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ABSTRACT 

   Studying proteins used to retard bone (or hydroxyapatite) dissolution could provide important 

design principles for the development of decalcification inhibitors and at the same time 

calcification promoters in orthopedics, cardiology, urology, and dentistry. 

The aim of this research is to study the effect of proteins known to have specific binding activity 

on hydroxyapatite (HA) dissolution. Statherin and osteopontin  have been taken as reference 

proteins and synthetic HA as model substrate. Since HA hydrolysis produces protons in solution, 

a pH-stat assay has been set up in order to follow and compare HA dissolution in the presence 

and the absence  of model  peptides. The effect of synthetic peptides corresponding to amino 

acid 220-235 and amino acid 65-80 of rat bone OPN have initially been considered. Due to the 

relevance of  the presence of the phosphate group in calcium binding, OPN220-235 was 

synthesized in triphosphorylated (P3) and nonphosphorylated (P0) forms; OPN65-80 was 

synthesized in monophosphorylated (P-OPAR) and nonphosphorylated (OPAR) forms. 

Following the observation that highly acidic and phosphorylated peptides showed the most 

significant HA dissolution inhibition, also oligomers of asp and glu were prepared and tested. 

The substrate concentrations required to obtain  50% dissolution inhibition  (IC50) were 

measured and compared: the most significant values was with P3, 6 [μg/ml], followed by  P-

OPAR,16 [μg/ml] , OPAR, 22 [μg/ml], P0 › 75 [μg/ml]. Poly -L-aspartic acid (MW=2,320), and 

poly -L-glutamic acid (MW=2,600), tested  because of the significant affinity of polyanions to 

HA surface showed interesting inhibition properties. The corresponding  (IC50)  were: poly-Asp, 

13 [μg/ml]; Poly-Glu, [18 μg/ml]. In an attempt to correlate the inhibition activity with the 

secondary structure of the peptides, structural informations were collected from their CD spectra. 

The secondary structure of these polyanions was investigated at 37ºC in P buffer at pH [5.25]. 
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We found that poly-Asp was mostly disordered compared with the poly- Glu with the same 

length and contained roughly 20% poly-proline II helix. P3, has been shown to be one of the 

strong inhibitor of HA dissolution.  

In addition, the effects of statherin and DR9, which is 9-residue peptide derived from the N-

terminal of the statherin have been studied. The  IC50 measured were: statherin, 25 [μM]; DR9, 

13 [μM]. DR9 was observed to have high affinity to HA surface compare to the statherin.   

In conclusion it  has been shown that peptides structurally derived from natural salivary proteins 

and bone proteins are able to adsorb to hydroxyapatite surfaces and induce a decrease in the rate 

of dissolution of HA which strongly depends on their chemical structure. Since  OPN and 

statherin possess relatively high proportions of aspartic acid, glutamic acid and phosphorylated 

serine residues one can assume that  a combination of acidic residues and post-translational 

phosphorylation strongly influence the biomineral adsorption. The presence of the negative 

charges is imperative in  the ability of acidic protein and peptides to adsorb to the HA surface 

and prevent the dissolution of HA. 
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1.1    Introduction 

 

1.1.1   The effect of proteins on hydroxyapatite dissolution 

    Demineralization is the process of loss of the mineral phase of the hard tissues of living 

organisms [1]. Hard tissues are composed of insoluble calcium salts of carbonate, silicate and 

phosphate ions. The presence of the minerals depends on the chemistry of the environment in 

which they are formed and on factors such as the temperature of the aquatic environment and the 

presence of foreign ions. Bones and teeth consist largely of an inorganic calcium phosphate 

mineral approximated by hydroxyapatite (HA), Ca10(PO4)6(OH)2 ,and matrix proteins. Pure HA 

never occurs in biological systems. However, due to the chemical similarities to bone and teeth 

mineral, HA is widely used as a coating on orthopedic (e.g., hip joint prosthesis) and dental 

implants [2]. The apatites found in tooth enamel, dentin and bone have slightly different 

compositions and therefore these tissues have different physical and mechanical properties. 

Dental enamel is the most highly mineralized and hardest biological tissue. It is composed  of 

approximately 96% mineral, 3% water, and 1% organic matter (mostly non-collagenous protein) 

by weight [3]. The mineral is non-stoichiometric calcium hydroxyapatite and in vivo its 

dissolution in acids leads to the pathological conditions of dental erosion and caries. The 

dissolution of dental enamel in acidic solution is a function of several factors, including calcium, 

phosphate and acid concentration. .  Enamel will dissolve if it is in a solution that is 

undersaturated with respect to HA.  In the mouth, that will happen if the pH falls to <5.5 (the 

“critical pH”). 

http://www.sciencelearn.org.nz/About-this-site/Glossary/tooth-enamel
http://www.sciencelearn.org.nz/About-this-site/Glossary/bone
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   Dental caries, otherwise known as tooth decay, is one of the most prevalent chronic diseases of 

people worldwide; individuals are susceptible to this disease throughout their lifetime [4]. It 

forms through a complex interaction over time between acid-producing bacteria, particularly 

mutans streptococci and possibly lactobacilli, that ferment dietary carbohydrates [5]. This occurs 

within a bacteria-laden gelatinous material called dental plaque that adheres to tooth surfaces. A 

variety of carbohydrates provide substrates for these organisms to grow on and the waste 

products of their metabolism - acids - initiate the tooth decay process by dissolving tooth enamel. 

The acid attacks the tooth enamel and gradually dissolves it. However the demineralization 

process is offset by the repair process known as remineralization. The balance between 

remineralization and demineralization determines whether caries occurs. pH in oral environment 

varies from near neutral to ≤5. Acidic pH levels (which are usually brought about by acids 

produced by locally colonized bacteria on enamel surface) lead to undersaturated state of saliva, 

thereby inducing enamel dissolution.[6]     

It is believed that a variety of proteins function to prevent biomineralization and 

demineralization by adsorbing onto the crystal surfaces. [7] For instance, saliva forms a thin 

biofilm, on soft and hard oral tissues. [8] The salivary proteins such as statherin, proline-rich 

phosphoproteins (PRPs), histatins and cystains are important stabilizers of human saliva that is 

supersaturated with respect to most calcium phosphate salts including hydroxyapatite. [9] This 

supersaturation is crucial for the integrity of the teeth since it provides a reparative environment 

[10]. These proteins electively adsorb on the HA surface forming a protective salivary biofilm 

called the „pellicle‟ or acquired enamel pellicle (AEP) on tooth surface [11]. This film acts as a 

selective permeable barrier that acts as a defence against enamel demineralization and provides a 

medium through which fluoride, calcium; and phosphate are delivered during remineralization. It 
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has been suggested that statherin is the first salivary protein that binds to a cleansed enamel 

surface after tooth brushing and consider important in forming the AEP on tooth surfaces and 

delaying diffusion [12]. 

