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ABSTRACT

Research on the involvement of extracellular matrix in dentinogenesis has predominantly

focused on oneprotein in isolation or on specific groups of proteins acting upon a process.

More recently, when studied in combination, it has been shown that proteins can produce

synergistic or contradictory effects on both collagen fibrillogenesis and mineralisation,

highlighting a need to study protein mixtures within this area of research. Due to the dynamic

nature of the dentinogenesis process, the temporal expression of proteins and the

remodeling of the extracellular matrix prior to mineralisation, there are numerousproteins

acting at any one time and therefore extraction and purification of single proteins may not

necessarily be a true extrapolation of the in vivo processes. This thesis aims to provide in

vitro models by which to study dentinogenesis by extracting 3 whole proteomesand by the

use of an odontoblastlike cell line.

The mineralised and unmineralised phases of bovine teeth were separated and the non-

collagenous soluble proteins extracted. Analysis of whole proteomes by 2D electrophoresis

and MALDI-TOF massspectrometry of predentine, dentine and predentine/dentine interface

at the mineralisation front resulted in 3 very different 2D proteome maps. The dentine gels

demonstrated predominantly anionic proteins, whereas predentine contained both ionic and

anionic material, the interface material was more anionic than the predentine but less so

than dentine. Providing the first 2D proteome map of a mineralised tissue and supporting the

current views that predentine is remodeled prior to mineralisation.

Analysis of the proteomic extracts on collagen type| fibrillogenesis were assayed using a

collagen fibrillogenesis assay. Both predentine and dentine extract inhibited collagen

fibrillogenesis resulting in the formation of thinnerfibrils at low concentrations, dentine 2 2.1

ug/ml, predentine = 20 wg/ml. At low concentrations, 2.5 g/ml the predentine fraction

resulted in the production of thickerfibrils. Boiled dentine extract also inhibited collagen

fibrillogenesis, resulting in the formation of thinnerfibrils, however boiled predentine did not

have anyeffect on collagenfibrillogenesis showing no difference to the collagen only control.

The dentine proteins that appeared to have an effect on collagen fibrillogenesis were within

the molecular weight ranges 30-160 and 350-560 KDa. Dentinogenesis is a dynamic

process that involves time, a protein extraction provides no indication of protein/protein

interactions and the aspectoftimingis lost.

Upon formation of collagen fibrils in vivo, hydroxyapatite (HAP) crystals form in the gap

zones of collagenfibrils. This process requires an increase in Ca** concentration at the

mineralisation front. The way in which odontoblasts transport Ca** from the serum to the

predentine is not fully understood. A comparison was made between an odontoblastcell line

MDPC-23 cells and previously obtained data using acutely isolated rat incisor odontoblasts

as an in vitro model for Ca** transport in odontoblasts. An essential characteristic displayed

by acutely isolated rat incisor odontoblasts is the presence of L-type voltage-gated ion

channels, MDPC-23 cells do not possess these types of channels yet they do allow an influx

of Ca”* possibly via non-voltage gated ion channels. They also had a windowofactivity 24-

48 hours after passage. The MDPC-23 cells contained a store operated intracellular calcium

store. Concluding that MDPC-23 cells were not a useful modelfor the study of Ca** transport

in odontoblasts and it can be hypothesised that odontoblasts require polarity to be

functional.
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CHAPTER 1

INTRODUCTION



1.0 INTRODUCTION

Biomineralisation is the ordered deposition and controlled formation of an

inorganic mineral by an organism, in the context of dentistry, this occurs in

the formation of enamel, dentine, alveolar bone and cementum.In dentine,

this mineral is in the form of hydroxyapatite (HAP) [Caio(PO4)sOH2]. Dentine

is the most abundant mineralised tissue of the tooth, being composed of (by

weight) approximately 70% HAP. The formation of dentine, termed,

dentinogenesis involves a cellular component, the odontoblasts, which form a

continuous layer of cells at the periphery of the pulp and are responsible for

the secretion of the predentine and dentine extracellular matrix (ECM)

components [1]. These are discernible phases of dentinogenesis, an

unmineralised predentine, the mineralised dentine and a transitional phase at

the predentine/dentine interface [2]. Dentinogenesis provides a model in

which to study biomineralisation mechanisms as these 3 phases are

sufficiently distinct to enable microdissection and subsequent extraction of

the ECM macromolecules[1, 3, 4].

Biomineralisation has been an area of interest to scientists for many years,

the way in which a tissue mineralises is a multifaceted dynamic process

involving a plethora of intra and extracellular components, processes and

interactions. Despite the wealth of research available in the literature, the

process of biomineralisation and the effects of certain pathological conditions

are not fully understood. The treatment of pathological conditions such as

dentinogenesis imperfecta, dental dysplasia and oseteogenesis imperfecta,



have been associated with collagen, and various proteins found in the ECM

of bone and dentine. To advance in areas of dentistry and medicine, a

fundamental knowledge of the processes involved and the changes that

occur during disease states is required. To date, these processes have not

been fully elucidated and therefore biomineralisation research and

developmentis essential to this progression.

1.1 DENTINOGENESIS

Dentinogenesis, in simple terms is a 2-staged process, firstly the synthesis

and secretion of the inorganic matrix by the odontoblasts, followed by the

formation of HAP crystals around the collagen framework both of which are

regulated by non-collagenous proteins (NCPs) in the ECM. However there

have been several pertinent reviews detailing the mechanisms associated

with dentinogenesis, including ECM remodelling, distinct secretion patterns

and control of mineral deposition [4]. These reviews and the wealth of

researchliterature highlight the complicated processes and the elucidation of

a complete picture is ongoing. Structurally, dentine is the most abundant

mineralised tissue of the tooth. In the crown of the tooth, dentine is covered

by enamel, in the root it is covered by cementum. Dentine contains many

small parallel tubules in the mineralised collagen matrix. The tubules contain

the extended processes of the cells responsible for the formation of dentine,

odontoblasts. The tubules also contain small amounts of extracellular

(dentinal) fluid. The structure of dentine, in terms of organic matrix and

tubules gives it a certain degree of flexibility and compressive strength,

compared with enamel, and is necessary to support the more brittle enamel.



Most biochemical analyses of dentine have been done on bovine and rat

dentine largely for ease of obtaining material. When considering the organic

matrix of dentine, species can be divided into two categories, the continually

erupting dentine of rodents, and dentine of species where dentinogenesis

occurs for a limited time, such as bovine, porcine and human. Hence there

will be some differences in composition across species [5], due to the

variations in tooth growth and cellular activity. The mantle dentine and

circulpulpal dentine of rats are structurally and chemically very similar [6]

1.2 TYPES OF DENTINE

There are 3 different types of dentine, primary, secondary and tertiary,

differentiated by appearance and stage of development. Primary dentine

predominates in the tooth and is formed at a relatively high rate during tooth

formation. The first layer of primary dentine, which is deposited peripherally

in the dental papilla beneath the enamel, is called mantel dentine. In humans

it varies in thickness, between 5-30 um, in the rat incisor it’s <2 um thick [7].

The rest of the primary dentine is referred to as circumpulpal dentine, which

differs structurally and the mechanism by which it forms to mantle dentine.

Circumpulpal dentine can be divided into 2 categories, intertubular and

peritubular. The main secretion product of the odontoblasts during

dentinogenesis is intertubular dentine which is the most voluminous. There is

a much smaller volume of peritubular dentine found in the periphery of the

dentinal tubules. Peritubular dentine may be absent from the peripheral part

of human teeth where only intertubular dentine is found and it is absent from



continually erupting rat incisor. The peritubular dentine contains little

collagen and consists of predominantly HAP and non-collagenous matrix

proteins [8].

When the root is sufficiently formed for the tooth to be functional, the

odontoblasts continue to form secondary dentine at the pulpal aspect of

primary dentine, at a much-reduced rate and has a similar structure to

primary dentine. It is deposited throughout the life time of the tooth and is

less mineralised than primary dentine [5].

Tertiary dentine may form later in the life of the tooth in response to external

aspects, such as chemical irritants, attrition, caries, trauma and restorative

procedures[5]. It is formed by direct action of the insult on the odontoblast

and is therefore dependant on the intensity and duration of the stimulant. A

mild stimulus will induce secretion of dentine matrix by existing odontoblasts,

this is Known as reactionary dentine. However, a stronger stimulus will lead

to the death of existing odontoblasts and under favourable conditions, a new

population of odontoblast-like cells differentiate and secrete reparative

dentine [9, 10]

At the pulpal aspect of dentine is a layer of unmineralised predentine

between the mineralised dentine and the pulp. Predentine is the

unmineralised precursor tissue to dentine, it is an organic matrix comprised

predominantly of collagen type|. It varies in width depending on species from

10-30 um and it remains throughout the life of the tooth. The mineralisation

front, where predentine mineralises to form dentine is termed the interface. It



contains globular protrusions called calcospherites, which form when the

unmineralised predentine mineralises to form dentine [11]. Radiolabelling

studies have shown that collagen fibrils are incorporated into the mineral

phase within 24 hours of secretion, which prevents any aging or maturation

of the collagen network [12].

1.3 MORPHOLOGY OF DENTINOGENESIS

Formation of the tooth begins with a series of ectodermal-mesenchymal

interactions that are instrumental in morphogenesis and differentiation.

Dentine formation begins when the tooth germ has reachedits bell stage in

development, the dental papilla and enamel organ are well defined and fully

formed.

The cells that form the dentine, differentiate from ectomesenchyme of the

dental papilla and are of neural crest origin. These cells will not differentiate

unless they comeinto contact with the oral ectoderm, the enamelepithelium.

The oral ectoderm does not differentiate into the enamel until dentine

deposition has initiated. The basement membrane of the internal enamel

epithelium is essential for odontoblast differentiation, time limited changes in

the enamel epithelium, co-inside with odontoblast differentiation such as

expression of proteoglycans, growth factors, enamel proteins and more. The

differentiated preodontoblasts form a layer of cells at the periphery of the

dental pulp, it is thought that the preodontoblasts have a predetermined

numberof mitotic cycles before differentiation. On withdrawal from the mitotic

cycle, the cells start to become polarised odontoblasts. Up on differentiation,



the cells increase in size and the nucleus comestolie in the basal part of the

cell furthest from the enamel epithelium. The endoplasmic reticulum (ER)

becomes flattened, parallel to what becomes the axis of the cell.

Redistribution of the skeletal proteins actin, vinculin and vimentin and

expression of nestin and cytokeratin results in a polarised cell. The cell

processes extend towards the basement membrane of the internal enamel

epithelium, the cell process elongates. They form a palisade-like structure

with intercellular junctions, and polarise and become active secretory cells.

Some growth factors such as transforming growth factor B1 (TGFB1), bone

morphogenic protein 2 and 4 (BMP)-2 and -4 and insulin like growth factor

(IGF) have been shownto beinvolved in early development of odontoblasts

[3, 5, 8, 11].

1.4 DEPOSITION OF DENTINE MATRIX

The odontoblasts will still be undergoing the final stages of differentiation

when matrix deposition begins. Collagen type | is released primarily at the

odontoblast cell body, as the predentine width grows, as does the

odontoblast process. Certain extracellular matrix (ECM) proteins are secreted

from the odontoblast process at the site of mineralisation, the mineralisation

front. As mineral forms around predentine, the odontoblast cell process

extends through the tissue towards the dentin-enamel junction (DEJ) and

then secrete the organic matrix that formsthe first dentinal layer, the mantle

dentine. [3, 5, 8, 11].



1.5 ODONTOBLASTS

The odontoblasts are responsible for the synthesis and secretion of the

constituents of dentine. During dentinogenesis, the odontoblasts are

columnar and have a process that extends from the pulpal aspect through to

the DEJ [4, 5, 13-15]. The odontoblast process lacks any organelles but

contains longitudinally arranged filaments and microtubules and the

processes have thin branches that allow lateral connections with other

odontoblasts

The cell bodies are grouped in the periphery of the pulp and are

approximately 20-40 um tall and 3-5 um wide. The odontoblast can be

divided into 3 zones, the proximal or basal zone, which contains the

mitochondria near to the basal plasma membrane, a nucleus, which is

located at the proximal end of the cell body, whose nucleoli shape is

dependent on cellular activity, and a lateral part where a well-developed ER

can be seen. The ER has been shownto extend the length of the cell body.

In the central zone a golgi apparatus with large rounded cisternae and many

vesicles in its periphery can be seen, as well as secretory vesicles,

lysosomes and multivesicular bodies [5].

Young odontoblasts are actively involved in the synthesis and secretion of

dentine components. Synthesis occurs in the cell body whereas exocytosis

and endocytosis occurs primarily in the odontoblast processes [14]. The

structure of the process reflects its secretory role and it is comprised of

microtubules and microfilaments, are approximately 0.5-1 um in diameter. It



contains no organelles and the processes are often divide into 2 more

considerably thinner lateral branching 0.1-0.2 um [5].

The unmineralised predentine is composed of mainly collagen type fibrils,

wherethefibrils form right angles to the basal lamina. As the differentiating

odontoblasts deposit collagen and non-collagenous matrix proteins,

numerous small spherical membrane-limited matrix vesicles (50-150 nm in

diameter) bud off from the distal end. They establish close relationships with

proteoglycans (PGs) and respective glycosaminoglycan (GAG) chains that

are thought to bind calcium ions. Like in bone and calcifying cartilage, it is

thought that the first mineral crystals appear in the matrix vesicles. At the

point when most of the matrix vesicles are mineralised, tight junctions are

formed between differentiating odontoblasts, which contributes to the cellular

polarisation.

There are other proteins that bind calcium, calcium binding proteins [16],

dentine phosphoprotein (DPP), osteopontin (OPN), osteonectin (ON) and

osteocalcin (OC) [8, 17-21].



On becoming fully differentiated the cells secrete several NCPs [7]. Matrix

vesicles are only involved in the formation of mantle dentine, other types of

dentine do not require matrix vesicles to mineralise.

1.51 Ca?* TRANSPORT IN ODONTOBLASTS

In order for mineral crystals to form, Ca®* and phosphate ions must be

transported from the blood capillaries in the pulp across the cell layer to be

localised at the site of mineralisation and incorporated into the mineral

phase. There are 3 stages involved in the transport of Ca**, Ca** entry,

transport and extrusion at the site of mineralisation. Levels of Ca** and

phosphate ions have been shown to be at a higher concentration in the

predentine, with Ca** being 2-3 times higher than in the serum [22]. The

mechanisms of transport for cells of mineral forming tissues, remains

unclear. Ca** must enter the cell at the proximal end, be transported across

the odontoblast and extruded at the site of mineralisation. This occurs via

Ca?* activated-ATPase, derived from the ER, Na?*/Ca** exchanger[23] and L-

type Ca?* channels [24]. It is thought that to a large extent Ca** transport by

odontoblasts to the mineralisation front is transcellular. However little is

known about possible alternative pathways. It was proposed by Lundquist

(2002), that Ca”* is transported across the cell layer in 3. stages. In brief,

Ca** is thought to enter the odontoblast through voltage gated calcium

channels and then diffuse across the cell, most likely bound to calcium

binding proteins although “tunnelling” through the endoplasmic reticulum is a

possible alternative transcellular route [25]. Either way, transcellular Ca**



transport will be heavily buffered and so need not result in toxic elevations of

cytosolic Ca** activity. Calcium extrusion at the mineralisation front is

achieved by a combination of Na*/Ca** exchange and primary active Ca”*

transport although Na‘*/Ca** exchange may have a dominant role in this

process[14].

L-type voltage-gated ion channels have been identified on odontoblasts in

vitro. Inhibition of L-type channels in vivo resulted in a reduction in the

amount of Ca** incorporated in the mineral [24]. The presence of a voltage-

independent Ca** pathway has been suggested by the uptake of Mn”*into rat

odontoblasts in vitro [26]. A Ca** ATPase has been shownto be present on

intracellular membranes in odontoblasts, which may be involved in the

sequestration of Ca** into membrane bound organelles, such as the

endoplasmic reticulum [14].

In most cells, the majority of Ca’* is not free in the cytoplasm, the Ca**

concentration in a typical cell can be as high as 1 mM, however only

approximately 10°’ M will be free in the cytoplasm [14].

1.5ii CALCIUM BINDING PROTEINS

To maintain biological function, it has been suggested that Ca’* binding

proteins buffer [Ca**],, Several Ca** binding proteins been identified in

odontoblasts, which are capable of complexing with and storing large

quantities of Ca?" within organelles allowing [Ca?*]; to be maintained. The

Ca**-binding protein calmodulin is found in virtually all eukaryotic cells, it has

10



also been found in rat incisor odontoblasts, with highest concentrations in

the cisternae of the RER. It is also found in the nucleus and in associated

vesticular structures and to less extent in the cell processes [5, 27].

Calbindin is a soluble vitamin D-dependant Ca** -binding protein. Two

molecular weights have been reported in cells of mineralized tissues. A 28

KDa protein (calbindin D28K) and a 8-9 KDa protein (calbindin D9k). It has

been proposed that calbindin D28K may be involved in initial mineralisation

by regulating [Ca**], [16].

Annexin are a family of Ca®* and phospholipid binding proteins annexin VI

has been shownto be present in the cytosol, nucleus and mitochondria and

in the process of odontoblasts. It as been suggested that it is involved in

mineralisation within the lumen of vesicles and are thought to form a Ca?*

channelallowing Ca**influx into the vesicle and suggesting their involvement

in Ca?* extrusion (reviewed by (Linde and Goldberg 1993)[5].

Na*/Ca** exchangers are generally found on excitable cells and facilitate Ca2*

extrusion from the cell. Na*/Ca** exchangers are part of a larger superfamily

of transporters, however 3 genes, NCX1, NCX2 and NCX3, encode the

classical Na*/Ca?* exchanger. In a study by Lundquist (2002), the presence

of splice variants of NXC1 in different cell types were analysed using RT-

PCR. The cell types analysed, included odontoblasts, osteoblasts, the

odontoblast-like cell lines MDPC-23 cells and MRPC-1 cells. MDPC-23 cells

11



did not produce a positive result for the gene, whereas odontoblasts,

osteoblasts and MRPC-1 cells did [14].

Odontoblasts attach to the predentine, predentine/dentine interface via the

odontoblastic process, therefore extraction of odontoblasts disrupts the

connection between the odontoblast cell body and the odontoblast process,

resulting in changesto cell morphologyorcell death [28].

There are a number of odontoblast cell lines reported in the literature that

exhibit different odontoblast like characteristics. MO6-g3 [29], MDPC-23 cells

[30], mesenchymal derived cells [31] OD-11 [32], HPV 18 E6/E7 from bovine

papilla [33] and from human dental pulp cells [34]. For the purpose of this

thesis, MDPC-23 cells are described.

1.5iii MDPC-23 CELLS

Odontoblast-like cell line MDPC-23 is a well characterised cell line that have

been shown to some extent they share functional characteristics with

primary odontoblasts. They have been shown to synthesise and secrete

dentinal proteins such as collagen type |, alkaline phosphatase (ALP),

osteopontin (OPN), osteocalcin (OCN), dentine phosphoprotein (DPP),

dentine sialoprotein (DSP) and dentine matrix protein 1 (DMP1) [30, 35] .

They are also capable of forming mineralised nodules in vitro [14] in the

presence of DMP1 [36] . MDPC-23 cells were responsive to TGFB1 MDPC-

23 via the Smad3 pathway, DSPP was down regulated in the cells. Their

Smad2, and -4 signalling pathways were also activated by TGF81 [37].

12



MDPC-23 cells grow relatively fast with cell doubling less than 24h [30].

Primary odontoblasts sequester Ca** and phosphate ions to the

mineralisation front; the possible mechanisms for this have been discussed

above. However the Ca”* handling capabilities of MDPC-23 have not been

characterised.

13



1.6 COLLAGEN

Dentine is 70% inorganic mineral and 20% organic matrix, of which a major

componentis collagen type I.

Collagen is the main protein found in connective tissues and belong to a

superfamily of extracellular matrix proteins. They have an important role in

maintaining the structural integrity of a variety of organs and tissues, along

with a number of other biological functions. Their structure includes one or

more domains which contain a characteristic triple helix. In the collagen triple

helix, each polypeptide forms a left-handed helix. Every third residue comes

in to the centre of the triple helix, shifted by 30° from the preceding central

residue of the same chain. This results in the formation of a right-handed

super helix. The amino acid sequence of triple helical domains are

characterised by the repetition of amino acid triplets Gly-Xaa-Yaa. This

sequence constitutes around 95% of the amino acid sequence. Any other

amino acid sequence would sterically disturb the triple helical conformation.

Approximately 30% of the amino acids in the Xaa and Yaa positions are

proline and hydroxylproline residues respectively. The side chains of these

residues protrude from the triple helix to the side of the molecule. This offers

excellent opportunity for lateral molecular interactions with other triple

helices and cross link formation with fibril stabilisation [38].

Some areas of the triple helix may contain relatively few of these residues

and appearto have less densely packedtriple helices related to function and

location. In addition to the triple helical region, at the NH»2-terminal and
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COOH- terminal ends there are regions that do not have this typical Gly-Xaa-

Yaa sequence, thusthis region is non-triple helical [1].

There are 28 different types of collagens and over 40 genetically distinct

different types of alpha chain have been identified to date, with more than 15

additional proteins containing collagen-like domains. Traditionally collagens

are divided into two sub groups, fibril and non-fibril forming. The non-fibril

forming group and be further sub-divided as seen in table 1.1
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Collagens can be divided into subfamilies depending on the type of polymeric

assembly formed. Howeverit is collagen type | that is of interest in relation to

dentinogenesis. Although 28 collagens have been describes, over 90% of the

body collagens are typesI, II, III and IV.

The 28 collagens are categorised below:

Table 1.1

 

A.Fibril forming collagens LU, II,V, XI, XXIV, XXVII

 

B. FACIT and related collagens IX, XII, XIV, XVI, XIX, XX,XX,

 

 

 

 

XXIl

C. Collagens forming hexagonal networks VIIl and X

D. The family of type IV collagens IV

E. Bead filament forming collagen VI, XXVII

F. Collagen-forming anchoring fibrils VII

 

G. Collagens with transmembrane domains XII, XVII, XXII, XXV

 

H. Type XV and XVIII collagens XV and XVIII

 

|. Proteins containing triple helical

collagenous domains

  
XXVI, C1q, Surfactant

protein, Mannan binding

protein, Ficolin, Conglutinin,

Acetyl-cholinesterase,

Macrophage scavenger

receptor and MACRO,

Ectotodysplasin

 

Table modified from (Myllyharju and Kivirikko 2001) [39-47].
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Fibril forming collagens predominantly types |, Il, Ill, V and Xl, have been

shown to form fibrils spontaneously in vitro. However they appear to form

heterotypic fibrils in vivo, containing more than one type of collagen.

Characteristically fibril forming collagens contain helical domain of

approximately 1000 amino acids per chain. Propeptides during formation and

undergo highly organised collagen fibrillogenesis both in vivo andin vitro.

Intrinsically it has a self assembly process but cellular control is involved. /n

vivo, supramolecular aggregations form, enabling the structural support

attributed to fibril containing tissues such as skin, bones and teeth.

This supramolecular aggregation is partly stabilised by interactions between

the triple helical domains. Collagens also contain non-collagenous domains,

which are distinct from the collagenous domains.

1.6i COLLAGEN IN PREDENTINE AND DENTINE

Collagen type | is the major protein in the organic matrix of dentine. However

there are minor amounts of other types of collagen present in dentine.

Collagen type V has been shownto be synthesised by the odontoblasts,

making up 3% of the total collagen synthesised and exocytosed by the

odontoblasts into the predentine [48].

Collagen Type III is normally found in soft connective tissue such as the

dental pulp, where one third of the total collagen is type Ill. It is however

absent from normal human dentine but has been shownto be present in

17



pathological conditions such as dentinogenesis imperfecta and also in

reparative dentine. Studies using immunofluorescence and immunoelectron

microscopy have demonstrated positive labelling for collagen type III in the

dentine of molars of normal mice [49]. Immuno-staining has also displayed

the presence of collagen type III in the odontoblasts of unerupted porcine

teeth [50]. It was demonstrated by Henkel and Glanville (1982) [51] that

lysine-derived covalent cross-linking between type | and type III collagen

molecules may be evidence of the two types being part of the same

aggregate. Immunohistochemical staining has shown that collagen type VI

and pro-collagen type III can be found in human predentine [52].

1.6ii COLLAGEN BIOSYNTHESIS

Collagen type | consists of 3 alpha chains giving the composition [a,(I)]2[a2(I)]

[53]. Upon odontoblast differentiation and secretion of the ECM, they

becomepolarised [54]. The production of collagen by odontoblasts involves 2

phases. Thefirst is intracellular where procollagen is synthesised before

being exocytosed to enable collagen fibril formation.

The essential steps in collagen synthesis are:

e Synthesis of polypeptide chains on the ribosomes of

the RER, with are non-helical extensions at both ends

of the molecule (propeptides).

e Hydroxylation of certain proline and lysine residues to

hydroxyproline and hydroxylysine respectively. Some of

the hydroylysine residues are glycosylated.
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e Cross-linking of chains by disulphide bonds at the C-

terminus.

e Helix formation (proceeding from the C-terminus).

e Secretion of collagen molecules.

e Removal of the non-helical propeptides by specific

proteases.

e Inter-chain cross-linking and fibril formation.

The synthesis of collagen involves a number of post-translational

modifications. The initial precursor to fibril-forming collagen is procollagen.

Procollagen molecules consist of 3 chains, two pro-a, and one pro-a2 chains.

However an a1 collagen trimer [a,(l)]; has been identified in rat incisors and

mouse molars in vitro [55]. These procollagen molecules have propeptide

extensions at their N- and C- terminal ends. The synthesis of these chains

takes place on the ribosomes of the rough ER and released to the RER

cisternae.

It is thought that they are then transported to the cis distentions of the Golgi

saccules via intermediate tubules. The tubule fuses with the Golgi where a

triple helix is formed from two pro-a,(l) and one pro-caz(l), coiling from the c-

terminal. Pro-collagen moves along the Golgi moving to the trans distentions.

It is here where the pro-collagen is thought to arrange into parallel bundles.

These cylindrical distentions then become secretary granules which moveto

the cell surface where they exocytose their content [54].
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There are a numberof intracellular steps that occur during the formation of a

procollagen molecule from pro-a chains. The main steps are; signal

propeptide cleavage, hydroxylation of certain proline and lysine residues to

4-hydroxyproline, 3-hydroxyproline and hydroxylysine. Glycosylation of some

hydroxylysine residues to galactosylhydroxylysine and glucosylgalactosyl-

hydroxylysine. Certain asparagine residues in one or both of the propeptides

are glycosylated, association of the C propeptide through a process directed

by their structures and the formation of intrachain and interchain disulphide

bonds. Association of the c propeptides and the formation of approximately

100 4-hydroxyproline residues in each of the pro chains is necessary for the

formation of the triple helix. The pro chains, which are a nucleusof the triple

helix forms at the c-terminal region, and the triple helix is propagated in the

direction of the n-terminus [42].

Procollagen is transported across the Golgi stacks without ever leaving the

lumen of the Golgi cisternae. A study conducted by Bonfanti et a/. (1998),

suggests that the intracellular transportation of procollagen occurs by

cisternal maturation [56]. Procollagen is then exocytosed in to the

extracellular space (predentine), where the terminal propeptide is

enzymatically cleaved [54].

There are 5 specific enzymes involved in the intracellular modification of

collagen; three collagen hydroxylases, and two collagen glycotranferases

[57]. Howeverthe extracellular modification requires two specific proteinases

and one oxidase. The proteinases cleave the N and C terminal pro-peptides
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and the oxidase is involved in the conversion of certain lysine and

hydroxlysine residues to their aldehyde derivatives, which are essential for

cross-linking of collagen molecules [58]. Other important enzymesinvolvedin

collagen biosynthesis are peptidyl proline cis-trans isomerase, which

catalyses the isomerisation of the large number of peptide bonds involving

proline residues. Protein disulphide isomerase, catalyses the formation of

intra and inter-chain disulphide bonds [59]. It also catalyses the formation of

4-hydroxyproline residues and acts as a chaperone that binds to nascent

collagen polypeptide chains, preventing their aggregation. The chaperone

protein, Hsp47, binds to regions of the triple helix that have low stability and

thus helps to stabilise the molecules within the ER [60].Outside of the cell,

there are a number of stages involved. Cleavage of the N and C terminal

propeptides, the collagen molecules arrange themselves into fibrils by

nucleation, propagation and for maturation of covalent cross- links [61].
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Figure1.1
Diagrammatic representation of collagen biosynthesis

Synthesis of polypeptides by
ribosomes on RER

Procollagen: 2x pro-a1, 1x pro-a2

  

&
3

o Procollagen molecules form a
© triple helix with non-helical
e propeptide extentions

o
2
8 Procollagen is exocytosed where
= the propeptide extentions are
Ww removed by specific proteinases

Collagen molecules spontaneously
assembleintofibrils

Fibrils are stabilised by covalent
cross-linking 
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1.6iii COLLAGEN TYPE | FIBRIL FORMATION

On release of the procollagen into the extracellular space, the terminal pro-

peptides are enzymatically cleaved and the free collagen molecule forms part

of the collagen fibril. The formation of a collagen fibril is an entropic process,

involving the loss of molecules from the surface of protein molecules

resulting in the formation of a triple helix with reduced the surface area to

volume ratio. Collagen fibrils are synthesised as soluble procollagens from

which the cleavage of terminal propeptides by procollagen

metalloproteinases produces collagens. This is a fundamental feature of

collagen fibril formation [62].

The formation of fibrils can be unipolar or bipolar. /n vitro studies have shown

that in the presence of pro-collagen metalloproteinases, collagen fibrils have

a rounded end and a blunt end [63]. The growth of which, occurs only from

the pointed tip. The fibrils are N-N bipolar, as the collagen molecules of the

two pointed tips are orientated with the N-termini closest to the fibril bipolar

[64]. This bipolar type fibril was displayed in vivo in developing chick tendon

[65].

Collagen molecules extracted in dilute acid solutions form unipolar fibrils

where the collagen fibrils have an N-terminal and a C-terminal end. A typical

skin or tendon extraction of collagen yield type | collagen in the form of

monomers but may also include variable amounts of cross-linked

components (dimers, trimers and some higher components). Neutralisation

and warming of these preparations to 20-30°C cause them to form a gel of
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4D-periodic fibrils over the course of several hours with fibrils ranging from

20-70 nm, however lower temperatures of 20°C fibrils with broader diameters

of up to 200 nm [66].

In vitro, turbidity is approximately proportional to the amount of fibrillar

material formed [67]. The plot produced when assayedis near sigmoidal and

contains 3 regions, lag, growth and plateau.

During the time course, there is a limiting fibril diameter distribution when

approximately 20% of the molecules have formedfibrils, suggesting that the

latter assembly is from the endsof existing fibres [68].

In relation to the time course, at the lag phase/ early growth phase, the fibrils

are 1-20 um in length [69]. A conflicting study shows the occurrence of non-

bandedfilaments of diameter 10-20 nm during early fibril assembly and that

the final banded fibrils are formed by lateral fusion of the initially formed

filaments. These conflicting finds are due to the order of warming and

neutralisation of the collagen. The non-banded filaments form when the

solution has gone through cold neutralisation. The molecular mechanisms

involved in these two routes of assembly is likely to involve conformational

changes in telopeptides associated with the fibril assembly [62]. The N-

telopeptide plays an essential role in the formation of polarised 4D-

staggered dimers occurring at the early stages of assembly. The C-

telepeptide has a dual role in promoting lateral aggregation as well as

participating in the formation of linear assemblies [70].
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This type of unipolar fibril formation and aggregation is seen in vitro, however

in vivo the formation is not as simple. /n vivo there are a numberofdifferent

factors affecting fibrillogenesis. The interaction of different types of

collagens, and other non- collagenous extracellular matrix proteins (NC

ECMs).

Collagen fibrils appear striated in the ECM, which is a manifestation of the

alignment to staggered (300nm) collagen molecules which over lap and also

form gaps. This is caused by the interaction of homologous regions within the

triple helix and is the basis of fibril formation, stabilised by lysine derived

cross-links (reviewed by Van der Rest 1991) [38]. It is this 4D staggered

arrangement that is important in predentine formation. The highly organised

spacing of gap zones, stabilisation by cross-linking between collagen

molecules all contribute to the binding of ECM proteins, nucleation and

formation of hydroxyapatite crystals around the collagen framework. Thus

resulting in the formation of mineralised dentine from the non-mineralised

precursor tissue, predentine [38].

Dentinogenesis Imperfecta type | (DI-l) is a genetic disease caused in most

cases by mutations on the 2 genes encoding collagen type |. There are many

genes required in the formation of collagen type |, the enzymesthat catalyse

collagen’s diverse post-translational modifications and its assembly into

fibrils and networks. Defects in these genes can lead to DI and osteogenesis

imperfect, a similar disease effecting collagen type | in bone. DI-II and DI-III

have been shownto be associated with genetic defects of the genes that
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encode the non-collagenous extracellular matrix (ECM) protein DSPP. DI-l|

occurs as a result of mutations altering collagen type | synthesis and

subsequently affects normal dentine development. The genes encoding the

a-1 and a-2 chains have been identified and cloned as COL1A1 and COL1A2

and contain multiple mutation which affects collagen assembly, processing

and arrangementintofibrils.

The dental phenotype of a person with DI-l, the teeth are discoloured and

there is attrition in both deciduous and permanent teeth. In some cases, the

pulp will be completely obliterated, the enamel chips away from the dentine

as there is a lack of support for the enamel. The mineral content of the

dentine is reduced compared to normal dentine due to abnormalities in the

collagen fibril assembly. The changesin collagen formation caused by these

genetic defects, emphasises the need for a highly organised network that

collagen formsin the predentine [11, 71].
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1.7 PROTEINS OF THE EXTRACELLULAR MATRIX

The ECM of dentine is composes of a network of collagen fibril (mainly type

1), and non-collagenous proteins that regulate, control and remodel the ECM

prior to mineralisation, and function in the deposition, nucleation and growth

of HAP crystals. These ECM proteins are referred to as, non-collagenous

proteins (NCPs).

It is the dynamic remodelling of the matrix by these proteins that regulate and

control the formation and mineralisation of this tissue, from a network of

collagen matrix to a highly organised mineralised tissue capable of repair.

1.8 PROTEOGLYCANS(PGs)

Proteoglycans (PGs) are a family of glycoconjugates found in most

connective tissues and play structural and metabolic roles in both soft and

mineralised tissues. They are present in bone and dentine, as well as their

respective unmineralised tissues, osteoid and predentine.

PGs represent a family of proteins present in soft and mineralised tissues,

species present in dentine are likely to represent those found in mineralised

tissue and those in predentine are likely to represent those found in soft

tissue [3, 72].

PGs consist of a core protein covalently attached to one or more

glycosaminoglycans (GAG) chains. PGs may contain 1 GAG species or

several types may be attached to one core protein, additionally they have
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small oligosaccharides attached. PGs are a diverse family of proteins and

can be categorised according to their size and aggregating characteristics.

The PGs of relevance to dentinogenesis are the large aggregating PGs,

aggrecan and versican, which are predominantly found in cartilage and

fibroblasts, and the small leucine rich proteoglycans (SLRPs) [3].

1.8i PROTEIN CORE

The core proteins of PGs play an important role in the interaction with ECM

components, the molecular weight of the core proteins of PGs vary from 10-

400 KDa. The core protein contains a region rich in serine-glycine repeats, it

is proposed that this is the preferred site for GAG attachment, which was

identified by RNA derived from a cDNAlibrary predicted from the NH>-

terminal peptide sequence of mature CS-PG resulting sequence [73]. This

serine-glycine repeat is preceded by an acidic residue [74]. With the

exception of hyaluronan (HA) and keratin sulphate (KS), the GAG chains are

attached to the core protein by an O-glycosidic bond betweentheserine side

chain and the xylose of a xylose-galactose-galactose trisaccharide sequence

of the GAG chain, the remainder of the GAG chain linked to the second

galactose [75].

KS | is linked via an N-glycosidic bond between specific asparagine residues

and N-acetylglucosamine. KSII is linked via an O-glycosidic bond between a

specific serine or threonine residue and N-acetyl galactosamine [76]. Roles

in mineralised tissues are predominately in tissue formation, mineralisation

and cell proliferation; GAGs play an important role in their interactions with

ECM also.
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1.8ii GLYCOSAMINOGLYCANS(GAGS)

GAG chains are described as linear hetero-polysaccharides of repeating

disaccharide units of N-acetylhexosamine and hexuronic acid. The GAG

chains are an important feature in determining the functional characteristics

of PGs.

Seven GAG chains are described in literature, hyaluronan (HA), dermatan

sulphate (DS), chondroitin 4-sulphate (C4S), chondroitin 6-sulphate (C6S),

keratin sulphate (KS), heparin sulphate (HS) and heparin [3].

To understand their roles in tissue formation, knowledge of the distribution of

different types of GAGs is important. GAGs werefirst defined in 1972

(Engfeldt and Hjerpe, 1972) indicating that 4 and 6 sulphated isomers were

present in the predentine and dentine. C4S was considered to be

predominant in the predentine and C6S in the dentine [77]. Biochemical

studies identified chondroitin 4-[°°S] Sulphate from molars of rats 1 hour after

receiving radioactive inorganic sulphate [78]. Immuno-histochemical studies

have identified PGs and associated GAGsin the predentine and dentine [79],

more recently studies have identified gradients of PGs and associated GAGs

with differential expression and gradients formed [80-83]. Additionally, the

GAG chain CS has been found attached to proteins that are not considered

proteoglycans, DSP [84]. The table 1.1 (adapted from Embery et a/. 2001)

[3], showsthe structure and potential sulphation of GAG chains .
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1.8.1 SMALL LEUCINE RICH PROTEOGLYCANS(SLRP)

The predominant PGs in predentine and dentine are members of the SLRP

family. The SLRPs are a class of secreted PGs of which there are 9

members, decorin, biglycan, fibromodulin, lumican, keratocan, proline

arginine-rich end leucine-rich repeat protein (PRELP), osteoadherin,

epiphycan, and osteoglycin. They are characterised by the presence of

between 7 and 24 tandem leucine-rich repeats (LRR) flanked by 2 cysteine

rich regions at the N- and C-terminal domains. The N-terminal domain

contains 4 cysteine residues, 2 of which are involved in interchain disulphide

bonds andit is this domain where one or more GAG chains are attached,

creating distinct polyanionic properties [74]. The C-terminal domain contains

2 cysteine residues which form a loop stabilised by disulphide bonds. The

core proteins also contain a propeptide sequence which is highly conserved

across species and is absent from the mature protein and is thought to

regulate GAG attachment [74]. Most variation is brought about by about by

the number of LRR, amino acid substitutions and differences in glycosylation

[3, 74]. SLRPs can be subdivided in to 3 classes. Decorin and biglycan

belong to class | (both have 10 LRR) , fibromodulin, lumican, keratocan,

PRELP and osteoadherin belong to class II (all have 10 LRR) and epiphycan

and osteoglycin belong to class III (Both have 6 LRR) [3, 74]. The SLRPs of

interest with respect to dentinogenesis are the class I, chondroitin sulphate

(CS) rich SLRPs decorin and biglycan and the class II, keratin sulphate (KS)

rich PGs fibromodulin and lumican. Theyareall derived from separate gene

products [74].
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It is thought that the change in profile of PGs in predentine and their

interaction with collagen type | are a prelude to the interaction of

phosphoproteins or phospholipids, which have a high affinity for Ca?* and

assist in mineralisation [3].

