numerous 

negative-charge-bearing y-carboxy-glutamate residues [241, 316]. Furthermore, this 

phenomenon extends to other calcium-containing mineral phases such as CaOx, the



predominant mineral found in kidney stones [202, 272]. The ability of these anionic 

proteins to inhibit several different types of mineral growth is exploited through the 

widespread expression of these proteins in bodily fluids supersaturated with respect to 

particular mineral phases. Although the importance of proteins bearing negative charge 

has been firmly established, recent molecular dynamics experiments reveal that beyond a 

certain magnitude of negative charge (~ -0.5 per residue), no further increase in peptide 

adsorption to the HAP mineral surface is observed [317], This result is intriguing, as the 

reason for the limited effect of increasing negativity on accentuating inhibitory potency is 

currently unknown. This limiting effect may have been approached in the CCSG 

experiments as several inhibitors approached the inhibitory potency of the strongest 

inhibitor tested, poly-Asp, while possessing a lower net negative charge, although more 

highly charged inhibitors have yet to be tested.

4.2 Future Directions

Although several of the peptides/proteins were shown to be effective inhibitors of 

HAP growth, it would be of interest to analyze the effect of utilizing mixtures of different 

inhibitors. If each inhibitor possesses a high affinity for a subset of growth sites on the 

crystal surface, combinations of inhibitors may produce synergistic increases in crystal 

growth inhibition. This would decrease the overall concentration of inhibitor required to 

abolish crystal growth. Also, since length of the polypeptide may impact its ability to 

inhibit crystal growth, it would be interesting to compare the effects of peptide repeats of 

various lengths. Several iterations of this should provide a clear picture of the effect 

molecular length imparts on the inhibitory potency of polypeptides. For example, a
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involvement of protonation/deprotonation during adsorption events of the inhibitors 

analyzed in this study. ITC is a direct method that can be utilized to elucidate proton flux 

during adsorption phenomenon [318, 319]. This is easily carried out by performing ITC 

experiments in a range of buffers with different ionization energies. If 

protonation/deprotonation events are involved, different buffers will produce different 

contributions to the enthalpy change of adsorption. A simple plot of the measured 

binding enthalpies (AH) versus the buffer dissociation enthalpy (AHi0n) yields a straight 

line with the slope corresponding to the number of protons absorbed or released during 

the adsorption event [320],

Extension of these ITC studies to other biologically important calcium-based mineral 

phases such as calcium oxalate and calcite would reveal if the entropic driving force of 

adsorption is a general phenomenon. Knowledge of the requirements for a molecule to 

effectively inhibit crystal growth and the mechanism of adsorption are critical to the 

disciplines of medicine and dentistry. A complete understanding of the mode of crystal 

adsorption/growth inhibition will ultimately lead to the rational design of molecules 

optimally suited for specific functions.
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