   Moreover, phosphorylated proteins and peptides have been shown to have strong affinity to the 

hydroxyapatite surface [13]. The common characteristic of all proteins that exhibit a 

thermodynamic adsorption process is to possess regions of concentrated negative charge, 

whether due to clusters of phosphorylated or anionic amino acid residues or both. 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 [14]. These proteins possesses 

relatively high proportions of aspartic acids, glutamic acid, serine and phosphorylated residues 

and they have a high affinity for the HA surface[15]. 

   As a result, The aim of this research is to understand how different proteins adsorb to the 

hydroxyapatite surface and inhibit the dissolution of the crystal.  The proteins of most interest to 

this research are osteopontin (OPN) and statherin. We have tested the effect of synthetic peptides 

corresponding to amino acid sequence of rat bone OPN and salivary protein using pH-Stat 

dissolution assay.  

 

1.1.2    Salivary Proteins 

    Dental caries is a dynamic process since periods of demineralization alternate with periods of 

remineralization through the action of fluoride, calcium and phosphate contained in oral fluids. 

As a result the main contributing factor for caries is an imbalance of mineral between the tooth 

surface and its environment. The process of dental caries is dependent upon biological factors 
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that are present within the saliva and dental plaque. There are many different agents within saliva 

and plaque that serve to protect the tooth surface against caries development. Salivary flow rate, 

buffering capacity, antimicrobial activity, microorganism aggregation and clearance from the 

oral cavity, immune surveillance, and calcium and phosphate-binding proteins all interact to 

inhibit or reverse demineralization of exposed tooth surfaces [16], [17]. Cariogenic bacteria 

levels within the saliva and plaque determine whether caries will occur or not, and the 

concentration in saliva and plaque are intimately related to the type of carbohydrate ingestion 

and the frequency of ingestion, as well as the oral hygiene practiced by the individual. [5] 

   Salivary fluid is an exocrine secretion consisting of approximately 99% water, containing a 

variety of electrolytes (sodium, potassium, calcium, chloride, magnesium, bicarbonate, 

phosphate) and proteins, represented by enzymes, immunoglobulins and other antimicrobial 

factors, mucosal glycoproteins, traces of albumin and some polypeptides and oligopeptides of 

importance to oral health. It also contains glucose, urea and NH3[18]. The components interact 

and are responsible for the various functions attributed to saliva. A major protective function 

results from the salivary role in maintenance of the ecological balance in the oral cavity via: (1) 

aggregation and reduced adherence by both immunological and non-immunological means; and 

(2) direct antibacterial activity [19]. Furthermore, saliva is effective in maintaining pH in the oral 

cavity, contributes to the regulation of plaque pH, and helps neutralize acids reflux from the 

esophagus. Secretion of saliva is under control of the autonomic nervous system, which controls 

both the volume and type of saliva secreted [20]. It contains a spectrum of immunologic and 

non-immunologic proteins with antibacterial properties [21]. Thus, it has been suggested that 

saliva can be used for monitoring oral health, including periodontal diseases [22] and to assess 
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caries risk, as well as overall systemic health. Saliva has been found to contain biomarkers for 

cancer as well as bacterial and viral diseases [11].  

   It has been shown that salivary protein such as the proline-rich proteins and statherin inhibit the 

spontaneous precipitation of calcium phosphate salts and the growth of hydroxyapatite crystals 

on the tooth surface [23],[24]. They favor oral structure lubrication, and it is probable both are 

important in the formation of acquired film. Another function proposed for the proline-rich 

proteins is the capacity to selectively mediate bacterial adhesion to tooth surfaces. Thus, it is 

important to gain an understanding of how to utilize recent technological advances in dental 

research for predicting, monitoring, and preventing the development of oral diseases by 

investigating the diagnostic and therapeutic role of salivary proteins. 

 

 

1.1.2.1     Introduction to Statherin  

    The most interesting protein of saliva for this study is statherin which is the first salivary 

protein to bind to a cleansed enamel surface after tooth brushing. Statherin is involved in the 

management of Ca2+ in the oral environment by binding calcium ions. This protein is a 43-

amino-acid peptide (molecular weight=5380 Daltons) with a typical range of concentration in 

human saliva of 10-40 μM.  In humans, statherin is encoded by the STATH gene. This salivary 

protein is produced by the acinar cells of the parotid and submandibular salivary glands and 

contains a tyrosine-rich region and vicinal phosphoserines in its primary structure [25].The 

primary amino acid sequence of this amphipathic protein; is characterized by a negatively 

charged N terminus consisting of a DSSEEK sequence, in which the serines are post-

http://en.wikipedia.org/wiki/Gene
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translationally phosphorylated. It is considered likely that negative charge density and the α-

helical conformation at the N-terminal region of statherin are important for its interaction with 

HA surfaces [26]. Its primary structure, reported by Schlesinger and Hay, shows a high charge 

asymmetry, in which a significant number of negatively charged residues are localized in the N-

terminal region, whereas the C-terminal contains mainly uncharged residues[27], [17]. The 

secondary structure of statherin in 50% trifluoroethanol/water mixtures was determined to 

consist of an α-helical structure at the N-terminal region (residues Asp1–tyr16), a polyproline 

type II helix in the intermediate region (residues Gly19–Gln35) and a 310  helix in the C-terminal 

region (residues Pro36–Phe43) [28]. 
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Table 1.Naturally occurring statherin peptides found in AEP. DR-9/2 is synthetic non 

phosphorylated 

 

 

 

 

 

Fig 1. Amino acid sequence of statherin. The peptide fragments identified by LC–ESI-MS/MS are aligned below the 

protein sequence. Note the almost full coverage of statherin obtained with the exception of Arg10 and Phe43 

(boxed). Siqueira W .L. et al., 2009 

 

 

 

Statherin peptide Name No. of 

residues 

𝐌𝐫 Presence 

DSpSpEEKFLR DR-9 9 1270.1 In vivo AEP 

DSSEEKFLR DR-

9/2 

9 1110.2 Synthetic, non 

phosphorylated 

GYGYGPYQPVPE GE-12 12 1326.4 In vivo AEP 

IGRFGYGYGPYQPVPEQP IP-18 18 2025.2 In vivo AEP 

GPYQPVPEQPLYPQPYQPQ GQ-19 19 2226.4 In vivo AEP 

IGRFGYGYGPYQPVPEQPLYPQPYQPQYQQYT IT-32 32 3981.4 In vivo AEP 
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                  1.1.3    SIBLING Proteins 

 

   The extracellular matrix (ECM) of bone and dentin contains several non-collagenous proteins 

[29]. One category of non-collagenous protein is termed the SIBLING (Small Integrin-Binding 

LIgand, N-linked Glycoprotein) family, which includes osteopontin (OPN), bone sialoprotein 

(BSP), dentin matrix protein 1 (DMP1), dentin sialophosphoprotein (DSPP), and matrix 

extracellular phosphoglycoprotein (MEPE). These polyanionic SIBLING proteins are believed to 

play key biological roles in the mineralization of bone and dentin [30],[29]. The genes coding for 

members of the SIBLING protein family are similarly organized and located on human 

chromosome 4q21-23 [31], [32]. These proteins share several common features including an 