1.8.11 CLASS | SLRPs: Decorin and Biglycan

Decorin and biglycan are 2 of the most prominent SLRPs, which have been

identified in various tissues, skin, tendon, gingiva and bone [3]. Decorin and

biglycan share a 57% homology and they are located on separate genes.

Decorin is located on 12q23 and biglycan on the X chromosome Xq28 [74].

Decorin has a molecular weight of approximately 120 KDa, the molecular

weight of the core protein is approximately 37-45 KDa. It has one CS chain at

the N-terminal in mineralised tissue [85] or one DS chain in soft tissue. In the

tooth, it has been identified in the predentine, dentine, predentine/dentine

interface [82], pulp, dentinal tubules and odontoblasts (reviewed by Embery

et al. 2001) [3]. Decorin is highly expressed in bone and evidence suggests

their involvement in bone cell differentiation as well as regulating crystal

deposition and morphology [72].

Biglycan has a molecular weight of approximately 200 KDa with the core

protein 40-45 KDa and carries two CS/DS chains at serine 5 and 11. As with

decorin, CS predominates in the dentine, DS predominates in the predentine

[3, 82, 83]. Non-glycanated, core protein forms of decorin have been

identified in predentine predentine/dentine interface and dentine, whereas

core protein form of biglycan was found in the predentine [82]. Both decorin
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and biglycan are capable of interacting with transforming growth factor-B

(TGFB) and also binding to cell surface receptors, influencing the cell cycle

[86], with the un-glycosylated form of decorin increasing TGFB binding [87].

Therefore removal of the GAG chain would alter the role that decorin plays

with the matrix.

It is speculated that the presence of decorin without its GAG chain mayarise

from proteolysis of the protein and loss of its N-terminal which contains the

GAG chain located on serine 4 [3, 82]. Light and X-ray scattering has

suggested decorin can form a dimerin solution [88, 89]

Both decorin and biglycan play a role in matrix organisation, decorin plays a

role in arrangement of collagen fibrils in predentine and it is also present in

the unmineralised osteoid of bone [72]. However, they are differentially

distributed in the predentine which indicates differing roles [90]. A study has

shownthat biglycan contained 6- cysteine, 2 near the C-terminal and 4 near

the N-terminal and demonstrated the formation of a disulphide bond [85].

Decorin and biglycan containing DS chains are present in the predentine,

less so in the predentine/dentine interface and absent from the dentine,

where they are substituted with CS chains [82, 83]. It is proposed that the DS

GAG chains are significant to collagen fibrillogenesis in predentine [82].

Differential expression of GAG chains wasalso found in a study using bone

marrow stromal cells and bonecells from alveolar bone explants [72]. It was

found that mRNA of biglycan substituted with DS were expressed during

phasesrelating to cell proliferation, expression ceased during early matrix
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deposition, then re-expressed at the onset of mineralisation. Decorin

however was expressed later than biglycan and continued at the

mineralisation stages substituted predominantly with CS. Suggesting roles of

DS-biglycan in cell proliferation, DS-decorin in matrix assembly and CS

conjugated forms of the proteins in mineral formation [72].
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Figure 1.2
Diagrammatic structures of ECM proteoglycans, decorin and biglycan.
(Adapted from Emberyet a/. 2001).
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1.8.2 CLASS II SLRPs: Fibromodulin, Lumican and Osteoadherin

Fibromodulin (fmod) a class Il SLRP has a KS GAG chain and wasfirst

identified in skin, cartilage, tendon, sclera and cornea [91]. Its molecular

weight varies with species, age and tissue (approximately 42 KDa) [74] and

is a latent TGFB modulator [92]. Fmod and lumican, another class I] SLRP

bind the sameregion of the collagen fibril [93]. In a recent study by Goldberg

et al. (2006), fmod was located in the distal part of secretory odontoblasts

and ameloblasts and to a lesser extent in the predentine and followed the

same distribution pattern as biglycan [90, 94]. Both fmod and biglycan

distribution is homogenous throughout predentine, suggesting they play a

role in fibrillogenesis throughout the formation of predentine. Fmod shares a

48% sequence homology with lumican, they bind the same region of the

collagen fibril, yet lumican is present in a gradient from the proximal to the

distal part of predentine, with highest concentration at the mineralisation

front [92]. The study by Goldberg et a/. (2006) found over expression of DSP,

DMP1 and BSPin the odontoblasts of the incisors in fmod deficient mice.

However in the molars, OPN and DSP were decreased and BSP and DMP1

were increasedin the odontoblasts [94].

Lumican, is present in predentine and to a lesser extent in dentine [79], it has

2-3 KS GAGs attached and the molecular weight of the core proteins is

approximately 38 KDa [74]. It was first identified in the cornea, where its

function is to control the diameter and spacing of collagen fibrils, which is

essential for the transparency of the cornea. Along with fmod, decorin,
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biglycan and lumican stained positive in the predentine howeverit is not

found in the dentine [95] .

Osteoadherin (OSAD) is memberof the class II SLRPs and wasfirst isolated

from bovine long bone by Wendel et a/. (1998) [96]. The mRNA of

osteoadherin has been found in mature osteoblasts, odontoblasts and in

pulpal fibroblasts [97]. It has 37-38% sequence identity with fmod and

lumican. It is a 116 KDa protein [98] and has 3-5 KS chains attached [74].

TGFB1 stimulates OSAD synthesis and therefore may play a role in

regulating collagen fibril formation and spacing prior to mineralisation [97].

The central domain of OSAD contains 11 LRR and was shownto promote

intergrin (ayB3)-mediated cell binding and it binds to HAP also [96].

1.8.3 Versican

Versican is a large aggregating PG and is not considered a SLRP. It’s core

protein has a high molecular weight, approximately 360 KDa [3], which

contains a three-loop structure at the N-terminal, with which it is proposed to

complex with HA. The HA-binding region contains 2 cysteines and glutamic

acid which has been proposed as an area of HAPinteraction in bone [99].

Versican has 12-15 CS GAG chains and is found in cartilage, aorta, tendon

and gingival [3]. A study found that [82] the presence of degradation products

of versican in predentine were found but less so in predentine/dentine

interface and dentine, indicating it’s degradation prior to mineralisation [82].

It has previously identified in osteoid also [100].
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It is proposed that the functional role of versican is its involvement in the

initial assembly of the ECM, in the non-mineralised predentine [101]. The

appearance of the degradation product in the predentine/dentine interface

may be dueto its entrapment within the mineralising matrix, as mineral forms

around the collagenous matrix within 24 hours of secretion [12]. It is also

proposed that “a disintegrin and metalloproteinase with thrombospondin

motifs-1” (ADAMTS)-1 and “a disintegrin and metalloproteinases” ADAMS-4

are potential candidate enzymesfor the degradation of versican [102].

1.8.4 COLLAGEN INTERACTIONS

The interactions of PGs with collagen is important in dentinogenesis as they

are thought to play a role in matrix organisation. It has been suggested that

there are differing pools of PGs in predentine and dentine, which werefirst

identified using cationic dyes (reviewed by Embery et a/. 2001) [3]. The 3-

dimentional structure of decorin has been modelled on the crystal structure of

porcine ribonuclease inhibitor as they both contain LRR and share 18%

residue homology [103]. Decorin core protein (and possibly the other SLRPs)

is horseshoe shaped with the inner concave surface lined with B pleated

sheets and the outer arched surface with a helicies [104].

Collagen type | forms triple helicies that overlap 1/3 of the length of the

molecule and are stabilised by cross-linking of the lysine residues. It was

proposed that a decorin molecule binds to one collagen molecule within the

gap zonesof collagen in the d and e bands. The decorin binding site in the

arch or the horseshoe shape, in an arrangement where 5 collagen molecules
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are cross-linked. Mutations studies have shownthat it the 6" LRR, more

specifically the glutamate-180 residue within the LRR_ that is of particular

importance in binding to collagen molecule [105]. In contrast to this,

recombinant decorin studies have highlighted the importance of LRR 4 and 5

in decorin and biglycan binding to collagen [106]. The inner concave surface

is approximately the correct size and shape to accommodate1 collagen triple

helix where it interacts with the LRR, there is a second binding site at the c-

terminal that interacts with another region on a different collagen molecule

thus preventing lateral fusion of collagen molecules, playing an important

role in the formation of the staggered fibrillar arrangement [74, 104, 107].

The 3 N-linked oligosaccharide attachment sites are located in the central

domain. The GAG chain is located at the end of the molecule and is free to

protrude away from the molecule in different directions. The 3 N-linked

oligosaccharides all lie on the same surface and apparently increase the

thickness of the molecule. It is proposed that decorin acts as a spacerin

collagen fibrillogenesis and there is a second binding site on the decorin

molecule which is involved in allowing a collagen fibril to form and therefore

acting as a spacerfor the aggregating collagen molecules [103]. The binding

of decorin to collagen has been used as a model for other SLRPs and has a

more open structure than the porcine ribonuclease inhibitor on which it was

modelled [3, 108]. Decorin is a bivalent ligand [108] whereas biglycan which

also binds collagen is a trivalent ligand, however the stability between the

PG-collagen complex is higher in decorin [109]. Their presence at strategic

locations on the collagen molecule aids in the stability and organisation of
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the collagen fibril network, and binds at the d band in the gap zonesof the

collagen molecule [103].

GAG chains are also thoughtto play a role in collagen fibril alignment. It was

proposed by Scott (1995) that DS/KS chains are capable of aligning in an

anti-parallel manor to bridge the separate collagen molecules [107]. Fmod

and lumican bind collagen at the a and c bandsof collagen type | molecule,

different binding sites than decorin and biglycan [92]. Deficiency in fmod, like

biglycan promotes the formation of thicker fibrils compared to wild type (WT).

In controlling the lateral fusion of collagen molecules, fmod and biglycan,

unlike decorin are thought to inhibit collagen fibrillogenesis, which in turn

leads to hypomineralisation of the dentine [110]. TEM (transmission electron

microscopy) studies of fmod and lumican knock out (KO) mice, showedhighly

irregular cross-linking of collagen type | molecules in the periodontal

ligament (PL). The collagen fibrils also had protruding branches of collagen

molecules, this may represent molecules that have failed to form cross-links

with adjacent molecules or have broken from the fibril. The KO mice also

showedirregular spacing and size of the fibrils, compared to the WT mice

[95]. Fmod and lumican, another class Il SLRP bind the same region of the

collagen fibril [93].

Decorin and biglycan associated with a CS chain bind to HAP [111]. The

affinity of biglycan and HAPis higher than that of decorin and HAP. Removal

of the GAG chain appearsto increase binding affinity. This may be caused by

a conformational change in the core protein on removal of the GAG [112].
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This suggests that biglycan has a more important role in mineralisation than

decorin. In a study by Boskeyet a/. (1997) a mixture of decorin and biglycan

appeared to enhance HAP formation when applied to a mineralising gel

system, yet, when using impregnated gels, no HAP deposition was witnessed

[111]. However, when immobilised onto agar beads, PGs have been shownto

promote HAPformation [113].

1.8.5 REMODELLING OF THE MATRIX

It is now well established that the ECM of predentine is remodelled prior to

mineralisation. Matrix metalloproteinases (MMPs) have been identified as

well as tissue inhibitors of matrix metalloproteinases (TIMPs). MMPs, TIMPs,

collagenase and 2 gelatinases have been identified during early tooth

formation and in basement membrane degradation and are implicated in

epithelial-mesenchymal interactions [3]. There are differential pools of PGs

secreted in the predentine at the onset of mineralisation. The presence of

decorin and biglycan in predentine, predentine/dentine interface and dentine

has been found [82]. Small molecular weight metabolites were also detected

in the predentine but not in the interface or dentine, This suggests catabolism

of these SLRPs in predentine [82] and secretion of a second pool at the

mineralisation front. Studies have also shownthat there is a gradient in CS

and DS, decreasing sequentially from the pulpal aspect to the mineralisation

front. In contrast, the gradient of KS, increases sequentially from the pulpal

aspect to the mineralisation front, implying remodelling of the collagen matrix

prior to mineralisation [80, 81]. Lumican, is present in predentine and to a

lesser extent in dentine, suggesting it is in the first pool of PGs secreted
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during dentinogenesis [79] and degraded prior to mineralisation. The GAGs

isolated from the interface region also contained more sulphate than thosein

dentine extract. The GAGsin the predentine contained a higher proportion of

disaccharide sulphated in the C4 on the hexosamine residue compared to

those sulphated on the C6 position [82]. Studies have shown that DS

predominates in predentine, whereas GAGsin the dentine are CS [82, 83].

KS and lumican have a gradient of expression from proximal to distal

predentine. The uneven distribution of KS and PGs in the predentine

suggests a role in dentine mineralisation [79].

It appears that CS chains have a greater effect than DS chains. CS chains

bind Ca?* 5 times more than DS, suggesting that CS acts as a cation

exchangerdirecting ion movement towards the mineralisation front [114].

1.9 MATRIX METALLOPROTEINASES(MMPs)

MMPsare a family of zinc endopeptidases that degrade a variety of ECM

components [115]. The timely break downof proteins in the ECMis essential

to remodelling, resorption and development of a tissue. MMPsare thought to

play a central role in this. MMP activity is controlled by activation of their

precursors and by non-specific endogenous inhibitors such as a-

macroglobulins and tissue inhibitors of metalloproteinases (TIMPs). MMPs

are synthesised as prepro-enzymes and secreted as pro-enzymes which are

inactive, they require activation to be functional [115, 116].

The catalytic domains of MMPs consist of a zinc binding motif, a “met turn”

which is a 5 stranded B-sheet, 3 a-helicies and a bridging loop [117]. Most
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MMPsare secreted as zymogens and activation requires the pro-peptide to

be removed and disruption of the cys-Zn?* switch. /n vivo, activation occurs

by tissue or plasma proteinases, MMP-2 howeveris thought to be activated

on the cell surface. MMPsare participants of a variety of normal biological

processes, their main function howeveris the removal of ECM during tissue

resorption and progression of disease and tissue developmentbyalteration

and proteolysis of macromolecules in the ECM. PGs are knownto inhibit

mineralisation, some MMPs maybeinvolved in the timely breakdown of PGs

at the mineralisation front and allow mineralisation to occur [118].

MMPswere showto be present in porcine predentine, containing 2 types of

MMPs, gelatinase and proteoglycanase [119]. MMPs have been implicated in

various physiological processes occurring in dentine, maturation during

ageing, calcification of intra- and intertubular dentine and progression of

dentinal caries.

1.9.1 MMP-3

MMP-3, also known as stromelysin or proteoglycanase is a broad spectrum

enzyme that degrades fibronectin, type IV and type IX collagens,

glycoproteins and the core proteins of PGs resulting in the release of soluble

GAG chains and controls predentine mineralisation by degradation of CS/DS

PGs. In dentine it is associated with the odontoblast process although its

functional activity here is undetermined [80]. It has been suggested that

MMP-3 may interact with decorin and release TGF that has been

sequestered by decorin [87]. It has been identified in the predentine [80] and
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forms an increasing gradient towards the mineralisation front, which

correlates with the reverse gradient of CS-PGs in the predentine [90]. In a

study [120], MMP-3 was used to extract the PGs decorin and biglycan from

the dentine. It was also reported that dimers of biglycan and decorin were

also seen using Western blot analysis [90] . MMP also released four

members of the SIBLING family, DSP, MEPE, BSP and OPN yet DMP1 and

OCN were undetected, which may beindicative of the specificity of MMP-3,

the proteins were also released but did not appear to be degraded by the

MMP-3 which may suggest that it degraded their attachment with matrix.

Treatment of demineralised dentine with MMP-3 releases proteins known to

be associated with collagen [120]. It was also identified in predentine [80]

and concentrated in mantle dentine [115].

1.9.2 OTHER MMPs IN PREDENTINE AND DENTINE

MMP-2 (gelatinase) is a gelatinase that has been observed in predentine and

dentine. It has been suggested in the cleavage of DSPP into smaller

fragment products from four cleavage points on the molecule, producing an

“extended-DGP” molecule. It’s function may overlap with MMP-20, which

cleaves DSPP at the cleavage point to separate DSP-DGP into DSP and

DPG, however there are no dentine phenotypes associated with a lack of

MMP-20. They further degrade DSP into a highly glycosylated core protein

which shows someresistance to further degradation. In the same study no

proteolytic activity against DPP was detected [121]. MMP-2 also appears to

be resistant to autoclaving and has been previously reported as being

stabilised by binding to collagen [122, 123].
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MMP-20 and 3 have been identified in predentine and may contribute to

predentine remodelling prior to mineralisation and are incorporated into

mineralised dentine. MMP-2 (gelatinase A) and MMP-9are presentin dentine

[124]. MMP-8 (a collagenase) has been found in predentine and dentine.It is

expressed in odontoblasts and pulp of adult human teeth and is thought to

play a role in matrix organisation prior to mineralisation [125]. A study has

shown, predentine contained more MMP-8 than the demineralised dentine

extract, mesenchymal MMP-8 was also detected in the extracted samples

[123]. MMPs 1,2,3 and 9 wereall found to be expressed during early tooth

formation, in rat models and are thought to be an important aspect of early

tooth formation and development[124].

1.9.4 TISSUE INHIBITORS OF METALLOPROTEINASES(TIMPs)

TIMPs are the major endogenous regulators of MMPs. The disulphide bond

between Cys' and Cys” of the MMPis critical to the inhibitory action of

TIMPS [115, 126]. TIMPS are multifunctional proteins, and have mitogenic

activity on a number of cell types, they inhibit cell invasion jin vitro,

tumourgenesis, mitogenesis and angiogenesis are amongst some examples

of their biological functions. Howeverthese functions are independentto their

MMP inhibitory activity [127]. The concentration gradient of TIMP-1 has been

shown in human teeth. The concentration of TIMP-1 decreased from the

cementum to the cementodentinal junction and increased from the

cementodentinal junction towards predentine [126].
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In a study using immuno-localisation techniques using the forming part of rat

incisor, TIMP-1 and 2 appeared to have different distribution patterns to that

of MMP-2 and 9 [115]. TIMP-1 stained inside ameloblast and odontoblast

bodies more intensly than in the secretory cell processes. Weak staining was

present in the dentine and interface but higher in the predentine. The study

also found that the distribution of MMP- 2 and 9 were similar, but differed

from that of TIMP-1 and -2. The mantle dentine contained the highest

concentration of the two gelatinases but the lowest concentration of the

TIMPs. TIMP-1 and -2 exhibits a profile with the lowest concentrations in

enamel and dentine [115, 126].
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1.10 THE SIBLING FAMILY OF PROTEINS

The small integrin binding ligand N-linked glycoprotein (SIBLING), to date

are a family of, 6 members of proteins, namely, the products of dentine

sialophosphoprotein (DSPP) proteolytic cleavage, Dentine sialoproteins

(DSP) and Dentine phosphoprotein (DPP),bone sialoprotein (BSP),

osteopontin (OPN), dentine matrix protein (DMP1), enamelin and matrix

extracellular phosphoglycoprotein (MEPE).

Although members of the SIBLING family were originally isolated from

mineralised tissues such as dentine or bone, they have also been identified

in non-mineralised tissues such as embryonic kidney and lung [128] and

salivary glands [129]. Characteristically they have multiple phosphorylation

sites, contain a ligand binding tripeptide (Arg-Gly-Asp), several glycosylation

sites and the SIBLING genes are all clustered within 0.37MB region of

chromosome 4q [130].

Due to their predominant expression in mineralised tissues, where levels can

vary, (such as OPN is expresses 70 times higher in bone than in dentine

[131]), their roles have been in the mineralisation mechanism. With

subsequent identification in non-mineralised tissues, an emerging role for

SIBLING proteins in morphogenesis is hypothesised [128].

As discussed previously, the roles of the SIBLING family of proteins are

predominantly in directing and controlling mineralisation. However, their

expression in non-mineralised tissues, other roles are being suggested. To
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support this, co-localisation studies of 3 members of the SIBLING family have

been co-localised with MMPsin kidney [132] and salivary glands [129].

MMPs are a family of over 20 zinc dependant enzymes which secreted as

pro-MMPs, which are activated upon cleavage. MMPs have many purported

functions in a variety of normal and pathological processes, including wound

healing and tumour cell invasion. Research has shown that 3 membersof the

SIBLING family can bind and activate specific pro-MMPs without cleavage of

the propeptide [133]. In addition, the inhibitor of the MMPs, TIMPs have been

shownto have a reduced effect on the SIBLING-MMP pair [133].

BSP, DMP1 and OPN have been shownto specifically bind and activate pro-

MMP-2, pro-MMP-3 and pro-MMP-5 respectively and reactivate the

corresponding TIMP-inhibited MMP [133]. This may have implications in

control of mineralisation and in pathological conditions not only of

mineralised tissue but unmineralised tissues also. To date MEPE and DSPP

do not have known MMP partners [129].

1.10.1 DENTINESIALOPHOSPHOPROTEIN (DSPP)

DSPPis a precursor proteins predicted from the cloning of cDNA from which

two proteins, dentine phosphoprotein (DPP) and dentine sialoprotein (DSP)

originate from the COOH and NH>-terminal respectively [134-137]. DSP and

DPP wereidentified and characterised prior to the discovery of DSPP and as

such, not all of the proteases involved or the native protein have been
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identified [134, 136, 138]. However, DPP and DSPare not expressed at a

ratio of 1:1 in the matrix.

DSPP, a 1253 amino acid sequence is rapidly cleaved by an unknown

protease to produce DPPfrom amino acids 463-1253. MMP-20 is then known

to cleave a DSP-DPGprotein (amino acids 16-374 and 375-462 respectively)

to produce DSP and DGP with MMP-2 also involved [121, 139]. Mutations in

MMP-20 have been associated with amelogenesis imperfect, but no obvious

dentine abnormalities are found [140, 141]. The majority of the literature

reports 2 functional products of DSPP, however DGPhas beenisolated from

porcine odontoblasts [139] raising speculation that the DGP sequence may

have been previously overlooked.

DSPP mutation results in several dental defects including dental dysplasia

type Il and dentinogenesis imperfect types II and Ill [71, 140, 142, 143].

DSPPis expressedin other tissues, such as bone [144] but the protein levels

are a fraction of those detected in dentine [144, 145].

1.10.11 DENTINE PHOSPHOPROTEIN(DPP)

DPP is a highly acidic phosphoprotein with a composition of 40-50%

phosphoserine and 35-38% aspartic acid residues. It has various molecular

weights described which are species specific, 35-158 KDa (bovine) [146], 72

KDa (murine) [147] and 65-140 KDa (rat) [148]. The similarity in composition

of these proteins suggests that they are the same protein, despite their

different molecular weights. DPP is polyanionic with an estimated pl of 1.1,
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largely due the acidic amino acid profile of 50% are serine or phosphoserine

and a further 40% aspartate [149].

DPP has several suggested roles in dentinogenesis but primarily DPP is

suggested in the nucleation of crystal growth [17, 150]. DPP is absent from

unmineralised predentine and from pulp cells [147, 151] and transiently

expressed in the pre-ameloblasts [152] and in embryonic kidney [128]. In

addition, the RGD motif of DPP promotes migration of dental pulp cells in

reparative dentine formation [153].

DPP binds calcium with relatively high affinity and forms insoluble

aggregates in the presence of Mg* and Ca** [154]. Depending on the

concentration of DPP and whether it is bound or free in solution, in vitro

studies have shown that DPP can inhibit or promote HAP formation [17, 18,

113, 150, 155-157]. Molecular mechanisms suggested for this dual role

include DPP adopting different conformations depending on concentration

[146]. At low concentrations, intramolecular interactions including calcium

bridging predominate and at higher concentrations an extended 8 pleated

sheet conformation with intermolecular interaction is formed [17, 146, 158]. It

was also found that dephosphorylated DPP resulted in different adsorption

profiles to hydroxyapatite indicating that the absence of phosphate may

reduce intermolecular interactions between phosphate and aspartate [17].

DPP has a high affinity for collagen type | and binds specifically at the “e”

band of the fibril, a region near the middle of the collagen gap zone and also
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associated proteoglycan binding [146, 159, 160]. Structurally DPP contains

hydrophobic domains which may beinvolved in collagen interaction [161]. A

single DPP molecule has been shownto interact with and effectively cross

link two collagen molecules forming staggered collagen aggregates [162,

163].

In vitro studies of DPP and collagen showed DPP retardfibril self-assembly

[164], however over a longer period of time, wider collagen fibrils were

formed in the presence of DPP implying a role in collagen fibril formation

during dentinogenesis [165]. DSPP knockout mice develop abnormalities

similar to DI type III displaying hypomineralisation and irregular border at the

mineralisation front [142].

1.10.1ii DENTINE SIALOPROTEIN (DSP)

DSP is cleaved from the NH, terminus of DSPP andit is hypothesised that

this processing is catalyses by phosphate regulating endopeptidase X-linked

(PHEX) enzyme [166]. DSP, as the name suggests contains manysialic acid

residues and is also sometimes referred to as a proteoglycan due to the

presence of chondroitin-6-sulphate glucosaminoglycan chain [84, 139].

Characteristically, rat DSP is 53 KDa and composed of 29.6% carobohydrate

[167] although a higher molecular weight was reported by SDS-PAGE[168].

DSP has6 potential sites for N-linked glycosylation and 13 potential sites for

phosphorylation. Studies have shown it to be present in odontoblasts and

pulp cells but not in enamel, bone, muscle or cartilage [169]. Studies showed

that it is initially expressed by young odontoblasts as they secrete predentine
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and is also present in the process, suggesting it may be secreted at the

mineralisation front. However it was found to not be expressed in

preodontoblasts [1]. In immunostaining studies during early tooth

development, DSP stained positive in pre-amelobalsts but not in mature

ameloblasts. Studies have shown the expression of DSPP genein the inner

ear and jaw [170] and in bone [144]. Expression of DSPPin the ear has been

linked to the progressive neurosensory hearing loss in some DI patients

[170]. The studies performed by Qin et a/ (2002) showed that quantitatively,

DSP in bone was approximately 1/400th of the amount found in dentine

[144]. DSP has been shownto accumulate during mantle dentine formation in

the zone between root dentine and cementum, potentially participating in the

induction of periodontal ligament cells [171]. It is present in odontoblasts,

pulp cells, predentine and dentine [167, 172].

DSP isolated from rat tissue does not demonstrate effective nucleation of

HAP in vitro with low affinity for HAP crystals [173], therefore, in isolation is

unlikely to regulate mineral deposition. However a definitive role remains to

be determined, although current literature appears to be linking a role with

the recent identification of a GAG chain [84, 174]. It binds to hyaluronic acid,

in vitro, thus suggesting a function in hydration, in which it binds and

organises water molecules [174], as aggrecan does in cartilage [175],

forming or stabilising ECM aggregates and matrix assembly, or in binding

growth factors during tooth development.
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1.10.1iii DENTINE GLYCOPROTEIN (DGP)

For many years it was thought that DSPP was cleaved into two proteolytic

products, DPP and DSP which werejoined by a linker region. More recently it

was proposed that in porcine dentine extract, the area that connected DPP

and DSP wasin fact a separate protein named dentine glycoprotein (DGP)

[139]. DGP has an 81 amino acid back bone with four phosphorylated serine

residues and one glycosylated asparagines. It forms a band at 19 KDa on an

SDS-PAGE gel, which is reduced to 16 KDa when treated with

glycopeptidase. It has a predicted pl of 6.7, in the absence of any post-

translational modifications and has an equal number of positively charged

and negatively charged amino acids. The N-linked glycosylated serine

residues and 4 phosphorylations make it an acidic molecule which increases

its affinity to hydroxyapatite. The function of DGP in dentinogenesis remains

undetermined but as part of the DSPP precursor protein indicates its

involvement in dentinogenesis [139].
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1.10.2 DENTINE MATRIX PROTEIN (DMP1)

DMP1_ is an acidic non-collagenous protein isolated and identified in bone

and dentine [176-178] and thought to play a role in the nucleation of HAP

during mineralisation. It is a 53 KDa molecule with a predicted net charge of

-—87 before phosphorylation and is characterised by the high amount of serine

residues that it contains [31]. Full length DMP1 is 473 amino acids but is

difficult to isolate in its native form, however recently a 105 KDa protein

thought to be the full length DMP1 has been isolated from bone and dentine

[138]. There are greater amounts of its proteolytically processed fragments

found in the ECM, although the processof the proteolysis is unclear [179]. A

COOH-terminal, 57 KDa fragment and an NH>-terminal, 37 KDa fragment

[180] and more recently, a PG form, (containing a single CS chain) of the

NH,-terminal fragment have been identified in dentine and bone [181].

Extraction of the ECM of predentine and dentine identified the NH2-terminal

fragment in the predentine and at the mineralisation front, and the COOH-

terminal fragment predominated in the mineralised dentine [182]. DMP1 was

thought to be specific to mineralised tissues, howeverit has also been found

in a variety of non-mineralised tissues; liver, pancreas, muscle, kidney, brain

[183], salivary glands [129], human lung adenocarcinoma [184], phosphaturic

mesenchymal tumours [185] and cancers of the breast, uterus and colon

[186].

Multiple roles of DMP-1 have been suggestedin the literature, the C-terminal

57 KDa fragment and the un-phosphorylated recombinant protein act as
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nucleators of hydroxyapatite [179, 187, 188]. The biological function of the

PG-DMP1 has not been defined, although the COOH-terminal fraction is

involved in mineral nucleation [178], whereas the NH2-terminal fragment was

found to inhibit HAP formation [189]. /n vitro studies showed that non-

phosphorylated DMP1 nucleated HAP formation [179] which was confirmed in

additional studies, [189] and DMP1 KO mice resulted in decreased bone

mineralisation in vivo [190]. These data suggest that in the native form,

DMP1 acts to inhibit mineralisation, whereas when cleaved or de-

phosphorylated, it acts as a nucleator of HAP. Furthermore, mutation of

DMP1 gene is associated with hypophosphalemic rickets [191] and

hypomineralisation of dentine [192] and defects in cartilage formation [193].

The un-phosphorylated form of DMP1 has been found to regulate the

expression of the DSPP gene in odontoblasts, with the DNA binding region

located on the COOH-terminal fragment of DMP1 [194]. Additionally, in a

study involving rat osteoblasts, the NH2-terminal fragment was localised in

the cytoplasm around the nuclei, where as the COOH-terminal fragment was

localised in the nuclei [182]. It can therefore be postulated that DMP71is

cleaved before leaving the cell, however, small amounts are found in the

ECMin the full-length form.

The identification of DMP1 in non-mineralised issues implies additional roles

for DMP1. Through its RGD cell attachment sequence, DMP1 can interact

with specific cells via intergrin‘CD44 receptors to activate intracellular

signalling pathways, in both mineralised and non-mineralised tissues and
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demonstrates the functional importance of proteolytic processing of ECM

proteins [195] (reviewed by Qin et a/ 2007) [178].

Unlike DPP and DSP, DMP‘1is present in relatively low levels and over

expression of DMP1 in embryonic-mesenchymal cells leads to their

differentiation into terminally differentiated odontoblast-like cells [31]. DMP1

can also bind to pro-MMP-9to activate MMP-9 [133] indicating an additional

function in the processing of the ECM.

1.10.3 MATRIX EXTRACELLULAR PHOSPHOGLYCOPROTEIN (MEPE)

MEPE, also knownas osteoblast/osteocyte factor 45 (OF45) and is the most

recent member of the SIBLING family [196]. MEPE has been shown to be

expressed in osteoblasts and osteocytes [196-199], with co-expression of

PHEX. PHEX is a cell surface metalloproteinase expressed in osteoblasts,

osteocytes and odontoblasts [200-202] where it regulates production and

degradation of phosphatonins. Additionally, PHEX binds to MEPE and

inhibits proteolysis of the MEPE [197, 201].

MEPEis 525 residues in length with a short N-terminal signal peptide and an

RGD sequence, essential for integrin-receptor interactions. Although the

exact roles of MEPE are undetermined, MEPEis thought to play a role in

regulating skeletal mineralisation [197] and promotes the regeneration of

bone in tibial fracture [203].
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MEPE is upregulated in odontoblasts during odontogenesis [204] and is

expressed in bone and specifically osteoblasts during proliferation and early

maturation [205] with maximum expression during mineralisation [206].

MEPEis also expressedat high levels in tumour induced osteomalacia [197,

207]. A small acidic, protease resistant MEPE-peptide (ASARM) is a

candidate for defective mineralisation [197]. /n vitro, MEPE_ inhibits

differentiation and mineralisation of dental pulp stem cells [208] and abolition

of the MEPE gene in a mouse model resulted in an increased number of

osteoblasts and enhanced mineralisation [199].

Another motif is the integrin triplet binding motif in residues 247-249 of

MEPE, which along with a GAG attachment site and a putative calcium

binding motif, form a functional central domain which has been termed

dentonin, or AC-100. This synthetic equivalent has been shownto stimulate

proliferation of human bone marrow stromal cells and their subsequent

differentiation into osteoblast precursors [209]. Dentonin also stimulates new

bone formation in vitro and in vivo [210], enhances dental pulp stem cell

proliferation [211] although MEPE itself is down regulated during dental pulp

stem cell proliferation [208] and dentonin also promotes the formation of

reparative dentine [212].

1.10.4 BONE SIALOPROTEIN (BSP)

BSP is a heavily glycosylated protein with a molecular weight of 57 KDa of

which almost half is carbohydrate, and a protein core of 33.6 KDa. BSP has

variable amount of sialic acid depending on species, 13% in bovine adult
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bone to 5% in rat bone and is negatively charged. BSP contains tyrosine

sulphates and has an Arg-Gly-Asp cell attachment sequence and regions of

acidic amino acids and has been identified in mineralised tissues, bone,

dentine, calicifying cartilage and cementum [213, 214]. BSP can be

characterised by its several stretches of polyglutamic acid residues, which

are involved in binding to HAP andit is thought to act as a nucleator of HAP

[215, 216], additionally BSP binds to collagen type | in the matrix of osteoid

and predentine [217]. BSP mRNA has been found to be expressed in

odontoblasts of the incisor during dentinogenesis and immune-localisation

studies showedit to be present in odontoblast cell bodies and processes and

in peritubular dentine, however it was absent from the ameloblasts and pulp

cells [218, 219]. BSP is present in the matrix prior to mineralisation and

appears in osteoclasts. It is present in osteoid the unmineralised tissue of

bone but more concentrated in the mineralised matrix. It was also present in

the reversal lines of chick bone and may have some involvement in

resporption and cell profliferation [220]. BSP has also been shownto induce

the formation of reparative dentine in vitro [221].

There are relatively low amounts of BSP in dentine, compared to bone. This

could be due to the lack of remodelling in permanent teeth. BSP also

promotes cell attachment of various cells in vitro. As BSP also binds to

collagen, it is proposed that it regulates the interaction between odontoblasts

and the ECM [217]. Its cell attachment motif and collagen binding

characteristics may serve as role in cell attachment to the ECM and has been

proposed to act as an anchorof osteoclasts to the bone matrix [222]. BSP
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has been shown to accumulate in the interglobular spaces in dentine of

patients with hypophosphatemic rickets [223].

1.10.5 OSTEOPONTIN (OPN)

OPN is a memberof the SIBLING family of proteins with a molecular weight

ranging from 44-75 kDa dueto differing post translational modifications. OPN

is rich in aspartic and glutamic acid and serine, it also contains a poly

aspartic acid motif capable of binding to HAP and Ca**. OPNalso has a cell

attachment RGD sequence which mediates cell attachment and multiple sites

of phosphorylation and has both N and O-links glycosylations. OPN can exist

in different forms depending on the extent of glycosylation, phosphorylation

and sulphation. OPN is found in a variety of non-minerlised tissues and

localised in mineralised tissues, bone, dentine, cementum and hypertrophic

cartilage [224-227]. Osteopontin is present in mineralised tissues in relatively

large quantities and have also been found in, predentine and tertiary dentine

and in the mantle dentine [228]. Despite its broad distribution, its function in

vivo remains relatively undefined. There is evidence to suggest that OPN is

involved in the migration, formation and attachment of osteoclasts through

intergrin ayB3 and for their resorptive activity, in a study involving chick bone,

OPN waspresentprior to mineralisation and was localised in reversal lines

indicating its role in resorption in bone [220], impaired resorption was also

seen in OPN null mice [229]. It is probable that OPN plays a role in cell

attachment and proliferation in the formation of tertiary dentine [227].

In vitro studies have shown that OPN inhibit mineralisation. OPN null mice

displayed an increase in bone mineral compared to the wild type showing a
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significant increase in mineral to matrix ratio [230]. /n vitro studies have also

shown that OPN inhibits and controls mineral formation by binding to the

crystal surface and blocking the growth of the crystal [19].

It was also found in small amounts in osteoid where mineralisation is thought

to occur, but was found more concentrated in the mineralised matrix. Osteoid

is the unmineralised matrix of bone and is comparable to predentine. Despite

its presencein osteoid, it does not adhere to collagen, but to HAP only [231].

Despite binding to HAP,OPN does not act as a HAP nucleator in vitro this is

thought to be due to the lack of consecutive glutamic residues, thought to be

of particular importance in the nucleation process [215].