Arg-Gly-Asp (RGD) cell-binding/signaling motif, acidic nature and presence of post-

translational modifications such as phosphorylation and glycosylation. SIBLING proteins are 

abundant in mineralized tissues and supersaturated body fluids such as urine and breast milk 

suggesting that they possess important roles in both physiological and pathological forms of 

calcification. Although the specific mechanisms involved in controlling bone and dentin 

formation are still unknown, it is clear that some functions of the SIBLING family members are 

dependent on the nature and extent of post-translational modifications (PTMs), such as 

phosphorylation, glycosylation, and proteolytic processing, since these PTMs would have 

significant effects on their structure. SIBLING proteins have been found to be significantly 

upregulated in many tumours that exhibit tendencies to calcify and/or metastasize to bone [33]. 
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1.1.3.1   Introduction to OPN 

The protein of most interest to this work is osteopontin (OPN) which is a highly post 

translationally modified protein of approximately 300 residues containing RGD cell-binding 

motif and conserved poly-Asp region. OPN is post-translationally modified by phosphorylation, 

sulfation and glycosylation in a tissue-specific manner [34]. The primary sequence of 

osteopontin reveals a copius amount of charged residues, few hydrophobic residues and a high 

proportion of disorder-promoting residues [35], [36]. Mammalian osteopontins are identical in 

approximately 40% of their amino acid residues.  OPN is expressed by a diverse array of tissues 

and found in all body fluids. Early studies revealed that in addition to bone, OPN is expressed in 

tissues such as the kidney, ovary and uterus. Subsequently, OPN was shown to be secreted by 

epithelial cells and present in biological fluids such as plasma, milk, saliva and urine. 

    A comparison of human and mouse OPNs reveals they are identical at approximately 63% of 

their amino acid positions. Serine residues are among the most highly conserved (24%) followed 

by the acidic residues aspartate 19% and glutamic 17%. The high prevalence of conserved acidic 

suggests 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 

phosphorylation may be critical for the function of protein. Several studies suggested that OPN is 

disordered [37]. Several studies have reported lack of structure using circular dichroism OPN has 

high negative charge density, redundant primary sequence and low content of non-polar amino 

acids, which are other reasons for OPN to be an intrinsically disordered protein[39]. It is 

composed of 297 amino acids in mouse and 314 amino acids in human. OPN contains a number 

of domains thought to be critical for its function[38]. The primary sequence of OPN reveals a 

copious amount of charged residues, few hydrophobic residues and a high proportion of 
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disordered-promoting residues (D, M, K, R, S, Q, P and E). Serine, glutamic acid, glutamine, 

aspartic acid and asparagine comprise approximately one half of OPN‟s amino acid content.  

   Posttranslational modifications (PTMs) might have significant effects on the structure of the 

OPN molecule and on its biological properties [40], [13]. The most extensive PTM is 

phosphorylation of serine and threonine [41]. Rat bone OPN contains 12 phosphoserines and 1 

phosphothreonine. The exact locations of the phosphate groups have revealed considerable 

heterogeneity.  Thus, any given serine or threonine that was a substrate for an appropriate kinase 

may be partially phosphorylated, and the total number of phosphoserines would be fewer than 

the total number of potential sites. In contrast, bovine milk OPN appears to be maximally 

phosphorylated, wherein 27 phosphoserines and 1 phosphothreonine have been identified [42]. 

The extent of phosphorylation of OPN may play an important role in its physiological function 

for example, in influencing hydroxyapatite formation[43]. 

  OPN is known to participate in numerous physiological and pathological processes, including 

biomineralization, cancer metastasis, wound repair, inflammation, immunity and apoptosis [31]. 

Physiological or normal calcification occurs in skeletal tissues whereas pathological or abnormal 

calcification refers to those occurring in functional soft tissues [44]. At physical sites of 

biomineralization, OPN has been found to involve in the inhibition of HA formation and growth. 

Within bone, OPN is found at especially high concentration in cement lines, sites where new 

bone is deposited onto older bone during remodeling [45]. In this context, OPN is thought to coat 

HA in the newly mineralized bone to inhibit its further growth and maintain closed contact 

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

interactions [46]. Several studies have been confirmed that OPN plays important role in 
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protecting host cell from lysis by the alternative complement pathway, an evolutionary older 

complement-activation pathway.  

Several analyses have determined OPN is among the most strongly unregulated genes in several 

mouse and human cancers. OPN has been shown to enhance cancer cells' ability to intravasate 

into blood vessels [47],[48]. Considerable amounts of both in vitro and in vivo data suggested 

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 precipitation [31]. 

Moreover, OPN is found as a major organic constituent of growing renal calculi. OPN content 

and expression level are related to coronary artery disease severity and degree of calcification, 

respectively. More recent investigation have shown that OPN is an inducible inhibitor of 

dystrophic vascular calcification in vivo, suggesting the enhanced OPN expression observed with 

increased vascular calcification is a physical adaption aimed at preventing further calcification 

[49].  

 

 

     1.2    Crystal and protein interaction   

 

    Interactions between proteins and biological crystal are believed to play a central role not only 

in determination of the location, type, orientation and growth habit (size and shape) of crystal in 

tissue such as bone and teeth but also in preventing or limiting mineral formation in soft 

tissues[50]. The chemistry of this unique organic-inorganic interface, composed of crystal 

surface containing a variety of lattice ions and substitutions, steps and other lattice dislocations, 
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its associated water and counterion layers, and complex protein structures with a wide range of 

functional groups, is still poorly understood.  It has been shown that proteins extracted from a 

variety of mineralized tissues are able to selectively interact in vitro with certain crystal faces 

and not others [13]. This was previously demonstrated by observing changes in morphology of 

crystals in the presence of proteins as compared to those in the absence of proteins. The surface 

of a crystal typically possesses several distinct features on which protein adsorb differently [51].  

Some studies suggested that a thin layer of proteins may be formed which acts as a dissolution 

barrier, restricting the access of H+ to the crystal surface and preventing diffusion of Ca2+ and 

PO4
3–  

ions away from the HA. Alternatively, the protein molecules may bind to sites of high 

energy on the crystal surface, preventing ion detachment from these sites. 

    It is well known that protein-adsorption behaviours can be controlled by substrate surface 

parameters. The chemical properties of the crystal surface play an important role in determining 

the efficiency of protein adsorption and the amount of protein adsorbed by interaction between 

the functional groups on substratum and proteins, and even the conformation of adsorbed 

proteins [52]. The chemical nature of the surface can induce greater protein–surface interactions 

through either electrostatic or hydrophobic interactions [51]. It is generally accepted that 

electrostatic force played a vital role in the protein adsorption process as has been proved by 

many  experimental and computer simulation studies [53]. The charged ions or groups on the 

substrate surface can bond with the charged functional groups, including amino group, carbonyl 

group, and carboxylate group, etc., on the protein molecules to dominate the protein adsorption. 

The bonded ions or groups on substrate surface or proteins are generally called adsorption sites. 

Ca
2+

  is believed to be the protein-binding sites on Ca-P surfaces and provide the major driving 

force for protein adsorption. When the pH is 7.4, which is equal to that of the physiological 
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environment, acidic protein and basic protein carry a negative charge and positive charge, 

respectively. Thus, the electrostatic interaction between substrate surface and proteins could be 

affected by the surface charge and protein net charge in different solutions. 

    Proteins with negatively charged residues generally exhibit a high affinity for the surface of 

HA [15]. The propensity and clustering of these negative charges suggests that the high affinity 

of these protein and peptides toward calcium-rich minerals is derived from their ability to 

electrostatically interact with calcium ions. Poly-anionic proteins able to adsorb to the HA 

surface with high affinity have been observed to possess negative residues [54].  These proteins 

possess relatively high proportions of aspartic acid, glutamic acid, and phosphorylated serine 

residues. For instance, OPN is a phosphoglycoprotein of approximately 300 amino acids, many 

of which are aspartic or glutamic acids. It has been suggested that phosphate groups present in 

OPN make a large contribution to the protein-crystal binding property [48]. Thus, 

nonphosphorelated forms of OPN or OPN peptides are less inhibitory that the corresponding 

phosphorylated protein/peptide [55]. It is evident that phosphate groups present in OPN and 

other biomineral-associated proteins are required for crystal interaction. As a result, the 

combination of the importance of acidic residues and post-translational phosphorylation to 

biomineral adsorption indicate that negative charge is imperative to the ability of acidic protein 

and peptides to their function. 

   In the saliva the strongest precipitation inhibitors, are statherin and proline-rich [56] 

phosphoproteins (PRPs), both of which adsorb strongly to HA [12]. These molecules contain 

phosphoserine residues and have a significant number of negatively charged residues localized in 

their N-terminal regions, whereas the C-terminal regions contain mainly uncharged residues. The 

charged domains of both statherin and the PRPs have been shown to have high affinities for HA 
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surfaces. However, several other proteins containing charged domains may be moderate or 

weaker contributors to precipitation inhibition. The molecular mechanisms underlying statherin 

interaction with hydroxyapatite have been actively studied to define how proteins function at the 

inorganic mineral interface. The direct hydroxyapatite binding contacts have been generally 

ascribed to the acidic side chains and two phosphoserines at the N-terminus of statherin [12]. A 

similar study has shown that the N-terminus of statherin is responsible for anchoring the 

molecule to the HA surface by adopting an α-helix structure upon adsorption, although other 

regions of the molecule may be involved in stabilization of this adsorption [57]. Chen et al. 

suggested that there are two types of interactive mechanisms between an N-terminal 15-residue 

statherin-like peptide and HA [58]. One mechanism is related to the conformational change at  

lysine  residue near to N- terminal from a helical structure to a random-coil structure. This 

mechanism is in agreement with Goobes et al., who showed that the lysine residue was in close 

proximity to the HA surface [59]. Others suggested that it is an interaction of protein side chains 

at the lysine residue position and HA surfaces, forming a „network of hydrogen bonds‟ that could 

be responsible for protein–mineral recognition[24]. It has also been shown that StN21, a 

synthetic peptide designed to have an amino acid sequence identical to the N-terminal of 

statherin, inhibits spontaneous and secondary precipitation of enamel [9]. StN21 is a stable 

peptide shown to effectively reduce mineral loss caused by erosion, thus possessing therapeutic 

potential. 
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      1.3   Purpose of thesis 

    The potencies of OPN-derived peptides on HA dissolution were compared using in vitro pH-

Stat method dissolution assay, which allows for prolonged steady- state crystal dissolution at pH 

5.25. The main purpose of this study consists of two steps. The first step was to study 

phosphorylated residues on inhibiting HA dissolution and the second step was to examine the 

impact of highly acidic residues on inhibiting HA dissolution. All peptides have been compared 

on the basis of their 50% inhibitory concentration. The protein of most interest in this study is 

osteopontin, OPN. Synthetic peptides corresponding to amino acid 220-235 

(pSHEpSTEQSDAIDpSAEK),  P3, and amino acid 65-80 (pSHDHMDDDDDDDDDGD) 

,POPAR , of rat bone OPN have been used. To achieve the first step, we studied; P3, which 

contains three phosphoserine residues, whereas P0 possess an identical amino acid sequence but 

lacks of phosphorylation. For the second step, we performed several tests using P-OPAR; and 

OPAR, both containing a block of consecutive aspartic acid residues. 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 HA and inhibiting the dissolution of HA.  

In addition, we have used synthetic poly-L-aspartic (MW=2320) acid and poly-L-glutamic 

(MW= 2600) acids with different lengths in order to elucidate the role of the acidic residues on 

the HA dissolution of HA. Furthermore, the secondary structures of poly-aspartic acid and poly-

glutamic acid have been studied using circular dichroism (CD) spectroscopy. The effect of 

statherin and its N-terminal 9-residue peptide, DR9, on HA dissolution has been studied in order 

to study whether the negative charge density and the helical conformation at the N-terminal 

region of statherin are important for its interaction with HA surfaces. 
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Chapter Two.  pH-Stat method and dissolution studies 
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     2.1  pH measurements in the Laboratory  

 

  Synthetic hydroxyapatite particles, films, coatings, fibers and porous skeletons are used 

extensively in various biomedical applications [60]. Since the chemical nature of natural 

hydroxyapatite and the inorganic phase of bones and teeth is almost the same, such different 

processes as; dental caries, osteoporosis; and  in vivo biodegradation of artificial bone grafts 

might  be simulated by dissolution of chemically pure calcium apatite in acids. Because the true 

dissolution mechanism of calcium apatite in acids appears to be of paramount importance, 

several models have been proposed to explain the processes. These models have provided 

important information about the factors associated with solution (pH, composition, saturation 

and hydrodynamics), bulk solid (chemical composition, solubility, particle sizes) and surface 

(defects, adsorbed ions, phase transformation) of the apatite crystals. Unfortunately, it is still 

impossible to obtain complete understanding for all the processes involved because experimental 

techniques able to provide direct following after diffusion, sorption, detachment and 

transformation of the single atoms, ions and molecules currently are lacking. For all dissolution 

methods, it is generally agreed that the steady-state conditions of apatite dissolution in aqueous 

acidic media include the following simultaneous processes or steps: (1) diffusion of chemical 

reagents from bulk solution to the solid/liquid interface; (2) adsorption of the chemicals onto the 

surface of apatite; (3) chemical transformations on the surface; (4) desorption of products (ions 

of fluoride, calcium and orthophosphate) from the crystal surface; and (5) their diffusion into the 

bulk solution. 

   However, the composition of in vivo systems cannot be controlled by the experiment to the 

same degree as the composition of purely chemical systems. In order to obtain more information 



 

26 
 

about the fundamental demineralization process in vivo and information about the influence of 

various components on these processes, one possible method is to study the process in vitro, in 

well-defined systems, in which the parameters needed for an adequate description can be 

determined; relatively easily. Parameters found to be important for the descriptions of in vitro, 

studied at biologically interesting concentration, pH, temperature and pressure ranges, should be 

taking into account in the study of the dissolution processes. The solubility of hydroxyapatite is 

greatly affected by the pH: in general, a more acidic environment causes hydroxyapatite to 

become more soluble, while a less acidic environment makes hydroxyapatite less soluble [61]. 