1.10.6 OSTEONECTIN (ON)

Osteonectin, also known as SPARC (secreted protein acidic and rich in

cysteine) is part of the SIBLING family of proteins It is a 33 kDa calcium

binding glycoprotein [20]. ON is classed as matricellular that modulates cell

proliferation, adhesion, migration and ECM production. ON has been also

localised in the predentine, odontoblast cell bodies and processes andin the

peritubular dentine of human teeth [232, 233]. It has been found to bind to

several types of collagen 180 nm from the C terminus of collagen, including

type | and has been suggested to modulate collagen fibrillogenesis in the

ECM.

It is thought to be involved in the remodelling of collagen in the matrix in soft

tissues. Despite being associated with hydroxyapatite crystals in

demineralised samples most ON is lost, however immuno-localisation
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studies also showedit to be present in intertubular dentine, pulp cells and in

the periodontal ligament of porcine and rat [234]. It is thought to be a

negative regulator of mineralisation, which prevents excessive mineralisation.

Although it was found to be presenting in osteoclasts, it was only present in

fully mineralised bone and therefore a role in mineral initiation is unlikely and

acted as an inhibitor of de novo HAP formation [235]. It has 2 Ca?” binding

domains and can also bind to collagen type | and is therefore associated with

mineralisation [20]. ON null mice display a phenotype of osteopenia [236],

they also display alteration of collagen in the dermis [237] and accelerated

dermal wound healing [238]. Additionally, an in vitro assay of ON added to

collagen type | delayedfibrillogenesis [239].

1.11 TRANSFORMING GROWTHFACTORBETA1 (TGFB1)

The TGFB superfamily are a large family of growth factors involved in the

regulating cell growth, differentiation and function [240, 241]. Members of the

TGF super family have been implicated in tooth development and repair of

dentine [10, 241, 242].

TGFB1 plays a role in proliferation, differentiation and migration [9]. TGFR1

binds to two cell surface receptors which are serine/threonine kinases and

are phosphorylated upon binding to TGFB1, termed type I(TBRI) and typeII

(TBRII). Phosphorylated TBRI has 2 known substrates of the SMADfamily,

SMAD2 and SMAD3, which, upon activation associate with SMAD4 in the

cytoplasm [243], they then travel to the nucleus where they modulate gene
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transcription. Therefore TGFB1 plays an important role in the synthesis of

ECM [244, 245], and TGFB1 is able to control the production of dentine

during development and repair [246].

In an organ culture experiment of rat dentine-pulp complex, TGFB1 isoforms

stimultated the production of ECM and caused an increase in thickness of

predentine [247], the isoforms were also mitogenic to pulp cells which has

also been observedin previous studies [247, 248]. In addition to the study by

Sloan et al. (1999) [247], in vitro experiments, TGFB1 stimulates human pulp

cells to produce collagen type I, fibronectin, osteonectin, and BSP but

decreases alkaline phosphatase production [249]. These findings therefore

consolidate the involvement of TGFB81 in the up-regulation of ECM

expression leading to reactionary and reparative dentinogenesis [246].

TGFB1 regulates the PGs decorin, biglycan and osteoadherin, it stimulates

the synthesis of biglycan but decreases decorin synthesis [3]. In a study

involving mature human odontoblast culture, it was shown that TGFB1

stimulated osteoadherin synthesis [97]. In reparative dentine TGFB1 caused

a significant increase in BSP mRNAexpression in rat molars BSP is thought

to regulate mineralisation in bone and it proposed that the BSP stimulation by

TGF81 initiates the formation of reparative dentine. It was shown to have no

significant effect on DSP [250]. In an odontoblast-like cell line (MDPC-23

cells), TGFB1 down regulated DSPP via SMAD3 signalling [37]. It has been

shownthat pulp cells from human teeth expresses TBRI and TBRII in healthy
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and carious teeth [251], demonstrating a potential to differentiate on

stimulation by TGFB1.

The stimulation of suppression of protein synthesis by odontoblasts has a

knock on effect to the control of ECM proteins in collagen fibril formation,

mineralisation and tissue remodelling, therefore by this mechanism TGF61

plays an important role in dentinogenesis and dentine repair.

1.12 a,-HS GLYCOPROTEIN

Blood plasma proteins, mainly a2-HS glycoprotein but also serum albumin

have been identified in the mineralising matrix of bone and dentine [5].

However their functions have not been determined, they are thought to

diffuse from the serum between the odontoblasts and into the predentine.

The blood proteins can only be extracted after demineralisation and auto-

radiographic studies have shownthat they are incorporated into the mineral

phase at the time mineralisation takes place [252]. They accumulate in the

mineralised matrix becauseof their affinity for HAP [215]. a2-HS glycoprotein

is a 59 KDa serum proteins produced by the liver, it accumulates and

sequesters in the bone and dentine to 100 time higher than in the serum

[253]. It has been shown to co-elute following anion-exchange

chromatography of non-collagenous proteins from rat bone [254] and

isolation of DPP with proteins extracted from dentine [149]. Due to its high

affinity for HAP, its involvement during bone resorption has been suggested

[255].
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1.13 OSTEOCALCIN (OC)

OC (also known as bone-Gla protein) Osteocalcin (OC) is a major non-

collagenous’ protein synthesized by osteoblasts, odontoblasts and

cementoblastsis. It has been observed in bone and the ECM ofrat dentine

[155, 172], but biochemical studies showed no identification in human

dentine or human odontoblasts [256], however more recently, MRNA of OC

has been found in human odontoblast [257]. Classically, together with ON,

OC has been used tofollow osteoblast cytodifferentiation in vivo and in vitro

[258, 259]. OC is an acidic protein specific to mineralised tissues, it is a

relatively small protein, consisting of 49 amino-acids, containing 2 or 3 y-

carboxyglutamate (Gla) residues and 1 disulphide, arranged in 2 a-—helicies

separated by a B-turn [21]. It is synthesised and secreted by the odontoblasts

andit binds tightly to HAP.

In dentine, OC occurs before the occurrence of mineralisation and is thought

to play a role in the regulating crystal growth. A study has shown that OC

delayed crystal nucleation involving the dicarboxylate groups of the Gla

residue [215]. Along with OPN and BSP, OC was foundin reversal lines in

chick bone, supporting a functional role in resorption but does not have an

RGD sequence, therefore will not functional role in cell attachment but may

act as a chemo-attractant [260]. Osteocalcin is thought to recruit osteoclast

precursors to resorption sites and promotes their differentiation into

osteoclasts [261]. Although it was present in the cells of bone, it did not

appear to be present in newly mineralised bone, suggesting that a role in

mineral initiation unlikely but may be involved in controlling the size and
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shape of crystal as it grows [220]. Despite its presence in rat dentine and

bone cells, the role of OC has not been fully elucidated, from the literature, it

appearsthatit is expressed in differentiating cells during bone resorption.

1.14 PHOSPHOLIPIDS

Although phopsholipids are outside the scope of this thesis, their presence

must be noted. Predentine, interface and dentine contain phosphlipids, they

have been shown to show a decreasing gradient from the proximal to the

distal predentine. The phospholipids also share the same location as PGs

within the organic matrix and it is suggested that phopholipids and PGs are

associated. Although the nature of interaction is not fully understood, it is

thought that the interaction of PGs and phospholipids are involved in the

nucleation of crystal formation. Liposomes are found in the predentine and

are thought to be involved in the Ca”* transport towards the mineralisation

front [4].

1.15 MINERAL FORMATION

The process of mineral formation in dentine is a highly regulated process in

which the organic matrix provides support for mineral deposition. The

inorganic phase of dentine accounts for 70 % (by weight) and 50 % (by

volume) of the tissue. It is generally accepted that the organised formation of

mineral does not occur without a matrix. The matrix provides an oriented

support and may contribute to the process by acting as a nucleator or by

holding and orienting ions which may becomeincorporated into the crystal

[262]. Dentinogenesis, the formation of mineralised dentine, involves
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complex interactions between several factors in the tissue, cellular and

extracellular.

Dentine has a similar mode of formation to bone, and can be used as a

model for which to study biomineralisation. Unlike bone, dentine forms

distinct regions within the tissue, odontoblasts/predentine/dentine and the

mineralisation front at the predentine/dentine interface can be easily

distinguished [5]. Unlike bone, dentine does not participate in calcium

homeostasis and with the exception during the shedding of deciduousteeth,

dentine does not undergo any resorptive processes. Despite dentine being

used as a modelfor mineralisation, the matricies of the two tissues do vary to

some extent. For example, DPP, DSP have been thought to be unique to

dentine [1], although more recently the DSP has been detected in bone [144].

According to Veis (1993) [263], there are 3 main components to matrix

mediated mineralisation; 1) Structural matrix macromolecules, which define

the shape and structure of the mineralising tissue/organ. In dentine, bone

and cementum this is collagen type |. 2) Acidic matrix, proteins that are

present in the ECM that interact with the organic matrix and the mineral

phase, (e.g. in dentine, PGs, SIBLINGS). 3) Modifiers, mainly enzymes which

modify or degrade the acidic matrix proteins during mineralisation (e.g

MMPs).

For mineralisation to occur, calcium phosphate ions must be localised at the

site of mineralisation, nucleated and sustained during crystal growth. There
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must also be the presence of a highly organised matrix (collagen type 1),

providing a reactive for nucleation and mineral deposition can occur [263]. As

will be discussed in further detail, the control of these 2 events is highly

regulated by ECM proteins.

Matrix mediated mineralisation is generally considered the mechanism by

which mineralised tissues form. However, there is a second theory of vesicle

mediated mineralisation, which are thought to be the site of initial mineral

formation and have been identified in the odontoblasts and predentine during

the formation of the mantle dentine of rat incisors [264-266].

1.15.1 MANTLE DENTINE: Matrix-vesicle mediated mineralisation

Electron microscopefinding have indicated that the initial formation of mantle

dentine occurs in membrane-bound matrix vesicles that are 0.1 - 0.2 um in

diameter [264-266]. Isolation of these matrix vesicles found that they

contained alkaline phophatase and uptake of Ca’* was stimulated by ATP

[267]. The mantle dentine is the first layer of dentine to be formed by young

odontoblasts and lacks tubules. It contains mainly collagen type | and PGs

[268], lacks DPP [269] and is considerably less mineralised than

circumpulpal dentine. It is after this initial stage that mineral can be found in

the matrix, associated with collagen fibrils [5]. They are not found in later

stages of dentinogenesis, during the formation of circumpulpal dentine and

similar vesicles have been observed in bone formation and in large quantities

during cartilage formation.

The mechanism of matrix mediated mineralisation has not been fully

determined, howeverthey provide a protective micro-environment in which to
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concentrate Ca** , ALP and other enzymes responsible for increasing the

concentration of organic phosphate within the vesicle. MMPs and Ca“

binding protein annexin II are also found in the vesicles [5, 270, 271]. Matrix

vesicles are the only structure to contain mineral in the early stages of

dentinogenesis, however these vesicles are not found in all mineralised

tissues such as enamel and thus there must be another mechanism for

initiation of mineral formation to occur [262].

Matrix-mediated mineralisation is considered to bethefirst step in a 2 stage

process of tissue calcification. After initial formation of crystals within the

vesicles, controlled by phosphates (ALP) and Ca?* binding proteins. The

vesicles membrane which is thought to be derived from odontoblast are

broken downreleasing the HAP crystals into the ECM environment where

they attach to the gap zonesof collagen type | [271].

1.15.2 CIRCUMPULPAL DENTINE: Matrix mediated mineralisation

Circumpulpal dentine can be divided into intertubular and peritubular dentine.

Intertubular dentine is the main secretion product of odontoblasts during

dentinogenesis and makes up the largest volume of primary dentine. The

peritubular dentine is less voluminous and is formed at the periphery of the

dentinal tubules [5].

The formation of circumpulpal dentine forms 3 compartments 1)

Odontoblasts, cell bodies are responsible for synthesis of the ECM

components, the processes which extend through the predentine and

dentinal tubules and exocytose the relevant ECM components. 2) the
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predentine, a precursor tissue to dentine in which the collagenous matrix

forms underthe influence of ECM proteins in highly controlled manner. 3) the

fully mineralised dentine [2, 3, 5].

It is generally thought that mineralisation in dentine is brought about by

heterogeneous nucleation. The NCPs present in the gap zones (between the

collagen fibrils) of the organic matrix are stereochemically arrange in a

specific way so that charged functional groups reduce the energy barrier

allowing the formation of hydroxyapatite crystals from an otherwise stable

solution. The stereochemical arrangement and charge distribution mimic the

crystal planes of HAP, thus the crystal growth is nucleated and forms crystals

[3-5]. It is thought that some ECMs such as proteoglycans (PGs) have

inhibitory effects on crystal nucleation, likely to be present in the predentine,

howevertheseinhibitory proteins are enzymatically metabolized and crystals

can form. /n vitro experiments have shownthat the rate of HAP formation, as

well as the type of crystal formed is dependent on factors such as pH,

concentration of calcium and phosphate ions, and presence of charged

macromolecules [8].
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1.16 AIMS OF THE THESIS

From the wealth of literature, previous studies focused on identifying,

isolating and characterising dental ECM proteins and studying their molecular

interactions, particularly those involved in the mineralisation process.

However dentinogenesis is multifaceted dynamic process, therefore a more

global approach should be considered wheninvestigating the regulation of

dentinogenesis by ECM proteins.

This thesis aims to approach the dynamic transition from an unmineralised

predentine to a fully mineralised dentine, and the transitional

predentine/dentine interface, from a proteomic angle; by obtaining

electrophoretic protein map for the 3 phases. As the 3 phases are easily

discernible, the total soluble organic matrix will be examined for their role in

collagen fibrillogenesis, a process by which the matrix forms a scaffolding for

mineral deposition. Furthermore, the mineralisation process involves the

formation of HAP crystals from Ca?* and P; under the control of the dentine

ECMs. The mechanismsof transport of Ca’* to the site of nucleation is not

fully understood. This thesis aims to investigate Ca** transport in the

odontoblast-like cell line MDPC-23 cells.

The aims of this thesis are:

e To develop techniques to enable a 2D protein map of predentine,

dentine and the predentine/dentine interface (mineralisation front).

e To determine any differential expression of proteins between these 3

2D maps
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To assess the effects of total ECM extracts of the 3 phases on

collagen fibrillogenesis in vitro.

To assess the usefulness of the odontoblast-like cell line MDPC-23

cells as an in vitro model for Ca”* transport in odontoblasts.
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CHAPTER 2

MATERIALS AND METHODS



2.0 MATERIALS AND METHODS

2.1 SEQUENTIAL SEPARATION AND EXTRACTION OF PROTEINS FROM

PREDENTINE, INTERFACE AND DENTINE

The following extraction method was adapted from well established methods

that have been previously published literature [17, 82, 83, 149].

1.5Kg of bovine lower incisors were collected from < 36 months old calves on

the day of culling (acquired from ABC abattoir, Shrewsbury). The teeth were

transported on ice and then stored at -20°C until required. The defrosted

teeth were rinsed twice in phosphate buffered saline (PBS) and cleaned of

gingival debris and where possible, the pulp removed. The teeth were

fragmented and were pulp remained, it was removed andthe tooth rinsed in

PBS. Whenthe fragmented teeth were clean of any gingival debris or pulp,

the interior surface was scraped using a dental excavator removing tissue

which corresponds to the unmineralised predentine. The scrapings were

immediately placed in extraction buffer containing 4 M Guanidinium Chloride

(GuCl), 0.05 M Sodium acetate, pH 5.9 in the presence of protease inhibitors;

1 mM iodoacetic acid, 5 mM n-ethylmalemide and 5 mM benzamidine HCl

(protease inhibitors were used to prevent the proteolytic breakdownprotein

samples by proteases, such as MMPswhich maybepresentin the extract).

The soluble components derived from the ECM were solubilised for 48hours

a 4°C with gentle agitation. The samples were then centrifuged at 20,000xg

for 15 minutes and the GuCl buffer decanted. The supernatant was dialysed

exhaustively against double distilled water (dd.H,O) containing the above
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protease inhibitors for 10 days. The sample was held in dialysis sacks (Mr

cut off 12,000). The extract lyophilised, reconstituted in PBS and frozen in 1

ml aliquots for later use. This extract corresponds to the predentine, but may

contain somecellular material from the odontoblast processes.

The remaining tooth fragments were placed in GuCl extraction buffer for 48

hours at 4°C with gentle agitation to remove the non-collagenous

components of the predentine/dentine interface. The GuCl buffer was

decanted and the extract was centrifuged, 20,000xg at 4°C for 15 minutes.

The supernatant was dialysed, exhaustively against double distilled water

(dd.H2O) containing the previously stated protease inhibitors for 10 days. The

sample was held in dialysis sacks (Mr cut off 12,000). This extract

corresponds to the predentine/dentine interface, which was_ pooled,

lyophilised then reconstituted in PBS and frozen in 1 ml aliquots for later use.

The remaining teeth fragments were washed twice in absolute ethanol to

dehydrate the teeth followed by 2 washes in diethyl ether to removelipids

and allowed to air dry following the 2"? wash. The fragments were frozen

crushedto a fine powder (Dr. RJ. Waddington, Cardiff University, Cardiff) by

freezing in liquid nitrogen and powdered in a ball mill. The powdered teeth

demineralised in 10% EDTA (trisodium salt), pH 7.45 containing the

previously named protease inhibitors contained in dialysis tubing (Mr cut-off

12,000) for 4 weeks. Dialysis tubing was changed every 3 days to allow for

expansion and EDTAplus protease inhibitors were changed every 7 days.

EDTA was removed by exhaustively dialysing against dd.H2O containing the
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protease inhibitors. The water containing protease inhibitors was changed

twice daily for 5 days. The demineralised residue was lyophilised the

reconstituted in extraction buffer for 48 hours at 4°C with gentle agitation.

Extraction solution was removed by exhaustive dialysis against dd.H2,O

containing protease inhibitors for 2 weeks at 4°C. The samples were

lyophilised and reconstituted in PBS then frozen in 1 ml aliquots. The extract

correspondsto the dentine.

All chemicals, unless stated were purchased from Sigma Chemical

Co.(Dorset, England).

2.2 PROTEIN DETERMINATION

In order to determine the protein concentration of the protein extracts

described, the 3 fractions were assayed for protein content using Bio-Rad

microtitre plate, to enable equal addition of protein to the gels during SDS-

PAGE and 2D-electrophoresis, and during application to the collagen

fibrillogenesis assay. In duplicate, 10 ul of standard bovine serum albumin

(BSA) or samples from each fraction were mixed with 200 ul Bio-Rad protein

reagent. Protein content was measured by absorbance at 595 nm after 10

minutes, which was measured in a DYMEX microplate reader. Protein

content was determined by extrapolating from the results obtained from the

standard BSA solutions.
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2.3 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS

The protein samples were separated on the basis of molecular weight using

SDS-PAGEusing the Bio-Rad Protean III system. Samples were preparedfor

analysis in SDS dissociating sample buffer (0.062 M Tris-HCl, pH 6.8; 10%

glycerol; 2% SDS; 5% 2-B-mercaptoethanol and 0.002% bromophenol blue)

by boiling for 5 minutes in locking tubes to denature proteins to enable their

separation by SDS-PAGE. The samples were centrifuges at 14,000 rgp for 10

minutes. The supernatant was then addedto the lanes of the SDS-PAGE gel.

2.3i GEL PREPARATION

The gels that were used contained a 3% acrylamide stacking gels and a 12%

acrylamide resolving gel.

12% gels were prepared as follows:- 2.5 ml of lower gel buffer (1.5M Tris-

HCl, pH 8.8, 0.15% SDS); 3.0 ml 40% acrylamide solution (37.5:1

acrylamide: bis-acrylamide) and 4.4 ml dd.H2O. Prior to casting the gel, 50 ul

10%  ammonium~ persulphate (APS) and 5— wl N,N,N’, N'-

Tetramethylethylenediamine (TEMED) were added. 200 ul of water was used

to overlay the gel mixture. The resolving gel was allowed to polymerise for 60

minutes.

The water was drained and a 3% stacking gel was prepared: - 2.5 ml upper

gel buffer (0.5 ml Tris-HCI, pH 6.8, 0.4% SDS), 1.5 ml: - 1.25 ml upper gel

buffer (0.5 ml Tris-HCI, pH 6.8, 0.4% SDS), 0.4 ml 40% acrylamide solution

(37.5:1 acrylamide: bis-acrylamide) and 3.3 ml water. Prior to casting the gel,
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50 pl APS and 5 pl TEMED were addedto the mixture. The gel was poured

over the resolving gel and a 10 well comb wasinserted. The gel was allowed

to polymerise for 60 minutes.

The chemicals used for protein determination, gel preparation and gradient

gels were purchased from Bio-Rad laboratories Inc, Hercules, CA, USA.
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2.3ii SDS-PAGE OF SAMPLES

Gels were assembled into the mini PROTEANIII clamp assembly unit, and

locked into the inner core of the PROTEANcell. Running buffer (25 mM Tris-

HCl, 192 mM glycine and 0.1% SDS pH 8.3) was poured into the upper buffer

chamber of the PROTEAN cell. For SDS-PAGE analysis, samples were

loaded into the wells in 10 ml aliquots. Running buffer was usedtofill the

lower tank chamber. The first voltage applied, allowed the proteins to resolve

in the stacking gel, 100V for 15 minutes then a constant voltage of 200V was

applied for 45-55 minutes.

2.3iii GEL STAINING

The gels were stained with coomassie blue stain or silver stain. Coomassie

blue is less sensitive than silver stain and will therefore stain less material

than silver, however coomassie blue can be easily destained, whereas

destaining after silver staining is less effective.

Coomassie blue- 0.2% solution of PhastGel Blue R Coomassie R350 stain (1

tablet was dissolved in 80mI d.H2,O and 120ml ethanol) mixed with 200ml of

20% acetic acid solution. During hot coomassie blue staining, the stain

mixture was heated to 90°C.

Coomassie blue destain:- a solution of water, acetic acid and methanol at a

ratio of 6:1:3 respectively.

Silver stain:- Silver staining was achieved using a commercially available

Pharmacia Biotech plusone silver stain kit.
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The gel was soaked in fixing solution for 30 minutes. The fixing solution

contained ethanol, water and glacial acid at a ratio of 4:5:1 respectively. The

gel was then placedin sensitizing solution for 30 minutes, consisting of 75 ml

ethanol, 10ml (5%w/v) sodium thiosulphate, 17g sodium acetate and 125 ml

d.H2O followed by washing in d.H2O 3x 5 minutes. The gel was then addedto

silver reaction solution for 20 minutes containing 25mlI silver nitrate solution

(2.5%w/v), 0.1m! formaldehyde (37%w/v) and 125ml d.H2O. followed by 2x1

minute washing in d.H2O. The gel was then added to developing solution for

2-5 minutes, containing 6.25g sodium carbonate, 0.05ml formaldehyde (37%

w/v) and 250ml of d.H2O stirred vigorously until dissolution is observed. The

gel is then added to stopping solution, 3.65 g EDTA-Naz -2H20 in 250ml

d.H20.

2.4 2D-ELECTROPHORESIS

Preparation of the sample for 2D-electrophoresis was a multiple step process

involving a lot of optimisation.

Preparing a sample for 2D analysis requires the removal of certain

contaminants that may be found in the solution. Ideally the samples to be

loaded onto iso-electric focusing (IEF) gels should have a low conductivity,

free from agents knowntointerfere with net charge suchas, ionic detergents,

salts, lipids, charged polysaccharides, peptides, nucleic acids, lipids, phenols

and other charged molecules. This was achieved using Perfect-FOCUS

preparation Kit (GenoTecnology .Inc), which also precipitated the sample.

The procedure was done on ice, details of buffers used are unavailable from

GenoTechnology.Inc
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The sample was then applied to an iso-electric focusing (IEF) gel (Immobiline

Drystrip). The gel strips separate the proteins by pl. The range of separation

can be, 3-10, 4-7 or 6-11 and are available in 7cm or 11cm.

The gels were rehydrated in a rehydration buffer containing 8M UREA, 2%

CHAPS, bromophenol blue, DTT and d.H20 . The sample waspipted into the

ceramic strip holders and the gel strip lay on top of the sample. The sample

and strip were then covered in 125-175 ul of mineral oil to prevent

dehydration of the strip whilst the sample is absorbed into the gel. IEF gel

strips were rehydrated in for 12 hours at 20°C, and then transferred into

ceramic strip holder. Each end of the IEF gel strip was fixed in place by

plastic clips containing electrodes.

The strip holders were then placed onto the bed of the Amersham IPGphor

iso-electrical focusing unit face down and covered in mineral oil to prevent

dehydration. The metal sections, in contact with electrodes on the bed of the

machine, allow an electrical current to pass through the IEF strip, which

results in iso-electrical focusing of the proteins in the sample. The IEF strips

were rehydrated for 24 hours. The current that was passed through thestrips

was applied in stages:

7cm strips

120Volts for 240 volt hours (Vhrs)

500V for 500 Vhrs
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1000V for 1000 Vhrs

5000V for 20,000 Vhrs

11cm strips

120V for 240 Vhrs

500V for 1000 Vhrs

1000V for 2000 Vhrs

5000V for 22,500 Vhrs

The above IEF protocol was achieved after much trouble shooting and

optimisation involving running the strips and gels (a 3 day process, including

staining).The Perfect focus kit was purchased from Geno Technology Inc.

(St. Louise, MO U.S.A),  Immobiline dry strips were purchased from

Amersham Pharmacia Biotech UK Limited (Buckinghamshire, England).

Gels were prepared as detailed in section 2.31, however no stacking gel was

used, an appropriate comb wasinserted into the top of the gel casting plates

prior to the gel polymerising. The 2D gels were stained using coomassie blue

staining and silver staining detailed in section 2. 3iii

2.41 MASS SPECTROMETRY PREPARATION

Method adapted from Curchesne & Patterson (in 2-D Proteome Analysis

Protocols, Methods in Mol. Biol Vol 112. ED. AJ Link, Humana Press).

Gel spots or bands were cut out of the gel and placed into 0.5 ml eppendorfs

(pre-rinsed in acetonitrile (ACN) followed by methanol and allowedto air dry).
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The gel pieces were washed with 100 pl of 50% ACN/25 mM NH4CO3, pH

7.8 for 15 minutes with gentle agitation. Gel pieces were then dried in the

freeze dryer. Gel pieces were re-hydrated in digest buffer (25 mM NH4CO3

containing 5ng Trypsin/ ul) for 3-12 hours. 4 ul of water was then added and

incubated for 15 minutes. Then, 7 ul of 30% ACN/0.1% TFA was added,

mixed and spun briefly. The supernatant was then removed and added to

fresh pre-rinsed tubes.

0.5 ul of the digest was then loaded onto a 96-postition target and mixed with

0.5 ul of matrix (ACN, ethanol, 10% TFA) spiked with ACTH (50 fmol/pn] ACTH

18-39 fragment, Sigma). ACTH was usedfor calibration purposes. Micromass

MALDI-MS (Waters Ltd., UK) was used to obtain a peptide massfingerprint.

The protein peptide masses were identified using MASCOT search software

(Matrix science)for tryptic peptides.
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Figure 2.1
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2.5 WESTERN BLOT ANALYSIS

Dentine, predentine and interface were separated SDS-PAGE using a 12%

acrylamide gel as described in section 2.3 and transferred to nitrocellulose

using the Trans-Blot SD semi-dry electrophoretic transfer cell (Bio-Rad),

according to manufacturer’s instructions. The nitrocellulose membranes with

antibodies LF 113(raised against the N-terminus of decorin) and LF 106

(raised against the N-terminus of biglycan). were incubated in PBS with

5%(w/v) dried milk for 1 hour. The blots were then washed in TTBS (20mM

Tris-Hcl, pH7.5 500MM NaCl, 0.05% (v/v) Tween 20). The blots were then

incubated with the secondary antibody, anti-rabbit alkaline phosphatase

(vectastain ABC kit) for 30 minutes according to manufacture’s directions.

The decorin and biglycan antibodies were a kind gift from Dr. L Fisher

(NICDR, NIH, USA).
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2.6 GLYCOPROTEIN DETECTION

Staining for glycoproteins was achieved using a glycoprotein detection kit

(Sigma). The kit detects sugar moieties of glycoproteins on SDS-PAGEand

on blotting membranes and is a modification of Periodic acid Schiff (PAS)

methods [2]. Detection limits are between 25-100 ng of carbohydrates.

Horseradish peroxidise is used as a positive control for the kit, as it contains

16% carbohydrate.

Predentine, interface, dentine and horseradish peroxidase were separated on

a 12% acrylamide SDS-PAGEgel. The glycoprotein detection kit was then

used to detect carbohydratesin the fractions.
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2.7 COLLAGEN FIBRILLOGENESIS ASSAY

In vitro fibrillogenesis of collagen type | (rat tail, collaborative biomedical

products) was carried out in a microtitre plate. Collagen fibrillogenesis was

monitored using a method adapted from a standard spectrophotometric

method [272, 273], which was modified for the use of a microtitre plate

(DYNEX MRX).

Each microtitre plate was divided into 12 columns (see Figure 4.1). Column 1

was always the control column, replacing the sample with PBS. Columns 2-

12 each contained a different sample. Rows C-H of each column were

repeats of the sample (n=6). Double concentration PBS was prepared in

dd.H2O and 100 ul added to each well. Collagen Samples were dissolved in

PBS. The final ratio of collagen:double strength PBS:Protein or blank was

1:2:1 respectively.

Collagen type | was prepared at the concentrations 0.2-1.0 mg/ml in 10 mM

acetic acid. Acetic acid was used to prevent fibrillogenesis before the assay

started. Collagen was added to all wells C-H. On adding collagen to the

assay, the acetic acid is neutralised by the assay buffers (PBS) and

spontaneous fibrillogenesis can take place. Rows A and B were always

blanks and contained 50 ul of 10 mM acetic acid containing no collagen.

Collagen was addedto the microtitre plate immediately before the plate was

inserted into the plate reader. This was to minimise the delay between the

time in which fibrillogenesis initiates and the time of the first reading. The

total volume in each well was 200uI.
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Figure 2.2
The division of wells of the 96-well plate for use in an

in vitro collagenfibrillogenesis assay.
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Content of wells:

Blanks

100 ul of double concentration PBS

50 ul of sample dissolved in PBS

50 ul of 10mM acetic acid

Samples

100 ul of double concentration PBS

50 ul of sample dissolved in PBS

50 ul of 0.8 mg/ml of collagen

Control

100 ul of double concentration PBS

50 ul of PBS

50 ul of 0.8 mg/ml of collagen

Fibrillogenesis was monitored at 405nm and readings were taken every 3

minutes at approximately 25°C. The mean absorbanceof the blanks for each

column wassubtracted from the final reading.

Samples analysed:

Dentine ECMs:

Samples dissolved in PBS from 0.1 ug/ml to 140 ug/ml.

Collagenase:

Collagenase (1.05 units/ml) dissolved in PBS.
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Boiled Dentine ECMs

17.5 ug/ml Dentine ECMsboiled at 100°C for 60 minutes.

Proteolysed Dentine ECMs

Dentine ECMs incubated with a non-specific protease (SIGMA

type XIV) for 72 hours at room temperature (approximately

25°C). The protease was inactivated in the dentine ECMs and

protease mixture by boiling for 30 minutes at 100°C. The

remaining proteolysed dentine ECMs 17.5(ug/ml) was added to

the assay.

BSA:

Dissolved in PBS 17.5 pg/ml

Cytosolic brain extract (rat):

Dissolved in PBS 17.5 pg/ml

Boiled Predentine ECMs:

Predentine ECMs boiled at 100°C for 60 minutes.

EDTA/Dentine ECMs

EDTA (2.5mM, final concentration in the well) was addedto the

wells containing Dentine ECMs (17.5 pg/ml final concentration

in the well).
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NEM/Dentine ECMs

NEM (1.75 mM final concentrations in well, 1/10" of the protein

concentration) was addedto the wells containing Dentine ECMs

(17.5 ug/ml final concentration in the well).

Interface ECMs

Samples dissolved in PBS at concentration 42 ug/ml

Predentine ECMs

Samples dissolved in PBS at concentrations from 0.1 yg/ml to

80 ug/ml

Dentine ECMs FPLCfractions:

Fractions eluted in PBS

Changes in absorbance (405nm) were measured on the DYMEX MR<Xplate

reader and recorded using revelation software. Readings were taken every 3

minutes for a maximum of 240 minutes at 405nm.

Graphs were plotted using Microsoft excel, data was analyses using a

student’s t-test. Comparisons were made using the point at which the curve

reaches plateau (end point).
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2.8 FPLC (FAST PROTEIN LIQUID CHROMATOGRAPHY)

FPLC is form of chromatography used to separate or purify proteins from

complex mixtures. Columns used with FPLC can separate molecules based

on size, charge distribution, hydrophobicity or biorecognition. To separate the

complex mixture of proteins in dentine organic matrix extract, a Superdex

200 gel filtration column was used. The proteins were separated by

molecular weight 15-600 KDa. The eluting solvent used was PBS.

The FPLC pumps were washed with PBS and the column calibrated with

known proteins, Blue dextran (BD, 2000 KDa), Apoferritin (ApoF, 443 KDa),

Alcohol dehydrogenase (ADH, 150 KDa), Bovine serum albumin (BSA, 67

KDa) and Cytochrome C (Cyt C, 12 KDa).

500 ul of Dentine ECMs (580 ug/ml) was injected into the column. The

proteins were eluted at 1 ml per minute in PBS. The 2 ml fractions were

collected in test tubes mounted on the carousel of the FPLC. Fractions were

assayed for protein and added to the collagen fibrillogenesis assay. All

chromatography was performed at room temperature using Pharmacia FPLC

system.

2.9 ANALYSIS OF ODONTOBLAST-LIKE MDPC-23 CELLS

MDPC-23 cells (cloned 3T6 cells 18-day CD-1 fetal mouse molar dental

papillae) were a generous gift from Dr. J.E. Nor (School of Dentistry,

University of Michigan, Ml, USA). They were grown and maintained in

Dulbecco’s modified eagle medium (without L-glutamine) and supplemented
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10% fetal calf serum (Australian, Gibco), penicillin-G (100 U/m), streptomycin

sulphate (100 pg/ml), L-glutamine (0.29 mg/ml) (Gibco, invitrogen) at 5% CO.

in a 37°C incubator.

Cell culture medium was purchased from Gibco (in vitrogen), Paisley, UK.

2.9i CELL LOADING OF FURA-2 AM

Cells were mounted onto a Matrigel™ (BD Biosciences, Discovery labware,

two oak park, Bedford, MA), basement membrane matrix covered coverslip

and allowed to attach to the surface for 30 minutes. The cells were then

loaded with the cell permeable acetoxymethyl-ester form of the Ca?” -

sensitive fluorescent dye, fura-2 (fura-2 AM: Molecular Probes, Eugene,

USA) for 45 minutes. The loaded cells were wrapped in aluminium foil to

prevent degradation of the light sensitive dye fura-2 and incubated at 37°C

for the duration of the loading period.

2.9i1i CELL SOLUTIONS

Na*-HEPESis a Na’rich solution used to mimic an extracellular environment.

It contains: 140 mM NaCl, 4.7 mM KCl, 1.13mMM MgCl, 10mM glucose, 10mM

HEPES. Prior to experimentation 1 mM CaCl. was added to the solution

(CaCl. can allow bacterial growth in the solution and is therefore addedprior

to use). Where a 10-fold increase in Ca®* is required, 10 mM CaCl, is added.

The K’ rich saline solution, K°-HEPES, used to depolarise the membrane of

the MDPC-23 cells to measure Ca”* influx. K*-HEPES contains: 140 mM

NaCl, 4.7 mM KCl, 1.13mMM MgClz, 10mM glucose, 10mM HEPES.Prior to
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experimentation, 1 mM CaCl, was added. Both the Na*-HEPES and K’-

HEPES were made with dd.H2O andtitrated to pH 7.4 using either NaOH or

KOHrespectively. Stock solutions of the pharmaceutical agents, ionomycin,

thapsigargin and nicardipine were dissolved in DMSO. lonomycin was added

to Na*-HEPES (Ca** 10 mM)with a final concentration of 2 uM. Thapsigargin

was added to Na*-HEPES (Ca** 1 mM)with a final concentration of 2 1M.

Chemicals purchased from BDH Laboratory Supplies, (Poole, England).

2.10 SUPERPERFUSION OF CELLS

Approximately 50-100 ul of cell suspension was placed onto a circular cover

slip (22mm diameter, BDH) covered with a 55% Matrigel™ Basement

Membrane Matrix solution diluted with Dulbecco’s modified eagle cell culture

medium (without L-glutamine). The cover slip was mounted onto a perspex

bathing chamber, sealed with a thin layer of silicon grease, in order to give

an optically clear pathway.

The chamber was placed on the stage of a Nikon—Diaphot microscope and

the cells were covered in Na*-HEPES ([Ca?*], 1 mM). A perfusion system

allowed the continual delivery of solutions at a constant rate of approximately

0.5ml/min into the chamber. The superperfusion system consisted of 8 plastic

20 ml syringes each connected through an on/off tap and fine capillary tubing

to a commonoutlet (see Figure 5.1). The cells were positioned directly in line

with the commonoutlet. The solution flowing over the cells could be changed

rapidly (seconds) using the on/off tap. Perfusate was continually removed

from the chamberby capillary tubing connected to a vacuum pump.
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Figure 2.3
Schematic representation of the superperfusion system
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2.10i FLUORESCENCE IMAGING

Microfluorimetric measurements of intracellular Ca?" depends on the

intracellular containment of the Ca’*-sensitive fluorescent dye, fura-2. Fura-2

was loaded into cells as fura-2 acetoxymethylester (fura-2 AM). The AM

(acetoxymethylester) group shield the charge on the fura-2 molecule making

fura-2 AM membrane permeable. Removal of the AM groups by cellular

esterases results in trapping and concentration of fura-2 within the cell. Fura

and Ca** form a complex which emits light at 510 nm whenexcited bylight at

“Th340 nm. Formation of the fura-Ca** complex depends on [Ca*"], and therefore

2"), Freeemission following excitation at 340 nm is directly proportional to [Ca

fura-2 also emits at 510 nm following excitation by light at 380 nm, The free

fura-2 concentration diminishes with increasing [Ca**]) and therefore

emission following excitation at 380 nm is inversely proportional to [Ca?*];.