The critical pH is the pH at which a solution is just saturated with respect to a particular mineral, 

such as tooth enamel. Conversely, if the pH of the solution is lower than the critical pH, the 

solution is unsaturated, and the mineral will tend to dissolve until the solution becomes saturated. 

The concept of critical pH is applicable only to solutions that are in contact with a particular 

mineral, such as enamel. For instance, saliva and plaque fluid; are normally supersaturated with 

respect to tooth enamel because the pH is higher than the critical pH, so the teeth do not dissolve 

in the saliva or under plaque [62]. In addition, hydroxyapatite also contains several impurities 

such as carbonate which will increase HA solubility whereas fluoride will decrease solubility. 

Because the proportions of these impurities vary, and because the impurities can influence 

enamel solubility, that solubility of HA is not fixed. [63] 

 The pH-Stat is an automatic titrator configured to maintain the pH of a reaction mixture at a 

constant pH. Dissolution of dental hard tissue or HA consumes H
+
, so a strong acid, e.g. HCl, is 

added by the system to maintain constant pH, and the amount of H
+
 consumed during an 

experiment can be measured. This method offers the advantage of accurate control over three 

important factors controlling dissolution: pH, temperature and stirring rate. The main advantage 
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of the pH-Stat as a technique in erosion research is the control of reaction pH (to better than± 

0.01 units). The stirring rate must be high to ensure good coupling of the system to the reaction. 

An automatic titrator set up to maintain a reaction at a constant pH by adding acid as appropriate. 

As the dissolution of hydroxyapatite consumes H+, the rate at which acid is added to maintain 

the pH at the chosen value is proportional to the rate of dissolution. This method allows 

observation of the dissolution process in real time, without needing to interrupt the process to 

make measurements. Efficient stirring is essential. The size of the stirring bar needs to be 

suitable for the volume of the solution and the speed as fast as possible without introducing air 

bubbles.  

   In recent years, the pH-stat method has been employed by many scientists laboratories for a 

wide range of applications. A pH-Stat study takes place as follows: (1) determining an optimum 

value for the pH of the studied reaction, (2) keeping the pH constant by adding a reagent to 

neutralise OH− or  H3O+ ions, (3) calculating the kinetics of the studied reaction based on the 

consumption of reagent required to keep the pH constant over time. The pH regulation of an 

experiment involves bringing the pH of the solution to the set value and maintaining the set pH 

by continually adding titrant [64]. 

HA is a form of calcium phosphate and both calcium and phosphate concentration and the pH are 

important determinations of the dissolution kinetic of HA. As a result, the aim of this part of the 

present study was to establish the pH value appropriate for the HA dissolution for our 

experiments. Critical pH is the term given to the highest pH at which there is a net loss of 

minerals from tooth enamel. Below the critical pH, HA will dissolve. As mentioned previously, 

dental enamel is composed primarily of HA but it also contains several impurities such as 

carbonate and fluoride. Because the proportions of these impurities vary from person to person, 
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and indeed from tooth to tooth, and because the impurities can influence enamel solubility, that 

solubility is not fixed and varies slightly from person to person. It has been shown that critical 

pH for the dissolution process is generally accepted to be 5.5 with slight change depending on 

individual factors. During the demineralization process, acid diffuses between the rods and 

reaches deeper areas of the enamel, where carbonated hydroxyapatite crystals are more 

susceptible to dissolution [65]. 

Because the pH in oral environment varies from near neutral to 5, the kinetics of dissolution of 

synthetic hydroxyapatite powders were studied at 37º C and constant pH in the pH range 5-6 by 

continuously recording proton uptake. The acid concentration was constant for all experiment 

(50 mM HCl). At pH 6, no dissolution was observed. In this chapter, addition HCl volume, 

which is proportional to the rate of dissolution, is plotted against pH. Each experiment was 

repeated several times because the pH- Stat method is highly sensitive to several parameters. As 

a result, dissolution experiments were made at pH 5.25 for 2 mg HA in 8 ml of final solution 

,which will be mentioning in the following,  for all experiments because of the moderate velocity 

of the dissolution process. The results have been presented in terms of H+consumption during 60 

minutes, in order to compare directly the results for different pH values.  
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Fig 2. pH-Stat Titration Workstation 
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2.2  Materials and methods 

2.2.1 Chemical and Reagents 

Table 2. Chemical and Reagents  

Ca (NO3)2 4.H2O (>99.0 %)                                                      Sigma-Aldrich (St. Louis, MO) 

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

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

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

N𝑎2HPO4 EMD Chemical Inc. ( Gibbstown, NJ)  

NH4OH Sigma-Aldrich (St. Louis, MO) 

N2  (medical grade) Praxair (Mississuga,ON) 

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

Buffer Ph 7.000 Radiometer Analytical  

(Villeurbanne, FR) 

Buffer Ph 10.012 Radiometer Analytical  

(Villeurbanne, FR) 

Calomel Phc4006 electrode Radiometer Analytical  

(Villeurbanne, FR) 

TIM900 Titration Manager Radiometer Analytical  

(Villeurbanne, FR) 

ABU93 Triburette Radiometer Analytical  

(Villeurbanne, FR) 

TimTalk 9 version 2.1 software LabSoft (Tampa,FL) 
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    2.2.2    Synthesis of hydroxyapatite seed crystals  

 

Hydroxyapatite for use in the constant-composition assay was synthesized by Azzopardi, 2010 

using a modification of the protocol described by Nancollas and Mohan 1970 [66].  Briefly, 250 

ml of 0.5 M Ca (NO3)2 was added drop-wise to magnetically stirred 250-ml solution of 0.3 M  

N𝑎2HPO4,which was maintained between pH 8.5 and 10 by the addition of concentrated NH4OH 

(28-30% solution). The N𝑎2HPO4solution was also maintained at 70 °C whilst being bubbled 

with water-saturated nitrogen was bubbled to exclude atmospheric CO2. The precipitate was 

washed with H2O, and then resuspended in mother liquor and refluxed for 24 h. The crystals 

were then washed in a medium sintered-glass funnel under vaccum, first with pH 10.0 H2O then 

with acetone. The crystals were dried in a sealed Buchner flask under vaccum, and stored at 

room temperature in a desiccator. 

 

 

 

    2.2.3   Characterization of hydroxyapatite seed crystals 

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

calcium phosphate phase. SEM of the synthesized HA revealed aggregates of plate/like crystals 

with apparent dimensions of approximately 2 nm in thickness, 40 to 200 nm in length and 

variable width.  

The synthesized HA exhibits 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 
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calcium/phosphate molar ratio to be 1.612±0.013, in comparison to the theoretical ratio of 1.67 

for HA. 

 

    2.3  HA- Dissolution assay  

 

Metastable calcium phosphate solutions, called MCS solution,  were prepared by combining 2 ml 

of H2O (minus inhibitor volume), 4 ml of 8.8 mM Ca(NO3)2  and 2 ml of 8.8 mM Na2HPO4/

200 mM NaCl (total volume 8 ml) and the inhibitor (dissolved in dH2O) in a double-walled 

Pyrex vessel. These solutions were stirred and maintained at 37±0.1°C; using a circulating water 

bath connected to the Pyrex vessel. All the stock solutions were previously vaccum-filtered 

through 0.2-μm-pore-size membrane.  