Data are shownas the 340/380 ratio, whichis the ratio of light emitted at 510

nm following excitation at 340 nm divided by that emitted at 510 following

excitation at 380 nm. Changes in the 340/380 ratio are directly proportional

to changesin [Ca?*]; and independentof fura-2 concentration.

A Cairn imaging system (Cairn Research Ltd. U.K.) was used to measure the

340/380 ratio in MDPC-23 cells. The recording system is represented

diagrammatically in Figure 5.2. High intensity light from a xenon arc lamp;

wasfiltered through a computer controlled monochromator to excite fura-2

with light at wavelengths 340 nm and 380 nm. Image pairs were obtained at

1Hz. Excitation light was passed through a quartz light guide, reflected by

>500 nm pass dichroic mirror and focussed onto the fura loaded MDPC-23
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cells using a Nikon x 100 CF Fluor quartz oil immersion objective. Fura

emission at 510 nm passed though the >500 pass dichroic and on to a plane

mirror. The orientation of the plane mirror determined whether the cells are

seen through the microscope eyepieces or by the Cooled CCD HQ camera

(Coolsnaps HQ, Photometrics UK (Roper Scientific), Beach House,

Buckinghamshire, SL7 1HA UK). Real-time control over excitation light,

recording of emission image pairs and time-dependent changes in 340/380

ratio in a single cell was achieved using Metafluor software (Molecular

Devices LTD, 660-665 Eskdale Road Berkshire RG41 5TS UK). The light

pathway is shownin, Figure 5.3.
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CHAPTER 3

A PROTEOMIC APPROACH TO

IDENTIFICATION OF ORGANIC

MATRIX PROTEINS OF PREDENTINE

AND DENTINE



3.0 INTRODUCTION

In dentine there are many non-collagenous ECM proteins that regulate the

formation of collagen fibrils, their arrangement and the formation of

hydroxyapatite crystals around the collagen framework. From the wealth of

research available, literature has highlighted the complexity of the process of

dentinogenesis and the importance of interactions between proteins in the

ECM [1-3, 5, 8, 53]. It is well documented that there is temperospacial

expression of proteins within the predentine fraction and gradients of known

proteins such as PGs, MMPs, GAGsis documented [3, 80, 82, 115]. It is also

known that there is differential expression and functional significance of

proteins in predentine and dentine [1, 2, 5, 62, 274]. Studies have also

shownthat there is a gradient in CS and DS decreasing sequentially from the

pulpal aspect to the mineralisation front. In contrast, the gradient of KS

increases sequentially from the pulpal aspect to the mineralisation front,

implying remodelling of the collagen matrix prior to mineralisation [80].

Decorin and biglycan containing DS chains are present in the predentine,

less so in the interface and absent from the dentine. It is proposed that

decorin plays a role in collagen fibrillogenesis in predentine .There are

several proteins that are proteolytically processed prior to dentine

mineralisation resulting in the appearance of degradation products in the

ECM, which have functional significance to tissue development. Previous

studies have concentrated on isolating known proteins from dentine,

predentine or the predentine/dentine interface, however a proteomic

approach gives a snap shot of the whole complement of proteins present

within an extract and was employedin this study.
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3.1 PROTEOMICS

In the past 10-15 years the word “proteome” has been readily used to

describe the entire collection of proteins expressed by the genome of an

organism. A proteome is the entire complement of proteins in a given cell,

tissue or organism. The study of proteomics also assessesprotein activities,

modifications, localisation and interactions of a protein. From this definition,

it is clear that this is a vast area of research in general. As the human

genomehas beenestablished containing 35,000 genes, the proteins that are

transcribed by those genesis not a simple 1:1 ratio. Modifications of proteins

should also be considered, sulphation, glycosylation, methylation,

phosphorylation, with 35,000 genes in the human genomepotentially coding

10 times as manyproteins [275].

3.11 DEGRADOMICS

Proteases catalyse irreversible hydrolytic reactions, they are involved in

regulating the activity and fate of many proteins. Proteases play an important

role in all living processes, the deficiency or mis-directed activity of these

enzymes underlie several pathological conditions.

“Degradomics is the substrate repertoire of a protease on a proteome-wide

scale”. “A Degradomeis the complete set of proteases that are expressedat

a specific moment or circumstance by a cell, tissue or organism. The

degradomeof a protease is the complete natural substrate repertoire of that

enzymein a cell, tissue organism”[276].
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3.1ii 2D ELECTROPHORESIS

2-Dimentional electrophoresis was first developed around 34 years ago

originally described by O'Farrell 1975, claiming the technique could separate

up to 5000 proteins in a complex protein mixture [277, 278].

2-dimensional electrophoresis is used to separate complex mixtures of

proteins. The protein mixture is first separated by isoelectric point (pl) on an

immobilised pH gradient (IPG). IPGs are available between 2.5-12. In this

study, gradients of 3-10, 4-7 and 6-11 were used. The focused proteins can

then be separated on the basis of molecular mass (Mr) by sodium

dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) [279]. To

separate a complex protein mixture by 2D electrophoresis the samples must

be prepared (as detailed in chapter 2) to ensure that each spot represents an

individual protein. This is achieved by denaturation, disaggregation,

reduction and solubilisation to achieve complete disruption of molecular

interactions. The removal of other interfering compounds such as salts

(which can increase conductivity of the isoelectric focusing (IEF) gel), lipids,

nucleic acids and polysaccharides is also necessary. Another possible

impairment of focusing is the presence of particularly large proteins which

prevent separation of smaller proteins or abundant proteins which may over

shadow minor proteins.

The use of 2D gel electrophoresis with immobilised pH gradients (IPGs) in

conjunction with mass spectrometry (MS) is one approach for proteomics for

large complex protein mixtures [279]. There are other techniques, which are
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available in the field of proteomics, but as they were not used in this

investigation they will not be discussed.

3.1iii PEPTIDE MASS FINGERPRINTING

Peptide mass finger printing (PMF) was developed in the mid-nineties and is

a means of identifying individual proteins from a complex mixture. The

protein is contained in a gel plug, which is cut from a gel separated by

electrophoresis. The protein is separated by electrophoresis and retained in

the gel, which can be excised and proteolytically digested from the gel,

usually trypsin or chymotrypsin. Having been digested from the gel, the

eluted peptides are loaded onto a 96-position target and submitted for mass

spectrometry analysis. Matrix-assisted laser desorption ionisation (MALDI)

time of flight (ToF) mass spectrometry, creates ions by excitation of

molecules that are isolated from the energy of the laser by an energy

absorbing matrix. The matrix is excited by the laser energy and subsequently

matrix and analyte ions are ejected [280]. The peptide masses produced are

then compared to a list of theoretical masses in a protein database. If

sufficient matches are made, proteins can be identified quite accurately (see

Figure 3.1.).
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3.1iv AIMS OF THE CHAPTER

The use of proteomics to identify the proteins in the tooth is not a novel

concept, howeverthere is very little published data. Proteomics has been

utilised to identify proteins in enamel. A database for dental tissues named

“Toothprint” has been created by Hubbard ef a/. (2001) [281] and more

recently, a proteomic study of human dentine was conducted [282]. As most

studies have focused on isolating knownproteins, it is feasible to postulate

that there remains many proteins unidentified. They may be enzymes, growth

factors, ECM macromolecules with roles in tissue developments and

mineralisation. Gaining knowledge of the protein content in the 3 fractions

and therefore the different mineralisation states of the tissue is extremely

important in helping us to understand the mechanisms by which this dynamic

process occurs. Increasing our understanding of the process of

biomineralisation by using dentinogenesis as a model will contribute to

advancesin science and medicine and help to gain a better understanding of

pathological states and diseases of not only dentine but also of bone.

Therefore, this chapter aims to:

e Obtain a protein map of unmineralised predentine fractions, the

mineralised dentine fraction and the transitional phase extracted from

the mineralisation front.

e To comparethe 3 protein profiles obtained.

e To identify any novel proteins displayed in the protein profiling.
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3.2 RESULTS

3.2i PROTEIN MEASUREMENT

All materials and methods used are described in chapter2.

Once the extracted proteins were dialysed and lyophylised, they were

reconstituted in distilled H2O and stored in aliqotes. The protein content of

these aliquots was determined using a Bio-Rad protein assay described in

chapter2.

 

Fraction mg ml!

 

Predentine 0.4

 

     
Interface 0.32

Dentine 5.82

Table 3.1

3.2ii SDS-PAGE OF FRACTIONS

Following protein determination, an electrophoretic profile was determinedfor

each of the 3 fractions. 25 ug of protein was loaded into each well and a

resultant coomassie blue stained gel is displayed in Figure 3.2. The gel was

representive of 8 other gels and therefore repeatable.

Evidence of stainable proteinaceous material in all 3 fractions within the

molecular weight range of 15-250 KDa. The Predentine and interface

fractions resolved into identifiable molecular weight bands with similarities

and differences. There are 2 thin bands which appear around 200 KDain the

PD fraction, they are also present in the Interface fraction, howeverthere is a
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third band within the same group in the interface fraction. Both predentine

and the interface fraction share another 2 common bandsat around 130 KDa

which are clearly defined and well focused. At approximately 105-110 KDa,

both predentine and interface fractions express a large band. There appears

to be a group of 4 bands which are verylightly stained within the molecular

weight range of 110-140 KDa in the predentine fraction which are not

apparentin the interface fraction. Predentine expresses a band at 45-50 KDa

that is absent from interface, however the interface fraction expresses a

faintly stained band at around 25 KDa. Both fractions express bands at

around 20 KDa.

A comparison with the dentine fraction was not possible, as the dentine

fraction did not resolve into clearly defined bands and appears as a smeared

streak throughout the lane. It is evident that there are high levels of protein

present in the dentine fraction due to the extent of coomassie blue staining

confirming the Bio-Rad protein assay data. There are areas of stain which

appear darker than others perhaps indicating a higher concentration of

protein at that molecular weight despite the lack of clearly defined bands.

There is an area of darker staining around 75-100 KDa and at 15 KDa there

is a darker area which may possibly be a band. SDS-PAGEprovides data on

molecular weights of proteins present, it is however limited to that

information only. This electrophoresis does howeverdistinguish between the

3 fractions, with 3 distinct molecular weight protein ladders determined. To

identify which proteins are present in each band, further information is

required.
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Figure 3.2

SDS-PAGEof predentine, interface and dentine ECM extracts.
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SDS-PAGEgel 4-20% acrylamide, stained with coomassie blue.
Ran at 150V for 55 minutes.
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3.2iii MASS SPECTROMETRY OF SDS-PAGE GELS

Mass spectrometry can be usedto identify specific proteins within bands, 8

bands were excised as detailed in Figure 3.3. Molecular weight markers and

known proteins were excised and digested in trypsin. Mass spectrometry

analysis of Known proteins was used as an experimental control. The band

that can be seen in lane 2, GST syntaxin was not excised due to the lack of

stain intensity which is indicative of low protein content. Positive

identification of proteins were made using this technique and are shownin

table 3.2.
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Figure 3.3

1D SDS-PAGEgradient gel (4-20%) of knownproteins
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SDS-PAGEgel(4-20% acrylamide) of knownproteins.
Bands 1-8 were excisedto be identified using MALDI-TOF mass spectrometry.
Identifications are shownin Table 2.1.

(Glutathione S-transferase Syntaxin (GST SYX), N-ethylmaleimide sensitive

factor (NSF) )

109



Table 3.2
Mass spectrometry data obtained from SDS-PAGE
separation of knownproteins

 

 

 

 

 

 

 

 

 

Band Predicted mass Apparent mass Mowsescore Description

Bovine serum

1 69248 66000 141 albumin

2 34241 45000 170 ovalbumin,

3 29069 29000 41 Carbonic anhydrase

4 150000 No identification

5 33203 31000 135 Alpha SNAPprotein-bovine

6 33203 14000 90 Alpha SNAPprotein-bovine

7 82600 80000 78 NSF (Rat)

8 150000 No identification     
 

Data showsprotein mass information obtained from mass spectrometry of

knownproteins excised from a SDS gel after tryptic digestion.

The Mowsescoreis a “predicted similarity”, calculating the probability of

randomly matching N peaks during peptide massfingerprinting [279].
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The proteins in lane 1 are molecular weight markers, from which several

bands were excised . Band 1 contains BSA, which has a massof 66,000 Da.

The predicted mass from the mass spectrometry results is 69248 Da. The

Mowsescore is high and therefore BSA wassuccessfully identified by this

technique. Band 2 was excised and successfully identified as ovalbumin with

a mass of 45,000 Da. The mass predicted by the mass spectrometer was

34,241 Da, it also produced a high Mowse and therefore a positive

identification could be made. Band 3 contains carbonic acid which has a

molecular weight of 29,000 Da. The predicted mass from the mass

spectrometry results was very close to this, 29,069 Da. However the Mowse

score was low but a positive identification could be made. Bands 4 and 8

contain collagen type 1, bands were excised but no positive identifications

could be made. These lanes have more bands and darker background

staining than the other lanes. Bands 5 and 6 are alpha SNAP,the protein can

be seen as several bandsin this lane, 2 of which were excised. Both were

successfully identified. Despite the apparent masses (taken from the SDS-

PAGE gel) were 31,000 Da and 14,000 Da respectively, the mass

spectrometry data predicted masses of 33,203 Da. Both have high Mowse

scores and werepositively identified. Band 7 contains NSF (rat), from the gel

the apparent mass is 80,000 Da, the mass spectrometer predicted a mass of

82,600 Da. The Mowsescore for this proteins is also high and a positive

identification was made. The data displayed in table 3.2 provides evidence

that the technique of SDS-PAGE, excision and tryptic digestion from the gel

followed by protein identification by mass spectrometry can be performed

successfully.
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This technique was applied to predentine and interface Figure 3.4 shows an

SDS-PAGEgel of predentine, interface and dentine on a 4-20% acrylamide

gradient, stained with coomassie blue. Bands 1-6 were excised from

predentine electrophoretic profile and bands 7-10 were taken from the

interface electrophoretic profile. The dentine fraction did not resolve into

clearly defined bands, therefore no bands were cut from that fraction. The

excised bands were digested in tryspin and analysed using mass

spectrometry. No positive identifications could be determined from the 10

bands excised due to the low Mowsescores obtained from the analysis.

These low Mowse scores may be explained by the presence of multiple

proteins of similar molecular weight within each band on the SDS-PAGE gel.

The next stage in the proteomic process was to perform 2-dimentional

electrophoresis, to increase the possibility of a positive protein identification

from all 3 fractions.

112



Figure 3.4

SDS-PAGEgelof predentine, interface and dentine ECM
extracts
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SDS-PAGEgradientgel, 4-20% acrylamide.
The labelled bands wereexcised, digested in trypsin and analysed using mass

spectrometry.
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3.2iv WESTERN BLOT ANALYSIS

Immuno-detection of SLRPs decorin and biglycan have been identified in all

3 fractions in a previous study by Waddington et a/. (2003) [82]. In this study,

Western blot analysis was used to detect the presence of these SLRPsin the

3 extracted fractions. Figure 3.5 shows western blots of predentine,

predentine/dentine interface and dentine using decorin and biglycan anti-

bodies. Decorin was detected in predentine and predentine/dentine, however

it was not detected in the dentine fraction. In the predentine fraction, a

stained band at approximately 37-40 KDais present, which correspondsto

the approximate molecular weight of the core protein. Faintly stained higher

molecular weight material was present at approximately 140-150 KDa and

90-100 KDa, howeverthis was not fully captured in the image shown. These

higher molecular weight bands possibly correspond to glycanated decorin.

The predentine/dentine interface fraction shows a strongly stained band at

37-40 KDa, again which corresponds to the core protein. There is also a

faintly stained band present at 150 KDa, which possibly corresponds to the

glycanated form of decorin. Howeverthere wasalso a faintly stained band at

approximately 60 KDa which maycorrespond to a degradation product of the

glycanated decorin. These higher molecular weight bands are not fully

capture on the image shown.

Biglycan was found in predentine and predentine/dentine interface fractions

but absent from the dentine fraction. A lightly stained focused band

appeared at approximately 150 KDa and at approximately 100 KDa , however

staining at a molecular weight that corresponds to the core protein was not

witnessed.
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Figure 3.5

Western blot of the proteoglycans decorin and biglycan
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The presenceof biglycan and decorin in predentine, interface and dentine was

confirmed using westernblot.

100 ug of predentine, interface and dentine separated on a 12% SDS-PAGEgel
for 55 minutes at 150V.
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It is known that dentine reacts with periodic acid-Schiff (PAS), whereas

predentine reacts faintly and it is known that glycoproteins are responsible

for this PAS reaction (reviewed by Goldberg and Septier, 1996) [283]. It is

possible that the lack of resolution of dentine into bands on an SDS-PAGE

gel is caused by heavily glycosylated proteins within this fraction. To

demonstate the presence of glycoproteins in the 3 fractions PAS stain was

used. The 3 fractions were separated using SDS-PAGE then stained for

glycoproteins using PAS stain and the results are shownin Figure 3.6.

The lanes contain a cytosolic brain extract as a non dentinal mixture of

proteins as a control, predentine, predentine/dentine interface, dentine and

horse radish peroxidise (Known to positively react with PAS) as a positive

control.

The cysosolic brain extract did not react, therefore there are little or no

glycoproteins present in this sample. The predentine and predentine/dentine

interface did not react, indicating little or no glycoprotein content in these 2

fractions. However a large area of staining can be seen in the dentine

fraction, particularly around 66 KDa, which may be responsible for the lack of

resolution of bands seen in Figure 3.2.
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Figure 3.6

Acid-Schiff's stain for glycoproteins
on predentine, interface and dentine ECM extracts
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Acid-Schiff’s stain for glycoproteins
Separated by SDS-PAGEon 12% SDS gel at 150V for 55 minutes.
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3.3 2D ELECTROPHORESIS

3.3i PREDENTINE EXTRACT

Figure 3.7 shows 3 separations of the total predentine extract. In all 3, the

IEF strip used was a pl range of 3-10 over 7 cm and the SDS-PAGE a 12 %

acrylamide gel. The Figure showsthe predentine fraction stained at different

levels of sensitivity. The gels obtained in Figure 3.7 were the end result of

several optimisation steps that included, the running times and voltage of the

IEF strip, running time and voltage of running the SDS-PAGE gels,

percentage acrylamide of the gels and protein loading concentration.

Gel A wasstained with the low sensitivity stain coomassie blue as detailed in

section 2.3iii, 25 ug of protein was loaded onto the IEF strip and subjected to

2D electrophoresis. The gel in Figure 3.7A was repeatable and typical of the

protein pattern obtained. In this gels there are 2 vertical streaks at pl < 3 and

> 10, which is also witnessed in gels B and C. These streaks indicate the

unresolved protein material at both the acidic and alkaline extremes of the pl

range used. At the time that this research was carried out, separation of

acidic and alkaline proteins was not good dueto the stability of ianophores

and physical separation of strongly anionic and ionic material. However,it is

evident from gel A that within the pl range of 4-6 there are several proteins

present with molecular weight 45 KDa- 116 KDa. In addition to this, there are

several smaller molecular weight proteins, approximately 15 KDa at the pl

range of 7-10. The overall background of predentine extract indicates

stainable proteinaceous material that remained unresolved, or required at a

higher concentration to be visible when stained with coomassie blue.
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Gel B_- was stained with hot coomassie blue and demonstrates a higher

degree of sensitivity compared with standard coomassie blue used in Figure

3.7A. More protein was loaded onto the IEF strip (60 ug), which in addition to

using a more sensitive stain has improved resolution of the gel. the gels

shows a range of proteins covering the entire pl range and molecular weight

of the gel. There also appears to be “rows” of protein spots, which are even

more evident in Figure 3.7C, this can indicate the presence of the same

protein at varying degrees of post-translational modification. The

proteinaceous material at pl < 3 and > 10 are also witnessed in this gel, as

are the proteins stained within the pl range 4-6 and molecular weight range

45-116 KDa. The lower molecular weight proteins seen in Figure 3.7 A are

also witnessed when stained with hot coomassie blue.

Gel C was loaded with 25 ug of protein and was stained with silver stain,

which has a reported sensitivity in the ng range. From Figure 3.7Cit is clear

how manyprotein spots are in the predentine fraction, there is a densely

stained area on the gel from 66 — 116 KDa range across the pl range of the

strip (3 — 10). Many protein spot “families” can be seen running across the

gel at the full pl range (3-10) and protein spots are clearly present at <

31KDa, this gel was repeatable.
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Figure 3.7

Wide pH rangesof 2D gels of predentine stained at different
levels of sensitivity.
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2D electrophoresis gels of predentine, separated by pl within the rangeof 3-10.

Gel A) is stained with the low sensitivity stain coomassie blue, gel B) is stained

with amedium sensitivity stain, and gel C) with high sensitivity silver stain.
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3.3ii PREDENTINE (pl 4-7, 6-11)

The predentine fraction was further analysed to resolve the densely packed

protein spots, evidenced particularly in 3.7C.

Figure 3.8A shows a 4-7 pl strip and resolved on a 12% SDS-PAGEgel. As

the previous gel was loaded with 50 ug for hot coomassie blue stain, this

proved too concentrated for resolution over a narrower pl range. Therefore,

gel 3.8A shows 25 wg loaded onto a 4-7 pl (7cm) strip. Unfortunately

resolution as not clear, howeverthere is a clear protein spot in the middle of

the pl range at molecular weight 116-200 KDa. On several attempts these

results were repeatable and it appears that the problem lies in separation

across the pl range. Although not presented, the same result was obtained

with silver stain.

At the other end of the spectrum, the pl range 6-11 was used in Figure 3.8B,

however, the predentine failed to resolve resulting in a densely stained

background with little of the protein material discernible. The gel does stain

low molecular weight proteins which can be seen at the bottom of the gel.

This was repeated with the same results obtained.
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Figure 3.8

Narrow pH range2D gels of predentine stained at different
levels of sensitivity.
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2D SDS-PAGEgels of predentine, separated within different pl ranges. Gel A)
was separated within the pl range of 4-7 on a 7cm strip, ran on a 12 %
acrylamide gel then stained using medium sensitivity stain hot coomassieblue.
Gel B) was separated within the pl range of 6-11 on a 7cm strip, ran on a 12%
acrylamidegel then stained using high sensitivity silver stain.
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3.4 PREDETNINE/DENTINE INTERFACE EXTRACT

The predentine/dentine interface fraction was separated by 2D-

electrophoresis with a pl 3-10 across a 7cm strip and SDS-PAGE resolved on

a 12% acrylamide gel stained with hot coomassie blue. 60 ug of protein was

loaded and the results obtained in Figure 3.9A were repeatable. This gel

shares similarities with the gels in Figure 3.7 At both ends ofthe strip there

are vertical streaks of stained proteinaceous material at pl < 3 and > 10. This

implicates the acidic and alkaline extremes of the proteins present in the

predentine/dentine interface fraction. A large protein or group of proteins are

present at 116 KDa with a pl of approximately 6. The small protein spots at

approximately 15 KDa and pl range 7-9 are present, which were also

presentin predentine.

Figure 3.9B was stained with silver stain, 19 ug of protein was separated on

an IEF strip, pl 3-10 and resolved by SDS-PAGE on a 12% acrylamidegel,

the gels presented was repeatable Gel B shows more proteins spots have

been detected, despite lower protein concentration, suggesting that there are

many proteins present at relatively low concentrations. There is a large

concentration of proteins present with low pl, molecular weight 66-116. The

large protein at 116 KDa is present in this gel and in the gels of predentine

shown in Figure 3.7. There is also a large concentration of protein in the

between 66-116 KDa betweenpl 3 - 7. The protein spots the bottom of the

gel are commonwith predentine. The interface gel shows larger protein spots

in the centre of the gel, around 31 KDa and pl 6-8. The difference between
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the gels in Figure 3.9 demonstrates the issue around, protein loading and

staining sensitivity.

The predentine/dentine interface fraction was further analysed to separate

the densely stained proteins present in Figure 3.9B.
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Figure 3.9

Wide pH range 2Dgels ofinterface stained at different
levels of sensitivity.

 

A) Medium sensitivity staining;
hot coomassie blue.

 

 

B) High sensitivity; silver
staining.

 

2D SDS-PAGEgels of interface, separated by pl within the range of 3-10 on

12% acrylamidegels.
GelA)is stained with the medium sensitivity stain hot coomassieblue, gel B) is

stained using high sensitivity silver stain.
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3.41 PREDENTINE/DENTINE INTERFACE(pl 4-7, 6-11)

Figure 3.10 shows predentine/dentine interface extract separated by 2D gels

with a smaller more focused pl range of 4-7 and of 6-11 on a 7cm strip. This

wascarried out to further separate proteins within those ranges overa larger

area than 3-10. This can result in greater separation of proteins that appear

close together on a 3-10 gel. Figure 3.8 gel A shows a 2D gel separated

acrossthe pl range of 4-7, then by molecular weight on a 12% acrylamide gel

(19 ug of protein was loaded) the gel shown wasrepeatable. The proteins

that appeared in the gels in Figure 3.10 appear in these gels with a narrower

pl range but appear more smeared. The gel also has 2 vertical lines that

appearto be stained at pl 4.5 and 6. Gel A also displays proteins around the

45 and 31 KDa areas of the gel, despite being resolved over a larger surface

area, protein spots were not separated to a higher extent in this gel. This gel

shows the large amounts of acidic material present in this fraction,

particularly at pl 4.5 and 6 which exceeds the capacity of the strip to

separate these proteins.

When separated in a narrower predominantly pl range of 6-11, in Figure

3.10B, the predentine/dentine interface fraction did not resolve into well

defined protein spots, (25 ug of protein was loaded), typical of 4 repeat gels.

The protein staining appears to be concentrated in the lower pl range of the

gel, around 6 andverylittle protein staining appears in the pl region of 9-11.

Gel B also displays a vertical line that has been stained, perhaps due to the

large quantity of acidic material in this fraction. This gel also shows protein

staining around the 66-116 KDa range and also around 15 KDa. Both gels

were stained with silver stain.
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Figure 3.10

Narrow pH range 2Dgels ofinterface
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2D SDS-PAGEgelsof interface, separated atdifferent pl ranges.
Gel A) separated witin the pI range 4-7 stained with high sensitivity silver stain

gel B) separated within the pl range of 6-11 stained with high sensitivity silver

stain.
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3.5 DENTINE EXTRACT

The SDS-PAGE separation of dentine, Figure 3.2 produced a gel that was

heavily stained with protein, some areas stained darker than others in which

bands could not be clearly resolved. When the dentine fraction was

separated by 2D-electrophoresis across a pl range 3-10, the resultant gels

are Figure 3.11A and 3.11B.

Figure 3.11A displays a hot coomassie blue 2D gel and is representative of

several repeats. In addition various optimisation steps were performed

regarding the concentration of protein loaded. In Figure 3.11A 116 wg of

protein was loaded which is greater than that used for predentine or

predentine/dentine interface fractions. Howeverit is clear from the gel that

there is a concentration of proteins at the lower pl range of the gel, as

demonstrated by a dark vertical streak. With coomassie blue staining there is

little of the protein visible or resolved.

This is further confirmed within Figure 3.11B, which was loaded with 116 ug

of protein and was typical of several repeats and stained with silver stain.

There is large amounts acidic material causing a large streak at the pH 3 end

of the gel. There is evidence of protein staining through the acid range upto

6-7 but thereis little evidence of basic proteins except at very low molecular

weight. The low molecular weight proteins in the pl range 7-9 appearon gel

B and are commonto all 3 fractions. They do not appear on gel A, which was

stained with hot coomassie blue, it can therefore be assumed that within the

dentine fraction, these low molecular weight proteins are presentat relatively

low concentrations.
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Figure 3.11

Wide pH range 2D gels of dentine stained at different levels of
sensitivity.

 

A) Medium sensitivity staining;
hot coomassieblue.

 

B) High sensitivity; silver

staining.
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2D SDS-PAGEgelsof dentine, separated bypl within the range of 3-10 on 12%

acrylamidegels.
Gel A)is stained with the medium sensitivity hot stain coomassieblue,gel B)is

stained using high sensitivity silver stain.
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3.51 DENTINE EXTRACT(pl 4-7, 6-11)

Further separation of dentine can be made by separating the proteins across

a narrowerpl range, over a 7 cm strip.

Figure 3.12 shows 2D-electrophoretic gels of dentine fraction separated

across the pl range of 4-7 followed by separated on a 12 % acrylamide gel

and stained with hot coomassie blue, Figure 3.12A. 116.4 yg of protein was

loaded and an improved resolution was seen compared with 3.11A with

evidence of proteins in this gel. Staining can be seen at 116 KDa at a pl of 6

and there appears to be some lightly stained protein around 66 KDa. Figure

3.12A contains proteins that are within the pl range of 4-6, however they did

not resolve into well defined spots. Figure 3.12B shows dentine separated

across a pl range of 6-11, followed by separation on a 12% acrylamide gel.

An identical amount of protein (116.4 ug) was loaded was andstained with

silver stain Due to an increase in sensitivity, there is evidence of more

protein, especially in the lower pl range of the gel, 6 -7. Protein staining was

also present in the bottom right hand side of the gel (pl 9-10, molecular

weight < 20 KDa). As stated previously, these protein spots, which are

resolved to a lesser extent on this gel, appearin all 3 fractions.

The amount of protein loaded onto the gels was determined from the result of

a trial of different concentrations. The final concentrations shown produced

the clearest gels when stained. Higher and lower concentrations were run for

all 3 fractions, for higher concentrations gels, there was considerably more

“backgroundstaining” and protein spots and bands wereunclear.
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Figure 3.12

Narrow pH range 2D gels of dentine stained at different levels of
sensitivity within different pH ranges.
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2D SDS-PAGEgels of dentine, separated by pl within the range of 4-7 and 6-11
on 12% acrylamide gels.
GelA)is stained with the medium sensitivity stain, hot coomassie blue,gel B) is

stained using high sensitivity silver stain.
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3.6 MASS SPECTROMETRY OF EXCISED PROTEIN SPOTS

Trypsin digestion and subsequent Mass spectrometry can be usedtoidentify

proteins separated by 2D-electrophoresis. Protein spots from predentine

separation by 2D-electrophoresis were excised and digested with trypsin.

3.6i PREDENTINE

Figure 3.13 shows a 2D gelof predentine (as previously described in Figure

3.7C) separated across the pl range of 3-10 on a 7cm strip on a 12%

acrylamide gel, which wassilver stained. The Figure maps which spots were

excised, de-stained, digested with trypsin and analysed using mass

spectrometry. The protein spot labelled 38 was used as a blank, it was taken

from an area of the gel that should contain no protein. Unfortunately the gels

that were silver stained did not result in any statistically significant protein

identifications from the tryptic peptide digest. The process was repeated

using a hot coomassie blue stained gel run under the same conditions and

with the sameprotein spots excised.

Figure 3.13 shows the specta obtained from MS analysis of spot 38

(containing no protein). The large peak showing a peptide mass of 2446is

adrenocorticotropic hormone (ACTH), and is used as a calibration point

during the MS analysis. The additional peaks on this spectra are classed as

backgroundnoise.
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Figure 3.13

Mass spectrometry data from digested predentine protein spots.
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2D SDS-PAGEgels of predentine, separated by pl within the range of 3-10 on
a 12% acrylamide gel, stained with high sensitivity silver stain. The protein

spots were excised and digestedin trypsin.
The spectra shown wasobtained from a gel stained with hot coomassie blue,

labelled 38 on the gel, which is a blank. ACTH peak usedfor calibration can be

seen with a massof2446.
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Table 3.3 shows the positive identifications achieved from the tryptic

digestion and subsequent MS analysis. In total, 3 proteins were identified

successfully by mass spectrometry. Spot numbers 31,29,15 were identified,

the table also shows additional information produced from the mass

spectrometer. Spot 31 was identified as Haemoglobin alpha chain, with 5

matching peptides which matched with 51.77% of the protein in the database

sequence. The predicted molecular weight was 15,053 Da and the apparent

molecular weight as determined by 2D-electrophoresis is approximately

14,000 Da. The mass spectrometer predicted that the protein excised from

spot 31, from its sequence would be located at a pl of 8.7 but it was actually

located at a pl of 5.4 on the gel, indicating a more acidic form of the protein.

Protein spot 29 was successfully identified as Haemoglobin Beta-A chain,

with a match of 6 peptides, 53.8% sequence coverage and a predicted mass

of 15,064 Da. The apparent mass from the gel is around 14,400 Da. The

predicted pl value was 6.8, howeverfrom the gel, the protein appeared to be

at a more basic pl of 7.8. despite these slight variations, the protein

identification was made successfully.

Vimentin was also successfully identified in the predentine fraction, 16

peptides were matched with the sequence database totalling a 35%

sequence coverage. The predicted molecular weight was 53,546 Da but the

molecular weight as determined by the gel was approximately 80,000 Da.

The predicted pl was 5.3 but the pl from the gels was 3.7 for this protein.
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From this data, it is apparent that there may be some variation between

predicted pl and molecular weight and the pl and molecular weights

determined by 2D-electrophoresis.
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Table 3.3

Mass spectrometry data obtained from 2D separation of

predentine proteins

 

 

 

 

 

 

 

 

 

  

Spot excised 31 29 15

Entry HBA_BOVINE HBBA_BOSJA VIME_BOVIN

Probability score 2.3444421 1.7003243 2.445087 1

No. of peptides 5 6 16

matched

% coverage 51.77 53.79 35.05

Predicted MW 15,053 15,964 53,546

Apparent MW 14000 144000 80000

Predictedpl 8.7 6.8 5.3

Apparentpl 5.4 7.8 3.6

Description Haemoglobin alpha Haemoglobin Beta- Vimentin chain  A chain  
 

Table shows the mass spectrometry data obtained from the tryptic digestion

of protein spots excised from a 2D SDSgel of predentine stained using hot

coomassie blue.

The Mowsescoreis a “predicted similarity”, calculating the probability of

randomly matching N peaks during peptide massfingerprinting, therefore the

predicted molecular weight and the actual molecular weight may be slightly

different [279].
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Figure 3.14 shows the 3 spectra obtained from mass spectrometry of these 3

protein spots obtained from a 2D-electrophoresis of predentine, stained using

hot coomassie blue. The spectra shownin this Figure correspond to A) spot

30, B) spot 29 and C) spot 15. The spectra obtained from analysis of the

protein spots by mass spectrometry are shown. Analysis of the tryptic digests

providedstatistically significant identifications for these proteins.

In total 99 gel spots were excised and digested from 4 different predentine

gels 2 spots from an interface gel. Of the 101 protein spots analysed, only 3

identifications were made, shownin table 3.3.

137



Figure 3.14

Massspectra obtained from tryptic digestion of predentine
protein spots.
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Massspectra obtained from tryptic digests of predentine proteins spots from a

2D SDS-PAGEgelstained with hot coomassie blue.
A) spot 30 B) spot 29 C) spot 15
Databaseidentifications can are shownin Table 3.3.

138



3.7 DISCUSSION

A proteome is the entire complement of proteins in a given cell, tissue or

organism. The study of proteomics also assesses protein activities,

modifications, localisation and interactions of a protein. From this definition,

it is clear that this is a vast area of research in general. As the human

genomehas been established containing 35,000 genes,the proteins that are

transcribed by those genesis not a simple 1:1 ratio. Modifications of proteins

should also be considered, sulphation, glycosylation, methylation,

phosphorylation, with 35,000 genes in the human genomepotentially coding

10 times as manyproteins [275].

The majority of studies on dentine have focused on the main, known ECMs

e.g. collagen, SLRPs, DPP, DSP, enzymes and growth factors on collagen

crystal initiation, nucleation and deposition. This study aimed to take a global

snapshot of dentine mineralisation and to attempt to produce protein maps of

the unmineralised predentine, the mineralised dentine and the transitional

phase at the predentine/dentine interface. The ultimate aim was to enable a

comparison of the 3 phases and to try and identify novel proteins which may

have only been expressed in one fraction or those which were modified or

degraded during the mineralisation process. Upon starting the 2D

electrophoresis analysis it became clear that separating the organic matrix

was proving moredifficult than anticipated.
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It is well established that there are large anionic protein families and proteins

which have complex glycosylation, sialyation, phosphorylation patterns e.g.

SLRPs, DSP, DPP present in dentine and predentine [1-3, 134].

It was quickly realised that to successfully fulfil these aims, they needed to

be part of a much bigger project.

The initial running of SDS-PAGE of these fractions, differing molecular

weight protein profiles were in all 3 fractions, which is of little surprise

considering previous knowledge of isolated proteins, molecular interactions

and the profile of modifying enzymes, such as MMPsduring mineralisation.

However, one band did not represent one protein and therefore it was not

possible to identify proteins by tryptic digestion and MS analysis. Previous

studies have taken a different approach, by separating the organic matrix

extract by FPLC and anion exchange chromatography and then characterised

individual peaks [17, 82, 83].

Although SDS-PAGE separated proteins could not be identified by MS , it

was possible immunolocalise decorin and biglycan without tryptic digestion

using Western Blotting. The antibodies failed to identify decorin and biglycan

in dentine, which would corroborate previous studies that have found decorin

and biglycan in the dentine fraction [82]. It can be postulated that

chondroitinase digest of the dentine fraction, followed by Western blot

analysis may have produced a positive result. The dentine stained heavily at

all molecular weights when separated by SDS-PAGE and may have been

140



inadequately transferred to nitrocellulose, or blocking of the two epitope for

the antibodies to react.

When 2D-electrophoretic separation was attempted, there was significant

optimisation required. To date there was no literature or previous attempts to

separate mineralised tissue proteins by 2D-electrophoresis, since writing this

thesis, a paper has been published on the proteomics of human dentine

[282]. However they did not perform 2D-electrophoresis, they extracted

dentine only from 3 human teeth then digested the SDS-PAGE bands and

analysed using LC-MS/MS with a high degree of success. This technique

introduces an additional mode of separation, by liquid chromatography prior

to tandem MS.

With regards to this study, the 1°' dimension IEF separation used carrier

ampholytes and an immobilised pH gradient to separate the proteins by their

pl. The IEF step is considered the critical step, in 2D-eletrophoresis, however

the success of the separation cannot be determined until SDS-PAGE has

been carried out. This whole process including staining takes approximately

3 days. The protein mixture has to be solubilised onto the strip rehydrating

buffer without adding any detergents to aid solubilisation. Therefore the

sample buffers contain a high concentration of urea, reducing agents and

zwitterionic surfactants, which adds to the complexity of the sample.