Five milliliter H2O was combined with 20 mg HA powder, using first sonic bath and then 

magnetic stirrer. For each experiment, 0.5 ml of HA slurry in H2O was used in order to have 

2mg HA in 8 ml final solution. Water-saturated N2 was bubbled through the solution to exclude 

atmospheric CO2. The metastable solution was adjusted to pH 5.25 by adding small aliquots of 

50 mM HCl or 50mM NaOH depending on the pH of the solution 30 minutes before adding HA. 

A calomel pHc4006 electrode connected to a TIM900 titration manager and an ABU93 triburette 

was immersed in the reaction solution. The probe was calibrated every day before each 

experiment with standard buffer solutions (pH 7.000±0.01 and pH 10.012±0.01) at 37°C.  

The triburette was customized so that two of its 5-ml operated and both of which contained 

50mM HCL. The titration manager was programmed to maintain pH 5.25 by adding acids for 60 

minutes after addition of HA. Titration addition was controlled using Tim Talk 9 in pH-stat 
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mode with an endpoint pH 5.25 and proportional band pH of 0.100. The burettes were limited to 

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

The reaction was initiated by adding of 0.5 ml of a made HA-H2O slurry in H2O, giving a final 

reaction solution composition of 2.2 mM Ca (NO3)2 , 2.2 mM Na2HPO4/ 50 mM NaCl.  

As the reaction proceeds HA start to dissolve and OH ions are liberated which brings about to an 

increase pH of the reaction solution. The pH probe, programmed at 5.25, measures this change 

and sends a signal to pH monitor which dictates addition of titrants (HCL 50 mM) to the reaction 

by analytical burettes through autotitrator. The addition of titrants maintains pH at 5.25 during 

the experiment which is 60 minutes. The rate at which acid is added to maintain the pH at the 

chosen value is proportional to the rate of dissolution. The titration curve and the volume of 

titration solution consumed are recorded by computer. The HA dissolution rate, volume of HCl 

added to maintain pH, was compared to that observed in the absence/present of the tested 

peptides. Before using inhibitors several daily blank experiments (no peptide) have been run, to 

make sure that the result for control is consistent. Experiments were performed for various 

concentrations of peptides.   

   For all peptides HA dissolution rate, expressed as the volume of HCl addition for standard (no 

added protein/peptides) and with peptides, were plotted against protein/peptides concentration. 

The data for all were fitted to exponential decay curves using Prism 4 in order that the peptides 

could be compared on the basis of their 50% inhibitory concentration (IC50). A representative 

example of a family of titration curves of HA growth rate in the presence of increasing 

concentrations of peptides will be illustrated. The slope of the linear portion of the HA 

dissolution assay decreased when higher concentration of peptides were used in the crystal 

dissolution assay. For all the experiments, there was a rapid addition of acid; lasting for < 10 
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min, immediately after HA was introduced into the solution. After this initial period, the acid 

addition is slow for 40 minutes and then for last the 10 minutes is almost constant. Both the 

initial rapid addition of acid and the slow period were highly variable between experiments 

because of the sensitivity of the pH-Stat method.  

For each experiment, the dissolution rates with time were fitted to one site binding curves 

(hyperbola) (3) using Prism 4 (GraphPad, San Diego, CA).   

 

Y=Bmax*X/(Kd+X) 

 

Bmax is the maximum binding, and Kd is the concentration of ligand required to reach half-

maximum binding. 
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Fig 3.  HCl addition required to maintain constant PH during the HA dissolution assay with 2 mg 

of hydroxyapatite in the MCS solution as it has been mentioned in dissolution assay . 

The x-axis=time (min); y-axis=volume of titration added (ml) 
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Chapter Three- Protein inhibitory potency toward HA 

dissolution 
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3.1   Materials and methods 

3.1.1  Chemical and Reagents 

Table 3. Chemical and Reagents  

Ca (NO3)2 4.H2O (>99.0 %)                                                      Sigma-Aldrich (St. Louis, MO) 

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

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

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

N𝑎2HPO4 EMD Chemical Inc. ( Gibbstown, NJ)  

NH4OH Sigma-Aldrich (St. Louis, MO) 

N2  (medical grade) Praxair (Mississuga,ON) 

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

Buffer Ph 7.000 Radiometer Analytical  

(Villeurbanne, FR) 

Buffer Ph 10.012 Radiometer Analytical  

(Villeurbanne, FR) 

Calomel Phc4006 electrode Radiometer Analytical  

(Villeurbanne, FR) 

TIM900 Titration Manager Radiometer Analytical  

(Villeurbanne, FR) 

ABU93 Triburette Radiometer Analytical  

(Villeurbanne, FR) 

TimTalk 9 version 2.1 software LabSoft (Tampa,FL) 

Poly aspartic acid, Poly glutamic acid  Sigma-Aldrich (St. Louis, USA). 
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     3.1.2 Peptides synthesis /purification 

P3, P0, 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 acid and 

carboxyl termini using Fmoc chemistry and purified by high-performance liquid 

chromatography. All peptides purity was determined by mass spectroscopy and amino acid 

analysis. (Institute for Bimolecular Design, U of A/Advanced Protein Technology Center, 

SickKids). Statherin and DR9 were synthesized and purified in Dr Siqueira's laboratory in 

Western University Ontario. 

 

    3.1.3 Peptides secondary structure analysis  

  CD spectroscopy is a quantitative technique that can be used to estimate the fraction of residues 

in α-helix, β-strands, β-turn and disordered structures. CD studies were performed in our lab by 

Paul Azzopardi [48]. The secondary structure of the peptides were determined at 37°C from 250 

to 190 nm, with a step size of 0.5 nm and a scan speed of 100 nm/min. P3, P0, OPAR and P-

OPAR used in this study, were 16 residues in length. It has been confirmed in our Lab that all 

peptides used in this study exist predominantly in the disordered state in solution.  

Poly aspartic acid and poly glutamic acid were suspended only in Po4 because calcium is known 

to affect the secondary and tertiary structure of many proteins. However it has been shown in our 

laboratory that no major structure differences were observed in any of the peptides studied 

between the two buffers tested, one with calcium and another without calcium. 

 



 

39 
 

 

 

 

 

 

Table 4. Summary of the average fractional secondary structure of P3, P0,OPAR and P-OPAR  

Peptide Buffer٭ Average Fractional Secondary predictio𝑛¥ 

α-Helix β-strand β-turn Unordered 

P3 Ca/PO4 

HEPES 

3.6 

2.3 

15.2 

15.9 

9.2 

9.2 

71.5 

72.1 

P0 Ca/PO4 

HEPES 

3.6 

3.1 

12.2 

17.3 

7.4 

9.6 

76.1 

69.8 

OPAR Ca/PO4 

HEPES 

4.1 

3.5 

27.6 

23.1 

14.6 

13.1 

53.0 

59.7 

P-OPAR Ca/PO4 

HEPES 

3.7 

2.4 

28.9 

30.4 

18.0 

17.1 

48.6 

49.2 

 

 Ca/PO4buffer composition: 500 µM Ca(N𝑂3)2, 300 µM Na2HPO4 and 150 mM NaCl, pH 7.40 HEPES buffer٭

composition: 10 mM HEPES, 100 mM NaCl, 10 mM KCl, and pH 7.40, Azzaopardi (2009). 