This chapter aims to characterise the proteomes as dentine makes the

transition from an unmineralised tissue, (predentine) to the fully mineralised

tissue, dentine. An additional transition phase was extracted which
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correspondsto the mineralisation front, predentine/dentine interface allowing

the changes in proteomesto be observed.

Dentinogenesis requires the interaction, dynamic remodelling and processing

of many ECM proteins to achieve a highly organised matrix of collagen

around which HAP crystals form under the influence of many ECM

components.

The presence of these ECM proteins in dentine is well documented andit is

apparent from the results that there are ECM proteins present in predentine,

predentine/dentine interface and dentine extracts. It has been previously

reported that there is differential expression of proteins in the 3 fractions [1-

3, 5, 81, 82]. Howeverthe use of proteomicsto identify protein expression of

proteome extracts is a novel concept. The results show a rich content of

protein in all 3 fractions, despite the use of EDTA to demineralise the dentine

which can result in a reduction in protein concentration [284].

Although the 3 fractions are easily discernible, the interface is a relatively

narrow region between the unmineralised predentine and the fully

mineralised dentine. It is the area of tissue where mineral starts to form

around collagen fibrils which appear as calcospherites. It is highly probable

that there will be some overlap of proteins in this region. Therefore the

interface may contain proteins that are predominantly found in predentine

and also proteins predominantly found in dentine. The interface is the region
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of tissue where predentine makesthetransition into dentine by the process

of mineralisation.

There are some proteins which are found in dentine but are absent from

predentine. DPP is introduced into the ECM at the mineralisation front, it is

not found in predentine but is found in dentine. It is synthesised by the

odontoblasts and exocytosed into the ECM just before the mineralisation

front [147]. It can be hypothesised that such a protein would be presentin

the dentine, absent from predentine and may possibly appearin the interface

fraction. In a study by Yamakoshi et a/. 2008 [143], DPP extracted from

porcine molars was studied extensively. DSPP products (ie DPP, DSP-DGP)

were extracted and separated on 4-20% acrylamide SDS-PAGE gels. The

gels were stained with coomassie blue and stains all. An extract containing

some soluble collagen, DSP, DPP osteocalcin and enamelin (from enamel)

resembled that of the PD lane in fig 3.2. The bands that appear in the PD

lane in fig 3.2 are commonto the gel in the study by Yamakoshiet a/ (2008)

[143]. The predentine lane of Figure 3.2 shows two thin bands at

approximately 225 KDa and another set of two bands at around 140 KDa a

low intensity stained band at around 50 KDa and another faintly stained band

at approximately 20 KDa. These bands are extremely similar to those shown

in the Yamakoshi study and mayactually be a result of the proteins that were

stated as being present in the extract. Due to similarities in banding

patterns, it is possible that the proteins stained in the predentine extract are

the same as those that were present in the Yamakoshi study, soluble
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collagen, osteocalcin, N-terminal fragments of DSP and extended DGP and a

32 KDa enamelin which was extracted from the enamel.

The study also showed that DPP extracted from porcine molars from 22

individual pigs, DPP expressed varying molecular weights. This was not due

to posttranslational modifications but allelic variations that did not cause

functional abnormalities within the dentine structure [143]. During dentine

extraction in this Ph.D, 1.5 Kg of bovine teeth were used from > 100 cows,

although these allelic variations have been demonstrated in pigs, it is

possible that from several cows, the dentine extract may contain DPP

isoforms of varying molecular weight.

In the same study porcine DPP and DSP were separated using HPLC and

were then separated on an SDS PAGEgel. The results appeared as dark

spears in the gel lanes. Degradation products of DPP and DSP showedas a

smear lower down the gel but did not form a clearly defined band. It

resembled that of the dentine lane in Figure 3.2. As DPP and DSPare the

most abundant non-collagenous ECM proteins found in dentine, the dark

smear seen on the dentine lane in Figure 3.2 may be caused by DPP [143].

Immuno-detection of DPP was achieved using Western blot analysis in

another study, which identified bands of DPP at 130 KDa and at 66 KDa

[149].

In another study on rat dentine, proteins were extracted in guanidium-HCl,

fractionated using ion-exchange chromatography and analysed by SDS-
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PAGE. Proteins were identified using Western blot analysis, the study

revealed that DPP fragments were present at 90-100 KDa in the fragment

that represented dentine. The DPP molecule was highly phosphorylated re-

enforcing its probable role in mineral binding. DSP appeared at 100 kDa.

Between 110 to > 200 KDa bands of the proteoglycan form of DSP which

appearedin the fraction that represented the predentine extract. The majority

of DSP-PG is found in predentine and not in dentine indicating that the PG

fragment of the molecule is processed before mineralisation. The role of

DSP-PG in mineralisation is unknown [84].

In a recent study a 37 kDa of NH2-terminal fragment of DMP-1 was found in

the extract that represented predentine and a 57 KDa COOH-terminal

fragment of DMP-1 appeared in the extract that represented dentine. The

COOH-terminal fragment is highly phosphorylated and has been shownto act

as an initiator for HAP formation. The differential expression of these

fragments in predentine and dentine and the phosphorylation on the 57 KDa

fragment indicated different roles for the 2 fragments of the DMP-1 molecule.

The study also showed that BSP was present in fractions representing

predentine and dentine, suggesting a range of functions for this molecule in

both tissue types. The study also concluded that osteopontin was presentin

rat dentine in such small amounts that it was not identified using Western

blot analysis [138].

The SDS-PAGEanalysis of predentine did not exhibit a stained band at 37

KDa, which could potentially represent proteins of DMP-1 core proteins of

biglycan or decorin, however Western blot analysis against biglycan and

145



decorin anti bodies showed bandsof biglycan in predentine and interface and

decorin in the interface, both are approximately 37-40 KDa, yet a band atthis

molecular weight did not appear in Figure 3.2. This suggests the presence of

proteins that were not detected by SDS-PAGEanalysis with coomassie blue

or silver staining. With the availability of more dentinal proteins, Western blot

analysis could prove an effective means to identifying known dentinal

proteins in the 3 fractions. However it does not offer the opportunity to

identify proteins unknownto dentine.

A faintly stained band can be seenin the interface lane at around 75KDathat

is absent from the predentine fraction. Bovine DPP has a molecular weight of

35-158KDa [5]. In a study by Milan et a/ (2006), DPP appeared on a SDS-

PAGEgel as a band at 100KDa. It is possible that the band seen in Figure

3.2 at around 75 KDa is DPP which has been synthesised by the

odontoblasts and exocytosed into the ECMat the site of mineralisation i.e the

predentine/dentine interface [17].

Gla-proteins are absent from predentine and studies have suggested that

they are contained in the intracellular vesticular structures in the odontoblast

process and are transported to the site of mineralisation. However Gla-

proteins are relatively small with a Mr of <6 KDa [5] which is a molecular

weight too small to be separated on the SDS-PAGEgel, additionally, during

the extraction process, the dialysis tubing used had a cut off molecular

weight of 12 KDa and therefore eliminates them as a possible candidate for

protein identification in this study.
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BSP1, also known as osteopontin has a Mr of 44 KDa, it has a -Arg-Gly-Asp-

receptor binding sequence capable of aiding cell attachment and spreading.

Evidence suggests it is predominantly present in the predentine [285]. The

gel in Figure 3.2 shows a band present in the predentine and interface lanes

at around 45 KDa. It is possible that this band is that of BSP1 (osteopontin),

as well as SLPR core proteins. As previously stated, there is likely to be

some overlapping proteins present in the interface which may accountfor the

band at around 45 KDain this lane.

Unlike the predentine and interface fractions, the dentine fraction did not

resolve into clearly focused bands using 1D SDS-PAGE. The gel lane is

heavily stained and from Bradford assays results it can be confirmed that

there is a relatively high concentration of protein present in the fraction. The

fractions were run on different percentage acrylamide gels, to achieve a

varied degree of separation at different molecular weights, yet resolution of

dentine into clear bands was not achieved (results not shown). This lack of

resolution of the dentine fraction may be an effect of heavy glycosylation and

post-translational modification of protein [286]. Dentine contains many

different proteins, one group of dentinal proteins are the proteoglycans

(PGs). It has been previously reported that the glycosaminoglycan (GAG)

chains associated with the PGs in dentine are 100% chondroitin sulphate

(CS). The GAG chains attached to PGs present in predentine are 68%

dermatan sulphate (DS) and 32% CS. In the interface the GAG chains

attached to the PGs are 92% CS [83, 274].
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Heavy protein glycosylation may contribute to the lack of resolution in this

fraction. Protein aggregates of varying molecular weights and the extent of

glycosylation would also prevent resolution of proteins. Despite the lack of

resolution and visibility of bands, it is apparent that the dentine fraction has

different characteristics to those of the predentine and interface fractions.

The SDS-PAGEgel of dentine shows an area of heavy staining around 75-

100 KDa. It has been previously reported that DPP is the most abundant non-

collagenous ECM protein in dentine [53].

In a study by Milan et a/. (2006), DPP isolated from bovine dentine appeared

as a single band at 100 KDa when identified using SDS-PAGE [17]. It is

possible that the dark area of staining between 75-100 KDa is DPP (Figure

3.2). In the same study the DPP wasisolated from dentine then purified using

anion-exchange chromatography. In this study, a crude dentine protein

extract was used and therefore the stained area seen on the 1D SDS-PAGE

gel of dentine may contain other proteins, which may also account for the

lack of resolution of the band.

The dentine fraction was loaded onto the gel at concentrations higher and

lower than the concentration that was loaded onto the gel shownin Figure

3.2. This was doneto allow for “over” or “under loading” the gel lane. These

concentrations showed results that were very similar to that shown in Figure

3.2 and were therefore not shown in the results section. The dentine fraction

also stained positively for glycosylations, which may contribute to the lack of

resolution of proteins. Despite lack of resolution of the band in the dentine
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lane, there appears to be a band at 15 KDa and a band at approximately

12KDa that are stained darker than the remainder of the lane, areas which

appear as protein spots in the 2D separation of dentine and werepositively

identified using mass spectrometry.

Both SDS-PAGE and 2D-electrophoretic separation of predentine and

interface was achieved. The dentine fraction did not resolve into bands. The

dentine fraction was the only fraction that stained positive for glycosylation,

further suggesting that the heavy glycosylation of dentine prevented the

resolving of bands.

One approach to protein purification and identification is the separation of

proteins by molecular weight on a SDS-PAGE gel. The gel bands produced

can then be excised, digested in trypsin and analysed using mass

spectrometry. This technique was usedto identify the protein bands present

on the SDS-PAGEgel in Figure 3.2. Bands were excised from the predentine

and interface fractions separated on the gel, digested in trypsin and analysed

using mass spectrometry. The Figure 3.4 shows the excised bands.

Unfortunately no identifications could be made from the analysis. Lack of

mass spectrometry identifications can be caused by a numberof reasons, if

the protein does not exist on the databaseit will not be identified. This is an

unlikely reason for lack of identification as the database is capable of

identifying peptides and naming them as “hypothetical proteins”. If the

sample is a mixture of proteins identification will be difficult. It is highly

probable that this is the reason for the lack of identification of the bands
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excised from the SDS-PAGEgels. Keratin contamination can result in poor

identification scores, to avoid this problem, known keratin masses were

manually removed from the results and searched in their absence.

Despite this lack of identification, separation of a variety of known proteins

on a SDS-PAGEgel (Figure 3.3) were excised, digested in trypsin and

analysed by mass spectrometry. The majority of the known proteins were

successfully identified by the peptide masses produced. Table 3.1 shows the

successful identifications made. 8 bands were excised but 2 were

unidentifiable, both of the bands contained collagen type |. For reasonsthat

are unknown, collagen type | was not identified using this technique.

The identification of known purified proteins compared with the lack of

identification of the crude predentine, and interface extracts suggests that

the reason for the lack of identification was due to samples being a mixture

of proteins. It has been discussed that the tissues of dentine contain many

proteins that undergo proteolytlic processing during dentinogenesis,

degradation products of proteins will appear as smaller fragments of the

parent molecule and as lower molecular weights. Post-translational

modifications of proteins resulting in higher molecular weights has also been

seen, such as high molecular weight DSP can result in appearance of

proteins with unexpected molecular weights making identification difficult.

Proteins, protein fragments and the degradation products of proteins may

possess similar molecular weights and thus would appear as a single band,

or bandsthat are very close together. This would makeidentification by mass
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spectrometrydifficult. E.g proteins such as osteopontin, decorin and biglycan

have similar molecular weights, 44, 40 and 40 KDa respectively. It is possible

that these proteins appear as one band onthe gels [148, 287].

Bands 1-3 and 7 cut from the SDS-PAGE gelof the fractions shown in Figure

3.4 are also characteristic of the unidentifiable collagen type | bands shown

in Figure 3.3. As previously stated, collagen type | was not identified using

mass spectrometry, nor were the bands cut from the gel in Figure 3.4. In a

study previously discussed, DPP was mixed with soluble collagen type | and

analysed using SDS-PAGE, the collagen stained two bands at around 210

KDa and two bands at around 100 KDa [143]. Although at a slightly lower

molecular weight, a pattern similar to predentine and predentine/dentine

interface, whichis likely to contain some soluble collagen.

As the results show,the identification of proteins by SDS-PAGE separation

followed by mass spectrometry was successfully achieved when performed

on known proteins. However the lack of successful identifications from

predentine and interface fractions may be due to the presence of multiple

proteins of similar molecular weight present in each band. Another possible

cause may be contamination with the common contaminant keratin, low

concentration of protein or glycosylations of proteins [278], however a

sufficient concentration of protein was loaded onto the gel. Known keratin

masses and common massesthat consistently appearedin all of the spectra

were eliminated from masslists provided by the mass spectrometer. However

this did not increase identification probability. As research in this field of

biomineralisation progresses, the more we discoverthat this is an extremely
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complex tissue that undergoes constant processing. The degradation,

modification and processing of ECM proteins makesit difficult to separate

and identify using this technique. In a review by Butler (2008), it states that

DPPis difficult to separate on SDS-PAGE. In the study by Yamakoshi (2008)

the DSP and DPP fractions appear as smears on the acrylamide gel [143].

The 2D gels do show that there are major differences between mineralised

an unmineralised dentine, and that degradation products and modified

proteins may well be present in these extracts.

To separate the protein extracts further and to resolve multiple proteins that

may be present in each band. A 2D electrophoresis approach was employed,

which, first separates a protein mixture by pl within a certain range,

(horizontally), then by molecular weight (vertically). The result of which is a

gel containing individual protein spots providing information about molecular

mass and pl. Figure 3.7 shows three 2D gels of predentine stained at

different levels of sensitivity within the pl range of 3-10 and the molecular

weight range of 21-200 KDa.

Silver staining is more sensitive than coomassie blue staining and highlights

more protein spots. Silver stain can detect protein concentrations as low as

1-2 ng, suggesting that proteins are present in relatively low concentrations,

as this gel highlights many moreprotein spots that gel A. There also appears

to be a concentration of protein around the higher molecular weight area on

the gel, which is not focused into tight protein spots. The gels showthat

there is more staining in the lower pl region of the gels and at higher
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molecular weights. When compared to the 1D gel in Figure 3.2, bands are

also concentrated to the higher molecular weights on the gel. As discussed,

ECM proteins of dentine are acidic, DPP has the lowest pl of around 1.1,

other proteins such as DSP, DMP-1, osteopontin are also acidic, which would

explain the concentration of proteins in this area of the gel.

Some of the SIBLING family of proteins previously discusses are not thought

to be present in predentine, however more recent studies have found that in

other species like pig and rat, fragments of DMP-1 are found in predentine

[138, 139], which may act to control collagen fibrillogenesis and stop

fibrillogenesis prior to mineralisation. Proteoglycans can be found in

predentine, which may appearas proteins at higher molecular weights on the

gels due to GAG chains and post-translational modification. It is clear from

the gels that predentine contains a range of proteins, ranging from pl3-10

and molecular weigh 15-200 kDa. From the 2D gels obtained within this

Ph.D, predentine separated more successfully than interface and dentine.

The predentine gels also possibly show degradation of proteins, Figure 3.7 C

shows over one hundred protein spots. From what we already know about

predentine, it is unlikely that the ECM extract contains over one hundred

different proteins. These are more likely to be fragments of known parent

proteins, there may be unknownproteins and of course modified proteins.

It can be seen in Figure 3.7C that protein spots appear in rows. These rows

of spots may be proteins at different proteins with varying pl values, however

differential carbamylation of the same protein caused by the presence of
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isocyanate. Isocyante is a by-product of sample processing and can result in

the appearance of proteins in rows [279], therefore the appearance of

proteins in rows across the 2D gels is not conclusive of the presence of

proteins containing post-translational modifications.

Separation within a narrower pl range can further separate proteins. The 2D

gels shown in Figure 3.8 show the separation of predentine within the pl

ranges of 4-7 and 6-11. It is apparent that the lower pl ranges of the gel are

more protein rich than the higher pl ranges, as are the higher molecular

weights.

2D separation of predentine/dentine interface was less successful than that

of predentine. 2D separation of predentine and predentine/dentine interface

were performed under the same conditions yet interface did not focus to the

same extent as the predentine. Figure 3.9 shows 2D gels. of

predentine/dentine interface stained at different levels of sensitivity. When

stained with hot coomassie blue, very few protein spots can be seen. The

large area of staining in the high molecular weight region can be seen on

both predentine and interface gels. When stained with high sensitivity silver

stain, more protein spots are highlighted, yet the gel looks very different to

that of predentine (Figure 3.7 gel C). Separation within a narrower pl range

did not improve protein focussing. The difference in appearanceof 2D gels of

predentine and predentine/dentine interface provides more evidence for

differential expression of protein in the 2 fractions. The predentine/dentine

interface contained high concentration of proteins at pl 4.5 and 6, which
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appear as vertical streaks. This fraction was also separated across a larger

surface area in an effort to separate these vertical streaks. A 13cm IEF strip

was used, howeverthe result remained. It would be beneficial to separate the

predentine/dentine interface fraction, possible by FPLC prior to 2D-

electrophoresis.

2D separation of dentine was unsuccessful, at both low and high sensitivity

staining, the protein content of dentine appeared as a large smear at the low

pl region of the gel. Separation within the narrower pl ranges of 4-7 and 6-

11 were also unsuccessful. Considerable time was spent trouble shooting the

2D SDS-PAGEtechniques, yet due to limited time, fully resolved gels of the 3

fractions were not obtained.

As previously mentioned, the GAG chains associated with the PG poolin

predentine have been shownto be 68% DS and 32% CS.In the interface, PG

GAG chains are 92% CS and in dentine the GAG chains are 100% CS [83].

This higher percentage of CS in the interface compared to predentine may be

have resulted in the reduced resolution observed. This increasing gradient of

CS may be responsible for the decrease in gel focussing from predentine to

interface to dentine. Gradient of CS and length of GAG chains may cause

varying degrees of smearing in gels. Western blots of decorin and biglycan

confirmed their presence in predentine and interface [274].

DMP-1 is an extracellular matrix protein which is proteolytically processed

into NH2-terminal (37 KDa) fragment containing 12 phosphates and a COOH-
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terminal (57 KDa) fragment containing 41phosphates. A proteoglycan form of

DMP-1 was identified from bone extracts (termed DMP-PG). It was

characterised that it was the NH2-terminal fragment that possessed one GAG

chain composed of CS only. This DMP-PG coexists with the non-

proteoglycan form of 37 KDa DMP-1 fragment although the exact ratio is

unclear [181].

In a different study, it was shown that NH2-terminal fragment was presentin

porcine predentine, as was the DMP-PG form of the molecule. The same

study showed that the proteoglycan form of DSP (DSP-PG) waspresentin

porcine predentine but not in dentine indicating that it is processed prior to

mineralisation [138].

Both these molecules can exist at molecular weights < 200 KDa and may be

present in the high molecular weight proteins that appear on the 2D gelof

predentine. The fact that both of these molecules exist with and without GAG

chain indicates towards processing of predentine prior to mineralisation and

of their function in the tissue.

Glycosylation may also prevent the tryptic digestion of protein from the gel

and may possibly contribute to the production of false peptide masses

following mass spectrometry analysis, making database identifications

impossible. Thus de-glycosylation of fractions may allow separation on gels

and identifications by mass spectrometry. It would also have given an insight

into the extent of glycosylation in this fraction.
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Resolution of predentine by 2D-electrphoresis was achieved to a limited

extent. Protein spots were excised, digested in trypsin and analysed by mass

spectrometry. Figure 3.13 shows a 2D gel of predentine, stained using high

sensitivity silver stain (excised spots are circled). Gels stained with silver

stain did not produce successful identification when analysed by mass

spectrometry. Due to the nature of silver staining, digestion from a silver

stained gels resulted in a loss of protein in the trypitic digest that is analysed.

Assilver stain can detect proteins at concentration of 1-2 ng, (10 times more

sensitive than coomassie blue), it can be assumed that many of the protein

spots are present in low concentrations. Loss of protein from silver staining

and the actual concentration of individual proteins in the predentine extract

meant the there were relatively low concentrations of protein made available

for analysis. However, increasing the concentration of protein onto the gel by

methanol precipitation and staining using coomassie blue to reduce the

amount of protein loss due to staining did not produce the numbers of

identified protein peptides that was expected. In total, 99 gel spots were

excised from 2D predentine gels and 2 gel spots were excised from an

interface gel. From the 99 digested predentine gel spots, 3 positive

identifications were made. They were haemoglobin alpha chain (spot 371),

haemoglobin beta-A chain (spot 29) and vimentin (spot 15).

It is evident from the 2D gels ofall fractions that the haemoglobin alpha and

beta-A chains they are presentin all 3 fractions. The vimentin spot can also

be seen in the interface fraction. Gel A in Figure 3.9 is stained with hot

coomassie blue, the spot which wasidentified as haemoglobin beta-A chain
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is visible in this gel. The spot representing the haemoglobin alpha chain may

also be present. As the spot is very pale, it is uncertain as to whetherit is

present or a smear on the gel. However when stained with high sensitivity

silver stain (Figure 3.9 gel B) both chains of haemoglobin can be detected.

Similarly in the dentine fraction, although they are not focussed into definite

protein spots, staining can be seen in the regions where the haemoglobin

chains appear on the gels of predentine and interface. Haemoglobin alpha

chain and haemoglobin beta-A chain are presentin all 3 fractions. Therefore

it is likely that the presence of the 2 haemoglobin chainsis the result of blood

contamination with the samples. The extraction process of predentine

involved removing the pulp of the tooth rinsing in PBS then manually

scrapping the predentine from the inner surface of the pulpal cavity. It is

highly likely that there are some contaminants from the pulp in this extract.

As previously mentioned, the interface is a relatively thin region between

predentine and dentine, it is also probable that these 2 extracts will overlap

in terms of protein expression.

The tooth has a blood supply and is capable of synthesising tertiary dentine

as a result of trauma. The structure of the tooth is such, that the odontoblast

cell bodies are contained in the pulpal chamber, the odontoblast processes

extend through the predentine, interface and dentine towards the dentine-

enameljunction. It is likely that proteins from these cells may be presentin

the 3 fractions [5].
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Vimentin is an intracellular filament found in the processes of odontoblasts

[288] and was identified from the predentine fraction. As the odontoblast

process extends through the predentine, predentine/dentine interface,

dentine and into the dentino-enameljunction it is possible that this protein is

present in all fractions. Vimentin was identified from spot 15, Figure 3.13.

The protein spot appears as a streak in the low pl region of the gels. This

area of the dentine gels are heavily stained, it is possible that vimentin may

also be presentin this fraction. The 2D gels of interface are also stained in

this region therefore it is highly probable that vimentin is found in all 3

fractions.

In the ECM of dentine the most abundant protein is collagen type |. The

second most abundant protein in the dentine ECM is DPP. DPP has a

composition of 45-50% phosphoserine and 35-38% aspartic acid [146]. The

high levels of aspartic acid and phosphoserine mean that DPPis polyanionic

and has an estimated pl of 1.1. DPP binds calcium with relatively high affinity

and forms insoluble aggregates in the presence of Mg?" and Ca”* [154]. This

very acidic, highly abundant protein may contribute to the lack of separation

of the dentine fraction. Abundant proteins that form aggregates in a complex

mixture will also mask smaller ones and prevent them from focussing [279,

280].

The aim of this study wasto identify differential expression of proteins in the

transition from an unmineralised tissue to a mineralised. The data obtained

from this set of experiments shows that predentine and dentine are not static

tissues. The dentinogenesis process is extremely complex involving
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processing of proteins, assembly of collagen, bind of HAP and assembly of a

tissue that ultimately becomes dentine. The state of proteolytic processing

and binding to collagen or HAPis difficult to determine. These data show that

the tissues of dentine cannot simply be extracted and identified. The nature

of dentine proteins to function means that they are extremely acidic and

many are phosphoproteins, and glycosylated. All of these features makeit

difficult to isolate such proteins using SDS-PAGE analysis. It must also be

noted that > 100 2D-electrophoresis gels were run to gain these optimised

results.

Known proteins could have been identified by Western blot analysis as was

decorin and biglycan. More antibodies have becomeavailable in recent years

that would have made identification possible. Fractionation of the extracts

using a selection of HPLC columns providing fractions with differing elution

time, which may have been further separated using SDS-PAGE. HPLC

fractions may also have been analysed using mass spectrometry.

As it has been previously discussed, many of the proteins present in

predentine and dentine contain GAG chains, removal of these GAG chains

using enzymes such as chondroitinase may have helped in the focusing of

bands on SDS-PAGE gels. Although time did not facilitate this, fractionation

and further 2D-electrophoresis could have been attempted.

The data from the 2D gels indicated differential expression, howeverthis

could not be confirmed by mass spectrometry identifications. The process of
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biomineralisation is a multifaceted dynamic process, it is clear from these

results that the fractions representing the unmineralised, mineralising and

mineral phases of dentine show different characteristics. Not only does the

process involve a large number of proteins that interact with collagen,

hydroxyapatite and each other, but they are degraded, processed and

undergo conformational changes throughout the entire process. We are able

to perform in vitro studies to gain a better understanding of how this process

occurs and the involvement of each protein in it however in vivo these

findings may or may not be affect by other physiological factors. Finding the

answers to the many questions that face this area of oral biology continues to

be the objective to many studies currently and in the future.
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CHAPTER 4

THE EFFECTS OF PREDENTINE AND

DENTINE MATRIX PROTEINS ON

COLLAGEN FIBRILLOGENESIS /N

VITRO



4.0 INTRODUCTION

Collagen fibrillogenesis is a highly regulated process that occurs in the

extracellular matrix of dentine. There are 28 different types of collagen found

in humans located on 42 different genes [39]. The organic matrix of dentine

consists of 90% collagen [5] and is also the major protein in bone. Collagen

forms a triple helix and is post-translationally modified. Collagen synthesis in

vivo is regulated by ECM proteins and is capable of self assembly into

collagen fibrils in vitro. The in vitro study of collagen has aided in our

understanding of the physiological events that occur in vivo and has been the

subject of many investigations [83, 289-292].

Collagen defects are implicated in inherited conditions such as

dentinogenesis imperfect (DI). The classification of these inherited dentine

defects are 3 types of dentinogenesis imperfeca and 2 types of dentine

dysplasia (DD). DI type | is classified as osteogenesis imperfecta (Ol) with

DI. Both DI and OI are caused by a mutation on the 2 genes that encode

collagen type |. DD type II and DI types II and III are caused by mutations of

the gene that encodes DSPP. Other proteins such as DMP1, MEPE and OPN

appearto be less abundant in these conditions [71]. Collagen fibrillogenesis

is vital in dentinogenesis, the correct arrangement and ordered alignment of

collagen fibrils in the predentine provides the structural scaffolding to enable

mineral deposition and production of HAP crystals of the correct size and

shape, all of which is controlled by ECM proteins [5].

Fibrillogenesis is determined in vitro by a turbidimetric assay, whereturbidity

is approximately proportional to the amountof fibrillar material formed [67].

162



The plot produced when fibrillogeneisis of collagen type | occurs is

considered sigmoidal and contains 3 different rate regions, the lag, growth

and plateau phases. During the time course, there is a limiting fibril diameter

distribution when approximately 20% of the molecules have formedfibrils,

suggesting that the latter assembly is from the ends of existing fibres [68].
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4.1 RESULTS

The methods used within this chapter are detailed in section 2.7

4.1i COLLAGEN SELF-ASSEMBLY

The potential for the soluble components of predentine, interface and dentine

to affect the process of fibrillogenesis was assessed by monitoring their

effects on the spontaneous formation of collagen type| fibrils in an in vitro

assay. The in vitro assay measured the turbidity of the collagen, which was

measured as a changein absorbance at 405 nm [17, 66, 165, 272, 273, 292].

In order to assessthe in vitro effects of predentine, interface and dentine on

collagen type | fibril formation, a suitable collagen concentration was

determined and employed for all subsequent assays. Figure 4.1 shows

absorbance measured over 60 minutes at 2-minute intervals in the presence

of different concentrations of collagen ranging from 0.2 mg/ml to 1.0 mg/ml.

At concentrations of 0.2 mg/ml there was no detectable change in

absorbance over 60 minutes indicating no measurable formation of collagen

fibrils over this time period. The absorbancesat this concentration remained

slightly above zero and remained unchanged for 60 minutes suggesting a

higher concentration was required to study the influence of protein extracts

on collagen fibril formation. At higher concentrations of collagen (0.4-1.0

mg/ml) a change in absorbance over time can be seen and at all 5

concentrations, the absorbance curves start above zero dueto the addition of

a protein. With the exception of 0.2 mg/ml, the time dependant changein

absorbance as a measure of turbidity is produced by the formation of

164



collagen fibrils in vitro. A characteristic sigmoidal curve is produced which

has been well documentedin the literature [66, 83, 272, 291]. The sigmoidal

curve is made up of 3 regions, the lag phase, the lateral growth phase and

the plateau. Little change in absorbance can be seen in the lag phase,

howeverit is during this time that collagen molecules start to assemble into

dimers and trimers [164, 293, 294]. After this lag phase, the absorbance

starts to increase rapidly, this is Known as the growth phase. It is during this

growth phase that the dimers and timers formed during the lag phase,

laterally aggregate to form fibrils. This growth rate eventually decreases and

forms a on the sigmoidal growth curve [292] , which can be seenin Figure

4.1. The lag phase of collagen (1.0 mg/ml) continues for 8 minutes, a

gradual increase in absorbance can be seenin the time that follows, which is

the growth phase. At 1.0 mg/ml, collagen absorbance increases at the

highest rate between 10 minutes and 21 minutes, the rate of increased

absorbance (growth phase) slows until a plateau is reached. At 0.8 mg/ml a

similar pattern occurs, the lag phase lasts for 10 minutes, when the

absorbancestarts to increase at its fastest rate between 14 and 24 minutes,

the increase slows down until a plateau is reached. At 0.6 mg/ml collagen

follows the same trend in absorbance, the lag phase lasts for 12 minutes,at

14 minutes the absorbance increases and between 18-26 minutes, the

absorbance increases at its highest rate. The absorbance continues to

increase at a lower rate until 60 minutes is reached. At 0.4 mg/ml the

absorbance curve produced by collagen is not an obvious sigmoidal curve,

however the same processes are occurring in the assay. The concentration

of the collagen is too low to increase turbidity sufficiently to produce a
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change in absorbance that results in a sigmoidal growth curve. After 18

minutes, there is an increase in absorbance, which steadily increases,

suggesting a high enough concentration of collagen to producefibrils. At 36

minutes the rate decreases and a slow increase in absorbance can be seen.

This Figure shows that the formation of fibrils in vitro is concentration

dependant. The lag phase increases as concentration decreases, as does

the height of the curve, i.e. the end absorbance decreases as concentration

of collagen decreases.
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The sigmoidal nature of the curve was most evident at higher collagen

concentrations (0.8-1.0 mg/ml). For this reason, all subsequentfibrillogenesis

assays were conducted using a collagen concentration of 0.8 mg/ml. No

deterioration of fibrils was observed after 24hours (data not shown). From

these results, all subsequent assays were performed using 0.8 mg/ml of

collagen and absorbance readings were taken at 3 minute intervals over a 60

minute time window.

4.1ii COLLAGENASE

To provide evidence that the change in absorbance was causedbythe self

assembly of collagen fibrils, the assay was performed in the presence of 1.05

Units/ml of collagenase (Sigma). The data in Figure 4.2 show that the time-

dependent increase in absorbance at 405 nm stimulated by collagen (black

trace) was completely abolished by simultaneous application of collagenase

(1.05 units/ml, grey trace). The increase in absorbance of the collagen curve

is characteristic of those shown in Figure 4.1 (for 0.8mg/ml collagen). At 12

minutes, the absorbance begins to increase, between 20 and 36 minutes the

absorbanceincreasesat the fastest rate (growth phase). After 36 minutes the

rate of increase in absorbance decreases until a plateau is reached at 90

minutes. Collagenase prevents the formation of type | fibrils and these data

confirm that the change in absorbance measured at 405 nm resulted solely

from fibril formation.

The assays displayed in Figure 4.1 and Figure 4.2 were run under the same

conditions, the control in Figure 4.2 and the collagen concentration of 0.8
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mg/ml in Figure 4.1, theoretically should produce the same curves. 0.8 mg/ml

of collagen produces a slope on the curve that started at 14 minutes and

decreased in rate at 24 minutes, compared to a slope starting at 18 minutes

and ending at 36 minutes in fig 4.2. This inconsistency across experiments

was typical for this assay, due to slight differences in environmental

temperature and equilibration, therefore quantitative comparisons across

experiments could not be made. For this reason, in this results chapter,

absorbance curves are compared to the collagen only controls within the

same experiment.
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Figure 4.1
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Figure 4.2

The effect of collagenase on the spontaneous formation
of collagenfibres.
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measured by the change in absorbance at 405 nm following addition
of PBS containing 0.8 mg/ml collagen in the presence () and absence (@) of
collagenase (1.05 Units/ml) (samplesin replicates of 6, n=9).
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4.2 DENTINE EXTRACT

It is well documented that proteins in the ECM of dentine control collagen

fibrillogenesis and subsequent mineral formation around the collagen fibrils

[1, 3, 54, 273]. To assess the influence of dentine organic matrix extract on

collagen fibrillogenesis in vitro, the dentine organic matrix extract was added

to the assay.

Dentine organic matrix extract (17.5 ug/ml) was added to the PBScontaining

collagen type I, the change in absorbance of collagen plus dentine organic

matrix extract was recorded at 3 minute intervals, Figure 4.3. The curve

containing dentine organic matrix extract clearly has different kinetics from

that of the collagen control (0.8 mg/ml). The resultant curve shows a

dramatic reduction in the end absorbanceoffibrillogenesis (grey trace). The

lag phase of the curve has disappeared. The plot starts at 0 minutes at an

absorbance abovezero, and is approximately that same absorbance as the

control. After 3 minutes, the trace containing the dentine has an absorbance

that is higher than that of the control. This gradual increase in absorbance

increases and remains at a significantly higher absorbance than the control

until 18 minutes. This may be indicative of an increase in the rate of collagen

fibrillogenesis, which would cause an increase in turbidity and therefore an

increase in absorbance. It may also be that the proteins present in the

dentine organic matrix extract absorbs at 405nm. At 12 minutes the

absorbanceof the collagen only control plot starts to increase and produces

a characteristic sigmoidal curve. The collagen containing dentine organic

matrix extract does not produce a time-dependant sigmoidal curve. The
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absorbance increases at a very gradual rate up to 60 minutes, when a

plateau is reached. The average end absorbance of a typical absorbance

plot of collagen containing dentine (n=24) is 36% of the end absorbance of

the control plot.
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Figure 4.3

The effect of dentine on the spontaneous formation
of collagenfibres.

 

 

 

 

0.16 7

0.14 +
ee

0.12 5

0.10 4

0.08 5

0.06 4

0.04 4

trrrrrTeA Tse ae
Lunononuaoea

0.02 5 =eeeeieeeeTTT

0 20 40 60 80 100 120

Time (minutes)

Time course showing spontaneous formation of collagen fibres at 25°C
measured by the change in absorbance at 405 nm following addition
of PBS containing 0.8 mg/mlcollagen in the presence () and absence (@) of

dentine (17.5 ug/ml) (Samplesin replicates of 6 n=24).

173



The absorbance curve produced by collagen plus 17.5 ug/ml dentine organic

matrix extract shown in Figure 4.3 dramatically changes the kinetics of the

absorbance curve produced by collagen self-assembly. In order to

investigate a dose-dependent relationship between dentine organic matrix

extract and this change in curve kinetics, a serial dilution of dentine organic

matrix extract was done and addedto the assay at concentrations of; 17.5,

8.75, 4.4, 2.1 and 0 (control) ug/ml. The influence of dentine organic matrix

extract on collagen fibrillogenesis at varied concentrations resulted in varying

degrees of fibril formation inhibition, shown by the decrease in end

absorbance and a changein the kinetics of the absorbance curves. The data

in Figure 4.4 shows the time-dependent increase in absorbance at 405 nm

stimulated by collagen (black trace). The addition of dentine organic matrix

extract at concentration 8.75 «ug/ml and above significantly inhibited the

formation of collagen fibrils (in Figure 4.3), measured as a time-dependent

increase in absorbance (p = <0.01). The absorbance curves produced are

similar to the curve described in Figure 4.4. The curve labelled O ug/ml

dentine is the collagen only control, at 2.1 ug/ml of dentine organic matrix

extract, there is a decrease in the end absorbance of dentine compared to

the control. The shape of the curve is sigmoidal, the curve has a

characteristic lag phase, growth phase and plateau. In the presence of 2.1

ug/ml of dentine organic matrix, collagen self-assembly occurs and

possesses the characteristic kinetics of collagen only. However the trace

shows a decrease in end absorbance, which may be indicative of the

formation of thinner collagen fibrils [83].
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At concentration of 4.4 g/ml of dentine organic matrix extract results in a

significant reduction in the end absorbance (p< 0.01) in Figure 4.4. The curve

is sigmoidal in shape and possesses the characteristic, lag and growth

phases followed by a plateau. The curve produced by collagen in the

presence of 4.4 g/ml dentine organic matrix suggests that collagen

fibrillogenesis is taking place but is influenced slightly by the dentine matrix

proteins, possibly by producing thinner fibrils.