¥ Reported fractional secondary structures are the average of those calculated using the CDSSTR and CONTINLL 

algorithms.  
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3.2  Inhibition of HA dissolution by OPN-derived peptides and         

statherin 

  The effect of OPN-sequence-derived peptides and the model compounds poly-Asp and poly 

Glu upon HA dissolution were evaluated using the pH-Stat method assay. HA dissolution rates 

were plotted against protein/peptide concentration. The data were fitted to exponential decay 

curve in order that the proteins could be compared on the basis of their 50% inhibitory 

concentration (IC50). 

P3 is the strongest inhibitor of HA dissolution in this study. The slope of linear portion of the HA 

dissolution assay decreased when higher concentrations of P3 was used in the dissolution assay. 

The IC50  for P3 was observed to be 6  µg/ml- and complete inhibitation of HA dissolution was 

achieved with 15 µg/ml. In contrast, P0„s  IC50for HA dissolution was increased  to 

approximately 75 µg/ml. The IC50  of P0 could not be measured precisely, as this peptide 

exhibited considerably reduced Inhibitation compared to P3. IC50  for P3 is almost 10 times 

smaller than P0„s IC50  suggesting that P3 strong inhibitory potency toward the HA dissolution. 

P-OPAR and OPAR exhibited IC50‟s of 16 µg/ml and 22 µg/ml respectively.  

Poly-Asp (MW=2320) was observed to possess IC50  of 13 µg/ml and completely inhibited 

crystal dissolution at a concentration of approximately 30 µg/ml. In contrast poly-Glu 

(MW=2600) exhibiting IC50  of 18 µg/ml.  

Statherin (MW= 5380, 43 amino acid residues) and DR9 (MW= 1270 ,9-residue peptide derived 

from the N-terminal of the statherin) ,exhibited an IC50  of 25µM and 13 µM respectively. 

A representative example of a family of titration curves of HA dissolution rate in the presence of 

increasing concentration of all the peptides used in this study is illustrated. 
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Table 5. Summary of pH-Stat method dissolution result. 

Peptide/ 

protein  

# Residues #PO4 #Acidic 

Residues  

#Basic  

Residues 

Net 

charge .¥ 

 IC50(µg/ml) 

P3 16 3 5 1 -10 6 

P0 16 0 5 1 -4 ~75 

P-OPAR 16 1 11 0 -13 16 

OPAR 16 0 11 0 -11 22 

 

¥ . Net charge =(-1 x #acidic residues)+( 1 x #basic residues)+(-2x #phosphorylated residues) 
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Fig 4. Initial rate of HA dissolution in the presence of increasing concentration of P0. 

 

 

 

 

 

Fig 5. VHCl addition against peptide Concentration (µg/ml). [𝑅2= 0.97] 
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Fig 6. Initial rate ate of HA dissolution in the presence of increasing concentration of P3. 

 

 

 

Fig 7. HCl addition against peptide Concentration (µg/ml). [𝑅2= 0.96] 
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Fig 8. Initial rate of HA dissolution in the presence of increasing concentration of OPAR. 

 

 

 

Fig 9. VHCl addition against peptide Concentration (µg/ml). [𝑅2= 0.85] 
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Fig 10. Initial rate of HA dissolution in the presence of increasing concentration of P-OPAR. 

 

 

 

Fig 11. VHCl addition against peptide Concentration (µg/ml). [𝑅2= 0.89] 
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Fig 12. Initial rate of HA dissolution in the presence of increasing concentration of DR9. 

 

 

 

 

Fig 13. VHCl addition against peptide Concentration (µg/ml). [𝑅2= 0.96] 
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Fig 14. Initial rate of HA dissolution in the presence of increasing concentration of Statherin. 

 

 

Fig 15. VHCl addition against peptide Concentration (µg/ml). [𝑅2= 0.81] 
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3.3  Comparison between inhibitory potency of Aspartic and Glutamic 

acid 

   It has been shown that the amino acids interacting most closely with the face are aspartic and 

glutamic acid which are highly electronegative. 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. The propensity of the negative charges suggested that the high 

affinity of acidic peptides toward calcium-rich mineral is derived from their ability to 

electrostatically interact with calcium ions. The consecutive short sequence of aspartic residues 

found in OPAR seems to confer a high degree of inhibitory potency toward HA dissolution. In 

the presence of P-OPAR the inhibitation of HA dissolution increased slightly. It has been 

confirmed that the model compound poly-Asp, composed of consecutive acidic residues, has 

great affinity to HA surface. The pH-Stat assay showed that P3 is one of the strongest inhibitor 

of HA dissolution in this study. Examination of the equilibrium adsorption isotherm by 

Azzopardi in our laboratory showed that at saturation, approximately six times more P3 

molecules are bound to the HA surface of HA than poly-Asp(11,000 Da). It has been suggested 

that this roughly correlates to the difference in mass between the two molecules, poly-Asp being 

approximately six times the mass of P3 and both, molecules bind to similar feature on HA and 

adsorb through a similar mechanism.  

To determine the effect of poly-Glu and poly-Asp on the dissolution of HA, several experiments 

were performed in the experimental setup described previously. The poly-Asp and poly-Glu for 

this study both had the same length which is 20 amino acid. Poly-Asp (MW=2320) and poly-Glu 

(MW=2600) was observed to possess IC50  values of 13 µg/ml and 18 µg/ml respectively  
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A representative example of a family of titration curves of HA dissolution rate in the presence of 

increasing concentration of all the peptides used in this study is illustrated. 
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Fig 16. Initial rate of HA dissolution in the presence of increasing concentration of poly-Glu 

 

 

 

 

Fig 17. VHCl addition against peptide Concentration (µg/ml). [𝑅2= 0.85] 
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Fig 18. Initial rate of HA dissolution in the presence of increasing concentration of poly-Asp 

 

 

 

 

Fig 19. VHCl addition against peptide Concentration (µg/ml). [𝑅2= 0.95] 

 

 

 

 



 

52 
 

However, the secondary structures of these polypeptides may be quite different.  

It has been confirmed that poly-L-glutamic acid has been shown to exist in the form of a left-

handed "extended helix" at neutral and basic pH, and a right-handed a-helix at pH values low  

enough to protonate the carboxylate poly-Asp has been reported to lack ordered second- 

structure.  