At 8.75 and 17.5 ug/ml of dentine organic matrix extract, there is no

difference significant difference between the end absorbance of the curves

on the graph shownin Figure 4.4 curves. At both concentrations, a curve

similar to that described in Figure 4.3 is produced. The sigmoidal shapeis

lost, and the start absorbanceis higher than that of the collagen only control.

There is a gradual increase in absorbance overtime but it does not resemble

the characteristic way in which collagen forms a growth curve, measured by a

change in absorbance. A simple reduction in the end absorbance may be

indicative of the formation of thinner fibrils, however the changein kinetics

suggests that the dentine extract is affecting the process of collagen fibril

formation either my preventing the formation of fibrils, or by occurring

extremely fast, showing the top of the growth curve (plateau phase) only on

the graph and producing thinner fibrils. At concentrations lower than 17.5

ug/ml the inhibitory effects of dentine organic matrix extract was reduced. For

this reason, subsequent assays involving dentine organic matrix extract a

concentration of 17.5 ug/ml (grey trace) was used.
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The data shows a severe reduction in the end absorbance as a result of the

time-dependent formation of collagen fibrils. The curve is no longer sigmoidal

and the lag phase no longer exists, it can be assumed that the kinetics of

fibrillogenesis has changedin the presence of dentine organic matrix extract.
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Figure 4.4

The effect of dentine on the spontaneous formation
of collagenfibres.
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The inhibitory effects of dentine organic matrix extract can be observed by a

reduction in the end absorbance when assayed in vitro. Figure 4.5 shows a

relationship between dose and reduction in end absorbance of a series of

experiments. At low concentrations 0 - 2.2 ug/ml there appears to be no

difference in the end absorbanceof collagen with and without dentine organic

matrix extract. At concentrations 4.3 and 8.8 g/ml there is a decrease in

gradient of the graph with increased concentration showing a reduction of

end absorbance. At concentrations 17.5-560 jg/ml the graph reaches a

plateau remaining at approximately 38% of the end absorbanceofcollagen.

At concentrations above 17.5 ug/ml the end point is not significantly different.

The largest difference in the effects exerted on collagen fibrillogenesis

occurs at concentrations between 4.4 -17.5 ug/ml it is within this range that

there is a dose dependant effect exerted on collagen self-assembly.
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Figure 4.5

The concentration dependenceof dentine on the
end point of collagenfibril formation.
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The end-point of spontaneousformation of collagenfibrils at 25°C measured by
the change in absorbance at 405 nm following addition
of PBS containing collagen at 0.8 mg/ml in the presence of dentine at

concentrations between 0.0175 and 560 pg/ml. Each point represents the
average of 6 replicates from between 1 and 24 separate experiments (n is
shownatthe top of the graph) each is normalisedto its own control.
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4.2i NON-DENTINAL PROTEINS

The observed effect of dentine organic matrix extract on the time-dependent

formation of collagen type | fibrils in vitro, may be influenced by non-specific

interaction resulting from the presence of a protein preventing normal fibril

formation. The data in Figure 4.6 show the typical 0.8mg/ml collagen type |

fibrillogenesis curve (black trace) compared with the addition of BSA (bovine

serum albumin) to the assay. The simultaneous addition of a single protein,

BSA at 17.5 ug/ml to the collagen had no effect on the time-dependent

increase in absorbance at 405 nm resulting from collagen fibrillogenesis

(grey trace). The trace is very similar to the control. Hence BSA (at an equal

concentration to that of dentine organic matrix extract) had no effect on

collagen fibrillogenesis in vitro compared to the collagen only control.

Although the addition of BSA had no effect on the formation of collagen

fibrils, dentine organic matrix extract is a complex mixture of proteins.

Therefore a comparison with a non-dentine mixture of proteins was made.

The addition of a mixture of proteins taken from a cytosolic brain extract (rat)

at 17.5 pg/ml was added to the collagen fibrillogenesis assay. The time

courseof collagen fibrillogenesis was unchangedin the presence ofcytosolic

brain extract proteins. There was howeveran increase in the end absorbance

in these experiments with an increased duration of the growth phase.

Further experiments would be required to determine whether this increase

was a genuine effect of cytosolic brain extract in regulating collagen

fibrillogenesis. These results show that the effects exerted by the cytosolic

brain extract are different from those of the dentine organic matrix extract.
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Together with the data shownin Figure 4.6 of BSA,the effects exerted by the

dentine organic matrix extract is not a non-specific artefact created by the

presence of a protein or mixture of proteins but is in fact a dentine matrix

specific effect.
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Figure 4.6

The effect of BSA on the spontaneous formation
of collagenfibres.

0.18 7 -TriLifiiiii
a

= <=

 

 

 

0 20 40 60 80 100 120

Time (minutes)

Time course showing spontaneous formation of collagen fibres at 25°C
measured by the change in absorbance at 405 nm following addition
of PBS containing 0.8 mg/ml collagen in the presence () and absence (@) of

BSA (17.5 ug/ml) samplesin replicates of 6 n=3.
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Figure 4.7

The effect of cytosol extract on the spontaneous formation
of collagen fibres.
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Time course showing spontaneous formation of collagen fibres at 25°C
measured by the change in absorbance at 405 nm following addition
of PBS containing 0.8 mg/ml collagen in the presence (') and absence (@) of

cytosol extract (17.5 ug/ml) samplesin replicates of 6, n= 5.
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4.2ii HEAT TREATMENT OF DENTINE

It cannot be assumedthat the influence of dentine organic matrix extract on

collagen fibrillogenesis is due to the biochemical action of a protein(s). One

simple, commonly used approach to indicate dependence on proteins is to

boil samples, as most (but not all), proteins are inactivated by boiling. Boiling

breaks the hydrogen bonds that allow proteins to retain their 3D tertiary

structure. 17.5 ug/ml of dentine organic matrix extract was boiled for 30

minutes at 100°C, and then centrifuged for 10 minutes at 14,000 RPM to

remove any remnants of denatured protein. The collagen only control

produced the typical sigmoidal curve that has been consistently reproducible

throughout the experiments. The collagen containing boiled, centrifuged

dentine organic matrix extract (final concentration, 17.5 ug/ml) resulted in a

curve that closely resembled that of the dentine organic matrix extract that

had not been boiled. The curve can be described in the same wayasthat

described in Figure 4.3.

Boiling of dentine organic matrix extract had no effect on its ability to

influence collagen fibrillogenesis in vitro. When added to the collagen

fibrillogenesis assay, the boiled dentine organic matrix extract inhibited the

formation of collagen fibrils in the same way as when 17.5 ug/ml dentine

organic matrix extract had not been boiled. Both the boiled dentine organic

matrix extract and the dentine organic matrix extract that was not boiled

produced an end absorbance that was approximately 38% of the control end

absorbance at 405 nm.
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Figure 4.8

The effect of boiled dentine on the spontaneous formation
of collagenfibres.
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Time course showing spontaneous formation of collagen fibres at 25°C
measured by the change in absorbance at 405 nm following addition
of PBS containing 0.8 mg/ml collagen in the presence('.) and absence (@) of

boiled dentine (17.5 g/ml). Samplesin replicates of 6 n=7.
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Boiling is not a definitive test for involvement of a protein because some

proteins (e.g. Calmodulin) are Knownto be heat-stable. A more stringent test

of whether the inhibitory effects of dentine was a result of the actions of a

protein was achieved by pre-incubating the dentine ECM with protease

enzymes. Figure 4.9 shows the sigmoidal curve produced by the time-

dependent formation of collagen fibrils (black trace). Dentine ECM extract

was incubated with a non-specific protease (4U/ml) for 72 hours at

approximately 25°C to inactivate the proteins present within the dentine

ECMs. The dentine ECMs and protease mixture was boiled at 100°C for 30

minutes, then centrifuged at 14,000 rpm for 5 minutes to inactivate the

protease and remove any remnants of precipitated protein. The remaining

denatured dentine ECM mixture was addedto the collagen assay (greytrace)

and the absorbance changes of collagen recorded every 3 minutes for 150

minutes. The time-dependent curve was sigmoidal and strongly resembled

curve produced by collagen in the absence of any dentine organic matrix

extract . There was no significant difference in end absorbances or in the

rate of increase during the rapid phase offibrillogenesis. There was a small

increase in the lag phase in the presence of protease in this experiment. .

These data show that the inhibitory effect of dentine ECMs mixture was

abolished by the action of protease which indicates that it was mediated by a

protein. Taken together, the data in Figures 4.8 and 4.9, suggest that the

inhibitory effect of dentine ECMs is mediated by a heat stable protein.
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Figure 4.9

The effect of dentine and protease on the spontaneous
formation of collagenfibres.
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Time course showing spontaneous formation of collagen fibres at 25°C
measured by the change in absorbance at 405 nm following addition
of PBS containing 0.8 mg/ml collagen in the presence () and absence (@) of

dentine (17.5 g/ml) and protease (4U/ml). Samplesin replicates of 6 n=10.
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4.2iii MMP INHIBITORS

MMPs can act as gelatinases or collagenases upon collagen. It is well

documented that dentine contains matrix metalloproteinases (MMPs) [115]

which require the divalent cation Zn?* to function. EDTA sequesters di- and

tri- valent cations from solution and therefore is a general inhibitor of MMPs.

Dentine organic matrix extract was incubated for 72 hours at 25°C with the

cation chelator EDTA. The dentine organic matrix extract (17.5 ug/ml) plus

EDTA mixture was simultaneously added to the fibrillogenesis assay. The

time-dependent fibrillogenesis curve produced from a measured change in

absorbance induced by the formation of collagenfibrils resembled the curve

produced when the dentine organic matrix extract alone was used in the

collagen fibrillogenesis assay (Figure 4.3). Incubation of dentine organic

matrix extract with EDTA had no effects on the inhibitory action of dentine.

The addition of EDTA alone did not have any effect on collagen

fibrillogenesis; this is evident by the sigmoidal curve producedin Figure 4.10,

hence the inhibitory effect of dentine ECM extract is not due to the action of

MMPspresentin dentine.

N-ethylmaleimide (NEM) is a protein alkylating agent that irreversibly blocks

free thiol groups on cysteine residues. It irreversibly inhibits cysteine linking

in proteins and is widely used as a non-specific inhibitor of various enzymes,

including proteases. Figure 4.11 show data produced when the dentine

organic matrix extract was incubated with NEM (1.75 mM) and addedto the

fibrillogenesis assay. The NEM had no apparent effects on the formation of

collagen fibrils, nor did it have any effect on the ability of dentine to inhibit
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collagen fibrillogenesis. The sigmoidal curve produced by the time-dependent

change in absorbance as a result of the spontaneous formation of collagen

fibrils is not affected by the addition of NEM. The data in Figures 4.10 and

4.11 suggest that the inhibitory action of dentine ECM extract on collagen

fibrillogenesis is not due to the action of MMPs or NEM sensitive protein.
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Figure 4.10

The effects of EDTA and dentine on the spontaneous
formation of collagen fibres.
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Time course showing spontaneous formation of collagen fibres at 25°C
measured by the change in absorbance at 405 nm following addition
of PBS containing 0.8 mg/ml collagen and 2.5 mM EDTA in the presence(")

and absence (™) of dentine (17.5 g/ml). Samples in replicates of 6 n=3.
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Figure 4.11

The effects of NEM and dentine on the spontaneous
formation of collagenfibres.
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Time course showing spontaneous formation of collagen fibres at 25°C
measured by the change in absorbance at 405 nm following addition
of PBS containing 0.8 mg/ml collagen and 1.75 mM NEMin the presence ()

and absence(@) of dentine (17.5 g/ml). Samplesin replicates of 6 n=2.
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4.2iv FPLC OF DENTINE EXTRACT

This chapter has taken the approachof utilising the entire proteome of the

soluble dentine organic matrix extract. Various experiments have been

undertaken to determine whetherthe inhibitory effects of the dentine organic

matrix, particularly at the higher concentrations are the result of specific

protein(s) acting independently or of a protein mix, acting synergistically. In

an attempt to clarify this question and to identify a molecular weight range in

which the interacting components of the dentine organic matrix extract are

present, the dentine organic matrix extract was further purified using fast

protein liquid chromatography (FPLC). 0.5ml of dentine extract (560 ug/ml)

of proteins was injected onto a Superdex 200 FPLC gel filtration column

which was usedto separate proteins by molecular weight.

The FPLC wascalibrated using molecules of Known molecular weight, Figure

4.12 showsthe calibration of the FPLC plotted on a semi-log scale. Not only

does the calibration show that the column can be used to separate within a

molecular weight range but the line of best fit can be used to determine the

molecular weight of proteins in each fraction eluted.

0.5 ml of dentine was injected into the FPLC column and eluted into 60

fractions, each containing 2 ml at a flow rate of 1ml per min. The protein

concentration of each fraction was determined using a bio-rad protein assay

(Figure 4.13) and plotted as a bar graph of protein concentration (ug/ml)

against fraction number. Fractions 1-20 and 46-60 contained no protein

therefore they are not included in the data shown. The chart also indicates
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molecular weight of the protein in the fraction from the standards plotted in

Figure 4.12. From the graph in Figure 4.13 fractions 21,22 and 23 contain a

relatively small amount of protein, <0.024 wg/ml and have a predicted

molecular weight of approximately 2000 KDa, which was determined from

protein standards calibration curve and may contain protein aggregates. The

amount of protein in fraction 24 - 27 increases to around 0.120 - 0.166

ug/ml, the predicted molecular weight range of proteins in these fractions is

approximately 1300 - 760 KDa (as read from the line of bestfit) and is likely

to contain aggregated proteins. Fractions 29-30 contain < 0.1 wg/ml,

containing proteins from 530 — 370 KDa which may also contain protein

aggregates. There is then an increase in concentration from fractions 31-35

containing 0.16 - 0.19 ug/ml of protein, proteins in these fractions contain

proteins with a predicted molecular weight of approximately 370-180 KDa.

There is then a larger increase in protein concentration from fractions 36-38,

which contain between 0.29 -0.32 ug/ml of protein, proteins in these fractions

range from 150 — 105 KDa. The concentration in fraction 40 decreases to

0.15 g/ml, containing proteins approximately 72 KDa, then even further to

0.05 - 0.07 ug/ml betweenfractions 41 — 45, containing proteins of molecular

weights 60 — 30 KDa. Fractions 33 -— 45 contain proteins with molecular

weights ranging from 260 — 30 KDa respectively which, a molecular weight

range that will include many of the known dentinal proteins. Fractions

containing the highest concentration of protein(s) 36-39 which contain

proteins in the molecular weight range of 150 — 85 KDa (as read from the

calibration curve).
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It must be noted that the molecular weight cut off of dialysis tubing used

when purifying samples was 12 KDa, therefore proteins of molecular weight

< 12 KDa will not be present in any of the samples.
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Figure 4.12

The relationship between molecular weight and FPLCfraction
number.
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FPLC wascalibrated with molecules of known molecular weight, blue dextran
(2000 KDa), Apoferritin (443 KDa), Alcohol dehydrogenase (150 KDa), BSA
(67KDa) and cytochrome C (12 KDa).
The relationship between Molecular weight and fraction numberwasplotted.
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Figure 4.13

Protein concentration of FPLC fractions of dentine ECM

extract.
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The purpose of separating the dentine on the FPLC column wasto further

purify the protein mixture. The proteins, separated by molecular weight were

then added to the collagen fibrillogenesis assay. Figure 4.14 shows the

effects on end absorbance of collagen in the presence of different fractions,

containing the fractionated dentine organic matrix proteins. Each assay

contained a collagen only control, so the effect on end point, attributed to

each fraction, from the FPLC fractionation, is displayed as a percentage of

the collagen control for each run. The horizontal black line represents the

reduction in end absorbance of the crude dentine extract (17.5 ug/ml) as a

percentage of the control.

The results show that the majority of the fractions caused a reduction in end

absorbance, compared with collagen only control (equivalent to 100%).

However not all of the fractions reduced the end absorbance to the same

extent as the total organic matrix dentine extract (black line) Fractions 26-30

caused reduction in the end absorbance to around 50 - 70 % ofthe control.

These fractions contain proteins with molecular weights from 910 — 440 KDa.

Fraction 31 caused a larger reduction in end point to 42% of the control,

containing proteins around 370 KDa.

Howeverthe largest decrease in end point was caused byfractions 41 - 45

which resulted in an end absorbance of collagen to a percentage close to the

percentage of crude dentine extract. Proteins in fractions 41-45 contain the

smallest molecular weight proteins, isolated from the total dentine extract,

and hence eluting last off the column. These are approximately in the
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molecular weight range of 60 — 30 KDa (as determined from the calibration

curve). Conversely, fractions containing the largest molecular weight

proteins, eluting first from the column in fractions 21-23 and fraction 25

caused an increase in end absorbance.
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Figure 4.14

The effect of FPLC fractions on the end absorbance of

collagenfibrillogenesis.
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0.5ml of dentine ECM extract was injected onto the FPLC column (560 g/ml)
and collected in 2ml fractions at a flow rate of 1 ml per minute. The end-pointof

spontaneous formation of collagen fibres at 25°C measured by the changein
absorbance at 405 nm_ following addition of PBS containing collagen at 0.8
mg/ml in the presence of FPLCfractions of dentine.
The effects on the end absorbance is shownas a percentageofthe control from
each run. The horizontal line shows the percentage of inhibition of crude

dentine (17.5ug/ml).

199



The concentration of protein in each column maybe partially responsible for

the reduction in end absorbances seen in the assays. If comparisons are

made between Figure 4.13 showing the amount of protein in each fraction

and Figure 4.14 showing the effects of each fraction on the end absorbance

of fibrillogenesis, no correlation between protein concentration and inhibitory

effects can be made. For example, fractions 41-45 contain very small

quantities of protein, yet they inhibited the self assembly of collagen in the

collagen fibrillogenesis assay to around 38% of the control. This reduction is

comparable with that of the crude dentine extract seen in Figure 4.3.

Fractions 36 - 38 contained the largest amounts of protein of the fractions

obtained, yet when addedto the collagen fibrillogenesis assay, a reduction in

end absorbance was recorded to around 70 - 90% of the collagen control.

Providing evidence that the reductions seen are not necessarily due to

concentration, but more the specific activity of the proteins in each of the

fractions.

The effects of each fraction on the end point of fibrillogenesis were corrected

for the concentration of protein present. This allows the results to be

presented, excluding any effect for protein concentration. Figure 4.15 shows

the specific activity per ug of protein in each fraction and clearly showsthat

the high molecular weight proteins exhibited a positive specific activity

(compared with the collagen only control) and there were two peaks of

negative specific activity, i.e. proteins which resulted in a decreased end

absorbance, following fibrillogenesis.
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The data in Figure 4.13 show that fraction 29 has a relatively low protein

concentration, yet inhibited the end absorbance of collagen to approximately

60% of the control. This 40% decrease in absorbance by a fraction

containing relatively low amounts of protein suggests that the activity of the

proteins in fraction 29 are particularly high. Figure 4.15 shows the specific

activity as a negative value as fraction 29 caused a reduction in end

absorbance. Negative Figures represent a reduction in end absorbance, a

positive Figure represents an increase in end absorbance. Howeverfractions

21-23 also have a low protein concentration, yet these fractions caused an

increase in end absorbanceof collagen by approximately 20 % of the control.

Protein in fractions 28-31 would have a molecular weight range of 630 - 370

KDa. Proteins in fractions 21-23 have molecular weights above 2000 KDa

and may even include protein aggregates within the sample. As the

separation by gel filtration was performed without strong chaotrophic agents,

such as used in anion exchange chromatographyto pull these proteins apart.

There appears to be high specific activity in fractions 41-45. The proteins in

these fractions are within the molecular weight range of 60-30 KDa. This

graph also demonstrates that high protein content does not necessarily result

in high inhibitory effects on the collagen fibrillogenesis assay. Fractions 36-

39, contained the largest protein concentrations, however it is clearly

demonstrated that these fractions show low specific activity.

The random noise level during the initial “lag” phase of these experiments

was very high, analysis of these data has therefore been confined to effects

on the final absorbance values which were muchless “noisy”.
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Figure 4.15

The specific activity of each fraction of dentine shown as
effects on end absorbanceof collagenfibrillogenesis.
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0.5ml of dentine ECM extract wasinjected onto the FPLC column (560 pg/ml)
and collected in 2mfractions at a flow rate of 1 ml per minute. The end-point of

spontaneousformationofcollagen fibres at 25°C measuredby the changein
absorbance at 405 nm following addition of PBS containing collagen at 0.8
mg/ml in the presence of FPLCfractions of dentine, separated by molecular

weight on a gel filtration column.
The effects of fractions on end pointof fibrillogenesis is shown as a percentage
of the control for each run, corrected for the amountof protein present in each
fraction. The graph representsthe activity of each fraction.
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4.3 PREDENTINE EXTRACT

It is well documented that predentine contains ECM proteins that regulate

collagen fibril formation. These protein pools in predentine and dentine vary,

showing concentration gradients from predentine to dentine [79, 90, 115]. It

is plausible that the effects of adding predentine to collagen maybedifferent

from those exerted by dentine. For this reason, the effects of predentine

ECMs on collagen fibrillogenesis in vitro were assayed, results shown in

Figure 4.16. Predentine was added to collagen at 80 pg/ml, like dentine,

predentine caused a dramatic reduction in the end absorbance. The

absorbanceat time zero is above 0 and starts at around 0.18AU, there is a

gradual increase in absorbance until a plateau is reached at 99 minutes. The

absorbance curve produced by predentine resembles the curve produced by

dentine in Figure 4.3, however dentine was used at 17.5 ug/ml whereas

predentine was used at 80 ug/ml. The absorbance and kinetics of collagen

self assembly in the collagen fibrillogenensis assay is inhibited by the

predentine ECM extract. The lag phase is not apparent and the curveis less

obviously sigmoidal. (Figure 4.16). The control shows a typical sigmoidal

curve that has been consistently reproducible throughout these experiments.
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Figure 4.16

The effect of predentine on the spontaneous formation
of collagenfibres.
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Time course showing spontaneous formation of collagen fibres at 25°C
measured by the change in absorbance at 405 nm following addition
of PBS containing 0.8 mg/ml collagen in the presence () and absence (@) of

predentine (80 pg/ml). Samplesin replicates of 6 n= 9.
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The concentration dependence of this effect was investigated. The data in

Figure 4.17 shows the time-dependent increase in absorbance at 405 nm

stimulated by collagen (black trace). The addition of predentine extract at 40

and 80 ug/ml almost abolished the formation of collagen fibrils, measured as

a time-dependent increase in absorbance. These curves are similar to the

characteristic effect of the dentine extract and the previous predentine trace

(Figure 4.16). At 40 ug/ml the curve is not obviously sigmoidal, there is a

gradual increase in absorbance until a plateau is reached and the end

absorbance is dramatically decreased. At 20 pg/ml the inhibitory effects of

predentine ECM on fibril formation were much less pronounced. The end

absorbance of the assay in the presence of predentine at 20 ug/ml was very

close to that seen in the absence of predentine. In both cases the curve was

clearly sigmoidal however, in the presence of predentine at 20 ug/ml, no

increase in absorbance was seen during the first 45 minutes of the assay.

This “lag phase” was considerably more pronouncedthan in the control trace.

Furthermore, the characteristic rapid increase in absorbance seen in the

control is not seen in the presence of predentine at 20 g/ml where final

plateau was reached at around 115 minutes. It would appear that this

concentration of predentine allows collagen fibrillogenesis to occur but with

much slower kinetics.

At low concentrations of 2.5 ug/ml, the lag phase wasslightly increased as

wasthe end absorbance. The maximum rate of fibrillogenesis appeared to be

similar to that seen under control conditions. At concentrations less than 80

ug/ml, the inhibitory effects of predentine ECMs was reduced. For this
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reason, subsequent assays involving predentine ECMs were performed using

a concentration of 80 ug/ml (grey trace).

206



A
b
s
o
r
b
a
n
c
e

at
4
0
5
n
m

Figure 4.17

The effect of predentine on the spontaneous formation
of collagen fibres.
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Time course showing spontaneous formation of collagen fibres at 25°C
measured by the change in absorbance at 405 nm following addition
of PBS containing collagen at 0.8 mg/mlin the absence (m) and in the presence

of predentine at concentrations of (ug/ml) 2.5 (@), 20 (m), 40 (m@) and 80(. ).
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The inhibitory effects of the predentine extract can be observed by a

reduction in the end absorbance when assayed in vitro. Figure 4.18 shows

the relationship between concentration and a reduction in end absorbance of

a series of experiments. At concentrations 0.625-1.25 ug/ml there was no

significant difference in the end absorbance of collagen with and without

predentine ECM extract. At concentrations between 2.5 and 5 yg/ml there is

a slight increase in end absorbanceof collagen in the presence of predentine

(p < 0.05). But then at 10 ng/ml and 20 pg/ml there is no significant difference

between the control and end absorbance. Predentine is required in

concentrations above 20 yg/ml to exert an effect on end absorbance.

Howeverit can be seen in Figure 4.17 that at 20 ug/ml the kinetics of the

curve are differ from the control, and the predentine curves at 40 and 80

ug/ml. Although at 20 ug/ml predentine does not cause a significant

reduction in the end absorbance, there appears to be some control over

collagen fibrillogenesis taking place which is displayed as a changein the

kinetics of the growth phaseofthe fibrillogenesis curve. The graph in Figure

4.18 shows a decrease in end point as the concentration of predentine

increases between 20 — 80 ug/ml. The reduction in end absorbance caused

by predentine extract at 40 and 80 ug/ml is significantly lower than the

control (p= < 0.01). Concentrations above 80 pg/ml of predentine were not

assayed due to the sample volume collected during the protein extraction

process.

It is clear from this data that predentine is required at much higher

concentrations compared to dentine to exert an inhibitory effect on collagen
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fibrillogenesis. The data in Figure 4.5 shows that at 4.4 ug/ml and above,

dentine exerts an inhibitory effect on collagen fibrillogenesis, however

predentine is required at 20 ug/ml and above.
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Figure 4.18

The concentration dependence of predentine on the end point
of collagenfibril formation.
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The end-point of spontaneous formation of collagenfibrils at 25°C measured by
the change in absorbance at 405 nm following addition
of PBS containing collagen at 0.8 mg/ml in the presence of predentine at

concentrations between 0.625 - 80 g/ml. Each point represents the average of

6 replicates each normalised to its own control.
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4.3i HEAT TREATMENT OF PREDENTINE

It was shownin Figure 4.8 that boiling did not affect the inhibitory effects that

dentine exerted on collagen fibrillogenensis. From the data shownit cannot

be assumedthatthe inhibition of collagen fibrillogenesis by predentine is due

to the action of a protein(s). To inactivate the proteins in the predentine

extract, 80 ug/ml of predentine ECMs was boiled for 30 minutes at 100°C,

and then centrifuged for 10 minutes at 14,000 RPM to remove any remnants

of denatured protein. The supernatant was then added to the collagen

fibrillogenesis assay. Boiling abolished the inhibitory effects of predentine on

the formation of collagen fibrils (0.8 mg/ml), Figure 4.19. The curve produced

by collagen in the presence of predentine closely resembled that of the

control. These data contrast with the effects of boiled dentine on the

spontaneous formation of collagen type | fibrils (see Figure 4.8), adding to

evidence that there are differential pools of proteins in the mineralised and

un-mineralised (predentine) fractions of dentine.

Unlike dentine, boiled predentine did not inhibit collagen fibrillogenesis, to

confirm that the inhibitory effects of predentine seen in this chapter were a

result of the actions of protein(s), predentine was treated with a protease.

Figure 4.20 show the sigmoidal curve produced by the time-dependent

formation of collagen fibrils (black trace). Predentine ECMs wastreated with

a non-specific protease (4U/ml) for 72 hours at approximately 25°C to

inactivate the proteins present within the predentine ECM extract. The

predentine ECMs and protease mixture was boiled at 100°C for 30 minutes,
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then centrifuged at 14,000 rpm for 5 minutes to inactivate the protease and

remove any remnants of precipitated protein. The remaining inactivated

predentine ECMs mixture was addedto the collagen assay (grey trace). The

time-dependent curve was sigmoidal yet the absorbance washigher than that

of collagen alone. This experiment was carried out once, so it is unclear

whether this increase in end absorbanceis significant. These results suggest

that the inhibitory effects seen by predentine were caused by the presence of

proteins, and may possibly result in the formation of thicker fibrils when

treated with a protease.

Due to the amountof predentine obtained from the extraction of protein from

1.5 Kg of bovine teeth compared to dentine. It was possible to characterise

the dentine organic matrix extract to a higher extent than the predentine

organic matrix extract.
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Figure 4.19

The effects of boiled predentine on the spontaneous
formation of collagenfibres.
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Time course showing spontaneous formation of collagen fibres at 25°C
measured by the change in absorbance at 405 nm following addition
of PBS containing 0.8 mg/ml collagen in the presence ("') and absence (@) of

boiled predentine (80 ug/ml). Samplesin replicates of 6 n=1.
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Figure 4.20

The effects of predentine and protease on the spontaneous
formation of collagenfibres.
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Time course showing spontaneous formation of collagen fibres at 25°C
measured by the change in absorbance at 405 nm following addition
of PBS containing 0.8 mg/ml collagen in the presence (~) and absence (™) of

predentine (80 ug/ml) and protease (4U/ml ). Samplesin replicates of 6 n=1.
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4.4 INTERFACE EXTRACT

The interface region is the area between predentine andthefully mineralised

dentine. It is the region where mineralisation is thought to initiate around

collagen fibrils [3]. It is likely this extract will contain proteins common to

dentine and predentine Dueto the size of this area in the tooth, the sample

size was very small and therefore high concentrations and repetition of

experiments was not achievable nor was extensive characterisation.

Figure 4.21 shows the sigmoidal curve produced by the time-dependent

formation of collagen fibrils (0.8 mg/ml black trace), and collagen plus

interface ECM extract (42 ug/ml, grey trace). There is no significant

difference in end absorbance of the collagen only control and the collagen

containing interface ECM extract. The lag phase of the curve containing

interface appears to be very similar to that of the collagen control. The rate

of increase in the presence of interface ECM appears to be slightly slowed

compared to control, but these data were not considered to be significantly

different at any point. It is possible that the interface ECM could alter

collagen fibrillogenesis at much higher concentrations, unfortunately these

experiments were notpractically possible.

These results show clear differences in the effects of dentine predentine and

interface have on the in vitro formation of collagen fibrils.
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Figure 4.21

The effect of interface on the spontaneous formation
of collagenfibres.
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Time course showing spontaneous formation of collagen fibres at 25°C
measured by the change in absorbance at 405 nm following addition
of PBS containing 0.8 mg/mlcollagen in the presence (") and absence (@) of

interface (42 ug/ml). Samplesin replicates of 6 n=3.
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4.5 DISCUSSION

This chapter has concentrated on the in vitro formation of collagen type |

fibrils. Collagen type | accounts for approximately 90% of the organic matrix

of dentine [1]. Primarily, previous studies have isolated particular proteins or

groups of proteins and analysed the effects on fibril formation of collagen

type | in vitro [17, 83, 164, 294]. However, although previous studies have

subjected the dentine fractions to extensive separation procedures, it may be

postulated that there are still more than one protein in the fractions being

investigated. The data presented within this chapter represents the first to

examine whole, crude protein extracts from the 3 phases of a dentinogenesis

model and to examine their influence on collagen fibrillogenesis. The total

organic matrix extract from each of the three fractions isolated provides a

snapshot view of the proteins isolated and their influence as a totality on

collagen fibrillogenesis in vivo.

Predentine is the unmineralised organic matrix of dentine, where collagenis

secreted and arranged into the highly organised collagen scaffold around

which hydroxyapatite minerals form to produce dentine. This dynamic

process requires processing and regulation by extracellular matrix proteins in

the formation of the tissue [5]. The area where the predentine begins to

mineralise at the predentine-dentine junction is termed the interface. Dentine

consists of 90% collagen type I, although other minor collagens may be

present, type | trimer, type III, IV, V and VI have been reported [54, 295,

296]. The collagen used in this study was commercial, purified type | rat tail
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collagen free from contaminants and other proteins that may affect fibril

formation. The in vitro assay used in this chapter gives us an idea of the

effects exerted by the dentine, predentine and interface organic matrix on

collagen fibrillogenesis.

During dentinogenesis in vivo there are many proteins acting on the process

of fibrillogenesis at any one time, for this reason this chapter takes a holistic

approach to the extracted proteins of the predentine, dentine and interface

and recognises that these extracts exert different effects on the formation of

collagen fibrils in vitro.

It is well documented that in vitro, collagen type | will form fibrils in a

spontaneous manner [297]. The assay was adapted from a standard

photometric method [272] and is frequently used in in vitro collagen research

[83, 165, 272].

The results showed that the collagen only control, forms a_ typical

fibrillogenesis growth profile over a period of time, which consists of 3

regions and does not degrade over time. The 3 regions that make up the

sigmoidal fibrillogenesis curve are the lag phase, the lateral growth phase

and the plateau. During the lag phase, collagen molecules assemble to form

dimers and trimers by the linear addition of molecules into a 4D staggered

arrangement. Little change in absorbance can be seen during the lag phase,

howeverlight scattering studies have shownthat it is in this phase that the

collagen dimers/trimers form the 4D-staggered arrangement [164, 293, 294].

During the growth phase, the dimers and trimers formed in the lag phage
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aggregate laterally forming fibrils, when all of these fibrils are formed, the

plateau is reached [292]. Collagen self-assembly was evident in these results

by the sigmoidal absorbance curves produced in Figure 4.1 and by the

inhibition of the collagen fibril growth curve in the presence of a collagenase,

Figure 4.2. The lag phase times were found to be highly variable, even in

identical experiments especially in comparison with the growth and plateau

phases. Therefore the discussion focuses on comparison of the twolatter

measurements under varying conditions.

Proteins extracted from dentine showed concentration dependentinhibition of

collagen fibrillogenesis growth curve. The influence of dentine organic matrix

extract was concentration dependant, at concentrations of 17.5 ug/ml and

higher the fibrillogenesis growth curve was inhibited. The characteristic

sigmoidal curve was not observed at concentrations above 8.75 ug/ml. No

lag phase or lateral growth phase could be observed, the end point of

absorbance was reduced by approximately 70-80% to that of the control. At

the start of the curve, there is an initial elevation in absorbance, which may

be due to absorbance by dentine organic matrix extract at 405 nm. At lower

concentrations, 2.1 and 4.4 ug/ml a sigmoidal curve was witnessed but

produced a lower end absorbance (plateau phase), suggesting that collagen

fibrillogenesis is occurring as previously described. Howeverthe reduction in

end absorbanceis indicative of the production of thinner fibrils [17, 83].

There are a numberof proteins present in the dentine organic matrix extract

which may influence collagen fibrillogenesis and contribute to the effects

observed.
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4.51 SMALL LEUCINE RICH PROTEOGLYCANS(SLRPs)

Previous studies have examined the effects of proteoglycans on

fibrillogenesis in vitro [83, 273, 290, 291]. In a study by Milan eft a/. (2005)

[83], pools of proteoglycans were extracted from predentine, dentine and the

interface region. The absorbance curves produced are comparable with the

effects exerted by the crude extracts in the present results, with the greatest

effects exerted by the dentine PGs (decorin and biglycan). The dentine PG

inhibited collagen fibrillogenesis resulting in no typical fibrillogenesis growth

curve which was dose dependant, these results were comparable with the

curves shownin Figures 4.3 and 4.4. The study also showed that removalof

the GAG chainsin this pool, which are 100% CS, resulted in inhibition but at

lower concentrations, a growth curve was observed but there was an

increase in the time taken to plateau, suggesting that the longer anionic

GAGsof dentine are involved in collagen fibril growth [83].

The influence of PGs extracted from predentine and predentine/dentine

interface on collagen fibrillogenesis in vitro, were studied by Milan e/ al.

(2005) [83]. Predentine PGs resulted in generation of thicker fibrils than

collagen only and it was suggested that the GAG chains (mainly DS in

predentine) [274] were responsible for the rapid growth of collagen fibrils

held together by electrostatic interactions of the shorter DS chains. DS

chains are capable of aligning in an anti-parallel manner to bridge and

maintain the gaps between collagen molecules [298]. Removal of GAGs from

predentine PGs resulted in thinner fibrils seen as a lower end absorbance of

the plateau [83]. In these results, predentine extract influenced collagen
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fibrillogenesis in a dose dependant manner, however at 2.5 g/ml the lag

phase was increased and there was an increase in end absorbance,

suggesting that at this lower concentration the proteins in this fraction,

promoted the formation of thicker fibrils. It is possible that at a lower

concentration, there are less proteins present in the solution allowing the

GAG chains to protrude and electrostatically interact with collagen fibrils to

producethicker fibrils. In the same study by Milan et a/. (2005) showedthat

the interface did not have an inhibitory effect on collagen fibrillogenesis, nor

wasit dose dependant.

At concentrations of 42 g/ml, interface had little effect on the formation of

collagen fibrils in vitro in these results. From the data shown, the collagen

growth curve producedbyin the presenceofinterface fraction appears to be

less sigmoidal in shape than the collagen only control. It is clear from the

results that the effects observed in the presenceof interface differ from those

observed in the presence of predentine or dentine organic matrix. The

kinetics of the growth phase differ, however they reach the same end

absorbance, suggesting that interface has no influence on the widthoffibrils

produced but may affect the rate of fibril growth. In the interface region,

collagen fibrils should be mature and initiation of HAP crystal formation

occurs. There will also be an overlap of proteins from both the predentine

and the dentine. This fraction could not be used at higher concentrations due

to a low volume of extract obtained.
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Decorin is arch or horseshoe shaped molecule containing a single GAG

chain. It’s ability to bind to collagen type | is modelled on porcine

ribonuclease inhibitor [104]. The inner concave surface of decorin is the

appropriate size and shape for one collagen triple helix to fit. It is proposed

to play an important role in producing the staggered collagen arrangement by

preventing lateral aggregation of the molecules. Lateral aggregation occurs

during the lag phase seenin the collagen fibrillogenesis growth curve. The

amino terminal of decorin has a single GAG attachmentssite, for either CS or

DS. The central domain contains 3 attachment sites for N-oligosaccharides

[103], which are modifications found on GAG chains [39, 111]. The central

domain also contains 10 leucine rich repeats [104] and is capable of binding

to collagens type I, Ill, IV (reviewed by Weberet a/. 1996) [103]. The inner

concave curve of collagen is made up of B-pleated sheets whilst the outer

arch is formed by a-helices, which give decorin its horse-shoe shape. The

diameter of the curve is approximately 2.5 nm, whilst the diameter of the

collagen triple helix is 1.5nm. One collagen triple helix would fit in this space

allowing decorin to block any aggregation of collagen molecules. Secondary

binding of collagen occurs on adjacent collagen molecules via its carboxyl

terminal [103]. As the GAG chain is attached at one end of the molecule, the

CS or DS chain is free to protrude in different directions and is thoughtto act

as a spacer during collagen fibrillogenesis. Decorin binding to collagen is

conserved across species and tissue types decorin extracted from various

tissue types resulted in an increasein fibril diameters [291]. When the GAG

chains were removed, collagen fibrillogenesis occurred at the same rate as

when the intact protein was present, however there was no evidence of
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thicker fibril formation, implicating important roles for GAGs in the formation

of thicker fibrils in connective tissues, which may have functional significance

in producing a tissue with a high tensile strength. The spacing of collagen

fibrils in the predentine is important in the formation of the fully mineralised

tissue, dentine. HAP crystals form in the gap zones of collagen, and the size

and shape of the gap zones and spaces between fibrils is important in the

formation of crystals that are the correct shape and size [5]. The importance

of decorin is suggested as it is conserved across species. Its functional

activity is not common to all proteoglycans, bovine aggrecan a large

proteoglycan was found to not have any marked effects on collagen

fibrillogenesis [291]. Decorin is predominantly found in predentine. It is

possible that the increase in end absorbance, which is indicative of thicker

fibril formation, observed in the predentine fraction at 2.5 ug/ml (Figure 4.17)

may be caused by the influence of decorin resulting in the formation of

thicker fibrils in predentine.

Decorin and biglycan, class | SLRPs, are generally described in mineralised

tissues as being associated with a CS GAG chain, where as in soft

connective tissues, they are substituted with DS. In dentine, GAGs of decorin

and biglycan are substituted with CS chains, where as in the predentine they

are predominantly DS chains [72]. DS chains that are generally found in soft

tissues are found in the unmineralised phase. Also, CS binds 5 times more

Ca** than DS[3], implying an important role for CS in mineralisation and HAP

deposition.
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Biglycan extracted from bone, in isolation, does not inhibit collagen

fibrillogenesis, it has been shownthat even at relatively high concentrations

biglycan does not inhibit collagen fibrillogenesis in the same way that decorin

inhibits [290]. However biglycan does bind to collagen and in bone has been

shownto have synergistic effects in biglycan and decorin KO mice [72, 299].

Biglycan and decorin also bind to collagen type III, a fibril forming collagen

found in the organic matrix in vivo [3].

Deletion of the genes encoding decorin and biglycan in mice has provided

some insight into the roles of these proteins in mineralised tissue formation.

Deletion of the biglycan gene resulted in an osteoporotic phenotype [300],

and within teeth the gene deletion resulted in the impairment of the transition

from predentine to dentine whilst increasing the thickness of the enamel

[301]. Studies have also shown that biglycan deficient mice produce

irregularly sized collagen fibrils. The physiological effects of biglycan

deficiency appeared to be tissue-specific, in bone and skin biglycan

deficiency increased fibril diameter, but in tail tendon and patella biglycan

deficiency resulted in a decrease in fibril size [300, 302] suggesting its

involvement in controlling the size of the fibril formed. Whether this is by

directly binding to collagen or by controlling other proteins that directly

interact with collagen is yet to be determined [72, 83]. The ability of decorin

and biglycan to interact with collagen implies their importance in the

facilitation of collagen fibril formation in the organic matrix of dentine and

may be exerting an influence on collagen fibrillogenesis seen in these

results.
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In the predentine, collagen fibrils at the proximal zone close to the

odontoblasts, fibres are thin and loosely packed, they then thicken towards

the mineralisation front [2]. This relates to the evidence that PGs display

concentration gradients across the predentine and it has been suggested that

there are 2 pools of PGs secreted by the odontoblasts during dentinogenesis

[3, 274]. Gradients and differential expression of PGs and GAG chains [274]

and MMP3 [80] in predentine and levels of MMP2 and MMP9highest in

dentine [3], suggest predentine is remodelling prior to mineralisation making

a comparison to a crude extract difficult.

In a paper by Waddington et a/. (2003) [274], degradation products of

biglycan, decorin and versican were found in the predentine. Versican was

found at lower concentrations in the interface and dentine suggesting that the

protein is actively degraded prior to mineralisation and may becometrapped

within the mineralised tissue. Versican is known to non-covalently interact

with hyaluronan (HA), which was also found in the predentine extract of the

study [274]. Versican is proposed to be important in the initial formation of

matrix and aids in the structural arrangementof fibrils and cell recognition

[99]. It is thought that versican is degraded by a disintergrin and

metalloprotease with thrombospondin type | motifs (ADAMTs), which is a

family of proteases [303] secreted into the organic matrix extract and

implicated in degrading PGs such as versican, aggrecan and brevican [304].

Versican is a large PG associated with CS and found in dentine [274]. In a

study by Sone et a/. (2005) [304], expression of versican mRNA was
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identified during tooth development and was found to be similar to collagen

type | expression, suggesting interaction during development of the tissue. In

the same study, ADAMTS1, 4 and 5 expression was comparableto that of

versican and was suggested that they are secreted by odontoblasts to control

the accumulation of versican. It is thought that versican plays a role in

capturing a temporal space in which a tissue can form [304] and hence may

influence collagen fibril formation in predentine. It is likely that versican is

degraded quickly within the predentine by ADAMTs as degradation products

are found. It is unlikely that the degradation products are functional in

controlling collagen fibrillogenesis, versican is a large protein playing a role

in capturing space with the tissue, the degradation product have a much

reduced molecular weight and therefore are unlikely candidate proteins for

the effects exerted by predentine in these results. Additionally, as NEM was

used during the extraction process, ADAMTsare unlikely to be responsible

also.

GAGchains found in predentine are predominantly DS with smaller amounts

of CS, in the interface the GAGs are predominantly CS with lesser amounts

of DS but in the dentine, the GAGs found were 100% CS [83, 274]. These

different pools of PGs coupled with gradients of PGs and degradation of the

core proteins makes it difficult to determine the influence of individual

proteins in the crude extracts used in this thesis. The presence of other

proteins knownto interact with collagen e.g. DPP are also considered. The

PG form of DSP, containing a CS chain was found to be more abundant in

the predentine [84]. The 37 KDa NHz2- terminal fragment of DMP1 has been
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found in predentine, whilst the 57 KDa COOH-terminal fragment has been

found in dentine [138]. A PG form of the NH2-terminal fragment has also

been found containing 1 C4S chain, in the predentine fraction [181]. When

taking a holistic approach to protein extraction, gradients are lost as are the

temporal expression of proteins. The in vivo formation of thinner fibrils at the

proximal and thicker at the distal areas of predentine would also belost.

What’s more, proteins may be acting in synergyor in a contradictory manner.

The importance of GAG chains and the length of the GAG chain would

suggest that electrostatic interactions are important in collagen

fibrillogenesis, both in predentine and dentine, which may suggest that the

effects of dentine after boiling were a result of the anionic nature of the

proteins present, however treatment with protease removed these inhibitory

effects confirming that it was in fact the action of a protein(s). The protease

would affect the core proteins of any PGs present, however this would not

affect the GAG chains, as they are not proteins. Howeverit would not remove

the GAG chains either. These results suggest that when attached to the core

protein, GAGs alone cannotinhibit collagen fibrillogenesis. The resistance to

heat suggests a heat shock protein. In a recent paper, proteomic methods

identified Heat shock protein (Hsp) to be present in human dentine. In fact

6.9% of the proteins identified were chaperone or stress response proteins

[282] although their functional significance in dentine is unknown. Hsp47is

known to associate with procollagen chains in types | and Ill in the

endoplasmic reticulum to prevent procollagen forming aggregates [305] ,

however Hsp47 was not found in the dentine extract of the study [282].
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Potential for the presence of Hsp may be a possibility due to odontoblast

contamination in the samples which would be more abundant in the

predentine fraction. However, when the predentine fraction was boiled, any

effects that it exerted on collagen fibrillogenesis disappeared. It has also

been shown that ON displayed properties of chaperone proteins up to 50°C

[233], however these samples were boiled at 100°C, thereforeit is unlikely to

be the action of ON. However it does highlight the fact that the proteins

already knownto be present within the matrix of dentine and predentine may

have characteristics that have not yet been identified, such as heat resistant

qualities. The curve produced by boiled predentine closely resembled that of

the collagen only control. Suggesting that heat resistant, fibrillogenesis

controlling protein(s) are a unique component of the dentine extract.

However, BSP and OPN have been found to be flexible and unstructured

when in solution and it can be postulated that this flexibility may allow them

to retain their activity when subjected to high temperatures [306].

Bovine serum albumin did not have an effect on collagen fibrillogenesis,

resulting in a sigmoidal curve almost identical to that of the control, this

evidence suggests that the inhibition of collagen fibrillogenesis in vitro is

caused by specific dentinal factor(s). The organic matrix extracts are a

mixture of different proteins, despite cytosolic brain extract containing

proteins that would regulate collagen fibrillogenesis, it is clear from the

results that the brain extract does not exert the same effects as the

predentine or dentine extract, confirming that the effects seen are specific to

proteins extracted from the mineralised and unmineralised phases of dentine.
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Despite evidence to suggest that the effects exerted on collagen

fibrillogenesis by the crude dentine extracts in this chapter are as a result of

decorin and biglycan being present, there are many other proteins present in

this extract. It is apparent that SLRPs play an important role in the formation

of the predentine matrix, howeverit is important to note that the attachment

of GAG chainsis also important.

Fibromodulin (Fmod) is a class Il SLRP bearing keratin sulphate (KS) GAG

chains, it is found in predentine, dentine, odontoblasts and enamel. Like

decorin it is horseshoe shaped containing 12 leucine-rich repeats and is

implicated in the control and regulation of collagen fibrillogenesis.

Fibromodulin KO mice produced thicker fibrils in the predentine [104].

Similarly, in periodontal tissue, deletion of the fibromodulin gene resulted in

thicker fibrils and uneven spacing of fibril bundles [95]. In a study by

Goldberg et a/. (2006) [94] an increase in the diameter of collagen fibrils in

predentine was observed in Fmod KO mice, which subsequently resulted in

hypomineralisation of dentine. In the same study, it was found that Fmod

deficiency triggered a compensatory mechanism in the tooth. Regulation of

members of the SIBLING family of proteins were affected by the Fmod

deletion. As a result of Fmod deletion, staining for OPN was reduced

whereas staining for DSP,DMP1 and BSP was increased compared to the

Wild Type (WT) in the incisors but showed different stain intensities in the

molar. However no compensatory response was shown towardsbiglycan or

decorin deletion. Fmod KO mice promoteslarger fibril formation compared to
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the WT. It is suggested that both Fmod and biglycan control lateral fusion of

collagen fibrils by inhibiting collagen fibrillogenesis in predentine. This would

cause an increase in the lag phase and may make the growth phase less

apparent and may contribute to the lack of sigmoidal shape seen in higher

concentrations of predentine. Fmod and lumican share 48% protein sequence

homology, yet lumican shows a gradient of expression increasing towards the

mineralisation front where as Fmodis distributed homogenously throughout

the predentine, suggesting differing functions [94]. It has also been shownin

developing mouse tendons that Fmod and lumican compete for the same

binding site and regulate early fibril formation [92].

Other dentinal proteins are knownto influence collagen fibrillogenesis. DPP

is a proteolytic product of the transcribed DSPP gene, along with DSP and

DGP [139, 147] . After processing, DPP is delivered to the mineralisation

front by odontoblast processes [1] which would indicate an involvementin

mineralisation process. It has been reported that DPP extracted from bovine

teeth binds collagen and was found to retard collagen fibril self assembly,

with enhanced inhibition in the presence of Ca** [159, 165]. This was shown

as an increase in the lag phase of the assay which was causedbya delayin

collagen fibril alignment. It has also been found that in the presence of

calcium the inhibitory effects are enhanced, possibly due to a conformational

change in DPP and the spatial arrangement of charged groups on the

molecule [165]. As dentine inhibition of collagen fibrillogenesis is unaffected

by EDTA, which would chelate any Ca”* present in the sample,it is possible

that the DPP has an influence on collagen fibrillogenesis in the absence of
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Ca** and therefore DPP can influence collagen fibrillogenesis regardless of

conformation. Alternatively Ca** is required, but the effects of the dentine

organic matrix extract are the action of a different protein. In a recent study

by Milan et a/. (2006), dephosphorylation of DPP was found to reduce the

inhibitory effects of DPP exerted on collagen fibrillogenesis [17, 159],

indicating the importance of post translational modification and removal of

such modifications having an effect on the dynamics of collagen

fibrillogenesis.

DPP accounts for 40-50% of the non-collagenous proteins found in dentine,

it is perfectly possible that the inhibitory effects seen in the dentine, Figure

4.3 are that of DPP. It is generally thought that DPP requires Ca** to bind

collagen. Ca** induces a conformational change in DPPto its B pleated

sheet conformation which favours collagen interaction possibly by stabilising

forces for DPP-collagen interactions and increasing ability to bind calcium

[165]. Although no calcium is present, published data shows that Ca**

enhances the effects but is not a requirement for the molecule to inhibit

collagen fibrillogenesis and in vitro DPP has been shownto bind to the e

band of collagen, which is in the middle of the gap zone and also associated

with the binding of PGs. It has also been shown that when boundto collagen,

DPP significantly promotes HAP crystal growth [17]. Phosphorylation of DPP

appears to be important in the control of collagen fibrillogenesis and for

mineralisation to occur. Although there wasinsufficient interface material to

investigate fibrillogenesis extensively, it can be postulated that there may by
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a small proportion of DPP present due to the nature of the extraction process

and the odontoblast cell structure with the protruding tubules.

It is difficult to determine which proteins in the FPLC fractions are influencing

collagen fibrillogenesis, despite being able to determine the molecular

weights of the eluting fractions. As it was previously discussed in chapter3,

the fractions will contain degradation products of the ECM proteins and other

proteins present. We can estimate, however that SLRP core proteins

increase in molecular weight when their GAG chains are attached. CS chains

are longer than DS [83, 274] and would further affect molecular weight. It has

also been discussed that DSP [84] and DMP have been shownto have CS

chains attached, the DMP-PG was mostly found in predentine fraction [181].

Decorin has been suggested to form a dimer [89], which would result in the

protein appearing to have a much higher molecular weight. It has also been

suggested that DPP remains associated with fragments of collagen which

results in a higher molecular weight protein complex, it was also shownthat

from 22 different pigs, DPP existed in several different allelic isoforms that

did not cause functional abnormalities but did result in differences in

molecular weight [139]. Therefore further protein purification would be

necessary to separate proteins and potentially identify them by molecular

weight.

The specific activity of the FPLC fraction was calculated byfirst calculating

the percentage inhibition of the fraction on the end point of collagen

fibrillogenesis and corrected for the amount of protein within the sample so

that the data does not simply show a concentration effect of protein on the

232



assay. It also suggests that some protein fractions may have a more potent

influence on collagen fibrillogenesis than others.

It has been previously shown that a 25 KDa MMP foundin porcine dentine

was resistant to the protease inhibitors, 10 mM benzamidine HCl, 1 mM N-

ethylmaleimide and 10 mM iodoacetamide [119]. These are the same

protease inhibitors that were used during the extraction of proteins used in

this thesis (methods shown in chapter 2). It is possible that a similar MMP

may be found in bovine tissues and may be present within the samples.

Although protease inhibitors were included in the extraction process, an

additional set of experiments were carried out to discount the possibility of

MMPsdegrading the proteins within the sample or effecting collagen in the

assay. The results show that when incubated with NEM or ETDA, the

inhibitory effects of dentine are retained. It may be the case that there is a

25 KDa MMP present within the samples that does not have an effect on

collagen, howeverthis does not rule out the possibility that this 25 KDa MMP

may have degraded proteins within the samples producing degradation

products of the proteins present in the extracts. It is also possible that

degradation products were produced in vivo before the death and removal of

cow's incisors. This would account for possible degradation products within

the samples. It is not possible to comment on whether such degradation

products would be biochemically active. It is difficult to predict the molecular

weight of any potential degradation products and therefore prediction of

protein by molecular weight alone i.e. by FPLC fraction would be inaccurate.
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There are other proteins present in the predentine and dentine extracts,

however whether these proteins are exerting an effect in vitro is unknown.

Thrombospondin 1 (TSP1) is a glycoprotein that was first described and

characterised as a protein released from platelets that plays a role in platelet

aggregation. TSP1 exists as a trimer of identical subunits and has a

molecular weight of approximately 150 - 180 KDa [307]. TSP1 has been

found in bovine odontoblasts, predentine and at the mineralisation front

(interface) [308]. Binding assays showed that TSP1 binds to collagen typesI-

V with highest affinity for type V. Collagen binding also increases in the

presence of Ca’* which results in the a conformational change in TSP1 [307].

It is suggested that TSP1 synthesis is stimulated by TGF-B as experiments

show an increase in MRNAlevels in odontoblasts when stimulated with the

growth factor [308].

Osteonectin, (ON) (SPARC)is a 43 KDa calcium binding glycoprotein present

in the ECM of predentine [20]. ON can bind to collagen typeI, it is thought to

play a role in the prevention of mineralisation and is located in the predentine

and intertubular dentine, as well as in the odontoblast processes [234]. It is

possible that ON is present in the predentine extract, as part of the organic

matrix and may be present as part of the odontoblast cross over within the

sample. ON is thought to associate with HAP and is lost during the

demineralisation process when preparing to extract organic matrix proteins

[20]. ON is present in the intertubular dentine, which may also be present in

this organic matrix extract of dentine. Within these extracts, ON is morelikely

to be present in the predentine, as it is thought to be lost during the
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mineralisation process, howeverits effects on collagen fibrillogenesis in vitro

are unknown. Asit is a 43 KDaprotein, it is likely to be in the same FPLC

fraction as decorin and biglycan, re-emphasising the point that it is probable

that the FPLC fractions will contain more than one protein as they are

separated on the basis of molecular weight.

Proteins of dentine and predentine have been the subject of many

investigations, some of which have been previously mentioned. The wayin

which organisms synthesise and secrete the components that form

mineralised tissues has been a subject of both interest and debate.

Advancesin technology have aided in the progression of our understanding

and identification of proteins present in tissues of the tooth, presenting

scientists with new challenges to understand the interaction and roles of such

proteins and the mechanisms by which minerals form around an organic

framework to producea tissue that is both hard and to some extentflexible.

The discussion in this chapter has highlighted the plethora of proteins that

are present in predentine and dentine and the various forms that these

proteins take, such as dimers, trimers, degradations products, core proteins,

association with GAG chains of various kinds some may even form

aggregates. Proteins can be upregulated or down regulated in the presence

of other proteins. Protein-protein interactions occur, protease degradation

can also occur producing degradation products of the original protein. The

loss of gradient and temporal secretion of proteins by odontoblasts highlight

the complexity of this tissue and contribute to the difficulty in identifying

235



particular proteins in a crude extract. Although it is clear from these results

and the comparisonswith literature, that predentine and dentine contain very

different pools of proteins.

It is difficult to indentify particular proteins as influential factors in collagen

fibrillogenesis. The process of dentinogenesis is a dynamic process, to

extract the total soluble proteins from a tissue removes the concept of time

and processing that is involved in dentinogenesis.

This work adds to the current belief that predentine and dentine contain

differential complement of proteins. These results also showforthefirst time

that dentine organic matrix is heat resistant in that it continues to inhibit

collagen fibrillogenesis after boiling. Organic extracts from predentine,

dentine and interface demonstrate varying functional roles in fibrillogenesis.

This emphasises the importance in tissue remodelling and the temporal

expression of proteins.

Collagen fibrillogenesis plays an important role in dentinogenesis and tooth

formation. The formation of collagen fibrils provides a scaffolding around

which HAPcrystals form. The exact spacing and orientation of the fibrils and

the spaces between them play a role, along with ECM proteins, in the size

and shape of the HAP crystal formed. Dentine defects has been associated

with genes that encode code DSPP, DMP1, MEPE, OPN and collagentype|

(reviewed by Kim and Simmer, 2007) [71].
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The development of our understanding of collagen fibrillogenesis and the

proteins that control this, will ultimately increase our understanding of

pathological conditions such as DI and DD, but can also be related to

conditions found in bone, such as osteogenesis imperfecta [71] and

degenerative conditions of the bone such as osteoporosis.

This chapter provides evidence of differential expression and functionality of

proteins in predentine and dentine and emphasises the need for more

research into protein extracts that interact and closely resemble the

processestaking placein vivo.
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CHAPTER 5

THE USE OF MDPC-23 CELLS AS AN

IN VITRO MODEL FOR Ca”*

TRANSPORT IN ODONTOBLASTS



5.1 INTRODUCTION

The presence of calcium and phosphate ions at the site of mineralisation is

essential for the formation of HAP. The ions required to form the mineralised

dentine, must be concentrated at the mineralisation front against their

concentration gradient. It is hyphothesised that the ion translocation to the

site of mineralisation is an active, cell-mediated process[7].

Odontoblasts are cells of the tooth that secrete the components necessary

for dentinogenesis to take place. They synthesise and secrete the organic

collagen scaffold of dentine, NCPs that regulate the process of

dentinogenesis and they also are involved in the sequestration of ions to the

mineralisation front, making it possible for dentine to form [1, 3, 27, 309]. In

the predentine, levels of Ca®* and phosphate have been shown to be

elevated 2-3 times higher than in the serum [22].

There are 3 stages involvedin the cell to transport Ca**, Ca** entry, transport

and extrusion at the site of mineralisation. Odontoblasts have membrane-

bound ATP-driven Ca** pumps and Na‘/Ca** antiports for Ca?* extrusion [23],

however little is known about Ca** influx mechanisms into these cells.

Inhibition of L-type channels jin vivo results in a reduction of Ca?*

incorporated into the dentine of rats [24]. In a study by Lundgren et. al.

(1997) [26] measuring Ca’* uptake on rat incisor odontoblasts, showed that

occurrence of Ca**influx of dentinogenically active odontoblasts was via L-

type voltage-gated ion channels and by non-voltage-gated pathways [26].
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During dentinogenesis, Ca** ions are concentrated in a dentinal direction

[24].

The odontoblast-like cell line MRPC-1 form directional calcium transport

dependent on L-type Ca’* channels [310]. Another odontoblast-like cell line,

MDPC-23 cells have been shownto be of odontoblast lineage. The cell line

has been shown to maketranscriptional products for DSP, collagen type I,

ALP, OPN and OCN. It also synthesises DSP and moderately phosphorylated

rat DPP (DPP-MP), which are thought to be dentine specific [30]. An

immunohistochemical study has shown expression of DMP1 in the cells.

MDPC-23 cells show over expression of ALP, which is used as a markerfor

odontoblastdifferentiation [36].

Transcellular transport of Ca’* is likely to be heavily buffered, and/or Ca**

could be translocated within the endoplasmic reticulum, so that the cells are

protected from toxic effects of prolonged elevation of [Ca?*],. The intracellular

processes by which odontoblasts sequester and transport Ca’* to the site of

mineralisation are subject of debate [14]. However, the presence of L-type

voltage-gated ion channels is thought to be an essential first step in the Ca?"

translocation process in odontoblasts.

Ca** transport is important in dentinogenesis; an in vitro model would be

useful in furthering our Knowledge about the whole dentinogenesis process.

From previous studies it can be said that the MDPC-23 do possess

odontoblastic characteristics. Unlike the odontoblast-like cell line MRPC-1,
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there is no information in the literature to date to suggest whether MDPC-23

cells can transport Ca?* across the cell. In this chapter Ca”* sensitive fura-2

microfluorimetry was used to measureintracellular calcium ([Ca?*];)) so that

the Ca?* handling properties of MDPC-23 cells could be comparedto that of

odontoblasts.
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5.2 RESULTS

These results were obtained using methods detailed in section 2.9-2.10.

MDPC-23 cells are an odontoblast-like cell line that have been shown to

express dentinal proteins. An essential function of an odontoblastis its ability

to deliver sufficient calcium to the mineralisation front for hydroxyapatite

crystals to form. Intracellular Ca** has not previously been measured in

MDPC-23 cells. Therefore, it was necessary to test whether the cells would

**J, practicable. A simpleload sufficient fura-2 to make measurementof [Ca

way to do this is to induce a very large change in [Ca’*], using the

ionophore, ionomycin in the presence of [Ca’*], (see Figure 5.1).

Figure 5.1 shows the data obtained on exposure of MDPC-23 cells to

ionomycin. The data shows a large rapid change in the 340/380 ratio

indicating a large increase in [Ca**],; These data demonstrate that 24 hours

after passage, the [Ca**], of MDPC-23 cells can be measured. This trace is

typical of 10 experiments. The data shown for acutely isolated rat incisor

odontoblasts show a similar change in fluorescence following exposure to

ionomycin compared to the odontoblast-like cell line (see fig 5.1 inset, from

H.Reed thesis University of Liverpool, used with permission).

An identical protocol was followed as for the MDPC-23 cells in Figure 5.2,

using cells that were maintained for 144 hours after passage (see Figure

5.2). The change in 340/380 ratio was very similar to that in Figure 5.1.

These data indicate that the time following passage did not affect the

measurability of Ca** in these cells.
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Figure 5.1

lonomycin-dependentincrease in [Ca‘’], in MDPC-23cells

24 hours after passage.
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Time course showing changesin the ratio of FURA-2 emission measured at
340nm to that measured at 380nm in MDPC-23cells (24 hours after passage)

following exposure to ionomycin (2M) n=10.

Inset is shown data from an equivalent experiment performed using acutely
isolated rat incisor odontoblasts (from H.Reed PhD thesis University of
Liverpool 1998, used with permission).
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Figure 5.2

lonomycin-dependentincrease in [Ca’’], in MDPC-23cells

144 hours after passage.
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Time course showing changesin the ratio of FURA-2 emission measured at
340nm to that measured at 380nm in MDPC-23cells (144 hours after passage)

following exposure to ionomycin (2uM).

Inset is shown data from an equivalent experiment performed using acutely
isolated rat incisor odontoblasts (from H.Reed PhD thesis University of
Liverpool 1998, used with permission)
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Intracellular calcium is stored inside membrane bound organelles, particularly

the endoplasmic reticulum by activity of the sarcoplasmic/endoplasmic

reticulum calcium ATPase (SERCA). Sequestration of Ca** within stores is a

dynamic process and continuous SERCAactivity is required to compensate

for Ca** “leak”. Thapsigargin blocks SERCA activity and it may therefore be

used to unmask the Ca** leak” and to drain Ca** from the ER [311]. Figure

5.3 shows that exposure of MDPC-23 cells to thapsigargin (2 uM), resulted in

a transient increase in [Ca**],, that persisted for approximately 3 minutes.

Overtime, the [Ca?*], declines as Ca** is pumped out of the cell by the plasma

membrane [Ca*"]; ATPase, whichis not sensitive to thapsigargin [311]. Figure

5.3 inset, shows data from an equivalent experiment using acutely isolated

rat incisor odontoblasts. Both acutely isolated odontoblasts and MDPC-23

cells show a very similar time course in the change in [Ca?*]; in response to

thapsigargin. In both cell types, Ca** returns to pre-stimulus levels. The

return of the trace to pre-stimulus levels indicates that there is no store-

operated Ca** channel pathway[312].

A characteristic feature of odontoblasts is the presence of voltage-gated L-

type channels that may be activated by depolarisation of the cell membrane

potential. Membrane potential in odontoblasts, like most cells, is dependent

on the trans-membrane K* concentration and therefore, the most

straightforward way to depolarise the cell membrane is to reduce the trans-

membrane K* concentration gradient by increasing extracellular K*

concentration. The data shownin inset in Figure 5.4, demonstrate that, in

acutely isolated rat incisor odontoblasts, K* induced membrane
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depolarisation caused by an increasein [Ca’"], that persisted for the duration

of the membrane depolarisation and which was reversed when membrane

potential was restored by reducing [K*],. These data are consistent with Ca*

entry into the cells through L-type voltage-gated Ca** channels. Nicardipineis

an L-type voltage-gated channel blocker. Following pre-incubation in the

presence of 100 uM nicardipine, the increase in [Ca**], induced by K* evoked

membrane depolarisation was greatly reduced. These data are consistent

with the presence of L-type voltage-gated ion channels. As can be seenin

Figure 5.4, MDPC-23 cells, used 24 hours after passage, [Ca**]) were

completely unaffected by depolarisation of the membrane by K*. This Figure

is typical of 14 similar experiments. These data suggest that, 24 hours after

passage, MDPC-23cells do not possess L-type voltage gated Ca®* channels.

Membrane depolarisation occurs when resting membrane potential becomes

less negative by increasing [K*], which results in an influx of Ca** increasing

[Ca”*], in order to return the membranepotential to the original resting state.

In odontoblasts, it is an indication of the presence of L-type voltage-gated

Ca”* channels [313].
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Figure 5.3

Thapsigargin-dependentincrease in [Ca’’], in MDPC-23cells.
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Time course showing changesin the ratio of FURA-2 emission measured at
340nm to that measured at 380nm in MDPC-23cells (24 hours after passage)

following exposure to thapsigargin (2uM)

Inset is shown data from an equivalent experiment performed using acutely
isolated rat incisor odontoblasts (from H.Reed PhD thesis University of
Liverpool 1998, used with permission)
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Figure 5.4

K"-dependent membrane depolarisation did not increase
[Ca*’], in MDPC-23 cells 24 hours following passage.
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Time course showing changesin the ratio of FURA-2 emission measuredat
340nm to that measured at 380nm in MDPC-23cells (24 hours after passage)

following an increase in K* concentration from 5 to100mM

Inset is shown data from an equivalent experiment performed using acutely
isolated rat incisor odontoblasts in the absence (A) and presence(B)of the L-

type Ca® channel blocker nicardipine (100uM, from H.Reed PhD thesis

University of Liverpool 1998, used with permission)
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The trace in Figure 5.5 shows that a 10-fold increase in [Ca?*], from 1.0 to

10.0 mM caused a reversible increase in [Ca**], These data show that [Ca?*],

influx does occur despite the lack of L-type voltage-gated ion channels.

Contrasting data (Figure 5.5 inset) were obtained from a similar experiment

using acutely isolated rat incisor odontoblasts, where changing [Ca’*], from 0

2*], These data show that, at normalto 1 mM had verylittle effect on [Ca

resting membrane potential, rat incisor odontoblasts do not have an open

Ca”* influx channel whereas MDPC-23 cells do.

The data in Figure 5.6 show that [Ca?*],-dependent Ca” influx into

MDPC-23 cell line was not affected by pre-incubation for 60 minutes in the

presence if the L-type voltage-gated channel blocker nicardipine (100 pM).

These data confirm that the Ca”* influx in MDPC-23 cells was not via L-type

Ca’* channels.

Figure 5.7 is a summary of the key observations shown in Figures 5.5 and

5.6, which showsthat, on average, a 10-fold change in [Ca**], gave a 0.37 +

0.068 change in 340/380 ratio. In the presence of nicardipine, the same

change in [Ca?*], gave a 0.50 + 0.102 change in 340/380 ratio. Statistical

analysis by a Student’s t-test shows that there is no significant difference

between these results. An additional 24 hours in culture (48 hours following

passage), did not alter the response of MDPC-23 cells to K*-dependent

membrane depolarisation, (data shown in Figure 5.5). A changein [K*], from

5 to 100 mM gave no measurable increase in [Ca**], However, changing

[Ca*+], from 1 to 10 mM in MDPC-23 cells 48 hours following passagealso
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did not alter [Ca?+], This observation is in a sharp contrast with that made

from using the cells 24 hours following passage (see Figure 5.8).
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Figure 5.5

Raised [Ca*’], increased [Ca’*’], in MDPC-23 cells 24 hours
following passage.
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Time course showing changesin the ratio of FURA-2 emission measuredat
340nm to that measured at 380nm in MDPC-23 cells (24 hours after passage)

following anincreasein [Ca], from 1 to 10 mM

Inset is shown data from an experiment performed using acutely isolated rat

incisor odontoblasts showing changesin [Ca’’], following an increasein [Ca”],

from 0 to 1mM (from H.Reed PhDthesis University of Liverpool 1998, used with

permission)
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Figure 5.6

[Ca**], dependentincreasein [Ca*’], in MDPC-23 cells 24

hours after passage following a 60 minute incubation in
presenceof nicardipine.
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Time course showing changesin the ratio of FURA-2 emission measuredat
340nm to that measured at 380nm in MDPC-23 cells (24 hours after passage)
preincubated in the presence of nicardipine (100m™M)following an increasein

[Ca*’], from 1 to 10 mM
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Figure 5.7

Averaged changesin[Ca™], in MDPC-23 cells 24 hours

following passage showing that the increasein [Ca’’].

stimulated by increased [Ca’’], is unaffected by nicardipine
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Averaged changesin the ratio of FURA-2 emission measured at 340nm to that
measured at 380nm in MDPC-23 cells 24 hours after passage following an

increase in [Ca’’], from 1 to 10 mMin the absence(light grey. n=18) or presence

of nicardipine (100uM, dark grey, n=8).
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Figure 5.8

Neither K"-dependent membrane depolarisation or

raised [Ca’’], increased[Ca‘’], in MDPC-23cells 48
hours after passage.
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Time course showing changesin the ratio of FURA-2 emission measured at
340nm to that measured at 380nm in MDPC-23cells (48 hours after passage)

following first an increase in K’ concentration from 5 to 100mM andthen an

increase in[Ca’’], from 1 to 10 mM
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The time-dependent disappearance of the Ca”* influx pathway in MDPC-23

cells was confirmed by the average data shownin Figure 5.9. On average in

MDPC-23 cells, 24 hours after passage, a 10-fold increase in [Ca?*], gave a

0.37 + 0.068 (data from 9 different experiments including 18 cells) change in

340/380 ratio. In the same cells, 48 hours after passage, a 10-fold changein

[Ca**], gave a 0.0373 + increase in 340/380 ratio. These data are

significantly different (P<0.01). The data in Figure 5.9 also confirms that

there was no significant Ca** influx stimulated by K*-dependent membrane

depolarisation at either 24hours following passage 0.0105 + 0.009 (n=14) or

48 hours following passage 0.0236 + 0.0264 (n=4).

The data in Figures 5.10 and 5.11 show that the loss of Ca?’ influx was not a

transient phenomenon. MDPC-23cells showed no [Ca**], dependent increase

in [Ca?*], at either 72 hours (see Figure 5.10) or 144 hours (see Figure 5.11)

after passage.

These data mayindicate that MDPC-23 cells do not possess L-type voltage-

gated ion channels, however 24 hours following passage, Ca** influx does

Occur.
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Figure 5.9

Averaged changesin[Ca’’], in MDPC-23 cells 24 and 48

hours after passagefollowing challenge by increased

[Ca”’], or increased [K’],
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Averaged changesin the ratio of FURA-2 emission measured at 340nmto that
measured at 380nm in MDPC-23 cells. Left columns show data from cells 24

hoursafter passagefollowing an increasein [Ca’], from 1 to 10 mM(light grey.

n=18) or an increasein [K’], from 5 to 100 mM ( dark grey. n=14). Right columns

show data from cells 48 hours after passage following an increasein [Ca’)],

from 1 to 10 mM (light grey. n=9) or an increasein [K’], from 5 to 100 mM( dark

grey. N=4).
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Figure 5.10

Raised [Ca’’], did not increase [Ca], in MDPC-23cells 72
hours after passage.
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Time course showing changesin the ratio of FURA-2 emission measuredat
340nm to that measured at 380nm in MDPC-23cells (72 hours after passage)

following anincreasein [Ca’’], from 1 to 10 mM
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Figure 5.11

Raised [Ca’’], did not increase [Ca’’], in MDPC-23cells 144

hours after passage.
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Time course showing changesin the ratio of FURA-2 emission measured at
340nm to that measured at 380nm in MDPC-23cells (144 hours after passage)

following an increase in [Ca’’], from 1 to 10 mM

257



Odontoblasts jn vivo are polarised, it can be speculated that the distribution

of L-type Ca?* might be one aspect of this polarisation which could contribute

to transcellular Ca** transport. Polarised distribution of Ca?* influx channels in

aaMDPC-23 could not be observed in our experiments as a [Ca gradient

acrossthe cells or as a Ca”* wave.

The data in Figure 4.12A show, at high time resolution, the rising phase of

the increase in [Ca”*], stimulated at a 10-fold increase in [Ca?*], in MDPC-23

cells 24 hours following passage. The pseudocolour images in panel B show

increased Ca** within the cell as a change in colour from blue to green to

pink. The observed colour change occurred uniformly across the cell, (see

especially images No 16, 17 & 18, Figure 5.12B) indicating no polarisation of

Ca”* influx in MDPC-23 cells 24 hours following passage.

The data in Figure 5.13 show spontaneous oscillatory changes in [Ca?*],

observed in experiments in MDPC-23 cells 48 hours following passage.

Spontaneous oscillations in [Ca’*], were observed in approximately 25%

experiments using MDPC-23 cells. The frequency with which oscillations

"1, wereoccurred was not dependenton time after passage. Oscillation in [Ca

not observed in over 20 experiments using acutely isolated rat incisor

odontoblasts. The data in Figure 5.13 also show no obvious or easily

quantified increase in magnitude or frequency of [Ca?*], oscillations following

increase in [Ca’*], from 1 to 10mM. The simplest explanation of the

insensitivity of the oscillations in [Ca**]; to changes in [Ca”*], is that they are

the product of release and reuptakeofintracellular Ca?* and not due to Ca”*

influx.
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Figure 5.12

Rising phase of the increase in [Ca‘], in MDPC-23cells

stimulated by increased [Ca”], .
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Rising phase of the changein the ratio of FURA-2 emission measured at 340nm

to that measured at 380nm in MDCP-23 cells (24 hours after passage)

following anincrease in [Ca‘’], from 1 to 10 mM.