The secondary structures of the poly-Asp and poly-Glu were determined at 37ºC in PO4 buffer 

pH 5.25. All peptides analyzed by CD spectroscopy displayed the characteristic spectrum ´ 

random coil ´ secondary structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

53 
 

 

 

 

 

 

Fig 20. Poly-Asp and poly-Glu dissolved in PO4 buffer used in pH-Stat experiments. CD spectra were collected at 

37ºC in 0.5-nm steps at a scan speed of 100nm/min.   
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    3.4 Discussion 

    Dissolution experiments were performed using the pH-Stat method with 2 mg seed HA in 8 ml 

final solution as has been described previously  and increasing concentrations of protein/peptide. 

The volume of the acid addition recorded during 60 min was used as the outcome variable. pH-

Stat method revealed that the HA dissolution was composed of two distinct steps: an initial rapid 

addition of acid, lasting for < 10 min, immediately after HA was introduced into the solution , 

after which the acid addition decreases over the 30 minutes and then become constant up to at 

least 20 min. The transition to constant dissolution was found to occur within 20 minutes. Both 

the initial rapid addition of acid and the slow period were highly variable between experiments 

because of the sensitivity of the pH-Stat. All the experiments with the peptide and without 

peptide have been performed several times in order to make sure the results are consistent. 

Furthermore daily controls were run several time before running the experiment in the presence 

of peptides.  

  The effect of P3, P0, P-OPAR, OPAR, statherin and DR9 were evaluated using the pH-Stat 

dissolution assay at pH=5.25 for all experiments. Of the strong inhibitors, the inhibition potency 

of P3> POPAR > OPAR > P0 when ranked according to their IC50 . P3 is the most potent 

inhibitor in this study, exhibiting IC50  =6 µg/ml. P3 contains three phosphoserine residues, 

whereas P0 possess an identical amino acid sequence but lacks phosphorylation. P0 exhibited 

considerably reduced inhibitation compared to P3, exhibiting IC50  >75 µg/ml. Thus, the 

inhibitory potency of P0 was markedly increased by the addition of the 3 phosphate groups 

present in P3. These 3 phosphoserine residues collectively increase the magnitude of the negative 

charge by six (net charge of ~-10). We can assume, post-translational phosphorylation is able to 

increase potency of weak inhibitors. Although P0 is a weak inhibitor of HA dissolution, it has 
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been suggested that the regions adjacent to the poly-Asp region contribute to its inhibitory 

potency. Of the polypeptides tested, the strong inhibitors all posses a relatively high average net 

negative charge per residue. Consequently, the more negatively charged amino acids, the closer 

the protein can bind to the C𝑎2+on the crystal's surface and as a result better inhibitor of HA 

dissolution.  

Isothermal Titration Calorimetry (ITC) has been used to assess the thermodynamic of the P0, P3 

and HA interaction in our laboratory by Azzopardi in 2009 [48]. It has been suggested that each 

peptide/protein likely has a distinct number of binding site for HA and it was necessary to 

elucidate the stochiometry of each adsorbate-HA interaction prior to analysis by ITC. This was 

performed with series of equilibrium adsorption isotherm (EAI) experiments in which increasing 

amounts of peptide/ protein were equilibrated with a defined mass of HA crystals. The 

thermodynamic characterization was then performed subsequent to the elucidation of maximum 

number of binding sites (Nmax ) per unit surface area of HA for P3 and P0. It was observed that 

approximately six more times P3 binds to an equal mass of HA that P0. Utilizing a constant 

composition seeded-growth assay in our laboratory Azzopardi, showed that the crystal growth 

rate was reduced by approximately 80% at highest concentration of P3 tested (10 µg/ml) and P0 

inhibited crystal growth by approximately 10% at highest concentration tested (15 µg/ml) 

[48].The result of the current study aligns with our finding that the P3 is a strong inhibitor toward 

HA dissolution and growth suggesting that the 3 phosphoserines collectively increased the 

magnitude of the negative charge resulting a high affinity for HA surface. As a result, 

theoretically anything that inhibits crystal growth should also inhibit crystal dissolution. 

   P-OPAR and OPAR exhibited IC50  of 16 µg/ml and 22 µg/ml respectively. The consecutive 

short sequence of aspartic acid residues found in OPAR seems to confer a high degree of 
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inhibitory potency. In the presence of P-OPAR, the Inhibitation of HA dissolution increased only 

slightly compared with OPAR. The phosphate clusters and blocks of consecutive aspartic acid 

residues are both able to effectively inhibit HA dissolution suggests that regions possessing 

concentrated negative charge are required to produce a robust inhibitor for the HA dissolution.  

    Of the polypeptides tested, the strong inhibitors all possess a relatively high average net 

negative charge per residues. It has been shown that the amino acids interacting most closely 

with the face are aspartic and glutamic acid which are highly negative.  

To elucidate the effect of these acidic polypeptides, poly-L-Asp (MW=2320) acid and poly-L-

Glu acid (MW=2600) , both 20 amino acid, have been studied using pH- Stat method. Poly-Asp 

and poly-Glu were observed to possess an IC50  of 13 µg/ml and 18 µg/ml respectively. Although 

both poly-Asp and poly-Glu relatively contain high average of negative charge per residues, they 

adsorb to the crystal with different property [48]. This finding suggested acquiring information 

regarding the secondary structures of poly-Asp and poly-Glu peptides using far UV circular 

dichroism.  

   Different explanation has been suggested toward different affinity of poly-Asp and poly- Glu 

to HA surface. It has been suggested that the reason that poly-Asp is a more effective inhibitor of 

poly-G1u binding than vice versa is that the binding of an anionic polypeptide to a crystal occurs 

when the binding of carboxylate group successively allows the polypeptide to "mold" itself to the  

spacing of counterions [46] . Poly-Asp, with its lack of secondary structure, should be easily 

capable of this; extended-helical poly-Glu less so. A difference in conformational flexibility may 

therefore explain why poly-Asp is a more effective inhibitor than poly-G1u toward  HA 

dissolution. . As a result we assume that poly-Asp to have greater affinity to HA surface compare 

with poly-Glu with the same length. 
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   Thus, strongly interacting areas tend to be disordered while weakly interacting areas tend to be 

ordered. It has been shown in our Lab that the highly disordered residues D, M, K, S, Q and E 

constitute 69% and 82%  of P3/P0 and OPAR/P-OPAR respectively. As a result, they suggested 

that it is likely that these peptides, P3, P0, OPAR and P-OPAR, exist predominantly in the 

disorder state in solution. Thus, the closer a peptide associates with the crystal face, the better it 

inhibits crystal dissolution.  

  The N-terminus of statherin contains a pSpSEE (where pS is phosphorylated serine) acidic 

motif also have shown the inhibitory potency toward HA dissolution. Several studies showed 

that statherin inhibit formation of mineral precipitates on the tooth surface by inhibiting both 

spontaneous calcium phosphate precipitation and HA secondary crystal growth. Statherin can 

achieve these properties by binding calcium ions in solution and by adsorbing to HA surfaces 

with a significant binding affinity and coverage. The 2 phosphoserine residues present in N 

terminus of statherin (pSpSEE) produce a potent inhibitor, exhibiting IC50  of 25µM. DR9, also 

possess 2 phosphoserine which we think is the major component for its ability to interact with 

HA and inhibit further dissolution exhibiting 13µM.  
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