A: Time course showing measurementsat 1 secondintervals

B:Pseudocolour images. The colour bar indicates the 340/380 ratio

represented by each colour shade. Each of the numbered data points

correspondsto a single numbered image.
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Figure 5.13

Spontaneousoscillations in [Ca*’], in MDPC-23 cells.
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Time course showing changesin the ratio of FURA-2 emission measuredat
340nm to that measured at 380nm in MDPC-23cells (48 hours after passage)

following anincreasein [Ca’’], from 1 to 10 mM

Data within the shaded box is shown on an expandedtimescalein figure 4.17
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Figure 5.14

Spontaneousoscillations in [Ca‘’], in MDPC-23cells.
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Changesinthe ratio of FURA-2 emission measured at 340nm to that measured

at 380nm in MDCP-23cells (48 hoursafter passage)

A: Time course showing measurementsat 1 secondintervals

B: Pseudocolour images. The time course (A)is taken from the centre cell. The

colourbarindicates the 340/380 ratio represented by each colour shade.

Each of the numbereddata points correspondsto a single numbered image.
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The data in Figure 5.14 shows,at high resolution, the time course of a single

spontaneousoscillatory change in [Ca**], (indicated by the shaded box on

Figure 5.14) The time-course is numbered at 1 second intervals. The

increase in [Ca**], started at point 7, peaked at point 11 then gradually

decreased until point 24. Each point corresponds to a pseudocolour image

showing the changesin [Ca?*], The colour changes observed in the cell as

[Ca’*], increases, are spread uniformly across the cell These data showthat

there is no polarisation of [Ca’+], oscillations in the MDPC-23 cells measured

48 hours after passage.
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5.4 DISCUSSION

The aim of this chapter was to apply microfluorimetric techniques in orderto

assess the usefulness of MDPC-23 cells as an in vitro odontoblastic model

for transcellular Ca** transport in relation to mineralisation in dentinogenesis.

This study is feasible because direct comparison may be made between

[Ca**], measurements made using MDPC-23 cells and equivalent studies

performed previously in the same laboratory using acutely isolated rat incisor

odontoblast.

The results obtained from using the Ca** ionophore ionomycin to

permeabilise the plasma membrane to Ca’* [314] and raise [Ca**], show first

that MDPC-23 cells load and concentrate fura-2 and are thus suitable for

microfluorimetry experiments.

The data obtained from exposure of MDPC-23cells to thapsigargin was very

similar to that previously obtained using acutely isolated odontoblasts and

showthat the inhibition of SERCAactivity transiently increased [Ca?*]). These

data indicate that both cell types have an intracellular Ca** store, mostlikely

the ER, which has been shown to extend the length of the cytoplasm of

odontoblasts [315].

However, in both cell types, [Ca**]; returned within minutes to pre-stimulus

levels. One type of Ca** influx pathway commonly found in non-excitable
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cells is gated by depletion of intracellular Ca?* stores (Store-operated Ca”*

influx pathway). Depletion of intracellular Ca?* stores by thapsigargin in cells

with a store-operated Ca** influx pathway results in a characteristic peak-

and-plateau responsethat leaves [Ca]; above pre-stimulus levels. [316]. As

with acutely isolated rat odontoblasts, no evidence of a store-operated Ca’*

influx pathway was found in MDPC-23 cells.

Beyond these basic similarities, analysis of the microfluorimetric data show

that Ca** handling in acutely isolated rat incisor odontoblasts and MDPC-23

cells has verylittle in common.

The nicardipine sensitive K*-dependent Ca** influx seen in acutely isolated

odontoblasts is clear evidence that L-type voltage-gated Ca”* channels play

an important role in Ca?* influx and therefore in the Ca?* translocation that

supports dentinogenesis. MDPC-23 cells showed no K*-dependent Ca?*

influx regardless of time following passage, which is itself strong evidence

that these cells lack L-type Ca?* channels. However, MDPC-23 cells were

capable of Ca”* influx. It is possible that the voltage-dependence of the L-

type channels were different in MDPC-23 cells, thus rendering them

insensitive to K*-dependent membrane depolarisation. However, Ca?" influx

in these cells was also nicardipine insensitive. Together, these data indicate

that MDPC-23 cells lack L-type Ca®* channels.

The absence of L-type voltage-gated ion channels in MDPC-23 cells is a

major phenotypic difference from acutely isolated rat odontoblasts.
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Despite the lack of store-operated influx pathway, the MDPC-23 cells, did

allow an influx of Ca?* when the [Ca?*], was increased 10-fold, 24 hours

following passage. After 24 hours, the phenotype of the cells changed and no

Ca** -dependent Ca”* influx was observed at 48, 72 or 144 hours.

One possible explanation for the influx of Ca”* may be via a non-selective

cation channel, which have been previously shownin rat odontoblasts, by the

uptake of Mn** [26]. The uptake of Mn?* demonstrated uptake through

voltage-independent Ca”* pathway, suggesting that MDPC-23 cells do share

this characteristic with odontoblasts despite absence of L-type channels.

However, alteration of [Ca**], in acutely isolated odontoblasts causedlittle or

no change in [Ca**]; which would suggest that the non-selective cation

channels are not a major route for entry in these cells.

The phenotype of the MDPC-23 changed between 0-24 hours and then

changed again from 24-144 hours. There appears to be a window ofactivity

between 0-24 hours following passage in which the cells allow Ca?* Influx

through open voltage-independent ion channels. A change in phenotype 24

hours following passage was also observed by Panget. a/. (2006) [36]. The

expression of DMP-1 in MDPC-23 cells, shown by western blotting at 12

hours following passage the band for DMP1 was weaker than immediately

after passage and at 24 hours the band had disappeared. [36]. The changein

phenotype observed by Pang et a/. (2006) [36] occurs at the same time as

the change in phenotype of MDPC-23cells in relation to influx of Ca?*.
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Polarity of odontoblasts is essential in the transport of Ca** from the serum to

the mineralisation front. | found no evidence of polarity in Ca* transport in

MDPC-23 cells. This could be related to the absence of L-type voltage gated

ion channels.

Somecell types, display oscillations of [Ca**], activity (e.g salivary gland

cells) [317], however acutely isolated rat incisor odontoblasts do not. The

oscillations of [Ca**], observed in MDPC-23 cells is yet another difference

between odontoblasts and MDPC-23 cells.

Acutely isolated rat incisor odontoblasts and MDPC-23 share some

similarities. Both cell types load and concentrate fura-2 and are sensitive to

the ionophor ionomycin, resulting in permeability of the plasma membrane,

thus microfluroimetric techniques are applicable to both cell types. Both

MDPC-23 cells and acutely isolated rat incisor odontoblasts show no

evidence of a store-operated Ca”* influx pathway but do have an intracellular

Ca”* store, mostlikely the ER. Previous experiments suggest that along with

L-type voltage-gated channels, odontoblasts have voltage-independent non-

selective cation channels [26]. The results indicate that MDPC-23 cells may

possess the same non-selective channel.

Despite these similarities, MDPC-23 cells and acutely isolated rat incisor

odontoblasts have a numberof differing characteristics. MDPC-23 cells do

not have L-type voltage gated ion channels that have been identified in both
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acutely isolated rat incisor odontoblasts (data shown) and also identified in

vivo. A well-documented characteristic of odontoblasts is that they are

polarized, however MDPC-23 cells are not. There is no evidencein literature

or from experiments performed on acutely isolated rat incisor odontoblasts to

suggest that they display oscillations in [Ca*]; activity, whereas 25% of

MDPC-23 cells did.

Although MDPC-23 cells appear to be useful as an odontoblastic model in

relation to protein expression, the data does not support the use of these

cells as an in vitro model for odontoblasts in the transport of Ca** across the

cell in relation to dentinogenesis.
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CHAPTER 6

GENERAL DISSCUSSION AND

FUTURE WORK



6.0 GENERAL DISCUSSION

6.1 SUMMARYOF KEY FINDINGS:

CHAPTER 3

CHAPTER 4

Predentine and predentine/dentine interface SDS-PAGE protein

ladders demonstrated similarities as well as_ differential

expression of proteins. Dentine extract contained a different

complement of proteins which did not resolve into a typical

protein ladder, possibly due to glycosylation.

2D proteome maps'- obtained from predentine and

predentine/dentine interface proteins, contained proteins across

the molecular weight and pl range examined. 2D maps of

dentine provided evidence of the presence of proteins outside

the resolution ranges of the 2D gels used, implicating the

diverse nature of dentine.

Evidence of differential expression of proteins in the 3 fractions,

the presence of post-translational modification and evidence of

protein degradation products add to a general view that

predentine is remodelled prior to mineralisation.

Extracts of both predentine and dentine inhibited collagen

fibrillogenesis, predentine was required at higher

concentrations to inhibit fibrillogenesis and may have caused

the formation of thicker fibrils at lower concentrations.
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CHAPTER 5

Components of dentine that inhibit collagen fibrillogenesis were

heat stable protein(s).

Dentine fractionation by FPLC (molecular weight) showed that

activity in relation to inhibition of end absorbance of collagen

fibrillogenesis growth curve was concentrated within 2 areas,

molecular weight range 30-160, and 350-560 KDa.

MDPC-23 cells were able to be fura-2 loaded using fura-2 AM

and changesin intracellular Ca** were able be measured.

MDPC-23 cells showed no evidence of dihydropyridine

sensitive, voltage gated Ca** influx.

MDPC-23 cells showed no evidence of polarised transcellular

Ca”* transport.

MDPC-23 cells were shownto not be a modelfor Ca’* transport

in odontoblasts.
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6.2 DISCUSSION

The field of biomineralisation has been studied for decades, the way in which

a tissue or organism mineralises has been an area of interest for many

scientists across a variety of disciplines. Mineralised tissues are studied both

in vertebrates and invertebrate systems. From human bone, cartilage,

dentine, cementum and enamel to the hard shells of molluscs. In bone,

cartilage, dentine and cementum, collagen type | is the most abundant

protein in the tissue and its structure relates to its function. 28 different types

of collagen have been found in humansandare located on 40 different genes

(reviewed by Myllyharju 2001) [42, 318]. Fibril forming collagens such as

collagen type | and Ill act as an important scaffold in the process of

biomineralisation [5].

Dentinogenesis is the formation of dentine, the mineralised tissue that makes

up the bulk of the tooth andis the first calcified tissue to be laid down during

tooth embryogenesis. The process involves 3 key components: 1)

odontoblasts, a continuous layer of cells at the periphery of the pulp

responsible for the secretion of most of the predentine and dentine

extracellular matrix (ECM). 2) Predentine, the non-mineralised compartment

of organic matrix, secreted by the odontoblasts and arranged into a highly

organised network of collagen fibres and non-collagenous ECM proteins,

around which the inorganic hydroxyapatite (HAP) crystals form. 3) Dentine,

composed (by weight) of 70% inorganic mineral, 20% organic, and 10% water

[3].
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The organic portion of the tooth is 90% collagen type | and 10% non-

collagenous ECM proteins. The inorganic portion is comprised of 26.9 %

calcium, 13.2 % phosphate, 4.6 % carbonate, 0.6 % sodium and 0.8 %

magnesium [11]. The inorganic mineral formed is predominantly HAP

(Caj0(OH)2(PO4)s). The organic phase of the tooth is laid down as the

predentine, which, under control of non-collagenous ECM proteins, forms a

collagen fibril network, around which HAP crystals form around the fibrils

from Ca** and phosphateions[1].

This thesis aimed to analyse the 3 compartments mentioned by producing a

proteome map of the unmineralised predentine, the mineralised dentine and

the predentine/dentine interface and to indentify novel proteins and

differential expression of proteins in the 3 fractions. It also looked at the way

in which these proteomes control/influence collagen fibrillogenesis in vitro,

and the wayin which Ca’**is transported to the site of mineralisation using an

odontoblast-like cell line as an odontoblast model.

There are pathological conditions related to absent or abnormal collagen and

other known ECM proteins, in teeth, dentinogenesis imperfecta (Dl), in bone

osteogenesis imperfecta (Ol) [71]. The SLRP (decorin, biglycan, lumican and

fmod) KO mice developed abnormal collagen fibrils and an inclination to

develop osteoporosis, osteoarthritis, muscular dystrophy, Ehlers-Danlos

syndrome and corneal disease [300]. By increasing our understanding of

biomineralisation and the ways in which it is regulated and controlled will

also develop our understanding of such pathological conditions and
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ultimately aid in the progression of science and medicine to find preventions

and cures.

Teeth can be used as a good model for biomineralisation in general and

comparisons can be made to bone. Unlike bone, teeth form distinct regions

of tissue progression and mineralisation which can be visualised and

isolated. Predentine forms a distinct region within the tooth, the dentine

forms a separate region and the mineralisation front at the

predentine/dentine interface can be seen histologically [2]. Bone howeveris

constantly involved in calcium homeostasis and undergoes remodelling, i.e.

resorption and formation throughoutlife, albeit at different rates as seen in

diseases such as osteoporosis and Pagets disease. Bone contains,

osteoblasts and osteoclasts, osteoblasts are responsible for the synthesis of

the bone ECM, osteoclasts are involved in bone resorption and calcium

homeostasis [7]. The cells responsible for the synthesis and secretion of the

ECM of teeth are odontoblasts. They are characterized by their polarity and

the formation of processes that elongate through the tooth to the dentine-

enamel junction. The process by which predentine makes the transition to

dentine can be studied by comparing and contrasting the unmineralised and

mineralised regions. This is similar transition from osteoid to fully mineralised

bone [72].

It is established in the literature that predentine undergoes remodelling prior

to mineralisation. Gradients of SLRPs and associated GAG chains as well as

MMPs have been observed as the tissue makes a transition from
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unmineralised predentine to mineralised dentine. Decorin and biglycan along

with their degradation products have been identified in predentine, as have

degradation product of versican, suggesting metabolism of these proteins

within the predentine [82]. Decorin and biglycan have also been identified in

predentine/dentine interface and dentine, however associated GAG chainsin

the 3 regions varied from 100% CS in bovine dentine, 92% in

predentine/dentine interface and 68%DS, 32%CSin the predentine [82, 83].

In a study by Waddington et a/. (2003) [82] SLRPs were extracted from

bovine incisors and Western blot analysis identified the presence of biglycan,

decorin and versicanin all 3 fractions, degradation products of decorin and

biglycan were found in the predentine but not in the dentine or

predentine/dentine interface, suggesting catabolism within the predentine

[82]. Decorin is involved in the organisation of the ECM by orienting collagen

fibrils during tissue formation and remodelling, whilst the GAG chains are

able to bind Ca** [3]. Decorin core protein has been found to form a gradient,

increasing from the pulpal aspect towards the mineralisation front [90] which

was shownbyanincrease in immuno-reactivity. This is consolidated by the

results of Western blotting in this thesis, which saw the staining for decorin to

be stronger in the predentine/dentine interface extract (Figure 3.14). The

identification of decorin core protein by removal of the GAG has been

implicated by gradients of MMP3 towards the mineralisation front [80].

GAG chains are knownto be expressed in gradients, GAGs associated with

dentine PGs were shown to be 100% CS [82, 83], which can bind 5 times

more calcium than DS [114]. Predentine GAGs were predominantly DS
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chains which are also associated with non-mineralised connective tissues

and predentine/dentine interface GAGs contained 4 times more sulphation

[82]. Although the chemical significance of the changes in GAGsis notfully

defined, it provides evidence of remodelling of predentine prior to

mineralisation.

At the predentine/dentine interface phosphoproteins are secreted which,

together with the temporal secretion and degradation of PGs which regulate

collagen fibrillogenesis, provides the correct milieu for mineralisation to

occur. It was in the dentine organic matrix extract that staining with periodic

acid-Schiff (PAS) was found (Figure 3.15), which is known to be caused by

the presence of glycoproteins [283].

The results obtained within chapter 3, provides information on the resolvable

proteome of predentine and predentine/dentine interface. Many of the protein

spots expressed in the 2D protein map of predentine are not expressed in the

predentine/dentine interface 2D map, suggesting catabolism of proteins

within predentine which are subsequently lost or absent in the interface

fraction. Taking into consideration the evidence provided in the literature

regarding protein modification, it is highly possibly that some of these

proteins will be PGs with and without GAG chains.

This degradation of proteins present in the predentine along with the non-

degraded proteins present, means that separation by molecular weight alone,

such as SDS-PAGE,is not definitive in identifying a protein, which may

account for the low Mowsescores obtained by MS analysis. When addedto
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the collagen fibrillogenesis assay at high concentrations (40 — 80 ug/ml)

predentine inhibited the typical formation of a typical collagen fibrillogenesis

growth curve. At lower concentrations fibrillogenesis occurred but resulted in

a changein kinetics. Whereas at low concentrations (2.5 ug/ml) thicker fibrils

were formed. In the tooth, there must to be a mechanism to stop collagen

forming, when the predentine is sufficiently ordered to allow crystal

deposition. One possible mechanism could be that when the ECM proteins

are released into the ECM at low concentrations, they induce collagen

formation, however at a point where they reach higher concentrations they

inhibit collagen fibrillogenesis. It can be speculated that the protein

expression of continually erupting rodent incisors is maintained at low

concentrations in the predentine ECM.

Whentaking a holistic approach to protein extraction, gradients are lost as

are the temporal expression of proteins. The in vivo formation of thinner

fibrils at the proximal and thicker at the distal areas of predentine would also

be lost. What’s more, proteins may be acting in synergy or in a contradictory

manner. Fibromodulin KO mice produced thicker fibrils in the predentine

[104] whereas predentine PGs resulted in generation of thicker fibrils, when

added to a collagen fibrillogenesis assay in vitro compared to the collagen

only control and it was suggested that the GAG chains (mainly DS in

predentine) [274] were responsible for the rapid growth of collagen fibrils

held together by electrostatic interactions of the shorter DS chains. Within a

proteomic extract of predentine, fmod would be present, which mayinfluence

fibrillogenesis by formation of thinner fibrils, whereas PGsin the extract may
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influence the formation of thicker fibrils. These contradictory actions of

proteins are likely to occur at differing time points in the formation of the

tissue, however this conceptis lost when using a wholeprotein extract.

The results obtained from the addition of predentine, predentine/dentine

interface and dentine assay in this thesis also provides evidence of control of

collagen fibrillogenesis by whole proteomeextracts.

Previous studies have concentrated on isolating known proteins from the

ECM of dentine and predentine and from the predentine/dentine interface. It

is perfectly possible that there are proteins of higher molecular weights that

effect fibrillogenesis or proteins that are yet to be identified. The proteomic

approach was employedto provide a protein map of the predentine, dentine

and predentine/dentine interface extracts and potentially identify novel

proteins in the complex mixtures. The whole protein extract was found to

contain proteins that could not be separated on the gels used, providing

evidence that there are proteins of molecular weight higher than 250 KDa

which was seen on thegels. Additionally, FPLC fractions provided evidence

of activity at higher molecular weights.

The proteomic maps produced from separation of the predentine and

predentine/dentine interface fractions shows differential expression of

proteins despite the possibility of the 2 areas overlapping with respect to

proteins extracted. Previously literature has been published by Goldberg and

co-workers on the remodelling of predentine prior to mineralisation.
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Gradients of PGs, GAGs and MMPshavebeen witnessesin the predentine

suggesting that remodelling occurs in the tissue. In the predentine, collagen

fibrils at the proximal zone close to the odontoblasts, fibres are thin and

loosely packed, they then thicken towards the mineralisation front [2]. It

would therefore be expected that proteins are differentially expressed in

these two areas and therefore differential expression is seen when separated

by SDS-PAGEand 2D electrophoresis.

The extent of post translational modification of proteins could also affect the

extent to which the proteins separate. The 2D electrophoresis gels of

predentine showed that there were “rows” of proteins present. These

demonstrate proteins of a similar molecular weight but a change in pl. Which

would relate to post translational modifications including glycosylation.

As the dentine forms, predentine is mineralised within 24 hours of its

formation, resulting in the fully mineralised dentine [12]. Within the dentine

tissue, collagen fibrillogenesis will have occurred allowing the HAP crystals

to form around the collagen scaffold under the control of dentine ECM

proteins, providing there is an adequate supply of calcium and phosphate.

The results in this thesis show that when dentine extract is added to the

collagen fibrillogenesis assay, collagen fibril formation is inhibited. During

dentinogenesis collagen fibrils are fully formed and mature when HAP

crystals are formed therefore, collagen fibrillogenesis would not be expected

in this area. An additional interesting feature of the dentine extract was that

from the results obtained, the ability of dentine extract to inhibit collagen
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fibrillogenesis was not affected by boiling, suggesting that protein or proteins

within the extract, that have an influence on collagen fibrillogenesis are heat

stable. It has been recently found that several heat shock proteins have been

identified in a human dentine extract [282], however their function and exact

localisation within the tooth remains undetermined.

The dentine fraction contains a complex mixture of proteins that are anionic.

DPP hasa pl of approximately 1.1, which is outside of the pl range of the IEF

strips used as part of the 2D-electrophoresis method (results shown in

chapter 3). Considering that 40-50% of the ECM proteins in dentine are DPP,

it is likely that this protein was found in the proteinaceous material that

stained the edge of the gels. Although separation of the fraction by gel

filtration FPLC can provide an extra step in separating the dentine extract

into active components in relation to collagen fibril formation,

characterisation by molecular weight alone does not provide definite

information on the proteins present within the fraction. As it has been

discussed in previous chapters, there are several degradation products found

within predentine and dentine, post translational modifications can largely

affect molecular weights and charge.

Most characterization was done on dentine, however, the unmineralised

predentine section of the tissue is also likely to have an important role in

regulation of collagen formation. Due to the small size of the sample

obtained, high volumes of experiments involving the predentine/dentine

interface were not possible. However these results show that the proteomic
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profiles and the ability of fractions to regulate collagen fibrillogenesis in vitro

are all different. These findings consolidate knowledge of differently

expressed pools of PGsin predentine [81]. The collagen fibrillogenesis data

also suggest similarities with results obtained from studies on isolated PGs

and DPP from dentine. Previous studies however concentrate on known

proteins, which are specifically isolated from predentine and dentine. The

results presented in this thesis suggest that additional proteins present which

also have an effect on the molecular interactions involved in dentinogenesis

and biomineralisation in general. In particular the FPLC separated fractions

showed an affect of large molecular weight proteins, possibly aggregates of

Knownproteins,on fibrillogenesis.

Previous studies on the effects of PGs and DPP on collagen fibrillogenesis

were isolated from the tissues by extracting the whole dentine and the whole

predentine then further purifying the extract to isolate specific proteins. The

whole protein extract within this study encompassesall of the gradients

previously identified including PGs with varying GAG chains, varying

sulphation patterns, DPP with varying phosphorylation and MMPsin totality,

which may act in synergy or in an opposing manner. There are many known

glycoproteins in dentine that are associated with the control of mineralisation

as well as MMPs and PGs[1].

Odontoblasts are responsible for synthesis and secretion of the

unmineralised predentine with consists of collagen type | and trace amounts

of collagen type III and IV. The collagen forms fibrillar framework and is the
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scaffolding for the formation of the mineralised tissue. The odontoblasts also

synthesise and secrete the ECM proteins responsible for the regulation of

this highly organized process. They are also responsible for the transport of

Ca”* to the site of mineralisation where the HAP crystals form around the

collagen framework. However the precise way in which Ca?* is transported

acrossthecell to the site of mineralisation is not an extensively studied.

The odontoblast-like cell line MRPC-1, exhibit directional calcium transport

dependent on L-type Ca”* channels [310]. Another odontoblast-like cell line,

MDPC-23, shown to be of odontoblast lineage produces transcriptional

products for DSP, collagen type I, ALP, OPN and OCN. It also synthesises

DSP and moderately phosphorylated rat DPP (DPP-MP), which are thought

to be dentine specific [30]. In the predentine, levels of Ca** and phosphate

have been shown to be elevated 2-3 times higher than in the serum [22],

which is deposited by the odontoblast by at the site of mineralisation via

intracellular transportation from the serum. The identification of a useful

odontoblast-like cell model that synthesises dentinal proteins and proved to

be useful in the study of Ca** transport could provide a standard model for

the study of odontoblasts as primary odontoblasts when extracted from rats

incisors are short lived (personal communication with Dr.P.M. Smith).

Mineralisation requires a vectorial transport of Ca** to the mineralisation

front. This requires polarisation of odontoblasts and for Ca** uptake,

translocation and extrusion. Acutely isolated odontoblasts have been shown

to have both non-selective cation channels and dihydropyridine-sensitive,
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voltage-gated Ca** channels [26, 319]. Both of these channels will allow Ca?*

influx into the cells, the main difference in these influx pathways is that

dihydropyridine-sensitive, voltage-gated Ca** channels is regulated by

membrane potential, regulation of the non-selective cation channels remains

undetermined. Furthermore, previous data from this laboratory (H.E. Reed,

PhD thesis 1998) suggest that Ca** influx via the voltage activated pathway

is a potentially capable of carrying a much larger Ca?" influx. Whilst a store

operated Ca?’ influx pathway has been postulated in odontoblasts [320], from

this data there was no evidencethat store-depletion regulated Ca?* influx in

MDPC-23 cells. This observation agrees with previous data from acutely

isolated rat odontobalsts. However, both acutely isolated odontoblasts and

MDPC-23 cells had stored intracellular Ca** that could be mobilised by

inhibition of the ER Ca** ATPase. Data presented in this thesis show that

MDPC-23 cells completely lack dihydropyridine sensitive voltage gated Ca’*

channels. MDPC-23 cells were capable of un-regulated Ca?” influx, most

likely through the non-selective cation channels. It was also shownthat Ca7*

influx via this pathway diminished with time until it was completely absence

some 72-144 hours after passage. Furthermore, there was no evidence of

polarised Ca** uptake or of vectorial Ca** translocation in these MDPC-23

cells. To conclude, the data presented in this these indicate that MDPC-23

cells are not a useful model system for the study of Ca** transport in

odontoblasts.

This thesis supports previous knowledge and provides additional information

to support the theory that predentine is extensively remodelled prior to
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mineralisation and emphasises the importance of remodelling and the

temporal expression of proteins as part of their functionality. It also provides

a global view on the effect of the total dentine, predentine and interface

protein extracts on molecular interactions involved in dentinogenesis, namely

collagen fibrillogenesis. The 2D separation of these extracts demonstrates

the complex and diverse nature of these phases and the proteinaceous

nature of a mineralising tissue, adding to the existing knowledge of the

previously characterised proteins present in dentine and predentine.

Ultimately findings from this thesis have added further information to the

understanding of dentinogenesis and biomineralisation as a whole.
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6.3 FUTURE WORK

Whilst preparing this thesis, as with all research, one finding leads to

thoughts of additional avenues and with the extensive studies performed

within this thesis, there are many more pathways that have opened and will

hopefully provide future projects within the dentinogenesis research field.

This study demonstrated the first attempt to perform 2D separation of

dentine, predentine and the transitional interface phase. Due to the complex

nature of these extracts, separation was difficult and required extensive

optimisation. Proteomics is a field which is constantly emerging with new

techniques and approaches being published. At the time the 2D separations

were performed within this thesis, 2D electrophoresis was a front line

approach, however studies have found that the due to the sheer numberof

proteins in some tissues and/or the complex nature of the proteins present

have led to pre-fractionation of samples. Pre-fractionation approaches have

been by LC, HPLC and FPLC separating on charge, size, affinity and

hydrophobicity.

Whilst an additional separation of these fractions was performed for the

collagen fibrillogenesis studies, if large scale extraction was possible for the

predentine and the predentine/dentine interface fractions, this could be used

for the 2D electrophoretic approach. Within this study, fractionation was

performed using size exclusion, however due to the nature of the proteins

present in dentine, anionic exchange chromatography would be the next step

forward and potentially the 2D proteome maps of these fractions may result

in higher Mowse scores when analysed by MS. further verification of
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Known proteins would also complement the studies by blotting the 2D

separations and probing them with antibodies against known proteins,

already demonstrated to be within the dentine and predentine matrices. This

might also enable the ‘rows’ of spots which are suggested to be proteins with

varying degrees of post-translational modifications, to be identified and lead

to findings on further modifications during dentinogenesis. Also, removal of

GAG chains in dentine by the use of chondroitinase ABC, which removes CS

chains and chondroitinase AC which removes DS chains could be used to

aid the resolution of the dentine fraction.

The use of affinity chromatography to purify dentine and to remove DPP,a

highly anionic protein, may be responsible for the incomplete of resolution of

the dentine fraction by SDS-PAGE and 2D-electrphoresis possible. This

technique could also be used to remove PGsfrom the fractions also and add

to collagenfibrillogenesis assay to assess the influence of non-PG proteins

within the extracts on collagen fibrillogenesis.

This study has provided valuable information with regards to collagen

fibrillogenesis, particularly with relevance to a potential role of larger

molecular weight proteins. With the majority of key ECM proteins being

anionic in nature, it would be interesting to add fractions separated on the

basis of charge to the fibrillogeneisis assay to evaluate the influence of

charge on this key molecular interaction.
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Another key finding was the continued inhibitory action of the total dentine

extract, once boiled, on fibrillogenesis. To further isolate the protein or

proteins which exhibit this heat stable functionality, it would be interesting to

heat treat the FPLC fractions and subject them to fibrillogenesis. If there

was a specific fraction that exhibited this unique finding then upon

comparison with the 2D separation of these fractions, a novel protein may be

identified, or a new property assigned to a previously identified protein.

Ultimately the protein matrices have to mineralise, so to complement the

proposedfurther studies the effect on HAP crystal growth and affinity to HAP

of both the FPLC fractions and the protein fractions following interaction with

collagen would be examined. This can be done using HAPcrystal growth

using a metrohm pH STAT, monitoring HAP crystal growth by change in pH

of the solution, in the presence of a saturated calcium phosphate solution.

HAP binding would be performed using previously published methods [321-

323]. It can be hypothesised that the anionic proteins that resulted in the

formation of thinner collagen fibrils or inhibited collagen fibrillogenesis, may

promote HAP formation. However whole proteomic extracts could potentially

contain various proteins acting upon HAP formation and therefore may

produce unpredictable results.

From the collagen fibrillogenesis results obtained, it would be interesting to

further characterise the collagen fibrils formed in the presence of the protein

extracts and their subsequent fractionation. Electron microscopy would

provide evidence on the nature of the fibrils formed and confirm whether the
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inhibited growth curves achieved were as a result of the formation of thinner

fibrils, or whether collagen fibrillogenesis was inhibited.

Since this study was performed there has been one publication on the

proteomic separation of human dentine [282]. The study of human dentine

divided the SDS-PAGE lanes into 15 sections regardless of band definition

and analysed them by LC-MS/MS. They did not perform 2D electrophoresis

and potentially the majority of proteins identified are likely to be from

odontoblasts. The study did not separate predentine from the dentine and

was highly likely to contain odontoblast processes [282]. Therefore this

thesis still presents the first attempt to perform 2D electrophoretic separation

of the unmineralised predentine, the mineralised dentine and the dynamic

transitional phase at the predentine/dentine interface.

To conclude, protein engineering is a general term used for the design of

proteins with useful properties, which is usually initiated by mutation at the

genetic level. The rational design of proteins to produce a desired effect such

as, remineralisation in caries or periodontal disease may be a clinical

application of the future. Howeverin order to engineer proteins with desired

characteristics, extensive knowledge of the proteins structure and function is

required [324].

The use of organ culture, tooth slices has provided a useful model for the

study of bioactive molecules on pulp cells jin vitro, stimulating them to
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produce ECM components. These bioactive molecules such as TGF-B1 may

prove useful in clinical application in restorative dentistry [247, 251].

The presence of stem cells in the dental pulp is accepted and can be

observed in situ in response to injury (reviewed by Sloan and Waddington

2009) [325]. Recently, identification of 2 populations of progenitor stem cells

from dental pulp, which demonstrated markers for formation of adipocytes,

osteoblasts and chondrocytes [326]. The generation of biologically

engineered teeth has been achieved to some extent in in vivo” animal

models, the presence of stem cells in dental pulp provides a gatewayto the

development of engineered processes and their use implicated in clinical

applications [325]. However unless these processes are fully understood in

vivo, it is impossible to develop stem cells or engineered tissue in the correct

way. The way to achieve this understanding is by the study of

biomineralisation and dentinogenesis in existing teeth. A fundamental

understanding of dentinogenesis and biomineralisation in general is required

for advances in science and medicine within this field to occur, an area to

which this thesis contributes.
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BSDR2004 Divisional Abstract
Dentinogenesis: A proteomic approach to a dynamic process

M.L. NOLAN, A.M. MILAN, and P. SMITH, University of Liverpool, United Kingdom
J Dent Res 83 (Spec Iss B) 0182 (Mineralized Tissue)

Objectives: This study has applied proteomic technologies to further our understanding
of the dynamic processes of dentinogenesis. The primary objective was to generate

2D protein maps to enable determination of the global synthesis, modification and

turnover events which occur during the transition from an unmineralised predentine

(PD) to mineralised dentine. Methods: ECM components from bovine incisors were
dissociatively extracted in 4M GuCl, from the morphologically distinct phases, namely
the PD, predentine-dentine (PD-D) interface and mineralised dentine. Soluble protein
extracts (56mg) were examined for molecular weight components on 1D SDS-PAGE
(12%). Protein profiling was performed by TCA precipitation of 100mg of protein,
isoelectric focussing in the first dimension on immobiline pl 3-10 7cm strips and
subsequent SDS-PAGE (12%) in the second dimension. Resultant 2D gels were
stained by silver and hot Coomassie blue. Bands and protein spots of interest were

excised, trypsin digested and analysed using MALDI-TOF mass spectrometry. Results:

SDS-PAGEof extracts revealed common bands and demonstrated that the dentine

extract contained less low molecular weight bands (<29kDa) than the PD and PD-D

interface extracts. A complex array of proteins was apparent using 2D gel

electrophoresis, with differential expression being noted betweenall three phases. The

PD-D interface extract displayed less protein spots than the PD extract, which

exhibited a greater proportion of acidic (pl<6) high molecular weight material

(>100kDa). Preliminary MS-fingerprinting has identified several protein spots.
Conclusions: This preliminary study has highlighted the wealth of information that can
be obtained from a proteomic approach to understanding dentine mineralisation.
Results have indicated various profiling changes, which may be degradation, post-
translational modifications or synthetic events occurring during the transition from an
unmineralised matrix to a mineralised dentine. Such changes may be key events and

ultimately will enhance our knowledge of the mechanisms

307



The 8" ICCBMT 2004 Abstract
Molecular Interactions of Predentine, Predentine-Dentine Interface and Dentine

Proteinacious Fractions with Collagen and Hydroxyapatite.

*Michelle L. Nolan, Anna M. Milan, Alan Morgan and Peter M. Smith. Departmentof

Clinical Dental Sciences, University of Liverpool, Liverpool, UK

Introduction: Dentinogenesis provides a valuable model for studying
biomineralisation mechanisms. The synthesis of a complex organic matrix that is

subsequently mineralised through dynamic processes can be investigated as the

morphologically and biochemically distinct regions of unmineralised predentine (PD),
mineralized dentine (D) and a transitional phase at the predentine-dentine interface(I)

can be isolated. While previous studies have concentrated on macromolecules known

to be involved in dentin mineralization, this study has taken a more global approach.
Purpose: To demonstrate the total protein array of these fractions and to identify novel
proteins following molecular interactions investigations with collagen and
hydroxyapatite (HAP). Approaches: The PD, | and D phases wereisolated using

established techniques to obtain soluble organic matrix extracts. Electrophoretic

separations were performed using 1D (4-12% SDS-PAGE) and 2D (pl 3-10; 12% SDS-
PAGE)followed by silver and Coomassie-blue staining. Collagenfibrillogenesis assays
were performed by monitoring collagen type fibril formation at 37°C and 400nm. HAP

crystal growth was monitored as the rate of 5nM NaOHaddition to maintain the pH at
7.4 using a pH STATwith crystal growth solution supersaturation with respect to HAP.
Results: 1D ad 2D electrophoresis revealed the complexity of the three phases of our
model, with the D fraction not resolving completely due tot the complex post-

translational modifications and acidic nature of the matrix proteins present. However

2D maps of the PD and | fraction revealed .150 protein spots. Interactions of these
fractions revealed differing effects upon collagen fibrillogenesis and concentration
effects upon HAP-induced crystal growth. Studies are ongoing to identify proteins that
interact with both collagen and HAP. Conclusions: This preliminary study has

provided the first 2D separation and subsequent global protein profile of

dentinogenesis. Workis in progressto identify novel proteins involved in the transition

from an unmineralised to a mineralized matrix and thus increase our understanding of
biomineralisation.
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Effects of predentine and dentine proteins on collagen fibrillogenesis

M. NOLAN, P.M. SMITH, A. MORGAN, and A. MILAN, The University of Liverpool,

United Kingdom
J Dent Res 84 (Spec Iss B) 0128 (Mineralized Tissue)

Objectives: To investigate the proteome ofthe extracellular matrix in the transition from
predentine to dentine and to determine which proteins are involved in dentinogenesis.
Methods: Proteins were extracted from bovine teeth as described previously
(Waddington RJ, Hall RC, Embery G, Lloyd DM 2003 Calcif Tissue Int 56: 236-9.
Predentine and dentin were divided into fractions by weight using FPLC.
Fibrillogenesis was determined from the change in absorbance, measured over 3

hours at 405nm, of a 0.8 mg/ml collagen solution at 250C. Results: The endpoint of the
fibrillogenesis assay wassignificantly (P<5%) depressed by dentine matrix proteins at

concentrations greater than 0.14 mg/ml and by predentine matrix proteins (P<1%)at

concentrations greater than 0.04mg/ml. Low concentrations (<0.004mg/ml) of dentine,
but not predentine, significantly (P<5%) enhanced the endpoint of the assay and also
increased the half time of the rate of fibrillogenesis from 24 to 39 minutes. FPLC
fractionation of dentine samples indicate that depression of the endpoint of the
fibrillogenesis assay was produced by proteins contained in more than onefraction.

Conclusion: Proteins extracted from predentine and dentine consistently alter the rate

and extent of fibrillogenesis. Profiling the proteome of each phase of dentinogenesis

will allow us to determine which proteins are involved in the regulation of
biomineralisation.

309


